


























ELECTRON CLOUD EFFECTS AT KEKB

H. Fukuma† for the KEKB Group, KEK, Tsukuba, Japan

Abstract
This paper describes a review of an experimental study of

electron cloud effects at the KEKB LER.

1 INTRODUCTION
Vertical beam blow-up has been observed in the KEKB

low energy positron ring (LER) since early operation period
[1]. The beam size as a function of beam current started to
increase at a threshold beam current and was almost doubled
at 300 mA under typical operating conditions. Thus the
blow-up was one of the most serious problems limiting the
luminosity of KEKB.

 The main characteristics of the blow-up observed in early
operation period are summarized as: 1) the blow-up was a
single beam and a multi-bunch effect; 2) the blow-up has a
threshold intensity which was determined roughly by (bunch
current)/(bunch spacing); 3) no dipole oscillation has been
observed when the vertical chromaticity is enough high; 4)
the blow-up was almost independent of betatron tunes; 5)
the blow-up did not depend on the positions of the vertical
masks, which are among the main impedance sources; 6) the
blow-up did not depend on the vacuum pressure, especially
for hydrogen, in the arc; and 7) no blow-up was observed in
the horizontal plane.

A model to explain the blow-up was proposed by F.
Zimmermann and K. Ohmi [2]. In their model the blow-up
is explained as a single-bunch instability of a positron
bunch due to a large number of electrons, i.e. "electron
cloud", generated by photoemission or secondary emission.
The instability will occur only in multi-bunch operation
since the electron cloud is built up by the successive
passage of the bunches. The coherent dipole oscillation of
positrons along the bunch caused by the “wake” force due to
the electron cloud appears as either regular or strong head-
tail instability. A beam size blow-up will be observed as a
result of the head-tail oscillation of the instability.

Many small permanent magnets, called “C-yokes”, were
attached to vacuum ducts to sweep out the electrons from
November 1999 to July 2000. The C-yokes were replaced to
solenoid magnets in September 2000 because a simulation
showed that the solenoid magnets were more effective than
C-yokes to suppress the buildup of the electron cloud [6].
The effect of the solenoids on the blow-up was confirmed by
the measurements of the vertical beam size by an

interferometer and a gated camera and by the measurement of
the luminosity. Then more solenoids were installed in the
ring. The number of the solenoids installed so far amount to
about 8600. As the result the measurement by the
interferometer in February 2002 showed no beam size blow-
up up to 1300mA in regular operation condition for the
physics experiment.

The electron cloud can cause not only the beam blow-up
but also a tune shift along the train and a coupled bunch
instability, which are both observed in the KEKB LER.

This paper describes an experimental study of the electron
cloud effects at the KEKB LER[3,4]. As a reference main
parameters of the KEKB LER in present operation condition
are listed in Table 1.

2 CLOUD BUILDUP

2.1 Electron measurement
An electron yield was measured by retarded field analysers

(RFA's) [5] which are located at 1.2m and 8.0m downstream
from a bend. Figure 1 shows the electron current measured
by the RFA's. A simulation by K. Ohmi gives an electron
current of 10µA and 1µA at the upstream- and downstream-
RFA respectively. Thus the measurement is roughly
consistent with the simulation.

Table 1 : Main parameters of the KEKB LER

Beam energy (GeV) 3.5
Circumference (m) 3016
rf bucket spacing (ns) 2
Bunch length (mm) 4
Bunch spacing (ns) 8
Number of bunch 1200
Beam current (mA) 1400
Particles / bunch (1010) 7
Emittance εx/ εy(10-8m) 1.8 / 0.036
Average beta function (m) 15
Critical energy (keV) 5.8
Vacuum chamber copper (round)
Chamber radius (mm) 47

______________________
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Energy distribution of the electrons was also measured by
the RFA. Measured energy distribution (Fig. 2 (a)) is well
reproduced by a simulation [6] (Fig. 2 (b)).

2.2 Tune shift and build-up time
Fig. 3 (a) shows a tune shift along the bunch train
normalised by the charge density of the beam. The tune shift
was measured by a gated tune meter [7]. As shown by K.
Ohmi et al. the tune shift is a good measure of the density
of the electron cloud [8]. The saturated tune shift is
consistent with the result of the simulation which is
indicated by a dotted line [9]. Build-up time of the tune
shift, as seen in Fig. 3 (a), is about 20 bunches which is
also consistent with the build-up time of the electron cloud
density obtained by the simulation [9] ; see Fig. 3 (b).

2.3 Decay time
To measure the decay time of the electron cloud a test

bunch was injected at the end of a train with variable
distance between the last bunch of the train and the test
bunch, then the tune shift and the vertical beam size was
measured. Fig. 4 (a) and (b) show the tune shift [7] and the
vertical beam size respectively. The decay time was 28ns

Figure 2 (a) : Energy distribution of the electrons
measured by the retarded field analyser.

Figure 1 : Electron current measured by the retarded field
analysers.

0

2

4

6

8

10

0 100 200 300 400 500 600

E
le

ct
ro

n 
cu

rr
en

t (
m

ic
ro

 -
am

pa
re

)

Beam current (mA)

The monitor is located at 1.2 m 
downstream from a bend.

The monitor is located at 8.0 m 
downstream from a bend.

Fill pattern (40/24/4)

Figure 2 (b) : Energy distribution of the electrons by the
simulation [6].

Figure 3 (b) : Simulation result of the cloud build-up [9].
The horizontal axis is the time in ns and the vertical axis is
the number of the electrons / meter in m-1.
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Figure 3 (a) : Vertical betatron tune shift along the train for
four different bunch spacing, 3, 4, 6 and 8 rf buckets. The
tune shift is normalised by the charge density of the beam
(i.e. bunch current/bunch spacing in the unit of rf bucket)
[3].
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from the data of the tune shift. For the vertical beam size
the blow-up was disappeared when the test bunch was
injected 24ns after from the end of the train. Two
measurements are roughly consistent with each other.

Fig. 5 (a) shows the result of an another experiment
which also indicates the decay time of the electron cloud [3].
Two trains which were separated by 64ns were injected in
the ring, then the vertical beam size of each bunch was
measured by the gated camera [10].  While the blow-up
started at about 7th bunch in the first train, second bunch
already blew-up in the second train. The result is supported
by a simulation [6] as shown in Fig. 5 (b).

While the data in Fig. 4 suggest the decay time of about
30ns, the data in Fig. 5 (a) suggest the decay time longer
than 64ns. It seems that there are two components which
govern the decay time [11].

2.4 Change of vertical tune shift
Fig. 6 compares the tune shift in July 2000 and April

2001. The data in July 2000 was taken after removing all C-
yokes and before the installation of the solenoids. The data
in July 2001 was taken when all solenoids were turned off.
The build-up time in April 2001 is larger than that in July
2000. The result may suggest conditioning effects which
cause the decrease of the cloud density.
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Figure 5 (a) : Beam sizes over two trains measured by the
fast gated camera. Train-to-train gap which is not shown in
the Figure, is 32 rf buckets [3].
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Figure 4 (b) : Vertical beam size of the test bunch as a
function of the distance between the last bunch of the train
and the test bunch. The train consisted of 32 bunches. Bunch
spacing was 4 rf buckets.

Figure 4 (a) : Vertical tune shift of the test bunch as a
function of the distance between the last bunch of the train
and the test bunch. The train consisted of 32 bunches. Bunch
spacing was 4 rf buckets. Bunch current was 0.8mA.

Figure 6 : Vertical tune shift along the train in July 2000
and April 2001.
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3 BEAM BLOW-UP

3.1 Single bunch characteristics
A test bunch was injected immediately behind a train to

prove the single bunch nature of the blow-up. The beam
size of the test bunch was measured at several bunch
currents of the test bunch. Fig. 7 shows the result in which
the beam size of the test bunch increased when its bunch
current increased. The measurement demonstrates that the
blow-up is a single bunch effect.

3.2 Effect of chromaticity
The effect of the vertical chromaticity on the blow-up was

measured by the fast gated camera. If the blow-up is caused
by the head-tail instability it should be sensitive to the
chromaticity. Fig. 8 shows that the blow-up along the train
became weaker when the chromaticity was increased [3].

According to a calculation based on the transverse mode
coupling instability (TMCI) theory, the dependence of the
threshold cloud density on the vertical chromaticity is rather
weak, i.e. it increases 17 % if the chromaticity increases by
10 [13]. It is not clear that the observation is consistent
with the result of the TMCI theory.

3.3 Threshold intensity of blow-up
The average beam size at various bunch spacing was

measured by the interferometer [12] as a function of the
beam current [3]. As shown in Fig. 9, without C-yokes the
threshold intensity Ib,th was proportional to the bunch
spacing sb while with C-yokes Ib,th was proportional to
square root of sb. According to a model of the single bunch
instability caused by the electron cloud Ib,th is proportional
to sb for the head-tail instability and the TMCI and is
proportional to the square root of sb for the beam break-up
instability [14]. After these experiments the blow-up at
bunch spacing of 3 and 4 rf buckets was measured in July
2001 when the solenoids were turned on. The results showed
the scaling of Ib,th ∝ sb. The reason why the scaling changed
after the installation of C-Yokes is not understood yet.

Figure 9 : Blow-up of the beam size in various bunch
spacing without and with C-Yokes [3].
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Figure 7 : Vertical beam size of the test bunch as a function
of the bunch current. The test bunch was injected after the
train apart from 4 rf buckets. Bunch spacing of the train was
4 rf buckets.
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Figure 8 : Beam size along the train observed by the fast
gated camera in various chromaticities. Diffraction effect is
not corrected [3].
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3.4 Bunch by bunch luminosity
A bunch by bunch luminosity was measured by the "zero-

degree luminosity monitor" [15]. In a beam-fill the
luminosity of first several bunches was higher than that of
remaining bunches, while in other beam-fill it showed
almost flat behaviour. It may be difficult to separate the
single beam blow-up from the beam-beam blow-up because
during collision the beam size is intentionally controlled by
automatic programs and/or operators to obtain the high
luminosity.

4 COUPLED BUNCH INSTABILITY
The coupled bunch instability is observed in LER [16].

As shown in Fig. 10, totally different mode spectra were
observed with and without solenoid field, which strongly
suggests that the instability is caused by the electron cloud
as usual wake fields are not affected by weak solenoid field.
In Fig. 10 peaks of the mode spectra in horizontal and
vertical planes appeared at almost same position when the
solenoids were turned off. A simulation shows that the
observed mode spectra, especially position of the peaks, are
well reproduced if the electrons are produced uniformly on
the chamber wall [17]. Almost equal horizontal and vertical

tune shift along the train, shown in Fig. 19, also suggests
the transverse distribution of the electron cloud is round
[18]. Growth rates of the instability shown in Fig. 11 are
roughly consistent with the simulation [17].

5 EFFECT OF SOLENOID

5.1 Solenoid system
Since September 2000 the solenoids to sweep out the

electrons have been installed in LER [4]. Parameters of
solenoid system are shown in Tables 2 and 3. There are two
kind of solenoids, one is a bobbin-type solenoid and the
other a bobbinless-type solenoid. The length of the bobbin-
type solenoid is from 150 to 650 mm depending on the
length of available free space for winding. The bobbinless-

Table 2 : Parameters of solenoids.

Type Length
(mm)

Diameter
(mm)

Turns Bz (center)
@ 5A

(Gauss)

Bobbin 150 - 650 148 250(typ.) 45

Bobbinless 40 220 190, 200 48

Bobbinless 40 250 200 43

Bobbinless 40 300 200 37
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Figure 11 : Measured growth rates of the coupled
bunch instability. Closed and open circles indicate the
data were taken with the solenoids being turned on. The
data shown by closed squares were taken in July 2001.
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Figure 10 : Observed mode spectrum of the coupled bunch
instability with and without solenoids at 600mA. Red-solid
(black-broken) lines are the data taken when the solenoids
were turned on (off).

Table 4 : Installation history of the solenoids. Second and
third columns show the number of the installed solenoids.

Table 3 : Parameters of power supply for the solenoids.

KEKB corrector
P.S.

TRISTAN corrector
P.S.

Current(A) 5 3

Units 616 40

Date Bobbinless Bobbin Location

2000. 9. 0 2783 Arc section
straight section
(Cu chamber)

2001. 1. 1950 0 Arc section
(Bellows+NEG)

2001. 4. 254 10 Straight section of
Fuji andTsukuba

(Bellows, Cu chamber)
2001. 9. 3411 43 Straight section

(Bellows, Cu chamber)
Arc section

(NEG,IP, Bellows+NEG)

2002. 1. 119 0 Arc section
(Between Quad and Sext)

Total 5734 2836



type solenoid has a length of 40mm and mainly located on
bellows and both sides of NEG pumps and ion pumps to
cover regions in which the bobbin-type solenoids can not be
wound. The magnetic field along the beam line at the centre
of a solenoid is about 45 Gauss. Pictures of the solenoids
are shown in Fig. 12. The power supplies for the correctors
of the KEKB rings are partly diverted to those for the
solenoids. And several power supplies for the correctors of
the TRISTAN collider are also used.

The solenoids were installed in LER five times as shown
in Table 4. First (in 2000.9), 2nd (in 2001.1) and 4th (in

Figure 12 : Solenoids in a NEG pump and bellows
section (upper) and in a NEG section (lower). Long
solenoids are the bobbin-type solenoids and short
solenoids the bobbinless-type solenoids.
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Figure 15 : Vertical beam size along the train taken by the
gated camera with and without the solenoids. The train
consisted of 60 bunches. Bunch spacing was 4 rf buckets.
Bunch current was 0.67 mA [4].
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2001.9) installations are major installations. Fig. 13 shows
a very rough estimation of the length covered by the
solenoid field larger than 20 Gauss. Now about 75% of the
circumference are covered by the solenoids.

5.2 Beam blow-up
The effect of the solenoids on the beam blow-up was

confirmed by the measurement of the vertical beam size of a
single beam. Fig. 14 shows the beam size as a function of
beam current in a short train after 1st installation of the

solenoids [4]. Turning on the solenoids, the threshold
current increased from 40 mA to 70 mA. Fig. 15 shows the
beam size along the train measured by the gated camera after
1st installation of the solenoids [4]. The blow-up started at
7th bunch when the solenoids were turned off while it
started at 30th bunch when the solenoids were turned on.

Fig. 16 shows the beam size in a long train for the
physics experiment after several installation stages of the
solenoids. For every additional installations of the solenoids
the threshold current of the blow-up increased and finally the
blow-up disappeared in the measurement in February 2002.

5.3 Luminosity
The effect of the solenoids was also confirmed by the

luminosity measurement. Fig. 17 shows the specific
luminosity as a function of the bunch current product of
HER and LER after 3rd installation of the solenoids. When
all solenoids were turned off the specific luminosity
decreased by 40%. Fig. 18 shows the specific luminosity
after 3rd, 4th and 5th installations of the solenoids. In Fig.
18 an envelope curve of the specific luminosity taken for a
week is plotted for each data set because the specific
luminosity is affected by the beam tuning. As seen in Fig.
18 the specific luminosity was improved after 4th
installation of the solenoids. It seems that the specific
luminosity was slightly improved above 0.6mA2 after 5th
installation of the solenoids though the luminosity drop
above 0.6mA2 in Dec. 2001 might be caused by the beam
tuning.
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Figure 18 : Effect of solenoids on the luminosity after 3rd,
4th and 5th installations of the solenoids.

0

5

10

15

0 0.1 0.2 0.3 0.4 0.5

I
b
(LER) I

b
(HER) (mA2)

S
pe

ci
fic

 lu
m

in
os

ity
 / 

bu
nc

h

 (
10

30
 c

m
-2

 s
ec

-1
 m

A
-2
)

All on
 (9/May/01)

All on
 (7/Apr./01)

All off
 (9/May/01)

NEG-bellows 
section off
 (9/May/01)

Figure 17 : Effect of solenoids on the luminosity after 3rd
installation of the solenoids.



5.4 Tune shift and coupled bunch luminosity
The tune shift along the train decreased when the

solenoids were turned on. Fig. 19 compares the tune shift
with and without solenoid field [18].

The mode spectrum of the coupled bunch instability was
changed with and without solenoid field as described in
section 4. The effect of the solenoids on the growth rate of
the coupled bunch instability was also observed as shown in
Fig. 11. The mode spectrum and the growth rate when the
solenoids are turned on are studied by a simulation. The
mode spectrum can be explained by the simulation
assuming the effective solenoid field of 5 to 20 Gauss [17].
The growth rate obtained by the simulation is roughly
consistent with the measurement [17].

6 OPEN QUESTIONS
Several open questions remain about the electron cloud

effects at KEKB.

1) Beam blow-up has been observed in the vertical plane and
not observed in the horizontal plane. A calculation based
on the TMCI theory gives almost same horizontal and
vertical threshold cloud density of the TMCI, i.e. 2.0 x
10-12m-3 horizontally and 2.3 x 10-12m-3 vertically [13].
The threshold cloud density in the vertical plane may be

reduced by the focusing of the electron cloud during the
bunch passage as pointed out in [13].

2) The decay time of the cloud density seems very long.
Fig. 20 shows the vertical beam size of two trains injected
240ns apart from each other. The 4th bunch of the second
train already blew-up while that of the 1st train did not,
which indicates very long decay time of the cloud density.
The electron cloud may be trapped in quadrupole and
sextupole field as L. Wang et al. recently pointed out [19].
But no experimental evidence of such trapping is observed
yet. A large puzzle is that the experiments described in
subsection 2.3 imply a short decay time of the cloud
density.

3) Very slow blow-up along the train was observed after 1st
installation of the solenoids. This slow blow-up is not
explained by simulations yet.

4) Conditioning effect for the cloud density is not clear.
Change of the build-up time of the tune shift and the fact
that the luminosity did not immediately improve after the
installation of the solenoids but after several weeks of
beam operation may suggest the decrease of the cloud
density due to the conditioning by the beam. But the
conditioning effect is not confirmed by a measurement of
the electron yield yet.

5) Transverse distribution of the electron cloud may not
concentrate near an illumination point by the direct
synchrotron radiation but be round when the solenoids are
turned off. Mode spectrum of the coupled bunch
instability and almost equal horizontal and vertical tune
shifts support this hypothesis. A measurement of the
cloud distribution around the chamber wall will be
welcome.

-0.001

0

0.001

0.002

0.003

0.004

0.005

0.006

0 5 10 15 20 25 30 35

T
un

e 
sh

ift

Bunch

horizontal
vertical

Solenoid off 0

5

10

15

20

0 20 40 60 80 100 120 140V
er

tic
al

 b
ea

m
 s

iz
e 

(a
rb

itr
ar

y 
un

it)

Bunch

Solenoid off

The inter-train gap of
120 rf buckets is here.

-0.001

0

0.001

0.002

0.003

0.004

0.005

0.006

0 5 10 15 20 25 30 35

T
un

e 
sh

ift

Bunch

horizontal
vertical

Solenoid on

Figure 19 : The effect of the solenoids on the horizontal and
vertical tune shift along the train. Bunch current was 0.31
mA [18].

Figure 20 : Beam sizes over two trains measured by the
fast gated camera. Train-to-train gap which is not shown in
the Figure, is 120 rf buckets.



7 SUMMARY
Cloud build-up studied by the measurements of the

electron yield, the energy distribution, the tune shift along
the train, the build-up time of the tune shift and the beam
blow-up along the train is well explained by the
simulations.

Observations such as single bunch characteristics of the
blow-up and the scaling of the threshold beam current of the
blow-up on the bunch spacing are consistent with the single
bunch head-tail instability model. It is unclear whether the
chromaticity dependence of the beam blow-up and no
horizontal blow-up are well explained by the TMCI theory
or not.

Mode spectrum of the coupled bunch instability can be
explained by the simulation assuming a uniform production
of the electrons on the chamber wall. Growth rate is roughly
consistent with the simulation.

Effect of the weak solenoid field on the electron cloud
effects was confirmed by the measurements of the beam
blow-up, the luminosity, the tune shift and the coupled
bunch instability.

Several questions about the absence of a horizontal blow-
up, the decay time of the cloud, very slow blow-up along
the train, the conditioning effect and the transverse
distribution of the electron cloud still remain to be studied.
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THE ELECTRON CLOUD INSTABILITY IN THE SPS  
 

K. Cornelis, CERN, Geneva, Switzerland 

 

ABSTRACT 
 

   The beam-induced electron multi-pacting, which is 
created by the LHC beam in the SPS, occurs mainly in 
the dipoles. It creates a vertical electron ribbon, which is 
responsible for strong transverse instabilities. In the 
horizontal plane a coupled bunch mode instability could 
be identified.  Tune shift measurements and mode 
number analyses can tell us something on the electron 
cloud density and the electron survival time. In the 
vertical plane a single bunch head-tail like instability 
occurs. A method is described by which we can estimate 
an equivalent impedance, created by the electron cloud. 

1 OBSERVATIONS 
In the SPS the e-cloud is mainly created in the 

dipoles.  This can be seen from the vacuum pressure rise 
in the ion pumps and vacuum gauges, which is only 
observed in the arcs and not in the straight sections. The 
instability starts somewhere from bunch number 15 to 
bunch number 30, depending on the bunch intensity.  For 
high bunch intensities the instability starts earlier in the 
batch. 

The characteristics of the instability are quit different 
in both planes. In fig. 1 and 2 for example, one can see a 
snapshot over one turn of the position of the first 48 
bunches in the batch.  In fig. 1, which is the horizontal 
plane, the instability starts after some 400 nsec i.e. 16 
bunches and it looks like slow wave over more than 20 
bunches. In the vertical plane, the instability starts also 
after  ~16 bunches but there is no apparent phase 
correlation between subsequent bunches. 

The two dimensional plots in fig. 3 summarise the 
main observations on the instability in both horizontal 
and vertical plane. The first two pictures on the top show 
the oscillation amplitude as function of bunch number 
and turn number. One can see that the horizontal 
oscillation sets on after only 50 turns, whereas in the 
vertical plane it takes about 500 turns. These pictures 
were taken for a bunch intensity of 3 1010, just above the 
threshold. For bunch intensity twice as high, 6 1010, the 
horizontal rise time stays the same (50 turns), but the 
vertical rise time reduces to 100 turns.  

The second row of plots shows the tune as a function 
of the bunch number.  In the horizontal plane one can see 
a second distinct tune line appearing as from bunch 
number ~16, i.e. the bunches which are sitting in the 
cloud. The second line is 0.03 higher in tune than the first 
one. 

In the vertical plane the tune line widens for the 
bunches that are sitting in the cloud. Detailed spectra 
show several synchrotron sidebands around the main tune 
line.  

The two bottom pictures show a two dimensional 
FFT. It shows the betatron tunes in one dimension and 
the frequency of the oscillation inside the batch. These 
plots confirm what is suggested by the snapshots in fig. 1 
and 2. The horizontal instability shows up like a low 
frequency inside the batch, i.e. a coupled bunch 
instability of low order. The vertical mode spectrum 
looks like a white spectrum, covering the whole 
frequency range, suggesting a non-correlated motion 
between the bunches. In the vertical plane the motion 
looks like a single bunch instability. 

Fig. 1: snapshot of the horizontal position of the first 48 
bunches in the batch when the instability is present. 

 
Fig. 1: snapshot of the vertical motion of the first 48 
bunches in the batch when the instability is present. 
 
We can summarise the observations as follows: 
• In the Horizontal plane the e-cloud provokes a fast 

growing coupled bunch instability of low order. 
Growth rate is ~50turn. Does not change with 
intensity. 

• In the vertical plane the instability looks like single 
bunch instability Growth rate: ~500 turns just above 
threshold going to ~100 turns at two times the 
threshold.
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Fig. 3 Two-dimensional plots showing the main 
characteristics of horizontal and vertical instabilities.  The 
top row shows the oscillation amplitude as function of 
turns and bunch number. The middle shows the tune 
versus bunch number and the bottom shows the mode 
number inside the batch. 



 

1 THE HORIZONTAL INSTABILITY 
The difference between horizontal and vertical behaviour 
comes from the fact that the electron cloud is created in 
the dipoles. The combination of a vertical magnetic field 
and the flat vacuum chamber makes that the electrons are 
mainly bouncing up and down, spiralling around the 
magnetic field lines, creating a vertical ribbon at the 
position of the bunches. It is this behaviour, which 
creates a coupling mechanism between subsequent, 
bunches in the horizontal plane. When a bunch passes at 
a different horizontal position than the previous ones, it 
will go off-centre through the electron cloud and 
experience a force proportional to the displacement  (fig. 
4).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: the force on a bunch displaced by x is equal to 
force from a slice of the ribbon with thickness 2x (the 
light green part). The forces in dark green part cancel out 
because of symmetry. 
 
In a linear approximation the horizontal force of the 
e/cloud can be expressed as: 
 

F = -ρe.(Xn+1-Xn)/2ε0 
 
With ρ the electron density,  Xn the horizontal position of 
the nth bunch. 
The behaviour of the 72 bunches in a batch can be 
expressed in the following set of coupled oscillators: 
 

X1”+ ωβ
2X1 = 0 

         . 
           . 

Xn”+ ωβ
2Xn = 0 

Xn+1”+ ωβ
2Xn+1 =  -k(Xn+1 -  Xn) 

   . 
   . 
X72”+ ωβ

2X72 =  -k(X72 -  X71) 
 
 

ωβ  being the betatron frequency. The first n bunches see 
no electron cloud and they behave like uncoupled 
oscillators. As from the n+1th bunch there is a coupling 
via the electron cloud with the previous bunch. This 
degenerate system gives   two eigen-frequencies (Ω) 
given by: 
 

(Ω2-ωβ
2)n(Ω2-ωβ

2-k)72 = 0 
 
One mode is the unperturbed betatron frequency. This is 
the mode where all bunches move in phase with the 
cloud. The second mode has a slightly higher frequency 
and it corresponds to the modes where bunches move 
with a different phase. 
The corresponding tune shift can be calculated from the 
force exercised by the cloud: 
 

dP/dx = dt dF/dx =ρe.ds/ε0c 
 

P is the transverse momentum, s de longitudinal 
coordinate and c the speed of light. The normalised kick 
can be written as: 
 

k = dP/dsdxP = ρe/ε0cP 
 

Expressing P in eV/c this becomes for the SPS energy of 
26GeV: 
 

k = ρ/ε026 109 
 
The corresponding tune shift is then: 
 

∆Q = ρ{β}L/ ε026 109 
 
with L the total length of the dipoles in the SPS. 
 

3 THE VERTICAL PLANE 
In the vertical plane things look quit different. During the 
bunch passage, the electrons are accelerated in the 
vertical plane towards the centre of the bunch. Some 
electrons are even trapped inside the bunch leading to an 
increased electron density inside the bunch [1]. Fig. 5 and 
6 show the different behaviour of the electron phase 
space during the bunch passage. In the horizontal plane 
(fig.5), the dynamics is completely dominated by the 
magnetic field creating a cyclotron motion. The bunch 
passage has no influence on the phase space density. In 
the vertical plane however (fig 6) there is a build up of 
electron density inside the bunch. This phenomenon 
creates a coupling between the head and the tail of the 
bunch. When the tail passes at a different vertical position 
as the head, it will experience a force from the displaced 
electron density. This creates the same coupling 

x 
2x 



mechanism as a wake field, leading to head tail 
instability. However, there are two major differences with 
the normal wake field: the longitudinal dependence of the 
force can not be written as a greens function and the 
frequency content of the “electron-wake” changes with 
the bunch intensity. For higher bunch currents the 
electrons impinge much faster (fig 7) 
 

Fig. 5: Evolution of the electron phase space during the 
bunch passage in the horizontal plane. 
 
 

Fig. 6: Evolution of the electron phase space during the 
bunch passage in the vertical plane. 

 
Fig. 7: Evolution of the vertical electron cloud density 
during the bunch passing. The top is for a bunch intensity 
of 2.5 1010, the bottom for 8 1010. 
 
If there is something like an equivalent vertical 
impedance, created by the electron cloud, can we measure 
it?  For this one has to measure de effect of the 
impedance on an individual bunch inside the cloud. A 
technique, which can be used, is to look at the betatron 
phase evolution over one synchrotron period (fig 8) after 
a vertical kick [2].  
 

Fig. 8: The wake field W creates a phase advance for the 
tail depending on the position of the head. Following the 
phase evolution of head and tail over a synchrotron 
period can give details about W. 
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Fig 9: Calculated  (bottom) and measured (top) head-tail 
phase advance difference for the first bunch. 
 
 
 
 
In fig. 9 de result of such a phase measurement is 
presented. What is shown is de evolution of the phase 
difference between head and tail over one synchrotron 
period and this for the first bunch of the train. The bottom 
picture shows a calculation of this phase difference using 
a long wake field, i.e. longer than the bunch.  
In fig 10 de same measurement is shown, but for a bunch 
sitting in the cloud. In order to be able to recalculate the 
measured data a wake field is needed with a shorter 
interaction length (0.3 t0 0.5 times the bunch length). 
This leads to a picture of the wake field as shown in fig 
11.  
 
 
 
 
 

 
 
 
 
Fig 10: Calculated  (bottom) and measured (top) head-tail 
phase advance difference for a bunch. Sitting in the e-

cloud 
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Fig 11: Picture of the equivalent wake field, created by 
the electrons (red), compared to the machine impedance 
(bleu). 

4 CONCLUSIONS 
• In the SPS the electron cloud is created in the 

dipoles. 
• It results in a fast, horizontal coupled bunch 

instability of low order that can be cured by the 
existing feedback. 

• The vertical instability is of single bunch nature 
(higher head tail mode). The growth rate 
depends on intensity. 

• The equivalent short wake, created by the 
electrons could be measured. 
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Electron Cloud with LHC-type beams in the SPS: a review of 
three years of measurements 
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Abstract 
In August 1999, high bunch intensities LHC-type beams were injected for the first time in the SPS inducing 

strong vacuum pressure rises, perturbations on the electrostatic pick ups and beam instabilities. Evidences of the 
electron cloud phenomenon as the mechanism responsible for these instabilities are reviewed. This paper present 
also the results obtained with several detectors installed in the SPS machine to improve the understanding of the 
electron cloud mechanism and refine the simulations. The spatial distributions of the electrons in the cloud are 
shown in presence of and without a dipole magnetic field. The effects of the beam intensity and filling pattern 
on the behaviour of the electron cloud are presented. The scrubbing effect is studied using an in-situ 
measurement of the secondary electron yields. Finally, the potential limitations due to the electron cloud in the 
SPS and the issues for the LHC are discussed. Possible remedies will be presented, i.e. nitrogen and argon glow 
discharges or new filling schemes. A table of contents located at the end of this paper gives detailed information 
on the subjects covered. 
 
 

1 Introduction 
Pressure rises in presence of LHC-type1 beams 

were highlighted in August 1999 [1]. Fig.1 shows that 
the pressures increase only in presence of the LHC 
type beams. With the fixed target SPS2 proton beams, 
the pressures recover with a time constant consistent 
with the effective pumping speed. Pressure increases 
by a factor of 50 to 60 were recorded in the arcs and 
in the long straight sections. The maximum pressure 
measured was 10-5 Pa for a proton bunch intensity of 
5.8x1010 p/b and a duty cycle close to 62%. The 
average static pressure in the SPS was 10-7 Pa. 
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Fig. 1: Pressure rises versus time, 5.6x1010 p/bunch, 
single batch (81 bunches), duty cycle 62 %. 

Below a given threshold (4.0x1010 p/b in August 99 
in field free regions), no pressure rise was observed 
and a biased pick-up collector shielded from the beam 
                                                 
1 3-4 batches of 72 bunches separated by 225 ns, 25 ns 
bunch spacing, 1.1-1.7x1011 p/b (81 bunches in 1999), 
bunch length: 4 ns. 
2 2 trains of 2100 bunches separated by 1 ms, 5 ns 
bunch spacing, 1.0-2.0x1010 p/b 

by a metallic grid detected no signal. Above the 
threshold of the electron cloud, pressures raise and 
with a single batch, the shielded pick-ups detected 
peaks of current separated by 23 µs which 
corresponds to the revolution time in the SPS. Fig.2 
shows the signal detected at 7.5x1010 p/b. 

The transverse feedback system (“damper”) used in 
the SPS to damp injection oscillations and to stabilize 
the beam against transverse coupled bunch 
instabilities was also strongly perturbed [2]. The 
vertical position signal induced by a single batch 
showed a drift of the signal starting half through the 
2-µs batch (Fig.3). This drift is due to electrons hitting 
the pick-up electrode. The threshold intensity of this 
phenomenon, around 4.0x1010 p/b, was increased up 
to 7.0x1010 p/b by applying a longitudinal solenoid 
magnet field of 100 Gauss (10-2 T) giving a clear 
indication that electrons, in the vacuum chamber, 
were at the origin of the effect. 

 
Fig.2: Structure of the current collected by the pick -
up with a proton bunch intensity of 7.5x1010 (bias 
+45V) 

23µs 
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Fig.3: Vertical damper pick -up signal perturbed by 
electron cloud effect (6.8x1010 p/bunch) [2]. 

In the SPS or in the LHC, electrons created at the 
vacuum chamber wall, will be accelerated by the 
proton bunches up to 200 eV and will need less than 
5ns to cross the chamber3. A significant fraction of the 
electrons will be lost with the nominal spacing of 
25ns, except the electrons with an energy below 
10eV, which will survive and be kicked up to several 
keV by the following bunches. This non resonant 
single pass mechanism may lead to an electron cloud 
build up if the maximum secondary electron yield 
(SEY) δmax of the chamber wall is larger than a critical 
value, typically around 1.3 [3][4]. The critical value is 
1.15 [5] if the contribution of the reflected electrons is 
taken into account in the secondary electron yield 
coefficient (SEY). Then, the electron cloud is 
amplified at each bunch passage and reaches a 
saturation value determined by the space charge 
repulsion with implications for the beam stability, 
emittance growth [6] and heat load on the LHC 
cryogenic system [7][8]. 

The observed threshold bunch intensity has a weak 
dependence on the residual gas pressure, contrary to 
ion effects and is in agreement with electron cloud 
simulations. Measurements showed that for bunch 
intensities above 7.0x1010 p/bunch, the weak solenoid 
field becomes insufficient in view of the keV energies 
acquired by the electrons near the beam axis. 

An issue for the vacuum system of the SPS, as the 
LHC injector, is to avoid any emittance growth due to 
the gas density since this emittance will be preserved 
in the LHC leading to a degradation of the luminosity. 
The emittance growth due to a residual pressure (N2 
equivalent) is given by: 

[ ]9
)(

102.1 3

γ
β

ε PaP
t

−=
∂
∂  

where γ is the relativistic factor. For a β of 40 m and 
an average pressure below 10-6 Pa, the emittance 
growth due to the beam-gas interaction is negligible4. 
The electron cloud can drive multi [10][11] and single 
bunch instabilities [12][13][14][15][16], and it can 

                                                 
3 SPS dipoles chambers: MBA: h=34.5mm/l=152mm, 
MBB: h=48.5mm/l=129mm, drift ID=φ156mm 
4 Injection cycle for the LHC: ~15 seconds. 

also induce coherent and incoherent tune shifts. 
Electrons near the beam are thought to be responsible 
for the single bunch instability. A broadband pick-up 
at the SPS has allowed the detection of motion inside 
the bunch, and to fit for the period of the effective 
wakefield [17]. The result is consistent with the 
estimated electron oscillation wavelength, and with 
the proposed instability model based on a head-tail 
interaction [13][14][16]. 

Beam instabilities induced by the electron cloud 
will not be covered in this paper, which aims to 
resume the observations in the SPS, to crosscheck and 
give inputs to refine the simulations and to validate 
the scrubbing scenario proposed for the LHC. 

2 Measurable and Set-ups description 
Table 1 shows the different types of detectors, 

which were used to study the electron cloud 
phenomena and to measure the beam effects. 

Field free region Dipole field region
Electron cloud phenomena

e- cloud activity (intensity)

e- cloud build-up Pick-ups -

Electrostatic energy analyser -
Retarding field detector -

Spatial distribution of the electrons
Secondary electron yield measurements ( δ)
Surface treatment to cure e - cloud Pressure, pick-ups -

Beam effects
Bunch intensity
Filling pattern

Batch length
Missing bunches
Bunch spacing
Bunch length
Batch spacing
Filling factor

Scrubbing

Secondary Electron Yield (δ) set-up

Pressures, strip detectors

Secondary Electron Yield (δ) set-up, pressures

Electrons energy analyser, strip detectors

Energy distribution of the electrons
Electrons energy analysers

Strip detectors (16 channels)

 
Table 1: Different types of detectors and the 

corresponding measurable parameters. 

2.1 Pressure gauges and pick-ups 
The majority of the electrons from the cloud will be 

lost on the vacuum chamber walls inducing pressure 
rises by the electron stimulated desorption (ESD) 
phenomenon. In the SPS, the pressure rises are a 
direct signature of the electron cloud activity and 
therefore, the 70 pressure gauges installed all around 
the SPS ring give an indication of the electron cloud 
activity. This simple technique is sensitive to a small 
variation of the beam parameters, i.e. 5% of variation 
of the bunch intensity above the electron cloud 
threshold is measurable. Nevertheless, variations of 
less than 10 seconds duration of the beam parameters 
cannot be studied due to the time constant imposed by 
the conductance of the vacuum chambers. Real 
pumping speed should also be taken into account 
when comparing ∆P/P at different locations in the 
SPS ring. 

The electron cloud build up in the field free regions 
is studied using pick-up buttons screened from the 
beam by a grounded grid. A fraction of the electrons 
from the cloud are collected by a current integrator or 
measured using a scope. The 20 mm diameter buttons 
allow low RC time constant and therefore a single 
bunch can be seen using a scope (see Fig.4). 



 
Fig.4: Drawing of a shielded pick up and a typical 
signal ( -) obtained in presence of the electron cloud. 

2.2 Strip detector: Spatial distribution of the 
electrons 

Preliminary measurement on the electron cloud 
indicates different behaviours in presence or not of a 
dipole magnetic field and simulations predicted the 
appearance of two strips above a given bunch 
intensity: 5.5x1010 p/bunch. 

To confirm these simulations and study the spatial 
distribution, a 16 copper strips detector was installed 
in the SPS. The copper strips, deposited on a 
MACOR  substrate in the longitudinal plane, allow 
the collection of a fraction of the electrons from the 
cloud. The strips, which remain under vacuum, are 
separated from the beam by the vacuum chamber wall 
in which hundreds of holes (φ 2mm) are drilled with a 
total transparency of 7.5 % to avoid the extinction of 
the multipacting by an excessive collection of 
electrons. The distribution of the holes was calculated 
to minimize the interference with the strips 
arrangement. The resulting sensibility shows a 
fluctuation of the transparency below 20%. The signal 
collected by each channel is measured individually 
using a current integrator with a minimum integrating 
time of 2 ms (~100 turns in the SPS). The detection 
limit of the current integrator is about 10-8 A for each 
individual channel. Fig.5 shows the signal of the 
electron cloud following a controlled beam bump of 
8mm. 

 

Fig.5: Signal of the electron cloud following a 
controlled beam bump of 8 mm. 

3 Main results - Beam effects 

3.1 Bunch intensity 

Pressures in the SPS do not vary up to a threshold 
bunch intensity above which the pressures  increase 
with the bunch intensity (Fig.6 and Fig.7). The 
amplitudes of the negative current signals measured 
on the pick-ups also increase with the bunch intensity 
(Fig.8a and Fig.8b). In August 1999, the threshold in 
the long straight section (field free region) was about 
4.3x1010 p/b and increased up to 6.4x1010 p/b in April 
2000 after several days of operation with high bunch 
intensity LHC-type beams. In the arc, the dipole 
magnetic field affects the behaviour of the pressure 
versus the bunch intensity (Fig.7). In presence of a 
dipole magnetic field, the measurements give 
consistently a lower threshold value, between 3.0 and 
4.0x1010 p/b and higher-pressure rises. 

 
Fig.6: Pressure rise versus bunch intensity in a field 
free region. Static pressure 10-6 Pa, MBB-type 
aperture. 

 
Fig.7: Pressure rise versus proton bunch intensity in 
a dipole region (arcs). Static pressure 10-6 Pa, MBB-
type aperture. 

The difference observed between the field free and 
the dipole regions has not been understood but cannot 
be attributed to systematic errors since the gauges are 
not influenced by the dipole magnetic field. One 
explanation could come from the simulations [7] 
which showed that, in a dipole magnetic field, the 
electrons are confined in the vertical plane. The 
number of electrons and their distribution in energy in 
the cloud will depend on the bunch intensity and 
therefore, in a dipole field, the impinged surface will 
depend on the bunch intensity. The entire vacuum 
chamber will not be bombarded and recontamination 
should be expected. 



In the SPS and in presence of a strong electron 
cloud activity, the pressure limitations were mainly 
coming from the arcs (dipole field regions). 

 
8a) Pick -up signal, bunch intensity of 6.9 x1010 p/b 

 
8b) Pick -up signal, bunch intensity of 8.3x1010 p/b 

Fig.8: Pick-up signals showing the effect of an 
increase of the bunch intensity 

3.2 Filling pattern – Electron Cloud build up 

3.2.1 Batch length – Electron cloud build 
up 

The initial results obtained in the SPS [1] showed 
that the number of bunches  needed to build up the 
electron cloud decreased when the bunch intensity 
increased. As an example, 32 bunches were needed at 
6.5x1010 p/b, only 20 bunches at 7.9x1010 p/b (see 
Fig.9 and Fig.10). These results were confirmed also 
by observations on pick-ups (see Fig.8a and Fig.8b) 
which showed that the number of detectable bunches 
on the pick up signal increased with the bunch 
intensity. 

3.2.2 Missing bunches 
The batch of  72 bunches is made out of 6 trains of 

12 bunches (Fig.11) and allowed the suppression of 
one of these trains. During the measurements, the 3rd 
and the 4th train were removed. The results showed 
that the pick up signals were affected by the 12 
missing bunches (Fig.12) and the pressure rises 
decreased by a factor 8 (Fig.13). The pick-ups showed 
that the 4th missing train is more efficient than the 3rd 

one (Fig.12a and Fig.12b). No difference in the 
pressure rises could be seen between the two missing 
trains (Fig.13). 
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Fig.9: Relative pressure increase ∆P/P versus number 
of bunches at 7.7x1010 protons per bunch. 
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Fig.10: Relative pressure increase ∆P/P versus 
number of bunches in the batch (81 bunches) at 
6.5x1010 and 7.7x1010 p/bunch. 

 

 
Fig.11: Filling pattern with 72 bunches made out of 6 
trains of 12 bunches each. 

 
12a) 3 rd missing train (12 missing bunches)  

 
12b) 4 th missing train (12 missing bunches)  

Fig.12: Pick-up signals with 12 missing bunches. 

X Scale: 0.1 µs/unit  
Y Scale: 2 mV/unit 

X Scale: 0.2 µs/unit  
Y Scale: 2 mV/unit 

X Scale: 0.1 µs/unit  
Y Scale: 2 mV/unit 

X Scale: 0.2 µs/unit  
Y Scale: 2 mV/unit 



 
Fig.13: Pressures behaviour versus time with 12 
missing bunches in 3rd and 4th positions. 

3.2.3 Bunch spacing 
The nominal LHC bunch intensity (1011 p/bunch) 

was achieved using the 50 ns bunch spacing and 36 
bunches per batch instead of the nominal 72 bunches 
per batch. The resulting electron cloud activity was 10 
times below as compared to the level measured with 
5x1010 p/b and 72 bunches per batch. 

The electron cloud effect was also observed both by 
the strip detector and by the pressure gauges with the 
SPS fixed target beam with 5ns spacing. The presence 
of the electron cloud was only observed in specific 
conditions during the ramp from 26 to 450 Ge V where 
the beam is squeezed in all dimensions and therefore 
the bunch density is maximized. In normal operation, 
the bunch intensity is much below the threshold and 
this explains why the electron cloud is not observed in 
the SPS with the fixed target-type beams. 

Using the nominal LHC bunch spacing, i.e. 25ns, 
the maximum intensity achieved in 2001 with a single 
batch was 8.0x1010 p/bunch. With 3 batches, the 
maximum bunch intensity achieved was 5.5x1010 
p/bunch. Above these intensities, the pressure 
interlock was reached and the beam dumped. In 
addition, the strong electron cloud activity induced 
strong beam oscillations, which could not be damped 
by the RF damper [18]. 

The origin of the pressure limitations will be 
discussed in the paragraph on beam scrubbing. 

3.2.4 Bunch length 
Qualitative measurements on the effect of the bunch 

length on the electron cloud were made using the strip 
detector. Fig.14 shows an enhancement of the electron 
cloud activity when the bunch length was decreased 
from 5ns down to 2ns. As the transverse emittance 
remained stable, this is easily understandable since in 
these conditions, a decrease of the bunch length result 
in an increase of the bunch density leading to a 
stronger electron cloud activity [19]. 

3.2.5 Filling factor - Batch spacing 

Three to four batches of 72 bunches will be injected 
into the SPS, ramped from 26 GeV to 450 GeV and 
then injected into the LHC. The standard LHC 8 
bucket spacing [225ns] showed that the electron cloud 
did not disappear between two successive batches. All 

this was evidenced by pick up measurements with 2, 3 
and 4 successive batches (see Fig.15). The pick-ups 
even showed that the build up of the 2nd,  3rd or 4th 
batch profits from the cloud created left behind by the 
previous batch resulting in a faster build up. 

Other batch spacing have been studied to reduce the 
electron cloud effect, i.e. 21 bucket [550 ns] and ¼ of 
the SPS evolution time [5.25 µs] instead of the 
standard 8 buckets spacing [225 ns]. Results obtained 
on the pick ups (see Fig.16) showed that a batch 
spacing bigger than 550 ns [21 bucket spacing] is 
required to decouple the effect of two successive 
batches on the electron could build up. Fig.17, 
obtained using the strip detector, shows no difference 
between the two batch spacings 225ns and 550ns on 
the total electron cloud activity. 

 
Fig.14: Effect of the bunch length on the electron 
cloud activity. Results obtained with the strip 
detector. 
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15a) 2 batches of 72 bunches [225ns batch spacing] 
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15b) 3 batches of 72 bunches [225ns batch spacing] 
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15c) 4 batches of 72 bunches [225ns batch spacing] 

Fig.15: Pick up signals with a multi-batch injection 
[nominal 225 ns LHC batch spacing]. 
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16a) 2 batches [550 ns spacing] 
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16b) 2 batches [5.25 µs spacing] 

Fig.16: Pick up signals of the electron cloud build up 
with two different batch spacing [550 ns and 5.25µs]. 
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Fig.17: Results obtained using the strip detector, 
showing no difference between the two batch spacing 
[225 ns and 550 ns] on the total electron cloud 
activity. 

Fig.18 obtained with the strip detector shows the 
increase of the electron cloud activity after injecting 
the 2nd and 3rd batch. The two strips (or bands) visible 
in Fig.18 will be discussed later on in the paragraph 
on dipole field effects. 

 
Fig.18: Electron cloud activity measured using the 
strip detector with a multi-batch injection in a dipole 
field. 

 
Fig.19: Electron cloud activity measured using the 
strip detector with a multi batch injection in a field 
free region. 

Above the threshold in the field free regions, the 
strip detector can also be used to visualise the electron 
cloud in a field free region. Fig.19 gives a 3D view 
with 3-batch injection. As for the dipole regions, the 
electron cloud activity increased after the 2nd and 3rd 
batch injection. The non-isotropic angular acceptance 
of the strip detector resulted in a non-flat distribution. 
A flat distribution is expected in the field free regions. 

4 Effect of a dipole magnetic field 
The simulations made for the LHC [5] pointed out 

the strong effect of a dipole magnetic field on the 
electron cloud. A longitudinal magnetic field has been 
successfully used in B factories, e.g. KEKB, PEPII 
[20][21][22] and SPS [2] to reduce the electron cloud 
activity. A transverse dipole field will force the 
electrons to follow a cyclotron motion depending 
mainly on the beam potential and on their lateral 
position before being kicked by the beam. This 
cyclotron motion will, also influence all the detectors 



including the strip detector used to study the electron 
cloud in a dipole field. The effect of the dipole field 
on the electron cloud behaviour and the limitations of 
the different detectors used will be discussed. 

4.1 Appearance of two strips at high 
intensities 

Above a given threshold, which is related to the 
energy of the δmax (secondary electron yield) of the 
chamber wall and to the energy of the electrons, 
simulations predicted the appearance of two strips in 
the cloud in a dipole field (see Fig.20). The distance 
between the two strips will increase with the beam 
potential and does not depend on the magnetic field 
strength. If the bunch dimensions are assumed to 
remain constant (bunch length, transverse emittance), 
the bunch potential varies as the bunch intensity. The 
minor variations observed with the strip detector with 
the magnetic field strength arise from the dependence 
of the acceptance of this detector on the magnetic 
field. This dependence is mainly due to the diameter 
of the holes (φ 2mm), which at a field of B= 10-2 T is 
close to the Larmor radius of the high-energy 
electrons (> 200 eV). 

The increase of the width of the electron cloud 
when decreasing the magnetic field strength is not yet 
understood (Fig.21) and will be studied in the future 
with a higher resolution strip detector. 

Fig.22 shows the position of the two strips at two 
diffe rent bunch intensities. 
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Fig.20: Appearance of two strips in a dipole field 
above a threshold, in this case: 6.0 x1010 p/bunch. 
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21a) Dipole field of 0.2 T 
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21b) Dipole field of 2 x10-2 T 

Fig.21: Effect of the magnetic field strength on the 
electron cloud (5.0 x1010 p/bunch, single batch) 
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22a) Position of the two strips at 5.0x1010 p/bunch 
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22b) Position of the two strips at 8.6x1010 p/bunch 

Fig.22: Position of the two strips depending on the 
bunch intensity. 

4.2 Threshold of the dipole field effect 

The strip detector showed that weak dipole field 
strength has a strong effect on the electron cloud. The 
strip detector used at bunch intensities below the 
threshold for the field free regions showed that a 
dipole field of 20 to 30 Gauss is required to trigger the 
electron cloud (see Fig.23 and Fig.24). 



 
Fig.23: 3D view showing the disappearance of the 
electron cloud below 20 Gauss (2x10-3 T). 
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Fig.24: Intensities collected by two different strips as 
a function of the dipole field strength. 

5 Beam scrubbing 
In the SPS, the pressure rises (∆P/P) are a direct 

signature of the electron bombardment. The beam 
scrubbing (or the scrubbing) effect characterises a 
decrease of these pressures rises. This decrease of 
∆P/P results from both a cleaning of the surface (gas 
desorbed by the electron bombardment and pumped) 
and a reduction of the electron cloud activity as a 
result of the decrease of secondary electron yield (δ) 
of the inner chamber walls. 

The scrubbing effect was studied in details to 
quantify the scrubbing time required in the SPS, after 
a shutdown, before being able to inject the LHC. 
Another objective of these measurements is to 
validate the “scrubbing scenario” proposed for the 
LHC. This scenario is based on the decrease of the 
SEY (δ) with the subsequent reduction of the heat 
load in the LHC cryogenic circuit. 

In addition to the variation of the ∆P/P of the 70 
gauges around the SPS, the scrubbing effect was 
quantified using a set up which allowed an in-situ 
measurement of the secondary electron yield (δ) of a 

copper sample exposed to the bombardment of the 
electrons from the cloud (see Fig.25). After receiving 
a controlled dose, the copper sample was rotated 
towards the electron gun to measure the SEY. When 
required, the sample was masked from the beam to 
avoid any exposure with non-optimal beam 
conditions. 
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Fig.25: Schematic view of the in-situ SEY detector 
installed in the SPS 

First measurements presented in 2000 [1][23] were 
made with a total integrated LHC beam time of about 
60 hours. The decrease of the pressure rises was 
significant both in the field free and in the dipole field 
regions [23] (see Fig.26). An increase of the threshold 
bunch intensity was observed indicating a decrease of 
the SEY (δ) since the reduction of the outgassing rate 
by the electron stimulated desorption (ESD) can not 
explain this shift. 

 
Fig.26: Pressure decrease observed both in the dipole 
and field free region with the LHC beam time in 2000. 

The measurements have shown that the pressure 
rise decrease by a factor of 30 after about 2.5 
integrated days of LHC-type beams. The beam 
scrubbing efficiency depends on the electron cloud 
activity and therefore on the bunch intensity. The 
higher the bunch intensity, the higher is the scrubbing 
effect. The beam time in Fig.26 corresponds to the 
cumulated time in presence of LHC-type beams with 
bunch intensities higher than 5.0x1010, which 
corresponded to the threshold of the electron cloud in 
the field free regions. Fig.26 shows a clear evidence 



of a cleaning effect and no pressure increase can be 
seen after 60 hours of LHC-type beams. 

The measurements have shown that the scrubbing 
effect is effective up to the bunch intensity used for 
the commissioning. If a beam with higher bunch 
intensity is injected, the pressure will increase. This 
observation is consistent with the displacement of the 
electron strips in the magnets when the bunch 
intensity increases. 

Results obtained in 2001 were less encouraging in 
terms of pressure decrease versus LHC-beam time. 
The reduced scrubbing observed could be explained 
by the lower bunch intensities injected in the SPS in 
2001 as compared to 2000 (Fig.27). In winter 2000-
2001, the whole SPS was vented to air during about 5 
months for an installation of the pumping port 
shielding5[24]. Fig.28 shows a smaller threshold after 
venting which implies a higher electron cloud activity 
for the same bunch intensity. Measurements made in 
the Laboratory (Fig.29)[25] confirmed that a venting 
to air resets the SEY (δ) of a sample submitted to an 
electron beam scrubbing. 
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Fig.27: Distribution of the bunch intensities in 2000 
and 2001 

 
Fig.28: Threshold of the electron cloud in 2000 and in 
2001 after a long venting to air of the SPS machine. 

                                                 
5 Installed between all magnets to decrease the 
impedance of the SPS machine 

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01
ELECTRON DOSE ( C/mm2  )

SE
C

O
N

D
A

R
Y

 E
L

E
C

T
R

O
N

 Y
IE

L
D

INITIAL BOMBARDMENT 

AFTER 10 DAYS AIR EXPOSURE

Venting

 
Fig.29: Measurements made in the laboratory 
showing the scrubbing effect with electron dose and 
the reset induced by a venting to air. 

 
Fig.30: Threshold increasing with the LHC beam 
time. 

The increase of the threshold of the electron cloud, 
as shown in Fig.30 is a clear indication of a decrease 
of the SEY. More recent measurements made in 2001 
in the SPS with the in-situ SEY detector gave 
evidence of the decrease of the SEY with the LHC-
Type beam time (Fig.31). 

 
Fig.31: Decrease of the SEY of a copper sample 
exposed to the bombardment of the electrons from the 
cloud in the SPS as a function of the LHC-beam time. 

Even with the relatively low bunch intensities 
injected in the SPS in 2001 (see Fig.27), the decrease 
of the SEY (δmax and E[ δmax]) is significant (see 
Fig.32). The value of the δmax decreased from 2.4 
down to 1.6 after less than 100 hours. More relevant is 
the evolution of the integral of the curve above a δ of 
1.3, which is considered as the threshold of the 



multipacting effect [3][4][5]. Fig.33 shows that the 
reservoir of secondary electrons decreased by more 
than 80% after about 100 hour of LHC beam time. 

All the results presented above gave evidence of the 
scrubbing effect in the SPS. The lower efficiency 
observed in 2001 can be explained by the statically 
lower bunch intensities and therefore, the lower 
energies of the electrons impinging on the inner wall 
of the vacuum chambers. 

All the results presented above gave evidence of the 
scrubbing effect in the SPS. The lower efficiency 
observed in 2001 can be explained by the statically 
lower bunch intensities and therefore, the lower 
energies of the electrons impinging on the inner wall 
of the vacuum chambers. 
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Fig.32: Decrease of the δmax and E[δmax]) with the 
LHC beam time 

An important issue for the scrubbing is obviously 
the existence of the electron cloud effect. The higher 
the bunch intensity, the higher the electron cloud 
activity and the higher will be the scrubbing effect. 
Operating the SPS and the LHC below the electron 
cloud threshold will never be a solution since the SEY 
(δmax) will remain high i.e. 2.3-2.4 for a copper 
sample. 
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Fig.33: Decrease of the reservoir of secondary 
electrons with the LHC-beam time 

5.1.1 Nitrogen discharge - Memory effect 
No difference in the pressure rises nor in an 

increase of the scrubbing effect could be seen between 
the non treated vacuum chambers and the two 
chambers treated with a N2 discharge. 

Nevertheless, the chambers treated with a N2 
discharge and submitted to a beam scrubbing showed 
a faster conditioning compared to the non-treated 
chambers after an exposure to air and pressure rises 
were 4 times smaller. 

More recent measurements were made to study the 
effect of an Ar/O2 discharge and of a N2 discharge 
followed by a 300°C bake out. These results 
confirmed that the N2 discharge even after the bake 
out at 300°C during 24h had a behaviour identical to 
the non treated chambers. On the other hand, the 
Ar/O2 discharge gave satisfactory results. The ∆P/P 
measured was 2.5 times smaller than the one 
measured on the identical non-treated chambers (see 
Fig.34). 

 
Fig.34: ∆P/P measured in dipole regions and in field 
free regions. Effect of an Ar/O2 discharge and N2 
discharge followed by a 300°C bake out. Static 
pressure 10-6 Pa, MBB-type aperture. 

6 Conclusions - Discussions 
All the measurements confirmed the electron cloud 

as the mechanism being responsible for the pressure 
rises in the SPS: pick-ups measured an electron 
current signal, pressure rises occurred only in the 
presence of LHC-type beams and the strip detector 
gave a 3D view of the cloud. In addition, the 
behaviour of pressure rises versus bunch intensity is 
consistent with observations made in B factories, i.e. 
KEKb, PEPII [20][21][22]. As for KEKB, a small 
longitudinal magnetic field (10-2 T) partly cured the 
limitations induced by the electron cloud. 

The electron cloud is a threshold mechanism, which 
depends on the existence or not of a dipole field. In 
presence of a dipole field, the threshold was around 
2.0-3.0x1010 p/bunch6 and it was 5.5-6.0x1010 
p/bunch5 for the field free regions. The threshold 
mechanism was confirmed by the measurements using 
the strip detector with bunch intensities between 3.0 

                                                 
6 Nominal bunch length of 4 ns 



and 5.5x1010 p/bunch. In presence of a dipole field, 
the electron cloud was observed and it disappeared 
immediately after suppressing the dipole field. 

The beneficial effect of a 50 ns bunch spacing was 
evidenced. The nominal LHC bunch intensity (1011 
p/bunch) was achieved with a single batch and the 
observed electron cloud activity was 10 times below 
the level expected. But the used of a higher bunch 
spacing will require an increase of the bunch intensity 
to keep constant the luminosity. 

All the other parameters of the filling pattern were 
tested and showed a low efficiency in suppressing the 
electron cloud. Missing bunches did not suppress the 
electron cloud but decreased its intensity by a factor 
of 8. This is consistent with other measurements 
which showed that the electron cloud would need 
much more time to decay. Increasing the batch 
spacing would be effective only with a batch spacing 
higher than 550 ns which would lead to an 
unacceptable decrease of the LHC luminosity. 

The cleaning effect or "scrubbing" was evidenced 
in the SPS using pressure gauges, pick-ups and in-situ 
SEY detector. In the SPS, the scrubbing effect results 
from the bombardment of the electrons from the cloud 
on the inner chamber wall. The higher the electron 
cloud activity, the higher will be the scrubbing 
efficiency. The measurements showed that, in less 
than three days of scrubbing in 2002, the pressure 
rises in presence of LHC-type beams become 
negligible in the SPS. This effect was visible both in 
the field free and in the dipole field regions with 
bunch intensities above 6.0x1010 p/bunch. A 
recontamination by the non-bombarded surface could 
explain the lower efficiency in the dipole regions due 
to the existence of two strips. All the measurements 
have shown an increase of the threshold bunch 
intensity, a decrease of the SEY (δ) from 2.3 down to 
1.6 after 100 hours of LHC-beam time and a decrease 
by a factor 30 of the relative pressure increase ∆P/P. 

Operating any machine limited by the electron 
cloud below its threshold, in particular the SPS and 
the LHC, will never be a solution since the SEY (δmax) 
will not decrease and will stay at 2.3 for a copper 
surface. 

To reduce the scrubbing time, chambers treated by 
N2 and Ar/O2 discharges were installed in the SPS. In 
the first cycle of experiments no difference between 
the non-treated chambers and the two chambers 
submitted to a N2 glow discharge have been observed. 
After an air exposure, only the treated chamber (N2 
discharge) seems to have a memory of the scrubbing 
effect. The in-situ bake out at 300°C did not improve 
the efficiency of this treatment. The Ar/O2 discharge 
was more efficient; a reduction of the ∆P/P by a factor 
of 2.5 was measured. 

The measurements in the SPS also confirmed that a 
venting to air will reset the scrubbing effect, i.e. the 
SEY (δmax) value will increase back to its initial value 
2.3. 

7 Issues for the LHC machine 
Contrary to the SPS machine which is limited by 

the pressure rises and beam instabilities in presence of 
a strong electron cloud activity, the LHC will be 
mainly limited by the heat load on the cryogenic 
system. Different parameters of the filling pattern 
could be used to decrease the heat load but 
measurements showed that the cloud was never 
suppressed. In addition, the bunch intensities should 
be increased above the nominal value (1.1x1011 
p/bunch) to reach the nominal luminosity. 

However, the strip detector gave issues for the 
design of the beam screen as the expected position of 
the electron cloud strips at nominal intensity coincides 
with the position of the pumping holes in the beam 
screen (Fig.35). 
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Fig.35: Measured position and width of the two strips 
on the SPS and their expected position at the nominal 
LHC-bunch intensity. The expected position is in 
coincidence with the position of the pumping holes in 
the initial design of the beam screen. 

To avoid that the beam screen no longer ensures the 
interception of the heat load and that a non-negligible 
fraction of the electrons from the cloud impinge 
directly the cold bore, the position of the holes has 
been reviewed and an additional screen is being 
studied (see Fig.36). 

 
Fig.36: Additional screens (baffles) on the LHC beam 
screen to intercept the electrons from the cloud to 
reduce the heat load to the cold bore (1.9 K) [26]. 
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Abstract

Oneof theprimaryconcernsin thedesignandoperationof
high-intensityprotonsynchrotronsandaccumulatorsis the
electroncloud andassociatedbeamlossand instabilities.
Electron-cloudeffectsareobserved at high-intensitypro-
ton machineslike the Los AlamosNationalLaboratory’s
PSRandthe CERN SPS,andinvestigatedexperimentally
and theoretically. In the designof next-generationhigh-
intensity proton acceleratorslike the SpallationNeutron
Sourcering, emphasisis madein minimizing electronpro-
ductionandin enhancingLandaudamping.This paperre-
views the presentunderstandingof the electron-cloudef-
fectsandpresentsmitigationmeasures.

1 INTRODUCTION

Electron-cloudeffectsareimportant,but incompletelyun-
derstooddynamicalphenomena.Effectsthat canseverely
limit theperformanceof high-intensityprotonsynchrotrons
include trailing-edgetune-shift and resonancecrossing,
electron-protoninstability, emittancegrowth and beam
loss, increasesin vacuumpressure,heatingof the vac-
uum pipe, and interferencewith beamdiagnostics. The
following are examplesof hadronrings where electron-
cloud effects are observed: Proton StorageRing (PSR)
at the Los Alamos National Laboratory(LANL), where
a strong,fast transverse-instabilityoccursboth for coast-
ing and bunchedbeamwhen a thresholdintensity is ex-
ceeded[1]; theCERNPSandSPS,wherea largenumber
of electronsare producedby beam-inducedmultipacting
when the machine’s parametersare configuredfor LHC
injection [2, 3]; and, BNL’s Relativistic Heavy Ion Col-
lider (RHIC) wherethe vacuumpressuredramaticallyin-
creaseswhen the beamsare injection with halved nomi-
nalbunch-spacing.Theelectron-cloudeffectscanlimit the
performanceof the next-generationhigh-intensityproton
rings, suchasthe SpallationNeutronSource(SNS)accu-
mulatorring [4], theLargeHadronCollider(LHC) [5], and
neutrino-factoryproton-drivers.

This paperattemptsto summarizethe presentunder-
standingof the electron-cloudeffects pertainingto high-
intensityprotonsynchrotronsandaccumulators.Section2
describessometypicalphenomena.Section3 identifiesthe
mainsourcesof electrongenerationincludingstrippingin-
jection, proton grazingat the collimator surfaces,beam-
inducedmultipacting,and gasionization. The effects of�

Work performedundertheauspicesof theUSDepartmentof Energy�
wei1@bnl.gov

theelectroncloudontheprotonbeamarediscussedin Sec-
tions 4 and 5. Preventive methodsare describedin Sec-
tion 6. Finally, asummaryis givenin Section7.

2 PHENOMENA

In the recentlycommissionedRelativistic Heavy Ion Col-
lider (RHIC) [6], vacuum-pressurerises were observed
during high-intensityoperationof both gold- andproton-
beams.As shown in Figure1, beaminjectionwith halved
bunchspacingresultedin a muchhighervacuumpressure
than the normal value [7, 8]. The pressurerise occurred
whenthetotalbeamintensityin thering is only 60%of the
nominal intensity. The dominantmechanismis suspected
to bedueto theelectroncloud[7].

A fast,verticalinstability wasobservedatBrookhaven’s
AGS Boosterwhenthe protonbeamwasdebunched.Af-
ter the beamwasinjected,the beamsuffereda 10% slow
lossoverabout1 msfollowedby a 60%fastlossover tens
of micro-seconds.Accompanying the fastbeam-losswas
instability in the vertical direction. The thresholdcould
vary by a factorof 2, from a peakcurrentof 2.7 A to 5.3
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Figure1: Vacuum-pressurerisein RHIC duringgold-beam
injection (courtesyS. Y. Zhangandthe RHIC crew). The
top curve indicatesthe total beamintensityasa function
of time, andthe bottomcurvesindicatethecorresponding
vacuumpressureat onelocation(BO11) of the ring. The
horizontalscaleis 2 minutesperbox. Theright-handside
shows the nominaloperationwhen55 bunches,eachcon-
taining 9 �	��
� gold ions, are injectedinto the ring. The
left-handside shows that when the bunch spacingis re-
ducedby half, thevacuumpressureincreasesdramatically
evenwhenonly 39bunches,eachcontaining7.5 �	��
� gold
ions,areinjected.



Figure2: Beam-Position-Monitor(BPM) differencesignal
of adebunchedproton-beammeasuredin theAGSBooster
indicatingan instability in the vertical direction(courtesy
M. Blaskiewicz). Theverticalaxisis thespectralamplitude
of theBPM’s sum(blue)anddifference(red)signals.Ev-
ery traceis 12 � s apart. Thehorizontalandvertical tunes
are4.8and4.95,respectively.

A, dependingon the vertical betatrontune. As shown in
Figure2, thecharacteristicfrequency of instabilitywasbe-
tween80and100MHz. Possiblemechanismsincludedthe
trappingof electronswhentheprotonbeam-gapwaselim-
inated[9].

In the LANL PSR,a strong, fast transverse-instability
occurredboth for coastingand bunchedbeamswhen a
thresholdintensitywasexceeded[10]. The phenomenon
limited the ring’s achievable intensity. Dependingon the
lattice optics (e.g., sextupole and skew-quadrupoleset-
tings),the instability couldbein eitherhorizontalor verti-
cal direction.As shown in Figure3, theinstabilitygrowth-
time wasabout75 � s (or 200 turns). Thefrequency spec-
trumwasfrom 70to 200MHz correspondingto thebounce
frequency of theelectrons.Thethresholdintensitywaslin-
early proportionalto the RF voltageappliedto the beam
(Figure4). A largenumberof electronswasmeasuredon
thebeamvacuum-pipe,with a timestructurecloselycorre-
latedto thepassageof theprotonbeam.

3 ELECTRON GENERATION

We classify electronproductioninto the following cate-
gories: (1) electronsgeneratedat the stripping foil in the
injection region; (2) electronsgeneratedat the surfacesof
collimatorsandvacuumpipedueto theimpactof lost pro-
tons; (3) electronsproducedby beam-inducedmultipact-
ing from thevacuum-pipewall; and,(4) electronsproduced
aroundthering from residual-gasionization.

Figure5 shows the distribution of electron-densityflux
measuredat thePSRusingtheelectrondetectordeveloped
at theArgonneNationalLaboratory[11]. Thequantity ���
is definedasthe ratio of the numberof electronsstriking
the vacuumpipe within one turn to the numberof stored
protonsin the ring, scaledfrom the areaof the detector
surface.Theelectrondensityis highat theinjectionregion

Figure3: FastinstabilityobservedatPSR.Thetopcurveis
the vertical differencesignalof the BPM, andthe bottom
curve is from thebeam-lossmonitor. Thehorizontalscale
is 0.2msperbox. Thetotalbeamchargeis 4.2 � C. TheRF
voltageis 13.5kV.

Figure4: Intensitythresholdof thetransverseinstabilityas
a functionof theRFvoltageat thePSR.

wheretheH � beamis strippedof its electrons,andhighat
theextractionregiondueto limited aperture.

3.1 InjectionRegion

Multi-turn charge-exchangeinjectionis oftenpreferredfor
high-intensityrings to enhancethe phase-spacedensityof
the accumulatedbeam. The charge-exchangeprocessis
performedwith a stripping-foil typically of densityfrom
200 to 400 � g/cm� (about 1� m thick). Near the injec-
tion stripping-foil, a high concentrationof electronsis ex-
pectedwith a broadenergy-spectrum.With a H � beam,
thestrippedelectronscarry twice thecurrentof the inject-
ing H � beamwith akinetic energy of � ��� ���������� , where� is the relativistic factorof the H � beam.The injecting-
andcirculating-beamsimpactingon the foil producesec-
ondaryemissionof electronsat low energy (tensof eV).
Although the yield is low (0.006 for a 800-MeV proton
incidenton carbonmaterial),the effect is proportionalto
the numberof traversalsof the foil. The injecting- and
circulating-beamalsoproduceknock-onelectronsatahigh
energy (upto severalMeV). Thestripping-foil,operatingat



Figure5: Distribution of theelectronflux measuredon the
wall of thevacuumpipeat thePSR.Thecircumferenceof
the ring is 90.2m. Thekinetic energy of theprotonbeam
is 800 MeV. The flux ratio � � , varying aroundthe ring,
is about30%downstreamof the extractionseptum,about
25% downstreamof the injectionstripping-foil, about4%
in section4, andwithin the noiselevel in the TiN-coated
section5.

a high temperaturearound2000K, emitsthermionicelec-
trons at low energy. All theseelectronsmay backscatter
from the stripped-electroncollector and the surrounding
surfaces[12]. As anexample,Table1 lists the sourcesof
production,yield, andenergy-rangeof theelectronsat the
PSR’s injectionregion [13].

Figure6 illustratesthecollectionof stripped-electronsat
the SNSaccumulatorring. The electronsareguidedby a
magneticfield andcollectedby a water-cooleddevice of
heat-resistantmaterial. The electroncollectorusesa car-
bonmaterialattachedto a water-cooledcopperplate[14].
Selectinga low charge-statematerialfor thecollectoralso
reducesthe numberof backscatteredelectrons. Figure 7
shows thetemperaturedistributionat theelectroncollector
whenthestripped-electronbeamof 3 kW powerstrikesthe
surfaceof about1 cm� area.

Table1: Estimatedyield andkineticenergyof theelectrons
producedby theinjectedH � beamat thePSR.Theyield is
definedasthe ratio of total numberof electronsproduced
during the accumulationperiod per injectedH � particle.
The averagenumberof foil traversalis about50. The ki-
neticenergyof theinjectingbeamis 800MeV. Theaverage
H � beamcurrentis 100� A (courtesyM. Plum).

Source Yield Kinetic energy
Stripped� � 2.0 430keV
Secondary�� 1.0 up to 20 eV
Knock-on � � 0.4 up to 2.4MeV
Thermionic� � ! 
#" 
 
 $ % 0.24eV
Ionization 0.02 up to 2.4MeV

Figure6: Collectionof strippedelectronsduringtheinjec-
tion of H � beamat theSNSaccumulatorring.

Figure 7: Temperature( & ) distribution at the stripped-
electroncollectorat theSNSring in unitsof Fahrenheit(or' &)(�*)+�$ '' " ,.- K, CourtesyC. J.Liaw andJ.Brodowski).

3.2 CollimationRegion

The region nearthe scrapersand collimatorsis suscepti-
ble to a high beam-lossand, potentially, is anotherloca-
tion of high electron-concentration.Protonsincident on
the collimator surfacesproducesecondaryelectrons.De-
pendingon theenergy of thebeamandthe incidentangle,
the secondaryelectron-to-protonyield cangreatlyexceed
1 whenthe incidentbeamis nearlyparallelto the surface
(i.e., grazingangle /�021435(�$ ). Experimentswere per-
formedwith differentionsat theBrookhaven’sTandemac-
celeratorto verify theangulardependenceof electronyield
[15]. As shown in Figure8, the proton-inducedyield 67�98
hasa �:(<;�=.>?/ 0 dependenceon theangle / 0 , similar to the
electron-inducedsecondary-emissionyield aspredictedby
theSeilermodelbasedon experimentalfits [16, 17, 18, 7]6 �98A@ �"B���6DC	EGF�H8 I �	�KJ�LNMPOQ�)$N" ,SR2TVUTXWXY[ZU \^]G_ `[a�bdcR TVUTXWXY[ZU \7e _ `[a ;�= >f/�0 (1)

where gih is thekinetic energy of theprimaryproton,and
theprotonenergy thatcorrespondsto themaximumyield,gAC	EGFh , is about0.7MeV. A serratedsurfacewith triangular



teethgreatlyreducedthegenerationof secondary-emission
electrons.However, at thebeamenergy around1 GeV the
protonstopping-lengthis long (aboutonemeter). A ser-
ratedsurfacemaybe ineffective sinceprotonsincidenton
thefront edgeof theteethmayeasilyescapefrom thecol-
limator body. The SNSring usesa two-stagecollimation
systemsothatthebeamhalois likely to beincidenton the
front edgeof the secondarycollimatorsconsistingof lay-
ers of stainless-steelblocks, stainless-steelballs, borated
water, and leadshield. Figure9 shows oneof threesec-
ondarycollimators[19]. The primary scraperconsistsof
four adjustable,thin tantalum-bladesspacedat 45 degree
angles,andshieldedfor radioactivationcontainment.
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Figure 8: Proton-inducedsecondary-emissionyields of
electronsas functionsof the incident angle for 28-MeV
protonsstriking a flat (blue)anda serrated(red)stainless-
steelsurface(courtesyP. Thieberger).

Figure9: Schematicsof oneof SNSring’ssecondarycolli-
matorsshowing layersof materialfor radio-activationcon-
tainment(courtesyH. Ludewig andN. Simos).Theeffec-
tive length is about1.5 m. The collimator is designedto
withstandanaveragebeampowerof upto 10kW at1 GeV
kinetic energy.
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Figure 10: Electron build-up at the CERN LHC as an
exampleof multibunch,beam-inducedelectronmultipact-
ing (courtesyF. Ruggiero). The time betweensuccessive
bunchesis 25 ns. The energy gain dueto the bunchpas-
sageis about200eV.

3.3 Beam-inducedMultipacting

Beam-inducedmultipacting is believed to be the leading
sourceof sustainedelectron-production.Dependingon the
beamparameters,oneof the two multipactingmodelsap-
plies:multibunchpassagemultipacting[20, 21,22, 23, 24],
or single-bunch,trailing-edgemultipacting[1, 25].

The phenomenaof multibunch, beam-inducedmulti-
pacting were observed at the CERN PS and SPSwhen
the machines’parameterswereconfiguredfor LHC injec-
tion. The electron-cloudbuildup wassensitive to the in-
tensity, spacing,andlengthof the protonbunches,andto
the secondary-emissionyield (SEY) of electronsfrom the
beam-pipesurfaces.

As shown in Figure10, themultibunchmultipactingoc-
cursif thetransittimeof theelectronscrossingthevacuum
pipeis comparableto thetimebetweensuccessivebunches,
and if the electronsgain enoughenergy to producemore
thanonesecondary-electronswhenthey hits the vacuum-
pipewall [20]. Themultipactingparameterv C is definedas
theratio betweenthe transittime of theelectronscrossing
thevacuumpipeto thetime betweensuccessivebunchesv C @ $wxzy|{{ � (2)

where w is theradiusof thevacuumpipe, x y is thedistance
betweenthe subsequentbunches,{ is the velocity of the
protonnormalizedby the speedof light � , and { � � is the
averagevelocity of the electrons. Here, { � is relatedto
the energy gainedby the electronfrom the passageof the
protonbunch} g)� @ �~� � ������ � $������ e{ w�� � +��	������ (3)

where �z� @ ���z(z� 3^� e ��� � � is the classicalradiusof elec-
tron, and � e is thenumberof protonsin thebunch.When
theelectronmotionis non-relativistic, i.e.,$:� � � e{ w � � (4)



Figure11: Secondary-electronyield 67��� asa function of
the primary-electronenergy for a perpendicularincidence
andfor technicalsurfacesrepresentative of vacuumpipes
(courtesyN. Hilleret andO. Gröbner).

Eqs.2 and3 canbeapproximatedas[20]v C 1 { �zwG�� � � e x y (5)

and

} g � 1�$:� �G� � � � � � e{ w � � (6)

Theconditionfor propermultibunchmultipactingis given
by v C @ � (7)

The energy gainedby an electronmust be suchthat the
electron-inducedsecondary-emissionyield (SEY) satisfies� � 6 ����� � (8)

where � ��� � is the electronsurvival-ratein the bunch
gap[7]. Figure11shows thetypicalelectron-inducedSEY
( 67��� ) asafunctionof theprimary-electronenergy for aper-
pendicularincidence.

Multibunchelectronmultipactingmayoccurfor almost
any valueof v C [26]. Theexactresonanceconditionis met
if v C @ � . If v C � � , theprimaryelectronsinteractwith
morethanoneprotonbunch;If v C � � , partof theprimary
electronsarelostbeforethenext buncharrives,leaving be-
hind less-energetic secondaryparticles(PS,SPS).On the
otherhand,if v C � � , theelectroncloudis usuallydomi-
natedby single-bunchmultipacting.In fact,sinceherethe
transittime of theelectronsacrossthevacuumchamberis
typically muchshorterthanthepassagetime of theproton
bunch, the energy gainedby the electronsis much lower
thanthat predictedby the multibunchmultipactingmodel
(Eqs.3 and6).

Single-bunch, trailing-edgemultipactingstartsto dom-
inate if the bunch length is long enoughto sustainmul-
tiple passesof electrons. As shown in Figure 12, elec-
trons are attractedtowardsthe rising edgeof the proton
bunch. At the trailing edgeof theprotonbunch,electrons

Figure12: Beam-inducedelectronmultipactingatthetrail-
ing edgeof a long proton-bunch. The transit time of the
electronsacrossthebeampipeis muchshorterthanthepas-
sagetimeof theprotonbunch.

arereleasedandyet still acceleratedby the bunchto mul-
tipact. Thenumberof electronsgrowsexponentiallyat the
trailing edgeof the protonbunch,asobservedat the PSR
(Figure 13) [10]. The electron-cloudbuildup due to this
single-bunchmechanismis expectedto haveaweakdepen-
denceonbunchspacing,thevacuum-pressurelevel,andthe
amountof residualprotonsin thebeamgap. On the other
hand,it dependscritically onthelengthof theprotonbunch
andthevariationsin its longitudinaldensity.

Similar to themultibunchparameterv C (Eq. 5), single-
bunchmultipactingparameterv�� canbedefinedastheratio
betweenthe transittime of the electronscrossingthevac-
uumpipeto thepassagetimeof half of theprotonbunchv�� @ wxzy�����{{ � (9)

where the effective length of the proton bunch is xzy���� ,
bunching factor ��� ( ��� � � ) is defined as the ratio
betweenthe averageand peakline-densityof the proton

Figure13: Electronsignalsmeasuredat thePSRasa func-
tion of time relative to theproton-beampulseduringa sin-
glerevolution. Therepellervoltage,� � �H8 , is variedto select
theelectronsstrikingthedetectoraccordingto theirenergy.



Figure14: Computersimulationof electrongenerationin
the SNSaccumulatorring (courtesyM. Pivi andM. Fur-
man). The neutralizationfactor is definedas the density
ratio betweenthe electronand proton within the proton
beam-radius.Thebeamintensityis 2 �	��
 ]�¡ perbunch.The
peaksecondary-emissionyield is assumedto be2. Thefull
bunch-lengthis about700ns.

beam,and v �i� v C (10)

To obtainanorder-of-magnitudeestimate,assumethat the
beamcharge is uniformly distributedin the transversedi-
rectionsin the vacuumchamber. The averagevelocity of
electronin thenon-relativistic limit is givenby{ �	1 � �z��� ex y � � � � (11)

Eq.9 thusbecomesv��	1 { w¢ �z�G� e xzy���� (12)

Theenergy gainedby anelectronis approximately} g � 1��� ��� � { w � ����� ex ` y � `� (13)

Single-bunchmultipactingoccursif theconditionv�� � � (14)

is satisfied,andif theenergy gainedby anelectronis such
that 6 ���i� � (15)

As anexample,considertheSNSring parameters:� e @$£�¤��
 ]�¡ , x y @ $�� ¥ m, � � 1¦
#" ' , w£1¦
f"B� m, and { @
#" ¥?- ' . The single-bunchmultipactingparameteris v � 1
#" 
#� � � . Thecharacteristicenergy gainis approximately

} g)��1§*.- eV. Single-bunch, trailing-edgemultipacting
is expectedto occur, asshown by thecomputer-simulation
resultsshown in Figure14 [27].

Theactualmultipactingprocessmaybeacombinationof
thesingle-andmultibunchmultipacting.Figure15 shows

Figure15: Secondary-emissionenergy-spectrumusedfor
simulations(Hilleret fit Cu) for a 300eV incident-electron
beam. The rediffusedand reflectedcomponentsare in-
cludedin themodel(courtesyM. Pivi andM. Furman).

themeasuredsecondary-emissionspectrumusedfor simu-
lation consistingof true-secondary, backscattered,andre-
diffusedelectrons[28]. Uncertaintiesremainin key param-
etersdescribingthe interactionsof low-energy ( ! $�
 eV)
electronswith theacceleratorsurfaces.

3.4 Ionization

Therateof electronproductionby gasionizationis linearly
proportionalto the protoncurrent ¨ , the vacuumpressure©

, andthe ionizationcross-sectionª#«¬�® [26, 7]. The rate
of electronline-densityincreaseperunit lengthof circum-
ferenceis givenby therelation¯ �z°±�¯²�¯ x @´³ C { ¨.ª «¬�® ©� (16)

where
©

is in units of Torr (1 Torr @ 133.3Pascal). At
the roomtemperatureof 300K, themoleculardensity ³ Cis about ,f" ,�����
�µ� m � ` . For the SNSring at a pressure
of ��
f�±� Torr, a total of $N" ¶·����
 ¸ electronsis produced
per turn whenthe protonaccumulationreaches$¹����
 ]Q¡ .Thisismuchfewerthantheelectronsproducedatthebunch
trailing-edgewhenmultipactingoccurs.Theeffectof pho-
toemissionusually is negligible for medium-energy pro-
tonsdueto lackof synchrotronradiation.

Variouscomputer-simulationprogramsweredeveloped
to model the processof electrongeneration[30, 31, 21].
Simulated mechanismsincluded space-charge fields of
both protons (or eº ) and electrons, vacuum pipe and
the image charges, external magnetic-fields,gas ioniza-
tion, secondaryemission, and photoemission. Recent
developmentsincorporatedtrailing-edgemultipacting,re-
diffusion, backscattering,and proton-inducedsecondary
emissionwith refinedangulardependenceof the incident
particle[27, 32, 29]. Particle-in-cell(PIC)algorithmswere
alsodevelopedto modeldetailedelectron-generationpro-
cesses[33].



4 ELECTRON NEUTRALIZA TION AND
TUNE SHIFT

4.1 ElectronBounce-frequency

The electron motion is characterizedby the electron
bounce-frequency » �¼1 � ¢ $:3V�z��½±8 (17)

where ½±8 is the volumedensityof the protonbeam. Fig-
ure 16 shows the frequency spectraof the BPM’s vertical
difference-signalmeasuredat thePSRfor two beaminten-
sities. The peakspectrumfor the 6.1 mC beam-intensity
centersaround200 MHz, correspondingto the electron
bounce-frequency. Whentheintensityis reducedby a fac-
tor of two by injecting every other pulse, the meanfre-
quency of thepeakspectrumshiftsdownwardsby a factor
of about0.7.

Figure 16: Frequency-spectrum of BPM’s vertical
difference-signalfor two beamintensitiesmeasuredat the
PSR.Thelinesin thepeaksarethebetatronside-bands.

4.2 NeutralizationTune-shift

In high-intensitysynchrotrons,proton tune-shiftscan be
attributed to various mechanisms: spacecharge, chro-
maticity, kinematic nonlinearity, magnetic nonlinearity,
and magneticfringe field. The dominantcontribution is
usually from spacecharge at the injection energy. Beam
lossis oftencausedby resonancecrossingassociatedwith
anexcessiveamountof tunespreadin thebeam.Figure17
shows the spreadof tuneshift of a 2 MW proton-beamin
theabsenceof electroncloudat theSNSaccumulatorring.

An electroncloudtendsto neutralizethepositivecharge
of the protonbeam. Comparedto the space-charge tune-
shift betweenthe protons,the tuneshift producedby the
electroncloudis enhancedby afactor �V� dueto absenceof
the compensatingelectricandmagneticforcesin the lab-
oratory frame. With the electroncloud, the space-charge
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Figure17: Spreadof tuneshift of a 2 MW protonbeamin
the SNS accumulatorring. The computer-simulationre-
sults are obtainedwith the Unified-Accelerator-Libraries
(UAL) package[35]. Structureresonancesare indicated
in red.

tune-shiftbecomes
}ÔÓ FÕ Ö @ � � ��× � e � ezØie$:3 ��� Ó F�Õ Ö:Õ e { � � O �ª FÕ Ö �Ùª F +Úª Ö � � �� � �·Û � �+�Ü �« CÞÝ � �±� �KÛ ��ß¼+ÚÜ C« C)à (18)

where � e @ �z��(z� 3^� e � e � � is the classicalradiusof pro-
ton, Ø e is the averageradiusof circumference,

Ó FÕ e and

Ó ÖzÕ e are the basetransversetunes,and ª F and ª Ö are the
horizontal-andvertical-rmsbeamsizes.Thebunch’sform-
factor � ��× is equalto �z(�$ for an uniform distribution, and
to � for a Gaussiandistribution. The neutralizationfac-
tor ( Û � ), definedasthe electron-to-protondensityratio in
the laboratoryframe, representsthe contribution of elec-
troncloudata low energy (typically upto severalhundreds
eV). The contribution from the electricandmagneticim-
agesof thebeamarerepresentedby theLasletttune-shiftsÜ �« C and Ü)C« C , respectively. Theelectricfieldsdueto both
the direct space-charge andthe imagecharge arereduced
by theneutralization[34]. For both incoherentandcoher-
entspace-chargetune-shifts,therelativecontributionof the
electroncloudto thedirectspace-chargeandelectricimage
is �á�V��Û � .
4.3 Trailing-edge“Pacman” Effect

With the trailing-edgeelectron-multipactingmodel, pro-
tonsat the trailing edgeof thebunchexperience,on aver-
age,a highconcentrationof electrons.Electronneutraliza-
tion increasesthe transversetunesandpossiblyincreases
thetunespreadof thebeam.Whenthebeamis storedin the



ring for anextendedtime,thebunchmaycontinuouslylose
its trailing-edgeparticlesuponresonancecrossing. Here,
we call it trailing-edgePacmaneffect.

Figure14 shows thestructureof electronneutralization
insidetheprotonbunchat theSNSaccumulatorring, pre-
dicted from a computersimulation [27]. With a 2-MW
beamin the SNS ring, the peak tune-shift due to space
chargeis about �â
f"ã$ . Theneutralizationlevel is about10%
( Û �|1´
#"ä� ) insidethe protonbeamfor trailing-edgeparti-
clesat 50% of the peaklongitudinal-density, asshown in
Figure14. Thetuneshift dueto theelectroncloudis about+�
#" 
� . Giventhesamespace-chargetune-spreadat injec-
tion, this effect becomesmoreimportantfor injectionat a
higherenergy.

5 ELECTRON-PROTON INSTABILITIES

Experimentalobservations of electron-cloudinstabilities
aredistinctively differentfor “short bunches”storedat en-
ergiesabove thetransitionenergy, wheremultibunchmul-
tipacting is expectedto be important (PS, SPS,and B-
factories),and “long bunches”storedat energies far be-
low the transition energy, where single-bunch, trailing-
edgemultipacting is expectedto be dominant(PSRand
SNS).

5.1 Coasting-beamandLong-bunch Regime

During the 1970s, coupled oscillations associatedwith
electrontrappingand multipactingoccurredduring high-
intensity coasting-beamoperationat the CERN ISR [37,
38, 20]. The problemwas alleviated by installing addi-
tional clearingelectrodesaroundthe ring. Since1988,a
fast, vertical instability accompaniedby beamloss, both
with bunchedandunbunchedbeams,wasattributedto cou-
pledelectron-protonoscillations[39, 10]. At theBNL AGS
Booster, an intenseproton-beambecamevertically unsta-
ble whenit wasdebunched.

Thethresholdof electron-protoninstability is associated
with the amountof Landaudampingcausedby the beam
momentum-spread[40, 38, 41, 42]. Figure 4 shows the
measureddependenceof thethresholdintensityonRFvolt-
agefor a given length of injectedbunch. The threshold
scalingis differentfrom thatof transverseinstabilitydueto
conventionalcoupling-impedance,wherethethresholdin-
tensityis proportionalto theRFvoltagesquared.Thelinear
dependenceof the thresholdresultsfrom the dependence
of theinstability’s frequency on thebeamintensity[32]. In
fact, at the electronbounce-frequency,

» � , the transverse
frequency-spreadis mostlycontributedby the momentum
slip, i.e.,

» �» e¹å
Ó F�Õ Ö.æÚç Û ç » � åéè FÕ Ö

»
e (19)

where

»
e is the angular revolution frequency, Û is the

momentum-slipfactor,

Ó F�Õ Ö are the transversetunes,andè F�Õ Ö arethechromaticities.Thethresholdfor thetransverse

stability isç êìë FÕ Ö ç � & ë � ç Û ç g �í 3^� � » e�î7ï { ëìð#ñ � � Øie � �� e �
})òò �)ó5ôÔõáö

(20)

where R±÷ 88 \ ó5ôÔõáö is the full-width, half-maximummo-

mentumspreadof the beam, g � is the total energy of the
proton, & ë is the form factor, and î is the averagebeam
radius. With a given coupling-impedance,the threshold
intensityis linearly proportionalto the momentum-spread
squared,and is insensitive to the machinechromaticity.
Also, thescalingbehavior is extendedfrom bunchedbeams
to acoastingbeamastheRF voltageis lowered.

Severaltheoreticalapproacheswereusedto studyinsta-
bilities of the coupledelectron-protonmotion. Centroid
modelsof rigid beamsprovidedestimatesof the unstable
dipole-modesandtheir scalingwith intensityfor coasting-
beams.They offeredplausiblepredictionsfor thethreshold
intensitiesof the instability, given the uncertaintiesin pa-
rameterssuchasaverageneutralization[42, 39, 43]. How-
ever, estimatesof growth ratesandbehavior beyondthresh-
old showed poor agreementwith observations. The cen-
troid modelswereextendedto bunchedbeamsto betterde-
scribethetrailing-edgeelectronconcentration,theinstabil-
ity threshold,andthestructureandgrowth ratesabove the
threshold[32]. Anotherapproachwasto developfully ki-
netic simulationsbasedon self-consistentsolutionsof the
Maxwell-Vlasov equationsfor coastingbeamsin asmooth-
focusingapproximation[44].

5.2 Short-bunch Regime

Theshort-bunchregimeincludedinstabilitiesthatoccurred
at most lepton(eº ) rings (KEK photonfactory, B-factory
KEKB, andBEPC),aswell asprotonrings (PSandSPS)
when the beamswere preparedfor collider uses [26].
Coupled-bunch, transverseinstabilities were observed at
theKEK PF[45, 30] andBEPC[46], andat theSPS(hori-
zontaldirection)with theLHC protontest-beams[47]. The
electroncloud coupledthe motion of subsequentbunches
similar to a multibunchwake field. With computersimu-
lations,theeffective wake fieldswerecomputedto predict
themultibunchgrowth-rates.

Single-bunch, transverse(strongand regular head-tail,
fastblow-up) instabilitieswereidentifiedfirst at the KEK
B-factory and then at the CERN SPS(vertical direction)
and PS with the LHC proton test-beams. The electron
cloud coupledthe headand tail of the bunch similar to
a short-rangewake-field. A broadband-resonatormodel
was usedto describethe coupling impedance,with the
resonatorfrequency at theelectronbounce-frequency [48].
Suchsingle-bunchinstabilitieswereoften sensitive to the
chromaticity.

Theoretically, beam break-uptreatment[49, 50] and
two-particle model [51] were usedto obtain the thresh-
old and growth time of the instability, assumingthat the
electronproductionsaturatednearthe neutralizationden-



sity. Transversemode-coupling(TMCI) calculationusing
simulatedwake-fieldwasfurtherused[52]. Theinstability
thresholdwasfound to be linearly proportionalto the av-
erageelectron-density(i.e., � e ( x y ). Recently, particle-in-
cell (PIC)simulationsbasedon strong-strongmodelswere
performed[53, 54].

6 PREVENTIVE MEASURES

Control of the electron-cloudeffects involves suppress-
ing electrongenerationand enhancingLandaudamping.
The numberof multipacting-electronscan be effectively
reducedby surfacetreatmentof the vacuumpipe. Elec-
tronsin the injection region needto be guidedto the col-
lectorswith alow backscatteringyield [12]. A beam-in-gap
kicker canensurea cleanbeam-gap[55, 56, 57]. Vacuum
ports can be screened,andstepsin the vacuumpipe can
be taperedto reducepeaked electric fields causingelec-
tron emission.A goodvacuumcanreduceelectronsfrom
gas ionization. Solenoidscan be wound in straightsec-
tions to reducemultipacting[58, 59]. Electrodescan be
installedaroundthering to cleartheelectroncloudandto
isolateareasof high electron-concentration.Electronde-
tectorsneedto beinstalledat locationssusceptibleof high
electron-concentrationto monitor the electronproduction
(Figure18).

Figure 18: Electronsweepingdetectordevelopedat the
LANL PSR(courtesyA. Browman).

Enhancementof Landaudampingstartswith thedesign
of the machine.A large vacuum-pipeapertureis needed,
especiallyat locationsof high dispersionto allow further
increasein momentumspread.A large RF voltageis re-
quired to provide sufficient momentumacceptance.Lon-
gitudinal painting can be usedto expandthe momentum
spreadof the injecting beam. Inductive insertscan be
usedto compensatefor thespace-chargeeffect,effectively
increasingRF focusing[60]. Landau-dampingoctupoles
(KEK PFandBEPC)hasbeenshown to raisethestability
threshold.Latticesextupolefamilies(BEPC,SPS,KEKB,

andSNS)canbeusedfor chromaticadjustments,to either
improve momentumacceptance[61] or enhancedamping.
Finally, a fast,wide-bandfeedbacksystemcanbe imple-
mentedto dampinstabilities.

6.1 SurfaceTreatment

Surfacecoatingof TiN wasshown to effectively suppress
the electronflux by a factorof morethan100 at a coated
sectionof thePSR(Figure5). Thethicknessof thecoating,
typically about100 nm, is chosento withstandthe bom-
bardmentof the electronsduring the lifetime of the ma-
chineoperation. For critical elements,e.g., the ferrite of
theextractionkickerinsidethevacuumpipe(SNS),thepat-
ternandthicknessof thecoatingarechosento avoid eddy-
currentheatingandto preventchangesin materialproperty.
Planned,long-termbombardmentwith cold electronsfur-
therreducesthesecondary-emissionyield. Evidenceof this
“surfacescrubbing”wasseenat theSPS,KEKB, andPSR.
Thememoryof thescrubbingmaybepreservedby a glow
dischargein nitrogen[62].

6.2 ClearingElectrodes

Clearingelectrodeswere shown to suppressthe electron
multipactingat the CERN ISR. At the SNS accumulator
ring, theBPMsaroundthering aredesignedto bealsoused
asclearingelectrodes,capableof applyinga voltageof up
to øS� kV (Figure19). Sucha voltageovercomesthe en-
ergy gain due to the protonbunch(Eq. 13). A dedicated
clearing-electrodeis implementedinsidethestripping-foil
assemblyat theinjectionregion.

Figure 19: Schematicsof the floating-ground BPM
designed for the SNS accumulator ring (courtesy P.
Cameron).A voltageof about ø 1 kV canbe appliedfor
theclearingof theelectroncloud.

6.3 Solenoids

Weak solenoidswere shown to effectively improve ma-
chine operationunder the electron-cloudat KEKB and



PEP-II.In a shorttest-sectionat thePSR,a weaksolenoid
is found to suppressthe electronflux ( ��� ) by a factorof
about 50. For future high-intensity synchrotrons,such
solenoidscan also be usedat straight sections,like the
collimation section,to suppresselectrongeneration.The
solenoidfield ��ù needsto be strongenoughso that the
radius � ù of electronmotion is small comparedwith the
vacuum-piperadius[7]� ù @ � ��ú�� � ù � w (21)

Effectson theprotonbeamcanbeminimizedby alternat-
ing thepolaritiesof thesolenoidsaccordingto thebetatron
phaseû F and û Ö [63]. Skew quadrupolescan further be
usedto correctcouplingaccordingto therelation��ü ��ý ¢ { F { Ö����ý O ;�=.>

} û>�þBÿ } û b @ ü � ¬�� � ù / ù O ;�=.>^�
} û|+ » ù �>[þäÿA� } ûÔ+ » ù � b

(22)
where

} û���û F � û Ö ,
� ù @ � � F { Ö +P� Ö { F +�$f���	� � F � Ö � (23)

��� ÿX� » ù � @ { F + { Ö� F { Ö � � Ö { F
	 / ù @ � ù�� ù� e ³ (24)� ��ý is the focal lengthof the skew quadrupole,� ù is the
length of the solenoid, � e ³ is the rigidity of the proton
beam,and � FÕ Ö , { FÕ Ö , and � FÕ Ö areCourant-Snyderlattice
functions.

7 SUMMARY

Electron-cloudeffects are of primary concernto the op-
erationof high-intensityprotonsynchrotronsandaccumu-
lator rings. During the last decade,significant progress
hasbeenmadein the studiesof both electrongeneration
andelectron-protondynamics. However, quantitative un-
derstandingis still lacking,especiallyin the predictionof
instability thresholdandgrowth rates.

Someopen,challengingtasksinclude: (1) establishing
a coupling-impedancemodel for the electroncloud when
trailing-edgemultipactingis dominant;(2) identifying the
leadinginstability drive in thepresenceof a strongspace-
charge force in the proton beam; (3) predicting the de-
taileddistribution of electronneutralizationinsidethepro-
ton bunch; (4) a self-consistenttreatmentof electronpro-
ductionandelectron-protoninteraction;(5) fully reproduc-
ing the experimentalobservationsin high-intensityrings
like thePSR;and(6) predictingthe electron-cloudeffects
for next-generationhigh-intensitymachineslike the SNS
accumulatorring and the JAERI/KEK Joint Projectsyn-
chrotrons[64].
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ELECTRON CLOUD IN LINEAR COLLIDER DAMPING RINGS* 
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Abstract 

The positron damping rings for a future linear collider 
will operate at energies and with beam currents where 
electron cloud effects could be a significant problem.  
Both coupled-bunch and single-bunch instabilities would 
adversely affect damping ring performance, by limiting 
the stored current, or by increasing the transverse bunch 
size; either effect would reduce the luminosity of the 
collider.  Recent work has estimated, for TESLA and the 
NLC, the thresholds and growth rates of instabilities 
driven by the electron cloud, with results from simulation 
and analytical investigation in reasonable agreement.  We 
review the results, which strongly suggest that serious 
consideration needs to be given to ways in which the 
effects of electron cloud can be mitigated. 

1  DAMPING RINGS 
The damping rings for a linear collider are designed to 

reduce the 6-D emittance of the beams from the sources, 
before acceleration in the main linacs.  Luminosity 
requirements and main linac parameters drive the storage 
ring parameters; in particular, the damping rings are 
designed for high currents and moderate energies, and 
they are therefore susceptible to various instabilities.  
Observations of electron cloud effects at other storage 
rings operating in broadly comparable parameter regimes 
have led to concerns that positron damping rings will be 
limited by instabilities driven by the electron cloud.  Here 
we present estimates suggesting that electron cloud could 
indeed be a problem, and that attention should be given to 
strategies for preventing the cloud build-up.  We consider 
damping rings for the NLC [1] and TESLA [2], since 
these are the most mature designs for future linear collider 
damping rings. 

Some relevant parameters for the NLC Main Damping 
Ring (MDR), NLC Positron Pre-Damping Ring (PDR), 
and the TESLA Positron Damping Ring are compared 

with those of some operating positron storage rings in 
Table 1.  In TESLA, the long bunch train, and the bunch-
by-bunch injection/extraction in the rings, leads to the 
need for a very large damping ring circumference of 17 
km, compared to the few hundred meters of the NLC 
damping rings.  A specific feature of the TESLA design is 
that the beam is fully coupled in the long straight sections, 
to overcome space-charge effects. 

Some simulations of electron cloud in the NLC have 
been performed, aimed mainly at determining the cloud 
density and distribution under various conditions, 
although initial estimates of the long-range wake field 
have also been made.  The results of these simulations are 
reported elsewhere [3]; here, we use simple analytic 
models to estimate the likely severity of the instabilities 
driven by the electron cloud.  Our aim in this approach is 
to try and develop an understanding of the dependence of 
the various instability modes on the significant 
parameters.  As a simple check, we apply the models to 
some operating positron storage rings, to see whether the 
expectations are consistent with observations. 

2  OUTLINE OF MODELS 
We are concerned with the instabilities driven by the 

electron cloud, rather than with the production of the 
cloud.  Although the damping rings include antechambers 
to allow the absorption of synchrotron radiation at photon 
stops, the secondary electron yield of the vacuum 
chamber walls can lead to a build-up of the cloud from a 
small number of seed electrons, produced e.g. from 
residual gas ionization.  Although the rate of electron 
production may be small, simulations suggest that the 
saturation density of the cloud may be estimated using the 
neutralization condition: 

b

b

sb

N
n

20 π
=

 
Table 1: Parameters of NLC and TESLA damping rings compared to some other positron storage rings. 

 NLC MDR NLC PDR TESLA KEK-B LER PEP-II LER DA 1( HERA-e 
Energy /GeV 1.98 1.98 5 3.5 3.1 0.51 12 
Circumference /m 300 231 17000 3000 2200 98 6300 
Bunch charge /1010 0.75 0.75 2 3.3 9 5.4 3 
Betatron tunes 27, 11 11, 5.5 76, 41 46, 46 20, 20 5, 5 50 
Synchrotron tune 0.0035 0.011 0.066 0.015 0.03 0.01 50 
RMS beam sizes /µm 200, 20 150, 230 60, 80 420, 60 1400, 200 1700, 95 110, 11 
Bunch length /mm 3.6 5.2 6.0 4 13 25 5 
Momm compaction 0.3×10-3 2×10-3 0.1×10-3 0.2×10-3 0.1×10-3 0.03 0.5×10-3 
Bunch separation /m 0.42 0.42 6.0 2.4 2.5 1.6 29 
Beam pipe radius /mm 16 36 50 47 45/25 35 20/40 
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where n0 is the cloud density at saturation, Nb the number 
of positrons per bunch, E2 the cross-sectional area of the 
vacuum chamber, and sb the bunch separation.  We further 
assume that the distribution of the cloud is Gaussian, with 
width equal to that of the beam.  Although these 
assumptions neglect the complicated dynamics of the 
cloud, we feel they are sufficient for our purposes of 
estimating whether a storage ring is operating in a regime 
where electron cloud effects will be significant. 

The electron cloud will couple the dynamics of particles 
in the beam over both a short range (i.e. within a bunch) 
and a long range (i.e. between bunches).  Although the 
effects are in some ways similar to electromagnetic 
transverse wake fields arising, for example, in cavities in 
the vacuum chamber, there are important differences.  In 
the case of an electromagnetic wake, the field seen by a 
particle at the tail of a bunch is simply the sum of the 
fields generated by the preceding particles, so the wake 
may be represented by a Green’s function.  Since the 
electrons in the electron cloud are electrically charged, the 
wake from particles at the head of a bunch is affected by 
all subsequent particles, which also contribute their own 
wake.  This means that the wake cannot be strictly 
represented by a Green’s function.  Nevertheless, one may 
consider the electrons in the cloud to oscillate in the field 
of a bunch (over a short range) or of the beam (over a 
long range), in which case the effect of the cloud is 
similar to that of a broad-band resonator.  To allow us to 
apply standard methods to arrive at estimates of 
thresholds and growth rates, we shall model the wake of 
the cloud by that of a broad-band resonator.  This is the 
approach taken, for example, by Ohmi, Zimmermann and 
Perevedentsev [4] and by Heifets [5,6]; much of our 
analysis follows their work. 

3  SHORT-RANGE WAKE 
We can first attempt to apply the standard head-tail 

theory.  We write the wake function in units of m-2 for z<0 
as: 
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where the amplitude is given by [4]: 
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Here, C is the circumference, and b and c are the 
oscillation frequencies of the bunch particles in the cloud, 
and the cloud particles in the bunch respectively, given 
by: 
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where b and c are the line densities of particles in the 
bunch and the cloud, respectively, and re is the classical 
electron radius.  The quality factor Q characterizes the 

decoherence of the oscillations in the electron cloud 
initiated by a transverse displacement of particles in the 
beam.  This factor may be estimated analytically [6], or 
fitted from simulation.  One generally finds that Q is of 
the order 5, but the results of the single bunch instability 
estimate are insensitive to the exact value.  Relevant 
quantities for NLC MDR and TESLA are given in Table 
2. 

Table 2: Short-range wake parameters. 
Quantity NLC MDR TESLA 
Cloud density /m-3 2.2×1013 4.2×1011 

Cloud frequency /s-1 1.0×1012 2.1×1011 
Bunch frequency /s-1 2.8×106 1.6×105 
Wake amplitude /m-2 1.5×108 9.6×106 
Quality factor 5 5 

 
The frequencies of the synchrotron sidebands (in units 

of the synchrotron frequency) to the betatron frequency 
are given by the eigenvalues of the matrix: 
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where Z1 is the impedance associated with the wake field 
(1), z is the bunch length, and  and s are the betatron 
and synchrotron frequencies respectively.  We have 
assumed that the bunch has a Gaussian distribution in 
longitudinal phase space, the chromaticity is zero, and we 
consider only the lowest radial mode. 

 

  Figure 1: Synchrotron sideband tunes as a function of the 
electron cloud impedance, for the NLC MDR. 

 

 
Figure 2: Synchrotron sideband tunes as a function of the 
electron cloud impedance, for the TESLA damping ring. 

 
We have also assumed that the electron cloud 

distribution is Gaussian, with the same transverse widths 
as the bunch.  Ohmi et al [4] find that with a larger cloud 



having the same central density, the wake force is 
increased; with a cloud ten times larger than the beam, for 
example, the wake force is doubled.  Other simulations 
suggest that the field of the bunch can have the effect of 
reducing the width, but increasing the density on the beam 
axis by more than an order of magnitude [9].  In either 
case, our results for the instability threshold will be rather 
optimistic. 

The tunes for some of the low-order synchrotron 
sidebands are shown in Figure 1 for the NLC MDR, and 
Figure 2 for TESLA (treating the beam as fully coupled 
through the entire lattice, and with the cloud density 
defined by a vacuum chamber radius of 50 mm). 

In each case, the tune is shown as a function of the 
amplitude of the impedance, in units of the nominal 
impedance expected from (2).  The coupling of a pair of 
modes indicates a complex value for the frequency of the 
sideband, and hence identifies the head-tail threshold.  
Given the approximations in the model, the graphs should 
be read only as being indicative of the proximity of the 
nominal operating conditions to the head-tail threshold; 
thus although it appears that TESLA could operate some 
way below the threshold, this should not be regarded as 
any kind of safety margin. 

A feature of the tune shifts in the case of the NLC, is 
the narrow range over which the modes couple, before 
separating.  This arises from the fact that the cloud 
frequency is large compared to the characteristic bunch 
frequency F� z, i.e. electrons in the cloud perform many 
oscillations in the bunch during one bunch passage.  In 
this situation it may be more appropriate to use a coasting 
beam model for the instability, rather than the head-tail 
theory.  Kernel et al [7], reproducing earlier results by 
Ruth and Wang [8], have described a relevant model.  The 
instability threshold bunch population is given by: 
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p S 0� , and q is chosen to maximize the real part 
of Zeff.    For the NLC MDR, we find that this gives a 
population of just under 1010 particles, again indicating 
that the nominal parameters place the ring close to the 
threshold. 

As we have already mentioned, the above analysis 
assumes that the electron cloud distribution has the same 
widths as the bunch, and that the thresholds with a 
realistic distribution will be somewhat lower.  Also, the 
density enhancement that takes place during the bunch 
passage will lead to an incoherent tune shift that may be 
estimated by: 

yx

b
byx K

,
2
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2
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where Kb is an enhancement factor ~10.  For the NLC, the 
incoherent tune shift is of the order 0.2 (including an 
enhancement factor of 10), while for TESLA this 
approximation yields a value larger by an order of 
magnitude compared to the case of the NLC. 

A further consideration for TESLA is the effect of 
electron cloud in the long straight sections, where there 
are no synchrotron oscillations.  Here, the instability may 
resemble beam break-up, which is characterized by the 
parameter 

Q
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with the linear growth rate for the dipole mode given by 

Υ=
C

c

τ
1  

For TESLA, the linear growth time  is about 5 µs.  This 
includes a large enhancement factor of 30, arising from 
the large bunch size in the straights.  The growth time is 
short compared to the transit time for one of the long 
straight sections (about 25 µs), which means that beam 
break-up is indeed a possible instability mode. 

4  LONG-RANGE WAKE 
Although the density of the electron cloud decreases 

rapidly between bunches, as low energy electrons are 
absorbed on impact with the walls of the vacuum 
chamber, the cloud density can remain sufficiently high 
between bunch passages to couple the dynamics of one 
bunch to the next.  We continue to use simple models to 
give rough estimates, to try and understand the 
dependence on various parameters.  We neglect the 
fluctuation in the cloud density during bunch passages.  
Further, we assume that the electrons oscillate in the mean 
field of the beam; if the oscillation period is large 
compared with the bunch separation, this is likely to be a 
reasonable approximation.  Note that we are concerned 
with electrons at relatively large amplitudes that perform 
slow oscillations in the beam; the short-range wake arises 
principally from electrons close to the beam, that perform 
rapid oscillations in the field of a single bunch. 

We can write the equation of motion of an electron in 
the field of the beam: 
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where y is the transverse displacement of an electron with 
respect to the beam.  With the initial conditions y(0)=a, 
y& (0)=0, this has the solution: 
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Solving for y( �2 )=0 where  is the frequency of 
oscillation, we find: 

a

k

2

πω =  

Note that the frequency of oscillation is inversely 
proportional to the amplitude.  The frequency spread will 
lead to a rapid decoherence of the oscillations. 

As for the short-range wake, we assume that the wake 
field resulting from the electron cloud may be modeled as 
a broad-band resonator.  We write the resonant frequency 
as: 

 
min2 r

k
c

πω =  (3) 

where rmin=2Nbresb/b is the maximum distance from the 
beam at which electrons receive sufficient energy in a 
single bunch passage to reach the wall before the next 
bunch arrives.  With bunches of zero length, electrons 
closer to the beam than rmin cannot contribute to coherent 
oscillations in the cloud coupling one bunch to the next; 
with long bunches, the more complicated dynamics means 
that some electrons close to the bunch will survive a 
bunch passage, and our model will tend to underestimate 
the wake field. 

To estimate the amplitude of the wake field, we 
consider the kick given to electrons in the cloud on the 
nominal beam orbit, by a bunch with some displacement 
from the orbit.  This leads to: 

 C
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b

bs ω0=  (4) 

Decoherence of the oscillations leads to a damping of the 
wake field characterized by a quality factor 5≈Q .  Some 

parameters for the long-range wake are given in Table 3. 
 

Table 2: Long-range wake parameters. 
Quantity NLC MDR TESLA 
Cloud frequency /s-1 3.4×109 1.2×108 
Wake amplitude /m-2 4.2×106 8.7×105 
Quality factor 5 5 
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7KH�UHDO�SDUW�RI�  gives the coherent tune shift, and the 
imaginary part gives the growth rate of the amplitude of 
the mode. 

Simulations of the long-range wake have been 
performed for the NLC MDR using the code POSINST 
[10], which also simulates the build-up of the electron 
cloud.  A comparison between the expected wake with 
frequency given by (3) and amplitude given by (4), and 
the results from the simulations, are shown in Figure 3.  

Note that we use two different values for the cloud 
density: one given by the neutralization condition, and the 
other from the simulation.  Although the agreement is not 
exact, it appears that our estimates are of the right order, 
and we might expect the growth rates that we calculate to 
be indicative of those to be found in the real machine 
under the appropriate conditions. 
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Figure 3: Wake field in NLC MDR from simple analytical 
model compared with simulation.  The points show the 
simulated wake at successive bunches; the wake is 
generated by a displaced bunch at 25 ns.  (Simulation by 
M. Pivi) 
 

 
Figure 4: Coupled bunch growth rates in the NLC MDR. 

 

 
Figure 5: Coupled bunch growth rates in the TESLA 

damping ring. 
 
The harmonic number of the NLC MDR is 714.  The 

bunches are arranged in three trains of 192 bunches with 
every RF bucket within a train filled, and a gap of around 
65 ns between the trains.  This structure makes it difficult 
to calculate exactly the modes and their growth rates for a 
given impedance; for simplicity, we assume that the ring 



is completely filled with 714 bunches.  This is likely to 
give a pessimistic estimate for the growth rates, which are 
shown in Figure 4.  The fastest growth time is 20 µs.  
TESLA is a simpler case, since the ring is completely 
filled with 2830 bunches; the growth rates are shown in 
Figure 5.  The fastest growth time in this case is around 
170 µs. 

We note that the coherent tune shifts induced by the 
long-range wake are small, of the order 10-3 in both the 
case of the NLC MDR and the TESLA damping ring. 

5  MACHINE COMPARISONS 
We have applied the simple models described in the 

previous sections to the positron storage rings for which 
the parameters are given in Table 1.  In Table 4, we give 
for each machine the incoherent tune shift, the head-tail 
threshold impedance divided by the nominal expected 
impedance, and the fastest coupled bunch growth time.  
We do not include the density enhancement of the cloud 
during a single bunch passage, predicted by simulations, 
so the estimates of incoherent tune shift and head-tail 
threshold are likely to be rather optimistic. 

 
Table 4: Electron cloud instability thresholds and growth 

times for some positron storage rings. 
 

Incoherent 
Tune Shift 

Single 
Bunch 

Threshold 
/Nominal 

Coupled Bunch 
Growth Time 

/µs 

NLC MDR 0.019 0.8 20 
NLC PDR 0.003 10 370 
TESLA 0.06 2.6 170 
KEK-B 0.02 3 180 
PEP-II 0.16 0.6 16 
'$ 1( 0.007 6 20 
HERA-e 0.006 20 1750 

 
Of the operating storage rings, electron cloud effects 

have been observed at KEK-B and PEP-II, but not at 
'$ 1(� RU� WKH� +(5$� HOHFWURQ� ULQJ�� � *LYHQ� WKDW� WKH�

IHHGEDFN� V\VWHP� IRU� '$ 1(� LV� FDSDEOH� RI� GDPSLQJ�

growth times of the order 20 µs, the results from our 
simple instability models are in broad agreement with 
whether electron cloud effects are observed or not.  For 
the damping rings, it appears that the NLC MDR and 
TESLA are likely to suffer from electron cloud effects, 
while the NLC PDR may not. 

6  CONCLUSIONS 
The simple models we have used do not take into 

account the full complexity of the electron cloud 
production, dynamics, and interaction with the beam.  
Nevertheless, the results we obtain are in qualitative 
agreement with the results of simulations, in the cases 
where comparisons have been made.  The formulae we 
have used indicate the dependence of the instabilities on 
beam parameters.  The damping rings operate in regimes 
(high current, small beam size, moderate energy and, in 

the case of TESLA, large circumference) where electron 
cloud is likely to be a performance limitation. 

More detailed studies, based on a variety of 
simulations, are needed to give a full understanding, and 
are in progress.  The effects of magnetic fields are known 
to be important, and have not been included at all in the 
above analysis.  At present, it is expected that use will 
need to be made of methods to prevent the build-up of 
electron cloud, e.g. by coating the vacuum chamber with a 
material that has a low secondary emission yield.   
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Electron-Cloud Effects in the LHC ∗

F. Zimmermann, CERN, Geneva, Switzerland

Abstract

We describe the simulated electron-cloud build up inside
the vacuum chamber of the Large Hadron Collider (LHC)
and its possible impact on the machine performance. The
predictions are based on computer simulation programmes
which have been calibrated against laboratory measure-
ments of surface properties as well as against observations
in existing accelerators (SPS, PS, KEKB). For the LHC, the
major concern is the electron heat load inside the cold mag-
nets. Various possible countermeasures are also discussed.

1 INTRODUCTION

There are four electron-cloud effects which could affect the
performance of the LHC: (1) the head load deposited on
the beam screen in the LHC arcs, (2) the heat load pass-
ing through the pumping slots onto the cold bore of the
superconducting magnets, (3) the beam instability at injec-
tion into the LHC, and (4) the vacuum pressure rise and
electron-induced gas desorption in the LHC straight sec-
tions. The last aspect is considered in a separate presenta-
tion [1] and will not be discussed here. In this report, we
will describe the first three, then outline the LHC recipe for
combatting the electron cloud, and finally comment on a
future luminosity upgrade.

2 ELECTRON BUILD UP

The electron cloud is generated by either of three produc-
tion mechanisms or a combination thereof.

In the LHC at injection primary electrons are produced
by residual gas ionization. The design hydrogen den-
sity is 1015 molecules/m3 and the CO density1.3 × 1014

molecules/m3 [3]. (For comparison, a pressure of 1 nTorr
at 300 K corresponds to3 × 1013 molecules/m3). The
ionization cross sections for hydrogen and CO molecules
are about 0.16 and 1.5 Mbarn, respectively [4]. Then,
for a beam current of 0.7 A, the typical production rate
of primary electrons due to ionization is of the order
d2λe/(ds dt) ≈ 2 × 1011 e− m−1s−1.

At 7 TeV the largest source of primary electrons is syn-
chrotron radiation and photo-emission. Assuming a bend-
ing radius ofρ ≈ 1 km, γ = 106 and a photoelectron yield
Y ∗ ≈ 0.1, about one photo-electron is emitted per positron
or proton and per meter. For these numbers, and taking a

∗LHC electron-cloud studies are performed in collaboration with
G. Rumolo, G. Arduini, V. Baglin, S. Berg, O. Bruning, F. Caspers,
A. Chao, R. Cimino, I. Collins, K. Cornelis, H. Fukuma, M. Furman,
O. Grobner, S. Heifets, N. Hilleret, M. Jimenez, K. Ohmi, E. Perevedent-
sev, M. Pivi, A. Rossi, F. Ruggiero, G. Stupakov, L. Wang, and many
others.

beam current of about 0.7 A, we find an electron produc-
tion rate ofd2λe/(ds dt) ≈ 5 × 1015 e− m−1s−1, i.e., the
number of photoelectrons is 4 orders of magnitude higher
than that from ionization.

Finally, the third production mechanism of electrons is
secondary emission or beam-induced multipacting. This
can lead to an exponential increase in the electron density
during the passage of a bunch train. The secondary elec-
trons themselves consist of two components: (1) secon-
daries, and (2) elastically reflected and rediffused electrons.

The true secondary electrons have an initial energy of a
few eV, the elastic electrons an energy equal to the energy
of the incident electron, the rediffused an energy some-
where in between. Our latest simulations [6] distinguish
between the true and the elastically reflected electrons.
Both components are represented based on measurements
and parametrizations for LHC vacuum chamber prototypes
[5]. For small incident energies (a few eV), the probability
of elastic reflection is 30–50%, depending on the surface
conditioning.

In simulations of the electron-cloud build up in the LHC
[6] the elastic reflection is modelled as follows. Whenever
a (macro-)electron hits the wall, we change the charge at-
tributed to that macro-electron according to the total sec-
ondary emission yield at this value of incident energy. We
then determine randomly whether the secondary (macro-
)electron is elastically reflected or a true secondary. If it is
elastically reflected, we preserve the absolute momentum
of the macro-particle and invert its momentum component
normal to the wall.
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Figure 1: Schematic of electron-cloud build up in the LHC.

Figure 1 illustrates how the number of electrons is am-
plified during the passage of an LHC bunch train. The
LHC bunches are spaced by 25 ns. For nominal bunch cur-
rent, a photoelectron created on the wall while the head of
a bunch is passing is accelerated to about 200 eV by the
beam field and reaches the other side of the wall about 5
ns later, well before the next bunch arrives. The electron
energy is high enough to produce a significant number of
secondaries, which move slowly across the chamber and
can be accelerated by the following bunch.

For a bunch current that is about five times lower, the



velocity gained by the photoelectrons would also be five
times slower, and in this case they would need about 25 ns
to traverse the chamber. This corresponds to the so-called
multipacting condition [2]

nmin ≡ h2
y

NbreLsep
= 1 , (1)

wherehy denotes the vertical half aperture,Lsep the bunch
spacing,Nb the bunch population, andre the classical elec-
tron radius. However, in order to obtain a fast growth rate it
is neither sufficient nor necessary to be close to the condi-
tion nmin = 1, and strong electron-cloud effects are indeed
observed fornmin � 1 as well as fornmin � 1.

Table 1 lists parameters for the three CERN machines
which must accommodate an LHC type beam with 7.48 m
bunch spacing. For the LHC two sets of parameters are
listed, referring to the initial and final surface conditions,
i.e., before and after surface scrubbing due to electron bom-
bardement with a dose larger than 10 mC/mm2. The mea-
sured photoelectron yield per absorbed photon,Y ∗, is 10%
and 5%, respectively. The photon reflectivityR also dimin-
ishes after the scrubbing. The primary electron creation
rates per proton and meter,dλe/ds, quoted for SPS and
PS correspond to gas ionization with a cross section of 2
Mbarn and to a CO pressure of 50 nTorr and 10 nTorr, re-
spectively. For the two LHC cases the numbersdλe/ds
correspond to a photo-electron yield per adsorbed photon
of Ye = 0.05 andYpe = 0.025.

Table 1: Simulation parameters for LHC, SPS, and PS.

symbol LHC (init.) LHC (fin.) SPS PS
E [GeV] 7000 7000 26 26
Nb 1011 1011 1011 1011

σx [mm] 0.3 0.3 3.0 2.4
σy [mm] 0.3 0.3 2.3 1.3
σz [cm] 7.7 7.7 30 30
βx,y [m] 80 80 40 15
Lsep [m] 7.48 7.48 7.48 7.48
hx [mm] 22 22 70 70
hy [mm] 18 18 22.5 35
δmax 1.9 1.1 1.9 1.9
εmax [eV] 262 318 300 300
R [%] 10 5 100 100
dλe/ds 1230 615 0.25 0.05
[10−6 m−1]

Figure 2 shows the simulation of electron-cloud build
up in an LHC dipole magnet for a maximum secondary
emission yield ofδmax = 1.5, and various different bunch
populations. ForNb ≥ 4 × 1010, the number of electrons
increases rapidly.

Figures 3 and 4 illustrate that the energy distribution of
electrons incident on the wall and, as a consequence, also

Figure 2: Simulated evolution of electron line density in
units of m−1 vs. time during the passage of a 72-bunch
LHC batch through an LHC dipole chamber forδmax =
1.5.

the electron-cloud build up strongly depend on the dimen-
sion of the vacuum chamber.

The apertures of an SPS dipole magnet, a special SPS
calorimeter chamber, and the LHC arcs are compared in
Fig. 5. The SPS dipole has almost the same vertical dimen-
sion as the beam screen in the LHC arc. Thus in the SPS we
can study the electron multipacting under conditions which
are close to those expected at the LHC.
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Figure 3: Energy distribution of electrons incident on LHC
chamber wall for a round chamber radiusr = 158 mm.

In Fig. 6 we show the simulated evolution of the elec-
tron line density during the passage of three successive
LHC bunch trains or “batches” (each batch consists of
72 bunches), considering different batch-to-batch spacings.
The electron cloud develops faster for the second and third
batch. Thus, gaps larger than 2µs are required to com-
pletely ‘reset’ the cloud between batches.



Figure 4: Energy distribution of electrons incident on LHC
chamber wall for chamber half dimensions ofhx,y =
22, 18 mm.
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Figure 5: Transverse aperture in the LHC arcs compared
with SPS vacuum chambers. Vertical dimension of SPS
dipole is similar to LHC arcs.

3 ARC HEAT LOAD

Figure 7 shows the simulated heat load per unit length as a
function of bunch population for a quadrupole, a dipole,
and a field-free region. The heat load is highest in the
field-free region. It is also higher in a quadrupole than in a
dipole. This last difference is attributed to thecos2 φ dis-
tribution of the reflected photons, which is different from
earlier simulations where the reflected photons were dis-
tributed uniformly around the chamber (according to mea-
surements, the photons are preferentially reflected in the
horizontal plane across the chamber, and only few hit the
top and bottom; thecos2 φ distribution is consistent with
data taken in Russia [7]. Different photon distributions
were compared in Ref. [8].)

Inclusion of the elastically reflected electrons increases
the simulated heat load for the LHC by a factor 2–3 com-
pared with the case where only true secondaries are taken

Figure 6: Evolution of electron line density in units of m−1

vs. time during the passage of three 72-bunch LHC batches
through an LHC dipole chamber, separated by gaps of 8,
24, 48, and 68 missing bunches, forδmax = 1.3.

into account. The reason why the elastically reflected elec-
trons are so important is that the probability of elastic re-
flection is highest for low incident energies (for which the
true secondary emission yield is small). In the simulation,
most of the electrons hitting the beam pipe are yet unper-
turbed secondaries and have a low energy. The elastic re-
flection allows them to survive inside the vacuum chamber
until the arrival of the next bunch, where they gain addi-
tional energy that is deposited on the chamber wall. In
other words, the elastic reflection lengthens the survival
time of the electrons, and this raises the heat load.

Figure 7: Simulated heat load per unit length in the LHC
as a function of bunch populationNb, for various magnetic
fields. Other parameters:δmax = 1.1, εmax = 262 eV,R =
5%, Y = 5%, and elastic electron reflection is included.
The dipole field results in the smallest heat load.

Taking into account that each arc half cell comprises
ldip = 3 × 14.3 m = 42.9 m of dipole field, ldrift =



(3 × 1.36 + 2.425) m = 6.505 m of field-free region, and
lquad = 4.045 m of quadrupoles, from simulations such
as those in Fig. 7 the average heat load per meter in the
LHC arcs can be computed. This is shown in Fig. 8 as
a function of bunch intensity, together with the available
cooling capacity. The cooling capacity decreases for higher
currents, since the cooling needs for synchrotron radiation
and impedance heating increase linearly and quadratically
with current, respectively. For the ultimate intensity of
Nb = 1.67×1010 the average arc heat load from the cham-
ber impedance is estimated to be about 0.41 W/m and that
from synchrotron radiation 0.25 W/m [9].

The different heat-load curves in Fig. 8 refer to different
values ofδmax. In most cases a steep increase in the heat
load aroundNb ≈ 6 × 1010 can be noted. This steep in-
crease will limit the maximum bunch population during the
LHC commissioning, for the nominal bunch spacing of 25
ns. According to these simulations, the design bunch pop-
ulation ofNb = 1.1× 1011 can be reached forδmax ≈ 1.1.

Figure 8: Simulated average LHC arc heat load and cooling
capacity as a function of bunch populationNb, for various
δmax. Other parameters areεmax = 262 eV, R = 5%,
Y = 5%, and elastic electron reflection is included.

4 HEAT LOAD ON THE COLD BORE

Figure 9 displays a schematic of the Cu-coated LHC beam
screen, which is installed inside the cold bore supercon-
ducting magnets and held at a temperature of 5–20 K. The
beam screen accommodates several rows of pumping slots,
which have a width of 1.5 mm millimeter and a length of 8
mm [10]. The thickness of the beam-screen wall is 1 mm.

Electrons passing through the pumping slots can im-
pinge on the 1.9-K cold bore. The cooling capacity for
the cold bore is much smaller than that for the screen, and,
hence, an important question is the persistence of multi-
pacting in the presence of the slots and the power deposited
through these slots.

In this context, we recall the spatial distibution of elec-
trons multipacting in an LHC dipole field. A typical exam-
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Coolingtube
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Slidingring
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Figure 9: Schematic of the LHC beam screen operating at
T ≈5–20 K. [Courtesy I. Collins, 2001].

ple is illustrated in Fig. 10. Above about half the nominal
bunch population (Nb ≥ 5×1010), the electron cloud takes
the form of two vertical strips with an increased density of
electrons. These stripes are attributed to the maximum in
the curve of the secondary emission yield as a function of
primary electron energy.

For a reduced bunch population (Nb < 5 × 1010), the
cloud concentrates as a single strip around the center of
the chamber, since the electrons acquire less energy from a
passing bunch.

The horizontal extent of the strips is comparable to the
width of the pumping slots. If the strip location coincides
with such a slot, a significant portion of the electron cloud
could pass through these slots and hit the cold bore.
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Figure 10: Snapshot of transverse e− distribution in an
LHC dipole chamber, from the first simulation for LHC
[11]. Parameters:δmax = 1.3, εmax = 450 eV, R = 0.1,
andY ∗ = 0.025

The possible suppression of multipacting by the slots is
addressed in Figure 11. This figure shows a simulation,
performed for a relatively weak dipole field (0.1 T), which
explores the effect of many parallel slots, spaced by 5 mm
and of varying width (between 0.5 mm and 2 mm), on the



electron-cloud build up. The figure demonstrates that for a
transparency as large as 40% (or width 2 mm) the electron
impact rate at the position of the slots (treated as perfect
absorbers) is not much different from the case without the
slots.

This particular simulation was performed for the SPS, in
order to predict the performance of the dedicated strip mon-
itor that was subsequently installed, prior to the 2001 SPS
run. Given the similarity of the vertical chamber height
and the beam parameters, we expect that the situation for
the LHC will be about the same.

Figure 11: Simulated effect of detector or pumping slot
transparencyT on electron flow through the slots (solid)
compared with the flow in the absence of the slots (dashed).
The simulation was performed using a library Runge-Kutta
integration, for a field of 0.1 T.

5 INSTABILITIES

The electron cloud can drive both multibunch and single-
bunch instabilities. The multi-bunch instability is not be-
lieved to be a problem in the LHC [12], due to the high
beam energy and the natural betatron frequency spread.

To estimate the strength of the single-bunch instability,
we assume that the density of the electron cloud always
reaches the neutralization value

ρe,sat =
Nb

πLsephxhy
, (2)

whereNb is the bunch population,Lsep the bunch spacing,
hx,y the chamber half dimensions.

Employing a 2-particle model [13] we can estimate the
electron density at the TMCI threshold as

ρe,thresh ≈ 2γQs

πβyrpC
, (3)

whereQs denotes the synchrotron tune,βy the average
beta function,rp the classical proton radius, andC the ring
cirumference.

The neutralization and threshold densities for various ac-
celerators at CERN are listed in Table 2. While the PS ap-
pears marginally safe, for both the SPS and the LHC the

estimated saturation density exceeds the TMCI threshold.
In the case of the LHC, the heat load may set a tighter tol-
erance on the electron density. Nevertheless, Table 2 indi-
cates that the single bunch instability driven by the electron
cloud could become a problem at injection into the LHC.

We note that for various machines (KEKB and SPS), the
threshold predicted by the 2-particle model was found to be
consistent with that obtained from a detailed TMCI calcu-
lation using the simulated wake field of the electron cloud
[14] and also with the threshold inferred from macroparti-
cle tracking simulations [15, 16].

Table 2 further lists the electron oscillation frequency
inside the bunch,ωe;x,y ≈ c(2Nbre/(

√
2πσzσx,y(σx +

σy)))1/2, and the electron density enhancement near the
beam axis at the end of the bunch passageHe (‘elec-
tron pinch’ [17]), which is roughly given byHe ≈ (1 +
4σzωe,x/(πc)) × (1 + 4σzωe,y/(πc)).

Table 2: Estimated TMCI thresholds for the LHC beam in
the PS, SPS, and LHC.

accelerator PS SPS LHC LHC
(26 (26 (450 (7

GeV) GeV) GeV) TeV)
e− osc./bunch 1 0.75 0.5 3
nosc ≡ ωeσz/(πc)
density enh.He 26 14 8 190
saturation density 1.7 2.7 11.3 11.3
ρe,sat [1012 m−3]
TMCI threshold 5 0.25 0.56 3
ρe,thresh [1012 m−3]
density ratio 0.35 11 20 4
ρe,sat/ρe,thresh

6 LHC RECIPE

The present LHC design foresees four measures to suppress
the electron cloud:

• In the arc dipoles a sawtooth chamber will be em-
ployed in order to reduce the photon reflectivity. Typ-
ical longitudinal distance between two sawtooths is
500 µm and their height about 30µm. Measure-
ment of photon reflectivity and photoemission yields
on chamber prototypes were promising [18]. The saw-
tooth reduces the forward scattered photon reflectivity
R to 1.3% (for comparison co-laminated Cu can have
R ≈ 80%). A prototype sawtooth chamber is shown
in Fig. 12.

Note that although the forward scattered photon re-
flectivity of the sawtooth is small, the sawtooth may
give rise to a ‘diffuse’ reflection of about 20%. The
angular distribution of the diffusely reflected photons
is non-uniform; only 10% of these,i.e., 2% of the ini-
tial number of photons, will impinge on the bottom



and top of the chamber [19]. In most of the LHC heat-
load simulations performed so far, we have assumed a
uniform reflectivityR varying between 10% (initial)
and 5% (final,i.e., after scrubbing). This resulted in
roughly the correct number of photons incident at the
top and bottom. Recent simulations consider acos2 φ
distribution for the reflected photons, and an associ-
ated total reflectivityR of 20%.

• All warm sections in the LHC straights will be coated
with the newly developed getter material TiZrV [20],
which after activation both provides pumping and
lowers the secondary emission yield.

• Surface scrubbing during the commissioning is ex-
pected to reduce the maximum secondary emission
yield to a low value. Figure 13 shows the decrease
of the maximum secondary emission as a function
of electron dose, as measured for a copper sample
at CERN and SLAC. The CERN data indicate that a
value ofδmax = 1.1 is not out of reach. The origin
of the discrepancy between the two measurements is
unclear.

• As back up solutions, the bunch spacing can be in-
creased or satellite bunches generated to reduce the
heat load.

Figure 14 illustrates that for a 50-ns bunch spacing and
a secondary emission yieldδmax = 1.3 (believed to be
readily achieved), the bunch population can be raised
to the ultimate value ofNb ≈ 1.67 × 1011 without
exceeding the cooling capacity.

Figure 15 illustrates the effect of satellite bunches. In
this example, we assume that the satellite bunches are
created by an incomplete bunch compression in the
PS, prior to beam extraction. This results in two satel-
lites spaced by 5 ns, in front and behind the main
bunches, respectively. The top picture shows the elec-
tron cloud build up for satellites of various intensity,
where we keep the total intensity in one main bunch
and two satellites constant, equal to11×1010 protons.
The bottom picture presents a simulation result for the
same values of the main bunch intensity, but without
the satellites. We observe that the satellite bunches
slow down the blow up, despite of the fact that the
total beam current is higher than in the second case.

The original idea of the satellites was to quickly re-
move the electrons from the chamber without impart-
ing them enough energy to produce a lot of secon-
daries [21]. After a significant amount of elastic elec-
tron reflection was recently taken into account and
included in the simulation, their role was less clear.
However, Fig. 15 illustrates that satellite bunches still
help, although to a lesser extent than originally antic-
ipated, even if a large part of low-energy electrons are
elastically reflected.

Figure 12: Sawtooth chamber protoype. [Courtesy
I. Collins]

1

1.2

1.4

1.6

1.8

2

2.2

2.4

1.E-09 1.E-07 1.E-05 1.E-03 1.E-01
DOSE (C/mm2)

B. HENRIST CERN 31/01/01

R.E. KIRBY PEP II HER COPPER SLAC
PUB-8212

Figure 13: Comparison of dose dependence of the sec-
ondary emission yield as measured at CERN and SLAC
[5].

7 LHC LUMINOSITY UPGRADE

In the framework of the LHC upgrade study [22], the ef-
fect of further shortening the bunch spacing on the arc heat
load was also explored by simulation. In Figs. 16 and 17,
results are shown for the rather small maximum secondary
emission yield ofδmax = 1.1. Even for a value as low as
this, the heat load reaches unacceptably high values for the
nominal bunch population ofNb = 1.1× 1011 if the bunch



Figure 14: Simulated average LHC arc heat load & cooling
capacity as a function of bunch populationNb, for 25 and
50 ns bunch spacing, andδmax = 1.3. Other parameters
areεmax = 240 eV, R = 5%, Y = 5%; elastic electron
reflection is included.

spacing is reduced below the canonical value of 25 ns. It
is interesting that for higher bunch charges the head load
appears to saturate. In Fig. 17 even a small improvement
is visible for the shortest spacing of 2.5 ns. We take this as
an indication that in the limit of a continuous beam the heat
load can be much reduced.

This is further supported by a simulation of the electron-
cloud heat load with a long ‘superbunch’, shown in Fig. 18.
For a constant line density, the heat load per passing proton
decreases with bunch length. The value of the heat load de-
pends on the longitudinal bunch profile. In this example we
considered a flat top with a 10% linearly rising and falling
edge.

This result adds a further motivation to the idea of su-
perbunch collisions for a future LHC upgrade. Informa-
tions related to the LHC upgrade plans can be found in
Refs. [22, 23, 24].

8 CONCLUSIONS

For LHC the most worriesome effects of the electron cloud
are the heat load deposited on the beam screen and the elec-
trons passing through the pumping slots. At injection, the
single-bunch instability driven by the electrons may also
become a problem.

The electron-cloud simulation results are sensitive to
certain model parameters, such asδmax and the fraction of
reflected low-energy electrons.

The simulations predict that the electron cloud is likely
to prevent LHC bunch spacings shorter than 25 ns. Super-
bunch collisions appear to be a promising alternative for
future upgrades. They allow further increases in the lumi-
nosity while at the same time reducing the electron-cloud
heat load.

Figure 15: Simulated electron cloud build up in the LHC
with (top) and without (bottom) two satellite bunches of
various intensity placed one SPS bucket (5 ns) before and
after the main bunches.σz = 0.3 m. Elastic e− reflection
included.
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Abstract

The beam-inducedelectroncloud build-up is one of the
major concernsfor the SPSand the designof the future
LHC. During the 2000 run, this effect hasalso beenob-
served in the PSwith the nominalLHC-type beam. The
electroncloudinducesa baselinedistortionin electrostatic
pick-upsignals,bothduringthe last turnsin thePS,when
thefull bunchlengthis reducedto lessthan

�
ns,andin the

transferline betweenthePSandtheSPSrings. In theyear
2001,modificationsin therf-hardwareallowedusto study
thepropertiesof thebeaminstability relatedwith theelec-
tron cloudphenomenonfor a bunchlengthof about ��� ns.
Thecompletesetof experimentalobservationscarriedout
in thePSmachineis presentedanddiscussedin detail.

1 INTRODUCTION

Sincethefirst studiesconcerningthepotentialharmfulef-
fect of theelectroncloudbuild-up in theCERNLHC ma-
chine(see[1] andreferencestherein),the researchshifted
from purelytheoreticalto moreexperimentalactivities. Af-
ter thePScomplex startedto produceanddeliveranLHC-
like protonbeam[2, 3], theSPSmachineobservedstrong
electroncloudbuild-up associatedwith a vertical instabil-
ity [4, 5]. Intenseefforts weredevotedto improve theun-
derstandingof the complex phenomenaby usingthe SPS
asa LHC test-bed.

When the nominal LHC beamwas generatedby the
PS machine[6], it was somewhat natural to investigate
whethersuchamachinewasalsoaffectedby electroncloud
phenomena.It turnedout thatthis wasthecase[7] andthe
standardsignature,baselinedrift in electrostaticdevices,
wasobserved.Thanksto thecleanexperimentalconditions
availablein the PSmachine,with stablebeamcirculating
on thehigh-energyflat-top,furtherstudiesweredevotedto
the analysisof a possibleelectroncloud instability affect-
ing theLHC beam.Interestingly, it turnedout that,dueto
thevery principleusedto generatesucha beam,the insta-
bility couldnot develop.

ThenominalLHC beamat theexit of thePSconsistsof
a train of ��� bunches,eachof �����
	������ protons,spaced
by ��� ns andwith a momentumof ��� GeV/c. The longi-
tudinalemittanceat ��� is ��� ��� eVs(obtainedby meansof
successive longitudinalbunchsplitting [8, 9]), andthenor-
malisedrmstransverseonesare��� ��� m. Justbeforeextrac-
tion, thebunchesarecompressedfrom ����� to � � nstotal
length,within about ����� turns(i.e. about������� s). This is

achieved by bunchrotationafter a non-adiabaticincrease
of therf-voltage.Therotatingbunchesin themis-matched
bucket areejectedafteronequarterof thesynchrotronpe-
riod, whenthe minimum length is reached.However, by
usingadiabaticrf-gymnasticsit waspossibleto obtain ���
bunches,��� ns long, circulatingfor about ����� ms. Under
theseconditions,thebeaminstability wasobserved.

In the presentpaper, the observations madewith the
LHC-typebeamin thePSring andin thetransferline join-
ing the PSto the SPSaredescribedin Section2. In Sec-
tion 3 the influenceon the electroncloud build-up of the
longitudinal bunch train structureand solenoidalfield is
presented.The outcomeof the investigationsconcerning
the beaminstability is reportedin Section4, wherealso
somepossibleremediesareoutlined. Finally, conclusions
aredrawn in Section5.

2 ELECTRON CLOUD BUILD-UP

2.1 PS Ring

An electroncloud build-up was observed during the last
turnsin the PS,whenthe bunchcompressiontakesplace.
Theelectroncloud inducesbaselinedistortionsin electro-
staticpick-upsignals.Theeffectis essentiallyvisiblein the
verticalplane,asillustratedin Fig. 1. Thepick-uphasthe
bandwidth��� ������� MHz, andis locatedneara combined
functionbendingmagnet.

Figure1: Measuredbaselinedrift in aPSelectrostaticpick-
up during bunch compressionprior to extraction. From
top to bottom:  , !#" , and !#$ . The ��� MHz bandwidth
of thepick-updoesnot allow discriminatingthe

�
ns long

bunches.Thebunchtrain lasts �%� &'� sandthegapis ����� ns.
Thetime scaleis ����� ns/div.



2.2 TT2 Transfer line between PS and SPS

Theelectroncloudbuild-up wasalsoobservedin theTT2
(single-pass)transferline betweenPSandSPS(seeFig.2).

Figure 2: Measuredbaselinedrift in a TT2 electrostatic
pick-up: (%)+*�,.-+/�*1032546� (upper) and (%)+*�,.-+/�*1032547��� A
(lower). From top to bottom:  , !#$ , and !#" (!#$ , !�"
signalsalmostcoincidewith the grid-lines). This pick-up
hasa bandwidthwide enoughto allow discriminatingthe
shortbunches.Sucha structureis not observableon !#$
and !#" signalsasthebeamis centredin thepick-up. The
time scaleis ����� ns/div.

Herethepick-upis locatedin a field-freeregion,andits
bandwidthis ��� �����8� � ��� MHz. The capacitanceof the
device is 9�4:����� pFandthevoltagecorrespondingto the
drift of thebaselineis estimatedto be ;<�:����� mV. Hence
thenumberof electronspulledoutof theelectrostaticpick-
up electrodesis givenby

= ->4 9�;? �@����A�� (1)

However, in thiscaseelectroncloudeffectsseemto lead
only to instrumentationproblems: observations indicate
that thebeamquality, i.e. thebeampositionandthetrans-
versebeamemittance,arenot affected. This is dueto the
factthatthetimeof electroncloud-beaminteractionisshort
comparedto therise-timeof therelatedinstability.

Finally, it is worthwhile mentioningthat electroncloud
build-up alsoperturbstheemittancemeasurementdevices
installedin the TT2 transferline. The standardapproach
to determinethe beamemittance,provided the dispersion
function is known all along a transfer line, consistsin
measuringtransversebeamprofiles at threedifferent lo-
cations[10]. The devices installedin TT2 aresecondary
emissionmonitorsmadeof thin wires. In Fig. 3 (left) typ-
ical beamprofiles for the LHC-type beamwithout the fi-
nal bunch rotation are shown. All of them have a nice
Gaussian-like shape. However, when the bunch rotation
is turnedon, beamprofilesarestronglyperturbed(seethe
right partof Fig. 3).

It is interestingto mentionthata clearnon-zerosignal

Figure 3: Transversebeamprofiles measuredwith sec-
ondaryemissionmonitorsat threedifferentlocationsin the
TT2 transferline. The measurementsperformedwithout
bunchrotationareshown on the left, while theprofileson
theright areobtainedwith thefinal bunchrotationactive.

is presenteven when the monitorsare retractedfrom the
beamwhenthebunchrotationis active. Of course,no sig-
nal is presentin theabsenceof bunchrotation(no electron
cloudbuild-up)andwith themonitorsout of beam.

3 CONTROL OF ELECTRON CLOUD
BUILD-UP

Thebuild-up of anelectroncloudcanbeeithersuppressed
or stronglyreducedby actingon a numberof physicalpa-
rameters.Observationsweremadeof the dependenceon
thebunchspacingandonthepresenceof gapsin thebunch
train. Furthermore,the effect of a solenoidalfield on the
dynamicsof theelectroncloudwasalsostudied.

3.1 Bunch Spacing

A variantof the nominalLHC beamwith a larger bunch
spacing,��� nsinsteadof ��� ns,wastestedduringtheyears
2000and2001. Originally, the presenceof stronglongi-
tudinal coupledbunch instabilitiesmadeit impossibleto
achieve the nominal intensity per bunch. After a series
of improvementson the HOM of the rf-cavities [11], it
waspossibleto obtainthenominalbeamintensity, namelyB�C ���%�D�E	F���G1 , duringthe2001run.

Thesignalsdetectedonapick-upin thePSmachine(up-
per)andin theTT2 transferline (lower)areshown in Fig.4.
Undertheseconditionstheelectroncloudbuild-up is sub-
stantially reduced:not only is the baselinedrift in the  
signalsmallerthanfor the ��� ns case,but alsostartslater
alongthebunchtrain.

3.2 Gaps in the Bunch Train

The evolution of the baselinedrift in a TT2 electrostatic
pick-up is depictedin Fig. 5, wheregapsof ��� bunches
(correspondingto ����� ns) areintroduced.The gapis ob-
tainedby removing onePSBoosterbunchat PSinjection.
Electroncloudbuild-up alwaysshows up at theendof the
bunchtrain, independentlyof thegapposition.Thesemea-
surementsshow thatagapof ����� nsis notsufficientto reset



Figure4: Measuredbaselinedrift in aPSelectrostaticpick-
up (upper)andin TT2 (lower) for the ��� nsspacingLHC-
typebeam.Fromtop to bottom:  , !#" , and!�$ . Theelec-
troncloudbuild-upis delayedwith respectto the ��� nscase
andthe drift is alsoreduced.The time scaleis ����� ns/div
(upper)and ����� ns(lower).

Figure 5: Measuredbaselinedrift in a TT2 electrostatic
pick-up,with thesix possiblecasesof 12missingbunches.
From top to bottom:  , !�$ , and !#" . The time scaleis����� ns/div.

thememoryof theelectroncloud: theelectroncloudden-
sity is rapidly re-establishedbehindthegap.

Observations performedin the presenceof � gapsof����� ns are shown in Fig. 6. Even in this casea drift of
thebaselineis visibleat theendof thebunchtrain.

Finally, the caseof & � bunchesfilling & � buckets,was
alsostudied. The signalsareshown in Fig. 7, wherethe
measurementsmadewith a pick-up in the last turnsin the
PSmachine(upper)andin theTT2 transferline (lower)are
shown.

Figure 6: Measuredbaselinedrift in a TT2 electrostatic
pick-upwith � gapsof ����� ns.Fromtopto bottom:  , !#$ ,
and !#" . Thetime scaleis ����� ns/div.

Figure7: Measuredbaselinedrift in aPSelectrostaticpick-
up in the last turns beforeextraction (upper)and in TT2
(lower) for the ��� nsspacingwith & � bunches(i.e. nogap).
The time scaleis �H� s/div (upper)and ����� ns (lower). A
strongelectroncloudbuild-up is clearlyvisible. Thespike
on the !#$ signalfor the TT2 pick-up is generatedby the
bunchesbadlyejecteddueto thefinite rise-timeof theex-
tractionkicker. Fromtop to bottom:  , !#$ , and !#" .

Thebuild-upof theelectroncloudis thestrongestamong
the differentcasesconsideredhere. Yet, evenunderthese
extremeconditions,which wereobtainedfor only a frac-
tion of milliseconds,thebeamwasstable.

3.3 Solenoidal Field

Theinvestigationsrelatedto theelectroncloudbuild-up in
the B-factoriesand leptonrings, like KEKB, PEP-II, and
BEPC,clearly showed the beneficialeffect of solenoidal
field on themachineperformance(seeRefs.[12, 13, 14]).
In fact, the longitudinal solenoid field, although quite
small, keepsthe electronscloseto the chamberwall and
thussuppressesthebeam-inducedmultipacting.



Hence,thesametechniquewasappliedin theTT2 trans-
fer line to confirmthehypothesisthatthesourceof theper-
turbationsof the beamdiagnosticswasreally the electron
cloud build-up. To this end, coils were installedat both
endsof the wide-bandelectrostaticpick-up. Eachof the
coils is madeof &�� windingsoveralengthof about��� ��& m.
The coils have an inner diameterof about ������� m andan
outeroneof a bout ��� ��� m. Thedistancebetweenthetwo
extremeendsof the coils is ��� � m, while the longitudinal
size of the pick-up is about ������� m. The maximumcur-
rentis ��� A. Thepick-up,togetherwith theadditionalcoils
usedto generatethesolenoidalfield canbeseenin Fig. 8.

Figure8: View of theelectrostaticpick-up installedin the
TT2 transferline. The two coils areclearly seenon both
sidesof thedevice.

Thevalueof thelongitudinalcomponentof themagnetic
field alongtheaxisof thepick-upis shown in Fig. 9.
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Figure 9: Absolutevalueof pq)�rD��st��svu�w generatedby the
two coils installedat both endsof the wide-bandelectro-
staticpick-upfor themaximumcurrent.

By applying a weak solenoidalfield in the TT2 elec-
trostatic pick-up, the baselinedistortion could be elimi-
nated(seeFig. 2). A residualeffect is visible, however,
on the vertical signal,which may be dueto the non-ideal

solenoidalfield created.

4 INSTABILITIES

After having detectedtheelectroncloudbuild-up, thenext
stepconsistedin studyingtherelatedinstability in morede-
tail.

It wasalreadyclearthat for thenominalLHC beamthe
electroncloud only perturbedthe beamdiagnostics,the
beamqualitybeingunaffected.Hence,adifferentapproach
was usedwhere the methodof producingthe beamwas
modified. Insteadof applying a non-adiabaticbunch ro-
tationby using &�� MHz cavities on top of the

� � MHz, an
adiabaticrf-gymnasticswasused.

The signal of a horizontalpick-up in the PS ring was
frequency-analysedto keeptrack of the evolution of the
first unstablebetatronline (about ���G� kHz). It was pos-
sible to observe a horizontalsingle-bunchinstability with
a thresholdat

ByxDzC � � � ��	{���G}| p/b and a rise-timeof�~� � ms above the threshold.In Fig. 10 sucha signal is
shown for six differentvaluesof

B�C
. All theplotscover a

time interval of ����� ms beforebeamextraction. The first
caserefersto an intensity just below the threshold,while
the secondoneis just above

ByxDzC . The rise time is higher
than in the othercases,but this is dueto the fact that the
measurementis taken nearthe threshold. The linear am-
plitudeincreasein logarithmicscaleis clearlyvisible in all
fivecasesplottedin Fig. 10.
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Figure10: Rise-timeof thehorizontalinstabilityasa func-
tion of the bunchintensity. The signal is obtainedwith a
spectrumanalyserwith zerofrequency spanandcentralfre-
quency ����� kHz. The beamis extractedat the endof the
horizontalscale. The time scaleis ��� ms/div, while the
verticalscaleis ��� dB/div.



Someadditionalinformation for the case
B�C �ç��� �è	���G}| p/bis shown in Fig.11. Togetherwith theevolutionof

thefirst unstablebetatronline (upperleft part),theFourier
analysisof thesamesignalis shown in theupperright pic-
ture. In thelower part,thesignalsfrom pick-upsin thePS
ring (left) andTT2 transferline (right) areshown.

Figure11: Instability footprint for
B�C �é��� �F	ê���G}| p/b.

Thesignalobtainedvia a spectrumanalyserwith zerofre-
quency spanand central frequency of ����� kHz is shown
in the upperleft part. The time scaleis ��� ms/div, while
the vertical scaleis ��� dB/div. A Fourier analysis(from�y����� MHz) is shown in the upperright part. The time
scaleis � ms/div, while the verticalscaleis ��� dB/div. In
the lower part, the signalsfrom a pick-up in the PS ring
sometensof msbeforeextraction(left) andtheTT2 trans-
fer line (right) are shown. The time scaleis ����� ns/div
(left) and ����� ns/div (right). From top to bottom:  , !�" ,
and !�$ .

It is clearthat: i) thestronginstability is visible only in
the horizontalplaneand ii) no regular patterncanbe de-
tectedin thehorizontalpositionalongthebunchtrain. This
seemsto rule out a multi-bunchinstability.

Two points should be stressed:firstly, the PS lattice
is madeof combinedfunction magnets(dipole field with
quadrupolecomponent);secondlythe fractionof machine
circumferenceoccupiedby the combined function ele-
mentsis about ë��íì . Therefore,it is clear that the char-
acteristicsof the beaminstability will be dictatedby the
propertiesof the electroncloud in the main magnets. In
addition,dueto the peculiarfield configurationof a com-
binedfunctionmagnet,thepropertythat the wake field in
thehorizontalplaneis closeto zero,asfor averticaldipole
field, no longerholdstrue [15], which mayexplain why a
horizontalinstability candevelop.

4.1 Remedies

A numberof measurementsweredevotedto finding phys-
ical quantitiesto beusedto dampthe instability. Thefirst
attemptconsistedin changingthe horizontalchromaticityî%ï

, normally set to about ����� on the high-energy flat-top.

Similarly to whatwasdonein theSPS[4],
îðï

wasincreased
up to

î%ï �{��� � , but no variationin theinstability rise-time
wasdetected.

This fact is in good agreementwith theoreticalesti-
mates[16] obtainedby approximatingthe electroncloud
with a broadbandimpedance[17] andusingthehorizontal
wake field computedfor thePSmainmagnet[15]. There-
sulting instability rise-timeñ asa functionof

î ï
is shown

in Fig. 12: the weakdependenceof ñ on
î ï

in the range���D���~ò îðï òê��� � is clearlyseen.

ó ô õ ó ô ö ó ô ÷ ó ô ø ù ú û
ü ý þ
þÿ ý þ
� �
� ü ý þ
� þ
� ÿ ý þ
ü �� � � � �

Figure12: Dependenceof thehorizontalhead-tailinstabil-
ity rise-timeñ on

î ï
for thetheoreticalmodelof thePS.

Finally, octupoleswere powered in an attemptto sta-
bilise the beam. Under thesenew conditions, only a
marginal effect wasobserved,despitethe ratherlargecur-
rent used (almost near to the maximum sustainableby
thepowerconverter).Thecorrespondingoctupole-induced
tune-spreadat half-width half-height[18, 19] canbe esti-
matedto be !�� ï
	 ����� � � 	 ������� and!���� 	 ������� ��y	 ������� .

5 CONCLUSIONS AND OUTLOOK

SincegeneratingtherequiredLHC beamin thePS,intense
experimentalefforts were devoted to measuringelectron
cloudbuild-up andrelatedinstabilities.As far asthenom-
inal beamis concerned,theconditionsto generateanelec-
tron cloud build-up aremet only whenno time is left for
therelatedinstability to develop.This is dueto thespecific
rf-manipulation,a non-adiabaticbunchrotationperformed
a few turnsbeforebeamextraction.

However, it waspossibleto study the build-up both at
extraction in the PSring andin the transferline between
the PSandSPS,asa function of somebunchparameters
like bunchspacing,gapsin the bunchtrain, andpresence
of a solenoidalfield aroundanelectrostaticpick-up.

Theseobservationslead to the conclusionthat, for the
nominalLHC beam,the electroncloud build-up doesnot
alter the beamcharacteristics.Sucha cloud only consti-
tutesaperturbingeffect for thedifferenttypeof beamdiag-
nostics,like electrostaticpick-upsandsecondaryemission
monitors.



By introducinga modified rf-gymnastic,(an adiabatic
bunch rotation reducingthe bunch length from ��� ns to��� ns),it waspossibleto keeptheshortenedbeamcirculat-
ing for about ����� ms. Undertheseconditions,it waspos-
sible to observe a horizontalsingle-bunchinstability with
threshold

ByxDzC � � � � 	����G}| p/b, andrise-timeñ of about�8� � ms above threshold.No sign of instability wasob-
served in the vertical plane. This seemsto be linked to
the peculiarityof the PS lattice whosemain magnetsare
combinedfunctionmagnets.Accordingto preliminarynu-
mericalsimulations,themainwakefield is producedin the
horizontalplane. The observationscouldbe explainedby
thehead-tailformalism.

The influenceof chromaticitywasmeasured,revealing
only amarginaleffectonthebeamdynamics,in agreement
with theoreticalpredictions.Finally, theeffectof octupoles
wasalsotried out, showing only a smallstabilisingeffect.
It is worth mentioningthat a variantof the nominalLHC
beamwith a ��� nsbunchspacingcompletelyremovedthe
instability.

Additionalmeasurementsareforeseenfor theyear2002
run,to getmorequantitativeresultsonthepropertiesof the
beaminstability relatedto theelectroncloudbuild-up.
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Abstract

Intenseion beamsin RHIC leadto a rise in thevacuum
pressure.Electroncloudscancontributeto sucha process.
To measureelectronclouddensitiesthecoherenttuneshift
along the bunch train was observed with different bunch
spacingsandintensities.Fromthemeasuredcoherenttune
shift electronclouddensitiesarecomputedandcompared
with densitiesobtainedin electroncloudsimulations.

1 INTRODUCTION

During theRHIC 2001gold run thenumberof ionsper
bunchwascontinuallyincreasedup to thedesignvalueof�����

at theendof therun. Furthermore,it wasattemptedto
doublethenumberof bunchesperring from 55to 110.Op-
erationwith 110bunchesled to pressurebumpswith pres-
sureshigh enoughto preventoperation.In someinstances
thepressurein thewarmsectionsincreasedfrom

���	�
�
Torr

to
���	�
�

Torr [2]. With thedesignintensityof
�����

ionsper
bunchand55bunchesin eachbeamstoredat injection,the
vacuumsystemalsoabortedthebeams.Basicmachinepa-
rametersarelisted in Tab. 1, a completeoverview canbe
foundin Ref. [1].

Measurementswereinitiatedto characterizetheelectron
cloud built-up andto investigatethe possiblerole of elec-
troncloudsin thepressurerise.Sincenodedicatedelectron
detectorsare currently available in RHIC thesemeasure-
mentswerebeam-based.To obtainanestimateof theelec-
tron clouddensity, thecoherenttuneshift alongthebunch
train wasdetermined.Theestimatedelectronclouddensi-
tiescanbecomparedwith simulationresults.Suchcompar-
isonswerealsodonefor the low energy ring of KEKB [3]
andtheSPS[4,5].

ThelastRHIC runalsoallowedthemeasurementof pro-
ton beams. Gold andproton beamshave the samenum-
ber of bunchesand approximatelythe samecharge per
bunch (seeTab. 1), but their interactionwith the restgas
andthe wall is different[6]. All tuneshift measurements
wereperformedat injection,wheregold andprotonbeams
have the samerigidity. The RHIC beampipe is roundal-
mosteverywhere.Theaveragebetafunctionsarethesame
for bothplanes,soarethebeamemittances.

2 COHERENT TUNE SHIFT
MEASUREMENTS

Coherenttunes shifts along bunch trains at injection
were measuredwith two methods. First, a single beam
�

Work supportedby US DOEundercontractDE-AC02-98CH10886.
Email: Wolfram.Fischer@bnl.gov

Table1: Machineandbeamparametersfor gold andpro-
tonsduringRHIC Run2001/2002,at injection.

parameter unit Au� ��� p
�

atomicnumber� ... 79 1
massnumber� ... 197 1
relativistic � ... 10.5 25.9
harmonicno. � ... 360 360
no. of bunches ... 55/110 55/110
bunchspacing ns 216/108 216/108
ionsperbunch ��� ...

����� ���	���
emitt. �����
�  �"!�# $ m 10 25
buncharea% �"!"# eV& s/u 0.4 1.0
full bunchlength ns 18 14

positionmonitor (BPM) in eachplanerecordedthe injec-
tion oscillationsof the last incomingbunch. TheseBPMs
are part of the tune meter system[7]. Typically 1024
turnswererecordedandthetunesareobtainedfrom a Fast
FourierTransform(FFT)of thecoherentbeamoscillations.
An exampleis shown in Fig. 1. In this case110 bunches
wereinjectedwith anaverageintensityof

�(' ) & ��� �"� protons
perbunch. Thetotal tuneshift after110bunchesamounts
to * ' + & ���	�
, . For goldbeamsandprotonbeamswith large
bunchspacingthe resolutionof thesetunemeasurements
wascomparableto thetuneshiftsobserved.Thetunemea-
surementswereimprovedwith asecondmethod.

Theorbit systemwassetto recordthe injectionoscilla-
tionsof thelast incomingbunchin 12 BPMs. In this mea-
surement,all BPM datawerefiltered and the peakin the
spectruminterpolated.In addition,thetuneof eachbunch

Figure1: Coherenttunesmeasuredalonga Yellow trainof
110protonbuncheswith 105nsspacing.Dueto coupling
bothtransversetunesarevisible.
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Figure2: Coherenttunesmeasuredalonga Blue train of
63 gold buncheswith 105nsspacing.Individual dotscor-
respondto thetunesfrom differentBPMs. Thesolid lines
arelinearfits to thedata.

could be obtainedasan averageof the 12 BPM measure-
ments. This procedureis outsidethe currentoperational
capabilitiesof theBPM system.A measurementis shown
in Fig. 2. In this casea train of 63 buncheswasinjected
with anaverageintensity

�(' /�+ & ����� gold ions.Thevacuum
systemabortedthe fill. Furthermore,a transferfunction
measurementwas testedfrom which the tunesalong the
bunchtrainscanbeobtained.

In the measurements,an increasein both transverse
tuneswas observed, consistentwith the existenceof an
electroncloud. The tune shift is aboutthe samefor the
horizontalandverticalplane.

In Tab. 2 the resultsof all measurementsare summa-
rized.Measuredtuneshiftsareof order

���0�
,
andaresome-

timescomparableto themeasurementresolution.Thedata
areconsistentwith theexpectationthathigherbeaminten-
sitiesandshorterbunchspacingleadto largertuneshifts.

3 ELECTRON CLOUD DENSITIES

A bunchpassingeachturnthroughastaticelectroncloud
with uniformspatialdensity1(2 experiencesacoherenttune
shift [8–10]

354 �6�  87 1(2 9;: �
�<�

�  �� �>=?�6�  A@B � �DC �  
E�F (1)

where � �6�  arethesemiaxesof anelliptical chamber, = �6�  
theaveragebetafunctions,@ thelengthof thesectionswith
electronclouds,and 9;: 7 �G' +�)�H0I & ���	�J�LK m the classi-
cal proton radius. In the caseof a round beamchamber
( � � 7 �  7 � ) androundbeams(=M� 7 =M 7 = ) the tune
shifts in bothplanesarethesame(

3N4 � 7 3N4  7 3N4
)

andEq.(1) canbesimplifiedto

3N4 7 1 2 9 : �
�<�

=O@
*
'

(2)

Table2: Measuredcoherenttuneshifts
3N4

alongbunch
trains.Thevaluesgivenarethedifferencein tunebetween
bunch55andbunch1,andareaveragedoverthehorizontal
and vertical tune shift. The numberof measurementsis
shown in brackets.

bunchspacing chargeperbunch tuneshift
3N4

Au� ��� p
�P QSRUT ���	�WVGX ���0�S, ���	�
,

216 7.6 1.1(2) –
216 8.7 – 0.3(12)
108 3.0 – 1.3(2)
108 5.4 1.1(4) –

Assumingthattheelectroncloudfills thewholebeampipe,
theelectronline densityis Y62 7[Z 9;\ 1(2 where9 denotesthe
averagebeampipeinnerradius.Thechargeline densityis
givenby Y
]^2 7 Y
2 X where

X
is theelectroncharge.

We considerthe casesof electroncloudsin the whole
ring andcloudsin thewarmregionsonly. Thelatteris mo-
tivatedby thefact thatsignificantpressureriseswereonly
observedin warmregion.

For relativistic ion beamswith thesamerigidity thefac-
tor

B 9 : �`_��a� E in Eq. (2) is approximatelyconstant.How-
ever, gold and proton beamswere injectedinto different
lattices,resultingin differentvaluesfor = in bothcases.

The relevant machineparametersfor all casesand the
computedelectroncloud densitiesare shown in Tab. 3.
With the assumptionsmade,oneexpectscharge line den-
sities of 0.2 to 2 nC/m to accountfor the measuredtune
shifts.

Eq.(2) givesonly aroughestimatefor theelectroncloud
densityfor two reasons.First,with long bunchesthecloud
may not be staticwhile the bunch is passingthrough. In
RHIC electronscan perform a few oscillationsduring a
bunch passage. Second,the cloud density may not be
distributeduniformly in space. In Ref. [10] the effect of

Table3: Machineparametersandcomputedelectroncloud
densitiesfor differentcloudlengthsandspecies.

parameter unit Au� �"� p
�

tuneshift
3N4 ���0�
,

1.1 1.39 wholering m 0.049 warmregionsonly m 0.06= wholering m 30 36= warmregionsonly m 42 76@ wholering m 3834@ warmregionsonly m 700
1S2 wholering

��� ���
m
�
,

3.3 2.91S2 warmregionsonly
���	���

m
�
,

12.8 7.6
Y 2 wholering

�����
m
�b�

1.6 1.4Y 2 warmregionsonly
�����

m
�b�

14.5 8.6
Y6]^2 wholering nC& m �b�

0.26 0.22Y6]^2 warmregionsonly nC& m �b�
2.32 1.38
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Figure3: Geometryusedin theelectroncloudsimulations.

thebunchlengthon theobservedtuneshift is investigated
analyticallyandnumerically. Significantdeviations from
Eq. (2) arefoundfor electroncloudsof sizecomparableto
thebeamsizewhile theequationholdsfor electronclouds
large comparedto the beamsize. In the simulationsre-
portedin Sec.5 it is foundthat theelectroncloudis much
larger thanthebeamsize. This wasalsofound in a RHIC
simulationwith anothercode[11]. A transversely large
electroncloud, filling most of the beampipe, is also a
goodapproximationfor a cloudwith uniform spatialden-
sity. Thus Eq. (2) shouldgive a useful estimatefor the
electronclouddensities.

4 ELECTRON CLOUD SIMULATIONS

Thecomputercodeusedherewaswritten by oneof the
authors(M.B.) to studyboththeeffectsof electrongapsur-
vival andtheelectricfieldsgeneratedby theelectrons[12].
It wasusedpreviously for thePSR[13] andtheSNS[14].

The codeassumesthat the positively chargedion beam
and the electroncloud are both cylindrically symmetric
within around,straightvacuumchamber, withoutanexter-
nalmagneticfield. Longitudinalelectricfieldsareignored,
sincethey producevelocitiessmall comparedto thebeam
velocity. The spatialdistribution of the electroncloud is
modeledasasumof �dc`e ]^f�g cylindrical shellswhichserve
as macroparticles. This is shown in Fig. 3. The macro
particleshellscanhaveanangularmomentum.

The evolution of the cloud is computedby accelerat-
ing the shells,andcreatingsecondaryelectronswhenthe
macroparticleshit thewall. In addition,electronsarecre-
atedeitherat the wall or in the beampipe with a genera-
tion rateproportionalto the instantaneousbeamline den-
sity. Thegenerationratemustbeestimatedoutsidethepro-
gram from processessuchas restgasionizationor beam
lossdrivenelectrongeneration.

The accelerationof shell h , with radius9Gi , dueto shellj
, with radius9;k is takento benonzeroonly if 9Gimln9Gk . In

this casetheaccelerationis

o9 i 7 * 9 2qp \ Y k 9Gir \ C 9 \i F (3)

where9 2 is theclassicalelectronradius,p thespeedof light
and Y k is theelectronline densityof shell

j
. Thesmooth-

ing length
r

is typically anorderof magnitudesmallerthan
the beamsize. The electricfield dueto the ion beamhas
the sameform asthatdueto electronsat 9 7 �

, Y62 being
replacedby theinstantaneousbeamline densitymultiplied
by theion chargestate,��Y � .

The time dependenceof the instantaneousbeamline
densityis givenby

Y6� Bts Eu7 Y
� � : 2 e k �wv s \
x \

y
F (4)

where z can be chosento fit the measuredlongitudinal
beamprofile. For largez formula(4) approximatesaGaus-
sianbeamprofile. x is a measurefor thebeamlength.

Thebeamis typically dividedinto severalthousandlon-
gitudinal slices �d{�|~} ]^2 , and the electroncloud is updated
with every longitudinal slice. Electron macro particles
cancarrydifferentchargeswith aminimumandmaximum
charge defined. Macro particlenumbersrangefrom hun-
dredsto hundredsof thousands.

Thegenerationof secondaryelectronsfollows largely a
model that is presentedin Ref. [15]. When an electron
macroparticlewith energy � hits the wall, it is first de-
terminedwhethertheelectronis reflectedor generatessec-
ondaryelectrons. In the following, �?f denotesa random
numberoutof auniformdistributionbetweenzeroandone.
Theelectronis reflectedif

�?f �`����� C B �0V v ��� E X �(�J���0����� � ����� F (5)

where��V , �0� , and ���W�^�q�^�^� areinputparametersthatshould
bedeterminedin measurements.�0V and �0� aretheproba-
bilities of reflectionat zeroandlargeenergy respectively.

If the electronmacroparticle is reflected,it canbe re-
flectedelasticallyor it canbe rediffused. It is rediffused
if � f \ ��� �W�^��� �����L� F (6)

where � �W�^�>� �q�>�W� is aninput parameter. Otherwiseit is elas-
tically reflected.In the formercasethe energy of theout-
goingelectronmacroparticleis �?f , � ; in the latter caseit
is � .

If theelectronmacroparticleis notreflected,it generates
secondaryelectronmacroparticleswith theemissionyield�

givenby

� B � E�7 � cwe �¡  �;'�� �wv£¢�¤6¥ v * ' ) B �¦_��Ocwe � E ��§ ,"!B �D_�� c`e �(E V�§ ,"!
'

(7)� cwe � and �Ocwe � areinput parameters.The line densityof
thegeneratedmacroparticleis

Y k � g�¨�© 7 Y k � B � E X�ª(«�¬ �"� �^"�q®�¯ F (8)
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Figure4: Definitionof angle ° .

where ±	² is aninput parameterand ° is the incidentangle
relativeto thesurfacenormal(seeFig.4). If thelinedensity
is below thesetlimit, themacroparticleis dropped.If the
line density is above the set limit, more than one macro
particle is generated.The energy of the generatedmacro
particlesis

�Og"¨q© 7 �u�W�^�^�³>��´"�Wµ·¶U¸ Q Z
* �?f �

'
(9)

�u�W�^�^�³>��´"�Wµ is aninput parameter.
Thedistribution of theoutputangle °�g�¨�© is thesamefor

reflectedandsecondaryelectrons,andindependentof the
incidentangle ° , thusassuminga roughsurface. The dis-
tribution of °�g"¨�© is givenby

� B ° E r °D¹ B�º>»�R ° E ª�¼ R"½¾Q ° r ° F (10)

wheretheparameter±	® is aninputparameterbetweenzero
(equivalent to black body radiation)and infinity ( °�g"¨q© 7
const 7¿Z _>* ). The list of input parametersis shown in
Tab. 4.

5 SIMULATION RESULTS

Sincethe simulationshave many input parametersand
theresultis very sensitive to changesin a numberof those
we first definereferencecasesfor gold andprotonbeams.
Thereferencecasesshouldbecloseto worstcasescenarios
with respectto the beamparameters.We will then vary
input parameterin one of the referencecasesto find the
sensitivity of theresultwith respectto theseparameters.

The two referencecasesare basedon designintensi-
ties andshortbunchspacing. The casesdiffer slightly in
thechargeperbunchandsignificantlyin thebunchlength.
Furthermore,restgasionizationis assumedfor theproton
caseand loss-driven electrongenerationin the gold case.
Beamandbeampipesizescorrespondto anassumedelec-
tron cloud in thewholemachine.Thetwo casesarelisted
in Tab. 4.

In Figs.5-10thesimulationoutputis shown for thepro-
ton referencecase.Fig. 5 shows theion beamandelectron
cloudchargeline densities.After 25 bunchestheelectron
cloud is saturatedat approximately0.3 nC/m. Thesatura-
tion is alsovisible in Fig. 8 whichonly showsthelastthree
bunches. The saturationcharge line density is compara-
ble to expectationsfrom the tuneshift measurements(cf.
Tab. 3). However, the tuneshift measurementsweredone
at lowerbunchcharges.

Table4: List of input parametersfor electroncloud sim-
ulations. For gold and proton beamsreferencecasesare
presentedwith designintensityandtwice thedesignbunch
number.

parameter unit Au� �"� p
�

bunchspacing ns 108
bunches ... 55
rmsbeamradius mm 2.2 2.4
piperadius mm 40
electronsgenerated/bunch ... 40000 100
electrongenerationradius mm 40 2.4
full bunchlength ns 18 14
bunchshapeparameterz ... 3 3
bunchcharge nC 13 16
longitudinalslices ... 5000
macroparticles,initially ... 2500 250
smoothinglength

r
mm 0.1

Y
]^2 , initial pC& m �b�
1.6� V ... 0.8� � ... 0.2� �W�^�q�^�^� eV 60� �W�^��� �����W� ... 0.5� cwe � ... 2.5�Ocwe � eV 300���W�^�^"³��>´��Lµ eV 20±M² ... 0.5±M® ... 1.0

Figs. 6 and 9 show the transverserms size of the ion
beamandelectroncloudfor thewholebunchtrain andthe
last three bunchesrespectively. The electroncloud size
dropswhile thesecondhalf of thebunchis passing,asac-
celeratedelectronshit the wall. On averagethe electron
cloud is much larger than the ion beamand its rms size
is consistentwith a approximatelyuniform density. For
a transverseuniformly distributedelectroncloud, the rms
sizewould be 9 _�À * .

In Figs.7 and10 theaveragekinetic energy of theelec-
tronsandtheelectroncurrentinto thewall areshown. From
this, an estimateof the heatload into the wall canbe ob-
tained. From Fig. 10 onefinds an averagekinetic energy
of approximately0.03 keV and averageelectroncurrent
of about20 mA/m. This correspondsto a heat load of
0.6 W/m or 1.8 kW for the cold part of the ring, assum-
ing thatall kinetic energy is transformedinto heat.No in-
creasedheatload was observed during the testsin 2001.
Theminimumdetectableheatloadis 150W[16].

The simulationof the gold beamreferencecaseshows
no significantincreasein the initial electronline density.
The final densityafter 55 bunchesis two ordersof mag-
nitude smallerthan in the proton referencecase. This is
largely dueto the longerbunchesandthe reducedcharge
perbunch.

The sensitivity of the computedelectroncloud density
with respectto theinputparameterswasestimatedby vary-
ing singleinput parametersonly. This is shown in Tab. 5.
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Figure7: Averagekinetic energy of electronsandelectron
current into the beampipe wall for the proton reference
case.
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Figure8: Ion beamandelectroncloud line densityfor the
lastthreebunchesof theprotonreferencecase.
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Table5: Maximumchargeline densityafter55 bunchesin
simulationsundervariation of input parameters.In each
caseonly one parameterof the proton referencecaseis
changedand the resultingline density is shown together
with its relativechange.

parameter unit value change Y
]^2PtÅmT P QbÆ _�Ç T
(ref. case p) ... ... ... 0.5
bunchspacing ns 216 C ����� 0.00
beamradius mm 4.8 C ����� 0.4
piperadius mm 60 C +�� 0.02
e-gen./bunch ... 50

vw+��
0.5

e-gen./bunch ... 1000 C ������� 0.5
e-gen.radius mm 40 C ��/�/�� 0.5
bunchlength ns 18 C *�È 0.4
bunchlength ns 10

v *�È 0.6
bunchshapez ... 1 ... 0.3
bunchshapez ... 6 ... 0.6
bunchcharge nC 12

v * + 0.00
bunchcharge nC 14

vD� * 0.2
bunchcharge nC 18 C � * 0.8
� {�|�} ]^2 { ... 10000 C * ��� 0.5� cwe ]^f"g , initial ... 2500 C ������� 0.5
smoothing

r
mm 0.01

vwÉ��
0.5

Y ]^2 , initial pC/m 0.016
vwÉ�É

0.5��V ... 0.7
vD� * 0.2��� ... 0.1
vw+��

0.5���W�^�q�^�^� eV 80 C )�) 0.6� �L�^��� �����W� ... 0.4
v * � 0.6� cwe � ... 2.0
v * � 0.00� cwe � ... 2.2
vD� * 0.01� cwe � eV 350 C ��I 0.1���W�^�^"³��>´��Wµ eV 30 C +�� 0.9± ² ... 0.4
v * � 0.4± ® ... 0.0
vD�����

0.3± ® ... 5.0 C +���� 0.9

The simulationresult is not sensitive to the numberor
locationof electronsgeneratedduringabunchpassage,the
numberof longitudinalslices,thenumberof initial macro
particlesor the smoothinglength

r
. It is also not sensi-

tive to the initial line electronline densityso that thefinal
line density is determinedthroughthe parametersof the
multiplicationprocess.However, theresultis, to a varying
degree,sensitive to almostall otherparameters.

6 SUMMARY

The signsof the measuredcoherenthorizontalandver-
tical tuneshiftsalongbunchtrainsin RHIC areconsistent
with the existenceof electronclouds. Fromthe measured
tuneshifts electroncloud densitieswereestimated.Elec-
tron clouddensitiesof thesameorderof magnitudecould
alsobeobtainedin simulationswith beamintensitiessome-
whathigherthanin themeasurements.Theclouddensities
estimatedfrom the tuneshift measurementscould not be
reproducedwith thebunchintensitiesin themeasurement.

Thus,physicaleffectsmaybemissingin thesimulationor
thereis an insufficient knowledgeof the surfaceparame-
ters.
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Abstract 
In studies with positron beams in the Advanced Photon 

Source, a dramatic amplification was observed in the 
electron cloud for certain bunch current and bunch 
spacings. In modeling presented previously, we found 
qualitative agreement with the observed beam-induced 
multipacting condition, provided reasonable values were 
chosen for the secondary electron yield parameters, 
including the energy distribution. In this paper, we model 
and discuss the build-up and saturation process observed 
over long bunch trains at the resonance condition. 
Understanding this saturation mechanism in more detail 
may have implications for predicting electron cloud amp-
lification, multipacting, and instabilities in future rings. 

1 INTRODUCTION 
In recent years, numerous observations of electron 

cloud effects (ECEs) have been reported in high-energy 
particle accelerators or storage rings, in some cases after 
operating them in new configurations [1]. These effects 
range in severity from vacuum degradation to emittance 
blowup, and generally become noticed when they degrade 
the accelerator performance. One of the many challenges 
in predicting beam-cloud interactions is understanding the 
electron cloud generation. A code developed at LBNL, 
POSINST, models the various processes giving rise to the 
cloud [2]. Uncertainties in characterizing the surface 
properties of the vacuum chamber, especially relating to 
secondary electron emission, can lead to uncertainties in 
the predicted cloud density. The goal of this modeling 
effort is to benchmark the code POSINST against 
measurements of the electron cloud (EC) properties 
undertaken at the Advanced Photon Source (APS), 
thereby providing realistic limits on the critical input 
parameters. 

Dedicated electron diagnostics known as retarding-field 
analyzers (RFAs), first designed and implemented at the 
APS [3,4], were used in a series of experiments designed 
to study electron cloud effects induced by both positron 
and electron beams. As previously reported, a dramatic 
amplification was observed in the EC for certain bunch 
current and bunch spacings for positron beams [5]. This 
gain is attributed to beam-induced multipacting (BIM) and 
was accompanied by an anomalous vacuum pressure rise. 
A more modest amplification was observed for electron 

beams. In addition, before converting the APS to electron 
beam operation, a horizontal coupled-bunch instability 
was observed for positron beams at BIM conditions. This 
has not been observed for electron beams at identical 
operating conditions. In fact, ECEs do not limit the APS 
performance when operated with electrons, as is presently 
the case. 

In previous modeling of positron beams [6], we found 
qualitative agreement with the observations for the BIM 
condition. Reasonable values were chosen for the second-
dary electron (SE) yield coefficient, the SE energy distrib-
ution, and the rediffused electron component. These 
assumptions are  consistent  with  bench  measurements 
[7,8]. Using these same input parameters, we then 
modeled the EC build-up and saturation process observed 
over long bunch trains at the resonance condition. It is 
hoped that this effort will lend insights into EC production 
in the APS, that can then be applied to other machines. 

Three preliminary observations can be made: (1) the 
electron cloud is sensitive to details of the secondary 
electron energy spectrum, (2) the correct choice of these 
parameters should reproduce all the experimental data in a 
given machine, and (3) the measured longitudinal 
variation of the electron cloud density, which could be 
important, is not modeled. 

2 REVIEW OF PRIOR RESULTS 
A special vacuum chamber, equipped with ten RFA 

electron energy analyzers, was built and installed in a 
field-free region in the APS storage ring [5]. The locations 
of some of the components are shown in Fig. 1. EA6 is a 
copper end absorber designed to intercept high-energy 
photons to protect downstream structures. The schematic 
in Fig. 2 shows two RFAs mounted on a standard-aperture 
chamber. The approximate limits of the radiation fan at 
the location of detector 6 are shown for synchrotron 
photon  energies  above  the  photoelectron  work function,  

Figure 1: RFA detectors (1-6) mounted on APS chamber, 
top view, also showing the synchrotron radiation fan from 
the downstream bending magnet and the absorber, EA6. 
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Figure 2: Mounting of two RFAs on a standard aluminum 
(Al) APS chamber, cross-sectional view. The RFA 
consists of two grids and a graphite-coated collector 
biased at +45V. The first grid is grounded and the second 
can be biased for electron energy selection [3,4]. 

 
~ 4 eV. Most of the high-energy photons exit through the 
antechamber slot. 

The relevant APS parameters used in the previous [6] 
and present simulations are shown in Table 1. The 
parameter δmax gives the maximum value of the secondary 
electron yield coefficient, which occurs at an incident 
energy Emax. Because the APS data were acquired over a 
long period of operation, we are interested in modeling the 
effects of surface conditioning by beam scrubbing, which 
lowers δmax. Values of δmax ranging from 2.2 to 3.3 are 
consistent with conditioned and unconditioned, oxidized 
Al, respectively. 

 
Table 1: Simulation Parameters for APS 

  
BIM,  

Ref. [6] 
EC  

build-up 
Circumference m 1104  
Beam energy GeV 7  
Harmonic no.  1296  
Rf frequency MHz 351.93  
Bunch population (2 mA) 4.6×1010  
rms bunch length mm 5  
Transverse rms sizes µm 300, 50  
Chamber semiaxes cm 4.25, 2.1  
Antechamber slot height cm 1  
Eff. photoelect. yield  0.1  
No. photons per e+  0.07  
δmax  3.3 3.0 & 2.2 
Emax eV 280 300 
No. kicks over bunch  5 11 
 

The simulations in Ref. [6] were repeated with a slight 
modification (δmax = 3.1). Also, the code output was 
scaled to account for the transmission attenuation in the 
experiment: The measured RFA grid transmission is 0.8, 
while the calculated transmission through the vacuum 
penetration is 0.6, giving a total detection efficiency of 
0.5. Figure 3 shows a comparison between the modeled 
and measured electron wall current for ten positron 
bunches as a function of bunch spacing. The retarding 

voltage is positive to maximize the collector current. The 
model reproduces the broad peak centered around a 20-ns 
spacing (7 λrf); however, the sharp, resonant peak at 7 λrf 
is not reproduced. The position of the peak in the modeled 
result was very sensitive to the shape of the secondary 
electron energy spectrum, the mean energy in particular. 
The width of the broad peak was sensitive to assumptions 
about the rediffused electron component. It is interesting 
to note that BIM was never observed until the dedicated 
EC study: standard user operation with positron beams 
typically used 1 λrf or 54 λrf bunch spacing, well outside 
the position of the resonant peak. 

The data in the main plot in Fig. 3 were acquired shortly 
after the new chamber was installed (< 1 Amp-hours (Ah) 
of operation). The inset shows the normalized signal after 
>  60 Ah. The peak signal is reduced by a factor of two due 
to a surface conditioning effect. The accumulated electron 
dose (in C/mm2) was calculated using the measured wall 
current for the standard user configuration, assuming this 
was used the majority of the time. In the next section, we 
describe studies of the EC build-up over long bunch 
trains. The bunch train data were acquired after ~100 Ah, 
so we expect that δmax may be further reduced relative to 
the initial state. 

 

 

Figure 3: Measured (diamonds) and simulated (crosses) 
electron wall current (Ic) for BIM in APS, normalized to 
the total beam current (Ib) (ten e+ bunches; 2 mA/bunch).  

3 MEASURED ELECTRON CLOUD 
BUILD-UP 

Before discussing the electron cloud build-up and 
saturation, it should be noted that significant variation was 
seen from one detector to another, especially for BIM 
conditions [5]. The gain in the detector signals as a 
function of bunch spacing or number of bunches varied 
according to location. Detectors near the absorber EA6 
typically exhibited the smallest gains (factors of 2-3), 



while detectors 6, 7, and 8 exhibited gains of over a factor 
of 100. The effect of EA6 as a local source of electrons 
dominates in the detectors nearby. Farther from EA6, the 
situation is dramatically different, and the effect of 
multipacting is more easily observed. 

Measurements of the electron cloud build-up and 
saturation are shown in Fig. 4. The variation in detector 
location can be seen. In the main plot, the normalized wall 
current is plotted as a function of bunches in the train: the 
bunch spacing is fixed at the BIM condition (7 λrf), and 
the bunch current is fixed at 2 mA. The vacuum pressure, 
P, measured near detector 9 is also plotted (located 3 m 
upstream from EA6). The exponential rise, the number of 
bunches after which the cloud saturates, and saturation 
level at 100 mA (total current) all vary; the level varies by 
up to a factor of three. The inset in the figure shows the 
cloud build-up at detector 6 when the bunch current is 
varied. 

 

 
 

Figure 4: Measured EC build-up and saturation over 
positron bunch train (main plot: detectors 1, 5, 6, and 9 
with 2 mA/bunch; inset: det. 6 only). 

 
From Fig. 4, the cloud density can be very roughly 

estimated given the measured wall flux and the average 
electron velocity. It is interesting to compare this to the 
average beam density. For example, taking 100 mA total 
current, 2 mA/bunch, and the average energy from the 
differentiated dIc/dV, 100 eV (where V is the bias 
voltage): 

 

nEC = Ic / (ARFA e <ve>) = 104 cm-3 
nbeam = nb / Avc / tsep * fill fraction = 106 cm-3.  

 

Here ARFA is the detector aperture area, ~1 cm2; Avc is the 
vacuum chamber cross-section area; tsep is the bunch 
separation in units of time, <ve> is the velocity of the 
average-energy electron, 6×108 cm/s; and e is the electron 
charge. Saturation is observed at about 1% of the average 
beam density for 1.5 and 2 mA/bunch; and at only ~0.1% 
for 1 mA/bunch. 

A preliminary analysis of turn-by-turn beam position 
monitor (BPM) data acquired during the final run with 
positrons shows that a horizontal coupled-bunch 
instability occurs for a bunch spacing 7 λrf (20 ns) and 

~2 mA/bunch; i.e., the BIM conditions. Figure 5 shows 
the horizontal bunch centroid offset for each of 50 
bunches, 90 mA total. Five consecutive turns are shown 
(νx = 0.2). This instability is not observed with electron 
beams for otherwise identical conditions. Analyses of 
these data are ongoing. 

 

 
Figure 5: Bunch-by-bunch horizontal centroid oscillations 
using turn-by-turn BPM data acquisition for positron 
beam (50 bunches, 90 mA total, BIM spacing). The head 
of the train is on the left. 

4 SIMULATIONS OF EC BUILD-UP 
Using the input parameters determined to give the best 

fit of the measured electron wall current with bunch 
spacing (Fig. 3), the electron cloud was modeled as a 
function of bunch train length. The beam model 
corresponds to the beam conditions in Fig. 4 (fixed bunch 
current). To study the effects of conditioning of the 
aluminum chamber surface,  two values of δmax were com- 

 

 
Figure 6: Simulation comparison of δmax and effect of 
space charge for positron bunch trains in the APS. 
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pared (recall explanation above Table 1). Finally, the 
space charge of the cloud was optionally included. The 
results are shown in Fig. 6. As expected, saturation of the 
cloud results only when space charge is included, and 
occurs after about 20 or 30 bunches. The saturation level 
at 100 mA differs by only a factor of ~2 for the two values 
of δmax. This would imply that the saturation level is a 
relatively weak function of this parameter. 

The simulated electron cloud build-up can now be 
compared to the measured data; this is shown in Fig. 7. 
The fit is reasonably good in the best case (det. 5), shown 
in (a); however, the fit at the other detectors is marginal, 
shown in (b). The variation in the electron cloud 
saturation level as a function of detector location is about 
as large (3×) as it is for the two chosen values of δmax (2×).  

 

 

 
Figure 7: Measured and simulated EC detector current for 
positron bunch trains: (a) det. 5 and (b) several detectors. 

 
Another test of the model is how well the electron 

energy spectra are reproduced. A representative set of 
RFA data showing the integrated electron energy (a) and 
differentiated signals (dIc/dV, converted to wall flux) (b) 
is shown in Fig. 8. The low-energy part of the 
distributions are fit well with a Lorentzian function. The 
high-energy part results from electrons accelerated by the 
beam, and falls off exponentially. For the longest spacing 
(128 λrf), there is virtually no exponential tail; we can 
assume that most of the cloud electrons have been lost 
before the next bunch passage. For bunch spacings at the 
BIM resonance, the exponential tail is the longest. 

Additional features on the tail suggest a resonance 
condition that “selects” electrons at a certain distance 
from the beam at each bunch passage, resulting in an 
energy “peak.” A preliminary analysis of the modeled 
energy spectra shows qualitative similarities to these data. 
We expect to analyze the measured electron energy 
distribution in more detail in the future. 

 

 
Figure 8: Energy distribution dependence on positron 
beam operating conditions (ten bunches, constant 
2 mA/bunch vs. bunch spacing in units of λrf);                  
(a) Normalized Ic and (b) dIc/dV. 

 

5 SUMMARY AND DISCUSSION 
A number of observations at the APS have been made 

for positron and electron beams using dedicated electron 
diagnostics known as RFAs. These data are being used to 
help benchmark the code POSINST, developed at LBNL. 
In summary, electron cloud amplification was observed 
with positron and electron beams (more modest for the 
latter). A horizontal coupled-bunch instability (CBI) was 
observed with positron beams at the BIM condition: 
~ 2 mA/bunch at a 20-ns bunch spacing (7 λrf). The 
instability was not observed for electron beams at these 
same operating conditions. The EC was observed to 
saturate after a train of 20–30 bunches at levels varying by 
up to a factor of three measured at different locations in a 
field-free region. This variation is primarily due to the 
influence of a photon absorber. A surface conditioning 

(a) 

(b) 



effect was observed after a period of beam operation: the 
electron cloud signal was reduced by a factor of two after 
an estimated surface electron dose of 2×10-4 C/mm2.  

Comparison of simulations with EC measurements have 
given the following results. Reasonable agreement was 
found modeling a beam of ten positron bunches whose 
spacing was varied. The simulation reproduced the shape 
and position of a broad peak in the collected electron wall 
current as a function of bunch spacing. It did not, how-
ever, reproduce the sharp peak observed at the optimal 
BIM conditions noted above. The comparison was very 
sensitive to secondary electron parameters, especially the 
secondary energy spectrum and the rediffused component.  

Using the same secondary electron parameters used to 
model the BIM resonance described above, the build-up 
and saturation of the electron cloud over positron bunch 
trains at the BIM conditions was modeled. To account for 
surface conditioning effects, different values of δmax were 
compared, corresponding to conditioned and uncondi-
tioned, oxidized Al surfaces. Reasonable qualitative 
agreement was found compared with the data from one 
detector. However, the variations observed as a function 
of detector location were not modeled. This lack of 
agreement is almost certainly due to geometrical details of 
the vacuum chamber and photon illumination that are not 
included in the model. On the other hand, the modeled 
saturation level varies by a factor of two for a range of 
values of δmax. The sensitivity of the saturation level to 
δmax is of the order of the local density variation. The 
uncertainty in predicting the EC density is thus estimated 
to be about a factor of two to three.  

Given the progress in understanding EC-induced effects 
at existing accelerators, we may be able to predict EC-
induced instability thresholds in future accelerators within 
an error given by the secondary electron energy spectrum 
uncertainties, which at present limit a proper paramet-
rization. Including 3D details of the vacuum chamber 
geometry to model the local EC density variation is also 
likely to be important. Furthermore, we need to include 
the important reflected component of the low-energy 
electrons, which may give an enhancement of the 
saturation level. This component has not been considered 
in the simulations shown, but has been included in more 
recent versions of the POSINST code [9]. Finally, at the 
APS, a CBI was observed for 2 mA/bunch but not 1.5 
mA/bunch, although the estimated average neutralization 
was the same for both. Other figures-of-merit are clearly 
important in defining the EC-induced instability threshold. 

EC diagnostics have largely been implemented only in 
field-free regions, with the exception of the CERN Super 
Proton Synchrotron (SPS) [10]. The EC in the dipoles is 
considered to be one of the most important contributions 
to the observed horizontal CBI in that ring; how important 
is this contribution for positron rings? Electrons trapped in 
the quadrupole magnet fields may also contribute.  

Low-energy (< 5 eV) electrons may never collide with 
the chamber walls and are thus difficult to measure with a 

standard RFA. An electron sweeper developed at the PSR 
was designed to address this issue [11], and experimental 
results indicate that the properties of this low-energy 
contribution are very different from those of the 
multipacting electrons. This question is likely to be a 
challenge for positron and electron rings as well. 

Finally, there is a question as to whether EC instabilities 
are likely to occur in electron rings. There is an indication 
that electron cloud build-up does occur for electron beams 
(e.g., in the APS); the instability threshold may simply be 
higher in electron rings compared to positron rings. 
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Abstract
The secondary electron yield is one of the determinant

parameters entering in the simulation of the electron
cloud phenomenon. As secondary electron emission is a
surface process, it is strongly influenced by slight
modifications of the materials outer layers. This
presentation will try to summarize various numerical
formulae describing the main input data needed for the
simulation of the electron multiplication in the electron
cloud process

1 INTRODUCTION
The electron cloud effect [1-3] is a possible limitation

for the operation of LHC and of its injector, the SPS.
Apart from dissipating an excessive power on the LHC
beam screen, it can induce detrimental oscillations of the
proton beams which degrade their emittance and hence
the achievable luminosity in the interaction points.
Accurate simulation programs are necessary to predict the
behaviour of future machines and adapt possible cures,
e.g. surface treatments, to meet the expected performance.
The electron cloud mechanism depends partly on the
generation of secondary electrons by electron impact on
the vacuum chamber hence it is important to provide, for
the simulation programs good fits to analytical formulae
able to represent the main characteristics of the secondary
electron emission. This paper presents various equations
from the existing literature and their comparison to data
collected for the copper surface of the future LHC.

2 EMPIRICAL FORMULAE AND
NUMERICAL VALUES FOR

SIMULATIONS
For the simulation of the electron cloud phenomenon, it

is necessary to use various analytical formulae
reproducing the variation of different characteristics of
the secondary electron emission. These formulae are also
very important in the field of surface physics e.g. for the
prediction of contrast in scanning electron microscopy[4],
or for the study of electronic devices using electron
mutiplication [5]. For this reason the mechanisms leading
to the secondary electron emission have been studied in
details and appropriate analytical formulae either based
on physical models or purely empirical have been
published. They describe the main features of the
secondary electron emission, namely : the variation of the
secondary electron yield (S.E.Y.) as a function of the
primary electron energy (Ep) or the secondary electron

energy distribution. In such formulae, fitting parameters
must be determined by measurements of samples
corresponding to the material investigated. This is
especially true in the case of accelerators as the surfaces
involved are far from being ideal but are technical
surfaces processed according to procedures applicable to
many square meters as this is the case for the copper
cladded LHC beam-screen. The following paragraphs will
give the fitting parameters that can be used to describe
analytically the secondary electron emission of this
surface. The copper samples were cleaned by immersion
in an alkaline detergent (NGL Cleaning Technology
17.40) followed by rinsing in demineralised water and
ethanol.

2.1 Variation of the S.E.Y. with the primary
electron energy

The secondary electron emission can be described using
a simplified two steps model [6, 7]:

- The deposition of energy by the primary electron at
a constant rate along its trajectory [8, 9]

- The escape of the created excited electrons with  a
probability decreasing exponentially with the
distance to the surface [10]

The use of reduced S.E.Y. (ratio of the S.E.Y. to the
maximum S.E.Y., δm) and of  reduced energy ( ratio of

Figure 1: Normalised secondary electron energy
distribution for conditioned copper

the energy to the energy of the maximum S.E.Y., Em)
allows to replace difficult to obtain constants by two
more accessible quantities δm and Em. This useful
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normalisation [11] was used to give an analytical
expression for the variation of the S.E.Y.[4, 7, 12]
which was simplified by M. Furman [2, 12] to be
incorporated in simulation codes of the electron cloud
effect. However this formula (1)

:

(1)        δs = δ MAX

s× (
E p

E MAX
)

s− 1+
E p

E MAX

 

 
  

 

 
  

s

underestimates the S.E.Y. of primary electrons with very
low energy [12]. This is due to the basic assumptions
quoted before which do not consider the possibility of
reflection. This event has a high probability for low

Figure 2: Variation of the energy repartition of reemitted
electrons as a function of the primary electron energy (Ep)

 energy incident electrons (E< 30 eV) as can be seen in
figure 1 which shows the normalised intensity ( 1 for the
highest peak) as a function of the normalised energy (1
for the incident energy). More generally, figure 2 gives

 Figure 3: The ratio (f) between the reflected and the total
number of re-emitted electrons for copper (squares) and

the fitting laws

the ratio between the various categories of reemitted
electrons for copper. These categories have been
arbitrarily defined according to their energies (E) as “true
secondaries”: (E < 20 eV), “reflected”: electrons: in the

reflected peak and “intermediate”:  electrons with an
energy between 20 eV and the reflected peak energy .

Table 1: Fitting parameters for the expression of the
reflected fraction f  in the case of copper

Fitting
coefficient

Low energy
(<300 eV)

Higher energy

(<2000 eV)

A0 20.699890 0.300207076

A1 -7.07605 0.044915014

A2 0.483547 -0.155498672

A3 0 9.50318x10-4

E0 56.914686 0

Curve label
FIT II low

energy
FIT II

To improve the accuracy of formula (1) for electrons of
low energy ( < 100 eV), measurements of the secondary
electron energy distribution have been used to evaluate
the fraction (f) of reflected electrons in the total energy
distribution. Figure 3 shows this fraction in the case of
copper. To fit the experimental points (squares) the
expression described by  Scholtz et al [13] has been used :

ln( f ) = A0 + A1 × (ln(E p + E0 )) + A2 × (ln(E p + E0))2 + A3 × (ln(E p + E0))
3

where  E p  is the primary electron energy and the other

terms are fitting parameters given in table 1.

Figure 4: Comparison between fitting formulae and
experimental data for as received copper.

The formula used to account for the reflected electron
contribution f at low energy combined with formula (1)
has been checked against the measured value of the total
secondary electron yield (δt) in the case of as received
copper. To calculate δt, the following formula was
considered, whereδS   is the true secondary yield given by

formula 1 and δR  is the yield of reflected electron:

δt =δS + δR ,
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δR = f ×δt ⇒ δt = δS + f ×δ t

Hence: δt = δ s ×
1

1 − f( )
A comparison of the fitting formula to experimental data
is given in figures 4 and 5 for the case of as received
copper. Figure 5 is an enlargement of figure 4 for low
incident energies. These fits were obtained using  for the

Figure 5: Comparison between fitting formulae and
experimental data for as received copper at low incident

energy

 formula 1 the parameters listed in table 2. The curves in
figure 5 show the importance of the reflected electron
contribution to fit the low energy data with a good
accuracy. The increase of the secondary electron yield at
very low impact energy (below 5 eV) has been also
measured for pure copper by Myers [14].

Table 2: Fit parameter for the true secondary electron
yield ( formula 1)

SAMPLE STATE AS RECEIVED
δMAX 2.03
EMAX 262

s 1.39

2.2 Fitting formula for the true secondary
electron  energy distribution

In reference [13] the following formula is proposed
to fit the true secondary electron energy distribution i.e.
the low energy electrons.

2( )         D (Es ) = C × exp −
ln

Es

E0
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where Es is the secondary electron energy, E0, τ  and C
are fitting parameters. To obtain a fit to our experimental
data in the case of as received copper, the value of these
constants  are listed in the table 3. As already  mentioned,

this formula is only valid for true secondary electrons and
an upper limit is given in table 3 for the validity of this
expression. This limit is usually around 20 eV but at very
low primary energy it  can  be  as low  as  5 eV because of
the importance of the reflected peak at this low incident
energy and of the corresponding electron depletion at
energies immediately lower.

Table 3: Fitting parameters for various primary electron
energies (formula 2)

PRIMARY
ENERGY

(eV)

C E0 τ UPPER
ENERGY
BOUND

(eV)
10 0.277 1.57 0.985 5
30 0.136 1.9 0.99 22

100 .126 1.58 1.16 22
300 .155 2.1 0.85 21
550 0.2 1.48 0.909 26

Figure 6: Comparison between the fitted curve and the
experimental data for as received copper and 10 eV

primary electron energy

 This is illustrated in figure 6 where the result of the fit is
compared to the experimental points for 10 eV primary
electron  energy.  Figure  7  shows  the  good  agreement
obtained at higher primary electron energy (100 eV)

Figure 7: Fitted secondary electron energy distribution for
100 eV electrons impinging on as received copper
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2.3 Fitting formula for the true secondary
electron  energy distribution

The effect of the angle of incidence of the primary
electrons is also of great importance for the electron cloud
generation as in accelerators arcs, the electrons spiral
along the magnetic field lines. As the primary electrons
dissipate their energy closer to the surface, an
enhancement of the secondary electron yield can be
expected when the angle of incidence decreases
(90 degree corresponding to normal incidence). This
effect is shown in figure 8 where the S.E.Y normalised to
1 at normal incidence is plotted for various primary
energy as a function of the angle of incidence for a baked

niobium surface.

Figure 8: The variation of niobium secondary electron
yield as a function of the angle of incidence

 This dependence has been expressed analytically by
several authors[7, 12, 15] following the simplified model
depicted in 2.1.  K is the fitting parameter:

(3)                δ =δ90 × eK (1−cos(π / 2−θ ))

Figure 9: Fit of the secondary electron yield angular
dependence for a niobium surface using (3)

The application of (3) in the case of a baked niobium
sample is shown in figure 9 where the variation of the
S.E.Y. is shown at 2 incident energies : 100 eV, 1800 eV
and for the maximum yield. This graph demonstrate again
the larger enhancement of the yield for small angles at
higher energy and the validity of the approximations
leading to equation (3). It must be stressed that at
energies higher than some keV (3) is no more valid and a
law  as  cos (θ)− • becomes more appropriate [4].

3 CONCLUSIONS
Various equations have been fitted to experimental data

in the case of copper and niobium. It was demonstrated
that they represent with a good accuracy the main
characteristics of the secondary electron emission. A
combination of formulae representing the variation of the
true secondary electron yield corrected for the reflected
electron fraction gives a good approximation to the
variation of the secondary electron yield with the incident
electron energy at low energy. The angular dependence of
the yield has been studied in the case of niobium and the
proposed fitting expression was also found adapted.
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SPS ELECTRON CLOUD HEAT LOAD MEASUREMENTS WITH 
WAMPAC AND SIMULATIONS 
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Abstract 

A calorimeter, WAMPAC, operating at room 
temperature has been designed and installed into the 
SPS to measure directly the electron cloud induced 
heat load due to the LHC type proton beam. 
Theoretical behaviour, calibrations, measurement 
protocols, preliminary results and simulation 
benchmarking are presented. Scaling of the results to 
the LHC indicated a linear heating power in a LHC 
dipole of about 500 mW.m-1 for 5 1010 protons.bunch-1 
for a copper surface which is not fully conditioned 
(maximum of secondary electron yield ~ 1.9).  

1 INTRODUCTION 
In the cryogenic elements of the Large Hadron 

Collider (LHC), the proton beams will be contained 
inside a perforated ’beam screen’ (BS), cooled at a 
temperature between ~ 5 K and 20 K. Apart to 
provide pumping, the BS is necessary to intercept the 
beam induced heat loads such as synchrotron 
radiation (SR), photoelectrons and resistive wall 
losses, in order to avoid their dissipation in the 1.9 K 
cold bore (CB) of the superconducting magnets. 
Electrons liberated into the beam vacuum chamber 
are accelerated towards the beam screen due to the 
electric field of a passing proton bunch. The impact 
energy of the electrons on the wall produces 
secondary electrons that may lead to a build up of an 
electron cloud due to the successive bunches [1]. 
Preliminary estimations of the heat load deposited by 
the electron cloud onto the beam screen indicated a 
non negligible contribution to the total heat load 
budget [1, 2, 3]. Last estimations, including elastic 
reflection of electrons, give linear heat input in the 
LHC arc dipole of  3.5 W.m-1 for an unscrubbed 
copper surface and 0.22 W.m-1 for a fully scrubbed 
surface [4]. In the dipole assembly at ~ 5 to 20 K 
temperature level, the installed cooling power is 
1.13 W.m-1 per aperture [5]. At nominal beam 
current, the total heat load budget is 0.72 W.m-1 per 
aperture. The allocation to electron cloud is 28 % i.e. 
~ 0.22 W.m-1 for the dipole field region and 22 % i.e. 
~ 1.9 W.m-1 for the field free region [6].  
An electron cloud activity has been observed in the 
SPS with LHC type beams [7]. It is therefore of great 
importance to measure the heat load deposited by this 
multipacting effect, in order to benchmark the 
simulations. For this purpose the WArm 
MultiPActing Calorimeter (WAMPAC), which 

measures directly the beam induced heat, was 
installed at the beginning of 2001 in section 417, long 
straight section 4, of the SPS. 

2 PRINCIPLES 
The calorimeter consists of a thermally floating 

copper screen, which is installed inside the SPS LSS 
type vacuum chamber. This screen is equipped with 
temperature sensors (thermocouple type E) and a 
heater for calibration of the calorimeter. The heat 
load into the calorimeter is measured as a function of 
the temperature evolution of the screen.  

2.1 Heat equations 
Physically, the heat input to the screen is balanced 

by the thermal resistance through radiative and 
contact heat losses and by the warming up of the 
screen. The dynamic behaviour is described with the 
differential equation below :  

0 =∆−∆⋅− TCTRQ ��  (1) 

Q�  is the heat load on the screen , ∆T is the 

temperature difference between copper screen T and 
vacuum chamber TV, R is the thermal resistance 
between screen and vacuum chamber and C is the 
thermal capacitance of the screen 

Since initially there is no temperature difference 
between the copper screen and the vacuum chamber 
i.e. ∆T(t = 0) = 0 and since at equilibrium 

0=∆T� , the solution of the differential equation is: 
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With the time constant:  
τ  =  RC  

(3) 

The slope is : 
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The thermal resistance R is defined by the two 
resistances in parallel of the thermal radiation, RRad 
and the thermal contact, Rcond  : 

condRad

condRad

RR

RR
R

+
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   (5) 
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For small temperature differences ∆T between the 
copper screen and the vacuum chamber, the radiative 

heat flow RQ�  versus the vacuum envelope is : 

( ) TTFSTTFSQ vR ∆≈−=  4           344 εσεσ�

 
(6) 

whereσ  = 5.67 10-8 W.m-2.K-4 is the Stefan-
Boltzmann-Constant, ε  is the effective emissivity, F 
is the view factor between screen and vacuum 
chamber, S is the surface area of the copper screen 
‘seen’ by the vacuum chamber.  

Thus, by definition, the radiative thermal resistance 
is: 

34    

1
  

TFSQ

T
R

R

Rad εσ
≈∆=

�

 (7) 

The copper screen is centred inside the vacuum 
chamber with small stainless steel screws at each 
end. The conductive resistance between screen and 
vacuum chamber is dominated by the contacts, which 
makes it difficult to estimate beforehand the 
conductive thermal resistance by a purely analytical 
approach.  The approach taken was to measure the 
electrical resistance.  The similarity of the 
mechanisms of thermal and electrical conduction in 
metals therefore relates the conductive thermal 
resistance Rcond and electrical resistance Rel [8]. For 
stainless steel and at room temperature: 
λ  ~ 15 W.m-1K-1 (thermal conductivity) and ρ  ~ 7 

10-7 Ω.m (electrical resistivity). 

λρ
el

cond

R
R ≈  

(8) 

The thermal capacitance, C, is defined by specific 
heat of copper c times the mass of the copper screen 
M : 

M cC =  (9) 

2.2 Measurements 
The only expected measurable beam induced heat 

load is due to the electron cloud activity because heat 
input from image currents are negligible and 
estimated to be about 5 mW.m-1 for the nominal LHC 
beam in SPS (4 batches of 72 bunches at 1011 

protons.bunch-1). Figure 1 shows an ideal 
measurement cycle for this set-up where the relative 
temperature is plotted versus time. For the analysis of 
the measurements only temperature changes are 
taken into account, and not the absolute values. 
When heat is deposited onto the copper screen, the 
relative temperature increases, following the thermal 
capacity, up to an equilibrium defined by the thermal 
resistance. When the heat load is suppressed, the 
system cools down back to the initial value. 
 
 
 

Figure 1 :  Ideal measurement cycle. 
Two independent methods are used to determine 

the heat load from an ideal measurement cycle: 
1. Using (4) at t = 0,  the measure of the initial warm-
up slope, which is determined by the thermal 
capacitance of the copper screen, allows to compute 
the heat load. To avoid uncertainty in the 
measurement due to temperature instability, the slope 
is measured during the first hour of warming up 
which gives an accuracy of 30 % (if the temperature 
were stable, a slope measured during 5 minutes will 
give an accuracy better than 5 %). The start of the 
cool-down slope from equilibrium is identical to the 
warm-up slope, but with negative sign (equation (1) 
with the following boundary conditions : 

RQtT ⋅==∆ �)0(  and 0 )( =∞=∆ tT ). 

( )
t

T
CQ

∆
∆∆=�  (10) 

2. Using (2) at t = ∞,  the measure of the equilibrium 

temperature EqT∆ , which is determined by the 

thermal conductance to the vacuum envelope, allows 
to compute the heat load. In this case, the equilibrium 
temperature is measured after 3 hours of constant 
beam condition which gives about 70 % of the 
correct value. 

R

T
Q Eq∆

=  �  (11) 

3 EXPERIMENTAL SETUP 

3.1 Description 
Figure 2 shows a schematic of the experimental 

set-up. A circular OFHC copper screen is installed 
inside an SPS vacuum chamber. This screen is 1.3 m 
long, 0.14 m diameter and 0.5 mm thick. The screen 
has been cleaned according to CERN standard 
procedure. It is equipped with 5, type E, 
thermocouples (TC1, TC2, TC3, TC4 and TC5), 
which are equally distributed over the length. A 
calibration heater was brazed over the full length of 
the screen. Additional thermocouples are installed on 
the vacuum chamber (TC6) and suspended in the air 
(TC7) around the experiment. A calibrated Bayard-

²T∆TEq

Q = C ∆(∆T)/∆t Q = - C ∆(∆T)/∆t

Q = ∆TEq/R

 ∆T

t

> 3 τ > 3 τ> 0.5 τ

> 0.5 τ
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Beam Off

. .
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Alpert vacuum gauge, type 305, and a pick-up 
electrode are installed close to the copper screen to 
detect the electron cloud activity identified by the 
pressure rise of the system due to electron stimulated 
desorption. A solenoid coil, wrapped around the 
vacuum chamber can be powered to attenuate the 
multipacting activity. Since the multipacting 
threshold is lower in a dipole field [9], permanent 
dipole magnets (~ 0.05 T) have been installed over a 
length of 0.7 m to trigger multipacting at a lower 
beam current than in field free region. Indeed, part of 
the current limitation in the SPS is due to strong ESD 
observed in the dipole regions. The data acquisition 
was performed with a dedicated LabVIEW software. 
About 100 measurements are averaged and logged 
every 5 minutes. 

Figure 2: Schematic of the WAMPAC calorimeter 

 
Figure 3 shows photographs of the WAMPAC 

copper screen and the WAMPAC experiment 
installed into the SPS.  

 

 
Figure 3: Photographs of the WAMPAC copper 

screen and of WAMPAC installed in the SPS section 
417 with and without dipole magnets.  

3.2 Theoretical thermal properties 
The time constant, thermal resistance and thermal 

capacitance could be computed and compared with 
calibration data using (3), (5), (9) and standard data 
from copper (emissivity, ε = 0.05, specific heat of 
copper, c = 400 J.kg-1.K-1). The view factor, F, of the 
copper screen inserted into the SPS chamber is 

assumed to be unity. The copper screen mass, M, is 
3 kg, has a surface area, S, of 0.6 m2 and operates at 
T = 293 K (Stefan-Boltzmann constant 
σ  = 5.67 10 8 W.m-2.K-4). The measured electrical 
resistance between screen and vacuum chamber was 
0.5 mΩ, corresponding to conductive thermal 
resistance of Rcond ~ 48 K.W-1. The radiative thermal 
resistance is Rrad ~ 6 K.W-1. The total thermal 
resistance R is therefore dominated by radiation. The 
corresponding theoretical thermal capacitance, C, 
resistance, R and time constant, τ are shown in Table 
1. 

Table 1 : Theoretical thermal capacitance, C, thermal 
resistance, R and time constant τ. 

C  
(J.K-1) 

R  
(K.W-1) 

τ  
(hours) 

1200 6 2 
 

3.3 Effect of dipole field on temperature 
homogenity 

With the additional dipole field, the heat deposition 
into the copper screen is not homogeneous. The heat 
is only deposited along the magnetic fields i.e. 
maxiumun heat deposition at the poles. 
Longitudinally the heat is mainly deposited in the 
region with magnetic field, because of the lower 
multipacting threshold in the magnetic field region. 
Therefore, both the thermal diffusion time constants 
(azimutal and longitudinal) have to be considered, 
and have to be smaller than the warmup time 
constant of the system. 

The one dimensional diffusion time constant is 
related to the thermal diffusivity by  (12). The 
thermal diffusivity being the ratio of the thermal 
conductivity, λ, to the product of the material 

density, ϕ by the specific heat, c. For copper (λ = 
400 W.m-1.K-1 and ϕ  = 8900 kg.m-3), the thermal 
diffusivity equals 1.1 10-4 m2.s-1. 

 

c

L

D

L
D

 

    
22

ϕ
λτ ==  (12) 

This diffusion time constant is a measure of the 
time delay to a change in temperature of a point at 
the distance L from the heat source. Azimuthally, the 
distance L is about the quarter of the tube 
circumference (i.e. LA ~ 0.11 m) and longitudinally it 
is the length between the end of the magnetic field 
region and the end of the tube (i.e. LL ~ 0.3 m), 
therefore : 
- the azimutal diffusion time constant is: τ DA = 110 s 

- the longitudinal time constant is:  DLτ = 820 s 

Thus, both diffusion time constants are small 
compared to the system time constant, τ, of 2 hours. 
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Similarly, to get a homogenous temperature on the 
copper screen under steady state conditions, the 
longitudinal and azimuthal thermal resistance of the 
screen has to be small compared with the the local 
thermal resistance versus the vacuum envelope.  

For a copper screen diameter of 0.14 m and a 
thickness of 0.5 mm and using for the azimutal and 
longitudinal resistance the same lengths as for the 
diffusion time constants, we get  the following 
thermal resistances: 

 - azimutal thermal resistance:  RA = 0.9 K.W-1 
 - longitudinal thermal resistance :  RL = 3.4 

K.W-1 
The thermal resistances are still small compared 

with the resistance versus the vacuum envelope for 
the same area and does therefore not yet significantly 
modify the temperature homogenity. A further 
reduction of the wall thickness, however, might have 
a non-negligible influence on the steady state 
temperature distribution. 

3.4 Calibration and sensitivity 
The precise values of the thermal capacitance and 

resistance can be determined during an in-situ 
calibration using the linear heater by applying a 
known heat load. From equation (10), the thermal 
capacitance is obtained by the initial warm-up slope 
after switching on the heater. After reaching 
equilibrium i.e. a few time constant, the thermal 
resistance is obtained by equation (11). Finally, The 
time constant, τ, is deduced from equation (3). Table 
2 shows the measured thermodynamic properties and 
demonstrate that the predicted values from Table 1 
are in good agreement with the measured data.  

Table 2 : Measured thermal capacitance, C, thermal 
resistance, R and time constant τ. 

C  
(J.K-1) 

R  
(K.W-1) 

τ  
(hours) 

1330 7 2.6 

. 

 

 

Figure 4 shows a typical in-situ calibration cycle. 
The increase in the relative temperature, ∆(TCi – 
TC6) with i = 1 to 5, is plotted has a function of time 
when the heater is set to 0.1 W.m-1 and then to 0.02 
W.m-1. About 6 calibration measurements were 
performed, the average of the measured slopes is 
2.7 K.W-1.h-1 which corresponds to a thermal 
capicitance of 1330 J.K-1. In stable conditions, as 
demonstrated by the second increase in relative 
temperature, the apparatus sensitivity is, at least, 0.02 
W.m-1. 

 

 

Figure 4 : Typical in-situ calibration cycle. The 
relative temperature increase correspond to 0.1 W/m 

and 0.02 W/m respectively. The average of the 
measured slopes is 2.7 K.W-1.h-1. 

4 RESULTS 
After commissioning of the experimental set-up 

several periods dedicated to electron cloud studies 
were performed with the SPS. We present here the 
very first observation of a temperature increase inside 
the calorimeter. Figure 5 shows the relative 
temperature and pressure increases, observed when 
LHC type beam was circulating in the calorimeter. 
The time-axis indicates the number of hours passed 
since recording. At time < 115 h, the SPS was 
running with standard fixed target beams. During this 
period the pressure in the system was about 2 10-9 
Torr and only minor temperature variations were 
observed (TC2, TC3 and TC5), which were mainly 
due to temperature fluctuations in the SPS tunnel. 
The machine development (MD) period with LHC 
type beam started at time =115 h and lasted until 
time = 135 h. During this period, several pressure 
increases up to 10-7 Torr are observed. These pressure 
increases are due to electron stimulated desorption 
from electron multipacting. It should be noted that 
during this period the other SPS instrumentation 
devices such as pressure gauges, pick-ups, strip 
detectors, etc. also indicated electron cloud activity 
[10]. In general, the beam conditions were not stable 
all along this MD-period. However, a dedicated 
period with constant beam parameters over several 
hours (hour 133-135) could be obtained, enough time 
to determine the beam induced heat load. This beam 
was made of 3 consecutive batches separated by 225 
ns of 72 bunches each, separated by 25 ns with 
~ 5 1010 protons.bunch-1 [10]. During this period a 
relative temperature increase, close to sensitivity 
limit, of about 0.2 degrees and significant pressure 
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increase is observed. From the measurement of the 
initial slope during the first hour of the electron cloud 
activity, a slope of  ~ 0.075 degres.h-1 could be 
measured. This slope corresponds to a total deposited 
power onto the calorimeter of ~ 30 mW. At time > 
135 h, the MD was completed and SPS was back to 
normal operation. The relative temperatures and 
pressure recover to their previous value before MD. 

Figure 5 : Relative temperature and pressure 
observations when a LHC type beam of 3 consecutive 
batches of 72 bunches with  5 1010 proton.bunch-1 was 

circulating in the SPS. 

Figure 6 shows the detail of the relative 
temperature increase observed during the electron 
cloud activity depicted in Figure 5. As mentioned in 
section 3.5, if the heat input is constant during a time 
larger than a few time constants, here about 1.5 time 
constants, the warm-up slope is almost equal to the 
final cool-down slope. The value of the two slopes 
are in relatively good agreement. The measure of the 
equilibrium temperature after 3 hours of operation 
gives a similar heat load as in the slope measurement 
case i.e. 40 to 60 mW/m .  

Figure 6 : Detail of the relative temperature increase 
observed during electron cloud activity of Figure 5.  

5 BENCHMARKING SIMULATIONS 
The measurements presented in 4 are used to 

benchmark two types of simulation code.  

The “analytical” approach [1] computes the 
average kinetic energy of the electrons, moving along 
vertical field lines,  kicked by a gaussian beam. This 
results in an average secondary electron yield <SEY> 
curve and an average electron energy as a function of 
radial position (Figure 7). Assuming that only the 
surface having a <SEY> above one i.e. from 0 to 
5 mm in the present case, participates in the 
multipacting process and thus contribute to the heat  
load, their average energy is about 44 eV. If the 
electron cloud density is defined by its saturation 
limit, about 109 electron/m [11], the computed power 
is 68 mW/m in fairly good agreement with the 
measurements. 
  

Figure 7 : Average secondary electron yield and 
average electron energy versus the radial position. 

The “macroparticle” approach [12] follows the 
evolution of macroparticles through the 3 batches of 
proton bunches. All fundamental ingredients such as 
pressure, SEY curve, elastic reflection, space charge 
are included. Figure 8 shows the computed electron 
density in the Wampac during the passage of the 
LHC type beam. From the average energy of the 
electron cloud, the electron flux at saturation, the 
saturation time and the duty cycle, a power of 31 
mW/m could be computed.  

 

Figure 8 : Electron density, electron wall flux and 
electron energy in Wampac computed for a 
maximum secondary electron yield of 1.9. 

Table 3 shows a compilation of several simulations 
performed with the beam parameters of paragraph 4 
but without magnetic field for reasons of simplicity. 
It is shown that the measurements can be  reasonably 
well obtained. A strong sensitivity is noted with the 
variation of the maximum of the SEY, δmax. 
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Table 3 : Simulated power in Wampac as a function 
of the maximum of the SEY. 

Pressure 
[Torr] 

δmax <E> 
[eV] 

Flux 
[e/m/

s] 

Sat. 
Power 
[W/m] 

Wampac 
Power 

[mW/m] 
10-8 1.90 36.9 4 1017 2.54 31 
10-8 1.95 32.9 5 1017 2.64 66 
10-8 2.00 29.2 6 1017 2.80 78 

6 ESTIMATING LHC HEAT LOADS 
The heat load measured with the calorimeter inside 

the SPS can be scaled to estimate the linear heat load 
into the LHC. If we assume that the electron cloud 
activity is nearly independent of the chamber 
diameter in the range 50 to 140 mm and of the dipole 
field in the range 0.5 to 8.5 T, only three corrections 
should be applied. 1) Since multipacting occurs only 
in the dipole a correction due to the dipole length, L, 
should be added, 2) the filling factor, f, and 3) the 
duty cycle, d, of the SPS  should be taken into 
account. Under these assumptions, the LHC linear 
heat load, PLHC, could be computed from the 
WAMPAC measurement, PWampac, by : 

PLHC =
1

L × f × d
 PWampac  (13) 

With the parameters from Figure 5, L = 0.7 m, f = 
2/11 (three batch are circulating in the SPS but about 
one batch is required to trigger the electron cloud 
[9]), d = 56 % and PWampac = 30 to 40 mW, the 
estimated LHC heat load with 5 1010 protons.bunch-1 
in a dipole region and a maximum secondary electron 
yield (SEY) of about 1.9 is [13] : 

-1
LHC  W.m0.5  to4.0P ≈  (14) 

7 CONCLUSIONS 
Preliminary measurements with the SPS 

calorimeter, WAMPAC, are presented. The 
calorimeter performance agrees with predictions. It 
has been demonstrated that a linear heat load of ~ 20 
mW.m-1 can be measured.   

Under a dipole configuration, to reduce the 
electron cloud activity threshold, a power of 40 to 60 
mW/m was measured when LHC type beams were 
circulating in the SPS. The measurements performed 
in the SPS are in good agreement with the code 
predictions.  

The equivalent LHC linear heat load into the 
dipole was estimated to be ~ 0.5 W.m-1 for a current 
of 5 1010 protons.bunch-1 and a Cu surface having a 
maximum secondary electron yield of ~ 1.9. 

To reduce the vertical aperture to 40 mm and 
simulate closer the LHC arc beam screen conditions, 
a new calorimeter has been installed during this shut 
down in a SPS dipole chamber. Since predicted 
vertical electron stripes have been shown to exist [9], 

this new calorimeter might be equipped, in the future, 
with a perforated copper screen and allow a direct 
measurement of the heat load which could be 
dissipated onto the LHC cold bore.  

Finally, the COLDEX, an instrument to simulate as 
close as possible the arc beam vacuum system, was 
installed during this shutdown. Comparison of beam 
induced gas desorption, heat load deposited by a 
LHC type beam in a room temperature and in a 
cryogenic environment shall be performed. 
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Impact of Microwaves on the Electron Cloud and Incoherent Effects
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Abstract

We considerthe useof microwaves for manipulatingthe
electron cloud, describingan exploratory experimentat
PEP-II as well as computersimulationsof the electron
cloudbuild up in thepresenceof a microwave for anLHC
dipole.Wethenshow thattheincoherenteffectsof theelec-
tron cloud— energy lossandtransverseemittancegrowth
dueto scatteringoff the electrons— arenegligible. This
suggeststhat thedisturbanceof the coherentelectronmo-
tion may be anotherpossibleapplicationof microwaves,
whichcouldpreventbeamemittancegrowthandbeamloss.

1 INTRODUCTION

More than20 yearsagotheelectroncloudwassuppressed
in the CERN ISR by installing clearing electrodesover
95% of the circumference.An rf field might have a sim-
ilar effect. Indeedtheuseof acclearingfields(at thattime
in the MHz range,well below the pipe cutoff frequency)
wasalreadyproposedfor electron-clearingin the ISR by
W. Schnell. This idea (but now usingmicrowavesabove
cutoff) wasrevivedmorerecently[1].

An rf field couldeithersuppresstheelectroncloudbuild
up or enhancethesurfaceconditioning.Theattenuationof
anrf signalcouldalsobeusedfor measuringthedensityof
thecloud[2]. In addition,rf fieldsormicrowavescouldper-
turb the electroncoherence,therebyweakeningthe effect
of the electroncloud on the beam. Suchschemeswould
work equallyfor protonor positronstorageringswhichare
afflictedby theelectroncloud.

The absorptionof microwavesby the vacuumchamber
will generateadditionalheatload(aconcernfor theLHC).
A tradeoff must then be madebetweenthis addedheat
andthe reductionof the energy depositedby the electron
cloud,alsotakinginto accounttheconsequencesfor beam
instabilities.

Comparedwith conventionalclearingelectrodesa clear
advantageof theapproachusingmicrowavesis thatthelat-
ter canbefed into thebeampipeusingexisting BPM but-
tons,or a few specialinput couplers,spacedat distances
of about100 m. This allows for retrofitting an existing
accelerator, anddoesnot at all, or only marginally, affect
the impedancebudget. On the other hand, dc clearing
electrodes,requiringa muchnarrower spacingon the cm
lengthscale,requireextensive additionalinstallationsand
mayrepresenta significantsourceof impedance.

A possiblechoice of rf field mode is a “waveguide”
mode,which shouldnot disturbthe beam,but might per-
turb the electronsforming the cloud. In principle, the in-
jectionof anrf waverequiresaninputcoupler(maybeBPM

button),an rf power sourceof 10-100W (possiblymore),
variablein frequency, phase,maybechirp,etc.

The waveguidemodechosencould be an
�

-wave (TE
mode)ora � -wave(TM mode).Thesemodescoupleeither
notatall, or only weakly, with theparticlebeammoving at
the speedof light, but strongly with the ‘static’ electron
cloud.

2 EXPERIMENT AT PEP-II

A non-invasive exploratorytestwasperformedat PEP-II.
Theunderlyingideaof theexperimentwasthatwaveguide
modesin thevacuumchambercanbeexcitedby modecon-
verterslike themovablecollimators. So, the two collima-
tor pairsin PR02mightalreadybedoingthis,i.e., they may
giveriseto trappedrf modesatacertainpowerlevel (in this
respectit wouldbeinterestingto checkthebellowstemper-
aturein thatregion). Both

�
and � -typetrappedmodesare

characterizedby a small ����� anda high � value.The
�

modedoesnot coupleto the beam.Also � -modeswhich
resonateover a long distanceshow virtually no interaction
with thebeam;indeedtheir couplingto thebeamis zeroin
thelimit of aninfinitely longdistance.

An electronclouddetector, like thevacuumpumpread-
ing, shouldbe able to detectany changein the electron
flow. (In the worst caseif thereis no detectableelectron
cloud and thereforeno readingin the nominal condition,
onemight have to switch off the electron-cloudsuppress-
ing solenoidin the region of interest,which would make
theexperimentmoreinvasive.)

Theexperimentalprocedurewasasfollows: We moved
the collimator jaws inwards or outwards (preferentially
thosejaws which do not contribute much to background
reduction)andwatchedfor any changein thepumpcurrent
in that region. Sincethe pumpsareshielded,they should
notbesensitiveto changesin therf fields.Therf signalcan
only influencetheamountof electronspenetratingthrough
theshielding.

Following this procedure,on May 16,2002,duringnor-
malcolliding-beamoperationthecollimatorsin thePEP-II
LER in PR02(in front of thedetector)weremovedinwards
by about3 mm,to seeif thegeneratedwakefieldhasanef-
fect on the electroncloud detectedby the pumpcurrents
in this area. The horizontalcollimatorsarelocatedat po-
sitions3077/3076and3044/3043.Thepumpcurrentread-
ings wereobserved at VP3044(single), VP3054(duplett
with 3065)andVP3075(duplettwith 3081); seethe dia-
gramof theLER interactionregion(IR) in Fig. 1. Thebase
pressurewithoutbeamis about1 ntorrorbelow. With beam
thepressurereadingsincreasedto 42, 140,and4 ntorr for
the different pumps. So, the first two pumpsrecordeda



strongelectroncurrentfrom the cloud while the last one
might only havedetectedtherealvacuumpressure.

Figure1: Schematicof PEP-IILER IR.

The observation was only about a 0.5 ntorr effect.
The pressure-readingchangewas especiallypronounced
in VP3075(seeFig. 2). At a time of about1200–1400
s the first collimator jaw was moved inwards(observing
backgrounds,lifetime, lossrate),thenthesecondbetween
1500–1700s, the third between1900–2000s, the last be-
tween2150and2300s. All collimator jaws got restored
at onceto their original settingsat 2500s. VP3044seesa
little of thatrestore(Fig.3),while at3054thereis nosignal
(Fig. 4).

Figure2: PumpreadingVP3075asa functionof time.

Theobservedeffect is small,presumablysincethePEP-
II collimatorsaredesignedwith a tapersuchthat they ex-
hibit asmoothslopeupanddownbetweentheregularbeam
pipeandthesmallestgap,whicheffectively suppressesthe

Figure3: PumpreadingVP3044asa functionof time.

Figure4: PumpreadingVP3054asa functionof time.

wakefield generation. Nevertheless,we observe abouta
0.5-1%changeandthevacuumreadingis actuallyreduced,
which is theoppositeof whatis expecteddueto additional
outgassing.We mayneedto optimizethefrequency of the
wake field to obtainaclearereffect.

Regardless,this measurementconstitutesa first proof of
principle that wake fields (microwaves)can influencethe
electroncloud.

3 SIMULATION FOR THE LHC

At first glance,it appearsthattheelectronmotioncanonly
slightly be perturbedby microwaves [1], e.g., for a field
amplitudeof 100kV/m at5 GHz,theelectronsareacceler-
atedto �	��
��� m/s,whichcorrespondsto akinetic energy
of only 0.44eV, andto anexcursionof ��
���� m.



As an example, we have simulatedthe effect of an�����
-wave for LHC proton-beamparametersat injection:����� 
���
�� 
�� �!� protonsper bunch, "$# � 
�� % mm,"'& � 
�� % mm, "$( � 
�) cm, *!+-,!. � 
�� / , 01+-,!. � )2��� ,

and 3$4657��3$8 � %9� :��;
��=<6> m < � s< � , the creationrateof
primary electronsper passingproton; elasticelectronre-
flection on the chamberwall was included. Accordingto
thesimulation,therf field stronglyincreasesthemultipact-
ing, asis illustratedin Fig. 5. This couldbe exploited for
in-situ surfaceconditioning(with or without beam,possi-
bly in combinationwith agasdischarge).

Figure5: Simulationof electron-cloudbuild up in anLHC
dipolechamberwith 2-cmradiuswith andwithoutanaddi-
tional5-GHzH-modemicrowaveof amplitude100kV/m.

In the simulation,the fields for the
� ���

-wave insidea
dipolemagnetwereparametrizedas

�?# � @BA'CEDF�GCIHBJLKMHND=O� CIHBJPJIQFR ��S�T (1)

�U& � @ A CED � CIHBJIRWVYXZHND O� CIHBJIQ=V'J ��S T (2)

�?( � � (3)[ # � CE@ A �]\_^ J � A CIH-D O� C�H`J�Q V XaD � C�H`J�R V J �S T (4)[ & � [bXcCd@ A �e\N^ J � A C�HND=O� CIHBJLKcD � C�H`J!JIQ9R �S7T (5)[ ( � CE@ (��]\_^ J � A H V 4'f9� C %7g JED � CIHBJIR �S Tih (6)

where
@j� �?&G�Fk�e)F��l , m-n � %7gBo A , 4 A � %�gBp��m`n ,4 ��� � 
7�ql�
r�s%Fk , � A � �it�u]
�v<6> N sA < V , \ A � )vl2lxw ,\N^ � \ A � 
 K;C 4 A ��4 �!� J V , 46f � 4 A � 
 K;C 4 A �24 ��� J Vy A�� %7gB��4 f , S � Q V XzR V

,
H{� S�)9�ql7� C %Fk J , @BA��@	|e}�~7C y A���K m nL� J , and

@ ( ��@	~!�I��C y A2��K m n=� J , k � %
cm the chamberradius,and

[�� �9� : T the staticdipole
field. Note that for k � % cm, the cutoff frequency of the
beampipeis o]� � p��46� � p� C )9� �v
�%Fk J�� �F� � GHz.

4 INCOHERENT EFFECTS OF THE
ELECTRON CLOUD

In this section,we digressfrom themicrowaves,andstudy
whetherincoherenteffectsof theelectroncloudmaybeim-
portant.Weconsidertheexampleof theprotonbeamin the

LHC. However, the formulaeequallyapply to a positron
beam.

Specifically, we computethe averageenergy loss and
the increasein the transverseproton-beamemittancedue
to scatteringoff theelectroncloud. For thecrosssections
andintegrationlimits, we mainly useexpressionsfoundin
Chapter13 of Ref. [3] or slightmodificationsthereof.

4.1 Energy Loss

Thecrosssectionperunit energy interval for energy loss�
follows from theRutherfordformula. It is

3$"
3�
� %�gB\ V� p V S V5y V � V � (7)

To computethetotalcrosssection,weintegratethisexpres-
sionfrom � +-� � to � +-,!. .

Maximummomentumtransferoccursif theelectronre-
versesits direction.This correspondsto theclassicallimit

��+-,�.$� �E� ,���� � %�� V y V � p V

 X % � ��� Cd� V p V JLX � V � � V

� %�� V�y_V � p V
(8)

where
�

is theelectronmass,
�

themassof thebeampar-
ticle, \�� the chargeof the beamparticle( \ � 
 for pro-
tons,but the equationsalsoremainvalid for heavy ions),
and � thebeamenergy. Theabove approximationis usu-
ally justifiedexceptpossiblyfor theLHC at top energy.

Thereis alsoa quantum-mechanicallimit, givenby

�L+-,�.$� ���e,���� ��� V ��+-,�.$� �E� ,���� (9)

where ��� \BS 5 � p V�� y p � (10)

Thesmallerof thetwo values(8) and(9) applies.For
y �


 , and \ � 
 onehas
� � �F� �2�vl andwe shouldusethe

quantumlimit.
Concerningthe minimum energy transfer, we notethat

themaximumimpactparameteris equalto theradiusof the
vacuumchamber, ¡ , andfrom this we obtainthe classical
andquantumlimits

� +-� �W� �E� ,���� � %9\
V S V5 � p Vy V 


¡ V (11)

and

�L+-� �W� ���e,���� � %F\
V S V5 � p Vy V 


¡ V

� V � (12)

In thiscase,thelargerof thetwo limits (11)and(12)should
betaken,which againis thequantumexpression.

The total energy loss per revolution is ¢s� �£U¤ 5 C 32"L�23� J � 3e� , or

¢z� � ¤ 5 £ %�gB\
V S V5 � p Vy V ¥ � � +-,!.��+-� � � (13)

Assuminga typical electroncloud density
¤ 5 � 
�� � V

m < T , £ � %vl km, � � l TeV, and ¡ � % cm, we find



¢z� � �2/�� eV perprotonandturn. This appearsnegligi-
ble.

For completenesswe notethat the total scatteringcross
section"���¦�� � C 32"L�23� J 3� is

"���¦�� � %�gB\
V S V5 � p Vy V 


� +-� �
K 

� +-,!. � (14)

Thusthetotalnumberof scatteringeventsperprotonand
perturn is § ���E,���� � "2��¦!� ¤ 5 £ h (15)

which in our exampleamountsto about%¨�©
��2ª .
4.2 Emittance Growth

For a single scatteringevent, the meansquarescattering
angleof anelectronin therestframeof theprotonis

« ¬ V� � ¬ V+-� � ¥ � � +-,�.�L+-� � h (16)

where ¬ +-� � equals

¬ +-� �6� �E� ,!�®� � \`S�5�-¡ (17)

or ¬ +-� �6� ���],!��� � \BS75�-¡ � h (18)

whichever is larger. The scatteringangleof the proton is
smallerby a factor

� � � (theratio of electronandproton
mass).Theemittancegrowth perturn is

¢z0
¢ �
� p y�¤ 5¯"���¦��

�zV
� V ¬ V+-� � ¥ � �L+-,�.� +-� � � (19)

Here,
y

denotestheaveragebetafunction.
This amountsto a minusculegrowth rate for the nor-

malized transverseemittance( 0d° � �N0 ) of 320d°i��3 � �)¨�©
��=< T A m/s.

5 CONCLUSIONS

We have discussedthe possibility to use rf microwaves
for suppressingthe build up of the electroncloud andfor
reducing its detrimentaleffects on the beam. The mi-
crowave approachoffers a numberof significant advan-
tagescomparedwith dc clearingelectrodes,in particular
theretrofittingpotentialandan insignificantchangeof the
acceleratorimpedance.

A first experimentaltestat PEP-II indicatesthattheele-
croncloudcanindeedbeaffectedby collimatorwakefields
or, more generally, microwaves. Earlier peculiarobser-
vationswith a horizontalcollimator andadjacentBPM in
LEP have pointedto a similar interferenceof wake fields
andphoto-electronmotion[4].

In the PEP-II experiment the excited frequency lines
wererelatedto thebeamharmonics.In futurededicatedap-
plicationsof microwavesthis doesnot needto bethecase.
In fact,with externalexcitationit will besaferto chooserf

frequencieswhich do not coincidewith harmonicfrequen-
ciesof thebeam,in orderto precludeany harmful interac-
tion via � -waves. It might alsobe interestingto modulate
therf amplitude,frequency, andphase,aswell asa simul-
taneouslyexcitatewavesatmultiple frequencies.

In electron-cloudsimulationsfor theLHC the inclusion
of an rf

�
-wave above the chambercutoff frequency en-

hancesthe electroncloudbuild up for all frequenciesand
field strengthsexplored. This indicatesthat microwaves
might enhancethesurfaceconditioning.

Anotheraspectconsideredis the interactionof theelec-
troncloudwith theparticlebeam.Incoherentscatteringoff
the cloud electronsis estimatedto be a negligible effect.
This suggeststhat disturbing the coherentmotion of the
electronsmayproveanefficientmeansof preventingbeam
quality degradation.Microwavessentthroughthevacuum
chambercouldaswell serve thispurpose.
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Abstract

We consider an accumulation of the long-lived ioniza-
tion electrons in the electron cloud, which appears in the
storage ring around the bunched ion beam in presence of
ion leakage in the gap. In the frame of a one-dimensional
model, transverse electron motion is defined by the sec-
ond order non-linear differential equation with periodic co-
efficients depending on the ion longitudinal density. For
‘smooth’ density distributions an approximate solution of
the equation can be written in adiabatic form. Adiabatic-
ity perturbations results in half-integer resonances with
strengths defined by leakage factor and neutralization de-
gree. The action of these resonances in presence of non-
linearity limits the ‘survival’ region where electrons can
be accumulated. Electron concentration in this region is
defined by the balance between electron creation due to
ionization and electron losses due to electron scattering on
primary ions. An estimation of neutralization degrees for
SIS100/SIS200 (the rings now under design in GSI) has
shown that for reasonable leakage factors and nominal gas
pressure the electron concentration is small.

1 INTRODUCTION

An interaction of the electron cloud with the circular ion
beam can result in development of electron-ion dipole in-
stability, which was forecast many years ago [1]–[3]. Re-
cently this instability attracted significant attention due to
its experimental observation in high-current proton beams
(see, for example, Ref. [4]). The instability is especially
dangerous for ions with high charge number due to large
ionization cross-sections and large yield of electrons from
ions hitting the wall of the vacuum chamber.

A new accelerator complex is currently under construc-
tion at GSI (Germany) [5]. This complex includes two
synchrotrons/storage rings: SIS100 and SIS200. Four ion
bunches (for example, ions +28U238) should be injected
in SIS100 from synchrotron SIS18 with a time interval of
1/3 s. Then the ions are accelerated and injected in SIS200,
which is used as a ‘stretcher’ for physics experiments. Pa-
rameters of both machines are given in Table 1.

The goal of this paper is to investigate the electron
cloud accumulation in these accelerators. For chosen beam
parameters the number of electrons born due to secondary
emission (SEM) from the wall seems to be comparatively
small. Thus we limit ourselves to investigation of long-

lived electrons born inside the beam due to the ionization of
the residual gas. Accumulation of such electrons is possible
only if part of the ions escape from the bunch in the gap [6].
If the electron space charge density is less than the minimal
ion density in the gap such ions provide the focusing and
give to electrons a possibility to survive after a passage of
many bunches.

Table 1: Parameters of SIS100 and SIS200
Circumference (m) 1080 1080
Energy (MeV/u) 100 1000
Process time (s) 1 1
Number of bunches 4 None (1)
Kind of ions 238U+28 238U+28

Number of ions in each bunch Nb 2.5 × 1011 1012

Bunch length Lb (m) 216 (864)
rms vertical bunch size av (m) 0.015 0.01
rms horizontal bunch size ah (m) 0.015 0.01
Vacuum chamber radius (m) 0.05 0.05
Pressure (10−10 mbar, without beam) 0.05 0.1

One-dimensional (vertical) electron oscillations are de-
scribed by a non-linear equation of the second order whose
solution depends on longitudinal and transverse distribu-
tions of the ions in the ring (Section 2). In this Sec-
tion it is shown that for ‘smooth’ longitudinal distributions
(continuous with its derivative) the amplitude of the elec-
tron oscillations is defined by the adiabatic law.

In a frame of linear theory non-adiabaticity of oscil-
lations results in a set of half-integer resonances whose
strengths are expressed through the trace of a transfer ma-
trix (TrMT ) (Section 3). Examination of these resonances
for SIS100 has shown that their effect depends on the num-
ber of bunches in the ring (filling scheme) and longitudi-
nal distribution of the ions in the bunch as well as on the
values of the leakage factor and neutralization degree. The
most dangerous case corresponds to a completely filled ring
(four bunches) and a smooth (continuous with its deriva-
tive) distribution. If the resonances are crossed due to mod-
ulation of the electron bounce frequency (such modulation
can appear due to longitudinal electron motion) then these
resonances result in electron heating.

The action of non-linearity results in the appearance of
a ‘physical chamber aperture’ where the electrons can sur-
vive for a very long time (Section 4). The value of this
aperture depends on the values of the leakage factor and
neutralization degree, as well as on the longitudinal distri-
bution of the ions.



These results are applied to the calculation of the equi-
librium neutralization degree (Section 5). The scheme is
the following:

1) The main source of electrons is ionization of residual
gas.

2) The rate of heating is defined by electron scattering on
the ions of the primary beam.

3) An electron is lost when its adiabatic invariant corre-
sponds to the ‘physical aperture’.

The analysis results in the expression for an equilibrium
neutralization degree similar to the expression derived ear-
lier for coasting beams [7]. However, in a bunched beam
the neutralization degree is decreased as the third power
of the dimensionless (divided by the r.m.s. ion beam size)
physical aperture of the electron oscillations.

Application of this theory to SIS100 and SIS200 (Sec-
tion 6) has shown that for both machine and nominal (very
low) pressure the expected values of neutralization degree
are small. However, the pressure increase (for example due
to desorption of the gas from the walls) can change the sit-
uation.

2 TRANSVERSE ELECTRON
OSCILLATIONS AND ADIABATIC

INVARIANT

A dimensionless equation of one-dimensional (vertical)
electron oscillations can be written as follows:

y′′ + (2πQ0)2F (τ)yΦ(x, y) = 0 , (1)

where y = Y/ae, x = X/ae (Y,X = vertical and horizon-
tal electron deviations, ae = r.m.s. transverse beam size),
independent variable τ = t/T (t = time, T = period of
the ion line density variation); Q0 = ‘average electron be-
tatron tune’, equal to the number of betatron oscillations on
the bunch length for uniform ion density.

Q0 =

√
NbreZiR

πβ2a2h
,

where re is the classical electron radius, Nb is the number
of ions inside the bunch, β is the ion relativistic parameter,
Zi is the charge ion number,R is the ring radius, h the num-
ber of bunches; the function Φ(x, y) defines the transverse
distribution of the gradient. For a round Gaussian beam
Φ(x, y) = (1 − exp[−(x2 + y2)])/(x2 + y2). In Eq. (1),
the ‘instantaneous tune’ Ω(τ) = 2πQ0

√
F (τ)Φ(x, y).

Longitudinal distribution of the charge density in the
bunch F (τ) = [Ziλi(τ) − λe]/〈[Ziλi(τ) − λe]〉, where
λi(τ) is an ion longitudinal density inside the bunch, λe

is an electron longitudinal density (uniform), the sign 〈〉
means averaging on the bunch length.

We have considered four models (in all cases the density
in the gap is uniform):

Figure 1: Different longitudinal distributions used in cal-
culations (1 – smcos, 2 – elliptic, 3 – cosine, 4 – square).

1) The ‘square’ model with uniform density in the bunch.

2) The ‘elliptical model’ with elliptical density in the
bunch.

3) The ‘cosine model’ with flat top of the bunch and co-
sine law in the bunch edge.

4) The smooth ‘cosine model’ with cosine density in the
bunch.

These distributions are plotted in Fig. 1. Let us remark
that the first model has breaks in the function and its deriva-
tive, the second one – only in derivative, the third and
fourth functions are continuous with derivatives.

As is well known [8] for ‘good’ functions (positive and
continuous with their derivatives) the ‘adiabatic invariant’
is approximately conserved. In our case the adiabatic in-
variant is

I(ymax, τ) = 4
∫ ymax

0

y′dy = 8πQ0

√
F (τ)

∫ ymax

0√
H(ymax) −H(y)dy,H(y) =

∫ y

0

uΦ(x, u)du . (2)

The maximal value of action corresponds to the gap
centre (τ = 0.5) and ymax = b (b is the ratio of the
vacuum chamber aperture to the beam size a). In an-
other point of the bunch ymax is defined by the equation
I(ymax, τ) = I(b, 0.5). Using this expression, we can find
the dependence of ymax on τ for different values of the pa-
rameters χ, η (the ‘gap density parameter’ χ is equal to the
ratio of ion density in the gap to ion density in the centre
of the bunch, the ‘neutralization degree’ η = Ne/ZiNi is
the relation of the number of electrons in the ring Ne to the
number of ions in the ringNi). A typical dependence of the
electron beam size on τ for different values of χ(η = 0) is
given in Fig. 2.

Adiabaticity criterion:

Kad =
dΩ(τ)
dτ

T/Ω(τ) =
dF (τ)
dτ

T/F (τ) � 1 . (3)



Figure 2: Dependence of normalized electron beam size
u = ymax(s, χ) on τ for different values of parameter
χ(η = 0).

Figure 3: Trajectory for χ = 0.01. Maximal deviation is
equal to 3.19 (in accordance with adiabatic theory 3.16).

The adiabaticity criterion depends on the form of longi-
tudinal distribution, as well as on the variables χ, η, τ ; it
reaches maximal value near the bunch edge. Let us remark
that the adiabaticity confines even for large values of the
adiabaticity criterion. For illustration let us see the exam-
ple of trajectory shown in Fig. 3.

3 LINEAR OSCILLATIONS

An adiabatic solution in the linear case is:

y = aϕ(τ) + CC,ϕ(τ)

= exp[i2πQ0

∫ τ

0

√
F (τ1)dτ1]/

√
2πQ0

√
F (τ) .

(4)
Here a is the complex amplitude, CC means complex

conjugate number, ϕ(τ) is the ‘adiabatic Floquet function’;
the adiabatic invariant I = 4|a|2. The adiabaticity pertur-
bations result in amplitude perturbations. Using the method
for the complex amplitude variation we obtain:

a′ = − i

2

{
aϕ(τ)

[
−Ω′′

2Ω
+

3(Ω′)2

4Ω2

]
+ CC

}
ϕ∗(τ) .

(5)

Analysis of the equation shows that the adiabaticity
perturbations produce a set of half-integer resonances
with strength depending on Ω′(τ),Ω′′(τ). The resonance
strengths can be calculated using standard matrix pro-
cedure. Eigenvalues of the transfer matrix MTλ1,2 =
Tr(MT )/2 ±

√
[Tr(MT )/2]2 − 1. If |Tr(MT )| < 2,

eigenvalues are imaginary and the motion is stable. In the
opposite case a motion is unstable, and resonance strength

g = ln
[
|Tr(MT )|/2 +

√
[Tr(MT )/2]2 − 1

]
. (6)

Owing to longitudinal motion the electrons cross these
resonances. Using the theory of fast resonance crossing [9],
we obtain the average rate of the invariant growth because
of half-integer resonances

〈dI
dτ

〉 ≈ 〈I〉
8

〈[(0.5TrMT )2 − 1]〉 . (7)

We see that in the frame of a linear model all electrons
should be lost after some time interval. The rate of reso-
nance heating strongly depends on the longitudinal density
distribution.

As an example we have examined linear electron dy-
namics during the injection in SIS100 when five different
schemes of bunch location are possible: 1) only one bunch
in the ring; 2) two bunches in opposite separatrices; 3) two
bunches in neighbouring separatrices; 4) one bunch is ab-
sent; 5) all four bunches are present.

The results of calculations have shown that stability
strongly depends on the filling schemes and longitudinal
distributions. The most unstable, of course, is the simple
‘square bucket’ model, which has breaks in function. In
Fig. 4 we see the ‘classical’ picture: dependence of the ‘fo-
cusing factor’ K1

foc = Tr(MT )/2 on the leakage factor µ,
which is equal to the ratio of the ion number in the gap to
the ion number in the bunch. We see that for the ‘smooth’
model the focusing is much better, and oscillations become
stable (i.e. adiabatical) for very small leakage factors.

At Fig. 5 is plotted a dependence of the focusing factor
K2

foc = 0.5|TrMT | − 1 on the beam radius for µ = 0.1,
η = 0 (elliptical model). These pictures have a typical res-
onance character. The resonance strength is much higher
for one bunch, then for four bunches.

Owing to random variations of tune the electrons cross
the resonances. The heating rate is defined by

〈dI
dt

〉 ≈ 〈I〉
8T

K3
foc, K

3
foc = 〈Tr(MT )2

2
〉 − 1 . (8)

At Fig. 6 is plotted a dependence of this factor on µ for
η = 0 and the elliptical model. We see that the filling
scheme with four bunches is much more dangerous than
the last ones.

Equation (8) shows that in the linear approximation the
adiabaticity perturbations result in diffusion which for a
long enough time results in the loss of all particles. The
situation is changed with field non-linearity.
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Figure 4: Dependence of K1
foc on µ for single-bunch

mode; (a) smooth cosine model, (b) elliptical model.
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Figure 5: Dependence of K2
foc on the beam size for the

elliptical model and µ = 0.1; (a) one bunch, (b) four
bunches.

4 NON-LINEAR OSCILLATIONS

As is well known non-linearity stabilizes the oscillations.
For illustration let us consider a half-integer resonance in
presence of non-linearity. Then the normalized (divided on
resonance strength) Hamiltonian H = kI2 + I cos(2θ).
The corresponding phase diagram in the I, χ plane is plot-
ted in Fig. 7.

The character of stability depends on the chamber aper-
ture Imax. From the diagram we see that if the chamber
aperture Imax > 0.2 (this value corresponds to the sepa-
ratrix), for each initial phase there are particles which live
infinitely long.

1 bunch (lg=864m)
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Figure 6: Dependence of K3
foc on µ for the elliptical

model; (a) one bunch, (b) four bunches.

Figure 7: Phase diagram in action-phase plane for half-
integer resonance in presence of cubic non-linearity (k =
5); curves: 1 − H = −0.04; 2 − H = −0.02; 3 − H =
0.0; 4−H = 0.01; 5−H = 0.02; 6−H = 0.04; 7−H =
0.06; 8 − H = 0.08; 9 − H = 0.1).

We have calculated the dependence of the electron max-
imal amplitude at the bunch centre on the time for different
numbers of the ions in the beam, different values of ‘gap
factor’ and neutralization η = 0 (SIS100, 4 bunches, ‘co-
sine model’).

We see from Fig. 8 that for high time intervals the ampli-
tude of the surviving particles goes to some limit depend-
ing on the gap density factor χ(Y (χ)). Similar results are
obtained for SIS200 (Fig. 9).

In the following text we use the term ‘sharp border
model’: we assume that particles survive only if Y <
Y (χ), (the parameter Y (χ) will be named ‘physical cham-
ber aperture’ for the electrons).
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the bunch in 1012Ni (curves: 1 − Ni = 0.245; 2 − Ni =
0.25; 3 − Ni = 0.24); χ = 0.1; η = 0. b) SIS100, de-
pendence of Y on N = t/T , for different values of χ
(curves: 1−χ = 0.2; 2−χ = 0.1; 3−χ = 0.05), (Ni0 =
0.25 × 1012), η = 0.
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Figure 9: SIS200, dependence of Y = YAP (χ, η,N) on
N = t/T, for different values of χ (curves: 1 − χ =
0.2; 2 − χ = 0.1), (Ni0 = 1 × 1012), η = 0.

5 NEUTRALIZATION DEGREE

The ionization rate per ion may be written as follows

1
Tion

=
1
Ni

dNe

dt
= βcNLoschP 〈σion〉 , (9)

where P is the residual gas pressure (in bar), NLosch =
2.7 × 1019 cm−3 (Loschmidt number), 〈σion〉 = ioniza-
tion cross-section averaged on beam components; partial
ionization cross-section is defined by [10]:

σm
ion = Z2

i K
Ωm(β)

β2 ,

Ωm(β) = Cm +M2
m

(
ln β2

1−β2 − β2
) . (10)

Here K = 1.87 × 1020 cm2, the parameters Cm and Km

depend on the kind of gas.

Let us limit ourselves to a case of small neutralization
degree. Then the rate of birth for ionization electrons in the
‘survival layer’ is

(
dNe

dt

)
surv

≈ Ni

Tion
Y (χ) . (11)

The lifetime of these electrons is defined by Coulomb
scattering of electrons on circulating ions. The heating rate
is [7]:

dWe

dt
= E0

4πcρir
2
eZ

2
i

β
LCoul . (12)

The energy, corresponding to the ‘physical aperture’, for
paraxial electrons is W lim

e ≈ E02πZiρia
2reY (χ)2, and

the mean energy of born electrons 〈We〉 ≈ W lim
e /2; then

we find the electron lifetime:

Tlife ≈ W lim
e

2
/

(
1
2
dWe

dt

)
=

βa2Y (χ)2

2creZiLCoul
. (13)

Using Eqs. (9–13) we obtain the following equation for
neutralization degree

dη

dt
=
Y (χ)2

T 0
neutr

− η

T 0
lifeY (χ)

. (14)

Here T 0
neutr = TionZi, T

0
life = Tlife/Y (χ)2. If η0 �

χ and τ 	 τlife, an approximate solution for neutralization
degree can be written analytically in the following form:

ηeq = ηeq
0 Y (χ )3, ηeq

0 = K0a
2P 〉Ωm(β)〉 (15)

where a is in centimetres, P is in 10−10 mbar, and the con-
stant

K0 =
10−13NLoschK

2reLCoul
=

0.0992
LCoul

.

An interesting feature of this expression is the weak depen-
dence of the equilibrium neutralization degree on β and the
independence from the ion charge Zi.

Let us underline that in a frame of this simple model the
equilibrium neutralization for coasting beam is defined by
ηeq
0 ; the reduction of the electron population due to bunch-

ing is described by the multiplier Y (χ)3.

6 APPLICATION TO SIS100/SIS200

Estimations for SIS200 (coasting beam) have shown that
for nominal vacuum pressure the neutralization degree is an



Table 2: Neutralization parameters for SIS100-SIS200: kind of ions +28U238, in SIS100 P = 5× 10−12 mbar, in SIS200
P = 10 × 10−12 mbar, gas composition coincides with measured gas composition in SIS-18 (H2 = 65%, O/H2O =
17%, CO/N2 = 8%, Ar = 4%, Cl = 4%, CO2 = 1%).

Machine SIS100 SIS100 SIS200 SIS200
χ = 0.1 χ = 0.2 χ = 0.1 χ = 0.2

〈σion〉(10−16 cm2) 10.3 10.3 7.25 0.05
τ0
neutr (s) 15.6 15.6 13.1 13.1
τ0
life (s) 0.102 0.102 0.092 0.092
ηeq
0 = τ0

life/τ
0
neutr 6.5 × 10−3 6.5 × 10−3 7.0 × 10−3 7.0 × 10−3

Y (χ) 0.2 0.4 0.1 0.4
τlife(χ) 0.0204 0.0408 0.0092 0.368
η0(χ) = ηeq

0 Y (χ)3 5.2 × 10−5 4.2 × 10−4 7.0 × 10−6 4.5 × 10−4

order of 0.6–0.8%. However, the situation can become dan-
gerous if the pressure increases sharply due to gas desorp-
tion. In this case the electron concentration can be dimin-
ished by beam bunching in one bunch (bunch length = 80%
from the circumference).

The calculated values of equilibrium neutralization de-
gree are given in Table 2. We see that these values are com-
paratively small (let us remark that the real neutralization
degree will be less to an order of magnitude since typical
system time is less than neutralization time to an order of
magnitude).

7 RESULTS AND DISCUSSION

1) In the presence of non-linearity periodic variations of
the electrical field result in the appearance of ‘physical
aperture’, i.e. maximal amplitude of oscillations for
‘surviving’ electrons.

2) The degree of neutralization is determined by the bal-
ance between electron creation due to ionization and
electron loss due to Coulomb collisions with circulat-
ing ions; bunching of the beam results in the reduction
of the equilibrium neutralization degree as the third
power of normalized (divided on r.m.s. beam size a)
physical aperture.

3) The application of the model to SIS100/SIS200 has
shown that for nominal vacuum pressure typical val-
ues of neutralization degree are small.

Further plans:

1) To check the model by comparison with more detailed
numerical calculations.

2) To estimate the influence of other electron sources
(SEM electrons and electrons born in walls due to
ion–electron emission).
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Electron-Cloud Simulations: Build Up and Related Effects
�

G. RumoloandF. Zimmermann,CERN,Geneva,Switzerland

Abstract

ECLOUD is a simulationprogrammedevelopedat CERN
which modelstheprocessof build up of anelectroncloud
insidethe vacuumchamberfor protonor positronbeams,
whichisdueto aprimarysource(photoemissionor residual
gasionization)andsecondaryemission.The main ingre-
dientsof the codearedescribedherewith specialempha-
sis on the physicalmodelingof processeslike secondary
emissionandelasticreflectionof the electronsat the pipe
walls. Electronenergy spectra,heatloadontheLHC beam
screen,spatialpatternsof theelectroncloud,electronflux
at pick-up buttons, multi-bunch instability growth rates,
electrontrapping by magneticfields, and electron-cloud
build up for electronbeamscanalsobestudiedusingthese
simulations.

1 INTRODUCTION

This paperconsistsof two parts. In the first, we describe
the simulationmodel, including the treatmentof photoe-
mission,secondaryemission,magneticfields,beamfields,
imagecharges,andelectronspacecharge. In the second
part,wepresentexamplesimulationresults,suchasacom-
parisonof multipactingthresholdsin adipolefield andin a
field-freeregion (for theSPS),theelectron-cloudbuild up
for theSPSfixed-targetbeam,theelectronsignaldetected
by LHC button pick ups,growth ratesfor the multibunch
instability in theLHC, thespatialstructureof theelectron
cloud in dipole and quadrupolemagnets,the probability
of electrontrappingin a quadrupolefield (for the KEKB
LER), andtheelectron-cloudbuild upfor anelectronbeam
(KEKB HER).

2 SIMULATION CODE

2.1 General Remarks

TheprogrammeECLOUDmodelsthebuild upof theelec-
tron cloud during the passageof a bunch train. Its first
versionwaswritten at CERNin 1997[1]. Sincethencon-
tinually extended,updated,andimproved[2, 3, 4, 5, 6]. A
preliminary userguide is available [7]. The codecanbe
downloadedfrom theCERNelectron-cloudwebsite[8].

Thebasiclayoutof theECLOUD programmeis similar
to thecodePEI, developpedby K. Ohmi at KEK in 1995,
andto POSINST, writtenbyM. FurmanandG.Lambertson�

Simulationmodelsand codeflexibility have continually improved
thanksto intenseandfruitful collaborationwith: G. Arduini, V. Baglin,
S. Berg, O. Brüning,F. Caspers,A. Chao,R. Cimino, I. Collins, K. Cor-
nelis, H. Fukuma, M. Furman, O. Gröbner, S. Heifets, N. Hilleret,
M. Jimenez,K. Ohmi, E. Perevedentsev, M. Pivi, A. Rossi,F. Ruggiero,
G. Stupakov, L. Wang,andmany others.

at LBNL since1995[9, 10]. Othercodesmodellingelec-
troncloudbuild uparedueto T.-S.Wang(LANL), L. Wang
(KEK), Z. Guo(IHEP),andM. Blaskiewicz (BNL).

Wewill illustratethemainfeaturesof ECLOUDandtyp-
ical simulation resultspresentingvariousapplicationsto
the LHC, SPS,and KEKB. A table with pertinentbeam
parametersfor thesemachinescanbefoundin Ref.[11]. A
companionpaperreportsfurtherresultsfor theLHC [12].

2.2 Simulation Recipe

The simulation recipe of ECLOUD is illustrated by the
schematicin Fig. 1. The main ingredientshave beende-
scribedin Refs.[4, 5, 6].
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Figure1: Schematicof simulationrecipe.

A certainsectionof thevacuumchamber, typically 1 m
long,is simulated.Themagneticfield in thisregionis spec-
ified asaninput.

Theprimaryelectrons,which arecreatedby photoemis-
sionor beamlossonthewall, or dueto ionizationinsidethe
beamvolume,arerepresentedby macro-electrons,whose
chargeis (much)largerthanthechargeof a realelectron.

Boththebunchesandthegapbetweenbunchesaresliced
into segments,of theorderof 50–200each.Theslicesin-
sidethebunchareusuallychoosenshorterthanthosein the
gap, in order to accuratelymodel the motion of the elec-
tron underthe strongacceleratingfield of the beam. For
eachbunchslice a certainnumberof macro-electronsare
generated,andexisting macro-electronsarepropagatedin
the field of the bunch(andexternalmagneticfields, etc.).
Typically, perpassingbuncha total of 1000–2000macro-
electronsarelaunchedon thewall, or insidethebeam.



The electronmotion is computedin 3 dimensions.The
boundaryconditionsareeffectively periodicin � . In addi-
tion to thebeamfield andthemagneticfields,alsotheelec-
tron space-charge field, beam-imagechargesandelectron
imagefields are taken into account. The electronspace-
charge field is important,aswithout it the electroncloud
build up would continueindefinitely. Thespacechargeof
theelectronscausesa saturationof thebuild up at anelec-
tron clouddensitycloseto theaverageneutralizationden-
sity, for which theaverageelectricfield on thewall is zero.
Imagechargesareimportantif thechamberis not round,if
thebeamorbit is offsetfrom thecenterof thebeampipe,or
if theelectroncloud is not uniform (e.g., in a dipolemag-
net).

Whenever a macro-electronhits the wall, it is remitted
at thesamelocationas(eithertrueor elasticallyreflected)
secondaryelectronandits charge is changedaccordingto
the valueof the secondaryemissionyield computedasa
functionof its energy andits angleof incidence.This is a
differenceto thecodePOSINSTwhereall macro-electrons
have identicalcharge.

Betweenbunchesthe macro-electronsonly experience
the magneticfield, and the direct and imagefields of the
electroncloud itself. The latter two areapproximatedei-
therby discretekicks,appliedaftereachslice,or by a con-
tunuousconstantaccelerationover thelengthof theslice.

TheLHC chambercrosssectionis a circle that is verti-
cally cut off, asshown in Fig. 2. Whencomputingparticle
lossor launchingnew particleswe usetheactualboundary
(thesolid line in thefigure).For theimage-chargecalcula-
tion we approximatethegeometryby theinscribedellipse,
makinguseof ananalyticalexpressionfor theimagecharge
with elliptical boundary(seebelow).

� �

� �f

Figure2: Transverseaperturein the LHC arcs. The solid
line describesthe actualcrosssectionof the LHC beam
screen.

2.3 Photoemission

The photoemissionis characterizedby 3 input variables:
(1) thenumberof photonsemittedpermeterandperbeam

particle,(2) thephotonreflectivity � , and(3) theazimuthal
distributionof thereflectedphotons.

If ��� � , all photoelectronsareemittedfrom the hori-
zontallyoutwardsideof thechamber, constrainedto acone
with rms angle ! of order "$#&% . If �(')� , a fraction � of
thephotoelectronsis launchedat otherazimuthalangles!
aroundthewall of thechamber. Figure3 shows two initial
distributions of the photo-electronstartingpositionsas a
functonof thetransverseazimuthalangle! . Thetwo distri-
butionsdepictedcorrespondto �*�+",�.- and �*�*"&�/�.- ,
respectively, and to an approximatelyuniform reflection.
This examplerefersto the LHC chamber;a small distor-
tion is causedby theverticalchambercutoff.

Figure 3: Initial azimuthaldistribution of photoelectrons
for 10%and100%photonreflectivity.

Figure4 definesthephotonreflectionangle 0 . Measure-
mentsin Russiahave shown that, for the LHC sawtooth
chamber, thedistribution of thediffuselyreflectedphotons
is not uniform, but consistentwith a 132547680 distribution
[13].

θφ

Figure4: Definition of angles! and 0 .
Various distributions for the photoelectronsare com-

paredin Fig. 5. They canbe selectedasinput to the pro-



gramme.Thedependenceof theLHC heatloadonthepho-
ton distributionwasstudiedin Ref. [5].
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Figure 5: Initial azimuthaldistribution of photoelectrons
for (a) 20%and(b) 100%photonreflectivity, considering
differentdistributions[5].

After determining the launch points of the primary
photo-electrons,we now addresstheir initial velocity. The
initial angularvelocity distribution of thenewly generated
primary electronsis assumedto be uniform in the two
sphericalcoordinates;0 and ;! , which aredefinedwith re-
spectto the local surfacenormal(notethat theseangles ;!
and ;0 referto theazimuthalandpolaranglesin thelocalco-
ordinatesystemat thepoint of electronemission;they are
differentfrom the angles0 and ! mentionedabove). The
energy distribution of the emittedphotoelectronsis mod-
elledasa truncatedGaussiancenteredat 7 eV, with a stan-
darddeviationof 5 eV.

Figure 6 displaysthe initial energy distribution of the
photoelectronsas well as the distribution after the first
bunchpassage,for anLHC dipole.

2.4 Magnetic Field

Standardpossibilitiesinclude field-free region, strongor
weakdipole,quadrupole,or solenoid.All thesefieldsmay
vary with longitudinalposition � . More generally, an ar-
bitrary field canbecalculated,aslong asit is expressedin
analyticalform.

As anexample,in aparaxialapproximationthemagnetic
field componentsfor a periodicseriesof solenoidsare

<>=@?BADCFEGC �IHJ� K "L <NM5OPA 1Q2/4 O � (1)

<SRI?BADCFEGC �IHJ� K "L <NM5OPE 1Q2/4 O �

Figure 6: Initial photoelectronenergy distribution at the
momentof emissionandafter the first bunchpassage,for
anLHC dipole.

<>TU?BAVCWEGC �IHJ� <ST MYX < M 4[ZB\ O �^]
Supposingthatthefield

< T
is sinusoidal,onaxistheex-

act field componentsfollow from Maxwell’s equationsas
[14]

< T ?`_5C �IHJ� <NM&a3MI?WOb_ Hb13254 O � (2)<Sc5?`_5C �IHJ� <NM&aedf?WOb_ Hb4[ZB\ O �^]
Expandingthe Besselfunctionsto first order in radius

_
,

this reducesto thepreviousformulae.
Further extensions are possible and more than one

Fouriercomponentcanbekeptin thelongitudinalfield ex-
pansionto characterizethemorerealisticcaseof aperiodic
array of solenoidsof finite length. Field expressionsfor
this situationwerederivedby E. Perevedentsev. They read
[14]

<Sc � <NM L Ohgi
j
kbl d 4[Zm\Nn

Ohoqprd3? n Ohg H aed3? n Ob_ HS4[Zm\Nn O � (3)

< T � <NM L os X
L Ohg
i
j
kbl d 4[Zm\Nn

Ohoqp d ? n Ohg H a M ? n Ob_ HS13254en O � C
(4)

wherethe
a

and
p

are modified Besselfunctionsof the
first order,

g
is the solenoidradius,

o
the solenoidlength,s

the distancebetweenadjacentsolenoidswith equalpo-
larity, and

<NM
a normalizationconstant,roughly equalto

thefield on axis insidethesolenoid.in thesimulation,the
infinite seriesis truncatedatsomeorder, e.g., nt�vu –u5� . A
similar formula,with oddharmonicsdoubledandevenhar-
monicssetto zero,describesthecaseof solenoidswith al-
ternatingpolarity, separatedby

s # L . All theseexpressions



areimplementedin ECLOUD andwereusedfor example
in simulationsfor theKEK B factory[15].

Theelectronmotionin field-freeregionis simplyadrift,
betweenkicks (stepchangesin momentum)representing
theeffect of thebeamfield, theelectronspacecharge,and
theimagecharges.For theLHC weoftenconsiderastrong
dipole,for whichwe freezethehorizontalandlongitudinal
position and only considermomentumtransferand elec-
tronmotionin theverticaldirection.Thisapproximationis
motivatedby thehighcyclotronfrequency (many cyclotron
oscillationsperbunchlength),namely

w8x �zy
<|{
}�~ { 6

L�� T
L i�� " L � (5)

for theLHC at7 TeV (
< �t��] � T), andby thesmallLarmor

radius
_P�

of 6� m for anelectronenergy of 200eV. Thesit-
uationis sketchedin Fig. 7. Theinitial momentumcompo-
nentstransverseto theverticaldirectionarehowever taken
into accountin the simulation,namely, whenwe compute
the impactangleon the chamberwall. The angleof inci-
dencemodestlyinfluencesthesecondaryemissionyield.

� �
� �

Figure 7: Schematicview of electronmotion in a strong
verticaldipolefield.

For other fields (e.g., ‘weaker’ dipoles, quadrupoles,
solenoids)we use a Runge-Kutta integration. The user
canchoosebetweentwo differentRunge-Kuttaintegrators,
taken from the CERN library or the NAG library, respec-
tively.

2.5 Beam and Image Fields

Beamfieldsarecalculatedusingthestandardexpressioǹa
la Bassetti-Erskine[16] or the simpler formula for round
beams. An elegant expressionfor the field at large dis-
tancesfrom aline chargewhichincludestheimagecharges
in an elliptical conductingchamberwasgivenby M. Fur-
man[17]. Denotingby ���t� =�X�� � R thecomplex electric
field, Furman’sexpressionreads[17]
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Figure8: Electric field patternfor a beamcenteredin an
elliptical chamberwith [left] and without [right] image
charges.

Figure9: Horizontalelectricbeamfield vs. horizontalpo-
sition at

E �)� for an elliptical chamberwith 22 � 10 mm
half aperturesanda beamoffset of 4.3 mm in both trans-
verseplanes.
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where��� A X�� E � � 1Q2/47� � � � 1Q254[� ? � X�� !GH denotesthe
testposition, � M � A M�X�� E M � � 1Q2/47� � M � � 1Q2/47� ? � M�Xq� ! M H
the position of the source,and both � ��� g 6 K¡  6 and� x ��¢¤£/\h� � d ?  Q# g H characterizethevacuumchamberwith
semi-axes

g
and   . In the simulation,the infinite sum is

truncatedat ordernt�¦¥/� .
Figure8 showsthebeamfield linesin anelliptical cham-

ber calculatedwith andwithout the beamimagecharges.
Figures9 and10 depictthehorizontalandverticalelectric
fields for an offset beamasa function of horizontalposi-
tion, againwith andwithout including the field from the
imagecharges. All threefiguresdemonstratethat the im-
agechargescansignificantlyaltertheelectronmotion.

Imagechargesof the electroncloud can also be taken
into account.Theelectronchargesareassignedto pointson
a grid, typically consistingof 20 � 20or 25 � L u points,and
the imageforcesareevaluatedfor eachof the grid points.
An exampleof theelectron-cloudself field with andwith-
out imagechargesis shown in Fig. 11.

The minimum numberof slicesrequiredto accurately
model a bunch passagecan be determinedby consider-
ing the motion of electronswith differentstart positions.



Figure10: Verticalelectricbeamfield vs. horizontalposi-
tion at

E ��� for an elliptical chamberwith 22 � 10 mm
half aperturesanda beamoffsetof 4.3 mm in both trans-
verseplanes.

Figure11: Horizontalelectricspace-charge field of elec-
tron cloud vs. horizontalposition after the passageof 8
bunchesin theLHC. Parameters:§¤¨ª©[«¬� L ] � , e® ~ �¯��] L ,�°�v�@]`" , ±²¨ª©7«��¦¥5�/� eV.

Electronsat largeamplitudesdonotmovemuchduringthe
bunchpassageandsimply receive a kick. Electronsnear
thebunchoscillatein thebeampotential.This is shown in
Fig. 12. The two amplituderegimeshave beencalledthe
‘kick region’ andthe‘autonomousregion’, respectively, by
S.Berg [18].

Hence,it is notsurprisingthattheenergygainof anelec-
tron alsovarieswith its initial amplitude.Theenergy gain
further dependson the longitudinalbunchprofile. Figure
13 shows a calculationfor threedifferentbunchdistribu-
tions[18]. At theLHC, themaximumpossibleenergy gain
is about2 keV.

2.6 Secondary Emission

Typical measuredenergy spectraof theemittedsecondary
electronsareshown in Fig. 14. Thefigurerevealsthat the
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Figure 12: The electronmotion during a bunch passage
differsqualitatively, dependingon theinitial position[18].
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Figure13: Maximumenergy gainof anelectronvs. initial
particleradialpositionfor nominalLHC parameters[18].

energy spectrumconsistsof threecomponents:true sec-
ondarieswith an energy of a few eV, elasticallyreflected
whoseenergyequalstheenergyof theincidentparticle,and
rediffused(i.e., theremainingelectrons,at intermediateen-
ergies).

The relative magnitudeof thesethreecomponentsde-
pendson the incident energy. In our simulationswith
ECLOUD, we presentlyonly distinguishbetweenelasti-
cally reflectedandtruesecondaries.Thetotalyield is taken
to bethesumof thesetwo components,

§¤ÖØ×Ù�¯§¤ÚÛÖÛ× X §7×WÜ C (7)

where § ÚÛÖÛ× denotesthe yield of true secondariesand § ×WÜ
theyield of elasticallyreflected.Both arefunctionsof the
primary-electronenergy Ý andangleof incidencewith re-
spectto thesurface0 (this 0 is notthesameastheangle0 of
Fig. 4). Theelasticallyreflectedelectronsareparticularly
importantfor small incidentenergies.Therethetrueyield
becomesnegligible,whereasfor decreasingprimaryenergy
theelasticyield convergesagainstafinite valuebetween30
and60%. As a consequence,low-energy electronshitting
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Figure14: Normalizedsecondaryelectronenergy distribu-
tion for conditionedcopper, revealing threecomponents:
truesecondaries( Ý � Ý ® ), elasticallyscattered( Ý � Ý ® )
andrediffused(in between)[19].

thewall (whicharethemajority),arenot lost,but reflected
with a ratherhigh probability, and thencansurvive until
they areacceleratedby thenext bunchpassingby. Thereby
the inclusionof elasticreflectionresultsin an increaseof
thesimulatedLHC heatloadby a factor2–3[20].

The actualrepresentationof §¤×WÜ and §¤ÚÛÖÛ× is basedon a
parametrizationof measurementsprovided by the CERN
LHC Vacuumgroup[19].

According to Furman[10], Seiler [21] andKirby [22]
theyield for thetruesecondariescanbewritten

§7ÚÛÖÛ× ? Ý�� C 0/HJ� §¤¨ª©[«�"P] "5" A � M�� ��� ">K y � 6
� �&=! #" $&%

')(+* ? ��] u ? ">K 1Q254 0/H¤H C (8)

where
A � Ý�� ? " X �@]-, ? ">K 1Q2/4G0/H¤HF#5±²¨ª©[« [10].

An alternative expressionfor the true secondarieswas
proposedby M. Furman[10]:

§7ÚÛÖÛ× ? Ý�� C 0/H8� §¤¨ª©[« . � A. K " X A0/ ')(+*
? �@] u ? ">K 13254G0UH¤H C

(9)
and
A

is definedasabove.
In 2002,we replacedformula(8) by (9), using . �°"P] ¥5u

(this is the value measuredfor fully conditionedcopper;
prior to conditioningonefinds . � "P] ¥�1 [19]).

Theyield of thetruesecondariesis thencharacterizedby
only two free parameters:§7¨ª©7« and ±²¨ª©[« . Thesespecify
the energy ±²¨ª©7« for which the (true) secondaryemission
yield is maximumandthevalueof themaximumyield for
perpendicularincidence,§¤¨ª©[« .

Theyield of theelasticallyreflectedelectronsis written

§ ×WÜ ? Ý � Hª�32�§ ÖÛ× ? Ý � C 0/H C (10)

where2 wasobtainedfrom recentmeasurementsoncopper
[19], which werefitted to theexpression

2 � ')(+* 4 M X 4 d65 \ ? Ý7� X Ý M H X 4 6 ?85 \ ? Ý�� X Ý M H¤H 6X 4 �U?95 \ ? Ý�� X Ý M H¤H � ] (11)

Fits wereperformedover two differentenergy ranges.ForÝ��;: ¥5�/� eV, the fitted coefficientsare[19] 4 M � L �@]-, ,4 d ��K<,$] �/� , 4 6 �*�@] �/�5� , 4 � �*� , and Ý M �+u>=�] 1 eV,
while, for Ý � : L �5�/� '@? , 4 M � K>u@]`" , 4 d �*u�] = , 4 6 �K�"P] = L , 4 � �¯"$]`"��q",� � � , and Ý M � L 1 eV. Again,all these
functionsareimplementedin thecodeECLOUD.

The total secondaryemissionyield so obtainedis illus-
tratedin Fig. 15. For comparison,earliermodelswithout
any elastic reflection (in 1999) and with a larger elastic
component(2000) are also shown. At the ECLOUD’02
workshopit wasremarkedthateventhelatestparametriza-
tion is notrepresentative,especiallyathigherenergies[23].

Figure15: Secondaryemissionyield for perpendicularin-
cidencevs. primary electronenergy with and w/o elasti-
cally scatteredelectrons.

If an electron hits the wall, we determinerandomly
whetherthere-emittedelectronrepresentsa truesecondary
or anelasticelectron.Moreprecisely, wechoosea random
numberA[£5\CB between� and " . If A[£5\DBFEG2FH § ×WÜ #5§ ÖÛ× ,
we take the electronto be an elastic one; otherwise,ifA7£/\DBJI32 , we treatit asa truesecondary.

A recentempiricalfit by N. Hilleret [24] of themeasured
energyspectrafor thetruesecondariesemittedfrom copper
to theformula[25]

K ? Ý|H8�3L ')(+* K
?85 \^Ý�#5Ý M H 6LNM 6 (12)

yieldsa goodrepresentationof themeasurementsfor L ���] L , Ý M � "$] � eV, and
M � " [24]. Equation(12) andits il-

lustrationin Fig. 16show thecorrectasymptoticbehaviour
at low energy; namelyK ? Ý|H approacheszeroastheenergyÝ goesto zero, a result also expectedfrom phase-space
considerations[26]. Previously, the inital energy distribu-
tion of thesecondaryelectronswasoftentakento beahalf
Gaussiancenteredat 0 with rmsspread5 eV, which is also
indicatedin thefigure.

The initial angulardistribution of the secondaryelec-
tronsis takento beof theform O!P�#�ORQTS¡1Q2/4G0 [21], which
resultsin O!P�#�OU0US 4[Zm\^0�13254G0 , where 0 denotesthe polar
anglewith respectto thesurfacenormal.This is illustrated
in Fig. 17.



Figure16: Initial energy spectrumof true secondariesas
modelledin 1999/2000comparedwith new parametriza-
tion by NoelHilleret [24].

Figure17: Initial angulardistribution O!Pq#>O/0 of secondary
electronsvs. the polar angle 0 with respectto the surface
normal.

2.7 Longitudinal Electron Motion

Longitudinalmotionof theelectronsis includedin thesim-
ulations.Severaleffectsgive riseto thismotion[20].

First, the secondaryelectronsareemittedat an angle 0
with respectto thesurfacenormal,following a 13254G0 distri-
bution. Projectingontothelongitudinaldirection,we esti-
mateE 0,6T ' � ��] ¥V, rad6 . Thetypical longitudinalvelocity
at emissionis

W TNX ×W¨ � {
L
}�~ { 6 E 0 6

T ' Ý�Y ¨ªÖ
d&Z 6

(13)

where Ý7Y ¨ªÖ � u eV is thermsemissionenergy. Thiseval-
uatesto W TNX ×W¨ � ",��[ ms� d .

For theLHC, asecondcontributioncomesfrom themag-
neticfield of thebeam.If theelectronis initially at rest,its
longitudinalvelocityafterthebunchpassageis [28]

W T\X ¨ª©^] � "L
W 6_{ �

` Ý8¨ª©[«} { �
L { Pba _ ~
� L i � T

5 2�c
_ x{FM � _ (14)

where
{FM � "$] �>= , and[18]

_ x � L P a _ ~ � T L # i (15)

InsertingtheLHC parameters,we find
_ x � �@] u mm (this

is thecritical radiusseparatingthekick approximationand
theautonomousregion [18]), andW ~ X ¨ª©^] � ¥r� "&�>[ ms� d .
Simulationsshow that for LHC the electronenergy gain` Ý ¨ª©7« is abouta factor3 smallerthanpredictedby the
aboveanalyticalapproximation.Therefore,amorerealistic
estimateis W ~ X ¨ª©^] � ",��[ ms� d , whichis comparableto the
longitudinal emissionvelocity. This order of magnitude
wasconfirmedby simulations[27].

However, in astrongdipolefield boththebeammagnetic
field and the emissionvelocity can be neglected. In this
case,the electronsundergo a rapid cyclotron oscillation.
Superimposedis a uniform longitudinal motion ( dÝ �ed<
drift). Weestimatethemaximumdrift velocityencountered
duringthebunchpassageas

W ~ X f Yhg i Ú � P a y� L i � T � i ± Me? � = X � R H <
C

(16)

where
<

is thedipolemagneticfield. For theLHC param-
eters,weobtainWU~ X f Y9g i Ú � "P] = � "&�

�
ms� d .

A quadrupolemagnetalsocausesa ‘gradientdrift’ at a
velocityequalto

WU~ X ] Y © f g ×kj&Ú>�
_ 6� w xL

? dl d< H�� d<< 6
C

(17)

where
_ � �nm ~ # ? y

< H is the Larmor radius and w x �
y
< # } ~ the (non-relativistic) cyclotron frequency. Using
d< � L �5� T/m,

< � L T (i.e., consideringan electronat
amplitude1 cm), anda typical electronenergy of 100eV,
we obtainW ~ X ] Y © f g ×kj&Ú � ur� ",�

�
ms� d .

Thus,in a field-freeregion we expectlongitudinalelec-
tron motionat a typical speedof a few "&�>[ ms� d , whereas
in an8.4-Tdipolefield themaximumlongitudinalvelocity
doesnot exceed

L ��",� � ms� d . The averagedrift veloc-
ity in a dipole is even lower by a factor50, becausethe
beamis absentmostof time. Finally, thegradientdrift in a
quadrupoleof aboutu¬� ",� � ms� d maybecomparableto
theaveragedrift in adipole.

Ourestimatesareconfirmedby simulationsfor field-free
regionsanddipoles,asis illustratredin Fig. 18.

The relatively low longitudinalspeedimplies that elec-
tronsare lost transverselyto the wall beforethey cantra-
versea longitudinaldistancecomparableto themagnetdi-
mensions.This providesa justificationwhy we may sep-
aratelysimulatethe electroncloudbuild up for regionsof
different magneticfields without taking into accountany
electronexchangebetweenthoseregions.



Figure 18: Longitudinal coordinateversustime for two
sampleelectrontrajectoriesin a field freeregion (top) and
in a1-T dipolefield (bottom).

3 EXAMPLE RESULTS

3.1 Electron Cloud Build-Up in Dipoles and
Field-Free Regions, Energy Spectrum

Figure19showsthesimulatedbuild upof anelectroncloud
for a field-freeregion andfor a dipole field in the CERN
SPS.Thechamberdimensionsareassumedto bethesame
in the two cases,with

oI= �o,p= mm, and
oIR � "�,P] u mm

(flat geometry).Thevariouscurvesreferto differentbunch
intensities.Thefiguredemonstratesthat in thedipolefield
significant electronbuild up startsat a lower bunch in-
tensity, althoughat higher intensitiesthe cloud canreach
largerdensitiesin the field-freeregion. The lower thresh-
old for the dipole field is attributed to the flatnessof the
chamber. The ‘overshoot’beforesaturationthat is visible
for thefield-freeregion appearsto berelatedto theelasti-
cally reflectedelectrons.

Simulationswerealsoperformedfor theSPSfixedtarget
beam.Thisbeamconsistsof 2 trainsof about2100bunches
with abunchspacingof 5ns,atrain-to-trainspacingof 1.05� s anda single-bunchintensity Pba below ",� dØM protonsper
bunch. Figure20 comparesthe simulatedelectroncloud
build for Pba � u �t",��q and Prar�s, �¡"&�>q , considering
a maximumsecondaryemissionyield of §¤¨ª©[«�� "P] � . No
build upis observedfor thelowerbunchintensity, but asig-
nificantbuild up occursin thesecondcase.Thus,thesim-

Figure 19: Simulatedelectron-cloudbuild up in the SPS
for a field-freeregion (top) anda strongdipole (bottom),
comparingvariousbunchpopulations.In field-freeregions
thresholdis higher, but the build up above the threshold
stronger.

ulatedthresholdof electronamplificationdueto multipact-
ing is aboutP a � =>��"&� q , whichis roughlyconsistentwith
observations[29]. In thesesimulations,we have assumed
the measuredrms transversebeamsizesof

� = � "$] L mm
and
� R �t��]8, mm,andanrmsbunchlengthof

� T �t��] "&�V,,u
m. All thesenumbersareconsiderablysmallerthanfor the
LHC typebeam,whichexplainswhy themultipactinghere
occursfor smallerbunchintensity.

In Sect.2 we mentionedthat the motionof electronsin
a dipole field canbe modelledin differentways. For ex-
ample,in oneapproach,we ignorethehorizontalandlon-
gitudinalmotion, in theotherwe employ a library Runge-
Kutta integration. Figure22 comparesthesimulatedelec-
tronbuild upcomputedby thesetwo approachesfor a0.26-
T field in theKEKB High Energy Ring. Theagreementis
quitereasonable,evenfor a field aslow asthis.

3.2 Multibunch Wake

The electron cloud couples the motion of subsequent
bunches.A displacedbunchdisturbsthe symmetryof the
cloud, and the following bunch receivesa net deflection.
This effect is illustratedin Fig. 23 for anLHC bunchtrain.



Figure20: Electron-cloudline densityvs. time in a dipole
field for theSPSfixed-targetbeamwith 5-nsspacing.

Figure 21: Energy spectrumof electronshitting the wall
in a dipole field for the SPSfixed-target beamwith 5-ns
spacing,comparingtwo differentbunchintensities.

Figure22: Electron-cloudline densityvs. time in a 0.26-T
dipolefield for anpositronbeamin theKEKB HER com-
paringtwo differentmodelsof electronmotion.

Thus,similarto amultibunchwakefield, theelectroncloud
couplesthemotionof subsequentbunches.
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Figure23: Projectedhorizontalelectronchargedensityin
anLHC bendingmagnetbeforethe41stbunchin thetrain
is horizontallydisplacedby 1 cm(top)andjustprior to the
arrivalof the42ndbuncha(bottom)[4]. Thehorizontalaxis
is in units of meters;the vertical coordinateis the charge
(in unitsof y ) perbin andpergrid point. Otherparameters:
500grid points, § ¨ª©[« � "P]8, , � � " , ut�� " .

TheECLOUD programmecomputestheeffective wake
field asfollows.After astationarycloudis established,one
of thebunchesis displacedtransverselyby anamount̀

A
or
` E

. Then,we calculatethe kick that the disturbedy �cloudexertson thenext bunch. This yieldsanestimateof
thebunch-to-bunchdipolewakefield v d ?Ws / ~ ® H [31, 10, 1]:

v d3?Fs / ~ ®UHª� w
L E wyxzw

P a _ 6w ? ` E H ">K '@(+* K
_ 6wL�� 6

L {
a
C

(18)
where

_ w � ?`A 6 w X E 6w H d&Z 6 (the radial distanceof the
�
th

macro-electronfrom thebeamaxis), L is thering circum-
ference,

{
a is thesimulatedlengthof bendingmagnet,andxzw

denotesthechargeof the
�
th macro-electron.



Thebunch-to–bunchwake field cangive riseto a multi-
bunchinstability. Fromthewake field actingbetweensuc-
cessive bunches,we can estimatethe instability growth
time. To obtainthis growth rate,we assumethatthering is
uniformly filled with | bunchesandthat thewake of the
electronclouddecaysrapidlyandonly couplessubsequent
bunches.Thenthecomplex frequency shift of � th modeis
givenby [30]

Q~} �R�R }
= � K w�� X R }

= � � P a _ ® { 6L %�L w � v
d X R
}
= � y
w
6p� } �R����� }

= �9� Zk�
(19)

andtherisetime for thefastestgrowing modeis

M � � i % x R^?`A H
P a _ ® { v d X R }

= � (20)

If the ring is not uniformly filled and thereare clearing
gaps,thegrowth is not exponentialbut

E k�� "n��
?�� # M H k��E/M (21)

for the n th bunchin a train. It waspointedout by M. Fur-
man[31] thattheparameter

M
is exactly thesameastheex-

ponentialgrowth timefor theuniformfill, whichwasgiven
above.

Simulatedhorizontalandverticalmulti-bunchinstability
growth ratesfor the LHC at 7 TeV areshown in Fig. 24
as a function of the maximumsecondaryemissionyield§7¨ª©7« . Theinstability is slow, with risetimeslongerthan1
second.We expectthatit is Landaudampedby thenatural
intra-bunchtunespread.

Figure24: Multibunchinstability growth rateasa function
of maximumsecondaryemissionyield §7¨ª©7« for the LHC
at7 TeV [4]. Otherparameters:±²¨ª©7«|�t�5u/� eV, � � "&�.- ,
and e® ~ �v�@] � L u .

3.3 Effect on Beam Diagnostics

The impactof the electroncloud on the readingof LHC
beam-positionmonitors(BPMs) was studiedin Ref. [5].

Figure25showsaschematicof aBPM in theLHC arc.The
direct synchrotronradiationhits the horizontallyoutward
electrode.Photoelectronsareemittedprimarily from this
electrode,which resultsin a net flow of electronsto the
other3 BPM buttons.

photoelectrons from

2nd electrode

4th electrode

48 mm

1st electrode

3r
d 

el
ec

tr
od

e

incoming beam

direct illumination

Figure25: Schematiccrosssectionof a BPM in theLHC
arc[5]. Lengthof thedevice is 24 mm. Direct synchrotron
radiationilluminatesthefirst electrode.

Figure26 showsa simulationresultfor theelectroncur-
renton thefour electrodes,experiencedduringthepassage
of an LHC batch[5]. It illustratesthe continuouslossof
electronsfrom the first to the other threeelectrodes.At
larger valuesof §¤¨ª©[« (bottompicture),a randomcompo-
nent due to multipacting is addedto the averagecurrent
flow determinedby thesynchrotronradiation.

Figure27 illustratesthetime andfrequency structureof
theelectroncurrentat oneof theelectrodes[5]. Theelec-
tron signalspeakduring the bunchpassages,andthe fre-
quency spectrumroughlyimagesthebunchfrequency con-
tents.

TheresponsetheBPM processingelectronicsto thesim-
ulatedinput signalwasstudiedindependentlyby R. Jones
[32]. He foundthat the readingerror inducedby theelec-
tron cloudis quitesmall,of theorderof

L � m [32].

3.4 Spatial Structure of the Electron Cloud

In a LHC or SPSdipolemagnet,at sufficiently high bunch
chargesthe cloud consistsprimarily of two vertical strips
locatedon eitherside of the beam. Thesestripesare at-
tributedto the maximumin the secondaryemissionyield
curve. Electronsin thestrip region aquirea typical energy
closeto this maximum. In 2001a dedicatedmonitor was
installedin theSPSwhich directly demonstratedtheexis-
tenceof thetwo stripsatsufficiently highcurrent[33].

Figure28 shows the simulatedflux of electronson the
chamberwall for SPS parameters. In this simulation
the primary electrons(thoughtto be due to beamlossor
gas ionization) were launchedat the chamberwall, uni-
formly distributedasa function of azimuthalenergy. For
higherbunchcharges,two stripsexist, locatedsymmetri-
cally aboutthe positionof the beam(only the right-hand
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Figure26: Net charge depositedor emittedat eachBPM
electrodefor §¤¨ª©[«v� "P] " (top) and §¤¨ª©[«¦� "$] 1 (bottom)
[5]. Negative valuesindicatethat a net flow of electrons
away from theplate.

sideis shown). At P a �v�|�r"&� dÛM in thesimulationthereis
evenevidencefor a third stripemergingagainat thecenter
of thechamber.

Figure29 comparessimulationresultswherein thefirst
casetheelectronsarelaunchedat thewall, andin thesec-
ond inside the beamvolume in order to more accurately
model the gasionizationby the beam. The spatialstruc-
ture is clearlydifferentin the two cases.In particular, the
verticalstripscannotbuild up in the secondcase,because
no primary electronsare presentat their horizontalloca-
tion. This figurealsodemonstratesthe effect of changing
the valueof ± ¨ª©7« , i.e., the incidentenergy wherethe sec-
ondaryemissionyield assumesa maximumvalue. Each
curve correspondsto a different ± ¨ª©[« . For lower valuesof±²¨ª©[« the stripsmove outwards,and,in addition,the elec-
tron flux increasesstrongly.

Despiteof thedifferencein thespatialstructure,the to-
tal numberof electronsand their build-up time are quite
similar for thesetwo cases,asis illustratedin Fig. 30.

Finally, Fig. 31 shows thesimulatedelectronclouddis-
tributionin anLHC quadrupolemagnet.Thecloudexhibits
a fourfold symmetrycorrespondingto thesymmetryof the
magneticfield. Strongmultipactingand heat load depo-
sition primarily occur along the diagonalsat 45� , which
passthroughthe centerof the chamber[36]. In the other
regions,electronsmight becometrappedin the magnetic
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Figure27: Instantaneouselectroncurrentat the first elec-
trodevs. time (top)andits powerdensityspectrumvs. fre-
quency (bottom)for a maximumsecondaryemissionyield§¤¨ª©[«q� "P] u [5]. In thetoppicture,thelargenegativespikes
which coincidewith bunchpassagesrepresenttheprimary
photoemission.In the bottom picture, the fall-off of the
signal power spectrumoccursnear the bunch frequency2��)�@j)�¡ �� { # ? L i � T H � ,&�/� MHz.

field [37]. This aspectwill be addressedin the next sec-
tion.

3.5 Electron Trapping in Quadrupoles

It was first discovered in simulationsby L. Wang [37],
that after accelerationby the beamelectronscanbecome
trappedinsidea quadrupolefield, like in a magneticbottle.

Figures32 and33 show thesimulatedbuild up of elec-
tronsduringthepassageof a 50-bunchtrain aswell asthe
subsequentdecayof thecloud. In thefirst pictureall elec-
tric fieldsaretakeninto accountduringthedecay;thesec-
ond pictureshows the decayif electronsexperienceonly
themagneticfield.

In neithercasedoesthe numberof electronsshrink to
zero,over thetime scaleconsidered,raisingthepossibility
thata certainfractionof theelectronmight remaintrapped
forever.

In the casewithout imageand space-charge forces, if
only the magneticfield is present,the trappingcondition



Figure 28: Simulatedelectronflux on chamberwall in
A/m6 vs. thehorizontalpositionin anSPSdipole, for dif-
ferentvaluesof the bunchpopulation. Simulationparam-
eters:

� = � ¥�] u mm,
� R � "$] = mm,

� T � �@] L = m,§ ¨ª©7« �("$] � , ± ¨ª©7« � ¥5�/� eV, O!¢ ~ #�O . � L ] u��¦",� �6£ m
� d

perproton,
oI= �¤,p= mm,

oIR �)">,P] u mm,
s ÖØ×k� �¤,$] �/� m,< �¦��] L T; elasticelectronreflectionincluded.

is givenby [34]

¥ H W 6Úh¦7Ú < Ü ¦p�W©7ÜW 6_ < � g �b× E "
C

(22)

whereW Ú9¦[Ú denotesthetotalvelocityof theelectron,2 _ the
velocity componentstransverseto thelocal magneticfield,< Ü ¦p�W©7Ü the local field strength,and

< � g �b× the field at the
chamberwall following themagneticfield lines.

Figure 34 displaysa histogramof the quantity
5 \ ? ¥ H ,

evaluatedfor all electronsafter thepassageof 50 bunches
througha KEKB-LER quadrupole.Trappingcorresponds
to
5 2>c ? ¥ H§Et� .
Finally, Fig. 35 depicts the fraction of electronsfor

which the trappingcondition
5 2�c ? ¥ H�E � is fulfilled as

a function of time, for the two casescorrespondingto
Figs.32 and33.

3.6 Electron Cloud Build Up for Electron
Beams

For an electronbeamandfor a positronbeamthe number
of photo-electronsis the same.In thecaseof the electron
beam,theprimaryphotoelectrons,if emittedat thetime of
the bunchpassage,are immediatelyrepelledby the beam
field. Therefore,theelectroncloudbuild up shouldbere-
ducedcomparedwith thatfor apositronbeam.

However, even if the photo-electronsare repelledthey
might bereflectedbackfrom thechamberwall with a high
probability. In addition,in thecaseof oneor severalpho-
tonreflections,thephoto-electronsmaybeemittedafterthe
bunchhascompletelypassedby [39]. Thenthey donotex-
periencethe repellingfield of the bunchwhich generated

Figure 29: Electron flux on chamberwall in A/m6 vs.
thehorizontalpositionin anSPSdipolefor variousvalues
of ±²¨ª©7« ; top: launchingprimary e� at the wall; bottom:
launchingprimary e� inside beam(ionization). Simula-
tion parameters:

� = �t¥�] u mm,
� R �¯"$] = mm, §7¨ª©7«��¯"$] � ,O>¢ ~ #>O . � L ] u �¡"&� �6£ m � d per proton, Pba � � �¡"&� dÛM ,oe= �¨,p= mm,

oIR � "�,P] u mm,
s ÖÛ×k� �T,$] �/� m,

< ���@] L T;
elasticelectronreflectionincluded.

them. This will happenmore easily for electronbeams
than,e.g.,for anti-protonbeams,sincethe electronbunch
lengthsaretypically muchshorter.

In a recentstudyfor theKEKB HER [35] we simulated
aworst-casesituationwhere,for theelectronbeam,all pri-
maryphoto-electronswerelaunchedjust after thepassage
of the emitting bunch. Figure36 comparesthe simulated
build up of the electroncloud for the KEKB HER when
operatedwith positronor electronbeamsof thesamecur-
rent. The total numberof electronsdiffers by a factorof
4 or 5. Therefore,at high beamcurrentwe expect to ob-
serve electron-cloudeffects also for the electronbeams.
This might be a possibleexplanationfor a fasthorizontal
coupled-bunchinstability which hasbeenobserved in the
KEKB HER [38, 35].



Figure30: SPSelectronline densityvs. time for various
valuesof ± ¨ª©[« ; top: launchingprimary e� at the wall;
bottom: launchingprimary e� inside beam(ionization).
Simulationparameters:

� = � ¥�] u mm,
� R � "$] = mm,§ ¨ª©7« � "P] � , O!¢ ~ #>O . � L ] u �)"&� �D£ m � d per proton,P a �v�^� ",� dØM , o = �T,p= mm,

o R � "�,$] u mm,
s ÖØ×k� �T,P] �5�

m,
< �¦�@] L T; elasticelectronreflectionincluded.

Figure31: Snapshotof transverseelectrondistribution in
an LHC quadrupolechamber. Parameters:§7¨ª©7« � "P] " ,Pra��©,�� ",� dØM .
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Figure 32: Simulatedelectronline densityvs. time for a
quadrupolefield in the KEKB LER [35]; this simulation
includeselectronspace-chargeandimagefields.
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Figure 33: Simulatedelectronline densityvs. time for a
quadrupolefield in theKEKB LER [35]; in this simulation
electronspace-chargeandimagefieldsareswitchedoff af-
ter thepassageof thelastbunch,from which timeonwards
theelectronsonly experiencemagneticforces.
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Figure 34: Histogramof simulatedelectrontrappingpa-
rameter

5 2�c ? ¥ H after the passageof 50 bunchesfor a
quadrupolefield in theKEKB LER [35].



Figure 35: Fractionof electronsfor which
5 2�c ? ¥ H�E �

(i.e., for whichthetrappingconditionis fulfilled) asafunc-
tion of bunch-spacenumber[35]. Thebeamstopsafter50
bunches.

Figure36: Electron-cloudline densityvs. time in a 0.26-T
dipolefield for theKEKB HER comparingelectronbeam
andpositronbeams[35].

4 CONCLUSIONS

Simulationsof electron-cloudbuild up andheatload (for
LHC) are sensitive to the parametrizationof secondary
emissionandphotoemission.Importantarealsothebeam
andelectronimagecharges,theelectronspacecharge,and
magneticfields,evenif they areonly a few Gauss.

Thesimulatedelectron-cloudbuild up is in goodagree-
mentwith observationsfor theCERNSPS,the CERNPS
[40], andtheKEKB LER.

The largest remainingdiscrepancy betweenSPSmea-
surementsand simulationspertainsto the exact position
of the vertical stripesin an SPSdipole. The presentdif-
ferenceis abouta factorof two for a bunchpopulationofPra � � � "&�

dÛM
, thesimulationpredictinga largerdistance

betweenthestripsandthebeamaxis. It is conceivablethat

thisdiscrepancy canberesolvedby adifferentparametriza-
tion of thesecondaryemissionyield [41].

Simulationswith thecodeECLOUD confirmthata cer-
tain fraction of electrons,between5% and30%, may be
trappedinsidea quadrupolefield. This corroboratesprevi-
oussimulationresultsby L. Wang[37], thoughthe exact
fractionof trappedelectronsmight still bedifferent.

Finally, our simulationssuggestthat a significantelec-
troncloudcanalsobuild upfor anelectronbeam.Thiswas
illustratedwith anexamplefor theKEKB HER.
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[2] O. S. Brüning, “Simulationsfor the beam-inducedelectron
cloudin theLHC beamscreenwith magneticfield andimage
charges,” CERNLHC PR158andEPAC98(1997).

[3] F. Ruggieroand X. Zhang, “Collective Instabilities in the
LHC: ElectronCloudandSatelliteBunches,” in Proc.Work-
shop on Instabilities of High Intensity Hadron Beamsin
Rings,BNL, 28 June-1stJuly 1999,AIP Conf. Proceedings
496,pp.40-48(1999).

[4] F. Zimmermann,“Electron-CloudSimulationsfor SPSand
LHC”, ChamonixX, CERN-SL-2000-007(2000).

[5] G. Rumolo et al., “Simulation of the Electron-CloudBuild
Up andIts Consequenceson HeatLoad,BeamStability and
Diagnostics,” PRST-AB 012801(2001).

[6] G. Rumolo,F. Zimmermann,“Electron-CloudSimulations,”
Proc. Int. Workshop on Two-Stream Instabilities, KEK,
Tsukuba,September2001 (2001); in CERN SL-2001-067
(AP).

[7] G. RumoloandF. Zimmermann,“PracticalUserGuide for
ECloud,” CERNSL-Note-2002-016(AP) (2002).

[8] G. Rumolo, F. Zimmermann, programmedocumentation
at http://wwwslap.cern.ch/collective/electron-cloud/electron-
cloud.html

[9] M.A. Furman,G.R. Lambertson,“The ElectronCloud In-
stability in PEP-II: An Update,” IEEE PAC 97, Vancouver
(1997).

[10] M.A. FurmanandG.R. Lambertson,“The ElectronCloud
Effectin thearcsof thePEP-IIPositronRing,” KEK Proceed-
ings97-17,p. 170,December1997(Proc.MBI97 workshop,
KEK, Y.H. Chin,ed.)(1997).

[11] F. Zimmermann,“The Electron Cloud Instability: Sum-
maryof MeasurementsandUnderstanding,” Proc.PAC’2001
Chicago,USA, CERN-SL-2001-035(AP) (2001).



[12] F. Zimmermann,“Electron-CloudEffectsin theLHC,” pre-
sentedatECLOUD’02,Geneva April 2002(2002).

[13] I. Collins,privatecommuncation(2000).

[14] E. Perevedentsev, “Periodic SolenoidField”, unpublished
note,KEK, November2000.

[15] F. Zimmermann,H. Fukuma,andK. Ohmi,“More Electron
Cloud Studiesfor KEKB: Long-Term Evolution, Solenoid
Patterns,andFastBlow Up,” CERN-SL-Note-2000-061AP
(2000).

[16] M. BassettiandG. A. Erskine,“ClosedExpressionFor The
Electrical Field Of A Two-DimensionalGaussianCharge,”
CERN-ISR-TH/80-06(1980).

[17] M. Furman,“Commentson the Electron-CloudEffect in
the LHC Dipole BendingMagnets”,KEK Proceedings97-
17, p. 234, December1997(Proc.MBI97 workshop,KEK,
Y.H. Chin,ed.)(1997).

[18] J.S.Berg, “Energy Gain in an ElectronCloud during the
Passageof a Bunch”,LHC ProjectNote97 (1997).

[19] V. Baglin, I. Collins, B. Henrist,N. Hilleret, G. Vorlaufer,
“A Summaryof the Main ExperimentalResultsConcerning
the SecondaryElectronEmissionof Copper,” LHC-Project-
Report-472(2001).

[20] F. Zimmermann,“Electron-Cloud Simulations: An Up-
date”,ChamonixXI, CERN-SL-2001-003-DI(2001).

[21] H. Seiler, “Secondaryelectronemissionin the scanning
electronmicroscope”,J.Appl. Phys.54 (11) (1983).

[22] R. Kirby, et al., “SecondaryElectronEmissionfrom Ac-
celeratorMaterials,” Proc.8th ICFA BeamDynamicsMini-
Workshop on Two-StreamInstabilities, Santa Fe (2000);
R. Kirby and F. King, “Secondary Electron Emission
Yields from PEP-II Accelerator Materials”, SLAC-PUB-
8212(2000).

[23] O. Grobner amd N. Hilleret, private communcationsat
ECLOUD’02 (2002).

[24] N. Hilleret, “An empirical fit to the true secondaryelec-
tron energy distribution,” unpublisheddraft, dated23.10.01
(2001).

[25] J.J. Scholtz, D. Dijkkamp, R.W.A. Schmitz, Philips
J.Res.50,375–389(1996).

[26] A. Chao,K. Oide,commentsat theInternationalWorkshop
onTwo-StreamInstabilities,KEK, September2001(2001).

[27] A. Arauzo and F. Zimmermann,“Electron-CloudEnergy
and Angular Distributions,” CERN-SL-Note-2000-057AP
(2000).

[28] J. Buon, F. Couchot,J. Jeanjean,F. Le Diberder, V. Lep-
eltier, H. NguyenNgoc,J. Perez-y-Jorba,P. Chen,“A Beam
SizeMonitor for theFinal FocusTestBeam,” NIM A 306,p.
93 (1991).

[29] G. Arduini, privatecommunication(2001).

[30] A.W. Chao, “Physics of Collective Beam Instabilities in
High Energy Accelerators”,Wiley (1993).

[31] M. FurmanandG. Lambertson,“The Electron-CloudEffect
in theLER: A StatusReport,” andsubsequentdiscussiondur-
ing thePEP-IIMAC meeting,SLAC,7 January1997(1997).

[32] R. Jones,privatecommunication(2000).

[33] M. Jimenezetal., theseproceedings.

[34] private discussionwith K. Ohmi, L.Wang, and K. Oide
(2002).

[35] F. Zimmermann,“AcceleratorPhysicsStudiesfor KEKB:
ElectronTrapping,ElectronCloudin theHER,Closed-Orbit
Drift, HorizontalInstabilityandTuneShift,” CERNSL-Note-
2002-017(AP) (2002).

[36] F. Zimmermann,H. Fukuma,andK. Ohmi,“More Electron-
Cloud Studiesfor KEKB: Long-Term Evolution, Solenoid
Patterns,andFastBlow Up,” CERN SL-Note-2000-061AP
(2000).

[37] L. Wang,Proc.Int. Workshopon Two-StreamInstabilities,
KEK, Tsukuba,September2001(2001).

[38] S.S.Win, H. Fukuma,E. Kikutani, M. Tobiyama,“Obser-
vation of TransverseCoupledBunch Instability at KEKB,”
APAC01(2001).

[39] J. Galayda,privatecommuncation,visit at APS, February
1997(1997).

[40] R. Cappietal., theseproceedings.

[41] O. Grobner commentedduring the workshop that the
parametrizationemployedmaynotberepresentative.



3D SIMULATION OF PHOTOELECTRON CLOUD IN KEKB LER 
 

L. F. Wang*, H. Fukuma, K. Ohmi, S. Kurokawa, K. Oide and F. Zimmermann+ 
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan 

+CERN, Geneva, Switzerland 
 
Abstract 

A 3-dimension particle in cell simulation code is 
developed to study the photoelectron cloud instabilities 
in KEK LER. The program has been decribed in detail.  
Numerical examples are shown for the photoelectron 
motion in various kinds of magnetic fields. Simulation 
shows solenoid is very effective to confine the 
photoelectron to the vicinity of the vacuum chamber 
wall and make a photoelectron free region at the 
vacuum pipe center. The more uniform the solenoid 
field, the more effective the field. Multipacting can 
occur in drift region and dipole magnet. Special 
trapping occurs in quadrupole and sextupole magnets. 

1 INTRODUCTION 
A blow-up of the vertical beam size is observed in 

the KEKB positron ring (LER)[1] and it is one of the 
serious problems limiting the luminosity of KEKB. F. 
Zimmerman and K. Ohmi [2-3] explained the blow-up 
as a single-bunch instability of a positron bunch due to 
electron cloud generated by photoemission and 
secondary emission. The blow-up depends on the 
electron cloud density near the beam. Solenoid has 
been installed in the LER ring in order to clear the 
photoelectron near the beam. It was effective on 
reducing vertical blow-up [4].  A 3D PIC simulation 
code is developed to study the effects of these various 
magnetic field on the photoelectron formation, 
distribution, space charge effect, and so on. The 
program and some numerical examples are described in 
detail.  

2  COMPUTER PROGRAM 
The positron bunch is longitudinally divided into a 

number of slices according to Gaussian distribution. 
Such slices interact with photoelectrons transversely 
and oscillate according to the transfer matrix of the 
linear optics. Acceleration of RF cavity and 
synchrotron radiation are also included in longitudinal 
phase space.  

Photoelectrons are emitted when positron slices pass 
through a beam pipe with length L, which is usually 
chosen as 1 or 2 m. A photoelectron yield of 0.1 is 
assumed in simulation and 30% of the photoelectrons 
are produced by the reflective photons. The center of 
photoelectron energy distribution is 5 eV with rms (root 
mean square) energy spread of 5 eV. In our simulation, 
the photoelectrons are represented by macro-particles, 
which move in 3-dimensional space under the force: 

Bspacepe FFFF ++=                               (1)   

where Fp is the force by positron beam which is given 
by the Bassetti Formula and Fspace is the space charge 
force of the photoelectron. FB is the force by magnetic 
field on the photoelectron. The result for without space 
charge force case has been shown in Ref. [5]. A 3D PIC 
space charge solver has been developed to study the 
space-charge force. The secondary emission is also 
included in the program. The simulation model is 
shown in figure 1. 

The parameters used in the simulation are shown in 
table 1.  
 

Variable Symbol Value 
Ring circumference C 3016.26 m 
RF bucket length srf 0.589 m 
Bunch spacing sb 4 RF buckets 
Bunch population N 3.3×1010 
Average vertical betatron     
          function 

yβ
 

10 m 

Average horizontal betatron 
           function 

xβ   10 m 

Horizontal emittance xε  
1.8×10-8 m 

Vertical  emittance yε
 

3.6×10-10 m 

Betatron tune xν / yν  
45.52/44.09 

Rms bunch length 
lσ  

4 mm 

Chamber diameter 2R 100 mm 
 

 
 

2.1  3D PIC Space Charge Solver 
The direct particle-particle method is easy for 

developing the program and has high accuracy. 

__________________________ 
*On leave from IHEP, Beijing 
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Figure 1. The scheme of the simulation model 



However, it has a very low efficiency. The mesh 
method seems to be applied by all particle simulation 
programs.  

The vacuum chamber of LER is round shape with a 
radius of 50 mm. Photoelectrons are distributed within 
the chamber as shown in Figure 2 for solenoid case. 
The regular mesh as applied in the study of bunch 
beam case can’t satisfy here because the complex shape 
of the vacuum chamber. Therefore, an irregular mesh is 
applied for the photoelectron cloud as shown in Figure 
3. Similar mesh can be applied for the ante-chamber as 
in PEP-II. 

 

 
Figure 2:  Example of photoelectron cloud distribution 
in the vacuum chamber 

 
Figure 3:  Mesh example of the vacuum chamber for 
photoelectron cloud 
 

There are many charge assignment methods. The 
mesh in our method is an irregular mesh with brick 
elements. The charge Q0 of a photoelectron is assigned 
to each node i of the element in which the 
photoelectron stays according to the shape function Ni  

0QNQ ii = .                                 (2) 

Figure 4 shows the distribution of the macro-particle 
and charge at mesh node in one transverse section. The 
number of elements in this transverse section is 276, 
which is a small number. It already shows good 
representing of the real electron cloud distribution.  

For the isoparametric element, the charge 
assignment scheme in Eq.(2) has all characters of  
charge assignment function such as 

1=∑
i

iN                            (3) 

∑ =
i

iiN rr                        (4) 

The property of the shape function in Eq.(3) keeps the 
charge conservation. It can be called Cloud-in-a-Cell 
(CIC) scheme. But it is different from the so-called 
CIC scheme applied in general particle simulation: 

(1) The general CIC method applies a regular mesh. 
However, our scheme uses an irregular mesh, 
which makes this method can be successfully 
applied to the complex boundary problem such 
as the very flat beam case and ante-chamber.  

(2) General CIC is for 2D, the charge assignment 
function has a clear meaning such as the cloud 
area. There is exact the same assignment 
function in finite element field for the simple 
element, such as square element. However, Our 
scheme is for 3D and the assignment has not a 
clear physical meaning for a high order element. 
And, there are many kinds of elements in the 
finite element methods. Among them, the high 
order element can be applied to improve the 
accuracy of the method, which is much better 
than the nearest-grid-point assignment. 

Therefore, our scheme has very serious advantages: 
general boundary and high accuracy. Adaptive mesh 
can be applied in the case of the electron concentrating 
at some small region, such as the long-range beam-
beam simulation. However, our method is complicated 
to be applied comparing with the regular mesh CIC 
method. 

The electron cloud (both the density and distribution) 
changes with time. We assume a quasi-static condition. 
The scalar potential satisfies (at each moment) 

0/ ερφ −=∆ ,                         (5) 

Eq.(5) can be solved by using the finite element 
method. We can get the finite element equation 

BA =φ .                           (6) 
Here the stiffness matrix A depends only on the mesh 
and B is the source term. The matrix A is extremely 
sparse and there are well-known methods for handing 
such linear problems, such as conjugate gradient 
method, profile or frontal technique. Fortunately, the 
vacuum chamber of LER is round shape. We can also 
find the Green function to get the potential. The 
potential φ at R is available with the Green function 
G(R, R’)  
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where L is the period length of the vacuum chamber, ρ 
is the pipe radius, R’ is the source position, and R is the 
potential position, k=2π/L. The cylindrical coordinates 
with z-axis along the axis of the pipe, R=(r,θ, z), 
R’=(r’,θ’, z’) are used. 

After finding the potential, the force on each particle 
is interpolated by using the same shape function in 
order to keep the momentum conservation. Unlike the 
general PIC method, we calculate the force on particle 
directly using the potential at mesh node instead of the 
mesh-defined force field 

∑ ⋅∇=
i

iiN φE                     (9) 

The potential and field of the space charge at one 
transverse section are shown in Figure 5 for the case as 
Figure 4. 

 

Figure 4   Charge assignment of the PIC method, 
Above: Transverse distribution of the macro particles 
in solenoid. Bottom: Transverse distribution of the 
mesh-defined charge by charge assignment. 
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FIGURE 5   Potential and field of space charge at 

one transverse section 

2.2 Magnetic field and beam force 
Various magnetic fields can be applied and included 

in the program. For example, C-Yoke magnet field, 
solenoid, dipole magnet, quadrupole magnet and 
sextupole magnet.  The general 3-dimensional 
magnetic field can be input as either formulae or tables. 
The following paragraphs show a few of types of the 
magnetic fields in KEKB. 

The C-Yoke magnet can be arranged in a dipole or 
quadrupole configuration with equal polarity (EP) or 
alternating polarity (AP). For the C-yoke dipole, the 
field can be approximately expressed as 

0=xB                                        (10) 
)cos(kzbaBy +=
                     (11) 

)sin(kzbkBz −=                          (12) 
where a=141G, b=94G, λ=0.1m and a=0, b=235G, λ= 
0.2 m for the case of adjacent dipoles with equal 
polarity  and alternating polarity, respectively. The 
magnet field in a C-yoke quadrupole is 

ykzbaBx )cos( +=                     (13) 
xkzbaB y )cos( +=

                    (14) 
xykzbkBz )sin(−=                      (15) 

where a=0.3T/m, b=0.2T/m, λ=0.1m and a=0, 
b=0.5T/m, λ=0.2m for the equal polarity and 
alternating polarity, respectively. 

When the periodic solenoids are arranged with the 
same current direction in the coil, we call this kind of 
arrangement equal polarity configuration. In this case, 
the magnetic field can be approximately expressed as 

kzBBzyxB zz sin),,( 00 += ,                     (16) 

kzkxBzyxBx cos5.0),,( 0−= ,                  (17) 

kzkyBzyxBy cos5.0),,( 0−= .                  (18) 

When the solenoids current takes alternating 
direction, which is called alternating polarity 
configuration, the longitudinal filed is expressed as   

kzBzyxBz sin),,( 0=                             (19) 
The transverse field components are the same as equal 
polarity case.  

Most of bending magnets in LER are normal bending 
magnets with B=0.848T. Typical quadrupole and 
sextupole field gradient are 10.3 T/m and 350 T/m2 

KEKB LER, respectively. 
The positron bunch is assumed rigid gaussian 

distribution. The kick on photoelectrons is given by the 
Bassetti formula 
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where σx and σy are the positron bunch transverse size.  
The image current effect is also included in the 

program. The shape of the vacuum chamber in KEKB 
LER is round. Therefore, the image current is easily 
found. In case of the arbitrary chamber shape, PIC 
method can be applied for the space charge force of the 
positron bunch. 

3 SIMULATION EXAMPLES 
The build up and the distribution of electron cloud 

(e-cloud) in a few of typical magnetic fields are 
discussed in this section.  

3.1 Effect of C-Yoke magnet and solenoid field 
on the confinement of the photoelectrons  

Permanent C-yoke magnets were attached to vacuum 
ducts to sweep out the electrons from November 1999 
to July 2000. The photoelectron cloud density near the 
beam is non-zero for all C-yoke magnet configuration 
as shown in figure 6 for equal polarity quadrupole 
configuration. However, it is zero for equal polarity 
solenoid with Bz0=30 Gauss, B0=20 Gauss and 
λ=2π/k=1 m as shown in figure 4. Simulation studies 
show that uniform longitudinal solenoid field is better. 
Details about the solenoid effect on the photoelectron 
cloud can be found from reference [6]. The conclusion 
is that solenoid is better than C-yoke magnet. The 
solenoid effect also has been studied in reference [7]. 
The photoelectron cloud density near the beam is non-
zero in reference [7], which is different from our result. 

 
Figure 6    Electron cloud distribution in C-Yoke 
quadrupole with equal polarity configuration 

 
Figure 7 shows the photoelectron distribution on the 

chamber wall in the solenoid field case. The 
photoelectrons hit the chamber wall and lost or produce 
secondary electrons. The solenoid field is non-uniform 
in longitudinal direction, which causes the lost cloud 
distribution also longitudinal position dependent. The 

azimuth angle distribution of the lost photoelectron 
depends on the current direction in the solenoid coil 
because different longitudinal magnetic field direction 
will cause different deflexion direction of the 
photoelectron motion. As a result, the current of 
photoelectron monitor depends on both the longitudinal 
position of the monitor and the current direction in 
solenoid coil.  

The photoelectrons in solenoid field couldn’t receive 
more energy from the positron bunch because they are 
confined far from the chamber center by solenoid 
magnetic field. Therefore, there is no multi-pacting in 
solenoid case. The heat-load on the chamber wall due 
to the hitting of the photoelectrons is also smaller for 
the same reason. It can be concluded that solenoid 
works very well with zero photoelectron density at 
chamber center and lower heat-load on the chamber 
wall because there is no multi-pacting in this case.  

 
Figure 7  Lost Cloud Distribution around the chamber 
wall in solenoid case. 

3.2 Multi-pacting in drift region and dipole 
magnet 

In drift region, the photoelectrons are focused by the 
force of the positron bunches and then there is a very 
larger photoelectron density at chamber center. The 
photoelectrons near the chamber center cloud receive 
more energy from the positron bunches. Such higher 
energy photoelectrons then cause multi-pacing when 
they hit the chamber wall. The photoelectron density at 
the chamber center is 1013m-3, which is 10 times larger 
than the saturation level. The transverse distribution of 
the photoelectron cloud in drift region is shown in 
figure 8. Heat-load is also a serious problem in drift 
region because photoelectron can receive more energy 
from positron bunches and the amount of lost 
photoelectrons on the wall is large. Drift region is the 
most dangerous case on both beam dynamics and heat-
load.  

Figure 9 shows the photoelectron cloud distribution 
inside dipole magnet. Two multi-pacting regions are 
clear shown in the figure. The central region is non-



multipacting region because the photoelectrons moves 
along the vertical field lines with the horizontal 
coordinate around zero cloud receive more energy. The 
energy of the photoelectrons decreases from horizontal 
center to both sides. On the other word, the energy of 
the photoelectrons decreases with the horizontal 
coordinate |x| as the shown in figure 10. As we known, 
the true secondary emission yield is smaller than one 
for photoelectrons with both very large and small 
energy. As a result, multi-pacting happens in the two 
regions near the chamber center. The position of the 
multi-pacting region depends on the energy of the 
photoelectrons, which is decided by the interaction of 
photoelectrons and positron bunches. Therefore, the 
filling patter of the beam, such as bunch current and 
bunch spacing, can change the multi-pacting area. In 
general, when the bunch current increase, the multi-
pacting region will move to the area with larger |x| and 
the width of multi-pacting region also will increase at 
the same time. The exact results depend on the 
interaction between the photoelectron cloud and 
positron bunches. The mechanism of the multi-pacting 
in dipole magnet is clearly shown in figure 10. 

 
Figure 8   Electron cloud distribution in drift region 

 
Figure 9 Electron cloud distribution in dipole magnet 

 
Figure 10  Mechanism of the multi-pacting in dipole 

magnet. Black dot is the energy of photoelectrons 
which hit the chamber wall. Pink dot shows the 
multiply of secondary emission yield of the 
photoelectrons which hit the wall. The black solid 
shows the lost photoelectron charge distribution. 

3.3 Photoelectron Trapping in quadrupole 
and sextupole magnets 

It is very interesting that more than 90% of the 
photoelectrons can be seriously trapped by quadrupole 
and sextupole magnetic field during the bunch train 
separation as shown in figure 11. The photoelectron 
density is almost constant during the train gap in these 
two fields. However, the density decays quickly in 
dipole magnet. Figure 12 shows one typical trapped 
electron orbit in normal quadrupole field during the 
train gap. The drift time is about 960ns. The trapped 
electron spirals in an ever-tighter orbit along the 
magnetic field line when the field becomes stronger, 
converting more and more translational energy into 
energy of rotation until its velocity along the field line 
vanish. Then the electron turns around, still spiraling in 
the same sense, and move back along the field line. 
Figure 13 shows the electron-trapping phenomena in 
normal sextupole. The electron-trapping phenomena 
are very similar with the plasma trapping in the mirror 
magnetic field.  

 

      
FIGURE. 11  Photoelectron average volume density in 
different magnet fields as a function of time for a train 



with 200 bunches spaced by 7.86 ns and followed by a 
long gap. 

 

 
Figure 12 Photoelectron Trapping in Quadrupole 
Magnetic Field During the Train Gap. Above: 3D orbit; 
Bottom: 2D orbit (red line) and quadrupole field (black 
arrow) 

 

 
Figure 13 Photoelectron Trapping in Normal Sextupole 
Magnetic Field During the Train Gap. Above: 3D orbit; 

Bottom: 2D orbit (red line) and sextupole field (black 
arrow). 

 
We first describe the motion of photoelectron in pure 

magnetic field and then focus on the effects of positron 
beam. 

First we consider the case of no electric field, which 
is almost true for electron cloud during the bunch train-
separation where the space charge potential of the 
electron cloud is neglectable comparing with the 
magnetic potential in normal magnets. Since the 
direction of magnetic force acting on the electron is 
perpendicular to the electron velocity, the electron 
kinetic energy is therefore conserved, 

tcons
m

W tan
2

2

== υ
                      (21) 

The motion of the electron in magnetic field can be 
regarded as the superposition of the gyration motion 
around the guiding center and the motion of the 
guiding center. The gyration motion of electron is a 
rapid rotation around the magnetic field line. The 
motion of the guiding center is the average motion over 
the gyration.  

Consider the case in which the magnetic field slowly 
varies in space. The variation is assumed to be 
sufficiently slow that the magnetic field at the electron 
position hardly changes during the cyclotron motion. 
This is true for our case where the magnetic filed is 
strong except for the central region of the chamber and 
the electron energy is low, which means small Larmor 
radius and short period. While the period of a spiraling 
electron changes as it moves into regions where the 
magnetic field is weaker or stronger, the product T × E, 
the period T times the energy E, is almost a constant. It 
is not an exact constant, but if the rate of change is 
slow enough, e.g. if the field changes rather slowly, it 
comes very close. A certain quality, an "adiabatic 
invariant", is almost kept at a constant value. In more 
general way, the action of a system with canonical 
variables q and p, defined by 

∫= pdqJ                               (22) 

is a constant under a slow change in an external 
parameter. Here � represents an integral over one 
period of the motion. Therefore, for such a quasi-
periodic motion, there exists two adiabatic invariation 
given by [8] 

ms e

m
dmJ µπϕρυ 4== ∫ ⊥⊥ ,          (23) 

dlmJ ∫= |||| υ ,                                      (24) 

where  

B

m
m 2

2
⊥= υµ                                         (25) 



is the magnetic moment, υ⊥  is the gyration velocity, 

Be

m
s

⊥= υρ  is the Larmor radius and υ  is the parallel 

or longitudinal velocity which is parallel to the 
magnetic field. J⊥  and J  are called the transverse and 
parallel adiabatic invariation, respectively.  

As the guiding center of the electron moves along the 
field line, which will be explained below, the magnetic 
field strength at the electron changes. Because the 
magnetic moment and kinetic energy of the electron are 
conserved, the kinetic energy of the parallel motion 
varies according to the relation 

constBm m =+ µυ 2
||2

1
.                  (26) 

Recalling the motion of a pendulum in the earth weight 
potential, Eq.(26) implies that the guiding center 
motion along the field line behaves like a particle 

motion in a magnetic potential energy Bmµ . The 

magnetic field is mirror field in quadrupole and 
sextupole magnets, in which magnetic filed is weaker 
at the center and is stronger at both ends of the mirror 
field line. When the guiding center of electron moves 
along the field line from weaker field region to stronger 
field region, the parallel velocity decreases and the 
gyration velocity increases and the electron is heated. 
This kind of heating is called adiabatic heating in the 
plasma field. Therefore, the electron spirals in an ever-
tighter orbit because the period of gyration motion and 
parallel velocity become smaller and smaller. When the 
electron comes to the point where the parallel velocity 
vanishes, the electron direction of motion is reversed. 
The parallel velocity of the reflected electron is 
increased when it moves along the field line and gets 
maximum value at the weakest field point (mirror 
point). Then it continues a similar motion along the 
other side of the mirror point. Such kind of trap is 
called magnetic mirror trap. The motion of electron in 
mirror field is shown in figure 14. The trap condition is  

)(2/ max
2
|| BBm m −< µυ ,           (27) 

where υ  is the parallel velocity at position with 
magnetic field B, Bmax is the maximum magnetic field 
along this field line, which is located near the vacuum 
chamber wall in our case. Note the trap strongly 
depends on the electron velocity υ 0 and υ⊥ 0. 
According to Eqs. (21), (23) and (25), the trap happens 
if 
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2
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,                       (28) 

where B0 is the field at one position with velocity υ 0 
and υ⊥ 0.  The trap condition Eq.(28) can be more 
conveniently described as  

1>Γtrap                                      (29) 

with the trap factor 
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Where Fυ and FB is left and right part of Eq. (28), 
respectively. When the trap factor Γ trap is bigger than 1, 
the electron is trapped. 

According Eqs. (29-30), a photoelectron could be 
trapped if its kinetic energy of gyration motion 
increases. The electron can receive transverse energy 
around the mirror point where the electric field 
direction of positron bunch is in the gyration motion 
plane. However, a short bunch is required for the 
electron to efficiently receive transverse energy 
because the effect of a long positron bunch on the 
transverse energy can cancel over many periods of 
gyration motion. Therefore, a short positron bunch, 
when compared with the cyclotron period at the mirror 
point, is very effective to increase the photoelectron 
energy distribution Fυ by increasing the kinetic energy 
of the gyration motion and then can cause the trapping 
of the photoelectrons. In the case of short positron 
bunch, electrons can get more kinetic energy of the 
gyration motion around the mirror points due to the 
high beam potential at that point and the short 
interaction time. A long positron bunch has less 
average effect on transverse energy of the 
photoelectron for all the field lines. Therefore, there the 
effect is weak on the trap of the photoelectron. The 
trapping requirement for positron bunch length can be 
described as  

Be

cm
l

12πσ <                          (31) 

where B is the field at the mirror point. Eq.(31) can be 
written in a more convenient way as 

)(/7.10)( TBmml <σ , which means the positron 

bunch length should be shorter than 10.7 mm for a field 
line with 1 T magnetic field at the mirror point. 

 

 
 

Figure 14 Motion of electron in a mirror magnetic field 

3.4 Heat-load of photoelectron cloud  
The lost photoelectrons, which hit the chamber wall, 

can cause the temperature increment of the vacuum 
chamber. The heat-load depends on the quantity and 
energy of the photoelectrons which hit the vacuum 
chamber wall.  In drift region, the photoelectrons have 



higher energy and larger quantity due to the multi-
pacting. Therefore, there are larger loss rate of 
photoelectrons on the wall and higher heat-load. Multi-
pacting occurs in two small regions in dipole magnet. 
The heat-load distribution is also two peaks at these 
two multi-pacting regions. On the other hand, there is 
lower heat-load in solenoid and quadrupole and 
sextupole cases where multi-pacting couldn’t occur. 
Figures 15-16 show the lost photoelectron charge and 
heat-load azimuth angle distribution for the different 
fields.  

 
Figure 15 Charge azimuth angle distributions of the 
lost photoelectrons in different fields, which hit the 
vacuum chamber wall. 

 
Figure 16 Heat-load azimuth angle distributions due to 
the lost photoelectrons in different fields, which hit the 
vacuum chamber wall. 

3.5 Build up of electron cloud 
Figures 17-18 show the average and center volume 

density in different magnetic fields as a function of 
time for a train with 200 bunches spaced by 7.86 ns and 
followed by a long bunch train gap. The saturation time 
decay time during the bunch train gap in field free case 
is the shortest because there is no magnetic field to 
confine the photoelectrons. One the other hand, the 
decay time is very large in quadrupole and sextupole 
magnet due to the deep trapping.  The preliminary 
photoelectrons don’t contribute to the make-up of the 
photoelectron cloud in dipole, quadrupole and 
sextupole magnets.  At the same time there is a 

trapping phenomenon in quadrupole and sextupole 
magnets and there is muti-pacting phenomenon in 
dipole magnet. All these characters cause the average 
cloud density in these three fields is almost a linear 
function of the time during the build-up process. 

The photoelectron density near the beam is zero in 
solenoid case and is small in quadrupole and sextupole 
cases. Therefore, the deeply trapped photoelectrons in 
quadrupole and sextupole magnets mainly contribute to 
the coupled bunch instabilities. The photoelectron 
densities near the beam in drift region and dipole is 
bigger. Photoelectron in these two cases is important 
for the blow-up of the positron bunch. 

 
Figure 17 Photoelectron average volume densities in 
different magnet field as a function of time for a train 
with 200 bunches spaced by 7.86 ns and followed by a 
long bunch train gap. 

 
Figure 18 Photoelectron volume densities at pipe center 
for different magnet field cases as a function of time 
for a train with 100 bunches spaced by 7.86 ns and 
followed by a long bunch train gap. 

4  SUMMARY AND CONCLUSIONS 
A complete 3D PIC program has been developed. 

The Particle-In-Cell (PIC) method is applied to the 3D 
space charge of the photoelectron cloud. The 
simulation shows that the magnetic field can reduce the 
electron density at the pipe center. Uniform solenoid 
field is the most effective field to confine the 



photoelectron to the vicinity of the vacuum chamber 
wall and solenoid is better than other kind of magnets. 
Solenoid works well with zero photoelectron central 
density and lower heat-load. Multi-pacting occurs in 
drift region and dipole magnet. A serious electron-
trapping phenomenon during the train gap has been 
found in normal quadrupole and sextupole, whose 
mechanism is the mirror magnetic field trap.  
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A SIMULATION STUDY OF THE ELECTRON CLOUD IN THE
EXPERIMENTAL REGIONS OF LHC

A. Rossi, G. Rumolo and F. Zimmermann, CERN, Geneva, Switzerland

Abstract
 The LHC experimental regions (ATLAS, ALICE, CMS

and LHCb) are characterised by having a variable
geometry, non-uniform magnetic field, and the presence of
two beams that may collide at the Interaction Point (IP). A
detailed study of electron multipacting in the experimental
chambers is needed to establish the pressure increase due
to electron stimulated desorption, especially critical in the
experimental regions. Furthermore, knowledge of the
predicted electron cloud density all along the experimental
regions will allow for an estimation of its possible effects
on the beam stability.

1 INTRODUCTION
Photoemission and/or ionisation of the residual gas

inside the beam pipe causes production of electrons (as
well as of positive ions), which then move under the action
of the beam field forces and their own space charge. These
primary electrons can initiate a multipacting process,
which eventually leads to the build up of a quasi-stationary
electron cloud. Positive ions, on the other hand, are not
expected to cause major inconveniences, since they have
short survival times, low impact energies and a very low
equilibrium density compared with that of the electrons
[1]. It is supposed that the beam current is lower than the
critical current, at which ion-induced pressure instability
occurs [2].

In the interaction regions of the LHC (namely at
ATLAS, ALICE, and CMS detectors), the maximum
acceptable residual gas density is limited by the
background noise induced to the detectors by nuclear gas
scattering [3, 4, 5]. Electrons accelerated by the beam
space charge and impinging on the walls with energies
larger than about 10 eV [6] can desorb molecules and
contribute to the residual gas density. Moreover, the
electron cloud may affect the beam stability and
luminosity in collision.
The aim of this study is to evaluate electron cloud build up
in the LHC experimental areas and its effects on the
residual gas pressure.

The features of the electron cloud build-up are presented
and discussed in Sec. 2: electron density saturation value,
electron flux to the walls, and energy spectrum of the
electrons that hit the wall. Based on these results, for the
relevant cases the pressure rise induced by electron

desorption is calculated in Sec. 3. In Sec. 4, preliminary
results of the code benchmarking are presented, with
conclusions in Sec. 5.

2 ELECTRON CLOUD BUILD-UP

2.1 LHC experimental regions layout
An example of layout of experimental beam vacuum

chambers is given in Fig. 1. The experimental chambers
differ from the standard arc chambers mainly because of
their variable geometry, the non-uniform magnetic fields,
and the two beams travelling in opposite directions.
Practically all the experimental chambers are at room
temperature and they are coated with low activation
sputtered TiZrV Non-Evaporable Getters (NEG’s) [7]. The
TiZrV NEG has been chosen, among other reasons,
because it can limit electron multipacting due to its low
Secondary Emission Yield (SEY). It was found that, after
only 200°C activation, the maximum SEY, δmax, becomes
about 1.1 for incident electron energies between 300 and
400 eV [8]. The SEY remains below 1.2 even after
saturation of the NEG surface with CO or water vapour
[9]. However, after a few air venting/activation cycles, the
maximum SEY can increase up to δmax ~ 1.4 [10].
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Figure 1: CMS-TOTEM beam pipe layout

2.2 Electron cloud simulation parameters
As the experiments are supposed to run independently of

one another, we cannot rely on the experimental solenoid
field (in the central sections of ATLAS and CMS) to
prevent multipacting. Therefore, the simulations have been
carried out assuming field free regions, which is the worst
case.



The study of multipacting in the experimental regions
has been conducted using ECLOUD [11] and considering
the following set of parameters and/or assumptions:
1. The maximum SEY is 1.1 or 1.4.
2. We have assumed the elastic reflection to occur as on

the copper samples recently measured [12]. Elastic
reflection is anyway strongly dependent on the surface
roughness more than on the material on which the
electrons impinge.

3. The photon flux to the wall for the LHC geometry has
been evaluated using the code developed by F.
Zimmermann [13]. We expect the photon flux in the
straight experimental areas to be sensibly smaller than
the one in the arcs.

4. Bunch transverse sizes have been taken at injection
and at top energy, both at the interaction points and up
to 20m downstream. The study shows, that there is no
strong dependence of the electron multipacting on this
parameter. This was predictable since for the cases
considered, the beam was much smaller than the pipe
cross section.

5. The two cases of two beams reaching a selected
location simultaneously (25ns bunch spacing and
double bunch intensity) and two beams at half
distance (12.5ns bunch spacing and single bunch
nominal intensity) have been simulated.

6. Geometry variable in steps from the smallest to the
largest diameter for each experimental region.

7. The effects of RF traps in enlarged sections of the
chambers have not been taken into account.

Table 1. LHC parameters assumed in the electron cloud
simulations

symbol value
bunch proton population Nb 1.05 × 1011

bunch spacing 7.48 m
r.m.s. bunch length 7.5 cm
proton energy 7 TeV
primary ph-e rate per photon 2.98 × 10-7

Reflectivity 10%
max secondary emission yield SEY 1.1 and 1.4
energy of max SEY 300 eV
energy distr. for sec. Electrons Gaussian
r.m.s. horizontal beam size 15.86 - 444 µm
r.m.s. vertical beam size "
radial half aperture 22 to 200 mm

2.3. Simulation results: electron density and
flux to the wall

The electron line density (e-/m) and flux to the wall (e-

/s/m) are displayed in Fig. 2, 3 and 4 for different chamber
radii, and for SEY = 1.4. It can be observed that, despite
the low value of SEY, there is an electron cloud build up.

Both the rise time and saturation values depend on the
chamber radius. No obvious correlation was found.

In Fig. 5, the saturation values of the electron flux to the
wall per unit wall area (e-/s/cm2), with SEY = 1.1 and SEY
= 1.4 are compared. The saturation levels appear to be
more sensitive to a variation of SEY for radii > 70 mm.
For the calculations of the residual gas density it was
assumed that the electron flux to the wall is a step
function, given the shape of the curves and that the two
cases considered (simultaneous arrival and half bunch
spacing) should correspond to the extreme cases. The
values used are shown in Fig. 5, with blue dotted lines.
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Figure 2: Time evolution of the electron line density (e-/ m) for
different chamber radii, for two beams arriving simultaneously

(nominal bunch spacing and double bunch current).
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Figure 3: Time evolution of the electron flux to the wall (e-/s/m)
for different chamber radii, for two beams arriving

simultaneously (nominal bunch spacing and double bunch
current).

0.0E+00

1.0E+17

2.0E+17

3.0E+17

4.0E+17

5.0E+17

6.0E+17

7.0E+17

0.0E+00 2.0E-06 4.0E-06 6.0E-06 8.0E-06 1.0E-05 1.2E-05 1.4E-05

time (s)

40mm

29mm

60mm 

80mm

  3.74 m b.spac, SEY=1.4, 1xNb  

100mm

200mm

Figure 4: Time evolution of the electron flux to the wall (e-/s/m)
for different chamber radii, for two beams at half nominal bunch

spacing and bunch current.
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for the calculations of the gas density in the experimental regions.
a) SEY = 1.1; b) SEY = 1.4.

2.4. Simulation results: electron impact energy
distribution at the wall

The electron impact energy distribution at the wall is
displayed in Fig. 6 for the two cases of beams arriving
simultaneously and with half nominal bunch spacing. The
maximum impact energy varies between 2.5 keV for the
latter case and 4.5 keV for simultaneous beams (which
corresponds to twice the bunch current). Both figures
display an energy range from 0 to 160 eV to show that a
non negligible fraction of the electrons impinge on the
walls with an energy larger than 10 eV, that is larger than
the threshold energy for stimulated gas desorption [6].
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Figure 6: Electron energy distribution at the wall (eV). a) beams
arriving simultaneously, with double current. b) beam at half of

the nominal bunch spacing and nominal current.

3 MOLECULAR DENSITY ESTIMATION IN
THE EXPERIMENTAL REGIONS

3.1. Molecular density estimation parameters
As mentioned in the previous section, a large fraction of

the electrons impinging on the wall will cause gas
desorption. The Electron Stimulated Desorption yield
(ESD) depends on the impact energy [6]. The values for
ESD used for the estimates of the residual gas density are
listed in Table 2 for TiZrV coating [14]. Since the ESD

varies by a factor of ~ 2 between 100 and 300 eV, and
given the spread of measured data in the literature, a
constant value for all energies was assumed.

Table 2 also contains other parameters relevant for the
molecular density estimations, such as the Photon
Stimulated gas Desorption (PSD) from TiZrV NEG
coating and its sticking coefficients. It should be noted that
the desorption yields from NEG coating are reached with
other materials after a long conditioning (about 1 year
LHC beam time).

Table 2. LHC parameters assumed in the residual gas
density estimations for the TiZrV NEG coating

Desorption Yield H2 CH4 CO CO2

PSDi 2.5×10-7 2.5×10-9 1.25×10-8 1.25 ×10-8

ESDii [14] 2.0×10-4 5.0×10-6 1.0×10-4 1.0 ×10-4

Sticking Coefficient

Freshly activated
NEGiii [7]

5.0×10-3 0 1.0×10-1 1.0 ×10-1

Cycled NEGiv [7] 5.0×10-4 0 1.0×10-2 1.0 ×10-2

i Corrected for grazing incidence (factor of 5 larger at
grazing incidence [15] than perpendicular incidence [16])
and considering the expected 12eV critical energy at the
LHC interaction regions [17].
ii ~500eV incident energy.
iii

  Corresponding to SEY = 1.1.
iv Cycled = exposed to air at atmospheric pressure and
reactivated several (~ 10) times. SEY = 1.4.

3.2 Results
The density profiles for the ATLAS and CMS (with

TOTEM) experimental beam pipe are presented in Fig. 7
and 8. The ’static’ density (Fig. 7.1 a) and 8.1, a)) is
estimated for a freshly activated NEG coating and is
compared to the expected values during proton beam
operations (SEY = 1.1, Fig. 7.1 b) and 8.1, b)). It should be
noted that the major contribution to the gas density is
given by electron induced desorption, since photon
induced desorption is at least 2 orders of magnitude
smaller. In both cases, the main gas species is methane.
The ATLAS beam pipe has a smaller cross section, which
accounts for the higher density of CH4, whose pumping is
conductance limited.

After the NEG coating has been exposed to air at
atmospheric pressure (due for example to maintenance
works) and reactivated for about 10 times, the δmax

increases to ~ 1.4 with a consequent increase of the
electron cloud activity, as detailed in section 2. At the
same time, the sticking coefficients, and therefore the
distributed pumping, is reduced to about one tenth of the
initial value. Both phenomena lead to a further increase in
the molecular density as shown in Fig. 7.2 and 8.2. The
hydrogen density is now comparable to that of methane,

SEY =1.1 SEY =1.4

SEY =1.1 SEY =1.4



since the distributed pumping speed for hydrogen is low,
while the pumping of methane is not affected by the NEG
deterioration.

Note that, beyond 22 m from the IP, the surface is
supposed to be at cryogenic temperature. Here, the
distributed pumping is effective for methane, but lower
than the NEG pumping for the other gas species.
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Figure 7.1 : ATLAS experiment. Molecular density distribution
(molecules/m3) as a function of the distance from the experiment
interaction point (IP) for a freshly activated TiZrV NEG coating.

a) : no running beam (static). b) : density rise due to electron
desorption (main contribution) with SEY = 1.1.
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Figure 7.2 : ATLAS experiment. Molecular density distribution
(molecules/m3) as a function of the distance from IP. The

pressure increase due to electron desorrption (main contribution)
with SEY = 1.4 and 1/10 of NEG pumping.
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Figure 8.1 : CMS experiment. . Molecular density distribution
(molecules/m3) as a function of the distance from the IP for a
freshly activated TiZrV NEG coating. a) : no running beam
(static). b) : density rise due to electron desorption (main

contribution) with a SEY = 1.1.
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Figure 8.2 : CMS experiment. Molecular density distribution
(molecules/m3) as a function of the distance from the experiment

interaction points (IP). The density increase due to electron
desorrption (main contribution) is shown for a SEY = 1.4 and

1/10 of the initial NEG pumping.
The profile of the CO and CO2 gas density in the CMS

geometry results from a larger electron flux to the wall in
the smaller cross sections (as detailed in Sect. 2.3) and a
reduced NEG pumping (which is proportional to the pipe
surface area).

4. BENCHMARKING
If the quantitative results of the electron cloud

simulations are correct, the main contribution to the
residual gas density comes from electron induced gas
desorption, as it was explained in the previous section.
Since these values are used to assess the validity of the
experimental beam chambers design, benchmarking of the
simulation results against experimental data is urgently
needed. For example, for the CMS experiment, the
background noise corresponding to the density levels
estimated for SEY = 1.4 is very close to the maximum
value the detector can tolerate [18].

In this section, preliminary results of the electron cloud
code benchmarking are presented. The time evolution
curves of the electron build-up signal [19] (negative
voltage) during experiments in the CERN SPS with LHC
type proton beam (25 ns bunch spacing) are compared with
the simulation results. The data cannot be converted into
number of electrons collected by the pick-up per second,
because the instrument was not calibrated prior to the run.
In Fig. 9.a) the electron build-up was measured with a
train of 72 bunches, 8.3× 1010 protons/bunch. The pressure
measured was about 2 × 10-7 Torr.

The input data for the simulations that best reproduce
the experimental data are listed in Table 3. It was assumed
that the primary electrons are created by ionisation of the
residual gas by the proton beam, as it should be in the SPS.
The beam structure and the values assumed for the gas
pressure were the same as recorded during the
experiments.



Table 3. LHC parameters assumed in the electron cloud
simulations for the benchmarking

value
bunch proton population 8.3× 1010

bunch spacing 7.48 m
r.m.s. bunch length 30 cm
proton energy 26 GeV
residual gas pressure 2 × 10-7 and 4 × 10-8 Torr
gas ionisation cross section 2 MBarn
max secondary emission yield 1.6
energy of max SEY 300 eV
energy distr. for sec. electrons Gaussian
r.m.s. horizontal beam size 444 µm
r.m.s. vertical beam size "
radial half horizontal aperture 76 mm
radial half vertical aperture 17.5 mm

The time evolution of the experimental data are well
reproduced by the simulations. In Fig. 9.a) the flux of
electrons incident on the pick up is plotted as a function of
time. In Fig. 9.b), the electron line density resulting from
the simulations is displayed.

 a)
Courtesy of M. Jimenez [19]
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Figure 9: Time evolution with a train of 72 bunches. The the

experimental data (electron flux to the wall, a) are compared to
simulation results (electron line density, b).

5 CONCLUSIONS AND FUTURE WORK
The variation of the electron cloud activity with radius

(as for the LHC experimental beam pipe geometry) and
SEY characteristic of TiZrV NEG coating have been
simulated using ECLOUD. The results of the simulations

have been used as input to estimate the residual gas
density in the interaction regions during proton beam
running. It was found that, despite the low SEY of the
TiZrV NEG coating after activation, the levels of electron
flux to the wall at saturation can induce a gas desorption
which will dominate the residual gas density.

Benchmarking of the simulation results are promising.
Further effort should be put into this to validate
quantitatively the code results so as to use it as a design
tool.

The effects of the electron cloud on the beam dynamics
are to be analysed.
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Qualitative Analysis of Electron cloud effects in the NLC damping ring*

S.Heifets,StanfordLinearAcceleratorCenter, StanfordUniversity, Stanford,CA 94309,USA

Abstract

Thequalitative analysisof theelectroncloud formation
is presented.Resultsarecomparedwith simulationsfor the
NLC dampingring [1].

1 INTRODUCTION

Since the discovery of instability at KEK photon fac-
tory [2], it was realizedthat the electroncloud candrive
the fastmulti-bunch[3] and,later, the singlebunchinsta-
bilities [4] in the positronstoragerings. The instabilities
affect performanceof theB-factoriesanddesignof thefu-
turelinearcolliders.

Effectsof the e-cloudon the beamdynamicsis conve-
niently describedby theeffectivewake field [5] which can
becalculated[6] giventhedensityof thee-cloud.Thees-
timateof thedensityis themaindifficulty of theproblem.
The e-cloudis neitherstatic in time nor uniform in space
anddependson the bunchpopulation

���
, bunchspacing� � , geometryof thebeampipe,theflux of thesynchrotron

radiation(SR) photons,and the yield of secondaryelec-
trons. Due to thesedifficulties, the densityis usuallyde-
terminedeitherby elaboratesimulationsor consideredas
a fitting parameter. Nevertheless,it is highly desirableto
have someanalyticestimateof thedensityto interpretthe
resultsof simulationsandfor scalingof theseresultswith
machineparameters.The goal of the paperis to provide
suchanestimate.Resultsof theanalysisareappliedto the
NLC main dampingring and comparedwith the simula-
tions for theNLC [1]. Therelevantparametersof thering
arelistedin Table.

Theelectroncloudwhereelectronsmovesrandomlyand
canbecharacterizedby somequasi-steadyequilibriumdis-
tribution canexist only in thecaseof smallcurrents.That
is truefor bothpracticallyimportantcaseswhereelectrons
aregeneratedby synchrotronradiationor areresultof the
beaminducedmultipactoring.

Thepaperis organizedasfollowing. Westartwith asim-
ple caseof the coastingbeamwhereelectronsoscillatein
the self-consistentpotentialwell andcanbe describedby
the Boltzmanndistribution. Then, to definethe tempera-
tureof thedistribution,weneedto considerbunchedbeam.
The temperatureis definedby the equilibrium of the en-
ergy losses.Thenext stepis to take into accountthemulti-
pactoring.It is shown thatthespace-chargepotentialof the
secondaryelectronsgeneratesa potentialbumpat thewall
whichdefinedby theequilibriumof theaveragenumberof
electronsin thecloud. Effect of thefinite bunchlengthin�

Work supportedby Departmentof Energy contract DE–AC03–
76SF00515.

Section6. Whereverit is possible,ourresultsarecompared
with simulations[1].

2 STEADY-STATE: COASTING BEAM,
NO SR

Let usstartwith acoastingbeamwith theaveragelinear
density

����� � � in aroundbeampipe.Electronsof thecloud
oscillatein thesteady-statepotential �
	�� �������� �����
of therelativistic beam( in unitsof ����� )� ������� 	 � ����!"�� �$#&%(' ) �! � �+*-,-./*-01�2*3,54768 (1)

plusthespace-chargepotentialof thecloud�:9<;=	?>A@ !"� ' B �C !ED&FA!EDHG . !ED 4 #&% )! D � B+IC !EDHFJ!ED&G . !ED 4 #&% !! D 6�K
(2)

The steady-statedensitycorrespondsto the conditionthat
thetotal radialfield L . F � �EFA! 4 I�M � at thewall is zero.This
conditiondefinestheaveragedensityin thesteady-stateG C 	ON @@ ) � B !EFA!7G . ! 4 	 � �@ � � ) � K (3)

This is the well known condition of neutrality which is,
actually, independentof theform of thedistribution

G . ! 4
.

For theNLC parameters,
G C 	 N K NQP"RJS ����T . Thisagrees

quitewell with theresultsof simulations[1] whichgivethe
averagein time densityat saturationUVK RWP"R S ���YX[Z at low
level SR.

Theaverageover time distribution functionof electrons
trappedin this potentialwell canbe taken as Boltzmann
distribution\ . ! 8^] 4 	`_ � _ a Xcbdfe gHh�i ��j glk�inm jpo^qsr g I jHt 8 (4)

where u is temperaturein units of ����� , _ � _ is the
normalizationfactor relatedto the averagedensity

G C isv N @ !EFA!7F ] \ . ! 8�] 4 	w@ ) � G C . Thedensityof thecloudG m�x . ! 4 	 B F ] \ 	y_ � _ �{z N @|u}a X|r i�~ 	 G C ) �N aAX|r i�~v !EFJ! a X|r g I j i^~ K
(5)

Thepotential � in Eq.(5) is the total potential ��	�� � �� m�x of thebeamandthecloud. The later is definedby the
Poissonequationwith the right-hand-side(RHS) propor-
tional to

G m�x . ! 4 .
Let usdefinedimensionless��	 !J� ) andmeasureall po-

tentialsin unitsof u , introducing � . � 4 	 . � . ! 4 � u 4 I^M ��0 .
Then, for a cylindrically symmetricbeampipe, � . � 4 	� m�x �Y��#&% . P � � 4 where��	�N ����!"�u � �w8����	�N @ !7� ) �u G C K (6)



ThePoissonequationfor � m�x takestheformP�`�� � � � � m�x� � 	����� aAX�� g 0 jv � F �[a X|� g 0 j K (7)

In thestationarycase,thetotalpotential� . ! 4 andtheforceF � . ! 4 �EFA! are zero at
! 	 ) . That gives the boundary

conditions � . P 4 	 R , . F � �EF � 4 0 M h 	 R or, for thespace-
chargepotential,or� m�x . P 4 	 R 8 . F � m�xF � 4�0 M h 	 �Q��K (8)

Thespace-chargepotentialis finite at ��	 R . Integration
of Eq.(7) with the weight � gives

. F � m�x �EF � 4 0 M h 	����� .
Comparisonof this result with Eq.(8) gives ���	�� and
definestheaveragedensityG C 	 � �@ � � ) � 8 (9)

reproducingthedensitygivenby theconditionof neutral-
ity. Note,thattheaveragedensity

G C is independentof the
shapeof thedensity

G m�x . ! 4 andtemperatureu .
Potentials� . � 4 , � m�x . � 4 , andG m�x 	 G CN aAX|� g 0 jv hC � F �3a X|� g 0 j (10)

dependonly on oneparameter� . It is definedin the next
section.
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Figure1: Total self-consistent potential � . � 4 and the beam
potential � � 	��Q��#l% . P � � 4 vs � 	 !J� ) . Parameter � is
found from Eq. (16).

3 STATIONARY DISTRIBUTION,
BUNCHED BEAM

In the approximation of the averaged beam poten-
tial, electronshave regular motion oscillating in the self-
consistentpotentialwell. Theaveragingof thebeampoten-
tial is a standardtrick usedfor the similar problemof the

ion instability. For the e-cloudthis approximationrequire
justificationdueto high frequency of the electronoscilla-
tions. For example,for theNLC DR, the linear frequency
of oscillations � C , 	w� R-� N � � ! �� � .�* 0 �+* , 4�* , (11)

is equalto �� C�� , � N @=	 U P K�� GHz andthenumberof oscil-
lationsbetweenbunches �� C{� , � � � . N @�� 4���� P . Obviously,
the beampotentialcannotbe approximatedby a potential
of thecoastingbeam.

Nevertheless,an electronmovesbetweenbunchesonly
by the distancesmall comparedto beam pipe radius.
Hence,beforean electroncanreachthe wall, it is kicked
by ] � ��	 N ����!"���E! several times. Electronsmove chang-
ing directionandthe motion is similar to a randomwalk.
Wecanestimatethenumberof kicks

G[�{�����
anelectrongets

beforeit canreachthewall fromG �{����� ��. N ���¡!7� � �! 4 � � 	 ) � 8 (12)

what defines
G[�������

. It is clear againthat it makessense
to speakaboute-cloudonly for ¢¤£ N ����!"� � �n� ) � ��� P .For theNLC parameters,

G �������W¥ U1�¦> in agreementwith
simulations.

In theprevioussection,thetemperatureu remainsunde-
fined. Now we take into accountthe beambunchingcon-
sideringbunchesas point-like macroparticles. The goal
is to definethe temperatureu and the averageover time
densityof thecloud.

The bunching of the beam has several implications.
First, an electronin the beampipe experiencesperiodic
kicks. Neglecting the space-charge potential, we can
write a simplecticmap § . �s8�] 4 giving transformationof
the electron coordinatesper bunch spacing ' �s8�]A6�� �' ��¨8 �]A6 	©§ . �s8�] 4 ' �(8�]A6 . The eigenvaluesof the Jacobianª ' §�' �s8�]A6�8�«{�(8^]-¬{6 arerealonly for � ��*[ � ) , i.e. in the
regionof thelinearmotion.

Elsewherethemotionis chaoticandtheaveragein time
distribution functioncanbetakenin theform of Eq.(4) al-
thoughtheapproximationof thecoastingbeamis notvalid.
That is possibledue to the other effects of the bunched
beam: heatingof the cloud causedby the kicks balanced
by thecoolingof theclouddueto thelossof electrons.

A kick from a bunchincreasestheaverageenergy of the
e-cloudby®�¯W° ��±&² 	 N @ B !EFJ!EF ] \ . ! 8^] 4�. N ���n!"�! 4 � 8 (13)

whereintegrationis over thephasespaceof thecloud.
The electronsin the vicinity of the beamarekicked to

the wall andare replacedwith the low energy secondary
electrons.The laterprocessproducescooling. To be lost,
anelectronhasto reachthewall beforethenext bunchar-
rives. The trajectoryof an electronbetweenbunchescan
be estimatedasfollowing. Consideran electronwith the



initial conditions
! 8�] � � just before a bunch arrives. A

bunch³ changeśy	µ] � � to ´ C 	µ] � �¶� N ����!"�{�E! . After
that, an electronmoves in the field of the spacecharge.
Let us assume,for a moment,a uniform density of the
cloud,

G m�x . ! 4 	 G C . Then, the space-charge force isN @ ! � G C ! and the electronis at �! 	 !¨·�¸A¹^º . � � x � � � � 4»�. ��´ C � � � x 4 ¹^¼ % º . � � x � � � � 4 at the time of arrival of the next
bunch.Here

. � � x � � 4 �»	 N @ G C ! � . A quasi-stationarycloud
canexist only if

. � � x � ��� � 4 � ��� P . For theNLC parame-
ters,
G C 	 N K NQP{R S ���¦X�Z , and

. � � x � ��� � 4 �c	 R K N �A� . In the
caseof small

. � � x � � 4 , �! 	 ! �½. ] � �W� N ���¡!7���7! 4 � � andis
independenton

G C . Theelectronhits thewall if _ �! _ � ) , or] � � ) � !� � � N ���¡!7�! 8 ¸J¾ ] � � � ) � !� � � N ���¡!"�! K (14)

All electronswithin thispartof thephasespacegetlostand
arereplacedby the electronsfrom the cloud. The energy
lossis equalto theenergy of the lost particlesbeforethey
werekickedto thewall:®�¯ xl¿ ��� 	 N @ B !7FA!EF ] \ . ! 8�] 4 '^PN ]<�� � � � . ! 4 68 (15)

whereintegrationis restrictedby theconditionEq.(14)andR � ! � ) . Here we neglectedthe energy brought to
the cloud by the low energy secondaryelectronscoming
in from thewall.

The balanceof energiesEq.(13) andEq.(15) givesthe
following equation:�V¢ B hC F �� a X|� g 0 j¡À . � 4 	B hC � F �3a X|� g 0 j ' . PN � � . � 4�4�. P � À . � 4�4� PN z @ .�Á q a X�Â�oÃ �2Á X a X�Â�oÄ 4 6�8 (16)

whereÀ . � 4 	 . P � N 4�. ¯ !5Å ' Á q 6 � ¯ !5Å ' Á X 6 4 8Æ¢�	 N � � ! � � � � ) � 8(17)
andÁ q 	yÇ �N�È . P �É� � È � 4 8 Á X 	yÇ �N�È . P � ���=È� 4 K (18)

Let us remind that, given ¢ , � . � 4 dependsonly on � .
Eq.(16) defines� , i.e. the temperatureu . It is plausible
to expectthat � ¥ P � #l% . P � ¢ 4 . Thesolutionof Eq.(7) and
Eq.(16) canbeobtainednumerically. Calculationsfor the
NLC parameter¢Ê	 R K N �J� define�Ë	 R K ÌAÌ N , whatis close
to the estimateabove, P � #&% . P � ¢ 4 	 R KÍ�EÎ R . The tempera-
turein unitsof �É��� is uÏ	?� . N ����!"��� � � 4 , or uÏ	ÏÐ N K > eV.
Thepotential� . � 4 is shown in Fig. 5. At smalldistancesit
goesasbeampotentialbut at largedistancesis flatterdueto
thespacechargecontribution.Thedensityprofile

G . � 4 �EG C ,
Eq. (10), for thesameparametersis shown in Fig. 2. The
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Figure 2: The density
G . ! 4 �7G C , G C 	 N K NQP{R S ���¦X�Z vs�É	 !5� ) for the NLC parameter N � � ! � � � � ) �W	 R K N �A� .

densityat thebeamline (at themomentof a buncharrival)
is substantiallylargerthattheaveragedensity

G C .
The numberof electronswith the energy

¯
hitting the

wall of thedrift chamberwith thelength Ñ�Ò isFA� . ¯ 4F ¯ 	 N @�Ñ Ò B !EFA!EF ] \ . ! 8�] 4�Ó '^PN . ] � �ÊN � � ! �! 4 � � � . ! 4 � ¯ 6�8
(19)

whereintegrationis takenover the region ] � � � z N u Á qand ] � � � � z N u Á X , and

\
is thedistribution functionat

themomentof buncharrival.
Theresultof calculationsis shown in Fig. 3. Parameters

arethesameasin Fig. 2.
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Figure3: Number of electrons per bunch
F<���5F ¯ P � aE� ac-

celerated from the e-cloud and hitting the wall with energy

¯
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Finally, thenumberof electronshitting thewall perpass-



ing bunchis givenby theintegral� xl¿ ��� 	 N @�Ñ�Ò B !EFJ!EF ] \ . ! 8^] 4 (20)

wheretheintegrationis over theregion ] � � � z N u Á q and] � � � � z N u Á X . Calculationgives
� xl¿ ��� 	ÔÌÕK�Ì5U P"RJÖ ,U P7× of the total

�cØ ¿ Ø 	�@ ) �{Ñ�Ò G C 	 P KÍ�7> P{R h C electrons
in thecloudin thedrift with length Ñ�Ò . This resultmaybe
comparedwith thesimpleestimatewhich assumesthatall
particleswithin radius

!
, where

. N ����!7���7! 4 � � � ) arelost.
If thedensitywouldbeconstant

G C 	 N K NQP{R S P � ��� Z , then� xl¿ ��� 	 P K UÙ� P{RAÖ . Theactualnumberis higherbecausethe
densityat thebeamline is higherthantheaveragedensityG C .

Thetotal energy lossis givenby theintegral
¯ xl¿ ���u 	 @ ) � G Cv hC � F � ¯ � È 'l�»� . � 4 6 B � F �3a X|� g 0 jB FAÚ a X�Û7o ' . Ú � P� Ç ¢Õ�N 4 � � � . � 4 6�K (21)

Herethevariable
Ú 	 . ] � � 4 � z N u , andtheintegralis taken

over _ � � Ú¨Ü N ¢ � �»�¦¢ � �Ý_ � P . Numericintegrationgives
power loss

. � � � � 4 ¯ xl¿ ��� 	 P"RVP�Þ � � .

4 JETS

Anothereffectof thebunchedbeamis productionof jets
of electrons.

Simulationsshow that, at the high level of the SR, the
averageelectrondensityis higherthanat the low level of
theSRby a factorof two. (It is worth noting thata round
beampipe without the ante-chamberwasusedin simula-
tions). For largeSR,theprimaryphoto-electronsmove as
a compactjet towardthebeamline gettingakick® . ] � 4 	 �ÊN ���¡!7�! (22)

from theparentbunch.
Thedensityof a jet maybehigherthanthatgivenby the

conditionof neutralityanddependson the yield ß of the
secondaryelectronemission,numberof jets à7á �Ø/� within
the beampipe, and the volumeof a jet. The densityav-
eragedover the length Ñ Ò of thedrift sectionwhereSRis
absorbedandover thebeampipecross-section,� G �âË� 	wã �äâÙ���@ ) � Ñ�Ò à á �Ø/� 8 (23)

is proportionalto thenumberof photons� â 	 ÌJå C�æN z U Ñ �ç (24)

radiatedby apositronin thebendwith radius
ç

andlengthÑ � perpass.
For theNLC parametersand ãy	 R K N , à7á �Ø/� 	 N andthe

averagedensity
� G(�â � 	½ÌÕK�Ì P"R S P � ����Z is very closeto

the resultof simulationsè-K P"R S ���YX[Z with the largeyieldã of theprimaryphoto-electrons.
The jets may also explain why the electrondensityat

the beampipe line in simulationsis muchhigherthanthe
averageelectrondensity.

Initial energy spreadof the primary photo-electrons
leadsto the differencein the distancesof electronsin the
jet from the beamline. Interactionwith the bunchtrans-
latesthis differencein the energy spreadof the electrons
hitting the beampipe wall. If the shortestdistanceof the
jet centroidfrom thebeamline is

F
, thenFA�F ¯ 	 ã ���^�äâé á �Ø . N ����!7���� � 4|. �É���N ¯ 4 Z i � K (25)

Thedistribution is shown in Fig. 4 for ã�	 R K N .
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Figure4: Number of electrons
F<�Ë�EF ¯

hitting the wall per
bunch. Electrons are accelerated by the beam while a jet
crosses the beam line. ã�	 R K N

5 SATURATION

Highenergyelectronshitting thewall producesecondary
electronswhich, after thermalization,may increasethe
densityof the cloud in the avalanche-like way. Let uses-
timate the numberof bunches� neededto reachsatura-
tion of theclouddensity

G C 	 N K NQP{R S P � ����Z . At the low
levelof thephoto-electricyield ã�	 R K RARAN takenin simula-
tions[1], theSRaddsto theaveragedensity

G 9<ê 	ÏÌÕK�Ì P{RAëP � ���ÉZ perbunch(seeEq.(23)). Mostof theseelectronsgo
wall-to-wall andonly

. ß�� P 4 G 9<ê of the secondaryelec-
trons remainin the cloud. Due to the multipactoringthe
densityincreasesexponentially:FAGF � 	 �Wì G � ßÙì G ��. ß�� P 4 G 9<ê 8 G 	 G 9<êì ' a"í glî X h j � � P 6�K

(26)
Hereweintroducedparameterìä	 � xl¿ �������cØ ¿ Ø definingthe
fraction of the cloud participatingin multipactoring. The



estimateof theprevioussectiongives ì�	 R K U andtheden-
sity reachessaturationafter�µ	 Pì . ß�� P 4 #l%(' G CG 9<ê ì � P 6 (27)

passes.For theNLC DR, �µ	 P Ð for ß�	 P K ><Ì . At thehigh
SRphotonflux, where

G 9Aê ¥ G C , thenumberof passesto
reachsaturationosof theorderof ' ì . ß¶� P 4 6�X h ¥ � . These
estimatesarein reasonableagreementwith thesimulations.

6 EFFECT OF THE MULTIPACTORING

It wasmentionedabove, that, for ¢ � P , therearetwo
region of distancesfrom the beamline: in the vicinity of
the beam,whereelectronsarewiped out by eachpassing
bunch,andanotheronecloseto thewall.

The multipactoringaddsthe third region. Generally,
thereis a bumpof the potentialwell in the vicinity of the
wall which defineshow many of the secondaryelectrons
can go to the central regions. Sucha sheathworks as a
virtual cathode.Thedensityin thesheathnearthewall de-
pendson thebalanceof thenumberof electronskickedto
thewall from thecentralregionandthenumberof electrons
producedat thewall by theSRandmultipactoring.

In theequilibrium, the numberof lost particlesis equal
to the particlescomingto the cloud from the wall. If the
yield of secondaryelectronsis high, to sustaintheequilib-
rium, the total potentialchangesto stop the backflow of
thesecondaryelectrons.

The distribution function

\ . ! 8^] 4 satisfiesthe Liouville
equationwith thesource� ,

� \�3ï � ] �
\
� ! �ð� � � � . ! 4� ! �

\
� ] 	�� ÓÕ. ! � ) 4N @ ! Å . ] 4 K (28)

Here
Å . ] 4 is normalizeddistribution of the secondary

electronsovervelocity,Å . ] 4 	 ]� � u|ñ a Xóò ooô o dnõ 8 B CX|ö F ] Å . ] 4 	 P K (29)

The temperatureu ñ is equal to the average energy
of secondaryelectrons

¯ C in units of �É��� , u ñ 	v F ] . ]Ù� � N ��� 4 Å . ] 4 . In the estimatewe assumē C 	 NeV, u ñ 	÷>3K R}P{R X�ø . The source � m�x , the numberof sec-
ondaryelectronsejectedfrom the wall per unit time and
unit lengthof thebeampipe,is givenby thenumberof lost
electrons

F<� x&¿ ���{�EF � and the yield of the secondaryelec-
trons ß , � m�x 	 . ß1� P 4�. � � � ��4 FA� xl¿ ��� �EF � . (Moreexactly, � m�x
is givenonly by thelost particleswith thesufficiently high
energy,

¯ � Ì R eV). If thereis the SR flux, it adds � 9<ê ,�=	Ï� m�x � � 9<ê , � 9<ê 	�ã � â � � �� � ÑùÒ K (30)

We imply herethat electronsgeneratedat the wall are
thermalizedand are addedto the e-cloud. This process

works asa sink for the generatedelectronsandallows us
to considerthe averagein time electrondensity

\ . ! 8�] 4 	\ m�x .�ú¦4:� \ � . ! 8^] 4 , where
ú 	û] � � N � � � � . ! 4 . Herethe

first term is the distribution function of the cloud andthe
secondtermdescribessecondaryelectrons,\ � . ! 8�] 4 	 �N @ ) Å . � z N úü4� z N ú ý . ) � ! 4 K (31)

The densityof the secondaryelectrons
G � 	 v F ] \ � at

thewall is G �7. ! 4 	 �N ) � z N @|u ñ K (32)

Thetotalpotentialatthewall � . P 4 	 R , andin thevicin-
ity of the wall can be expandedin series � . � 4 	 . P �� 4 � h �Ê. P �1� 4 � . � � � N 4�� K&K . To havemaximumat � �Q��0 � P ,� � hasto benegative. Thepotentialis maximum � �Q��0 	�»�ä�h � . N � � 4 at the distance

® 	 . P �þ� �W��0 4 	÷�»� h � � �from the wall. Hence, � h � R . The Poissonequationat� ÿ P relatesthecoefficients � h , and � � , � � �=� h 	`� � ,
where

� 	Ï� !"� )��u Ç N @u|ñ � N @ !7� ) � G Cu v hC � F �3a"� È ' �»� . � 4 6 K (33)

Thesecondtermin theright-hand-sideis dueto thedensity
of thecloud.

To stop secondaryelectronsto go into the beampipe,
themaximumof thepotential � �W��0 hasto beof theorder
of u ñ � u . � �Q��0 canbe estimatedequatingthe numberof
particlesreturningto thecloudto

F<� xl¿ �����5F � . Electronsthat
gobackinto thebeampipehaveto haveenergy ]<� � . N ��� 4Q�u � �Q��0 ,. F<�F � 4^��� m�� 	 � �� B k�inm�� X � � ~ ���
	�� N @ !EFJ!EF ]Ù� Å . ] 4 ÓÕ. ! � ) 4N @ !	 � �� �fa X����	�� ~3i^~ õ K (34)

Substituting � and equating that to
. FA�Ë�5F � 4 x&¿ ��� 	� xl¿ ��� � Ñ Ò definedby Eq.(??), we get� �W��0 	 u|ñu #&%(' ß � ã � â � �� xl¿ ��� 6K (35)

This defines� h 	Ï� � � � and

® 	 �»� h � � � ,® 	 �»� �W��0»� Ü � ��Q��0 � N � � �W��0� �Q��0 � � � Ü � ��W��0 � N � � �Q��0 K (36)

This resulthasmeaningonly if

® ��� P , i.e. for the large
enoughdensityof the cloud. Otherwise,the heightof the
potentialbarrier can not reach u|ñ and the densitykeeps
building up.

If
� ��� � �W��0 , ® 	 N � �W��0� K (37)



For theNLC parametersand ß 	 P K ><Ì , ® 	 R K R Î N and� �W��0 	 R K R U N or N K ÐAÌ eV.
Althoughtheheightof thepotentialbumpat the

!{�W��0 	) . P � ® 4 is small,of theorderof u|ñ , it changestheequilib-
rium densityof thecloud. To seetheeffect on theaverage
density, let usagainintegratethePoissonequationP! FFJ! ! F � m�xFJ! 	��W>A@ ! � G m�x . ! 4 (38)

over r with theweightr in theinterval R � ! � !"�W��0 . Be-
cause� m�x is finite at

! 	 R , wegetfor theaveragedensity� G m�x � £ N! ��W��0 B2I ��	��C G m�x . ! 4 !7FA!	 � PN @ !{�W��0 . F � m�xFA! 4 I�M�I ��	�� K (39)

Thetotal potential � . ! 4 	`� m�x � �Ùu�#&% . ) �7! 4 is maximum
at
! 	 !{�W��0 . Therefore,

. Ò r ô �Ò I 4 I^M�I �
	�� 	y�Q�<u �7!"�Q��0 , and� G m�x � 	 �ÙuN @ . P! �W��0 4 � K (40)

Substitutionof � from Eq.(6) and
!{�W��0 	 ) . P � ® 4 gives� G m�x � 	 G C . P. P � ® 4 4 � K (41)

The averagedensityis higherthanthat given by the con-
dition of neutrality but the differenceis small provided

® ��� P .It is worth notingthat,without thepotentialbarrier, pri-
maryphoto-electronswith positiveenergygoabovethepo-
tential well. They addto the averagedensityof electrons
but their spacecharge reducesthe densityof the cloud in
sucha way that the total averagedensityis still given by
theconditionof neutrality.

Electronsreflectedby the potentialbarrierhit the wall
again increasingthe power depositedto the wall. The
powerdepositedby this mechanismdependson theyields,F��F � 	 �� �Au|ñ�' . ß�� P 4 @ ) � G C � xl¿ ����äØ ¿ Ø� ã � â � �ÑùÒ 6¡' P � . P � � �W��0 uu ñ 4 a X�� �
	�� ~-i�~ õ 6�K(42)

For the NLC DR this contribution is negligible, lessthan
W/m.

Anothereffect of thesecondaryelectronstrappedat the
wall is theintroductionof a smallazimuthalasymmetryof
thepotentialwell for thebeamparticles.Thedipolecom-
ponentof suchperturbationmay causean orbit distortion
andthequadrupolecomponentleadsto theasymmetricde-
pendenceof the tuneon the beamcurrent. The estimate
shows,however, thattheseeffectsaresmall.

7 EFFECT OF THE FINITE BUNCH
LENGTH

We assumedeverywhereabove thata bunchcanbe de-
scribedas a point-like macroparticle. The finite bunch

lengthmay substantiallychangethe numberof lost parti-
clesfrom the region nearthe beam. As it wasmentioned
in Section2, the numberof oscillationswithin the bunch
lengthfor suchelectronsis large.(It maybenottruefor the
electronsfaraway from thebeambecausethefrequency of
oscillationsdecreaseswith amplitude).Thefield of abunch
at a givenlocationaroundthering variesslowly compared
to the periodof oscillationsandcan be consideredas an
adiabaticperturbation.As it is well known, theamplitude
of oscillationsin this casereturnsto theinitial valuewhen
the perturbationis turnedoff. It means,that an electron
maydecreasetheamplitudeof oscillationswhile bunchis
passingby, but retainstheinitial velocityandpositionafter
thebunchgoesaway. Theseargumentsmeanthatthenum-
berof thehigh energy electronshitting thewall andpower
depositionaresmallerfor the largerbunchlength. On the
otherhand,low energyelectronsin vicinity of thebeamcan
live therefor a long time what would meanlargerdensity
at thebeamline. Fromthispointof view, it is preferableto
have shortbunchesbut with a largebunchcurrentto be in
theregimewhereelectronsgowall-to-wall in onepass.

Oneof implicationsof thefinite bunchlengthis thebeta-
trontunevariationalongthebunch.Thekick from thehead
of a bunchcausesmotion of the e-cloudelectronstoward
thebeamline andincreasesdensityof e-cloudin thetail of
thebunch.Thetunespreadis of theorderof thetuneshift:®

� 	 N @ !7�nG C � ç � �æ � 8 (43)

where
� ç �

is the averagemachineradius. The tune
spreadfor the NLC is large,

®
� 	 R K R<N5R � at

G C 	N K NJNQP"R S P � ���YX[Z . The interactionwith the densejetscan
changetuneof the bunchesin the headof the bunchtrain
differently than for the rest of the bunchescausingtune
variationalongthebunchtrain.

8 EFFECT ON THE WAKE FIELD

Thewake field of thecloudwith theaveragedensity
G C

canbeestimatedanalytically[5, 6]. For a long bunch,the
short-rangewake per unit lengthhasthe form of a single
mode

Þ � Û ² m�� ./ÁÙ4 	 Þ � N G . ¢ 4 é ���� . � �� 4 ¹�¼ % .�� ì 4 a X����o�� 8 (44)

wherethee-clouddensityis takenat
!"�ù±&² 	 ) ¢ to takeinto

accountthat the densityat the beamline is differentthan
the averagedensity,

�
� � N @ is the linear bunchfrequency

of oscillations,. � �� 4 � 	 N ���¡!7�*-,Õ.�*-0 �+*-,54�* Â z N @ 8 (45)ìc	 � � Á � � , é � 	 * Â z N @ , and Þ � ,
�

and
�

arecharacter-
isticsof thewakewith weakdependenceontheaspectratio* ,A� * 0

andthe beampipe aperture.They werecalculated
in thereference[6]: Þ � 	 P K N , � 	 R K Ð , and

� 	�Ì .



Thebunchshuntimpedance
ç1�

perturnç � Û ² m���
� 	 N @ ç�� C>J@ N G . ¢ 4 é ���� Þ � (46)

is
ç �Q¥ N K U MOhm/m.

8.1 Transverse coupled bunch instability

For a single bunch stability,

�
� � �`	 ÌJU P � ��� andÞ �W��0 	?> P{R Z����YX[� .To considertheCB instability, thelong-range(LR) wake

hasto bescaledfrom theshort-rangewakeEq.(44) replac-
ing thebunchlengthby � � and,secondly, usingtheaverage
density

G C . Themaximumvalueof theLR wake is:Þ � ê ./ÁÙ4 	 Þ � G C � ���� .
� ������� 4 8 (47)

where . � �������� 4 � 	ÔN ����!7�� � ! ��Q±&² K (48)

Here
!{�Q±&² ¥ ����!7� � ��� ) estimatesthe rangeof distances!"�Q±l² � ! � )

whereelectronssurviveafterabunchpass.
TheLR shuntimpedance

ç �������
perturnç �������

� 	 N @ ç�� C>J@ G C � ���� Þ � (49)

is
ç ������� ¥ P U5> MOhm/m for the NLC DR nominalpa-

rameters,by a factor of two larger than in the simula-
tions[1].

Themaximumgrowth rateof thetransverseCBP! 	 " ������ ç ��������. ¯ � a 4 � C ´ ,>J@ ç a X g$#3inm j�%'&(	)�+*-,�jpo (50)

is ! 	 R K RVP ms.

9 SUMMARY

At highcurrents,electronsmaygowall-to-wall between
bunchesand electroncloud, in the usualsense,doesnot
exist.

Thermalizationof electrons,takes placeat a moderate
currentwithin somedistancesfrom thebeam.Even if the
numberof the linear oscillationsper bunch is large, such
electronscanbe describedby the Boltzmanndistribution
dueto randomnessof theelectronmotion.

The jets of primary andsecondaryelectronsmay have
high densityandexplain the high energy tail in the distri-
bution of electronshitting thewall.

A simplemodelof the e-cloudformationsallows us to
reproducemain resultsobtainedin simulationsexplaining
the level of the densityat saturationandit dependenceon
the æ � a yield. The temperatureof the distribution is
definedby the condition of the energy equilibrium. The
multipactoringdoesnot changethe temperaturemuchbut
ratheraffects the distribution of electronsin the vicinity
of the wall. That explainswhy the averagedensityof the

cloud is closeto that givenby the conditionof neutrality.
Thefinal bunchlengthmaychangethepowerdepositedto
the wall andthedensityof electronsat the beamline. In-
teractionwith thecloudcancausethetunevariationalong
the bunchtrain. TransverseCB instability requiresstrong
feedback.
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11 APPENDIX: RESULTS FOR THE NLC
MAIN DR

Parameter Description Value.
, (GeV) beamenergy /�0 1�23
, m circumference 4)1)1�0 5�1�467
, m horizontal 8�0 9):6;
, m vertical 5<0 =�9> 7 , m horizontaltune 4�5�0 4)9�/> ; , m verticaltune /�/)0 /(8�9>)? synch.tune =�0 =�=�8�@A

, cm beampiperadius /�0 9B
, T dipolefield /�0 4CED
, m bendlength =�0 1�9CEF
, m drift length =�0 1<5)@.HG
, eV peakof secondaryelectrons @I0 =.KJ
, eV energy spreadof secondaryelectrons 4I0 =L

, photo-electricyield (low/highSR) =�0 =�=�4�M�=I0 4N , secondaryemissionyield, /�0 :<@O D , m bunchspacing 0.84P
D /(=<Q G bunchpopulation, /�0 @R 7�S T , mm mrad norm.x-emitt. 8�0 2�9R�U S T , mm mrad normy-emitt. =�0 =�/(2VXW , mm rmsbunchlength 3.6Y /(=IZX[ relat.energy spread =�0 1�=�1
Table1: Globalparametersfor theNLC main

dampingring



Parameter Description Simul. Analytic\^] _a`$b
, Amp aver.beamcurrent 0.86 0.86c�d , egfihkj�lnm�j averagedensity 3.0 2.2c _ao'o , egf haj l m�j , effectivedensity 3.11p ] _a`$b
, MHz LR wake frequency 152p ] _a`$b�q p'r _as

100-200 152tnu�v
periodin w ] 4 4.7tyx] zg{i| } lnm�~ shortrange

tnb-`$� �)� ���t x] _a`$b egfi��lnm�~ LR
tnb-`$� f � � f e � �� x�

MOhm/m SRshunt 2.3� x�
MOhm/m LR shunt 134� � ms LR growth time 0.018� x ms LR growth time 0.1 0.01�H� x , incoher. tunespread 0.021�

temperature,eV 92.2��� � �a� q���� �a�
lost perbunch 0.32

Numberof passesto saturat. (high/low) SR 8/25 7/18��� ` � �
W/m power to thewall 80. 87.� parameter 0.277 0.0694� parameter 0.5529 0.743

norm parameter����������m<� 0.614�)b-`$�
potent.bump,eV 0.8�
parameter 0.067

Table2: Comparisonof thecalculationswith
simulations[1].



ELECTRON-CLOUD UPDATED SIMULATION RESULTS FOR THE PSR,
AND RECENT RESULTS FOR THE SNS. ∗

M. Pivi and M. A. Furman,† LBNL, Berkeley, CA94720, USA
Abstract

We present recent simulation results for the main fea-
tures of the electron cloud in the storage ring of the Spal-
lation Neutron Source (SNS) at Oak Ridge, and updated
results for the Proton Storage Ring (PSR) at Los Alamos.
In particular, a complete refined model for the secondary
emission process including the so called true secondary,
rediffused and backscattered electrons has been included
in the simulation code.

1 INTRODUCTION

The Spallation Neutron Source (SNS) under construc-
tion at the Oak Ridge National Laboratory (ORNL), has
initiated studies on the possible electron-cloud effect,
which may limit the performances of the proton storage
ring. A similar high-intensity instability which has been
observed in the PSR at the Los Alamos National Labora-
tory (LANL) for more than 13 years, is now recognized to
be, although not conclusively proven, an electron-cloud ef-
fect. Since 1987 the PSR has reported a fast instability that
is responsible for proton losses and collective beam mo-
tion above a certain current threshold, and is accompanied
by a large number of electrons. This instability is now be-
lieved to be due to the collective coupling between an elec-
tron cloud and the proton beam [1, 2]. Such instability is a
particular manifestation of the electron-cloud effect (ECE)
that has been observed or is expected at various other ma-
chines. In this article we present simulation results for the
SNS and for PSR ring obtained with the ECE code that
has been developed at LBNL over the past 6 years, suit-
ably augmented to deal with very long and intense bunches
such as in the case of long proton beams. At the present
stage, we have restricted our studies to look in detail at the
dynamics of the electron cloud rather than the instability
per se. Thus in all results presented here, the proton beam
is assumed to be a static distribution of given charge and
shape moving on its nominal closed orbit, while the elec-
trons are treated fully dynamically. This approximation is
valid for stable beam operation, and it is probably reason-
able for mild instability. We defer issues like the current in-
stability threshold, growth rate and frequency spectrum to
future studies. We compared in [3] our results for the elec-
tron current and energy spectrum of the electrons hitting
the walls of the chamber against measurements obtained in
the PSR by means of dedicated electron probes. From such
comparisons we can assess the effects of several important
parameters such as the secondary electron yield (SEY) at

∗Work supported by the SNS project and by the US DOE under con-
tract DE-AC03-76SF00098.

† mpivi@lbl.gov and mafurman@lbl.gov

the walls of the chamber, the proton loss rate and electron
yield, etc. Furthermore, we can infer details of the electron
cloud in the vicinity of the proton beam, such as the neu-
tralization factor, which is important for a self-consistent
treatment of the coupled e-p problem [4].

Table 1: Simulation parameters for the PSR and SNS.

Parameter Symbol PSR SNS
proton beam energy E, GeV 1.735 1.9
dipole field B, T 1.2 0.78
bunch population Np, ×1013 5 20.5
ring circumference C, m 90 248
revolution period T , ns 350 945
bunch length bl, ns 254 760
gauss. tr. bunch size σx, σy , mm 10, 10
flat tr. bunch size rx, ry , mm 28, 28
beam pipe semi-axes a, b, cm 5,5 10,10
proton loss rate ploss, ×10−6 4 0.11
proton-electron yield Y , 100 100
No. kicks/bunch Nk 1001 5001
No. steps during gap Ng 100 250
SEY params:
max sec. yield δmax 2.0 2.0
energy at yield max Emax, eV 300 300
yield low energy el. δ(0) 0.5 0.5

2 PHYSICAL MODEL

2.1 Sources of electrons

In this article we consider what we expect to be the main
two sources of electrons for proton storage rings as the
SNS and the PSR, namely: lost protons hitting the vacuum
chamber walls, and secondary emission from electrons hit-
ting the walls (we are not interested here in simulating the
electron cloud in the vicinity of the stripper foil). Although
our code accommodates other sources of electrons, such
as residual gas ionization, we have turned them off for the
purposes of this article.

2.2 Secondary emission process

We represent the SEY δ(E0) and the corresponding
emitted-electron energy spectrum dδ/dE (E0 =incident
electron energy, E = emitted secondary energy) by a de-
tailed model described elsewhere [5]. Its parameters were
obtained from detailed fits to the measured SEY of stain-
less steel (St. St.) [6]. The main SEY parameters are



the energy Emax at which δ(E0) is maximum, and the
peak value itself, δmax = δ(Emax) (see Table 1). Further-
more, for the results shown below, we do take into account
the elastic backscattered and rediffused components of the
secondary emitted-electron energy spectrum dδ/dE. The
backscattered component typically becomes more impor-
tant at low incident electron energies. To account for this
behavior we have used a fit extrapolated data for copper
measured at CERN [7].

The value of δ(E0) at incident electron energies E0 <
10eV is an important parameter since it determines the
electron accumulation rate, and also the electron survival
rate at the end of the gap. This quantity is difficult to
measure experimentally, and remains an uncertainty for the
model. In our simulations we have made the assumption
that δ(0) ' 0.5. In this case, the simulated electron den-
sity increases by a factor ∼ 3 and the peak detector cur-
rent by almost a factor ∼ 2.5, relative to the δ(0) ' 0.1
case (refer to previous results for PSR with no rediffused
nor backscattered electrons, see [3]). These are examples
of strong parameter sensitivity that calls for further experi-
mental investigations.

2.3 Simulation Model

The SNS and the PSR rings store a single proton bunch
of length τb followed by a gap of length τg with a typical
current intensity profile shown in Figs. 2 and 4. In our sim-
ulation we assume a Gaussian transverse PSR beam with
rms sizes σx = σy = 10mm, , and we use the actually
measured longitudinal intensity profile. A flat transverse
beam with rx = ry = 28mm is assumed for the SNS.
We simulate the passage of the proton bunch in a field-
free region with a vacuum chamber which we take to be a
cylindrical perfectly-conducting pipe. The number of elec-
trons generated by lost protons hitting the vacuum cham-
ber wall is Np × Y × ploss per turn for the whole ring,
where Y is the effective electron yield per lost proton, and
ploss is the proton loss rate per turn for the whole ring per
beam proton. We assume the lost- proton time distribu-
tion to be proportional to the instantaneous bunch inten-
sity. The electrons are then simulated by macroparticles.
The secondary electron mechanism adds to these a vari-
able number of macroparticles, generated according to the
SEY model mentioned above. The bunch is divided up into
slices, so that the macroparticles experience Nk kicks dur-
ing the bunch passage. We divide the interbunch gap into
Ng intermediate steps. The space charge force is computed
and applied at each slice in the bunch and each step in the
gap. The image forces from both protons and electrons are
taken into account, assuming a perfectly conducting wall.
Typical parameter values are shown in Table 1.

3 RESULTS AND DISCUSSION

The possible amplification mechanism which may take
place in long-beam machines is explained in Fig. 1. An
electron present in the vacuum chamber before the bunch

passage oscillates in the beam well potential, and it is re-
leased at the end of the beam passage. Instead, electrons
generated at the wall by proton losses at the maximum of
the beam pulse are accelerated and decelerated by the beam
potential and hit the opposite wall with a net energy gain,
producing secondary electrons.

Figure 1: Electron multiplication mechanism in long pro-
ton bunches.

Electrons which survive the gap between two bunch pas-
sages will increase in number. The electrons gradually
increase in number during successive bunch passages un-
til, owing to the space-charge forces, a balance is reached
between emitted and absorbed electrons. The build-up
of the electron cloud in a PSR field-free region and a
dipole section during the passage of the beam is shown in
Fig. 2. The saturation level in the PSR is reached after
few bunch passages, when assuming δmax = 2. The esti-
mated average number of electrons in a field free region is
∼ 4 × 107e−/cm3 or 50nC/m. The neutralization factor
or fractional charge neutralization, ratio e−/p+, during a
bunch passage is shown in Fig. 3.

The SNS beam pipe chamber will be coated with TiN,
and recent measurements of an as-received SNS sample of
the TiN coated vacuum chamber, has shown δmax = 2 [8].
Consistent results where obtained at KEK [9]. The build-
up of the electron cloud in the SNS field-free region and a
dipole section during the passage of the beam is shown in
Fig. 4 for δmax = 2. Due to a large electron multiplica-
tion, we have used a very low initial number of macropar-
ticles per bunch passage. The simulations present a signif
icant fluctuation in the turn-by-turn electron density, and
we are going to refine the code to accomplish for the SNS
case. Simulation results for the SNS [10] show a qualita-
tive agreement, but a lower estimated electron density. The
neutralization factor during a bunch passage is shown in
Fig. 5. The tune shift due to electron neutralization of a
factor ∼ 1 may be estimated, for example, at 25% beam
intensity, by

dQec = − 0.25 f γ2 dQsc ∼ −2 dQsc = − 0.4 (1)

where dQsc=0.2 is the space charge tune shift, γ = 2.066
is the usual relativistic factor of the beam, and f is the neu-
tralization factor. Once the secondary electron yield has
decreased to 1.3 and 1.1, we were able to increase signif



icantly the number of macroparticles to account for better
statistics. The build-up of the electron cloud during the first
few bunch passages is shown in Fig.6.

Figure 2: Simulated electron density during the first bunch
passages, in a PSR field-free region and a dipole section.
The saturation level is reached after few bunch passages.

Figure 3: Simulated electron neutralization factor in a
PSR field-free region, the fractional charge neutralization
reaches 50% at the tail of the bunch.

4 CONCLUSION

A complete refined model for the secondary emis-
sion including the so-called true secondary, rediffused and
backscattered electrons has been recently included in the
code. We present an update of computer simulation results
for the main features of the electron cloud at the Proton
Storage Ring (PSR) and recent simulation results for the
Spallation Neutron Source (SNS). Preliminary simulations
for the SNS, show that a density of ≥ 150nC/m may be
reached in a field-free region, leading to a significant tune
shift given by electron neutralization. Due to a large unex-
pected electron multiplication in the case of the SNS, we
have used a low number of macroparticles per bunch pas-

Figure 4: Simulated electron density during the first bunch
passages, in a SNS field-free region.

Figure 5: Simulated electron neutralization factor in a SNS
field-free region, the fractional charge neutralization ex-
ceeds 1 at the tail of the bunch.

sage. The code is going to be implemented to accomplish
for the SNS case.
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SIMULATION OF HEAD-TAIL INSTABILITY CAUSED BY ELECTRON
CLOUD IN THE POSITRON RING AT PEP-II

�

YunhaiCai,SLAC, Stanford,CA 94309,USA
Abstract

The head-tailinstability causedby an electroncloud in
positronstorageringsis studiednumericallyusingasimple
model. In the model, the positronbeamis longitudinally
divided into many slicesthat have a fixed transversesize.
The centroidof eachslice evolvesdynamicallyaccording
to theinteractionwith a two-dimensionalelectroncloudat
agivenazimuthallocationin thering andasix-dimensional
lattice map. A suddenandhugeincreaseof the projected
beamsizeandthemodecouplingin thedipolespectrumare
observedin thesimulationatthethresholdof theinstability.
Evenbelow thethreshold,theverticalbeamsizeincreases
alonga bunchtrain thathas8.5 nsbunchspacing.Above
the threshold,a positive chromaticitycandampdown the
centroidmotionbut hasvery little effect on theblowup of
thebeamsize.Theresultsof thesimulationareconsistent
with many observationsat PEP-II.

1 INTRODUCTION

The transversecouple-bunch instability causedby an
electroncloudin a positronstoragering wasfirst observed
in the spectrumof coherentdipole oscillationin the KEK
PhotonFactory [1]. The photoelectronproducedby the
synchrotronradiationis proposedasthe primary causeof
the instability by Ohmi [2]. He has simulatedthe pro-
ductionof thephotoelectronandshowedthat theeffective
wakefield dueto theelectroncloudcouplesthedipolemo-
tion betweenbunchesandhencecausesthecoupledbunch
instability for the positronbeam. This instability can be
controlledby astrongbunch-by-bunchfeedbackasdemon-
stratedin theLow Energy Ring(LER) of KEK-B andPEP-
II.

However, even with suppresseddipole oscillations,the
electroncloud still causessignificantemittancegrowth as
observed recently in KEK and PEP-II B-factories[3, 4].
The growth hasbeenexplainednumericallyasa resultof
head-tailinstability causedby theelectroncloudby Ohmi
andZimmermann[5]. Sincethereis no directexperimen-
tal confirmationof the proposedtheory, it is importantto
continuethestudyto establishthelink betweentheoryand
experiment.

In thispaper, wefirst briefly describethephysicsandap-
proximationin thesimulationin thesection2 and3. Then
we make a simulation in section5 and 6 to identify the
thresholdof the instability both in termsof the emittance
growth andmodecoupling.In section7 and8, wesimulate
the emittancegrowth below andabove the threshold. Fi-
nally, we make a summaryof thewholeinvestigation.The�

Work supportedby the Departmentof Energy underContractNo.
DE-AC03-76SF00515

focus of the simulation is on the observable in the ring.
Wherepossible,we will make a comparisonbetweenex-
perimentalobservationsandthesimulation.

Therearetwo mainsourcesof electrons:photoelectrons
generatedfrom the synchrotronradiation and secondary
electronsfrom the multipactingon the vacuumchamber.
The detail of how the electroncloud is generatedcanbe
found in thework by FurmanandLambertson[6]. In this
paper, thedensityanddistributionof theelectroncloudare
treatedasaninitial inputto thesimulation.Wewill concen-
trateon how the positronbeaminteractswith the electron
cloudoncetheelectronsaregeneratedandreachthesatu-
rationdensity.

2 BEAM AND ELECTRON CLOUD

For thebeamandelectroncloud,we usea simplesimu-
lationmodelintroducedby OhmiandZimmermann[5]. In
themodel,thetransversedistribution of theelectroncloud
is representedby

���
macroparticlesat a givenazimuthal

location � in thepositronring,

���	�
�� ��� �� ��� �����
�� �
���
�����

� 
�� � � � � � 
 ���!� � 
"�� � � �� � � 
 ���#� �
where � � and �� � arethetransversecoordinateandvelocity
for theelectrons.Thedistribution of thepositronbunchis
representedby

��$
longitudinalmacroslicesasillustrated

in Fig. 1. All slicesareassumedto have a rigid Gaussian
distribution of transversermssizes( %'& , %)( ). Thecentroid
of eachsliceis treatedasadynamicalvariablein 6D phase
space.

Figure1: A positronbunchmodeledasmany longitudinal
sliceswith a rigid transverseGaussiandistribution.

Transversely, weusethe2D vector �+* and �,-* to describe
thecentroidcoordinateandthecanonicalmomentumof the
slices. At the beginning of the simulation,all the trans-
versecoordinatesandmomentaof theslicecentroidareset
to zero.Longitudinally, thecentroidcoordinate. andmo-



mentum,�/ of the slicesare initialized to a Gaussiandis-
tribution0 with rms bunchlength % / andenergy spread%'1
respectively.

To speedup thesimulation,all electronsarelumpedinto
one single slice at a given azimuthallocation � with av-
erage2 function. This approximationis justified because
we know that the head-tailinstability is ratherinsensitive
to the locationof the impedance.Beforethearrival of the
positronbunch,thedistribution of theelectroncloudis re-
initialized to a Gaussiandistribution with sizes % �& and % �(
and the velocitiesof the electronsare resetto zero. The
slicesof thebuncharesortedaccordingto their longitudi-
nal positions.Staringwith thehead,theslicescollide with
theelectroncloudsequentiallyin time. Undertheassump-
tion of aGaussiandistribution,thekick experiencedby the3#465

electronfrom theelectricfield of the 7 465 sliceis

� �� ��8 � �
9 �;:=< ��>��$ �?+@ 
A� �B8+� �+* � � �%C� � (1)

where
� :

is thenumberof positronin asinglebunch,
< � is

theclassicalelectronradius,> is thespeedof light, and �?+@
is givenby the Erskine-Bassettiformula [7]. The kick by
the electroncloud to thecentroidof the slice is expressed
as � �, * � � �

9 < � � �� � D
� �
8 ���

�? @ 
+� * � � � �B8 � �%A� � (2)

where
� � is the number of electrons and

� � �9�E % �& % �()F 7 � for the electroncloud with an initial trans-
verseGaussiandistribution, F is the circumferenceof the
ring, and 7 � is thedensityof theelectroncloud. Note that
thedistributionof theelectroncloudis not directlyusedin
the calculationandthe expressionis basedon the conser-
vationof themomentum.Theapproximationis valid only
whenthesizeof theelectroncloudis muchlargerthanthe
sizeof the beam. Betweenthe collisionsof two adjacent
slicestheelectronsdrift,

� � � � �� � �HG .'I > , where G . is the
longitudinaldistancebetweentwo slices.

3 LATTICE MAP

To seethe dynamicaleffectsof the positronbeam,we
track the centroidof the sliceswith its betatronandsyn-
chrotronmotions.Wefirst transferthephase-spacecoordi-
natesto thenormalizedcoordinateswith a matrix,

J;K �& �
�L M)NPOQ NL M)N L 2 & � (3)

where2 & and R & aretheCourant-Snyderparameters.Then
we performa rotationandradiationdampingon the nor-
malizedcoordinatesby anothermatrix,

S &T�VU KXWY N Z\[^] 
 9_Ea` &b� ]#ced 
 9_Ea` &f�� ]"cgd 
 9_Ea` &f� ZB[h] 
 9�Ea` &b� � (4)

where
` & is the betatrontune and i & is dampingtime in

unit of turn. Here we apply the radiation dampingon

the centroidof slice becausethe centroidof the beamal-
ways dampsto a closedorbit while the positionsof in-
dividual positron will be balancedbetweenthe noiseof
quantumexcitationandradiationdampingto reacha finite
beamsize. To apply lattice chromaticity, we simply use` &j� `^k&mlon & , / . Finally, we transferthecoordinateback
to physicalphasespacewith theinverseof thematrix

J K �& ,

J &T�
L 2 & O
� Q NL M-N �L M)N p (5)

In the vertical and longitudinal planes,similar formu-
las areapplied. In the longitudinalplane,we have 2 / �% / I^%)1 , R / � O , andi / � O .

4 PARAMETERS

The LER at PEP-II is a positronstoragering. The cur-
rentoperatingparametersaretabulatedin Table1. Wiggler
magnetsin themachineareturnedoff for higherluminos-
ity. The bunchcharge

��:
is chosento correspondto the

peakvaluein regular operation.The vertical emittanceis
estimatedfrom the luminosityscan.Theotherparameters
areat their designvalueswhich arevery closeto themea-
suredvalues.

Table1: Parametersfor theLER at PEP-II
Parameter Description Valueq

(Gev) Beamenergy 3.1F (m) Circumference 2200� :
Numberof positrons

� p Osr � O �"�2+& (m) Averagehorizontalbeta 16.522+( (m) Averageverticalbeta 17.83i 4 (turn) Transversedampingtime 9740t & (nm-rad) Horizontalemittance 24.0t ( (nm-rad) Verticalemittance 1.50% / (cm) Bunchlength 1.30%'1 Energy spread u p u r � O K�v` & Horizontaltune 0.649` ( Verticaltune 0.564` $
Synchrotrontune 0.025

Theparametersrelatedto theelectroncloudarenot yet
well established.Basedontherecentsimulation[8] for the
generationof an electroncloud, the saturationdensity is7 $�jw 9 r � O^x Z\y K-z . Sincewe areinterestedin only the
dynamicsof the singlebunch in this study, the densityis
an input parameterin the simulation. The transverserms
sizesof the initial electrondistribution whenthe positron
buncharrivesare % �& �|{ y}y and % �( ��~ y}y . Thesesizes
aremuchlargerthanthebeamsizesandconsistentwith the
shapeof theelectroncloudwhenthedensityis saturatedin
thecloudgeneratingsimulation.



5 THRESHOLD OF THE INSTABILITY

Thealgorithmoutlinedin previoussectionshasbeenim-
plementedin an object-orientedC++ classlibrary. In the
library, theelectroncloudandpositronbunchareindepen-
dentobjectsthatcanbeconstructedby theusers.Thereis
no limitation on how many objectsof cloud or bunchare
allowed in the simulation,and cloudscan have different
parametersasinstancesof thecloudclass.Thesefeatures
provide us with greatflexibility to studyvariousphenom-
enaof theelectroncloudinstability.

In thesimulation,we usea thousandslicesfor theposi-
tion bunchandtenthousandsmacroparticlesfor theelec-
tron cloud to ensurea reasonablenumericalconvergence.
Thechromaticityis setatzerounlesswementionthevalue
explicitly.
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Figure2: Thresholdof head-tailinstabilitycausedby elec-
tron cloud.

To studythedynamicaleffectson thepositronbeam,we
vary the densityof the electroncloud 7 � from

� r � O^x
to
� r � O^� ZBy K-z . At eachdensity, we tracked the bunch

for 1500 turns. To quantify the emittancegrowth of the
single bunch, we definea projectedbeamsize as � ( �
%-�( l % *( � , where % *( is the rmsspreadof slicecentroid.

This projectedbeamsize can be measuredwith a syn-
chrotronlight monitor.

Theprojectedbeamsizeat endof thetrackingareplot-
ted asa functionof theclouddensityin Fig. 2. It is clear
from the figure that the relative growth of the beamsize
is muchlarger in the vertical planethanin the horizontal
plane. Thereis a suddenandhugeincreaseof the beam
size in the vertical planenearthe density 7 465� ��� r � O^xZ\y K-z , whichwecall thethresholdof theemittancegrowth
causedby the electroncloud. It will becomeclear in the
next sectionthatit is thealsothethresholdof thehead-tail
instability.

Beyondthe threshold,theprojectedbeamsizebecomes
much larger than the initial beamsize. The increaseof
emittancesignificantly reducesthe luminosity in the col-
lider andthereforeB-factoriesarelimited by this effect in
general.Oncethe instability occurs,thegrowth time is on
the orderof the synchrotronperiod,that is about40 turns

in thesimulation.Thegrowth time becomesshorterasthe
densityincreases.Below thethreshold,thereis still sizable
growth of theemittance.Thatwill bethesubjectof a latter
section.

6 DIPOLE SPECTRUM AND MODE
COUPLING

The head-tailinstability canbe driven by conventional
impedancefrom the radio-frequency cavities. The effects
havebeensimulatedby Myers[9]. For impedanceinduced
by theelectroncloud,similareffectsshouldapply. Herewe
analyzethe Fourier spectrumof the beamcentroidthat is
calculatedasanaverageof theslicecentroid.Thevertical
dipolespectraatfivedifferentdensitiesbelow thethreshold
density7 465� areshown in Fig. 3. Wecanseefrom thefigure
thatall modesareshifting upwardasthedensityincreases
becauseof thecoherenttuneshift generatedby theelectron
cloud. Due to the focusingeffect of the electroncloud,
themodesshift in theoppositedirectionof its conventional
counterpart,in which thezeromodeis shifting downward
astheimpedanceincreases.
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Figure3: Fourierspectrumof thebeamcentroidastheden-
sity of the electroncloud increasesto the threshold. The
dashedlinespresentthebetatrontuneandsynchrotronside-
bands.

Sincethe“ �A� � � ” mode,which startsat thelowersyn-
chrotronsideband,moves fasterthan the “ �s� O ” mode
startingat thebetatrontune,two modesfinally mergewith
eachotherat thethresholddensity7 465� asshown in Fig. 3.
Thisbehavior is calledmodecouplingin theliterature[10].
Thedensityat which two modesmergeis thethresholdof
thestronghead-tailinstability. Notethat this thresholdco-
incideswith theoneatwhich asuddenandhugegrowth of
emittanceoccursaswe discussedin thelastsection.



Thesebeamspectracan be measuredwith a standard
spectrum� analyzer. Theobservationof twin peaksthatap-
proacheachotherasthebeamcurrentincreasesis very im-
portantexperimentalevidenceto confirmthatthehead-tail
instabilityis indeedthecauseof thesingle-bunchemittance
growth. Sincethe electroncloud can be generatedonly
whenthetotalbeamcurrentis veryhighandtherearemany
bunchesin the ring, the measurementneedsto be carried
outunderthesettingof multi-bunchoperationalthoughthe
head-tailinstability itself is asingle-buncheffect.
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Figure 4: A measurmentof the vertical spectrumin the
LER with a singlebeam,762buncheswith mini gapsand
5%abortgap.Thegreenline is afit of adouble-Lorentzian
squaredto thedata.Squaredbecausethis arepower spec-
trum. (Courtesyof Uli Wienands,2002.)

A measurementof the vertical dipole spectrum at
939mA beam current with bunch spacing � : �¬« p � d�]
has beencarried out for the LER at PEP-II and shown
in Fig. 4. The measuredspectrummatcheswell to the
simulatedspectrumshown in the first plot in Fig. 3 in
termsof the direction and value of the modeshift. The
agreementindicatesthattheelectronclouddensityis about7 � w � r � O^x ZBy K-z whenthe beamcurrentis near1A in
thering. This densityis half of thesaturateddensityin the
recentsimulationfor generatingthecloudaswementioned
earlier. Thedensityis alsobelow thethresholddensity7 465� .
Thedensityis about1% of theaverageneutralizationden-
sity

�;: I 
 Ea &  ('® : � , where
 & and

 ( arethehalf aperture
of thehorizontalandverticalchamberrespectively, and ® :
is the bunchspacing. This ultra low densityof the elec-
tron cloudnearthebeammaybeattributedto thesolenoid
windingon thebeampipe.

7 BEAM BLOWUP ALONG A BUNCH
TRAIN

In general,whena bunch train is usedin the ring, the
electronclouddensityalongthetrain fits well to theequa-
tion 7 � 
°¯ ���±7 $�_² � �´³Bµ)¶ 
 � ¯ I�iC�6· � (6)

where i is the time constantto reachthe saturationden-
sity 7 $� . For the currentoperationof the PEP-II,we usea
single long train with bunchspacing� : �¸« p � db] and5%

abortgap. In this bunchpattern,7 $� � 9 r � O^x Z\y K-z andi��¹� O d�] basedon therecentsimulation[8] for thecloud
generation. Clearly, the density in the ring is below the
head-tailthreshold7 465� �X� r � O^x ZBy K-z . However, thereis
still sizableemittancegrowthbelow 7 465� aswehavenoticed
in theprevioussimulation.
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Figure5: Beamsizeincreasealongabunchtrainwith 8.5ns
bunchspacing.

To studyin detailtheemittancegrowth below thethresh-
old density, we trackthefirst 20 bunchesin thetrain up to
5000 turns. Eachbunch interactswith an electroncloud
with thedensityaccordingto Eqn.6. Theprojectedbeam
size at the end of the tracking is shown in Fig. 5. We
canseea 30%increaseof theverticalbeamsizealongthe
train. The increaseis consistentwith theobservationseen
atKEK-B [3] althoughtheparametersof theringsmaydif-
fer. It is alsoconsistentwith thebunch-by-bunchluminos-
ity measurement[11] atPEP-II.Thatindicatesagain,inde-
pendently, thatthedensityin thering is quitelow compared
to theneutralizationdensity.

8 EFFECT OF CHROMATICITY

As wehaveshown in thesimulation,thestronghead-tail
instability occursat a thresholddensitywhenchromaticity
is setatzero.Beyondthethreshold,thebeamsizeincreases
dramatically. Thechromaticityis known for stabilizingthe
conventionalhead-tailinstability. In this section,we will
studytheeffectswhentheinstability is drivenby theelec-
tron cloud.

Wetrackabunchthrough1500turnsatdifferentvertical
chromaticityrangingfrom -10 to 10 with a fixed density7 � �º« r � Ohx ZBy K-z which is above the thresholddensity7 465� . Theturn-by-turndipolemotionof thebunchis plotted
in Fig.6 atthreesettingsof chromaticity:namely+2,0,and
-2. As clearlyshown in thefigure,thepositivechromaticity
dampsdowntheunstablemotion,thenegativechromaticity
actuallymagnifiesthemotion,andatzerochromaticity, the
modulationof synchrotronoscillationstabilizesthemotion
to afinite amplitude.

Themostmachinesarelikely operatedwith thepositive
chromaticitythatsignificantlysuppressesthedipolemotion
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Figure6: Evolution of beamcentroidwith threedifferent
chromaticities:+2,0, and-2.

asshown in the simulation. That explainswhy the mode
couplingin thedipolespectrumis sohardto beobserved.
To make a measurement,onehasto set the chromaticity
nearzero.
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Figure7: Projectedverticalbeamsizeasa functionof ver-
tical chromaticity.

Theeffect of chromaticityon thebeamsizeis shown in
Fig. 7. Onecanseethat thepositive chromaticityup to 10
units doesnot changethe beamsizeandthe negative one
makesa very largeblowup in beamsize. This behavior is
consistentwith theexperimentalobservationat PEP-II.

9 SUMMARY

Dynamicalinteractionbetweenthe positronbunchand
electroncloudhasbeensimulatedin a simplemodel. We
find thatthedensitythresholdof thestronghead-tailinsta-
bility is 7 465�»w � r � O^x Z\y K-z , whichis approximately5%of
theneutralizationdensity. At thethreshold,weseethetwo
modesmerging into a singlemodeanda suddenandhuge
increaseof the beamsize. Even below the threshold,the
beamsizestill blows up significantly. Basedon compari-
sonto experimentalobservation,we canconcludethat the
LER at PEP-II is operated(or limited) below thethreshold
density. Theclouddensitynearthebeamis asmallpercent-

ageof theneutralizationdensitywhenthering is operated
theregularbunchpatternandbeamcurrent.

It is surprisingthat such a simple model can explain
so many experimentalobservations. In the model, the
mainmechanismof thebeamblowupis explainedwith the
spreadof thetransversecentroidof thelongitudinalslides.

Many additionalsimulationshave beendonefor the in-
vestigation. Here, we will summarizethe main results.
Although they aremany parametersrelatedto the dynam-
ics, the importantonesarethe beamenergy andintensity,
bunchlength,averagebetafunction,chromaticity, andsyn-
chrotrontune.In general,ahigherenergy, lowerbetafunc-
tion, andshortersynchrotronperiodalleviate thehead-tail
instability. The positive chromaticitysuppressesthe un-
stabledipole motion but haslitter effect on the beamsize
whenthedensityisabovethethreshold.TheLandaudamp-
ing from thetunespreadgeneratedby thesecondorderper-
turbationof the very strongsextupolesin the ring is not
largeenoughto dampdown theinstability.

Oncetheinstabilitystarts,wecandolittle aboutthever-
tical blowup of thebeamsize.Thehugeemittancegrowth
reducesthe single bunch luminosity, limits the total cur-
rentsin the storagering, andhencelimits the total lumi-
nosity.

We have ignoredanalyticalapproachto the instability
in this paper. The analytical treatmenthasbeencovered
by Heifetsin thisproceeding.Thewakefield for acoasting
beamextractedfrom thiscodehasbeencomparedto hisan-
alytical result. Theagreementis very good. Sowe expect
similar resultscanbeobtainedwith analyticalestimate.

Thereis still oneof puzzleremainedto beresolved:The
beamsizeblowup is alsoobservedin thehorizontalplane
in PEP-II while the blowup alwaysoccursin the vertical
planein the simulation. Onepossibleexplanationfor this
discrepancy is dueto the largecouplingthat is not yet in-
cludedin thesimulation.
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Electron Cloud Simulations: Beam Instabilities and Wake Fields

G. RumoloandF. Zimmermann
SL/AP, CERN,Geneva,Switzerland

Abstract

HEADTAIL is a simulation programmedeveloped at
CERN which is aimedat studyingthe single-bunchinsta-
bility arising from the interactionon successive turns of
a single bunch with the cloud generatedby the previous
bunches. The code includeschromaticity, spacecharge
tunespread,broad-bandimpedanceanddetuningwith am-
plitudefor morerealisticsimulation.Examplesof applica-
tionareshown. Transverseandlongitudinalwakefunctions
arealsooutputsof theHEADTAIL code.

1 INTRODUCTION

Two differentaspectsof theelectron-cloudphenomenon
are modelled and simulatedby meansof the two pro-
grammes ECLOUD [1] and HEADTAIL , developed at
CERN.
The first programECLOUD simulatesthe build up of the
electroncloudduring thepassageof a bunchtrain. It pro-
vides information on the transverseelectrondistribution
inside the vacuumchamber, the time evolution of the to-
tal numberof electrons,the energy spectrumof electrons
impinging on the wall, and the correspondingheat load
[2]. Theseoutputshave alreadyprovenextremelyinterest-
ing bothfor comparisonwith existing dataon theelectron
cloudin theSPS[3, 4, 5] andfor extrapolationto theLHC,
like theestimationof heatload[6] or of thepressurerisein
theexperimentalareas[4]. Furthermore,theelectronden-
sity valueat saturationcanbeusedasaninput to studythe
possibledestabilizingeffect of the cloud on a bunch that
goesthroughit.
The secondprogram HEADTAIL models the interaction
of a single bunch with an electroncloud on successive
turns. The cloud is assumedto be generatedby the pre-
cedingbunches,and is generallyassumedto be initially
uniform, althoughother initial distributions can be con-
sidered. As observed above, its density is inferred from
parallelsimulationswith theECLOUD code.Theelectrons
give riseto a head-tailwake field, which amplifiesany ini-
tial small deformationin the bunchshape,e.g., dueto the
finite numberof macroparticlesin the simulation. With-
out synchrotronmotion,theresultinginstability resembles
the beambreakup in a linac [7, 8]. If synchrotronmo-
tion is included,the instability becomessimilar to a regu-
lar TransverseMode Coupling Instability (TMCI) [9]. It
inducesa transversecentroid motion of the longitudinal
bunch slicesandalso a substantialemittancegrowth. In
our simulation,the interactionbetweenbeamandcloud is
calculatedby computingtheelectricfieldsof eitherspecies
ona two-dimensionalgrid, from whichwe thendeducethe

forceexertedonthemacroparticlesof theoppositespecies.
Thecodeoptionallyincludesnonzerochromaticityin both
transverseplanes,theadditionaleffectof abroad-bandres-
onator, spacechargeor beam-beam,andamplitudedetun-
ing. Electronscanevolve in a field-freeregionor in differ-
ent magneticfield configurations(strongdipole, solenoid
or combinedfunctionmagnet).
HEADTAIL canbeusedto computethesinglebunchtrans-
versewakefield, thesinglebunchinstability threshold,and
theinstability growth rateabovethethreshold.It alsocon-
tains all the necessaryinformation to extract the longitu-
dinal wake field andtheresultingpotential-welldistortion.
Moreover, thestructureof theprogrameasilyallows us to
isolatesingleeffectsor to studythesynergy betweenthem.
Detaileddescriptionof thecodestructureandapplications
arepresentedin thefollowing sections.

2 DESCRIPTION OF THE SIMULATION
CODE HEADTAIL

The electroncloud canact asa short-rangewake field,
and drive a single bunch instability [10, 11]. Suchkind
of instability is held to be responsiblefor the vertical
emittanceblow-up that is observed at the KEK B factory
[12], andalsofor that in SPS.Next we describethemodel
that we have employed to simulatesingle bunch effects
dueto theelectroncloud.

Figure1: Schematicof thesimulationrecipe.

A proton or positronbunch interactswith the electron
cloudduringits passage.Whenwe studythesingle-bunch
effectsof theelectroncloud,only perturbationsof thecloud
inducedby the passingbunchareconsidered.All the rel-
evantbunchandlatticeparameters,aswell astheaverage
equilibrium densityof the electroncloud along the ring,
are basicinput parametersfor the simulationof the cou-
pledmotionbetweenbunchandcloudelectrons.For sim-



plicity, thekick approximationis usedfor theactionof the
electroncloud on the bunch: the cloud is assumedto be
localisedat oneor moredefinitepositionsalongthe ring,���������	��
 with ���������������������� ���� !�#" . Boththecloudand
the bunch are modelledas ensemblesof macro-particles
(with ��$ bunchmacro-particlesand �%� macro-electronsin
thecloud).Thebunchis alsodividedinto �%&'
 slices,which
interactwith theelectroncloudafteroneanotherandcause
thedistortionof theinitially uniformclouddistributionthat
cansignificantlyaffect thetail of thebunch.Theprinciple
of thesimulationis illustratedin Fig. 1. Theinteractionbe-
tweenbunchparticlesandcloudelectronsis expressedby
theequationsof motion:

(*)�+ $*, � �-�."( � ) /10 ����" + $2, � ����"3� 4576 $�8 ) 9

9
:<; =�>@?<A
B�C<D

E F � + $2, � ����"@GIH � � + �-JK��L�"@"-M#���N O�P� ��
 "
� (1)

(*)I+ ��, Q( L ) �R 46 � E S � + ��, Q GIH $2, TVU � + �-JW"@" /

/
(2+ ��, Q( L �YX ��Z��

� (2)

where the positionsof electronsand bunch particlesare
representedby the vectors

+ �\[ � + � ��J � " and
+ $ ����" [� + $ ��J $ �V] $ " , ]^�_�` 8 L being a co-moving longitudi-

nal coordinate; 0 �-�." is the transfermatrix with the fo-
cusingstrengthsbetweentwo interactionpoints; H � � + ��JW"
and H $*, T�U � + �-JW" representthe distribution functionsof the
electroncloudandof thebunchparticlescontainedin one
slice,respectively;

E F , S is theelectricfield of theelectrons
and of the beam,respectively, calculatedby meansof a
Particle-In-Cell(PIC) algorithmadaptedto our codefrom
D. Schulte’sGuinea-Pigcodefor beam-beamstudies;X ��Z��
is anexternalmagneticfield thatcansignificantlyinfluence
theelectrondynamicsin the region wherethecloud is ex-
pectedto be the strongest.The field of the electroncloud
actingon itself canoptionallybeincluded[13], thoughthe
effectduringthebunchpassageis smallin mostcases,and
henceit is normallyneglected.
The momentumchangesof electronsand beammacro-
particlesdueto theirmutualattractionarecomputedin time
stepsthat correspondto the different longitudinal slices
into which thebunchis subdivided. Betweentwo interac-
tions,thebunchis propagatedaroundthearcsof thestorage
ring, wherethebetatronmotionin bothplanesis modelled
by a rotationmatrix. Synchrotronmotionis alsoincluded.
Hence,the beammacro-particlesslowly interchangetheir
longitudinal positions,and in particularcan move across
slicesbetweenturns. The effect of chromaticityis mod-
elled by an additional rotation matrix which dependson
the energy of eachparticle. With a further rotation, the
tune shift due to spacecharge or beam-beamcan be in-
troducedin thebunchmotion. Dependingon whetherthis
lastrotationis appliedaroundthecenterof thechamberor

aroundthe centerof eachindividual bunch slice a+ �-]b" , it
modelseithera beam-beaminteractionor a spacecharge
force. Amplitude detuningis optionally introducedas a
tune dependenceon the single particle actions, c�d , e . Fi-
nally, a regular transverseimpedance,representedby the
broad-bandresonator

f A'g �ihkj
h

fml
� /onqp h3j

h
 h
h j

�

canoptionallybeincluded.Puttingit all together, thetrans-
versephasespacecoordinatesof thegenericbunchmacro-
particlearetransformedoveroneturnaccordingto:

+ B�r A+tsB�r A �vu A �-Mxwy" 9 u ) � c d � c e " 9

9 u &'z ��]2"
+ B  a+ ��]2"+tsB /O{ +7s|2} , ~  a+ s �-]b" / a+ ��]2"a+ s �-]b" �

Table1: SPSparametersusedin thesimulations.

variable symbol value
Circumference � 6900m
Beammomentum w 26 GeV/c
Chamberhalf width � d 70 mm
Chamberhalf height � e 22.5mm
Bunchpopulation ��� �� A�A
Rmsbunchlength �b� 30cm
Rmsenergy spread Mxwt��w D 0.0011
Slip factor � � ���������� ?2�
Synchrotrontune p�� 0.0022
Betatrontune p d , e 26.6
Averagebetafunction � 15 m
Rmshor. beamsize � d 3 mm
Rmsvert.beamsize � e 2.3mm
Chromaticities � d , e up to 0.4
Electron-clouddensity � F �I A ) m

?2�
Verticalshuntimpedance

f l
20M � /m

Quality factor p 1
Resonantfrequency h j 2� � 1.3GHz

3 SIMULATION OF THE ELECTRON
CLOUD INDUCED INSTABILITY AT

THE CERN SPS

As explained above, our code tracks electronstrans-
verselyalongeachbunchpassage,andbunchparticlesover
many turns.
The simulatedelectronmotion revealshow electronsare
progressively focusedtowards the bunch region as the
bunch goesby. In Fig. 2 the electronphasespacesand
distributions are shown, as they appearat the end of the
interactionwith onebunch(having startedfrom transverse
uniformdistributions).Thesimulationhasbeenperformed



herewith the PIC code;the agreementwith the evolution
predictedby asoft-Gaussianapproximationis excellent,as
maybededucedfrom thepicturesin Ref. [14].
As far asSPSsimulationsareconcerned(for parameters,

Figure 2: Horizontalandvertical phasespaceof the electrons
aftera bunchhasgonethrough(top pictures),andrelative distri-
butions(bottompictures).

seeTable1), It is interestingto observe in Fig. 3 how an
SPSbunchcontaining� � ���O���� A D protonswould suf-
fer a strongdipolemodeinstability undertheeffect of the
broad-bandimpedancealone,but now thiseffectgetsactu-
ally dampedby spacechargeandenhancedby theelectron
cloud. The instability manifestsitself only in the vertical
plane. Thereareat leasttwo goodreasonsto accountfor
that: firstly, in the vertical planethe impedanceis larger
[15], and secondly, thereis evidencethat in the SPSthe
electroncloud is mostly localisedin the arcs,wherethere
is a strongvertical magneticfield and thereforethe elec-
tronsaremostly pinchedvertically by the passingbunch.
A positive chromaticitycanstronglydampthe instability,
asshown in Fig.4 wheretheemittancegrowth over 12 ms
is plottedfor threedifferentvaluesof chromaticity.

In the SPSat 26 GeV/c spacecharge seemsto play a
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key role, sinceit actuallycausesa coherentcentroidmo-
tion evenwhereelectroncloudalonewould causeonly in-
coherentemittancegrowth. Comparisonof Figs. 5 and6
revealsthat spacecharge rendersthe beammotion more
unstableandviolent. In particular, it leadsto slicecentroid
oscillationsalongthe bunch. On the otherhand,the sim-
ulationwithout spacechargeshows only a persistentemit-
tancegrowth, occurringmoreor lessuniformly alongthe
bunch. The differentsignaturesof the simulatedinstabil-
ity for thesetwo casesresemblethedifferencebetweenthe
actualbeamobservationsatSPSandKEKB. At theSPSin-
jection momentumof 26 GeV/c, thebeamis still affected
by spacechargeforces,whichaccordingto oursimulations
might bea reasonfor theobserveddifference.

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

y 
(m

)

z (m)

Figure5: Simulatedverticalbunchshape(centroidandrms
beamsize) ater 0, 250, and 500 turns in the CERN SPS
without protonspacecharge.



-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

-0.6 -0.4 -0.2 0 0.2 0.4 0.6

y 
(m

)

z (m)

Figure6: Simulatedverticalbunchshape(centroidandrms
beamsize)ater0,250,and500turnsin theCERNSPSwith
protonspacechargeat26 GeV/c.

4 TRANSVERSE AND LONGITUDINAL
WAKE FIELDS IN THE CERN SPS

Also wake fieldscanbecalculatedby usingthe HEAD-
TAIL code. In thesimulation,we displaceonebunchslice
(for instance,vertically by anamount{ J�� � e ), andthen
we evaluatethe electroncloud responsein termsof elec-
tric field on axis (

+ � J¡�¢ ). Normalizing this field
by the amountof displacementand the numberof parti-
clescontainedin the displacedslice,we obtainthe dipole
wake function on axis (in � s

?WA
m
?<A

, after multiplication
by thefactor 6£5 8 ) � 4 ) ). As thefield on axisis not directly
relatedto the forceexertedby the cloudon the slicesthat
follow thedisplacedone,wecanalsoevaluateanaveraged
dipole wake function from the net force causedby a dis-
placedslice on later portionsof the beam. In this case,
insteadof looking only at the field on axis, we calculate
the overall force exertedby the distortedcloud on all the
particlescontainedin oneslice,andthendivide by the to-
tal charge in that slice to obtainan effective electricfield.
Shapesin the two casesappearquite different,as shown
in Figs.7 and8. Notethat thetwo definitionsof thewake
wouldyield thesameresultfor aconventionaldipolewake
field. Wake functionsonaxisreachmuchlargervaluesand
exhibit aspiky structurethatis smoothedoutto amorereg-
ularprofilewhentheintegrationoverthebunchsliceis car-
ried out. Theseplotscorrespondto analmostroundbeam
in anSPSfield-freeregionandarecalculatedfor a longitu-
dinally uniform bunchdistribution. In a dipoleregion, the
horizontalwaketendsto disappear, andtheverticalonebe-
comesalsoweaker(seeFig.9). Fig. 10showstheaveraged
dipole wake function for offset first slice anda Gaussian
bunchdistribution in adipolefield region.

Even though the kick approximationallows us to use
a two-dimensionalmodel to study transverseeffects, the
electroncloud is in reality distributed more or less uni-
formly aroundthe ring, andthusgeneratesa longitudinal
wake field which may give rise to potentialwell distor-
tion and eventually micro-wave instability. The longitu-
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dinal field arisesprimarily from theaccumulationof elec-
tronsnearthecenterof the bunchduring its passage.The
codeHEADTAIL doesnotdirectlycomputethelongitudinal
electricfield. However, we canobtainthe latter from the
time evolution of the transverseelectrondistribution. The
ideaconsistsin reconstructingthe 3-dimensionalelectron
distribution by identifying the time during the bunchpas-
sagewith the longitudinalpositionalongthe bunch. This
distribution can then be post-processedin order to com-
putethelongitudinalelectricfield ona3-dimensionalgrid.
We assumethat the initial electrondistribution is unper-
turbedanduniform,andassignahomogeneouschargedis-
tribution to the region of the grid which lies in front of
the bunch. Theelectricfield is calculatedon the3-D grid
pointsusinga cloud-in-cell algorithm,and is thenmulti-
plied by the factor { ]©� � to accountfor the fact that the
real electronsaredistributedall aroundthe circumference
� . Figure11 displaysthelongitudinalelectricfield

E � �-]b"
dueto the electroncloud simulatedfor a Gaussianbunch



in the SPS.The bunchprofile is alsoindicated. The field
is negligibly small (in agreementwith theestimationfrom
a full 3-D plasmaphysicscode[16]), lessthan 10 V/m.
To estimatethepossiblebunchdistortiondueto this field,
weassumeaGaussianenergy distributionandcomputethe
longitudinalbunchprofile expectedfor the electron-cloud
potentialwell using
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(3)
wherethe longitudinalwake ³´��]2" , wake function from a
Gaussianbunch,is relatedto thelongitudinalelectricfield
estimatedfrom theHEADTAIL codeby

³´��]2"«µ E � �-]b"
4

¶ �f D 8 � �

We like to call Eq. (3) thequasi-Haissinski solution. Un-
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Figure 9: Horizontal and vertical averageddipole wake
functionsfor a uniform SPSbunch, evaluateddisplacing
thefirst bunchslice,in adipolefield region.

like therealHaissinskiequation[18] for anordinarywake
fiel, Eq. (3) is not self-consistent,sincethefield

E � �-]b" on
the RHS varieswith the beamdistribution in an unknown
way. As reportedin the first equalityof Eq. (3), valid for
a regularwake, the wake field canbe expressedasa con-
volution betweenthe distribution function and the Green
functionwake ³ D : theequationcanthenbesolvednumer-
ically for � ��]2" . For the electroncloud case,suchGreen
function ³ D is notknown, andit maynotevenexist owing
to violationsof linearityandtime invariance.

Nevertheless,we canuseEq. (3) to computethe bunch
profile which would be formedunderthe influenceof the
additionalelectricfield

E � ��]2" (neglecting its dependence
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Figure 10: Horizontalandvertical averageddipole wake
functionsfor a GaussianSPSbunch,evaluateddisplacing
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Figure 11: Longitudinalelectricfield due to the electron
cloud for a Gaussianbunchin the SPS.Bunchheadis on
theleft.

on thebunchprofile itself), andcomparethis with the ini-
tial distribution. A discrepancy wouldindicateasignificant
potential-welldistortion,andthereforewouldrequireafew
moreiterationsto determinetheself-consistentbunchpro-
file.
However, Fig. 12 shows that theinitial andpredicteddis-

tributionsarevery similar, andhencewe do not expecta
largeeffectof theelectroncloudon thelongitudinalbunch
shapein theSPS.We notethat themodifieddistribution is
shiftedslightly forward, which compensatesfor the addi-
tionalenergy lossdueto thecloud.

5 APPLICATION TO THE KEKB

Sofar we have shown resultsfor theCERNSPSring. It
is interestingto show, asfurtherapplicationsof theHEAD-
TAIL code,a few resultsfrom simulationsof the KEKB
FactoryLow Energy Ring. Parametersthat we have used
in oursimulationsaresummarizedin Table2.
Figures13 and 14 show horizontaland vertical centroid



Figure12: Equilibrium bunchdensitycomputedfrom the
wake for a Gaussianbunch in the SPS.The Gaussianis
slightly shifted.

Table2: Simulationparametersfor KEKB LER.
variable symbol value
Circumference � 3016m
Relativistic factor 5 6850
Chamberradius · 47 mm
Bunchpopulation � � ¨�� ¨!�o�I A D�¸	r
Bunchspacing ¹ &'��$ 8 ns
Rmsbunchlength �©� 4 mm
Rmshor. beamsize � d 420 º m
Rmsvert.beamsize � e 60 º m
Tranversetunes p d , e 45.53/44.08
Synchrotrontune p � 0.015
Slippagefactor � ��� ������ ?*�
Averagebetafunction � e 10 m
Chromaticities � d , e up to 0.35
Solenoidfield X � 30G
Electronclouddensity � F �I A ) m

?*�

motionfor anominalbunchundertheactionof anelectron
cloudwith density �� A ) m

?2�
andsupposeduniformly dis-

tributedall alongthering. Chromaticitywassetto zeroin
this case.A dipolemotion is observableonly in theverti-
cal direction,probablybecauseof theflatnessof theKEK
bunch. To illustrate the beneficialeffect of chromaticity
on theinstability, we show first in Fig. 15 how thevertical
centroidmotion is dampedfor high vertical chromaticity.
Then, in Fig. 16 the emittancegrowths relative to differ-
ent chromaticityvaluesareplottedon the samegraph. It
is clear that higher positive chromaticitiescan dampthe
coherentemittancegrowth otherwisepredictedfor zeroor
verylow chromaticity. For thepurposeof codebenchmark-
ing andvalidation,weshow in Fig. 17thesamechromatic-
ity scanfor KEK doneby K. Ohmi [17] with his PEI code.
Theagreementwith our resultsis excellent.

The influenceof a solenoidfield on the electroncloud
drivensinglebunchinstability canalsobe of interest,and
it hasbeenstudiedin connectionwith the the KEK too,
sincetherearesolenoidsalong90%of thering. In Figs.18
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Figure13: Horizontalcentroidmotionof a KEK bunchin-
teractingwith an electroncloud. Chromaticity��d wasset
to zero.No unstablemotionis visible.
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Figure14: Verticalcentroidmotionof a KEK bunchinter-
actingwith an electroncloud. Chromaticity� e wassetto
zero.Thecoherentdipoleoscillationrevealsaninstability.

and19 thehorizontalandverticalwake functionsareplot-
tedfor a KEK nominalbunchandthenominalvalueof the
solenoidfield ( X &'»x
 ��¨ mT). Thedifferencebetweenthe
two figuresis thatthehorizontalandverticaldisplacements
wereseparatelyappliedto the first bunchslice: neverthe-
less,the expectedeffect of exciting a wake in the orthog-
onal planeis in neithercasequite visible in both planes
in spiteof the coupling in the electronmotion dueto the
solenoid.This is becausetheKEK bunchis very shortand
the solenoidfield not strongenoughto efficiently couple
planesover onebunchpass(electroncyclotron periodforX¼&½»�
¾�¿¨ mT is ¹WÀ �Á� ® ns, andthe KEK bunch length
is { L � �´��  � ¨ ns). In Ref. [13] it wasshown how for a
long SPSbunchin a solenoida strongeffect wasvisible in
bothplanesevenafterdisplacinga bunchsliceonly in one
plane. Whenthe couplingis effective, the wake field be-
comesmuchweakerandtheinstability is likely to becured
[13], asappearsfrom thelossof pinchingshown in Fig. 20
for anSPSbunchpropagatedthroughanelectroncloud in
a solenoidfield region ( X � ���� ® � � ���I mT).
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Figure15: Verticalcentroidmotionof a KEK bunchinter-
actingwith an electroncloud. Chromaticity� e wassetto
0.35. The coherentdipole oscillation is dampedwith re-
spectto thecasewith zerochromaticity.
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Figure16: Vertical rms-sizegrowth of a KEK bunchover
500 turnsfor differentvaluesof chromaticity(labelledin
p s e � � e 9©p e . Chromaticityhelpsagainstthee-cloudin-
stability. All plotshavebeenobtainedusingtheHEADTAIL
code.

6 CONCLUSIONS AND OUTLOOK

In conclusion, in this paper we have describedthe
code HEADTAIL that was developedat CERN in order
to study the degradingeffect of an electroncloud on the
singlebunch. Examplesof applicationhave beenshown,
with special emphasisto the CERN SPS. Growth rate
of the instability and beneficial effect of chromaticity,
as experimentallyobserved [19], have been reproduced
by simulations including electron cloud, spacecharge
and broadbandimpedance.It hasalso beenhighlighted
that spacecharge plays a key role in destabilizingthe
centroidbeammotion: whenits effect is neglectedonly an
incoherentemittancegrowth is predictedto occur.
Transverse and longitudinal wake functions have been
calculatedby meansof the HEADTAIL code. Transverse
wakes can be of great interest to predict the instability
threshold from the TMCI theory, although this theory
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Figure 17: Vertical rms-sizegrowth of a KEK bunchfor
differentvaluesof thechromaticity(labelledin p s � � e 9
p e . Chromaticityhelpsagainstthee-cloudinstability. All
plots have beenobtainedusing the PEI codeby K. Ohmi
(CourtesyK. Ohmi).
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Figure18: Horizontalandverticalwake functionsalonga
KEK bunch that goesthroughan electroncloud inside a
30 G solenoidfield region. Thebunchheadwasdisplaced
only horizontallyby anamount{ + � � d �©�I .

can only be appliedin first approximation,and needsto
be adaptedto this particular case. The electron cloud
wake fields are not conventional, becausethey strongly
dependon the positionalong the bunch from wherethey
getexcited. Work is beingcarriedout to take into account
this feature in the theory [20]. Assuming the electron
distributionsat subsequenttimesto bethoseat subsequent
longitudinalpositions(with theappropriatescalingfactor),
the longitudinal wake field hasalso beenevaluatedfrom
the outputof the HEADTAIL code,andfound to be small.
It canonly slightly affect thebunchshapeandis not likely
to beresponsiblefor any microwave instability.
Theresultsof theHEADTAIL codehavebeenbenchmarked
againstthe predictionsof Ohmi’s PEI code: the beneficial
effect of chromaticityon the electroncloud singlebunch
instability for a KEK bunchhasbeenreproducedby both
codesin excellentagreement.



-2e+16

-1.5e+16

-1e+16

-5e+15

0

5e+15

1e+16

1.5e+16

2e+16

-0.016-0.014-0.012 -0.01 -0.008-0.006-0.004-0.002 0

W
x,

y 
(Ω

¤ m
-1

s-1
)

z (m)

Vertical wake
Horizontal wake

Figure19: Horizontalandverticalwake functionsalonga
KEK bunch that goesthroughan electroncloud inside a
30 G solenoidfield region. Thebunchheadwasdisplaced
only verticallyby anamount{ JO� � e2�©�� .

0

5e+06

1e+07

1.5e+07

2e+07

2.5e+07

3e+07

3.5e+07

-10 -5 0 5 10

σ x
 d

N
/d

xÃ

x/σx

Bz=0
Bz=2.5 mT
Bz=10 mT

Figure 20: Electron densitiesalong the x-axis after 4/5
of the SPSbunch haspassedthrough the cloud and forX � �¥�� ® � � ���I mT. This simulationresultshows how the
pinchingeffectdisappearswhenthesolenoidfield is strong
enoughasto significantlycoupletheelectronmotionover
onebunchpass.

7 ACKNOWLEDGEMENTS

Theauthorswould like to thankF. Ruggiero,D. Schulte,
G. Arduini, K. Cornelis, E. Métral, M. Giovannozzi,
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Abstract
An e-p instability has been observed in some proton

rings. This instability, which causes beam loss, limits the
performance of the ring. The instability may be serious
for 3 GeV and 50 GeV proton rings in JKJ. We have
studied the e-p instability in several high-intensity proton
rings: JKJ, PSR, ISIS and AGS. This work informs JKJ
whether we have to take measures to cure the instability.
A TiN coating on the chamber surface is one of remedies.
Results of SEY measurements performed at KEK are
discussed. The observation of electron cloud candidates
at the KEK 12 GeV PS Main Ring is also presented.

1 INTRODUCTION
A high-intensity proton accelerator facility has been

proposed in Japan as a joint project of KEK and JAERI
(JKJ). The facility would be equipped with two proton
rings: a 3 GeV rapid cycling synchrotron and a 50 GeV
proton synchrotron [1]. The bunch population, which
would be 4x1013, compares with that of PSR at Los
Alamos National Laboratory [2]. The e-p instability is
potentially a serious problem for these two rings of JKJ.

Not all high-intensity proton rings suffer from an
electron cloud instability. For example, the instability has
not been observed at a rapid cycling synchrotron, ISIS in
Rutherford Appleton Laboratory [3], although it has an
intensity comparable with PSR. AGS in Brookhaven
National Laboratory has intensity with only a few factor
difference of the JKJ 50 GeV ring. However, the
instability has not been observed yet [4]. It is worth
comparing these proton rings from the viewpoint of the
electron cloud instability. The parameters of these proton
rings are summarized in Table 1 [5].

The electron cloud could cause both coupled and
single bunch instabilities. A perturbation of the cloud
induced by a bunch, which affects other bunches, causes
a coupled bunch instability. A perturbation induced by a
part of a bunch, which affects other part of the bunch,
causes a single bunch instability. In these rings, both the
bunch length and the bunch spacing are several tens
meters. At first sight, a bunch spacing of several tens
meters seems to be long enough to decay the perturbation
(wake field) of a bunch. We focus on the single bunch
instability in this paper. The coupled bunch effect will be
discussed at some other opportunity.

The 50 GeV ring in JKJ should supply not only a fast-
extracted beam, but also a slow-extracted beam. An
electron cloud build-up and an instability of a coasting
proton beam would occur in somewhat different ways,
which is not covered here, although it is very crucial.

It is important to know the secondary electron yield
efficiency (SEY) not only as a candidate of remedies, but
also as an input of a computer simulation. The results of
ongoing measurements of SEY at KEK are discussed for
several materials. The observation of electron cloud
candidates at the KEK 12 GeV PS Main Ring is also
discussed as a benchmark of the computer simulation,
although not yet confirmed.

2 FORMATION OF AN ELECTRON
CLOUD

In this section, the electron cloud density of each ring
is evaluated based on a computer simulation considering
the primary and secondary electrons.

Three possibilities of primary electron production are
considered: i.e. the ionization of residual gas due to the
proton beam, electron emission due to protons
impinging on the vacuum chamber wall, and stripping at
the foil for H-minus charge exchange injection.

  The ionization cross-sections for CO and H2 are
estimated to be σ(CO) < 1.3x10-22 m2 and σ(H2) <
0.3x10-22 m2 using Bethe formula. The molecular density
(dm) is related to the partial pressure in nPa by the
relation at 20 oC, dm(m-3) = 2.4x1011 Pm (nPa). The
electron production rate is Y1,i = 7.7×10-9 e−/(m·p) at
2x10−7 Pa, where e−/(m·p) means the number of emitted
electrons per one proton incident per meter.

 On the other hand the electron production rate due to
proton loss is assumed to be Y1,l = 4.4×10-6 e−/(m·p) at

the chamber surface, assuming a proton loss rate of
4x10-6 per revolution and one hundred electron emissions
per one proton loss. Here, the assumption of M. Furman
et al. [6] is adopted. The electron production rate due to
proton loss is a third order of magnitude larger than that
due to ionization.

Electrons stripped at the foil have a kinetic energy of
217 keV during H-minus charge-exchange injection. The
leakage magnetic fields of bump magnets is estimated to
be larger than 20 G around the foil. Almost all of the



Table 1. Basic parameters of the proton rings.

Variable symbol Joint project PSR ISIS AGS
3GeV RCS 50GeV MR
inj. ext. inj. ext. inj. inj.

circumference L(m) 348.3 348.3 1567.5 1567.5 90 163 800
Lorentz factor γ 1.4 4.2 4.2 54 1.85 1.07 3.0
Bunch population Np(x1013) 4.15 4.15 4.15 4.15 3 1.25 1.2
Number of bunches nb 2 2 8 8 1 2 6
Harmonic number h 2 2 9 9 1 2 6
Rms beam size σr(cm) 1.9 1.2 1.1 0.35 1.0 3.8 0.7
Bunch length lp(m) 110 82 82 16 65 60 68

Rms energy spread σE/E(%) 0.6 0.7 0.7 0.25 0.25 0.025 0.28
Slippage factor η -0.48 -0.047 -0.058 -0.0013 -0.187 -0.146
Synchrotron tune Qs 0.0058 0.0005 0.0026 0.0001 0.0003 0.0017
Beam pipe radius R(cm) 12.5 12.5 6.5 6.5 5 8 5

stripped electrons will be bent by these fields. The
electron production rate is 2×Np/Trev ~ 5.4 1011 e−/turn.
Converting into the electron yield per one proton
incident per meter reads Y1,foil = 1.9×10−5 e−/(m·p). This
value is four times larger than Y1,l. These electrons,

however, may not cause big trouble, because (1) primary
electrons of 217 keV are swept from the beam orbit, and
(2) secondary electrons of a few tens eV are easily
localized by the leakage fields.

In the simulation, therefore, electron production due
to proton loss dominates the electron cloud build-up.

 The secondary electron yield, which is the number of
electrons created by an electron incidence with some
energy, is approximated by true secondary electron yield,
as follows [7, 8]:
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YS=2.1 and Emax=200 eV are used. Rediffused and
elastic reflected electrons are not included in this
simulation. SEY is varying in a practical situation,
depending on materials, surface conditions and so on.
Simple aspect is as follows. If an electron hits the wall n
times on average, multiplication will amount to Y2

n.
Taking into account n =10 - 100 per one bunch passage,
it is easily seen that a small change in Y2 causes a large
multiplication. This shows the importance of reducing
SEY.

Electron cloud formation is estimated by tracking the
transverse 2D motion of electrons produced by the
primary and secondary electron emission. Primary
electrons are produced at the chamber wall with energies
of 10±5 eV. At position s along the ring, electrons move
under an electric potential generated by a rigid proton
beam of sinusoidal shape ( λp(s-vt) = (π Np / 2lp) sin (π
(s-vt) /lp ) ). Space charge force between electrons is

neglected because the average neutralization factor is

less than 0.1 in the rings discussed here. The magnetic
fields are also neglected in the whole ring for simplicity.

 The amplification factor (Ae), the number of
multiplied electrons divided by the number of primary
electrons per one bunch passage, is calculated for
several stages of the relevant rings using the parameters
in Table 1. The results are shown in Figure 1. This
characterizes the amplification factor due to secondary
electron emission. At every bunch passage a peak is
formed by trailing-edge multipacting. Although it
decays after the bunch passage, a considerable rate of
electrons remains in the vacuum chamber upon the
arrival of the next bunch. The base line increases as
remaining electrons accumulate. Finally equilibrium is
reached in 5 – 10 bunches passage. The peak and bottom
values of the amplification factor and the neutralization
factor are summarized in Table 2. The neutralization
factor strongly depends on several parameters: the beam
size, chamber size, bunch length and bunch spacing.

3 INSTABILITY CAUSED BY AN
ELECTRON CLOUD

In this section the beam stability is evaluated based on
a wake field approach and a coasting beam
approximation because ωe σz/c  >> 1 and the instability
may be fast enough regardless of the synchrotron
oscillation. Both the proton beam and the electron cloud
are assumed to have a rigid Gaussian distribution. By
linearizing the coupled motion, the proton motion can be
considered to be a forced oscillation with the wake field
that is generated by the proton beam passing through the
electron cloud. Including the damping effect due to
electron oscillation frequency spread, the wake is
expressed as [9,10]
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Figure 1. Electron amplification factor and proton beam density for the JKJ 3 GeV RCS, 50 GeV MR, PSR, ISIS and
AGS. The dashed curves are the proton beam densities of a “half-sin” bunch (arbitrary unit). The parameters listed in
Table 1 were used for the simulation.



Table 2. Electron cloud build-up of the proton rings.

Variable Joint project PSR ISIS AGS
3 GeV RCS 50 GeV MR
inj. ext. inj. ext. inj. inj.

Ae(bottom) 42.0 18.0 9.4 0.13 118 12.9 0.42
Ae(peak) 87.6 62 136 6.9 236 17.5 5.18
η(bottom) 0.020 0.0067 0.0035 0.00001 0.034 0.003 0.0001
η(peak) 0.042 0.023 0.05 0.0005 0.067 0.005 0.0015

Table 3. Wake field and stability for the electron cloud instability.

Variable Joint project PSR ISIS AGS
3 GeV RCS 50 GeV MR
inj. ext. inj. ext. inj. inj.

Z(ωe)L/Q  (MΩ/m) 0.29 0.24 0.68 0.019 0.46 0.0051 0.024
Z(ωe)H/Q  (MΩ/m) 0.61 0.83 9.7 0.96 0.90 0.0085 0.37
ωelp / c 133 182 199 276 166 27 153

UL 0.07 0.23 0.11 0.02 1.6 0.09 0.004
UH 0.23 0.78 1.6 1.2 3.2 0.14 0.06

Figure 2. Dependence of the secondary electron yields on the primary electron energies at the surface as-received and
after sputtering.
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Making use of this coupling impedance, the dispersion
relation is obtained [11, 12]:
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For U>1, the beam is unstable. In Table 3, two values of
UH and UL are listed. They are unstable criteria for the
peak and bottom values of the neutralization factor,
respectively. For ISIS, the slippage factor and the
synchrotron tune are assumed to be the same as PSR.
PSR is unstable. On the other hand, ISIS and AGS are
stable. These results qualitatively agree with the
observations. The rings of the joint project are in-
between.

4 SEY MEASUREMENTS
In this section, the results of ongoing measurements of

SEY at KEK are discussed for several materials. A series
of measurements of the secondary electron yields were
made using an electron beam of 0.5 mm in diameter with
an energy range of 100 to 5000 eV and a current of some
tens nA, or using an argon ion beam with a raster-
scanned size of a few mm2, an energy of 5000 eV and a
current of some tens nA. Surfaces of sample materials
were analysed with x-ray photoelectron spectroscopy
(XPS) or Auger electron spectroscopy (AES). The base

pressure of the main chamber where all of the
measurements were performed was close to 10-8 Pa. A
detailed description of the experiment is reported in [13].

Figure 2 shows the dependence of the secondary
electron yields on the primary electron energy with
normal incidence at the as-received surfaces and after
sputtering with argon ions. Although a titanium as-
received sample showed the highest yield, the yields of
the others, except an isotropic graphite, were close to the
peak of titanium, as seen on the left. At a high energy
region, the yields of the metals as-received appeared to
be similar. However, the yields of the carbon materials
and the TiN film showed lower. The yields of the all
materials were reduced after the argon ion sputtering.
The isotropic graphite showed the lowest value of 0.66
as well, even after slight sputtering, reaching almost its
clean surface. Since the carbon and oxygen impurities in
the TiN film reached their saturation and remained even
after sputtering of a thickness of 65nm, those impurities
may have been included in the film, itself, during its
preparation. Their reduction may reduce the yields of
TiN further.

The simulation here doesn't reflect the above results
yet. Further investigation on electron cloud build-up will
be performed by using these results.

5 ELECTRON CLOUD IN THE KEK-PS
There had been no evidence of electron cloud effects

in the KEK-12 GeV-PS Main Ring. This January
electrostatic pick-ups were installed in the MR to
measure the transverse monopole, dipole and quadrupole
component of the beam [14]. Four electrodes for
monopole (by Σ) and quadrupole measurement were
directly connected to the center control room on trial.
Although a 50 ohm termination is normal, the
measurement with a high impedance termination was
intentionally performed to observe an electron cloud.
Baseline drifts were observed around the transition
energy and around the beginning of the flat top even at a
relatively low intensity operation of 2.5×1012 protons per
pulse (9 bunches), as shown in Fig. 3. The rf frequency
sweeps from 6 MHz to 8 MHz. The full bunch length
varies from ~ 90 ns at injection to ~ 30 ns at transition
energy. The top trace is the number of particles, the
middle trace a pick-up signal and the bottom trace the
bunch signal from a wideband wall current monitor
(WCM) in each figure. The envelope of the WCM signal
peaks at the transition energy. With a 50 ohm
termination the pick-up signal has a similar shape as the
WCM signal. This implies a charge-up of the pick-ups
with a negative current of a few microamperes.

Although there seems to be no instability and no
problem for operation, the following experiments were
performed to clarify the source of the baseline drift:
baseline drift vs. bias voltage with various bunch
numbers and with or without a magnetic solenoid field.
The first idea was that it came from some resonance of
the system because a preferred frequency seems to exist.



Upper electrode Left electrode (outer side of the ring)

Lower electrode Right electrode (inner side of the ring)

Figure 3. Baseline drifts around the transition energy and around the beginning of the flat top at a relatively low
intensity operation of 2.5×1012 protons per pulse (9 bunches). Trigger: 400 ms after the beginning of acceleration
indicated by the arrow. The transition energy is ~350 ms after the beginning of acceleration.

Figure 4. Peak voltage of the baseline drift at the
transition energy with the number of bunches (7, 8 and 9).

Figure 5. At a fixed bunch number 9, the peak voltage of
the baseline drift measured with the solenoid current of 0,
10, 20 and 30 A.



 
If it comes from some geometrical reason, there may be
no saturation. On the other hand, if it comes from
electrons, there may be saturation.

Figure 4 shows the peak voltage of the baseline drift at
the transition energy with seven, eight or nine successive
bunches. The baseline drift was saturated by applying
more than ~40 V of positive bias. With increasing the
negative bias, the baseline once increases and then
decreases, and gradually approaches to zero. This
saturation level decreased with increasing bunch gap. In
this measurement the bunch population was kept at
2.8×1011 protons. The baseline drift was not detectable if
the bunch number was less than 6.

At a fixed bunch number of 9, the peak voltage of the
baseline drift was measured with solenoid currents of 0,
10, 20 and 30 A, as shown in Fig. 5. The field
distribution at 25 A is plotted in Fig. 6, more than 25 G
at the vacuum chamber surface. The Lamor radius at 300
eV electron is ~23 mm at 25 G, which can force
electrons away from the beam.

Although the above experiments do not contradict the
statement that the baseline drift comes from the electron
cloud, further study is necessary to confirm it.

To get an impression, the electron build-up was
calculated with the beam parameters of the experiments.
The simulation was basically the same as that described
in the previous section. The only difference is that the
effect of reflected electrons was checked. The results
were quite different whether elastic reflected electrons

were included or not, as shown in Fig. 7. Without elastic
reflected electrons, Ae is ~7, while including them
causes a large Ae of more than 260, not saturated yet, as
shown in Fig. 7. Elastic reflection may lengthen the
electron lifetime and make Ae larger. Introducing an
electron space charge may work in the opposite way, i.e.
to suppress electrons generation.

Figure 6. Magnetic fields at the vacuum chamber
surface at a current of 25 A. The pick-up of 300 mm in
length is located at |z| < 150 mm.

Figure 7. Simulation of electron build-up around the transition energy. Primary electrons of 5000 are generated at every
bunch passage. The left plot is only with true secondary electrons. In addition, the right plot includes elastically
reflected electrons.

6 SUMMARY
Electron cloud build-up and beam stability were

evaluated for high intensity proton rings: JKJ 3 GeV

RCS, 50 GeV MR, LANL PSR, RAL ISIS and BNL
AGS. The assumptions in the simulation were as
follows: estimated in field free region, included only
true secondary electrons, without space charge effect.
The number of primary electrons is amplified by



trailing-edge multipacting. The rate strongly depends on
the secondary electron yield, beam shape, and chamber
geometry. Then, using the neutralization factor obtained
by the simulation, the beam stability was evaluated
using a coasting beam model. The obtained stabilities
agree qualitatively with observations in the existing
machines. The neutralization factor due to the electron
cloud was less than 0.1, neglecting elastic reflection in
the secondary electron emission and electron space
charge. This low neutralization degree justifies the
neglecting electron space charge. However, including
the elastic reflection in the secondary electron emission
raises the neutralization factor by more than one order of
magnitude. Including both the elastic reflection and the
electron space charge may tend to cancel each other.
This is a subject for future study.

A low SEY material, such as TiN, may improve the
stability, if surface processing is carefully performed.
Further experiments, including in situ measurement with
several materials are foreseen, if the described baseline
drift phenomena at the pickups in KEK-PS are confirmed
to be the result of an electron cloud effect.
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Study of electron cloud build-up and instability in high intensity proton rings

K. Ohmi, T. Toyama, C. Ohmori
KEK, Oho, Tsukuba, 305-0801, Japan

Abstract

An ��� instability has been observed in some proton rings.
The instability, which causes beam loss, limits performance
of the ring. The instability may be serious for 3 GeV and 50
GeV proton storage rings in Japan Hadron Facility (JHF).
We study the ��� instability in several high intensity proton
storage rings operated in the world. This work informs JHF
whether we have to take measures to cure the instability, for
example apply a TiN coating on the chamber surface.

1 INTRODUCTION

The electron-proton (���) instability has been discussed
for a long time. The first work was done at CERN-ISR
[1, 2]. An instability was observed at the operation of coast-
ing beam and it was cured using clearing electrodes. After
that, an instability has been observed for bunched proton
beam in a proton synchrotron ring at Los Alamos National
Laboratory (LANL-PSR) [3]. They reported that the insta-
bility was caused by an electron cloud. In their scenario,
primary electrons were produced by proton losses at the
chamber surface, and an electron cloud was formed by the
trailing edge multi-pacting [3, 4]. Electrons, which are pro-
duced by the head part of the beam, are accelerated by the
body part of beam, and released at the trailing edge. The ac-
celerated electrons create secondary electrons at the cham-
ber surface. The secondary electrons are amplified at every
hitting of the chamber wall.

A high intensity proton accelerator facility has been pro-
posed in Japan as a joint project of KEK and JAERI. The
facility, which is named Japan Hadron Facility (JHF), is
equipped by two proton rings: a 3GeV rapid cycle syn-
chrotron and a 50GeV proton synchrotron. The bunch pop-
ulation, which is ����� ����, compares with that of PSR.
The electron cloud instability may be serious for these two
rings of JHF.

The electron cloud instability has not been observed in
all high intensity proton rings. For example, the instability
has not been observed at the rapid cycle synchrotron ISIS
in Rutherford Laboratory at the bunch intensity compara-
ble with PSR. AGS has an intensity which is only a small
factor different from that of JHF-50GeV, but the instability
has not been observed. It is worthwhile to compare these
proton rings from the point of view of the electron cloud
instability. The parameters of these rings are summarized
in Table 1.

The electron cloud causes both the coupled and the sin-
gle bunch instabilities. A perturbation of the cloud induced
by a bunch affects other bunches, and causes the coupled
bunch instability. A perturbation induced by a part of a

bunch affects other part of the own bunch, and causes the
single bunch instability. In these rings, bunch length and
free space between bunches are several 10 m both. At a
first sight, the free space of several 10m seems to be enough
long to smear out perturbation of the bunch. Hence, we fo-
cus on the single bunch instability in this paper.

We discuss formation of the electron cloud in Sec.2.
Electrons created by ionization and proton loss are taken
into account as the primary ones. Secondary electrons are
created by hitting of the originary electrons on the cham-
ber wall. The electron cloud density of each ring is esti-
mated by a computer simulation considering the primary
and the secondary electrons. We study the instability of
proton beam interacting with the electron cloud in Sec.3.
We analyze the instability with a tracking simulation [5]
and a wake field approach [6].

2 FORMATION OF ELECTRON CLOUD

We discuss electron production and formation of the cloud.
Many possibilities for primary electron production are con-
sidered. Ionization of residual gas due to proton beam cre-
ates electrons and ions. The ions create electrons when they
are absorbed at the chamber surface [7, 8]. Electrons are
also created by proton absorption at the beam chamber sur-
face. �� injection is a direct electron source. We classify
the electron sources roughly into two categories for initial
condition of electrons: that is, the electrons produced at the
chamber surface and at the beam position.

The yield of ionization electrons is determined by the
ionization cross-section and vacuum pressure in the beam
chamber. Electrons are produced along the beam trajec-
tory. Electron production at the chamber surface is rather
complex. It is not well-known how many electrons are pro-
duced by proton beam, though there are many candidates.
R. Macek et. al. measured number of electrons hitting the
chamber wall using button electrodes at PSR [3]. They
observed a peak current of �������	� with the width
of 50ns at the revolution period of 350ns with the proton
current of 20A. In the positron machine, KEKB-LER, we
observed electron current of � � ������	� in DC at the
positron current of 600mA. These measurements show that
the number of electrons produced in high intensity proton
rings is comparable with that of positron storage rings. It
is surprising that proton rings have such a highly efficient
electron production mechanism.

In KEKB, the electron current is understood to be due
to photoelectron emission caused by synchrotron radiation.
A probability for a positron to emit a synchrotron radiation
photon at the travel distance of 1 m is 0.15, and 10% of the



Table 1: Basic parameters of the proton rings

JHF
variable symbol 3GeV 50GeV PSR ISIS AGS

inj. ext. inj. ext.
circumference 
(m) 348.3 348.3 1567.5 1567.5 90 163 800
relativistic factor � 1.4 4.2 4.2 54. 1.85 1.07 3.0
bunch population ��������� 4.15 4.15 4.15 4.15 3 1.25 1.2
number of bunches � 2 2 8 8 1 2 6
harmonic number � 2 2 9 9 1 2 6
rms beam sizes ��(cm) 1.9 1.2 1.1 0.5 1.0 3.8 0.7
bunch length ��(m) 110 82 82 16 65 60 68
rms energy spread ������� 0.6 0.7 0.7 0.25 0.25 0.28
slippage factor � -0.48 -0.047 -0.058 -0.0013 -0.187 -0.146
synchrotron tune �� 0.0058 0.0005 0.0026 0.0001 0.0003 0.0003 0.0017
beam pipe radius ���	� 12.5 12.5 6.5 6.5 5 8 5

photons create photoelectrons: i.e., the electron production
rate is �� � ���� ��������	 � ���. The observed current
value well coincides with simulations taking into account
the electron yield, their motion and geometry of the button
electrodes.

To explain the observed current at the proton machine,
R. Macek et. al. proposed electron production due to pro-
ton loss at the chamber surface [3]. M. Furman et.al. [4]
use electron production rate �� � ��� � ��������	 � ��
at the chamber surface. They have observed proton loss of
� � ���� per turn at PSR (L=90m). They assume that a
proton creates 100 electrons at its loss. Though this rate is
still smaller than that of KEKB, multipacting due to sec-
ondary electrons makes up the difference. The number of
amplified electrons was consistent with the electron current
measurement.

Since we do not have clear information about the rate
for JHF, we use this primary electron yield in our calcula-
tion, although this value may depend on energy, chamber
geometry, surface condition, etc.

We also investigate ionization electrons. These electrons
are produced by the ionization of residual gas in the cham-
ber. Ionization cross-section for �� and �� is estimated as
����� � ��	������	�� and ����� � ��	������	��

using the Bethe formula [9]. The molecular density �� is
related to the partial pressure in nPa by the relation at 
�Æ�,
���	��� � 
����������� ��. The electron production
rate is ���� ��������	 � �� at 
� ����Pa. The produc-
tion rate is 7 orders at magnitude smaller than that of the
photoelectron in KEKB, and is 3 orders smaller than that
of the proton loss.

Secondary electron production plays an important role
for electron cloud build-up in proton rings, because pri-
mary electrons are much less than that of positron ring.
Secondary yield [10], which is the number of electrons cre-
ated by an electron incidence with an energy, is approxi-

mated by the formula,

�� � �� � �

����

����

���� � ���������	��
� (1)

Fig.1 shows the secondary yield for �� � 
�� and ���� �

���� . These values are obtained for aluminum by mea-
surements [11].
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Figure 1: Secondary electron yield depending on incident
electron energy for �� � 
�� and ���� � 
����

.

2.1 Simulation of electron cloud formation

Electron cloud formation is estimated by tracking the mo-
tion of electrons produced by the primary and the sec-
ondary electron emission [10, 12]. The motion of electrons
is calculated in the transverse two dimensional plane. We
consider electron cloud distribution at the position �
. The
distribution and line density �
��� is assumed to be depen-
dent only on � � �
 � ��, but to be independent on �

for the choice of independent variables �� ��. We neglect
space charge force between electrons in present simulation,
because the average neutralization factor �
��� is of the or-
der of 0.1 in our case as it is seen later, where �
 and �� are



the electron line density and the proton average line density,
respectively. Therefore the results shown below are scaled
by the yield of primary electrons. However electron motion
during the beam passage absence is important for the sur-
vivor of electrons, which are the seeds of multipacting due
to the next bunch. We will include the space charge force
in the near future.

The proton beam is sliced along longitudinal direction
with an equal step. Each slice has a local proton density
������. Electrons are tracked step by step along the passage
of the proton beam. Equation of motion for electrons is
expressed by

������

���
� �
����
 � ���!
�

�

��� � �����
������� (2)

where the force � ��� is expressed by the Bassetti-
Erskine formula normalized so that �  � ������ as
� � �. � is time when the beam slice at � � �
 � ��
arrived at electron position �
. The equation is integrated
with the time step of the slice width.

The electrons are produced at the chamber surface or at
the beam position, when proton beam passes through the
longitudinal positions. The number of production is pro-
portional to the local proton density. We produce primary
macro-electrons of ��������������� for a proton bunch
passage in this simulation. The longitudinal charge distri-
bution of the proton bunch is assumed to be expressed by a
sinusoidal function as

"� �
#��


��
���

#�

��
� (3)

The number of electrons in the chamber is calculated dur-
ing passage of 10 proton bunches. Fig.2 shows the num-
ber of electrons as a function of �. The vertical axis is
the number of electrons which is normalized by the num-
ber of primary electrons produced by a bunch, � 
��� �
�
����������. �
 characterizes the amplification factor
due to secondary emission.

The electron cloud density gradually increases at the be-
ginning of the interaction, and suddenly increases at the
bunch tail. This is due to the trailing edge multipacting
[4]. The number of electrons decreases after finishing of
the multipacting, but considerable quantity of electrons re-
mains in the chamber at arrival of next bunch. The quantity
depends on the ring and beam parameters. Electrons accu-
mulate gradually again with a sudden leap at the tail of the
2nd bunch. These processes, in which the number of elec-
trons increases and decreases, are repeated every passage
of bunches. The numbers of electrons at top and bottom
arrive at certain values after 5-10 bunches passage. The ar-
rived values and the number of bunches to pass depend on
the ring and beam parameters.

Fig.3 shows the transverse distribution of electrons dur-
ing the passage of the last (10-th) bunch. The figure shows
that electrons distribute widely at the start of the interac-
tion with the bunch and are gathered at the beam position
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Figure 2: Electron amplification factor and proton beam
density (arbit. unit). Electrons are produced at the cham-
ber surface. (a) 3GeV inj (b) 3GeV ext (c) 50GeV inj (d)
50GeV ext. (e) PSR (f) ISIS (g) AGS

immediately, and splash after the interaction. The last pic-
ture shows the vertical distribution of electrons after 50m
passage. The cloud size is comparable or a little larger than
the beam size.

We also investigated electron cloud build-up due to ion-
ization. Electrons are produced at the beam position. The
initial energy of ionization electron is neglected. If the en-
ergy of electron is high enough to escape the beam poten-
tial, the production yield contributes to �� at the chamber
surface. Fig.4 shows the number of electrons �
 for zero
initial energy. The number is far less than that produced at
chamber. Electrons can not get sufficient energy to produce
secondary electrons.

We now estimate neutralization factor of the electron
cloud for proton beam. The proton and electron line densi-
ties are functions of �. The neutralization factor is defined
as electron cloud line density divided by the average proton
line density, $��� � �
������, which is function of �. The
neutralization factor is expressed by

$��� �
�
�������

�����
� �
�������� (4)

Table 2 shows peak and bottom values of the neutraliza-
tion factor for each ring. The neutralization factor strongly
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Figure 3: Transverse electron distribution during the pas-
sage of the last (10-th) bunch (1-st) 0m, (2-nd) 10m, (3-rd)
50m, and (4-th) 100m, and (5-th) vertical distribution after
50m passage.
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Figure 4: Electron amplification factor and proton beam
density (arbit. unit). Electrons are produced at the beam
position. (a) 3GeV injection (b) 3GeV extraction (c)
50GeV injection

depends on the parameters: beam size, chamber size, bunch
length, and bunch spacing.

We got some characteristics concerning electron cloud
in this simulation. The characteristics are used to estimate
instability in the next section. They are summarized as fol-
lows,

� Electron cloud arrives at an equilibrium density after
around 10 bunches passage.

� Leading-edge of the proton beam passes through the
electron cloud which is formed by previous bunches.
The electron cloud distributes all over the chamber.

� Electrons are gathered at the beam position immedi-
ately at the passage of the leading-edge.

� Number of electrons suddenly increases by 
 � ��
times depending on the beam and ring parameters at
the trailing-edge of the proton beam.

3 INSTABILITY CAUSED BY
ELECTRON CLOUD

We discuss the instability caused by the electron cloud. The
instability is studied by simulation using beam tracking and
the wake field approach. We study the transverse dipole
mode instability, in which the beam can have dipole mo-
ment ��� ��, where ��� �� is a function of �.

3.1 Simulation using beam tracking

The electron cloud is created and accumulated by passage
of bunch by bunch as is shown in the previous section.
We study motion of proton bunches interacting with the
electron cloud using a tracking simulation. For simplic-
ity, we use the characteristics of the electron cloud sum-
marized in the previous section. Electrons are assumed to
be always uniformly distributed with a certain density in



Table 2: Electron cloud build-up of the proton rings

JHF
variable 3GeV 50GeV PSR ISIS AGS

inj. ext. inj. ext.
�
(bottom) 42.0 18.0 9.4 0.13 118. 12.9 0.42
�
(peak) 87.6 62. 136. 6.9 236. 17.5 5.18
�(bottom) 0.020 0.0067 0.0035 0.00001 0.034 0.003 0.0001
�(peak) 0.042 0.023 0.05 0.0005 0.067 0.005 0.0015

the vacuum chamber at the beginning of interaction with
a proton bunch: that is, they do not have memory due to
interactions with previous bunches.

A proton bunch is represented by macro-particles which
are located along � with equal spacing. Each macro-
particle has a charge and a mass corresponding to the pro-
ton line density. The macro-particle is free for dipole
motion with dipole moment characterized by ����� �� �
�%� &��, but the emittance (size) is kept to be constant.
Electron cloud is set at one or some positions of the ring,
and is represented by a large number of point-like macro-
particles. The electrons are initialized by uniform distribu-
tion in every interaction with the beam.

The equation of motion is expressed by

������
���

�'������� � �
!�
�

���
�	�

��������
����� (5)

���
��
���

� �
�����!
����
�� � �������� (6)

Motion of the macro-electrons and macro-protons is
tracked during the beam passage. After that, macro-protons
are transferred by the lattice magnets, and then interact with
randomly initialized electrons again. These procedures are
repeated in every interaction of the bunch and cloud.

We performed the simulation for JHF 3GeV and 50GeV
rings at injection. The neutralization factor was 2% and
4% for 3GeV and 50GeV rings, respectively. These value
are bottom values in the Table 2. Fig.5 shows the vertical
dipole moment of a proton bunch &���� �� along the longi-
tudinal position � at � � 
��
. Excitation of dipole mode
with the frequency (
 is seen. We got similar signal for the
horizontal moment.

Fig.6 shows the variation of dipole moment, )�, where
)� � ��&��
*&&��+&����
 is maximum value along �.

To discuss the beam stability, we compare the growth
rate with the Landau damping rate. We take into ac-
count the Landau damping caused by longitudinal motion
of bunch, which disturbs the coherence of the dipole mo-
tion. Landau damping rate is given by (
��Æ � (�(
����
for a long bunched beam [13]. The beam stability is esti-
mated by these ratios,
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Figure 5: Vertical dipole moments for JHF 3GeV and 50
GeV rings at injection. The right-left correspond to the
head-tail of a bunch, respectively. Pictures (a) and (b) are
obtained for 3 GeV and 50 GeV, respectively.
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Figure 6: Growth of the vertical dipole instability for JHF
3GeV and 50 GeV rings at injection. The right-left corre-
spond to the head-tail of a bunch, respectively. Pictures (a)
and (b) are obtained for 3 GeV and 50 GeV, respectively.

where


	 is used as a normal stability condition.

For JHF 3GeV and 50 GeV at injection, the growth
rate .
�-� for small amplitude is ��
�0 ������ � �����
������ in the both cases. , is obtained as

, � ���� � ���� 3GeV (8)

, � ��
	 � ���
 50GeV� (9)

Although the growths in Figure 6 are very fast, Lan-
dau damping suppresses the instability because of large
(
����.

3.2 Wake field induced by electron cloud and
beam stability

Here we treat the instability with analytic approach using
the wake field induced by electron cloud. We know that the
electron cloud was gathered near to the beam immediately
at beginning of the interaction with the beam, and the beam



interacted with the pinched electron distribution during the
passage through the cloud. The size of electron cloud is
about the same as the beam size. We regard the system as
an interaction between the coasting beam and the electron
cloud with Gaussian distribution. We take linear term of
the interaction. The motions of the beam and electron cloud
are characterized by &��� �� and &
�� ��, respectively. The
equations of motion for the beam and cloud are expressed
as follows,

��&��� ��

���
�
�(���

�

��
&��� ��

� �
�(���

�

��
�&��� ��� &
�� �� � ������ (10)

��&
�� ��
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���&
�� ��� &��� ��� ��� (11)

where (��� denotes the angular betatron frequency with-
out electron interaction. The two coefficients (��� and
(
�� characterize the linearized force between the beam and
cloud, and are given by
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��� � �����
 (12)

where �
 and �� are the line densities of the cloud and
beam, and �� and �� are the horizontal and vertical beam
sizes, respectively.

From Eq.(10) and (11), an equation for the beam motion
is obtained as follows,
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Here �(�
� � (�

� � (�
� is the angular betatron frequency in-

cluding the frequency shift due to the electron cloud. The
right-hand side of Eq.(13) can be represented by a wake
function, which depends only on the longitudinal distance.
Integrated over the ring circumference 
, the wake function
can be written as

1������
��� � ����� ���
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where
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This wake field does not damp for � in this model: i.e., in
the word of impedance, the � factor is infinite. Actually the
frequency spread of (
 should be taken into account. We
add a damping term 
*&
 in the left hand side of Eq.(11).
The damping factor * corresponds to the frequency spread
of (
. The wake field is now expressed by
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where * � (
�
� and �( �
�

(�

 � *�. Note that � 0 �

for backward direction.
In this framework the frequency spread (* or �) is not

determined. The spread is caused by nonlinear interaction
with beam, proton distribution along � and beam size mod-
ulation due to + function variation. An estimation of �
caused by nonlinear interaction is given in Ref.[6]. The
wake field is calculated by the same simulation method.
Fig.5 shows the wake field for JHF-50GeV at injection.
The resonator parameters are obtained by fitting the figure
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Figure 7: Wake field caused by electron cloud for JHF 50
GeV at injection.

as follows,
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(
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� ������� (17)
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The number enclosed in brackets is analytical value given
by Eqs.(12) and (15). ����� and (
 are somewhat larger
values than the analytical ones. Q=13 was obtained by
the simulation with the account of the nonlinearity of the
beam-cloud interaction. The � value is conjectured to be
further reduced for considering the longitudinal proton dis-
tribution and modulation of the beta function.

Corresponding effective transverse impedance is given
by Fourier transformation of the wake field.
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where 2
 is the vacuum impedance 	���.
We discuss the stability of beam which experiences the

effective impedance. Since the bunch length is very long,
(
��� � �, the coasting beam approximation is used. The



stability criterion is given by the dispersion relation as fol-
lows [13],
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For , 4 �, the beam is unstable. , for various rings are
calculated using Eq.(15) and parameters in Table 1 and 2.
The � value is 5. The results on the stability are shown in
Table 3.

The table includes two values of ,� and ,�, which are
the criteria for the peak and bottom values of neutralization
factor, respectively. It is the same meaning for 2����.

This result, which shows that the ��� instability is seri-
ous for PSR but is not for ISIS, is consistent with experi-
mental results. In JHF, some of ,� exceed 1.

4 CONCLUSION

We discussed the electron cloud build-up and instability in
some high intensity proton rings shown in Table 1. We
studied the electron cloud build-up using a computer sim-
ulation. Primary electrons were produced at the chamber
surface or at the beam position. We considered the yields of
���� � ����������	��� at the chamber surface. The elec-
trons appear due to proton loss, ion hitting or other mecha-
nisms. The ionization yield was ���� � ���� ������	 � ��
(
� ����Pa). The ionization electron can be neglected for
the vacuum pressure less than ���Pa, if we use the yield
���� from the chamber surface.

The primary electrons are amplified by the secondary
electron emission at the chamber surface. The electrons
experience the energy gain due to the beam force, create
secondary electrons, and cause multipacting. The ampli-
fication rate was estimated to be an order of 100 in the
present model. The neutralization factors for some proton
rings are summarized in Table 2. We have to note that the
rate depends on the secondary yield, beam shape and cham-
ber geometry. It has to be kept in mind that �� is difficult
to estimate in individual machines.

In this calculation, the space charge force between elec-
trons and the elastic scattering (reflection) of electrons [14]
are not considered. These may be important, because elas-
tic scattering continues to supply electrons up to the space
charge limit. We should not discard the ionization as the
electron source [15].

The beam stability is estimated by a tracking simulation
and coasting beam model using the wake field due to the
electron cloud. The results are summarized in Table 3.
The tracking simulation showed consistent results as the
coasting beam model. In the results, PSR was the most se-
vere for the instability, while ISIS was safe. JHF-3GeV is
medium between PSR and ISIS. For large scale rings, AGS
is safe. JHF-50GeV is more severe than AGS. Since the
stability criterion , exceeds 1 at the peak cloud density for
50GeV ring, and is closed to 1 for 3GeV ring, we have to
take care of the instability. We should estimate the cloud
density more carefully, including the space charge between

electrons, elastic scattering of electrons, effects of lattice
magnet, etc.

The secondary electrons play important roles for the
electron cloud instability in proton rings. Application of
the TiN coating to reduce the secondary yield is a very pow-
erful cure for this instability.

The authors thank A. Valishev for reading this
manuscript.
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Table 3: Wake field and stability for electron cloud instability

JHF
variable 3GeV 50GeV PSR ISIS AGS

inj. ext. inj. ext.
2�(
�����5��	� 0.29 0.24 0.68 0.019 0.46 0.0051 0.024
2�(
�����5��	� 0.61 0.83 9.7 0.96 0.90 0.0085 0.37
(
���� 133 182 199 276 166 27 153
,� 0.07 0.23 0.11 0.02 1.6 0.09 0.004
,� 0.15 0.78 1.6 1.2 3.2 0.14 0.06



HEAD-TAIL INSTABILITY CAUSED BY ELECTRON CLOUD

E. Perevedentsev
�
, Budker Instituteof NuclearPhysics,Novosibirsk,Russia

Abstract

The stronghead-tailinstability of a positronor proton
bunch may be causedby wakefieldsarising in the elec-
tron cloud presentin the beampipe. Thesewakefields
areknown to produceboth deflectionand tuneshiftvary-
ing along the bunch. We discussa model involving this
tuneshiftas well as the machinechromaticityand trans-
versefeedback.

1 INTRODUCTION

Therecentyearsbroughta lot of informationconcerning
the influenceof electroncloud on collective dynamicsof
positron/protonbeams,see[1] andreferencestherein.Par-
ticularly, observationsof the thresholdsand growth rates
of the transversebeaminstabilitiesat KEKB LER, CERN
SPS,andothermachinesseemto beconsistentwith thehy-
pothesisof thehead-tailinstability in asinglebunchcaused
by the cloud wakefields[2], degradationof the effective
transverseemittancebeinga manifestationof this instabil-
ity.

Our objective in this paperis a detailedcharacterization
of the stronghead-tailinstability, provided the cloud re-
sponseis alreadyknown. We first considerthe properties
andparametrizationof theelectroncloudwake in Sections
2,3. In Section4.1 we summarizeessentialsof the stan-
dard techniquefor analysisof single-turninstabilities in
a bunchedbeam,seee. g. [3]. The stability analysis
is basedon finding the complex tunesof transverse(syn-
chrobetatron)modesfrom linearizedVlasov equation.We
emphasizethe role of themachinechromaticityin control
of the modegrowth rates. The transverseelectroncloud
wake known from simulationsis thenusedfor characteriz-
ing thechromaticity-dependentmodetunesin KEKB LER
andCERNSPS.

Thestandardwakeandimpedanceapproachcanbemod-
ified soasto includesomespecificfeaturesof thecloudre-
sponse.In Section4.2 we includein our considerationthe
betatrontunevariationalongthebunchdueto differencein
incoherenttuneshiftscausedby growthof theclouddensity
duringthebunchpassage(pinchingof thecloud).

Simulationof the cloud responseshows that the cloud
pinching resultsin non-trivial behavior of the transverse
dipolewakefield[4, 5], andin Sections4.3,4.4wepresent
the modificationof the standardVlasov eigenvalueprob-
lemfor thewake function

�������	�
����
which is not reducible

to thedifferenceargument
�������

.
In Appendiceswediscusswhy themodeswith veryhigh

ordercanbe disregardedin practicalsituations.Thestan-�
perevedent@inp.nsk.su

dardapproachcanincludea simplifiedmodelof thetrans-
versebunch-to-bunchfeedback,its influenceon the beam
instability dueto electroncloudis discussedin Section5.

Using the presentedtechniques,we discussthe typical
behavior of thehead-tailmodesin Section6, usingthepa-
rametersof the electroncloud wake for KEKB LER and
CERNSPS.

Section7 is devotedto theestimateof stabilitybasedon
the coasting-beamlimit. And finally, we summarizethe
resultsin Conclusion.

2 EQUATIONS OF MOTION

Following the theoryof beam-ionor beam-electronin-
teraction[6] we derive one-dimensionalequationsof mo-
tion for our casewherethe photoelectroncloud is already
presentprior to arrival of thebunchwhosemotionis stud-
ied.

We write the linearequationsfor thebeamcentroidoff-
set ��� ��������� , andelectroncloudcentroid��� ��������� at thema-
chineazimuth

�
at thetime

�
. Uniform longitudinaldensity

is assumedin both the electroncloudandpositronbunch,
aswell asequaltransversesizes.

� � �� ��� �� �  ��� ��������� � !  " ��� ���������# $ � ��� ���������%� ��� ���������&�'��  � �  � � ��������� # (  � � � � ���������%� � � ���������&��)
Betatronoscillationsof thebeamaretakenin thesmooth

form with ! " # �+*-,
,
,

beingtheverticalamplitudefunc-
tion.

The beam-cloudinteraction parameter$ can be ex-
pressedas

$.# /+0 � �2143�5'3�6'��7  8:9��  3 6 ��3 5 � 3 6 � #;/ 1 0 ��<+= 3	58 ��3 5 � 3 6 � �
0 � is thetime-averagedelectronclouddensity,3 6

and
3 5

aretheverticalandhorizontalbeamsizes,7
is theelectroncharge,9 is its restmass,8 is thebeamLorentz-factor,� is thespeedof light,< = is theclassicalelectronradius.
Electronsof thecloudoscillatein thebunchspacecharge

field with thefrequency ( � ,
(  � # /?> � < = �  @ A 143�BC3�6���3�5 � 3�6'� �



here > � is the bunch populationand
3 B

is its Gaussian
length.

We canobtaintheequationfor thebeamcentroidalone,�  � �  � �����D��� �E!  � �����
��� #�$ ( ��
B
"GF � �
HJI2K ( �� ���L�M� � � � �����
� � ��)

With a slowly-varying complex amplitude N �����D��� of the
betatronoscillation,

� �����D��� #PORQ N �����
����7TSVUXWZY+�
afteraveragingout the N\[ termon theright-handside,we
have�� �VN �����
��� #�] $A ! ( ��

B
" F � � H^IXK ( �� ������� � � N �����
� � ��)

Thustheproblemis reducedto thebeambreakupwith an
oscillatingtransversedipolewake function

�_���`�����a�
,�_�����b� � �dc $ ( � 3	B� > � HJI2K

( �� ���`��� � ��)
3 DECOHERENCE AND

PARAMETRIZATION OF THE WAKE
FUNCTION

Non-uniformity of the positronbunch density leadsto
the frequency spreadof the photoelectronoscillationand
results in decoherenceof the cloud response. A sim-
ple estimatecan be doneby averagingthe wake with a
weight function e �2fg� which implies e. g. horizontalnon-
uniformity of the bunchdistribution affecting the vertical
wake function:�_� ( � �D���ih �_� ( � �jfd���
��� e �2fg� F fk)
If we takea Gaussiandistributionof thebeamdensity,

e �jfd� # A1 7TS 5
l^m  �
then ( � �jfd� #n( " 7 S 5
l^mJo )
Henceweobtainthewakewith theaccountof decoherence,

p�_����� #q$ ( "sr� t
" H^IXK ( " �� 7 S 5
lJm&o A1 7 S�u 5DlJmJo F fk)

Theresultcanbeexpressedin termsof theStruvefunction
andcanbe fitted eitherby the Besselfunction v �D� ( " � * � �
for large

�
, or by thebroad-bandresonatorwake,

� � ����� # �Zwyx (dz{.|( 7TS?} B~m � H^IXK |( �� �������b�:���
� # ( zA { � |(�# (  z � �  )

Figure 1 shows the comparisonof thesefits with actualp�_�����
.
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Figure1: Thedecoherencewake
p�_�����

(solid line) andthe
fitting function(dashedline). Top: fit by theBesselfunc-
tion v �D� ( " � * � � ; bottom: fit by the broad-bandresonator
with (�#n( " .

The correspondingtransverse impedanceis sampled
by the long bunch spectrumin the low-frequency range
((gz 3 B * �y��� at KEKB LER),

� � # �Zw�x * {( { � ] (dz � (  ( z
� �Zwyx{ ( z ({ ( z � ] )

Thebroad-bandresonatorparametersrelevantto theKEKB
LER andthe SPS(seeTable1 for the parameterlists) are
determinedfrom the simulationsof the wake function [4,
5], andlistedin Tables2,3.

4 STRONG HEAD-TAIL INSTABILITY

In contrastto thebeambreak-upproblemin a linac, the
dynamicsin a circularmachineis stronglyaffectedby the
synchrotronoscillations.The electroncloud effect on co-
herentmotionof thesinglebunchcanbemodelledby the
stronghead-tailinstability [2]. This will betheframework
of thestability analysisin thefollowing section.

4.1 Standard Case, the Transverse Wake Func-
tion in the Form ���&�����s�a� 1

Notation:> � is thenumberof positronsin a bunch,

1In thissubsectionwecloselyfollow thederivationpresentedin Chap-
terVI of A.W. Chao,Physics of Collective Instabilities in High Energy Ac-
celerators (J. Wiley, New York,1993),andrefer to the equationstherein
usingtheformat“Eq. (6.xxx)” in thefollowing partof thepaper.



Table1: Basicparametersof the KEKB LER andCERN
SPS

variable KEKB-LER SPS
particletype

7~� �
circumference � � �Z� m 6900m
beamenergy � ) � GeV 26 GeV
bunchpopulation � ) ��� � � � " � ) � � � �J�
bunchspacing 8 ns —
rmsbeamsizes

�?) / A mm 3 mm
0.06mm 2.3mm

bunchlength 5 mm 30 cm
rmsenergy spread 0.0007 0.002
slippagefactor

� ) � � � � S o �?) � � � � S o
chromaticity / * � � *�� �
synchrotrontune

�?) � � �
0.0046

betatrontune � 46. 26.7
averagebetafunction 15m 40 m

Table 2: Analytically determinedparametersfor wake
force inducedby electroncloud using the resonatorap-
proximation. w * { in units of � can be obtainedby�
wyx * { ��� � . �Zwyx * { and (  � , which linearly dependon� , areevaluatedfor � � # � � �  

m
S�u

.

KEKB-LER CERN-SPS
x y y( ��� H S ��� � ) / � � � � " � )��-� � � � �J� � ) � � � �s�( ��� H S ��� � )�� � � �C  / ) � � � �s  � ) / � � �s �
wyx * { � ¡ S  � � ) � � � �C  A ) ¢ � � �s£ �?) �¤� � �s 

Table3: Simulatedparametersfor the wake field induced
by anelectroncloudof density� = # � � �  m

S'u
, asobtained

by fitting to theresonatormodel.
KEKB-LER SPS

x y y(gz � H S ��� �V)j� � � � � " A ) A � � � �J� � ) � � � �s�{ A )�� � ) � / ) ¢�Zw x * { � ¡ S  � A ) ¢ � � �C£ �?) �G� � �C£ � ) A � � �s£

� 5	¥¦6~§ �����D�D�a� is the horizontal (vertical) dipole momentof
particlesat

���
,¨ is theslippagefactor,©

is therelativemomentumdeviation,(gªV« 5	¥¦6~§ # � *-, 5	¥¦6~§ is thehorizontal(vertical)angularbeta-
tron frequency in thesmoothapproximation,¬ # (dªV« 5	¥¦6~§

� (dªV« 5	¥¦6~§�  is thechromaticity,( Y is theangularsynchrotronfrequency.
Thebeamdistribution functioncanbesplit into theun-

perturbedtermandasingle-frequency perturbation,® # ® " � ® � 7 SVU¦¯%Y m � �
and

® " is expressedvia functionsof the unperturbedin-
variantsof motionfor eachdegreeof freedom,® " #n° " ��±C��² " � < ���
where

< # �  � ¨³�( Y ©
 �

� # <g´
µ HL¶ � © # ( Y <¨·� H^IXK¸¶ �
± # �  � �( ªV« 6 � 6  �
� # ± ´
µ HL¹ �º� 6 # � ± ( ªV« 6� HJI2K¸¹ )

The Vlasov equationis linearizedfor a small perturba-
tion of thedistribution function,

® � ��±+� ¹ � < � ¶ � :
] � � ® � � ( ª� � � � ¬ © � � ®¸�� ¹ � ( Y� � ®¸�� ¶ 7 S?U»¯:Y m �

� �  ( ª � ® "� ± H^IXK¼¹T½ �����D��� # �?� (1)

wheretheactionof transversedipolewakefield
� � ���d������

is representedby theforce

½ �����
��� # � > � < =8 � 6 �����b� � � � 6 « � �����
� � � F � � � (2)

and� 6 « � �����D�D��� is theverticaldipolemomentof particlesat�D�
for theperturbeddistribution

® �
.

In the dipole approximation,the solution shouldbe a
function of

±
and

¹
in the form which follows from Eqs.

(6.168–169,175),

® � c � ® "� ± 7ZUX¾C¿q� < � À W�Á
À W e
À W � < ��7ZU

À¦Â 7-U2Ã ¥ Â § �
(3)

whereÄ � ¶ � is thechromaticphase,Ä � ¶ � # ¬ ( ª <Å´Dµ H³¶ * ��¨ ,
and e

À W � < � form a setof orthogonalfunctionswhich char-
acterizeradialmodesandsatisfythenormalizationt

" ¿�� < � e
À W � < � e

À W
Æ � < � < F < # © WZW
Æ � (4)

¿q� < � being the weight function of radial modes. This
weight function is relatedto the unperturbedlongitudinal
distribution

² " � < � : ¿q� < � # ( Y¨³� ² " � < ��) (5)

By using the expansionEq. (3) in Eq. (1), replacingHJI2K¸¹ hÇ7 U2¾ * A ] in thesmoothapproximation,rewriting the
forceEq. (2) in the frequency domainvia the impedance,



and substitutingthe Fourier transformof the dipole mo-
mentdistribution from Eq. (6.75),theproblemis reduced
to a linearequationset,and � is to befoundfrom thecor-
respondingeigenvalueproblem,

� � ( ª( Y Á
À W # � r © À»À Æ © WZW
Æ ��È

À W « À Æ»W
Æ � Á
À ÆXW
Æ ) (6)

Thematrix È is expressedby

È
À W « À Æ»W
Æ # � ]É> � < = �A 8:Ê " ( ª ( Y ]

À S À Æ
(7)

� t
S t �y�
� ( � $

À W � ( � (gË � $ À ÆXW
Æ � ( � (gË � F (
wherewe introduced

$ À W � ( � # t
" < F < ¿q� < � e

À W � < � v
À ( � < �

(8)

and(dË¼# ¬ ( ª * ¨ is thechromaticfrequency.
Thewake forceentersvia its impedancerepresentation,

� � � ( � #�] t
S t F �� 7TS?U2Ì B~m � � � ������) (9)

If wetakethebroad-bandresonatorimpedancemodel,then
for given shuntimpedancew x , quality factor

{
, andres-

onatorfrequency ( z , theimpedanceis expressedas

�E�
� ( � # �( w x
� � ] { ( z( � ((gz

)
(10)

For a Gaussiandistribution in the longitudinal phase
space,theunperturbeddistributionfunctionandtheweight
functioncanbewrittenas

² " � < � # ¨³� 7 SVÍ l^m  -Î lA 143  ( Y �Ï¿q� < � # 7 SVÍ l&m  -Î lA 143  )
(11)

The orthonormalradial functionsare the generalizedLa-
guerrepolynomials

e À W � < � # A 1 !VÐ��Ñ r Ñ �P! � Ð <@ A 3
Ò À Ò
Ó Ò À ÒW <  A 3  �

(12)

thenfrom Eq. (8),

$ À W � ( � # Ô � r �A 1 !VÐ ��Ñ r Ñ �P! � Ð
( 3@ A �

Ò À Ò �  W 7 S?Ì l Î l~m  � l �
Ô � r � # � � r·Õ �`Ö��� � � À � r%× �R) (13)

Thiscorrespondsto theHermitemodesof thedipolemo-
ment, � 6������ØcÙ7TS B^lJm  -Î lTÚ Ò À Ò �  W �@ A 3 )

(14)

We considerheretheazimuthalmodecouplingonly for
threelowestradialmodes( ! # �?� � � A ). Thecouplingma-
trix consistsof 9 blocks,

È # r © À¦À Æ ��È
À " « À Æ " È

À " « À Æ � È
À " « À Æ  È

À � « À Æ " r © À¦À Æ ��È
À � « À Æ � È

À � « À Æ  È À  « À Æ " È À  « À Æ � r © À¦À Æ �bÈ À  « À Æ  
�

(15)

È
À W « À ÆXW
Æ # � ] > � < = �/ 1 8:Ê " ( ª ( Y

]
À S À Æ Ô � r � Ô � r ��!VÐ ��Ñ r Ñ �Û! � Ð»! � Ð ��Ñ r � Ñ �Û! � � Ð

� t
S t
� � � ( � ( Ë ��7TS?Ì l Î l^m � l ( 3@ A �

Ò À Ò � Ò À Æ Ò �  ¥ W � W Æ §
F ( )

Before computing, the integration variable ( should be
changedto thedimensionlessÜ #Ï( 3 * � , andaccordingly
we introduce

Ü zÏ#n(dz 3 * � � Ä #n( Ë 3 * � #�Ý ª ¬ 3	Þ * Ý x �
�3 �E�
� ( � # �Zw�x * {

Ü * { � ] � Ü z � Ü  * Ü z � ) (16)

Here Ä is the effective value of chromaticphasefor a
Gaussianbunch,andtheimpedanceis substitutedfrom the
broad-bandresonatormodel,Eq. (10). Thenwerewrite the
modecouplingmatrixas

È
À W « À Æ»WDÆ # � ]'> � < = � � �Zw�x * { �/ 1 8:Ê " ( ª ( Y

]
À S À Æ Ô � r � Ô � r � �!VÐ ��Ñ r Ñ �Û! � Ð»! � Ð �&Ñ r � Ñ �Û! � � Ð

� tS t
� Ü * @ A � Ò

À Ò � Ò À Æ Ò �  ¥ W � W Æ § 7 SVß l F Ü� Ü.��Ä � * { � ] � Ü z �¤� Ü.��Ä �  * Ü z � ) (17)

Thetuneof eachmode
� � � ( ª � * ( Y is obtainedby solv-

ing theeigenvalueproblem,Eq. (6), for matrix r ©
À¦À Æ © WZW
Æ �È

À W « À Æ»W
Æ . At > � hà�
the modefrequency � #á( ª � r ( Y

correspondsto the r th synchrobetatronsideband.Thema-
trix hasinfinite dimensionbecauseof

�¸â ×ãr·× â
.

For most casesconsideredbelow we can truncatethe
matrix at

�y��ä r ä / , andcalculatethe eigenvaluesnu-
merically. To check-uptheconvergency, we comparedthe
eigenvalueswith thoseof thetruncationat

�y¢åä r ä � .

4.2 Betatron Tune Variation Along the Bunch

Thetransversefieldsof thepositron/protonbunchcause
variationof the effective transversesizeof electroncloud
over thebunchpassage.Thevariabledensityof thecloud
resultsin different incoherenttuneshiftsalong the bunch.
Simulationshows that in somecaseswe canonly consider
thelinearpartof thetunevariationalongthebunch[5].

Let usmodify thestandardanalysisof Section4.1 to in-
cludethis effect. Now, in additionto the chromaticityef-
fect,we have to introducethebetatronfrequency variation
term æ � * 3 , then( ª � © �
��� #�( ª � � � ¬ © ��æ � * 3L�



and the transversedipole perturbation
® �

in the Vlasov
equation(1) shouldbedecomposedas®¸�Ec � ® "� ± 7 U2¾ ¿�� < � À W�Á

À W e À W � < ��7 U
À¦Â 7 U2Ã ¥ Â § SVU¦ç ¥ Â § �

(18)

wherebesidesthechromaticphase,Ä � ¶ � # ¬ ( ª <d´
µ H³¶ * �a¨ #�(gË <g´
µ H³¶ * � � (dË¸# ¬ ( ª * �a¨ �
we introducedè � ¶ � # æ ( ª < H^IXK¼¶ * 3 ( Y #n(dé < HJI2K¸¶ * � � (géL# æ ( ª � * 3 ( Y )
This will modify the Besselfunction argument in Eqs.
(6.74,75)andhenceforth, ~ê

" F ¶A 1 Q
ë�ì � � ] r ¶ � ]( � � � ] � ( Ë ´
µ HL¶ � (dé H^I2K¸¶ � < � �
#�]
À 7 S?U À¦Â í v À � < � � ( � (dË �  � (  é ���

where ¶ " #nîsïJð � ( � ( Ë � ]a(dé ��)
As a consequence,we shouldmodify the modespectrain
Eq. (7) usingEq. (8),

$ À W � � ( � ( Ë �  � (  é � # 7TS?U
À¦Â í t

" < F < ¿q� < � e
À W � < �

� v À � < � � ( � (dË �  � (  é ���
andthusthe formalismfor the longitudinaltunevariation
is ready.

For theGaussianbunchwe only have to replacethe ar-
gumentsof $

À W � ( � in Eq. (13),

$ À W � ( � ( Ë � (gé � # Ô � r ��7 S ¥ñ¥ Ì%SVÌ�ò §ól � Ì l ôó§ Î l^m  � lA 1 !VÐ ��Ñ r Ñ ��! � Ð
� 3L� ( � ( Ë � ]a(gé �@ A �

Ò À Ò

� 3  �J� ( � ( Ë �  � (  é �A �  
W �

Ô � r � # � � r³Õ �\Ö��� � � À � r·× ��)
The final form of the coupling matrix for the Gaussian
bunchandbroad-bandresonatorimpedancenow is

È À W « À Æ W Æ # � ]�> � < = � � �
wyx * { �/ 1 8:Ê " ( ª ( Y
]
À S À Æ Ô � r � Ô � r ��!VÐ ��Ñ r Ñ �Û! � Ð¦! � Ð �&Ñ r � Ñ �Û! � � Ð

� t
S t

N � Ü � F Ü� Üá�.Ä � * { � ] � Ü z �Ï� Üá�.Ä �  * Ü z � � (19)

N � Ü � # � Ü � ] è � Ò
À Ò � Üá� ] è � Ò

À Æ Ò � Ü  � è  � W � W ÆA W � W Æ � ¥ Ò À Ò � Ò À Æ Ò §m  7+SVß l S'ç l )
Theeigenvaluesdonot dependon thesignof

è
.

With thesameSPSparametersasusedin Figs. 6,7,we
canseein Figs.15,16thestabilizingeffectof thetunevari-
ationat

è Õ �
, aspredictedin [7]. Thepositivechromatic-

ity effect remains,seeFig. 17.

4.3 General Case, the Transverse Wake Func-
tion in the Form ���&�%õ��	�a�

For moregeneralsituations,e. g., for theelectroncloud
responseto dipole perturbations,translationinvariancein�

doesnot hold, andthewake functioncannotbereduced
to the form

�_���k�á���a�
. We now tracethe differencesin

thelinearizedVlasov formalismresultingfrom thegeneral
form of thewake,

�������	�
����
. This functionmustvanishfor���ã���

.
First we introduceits full Fourier transform ö�E�D� ( � ( � �

andcall it a generalized impedance,

�������	�
� � � # F (A 1 F ( �A 1 �] ö�E�D� ( � ( � ��7ZU ¥ Ì B SVÌ Æ B Æ §m � )
(20)

Theparticularcasewhere ö�E�D� ( � ( �a� # A 1 © � ( � ( �����¸� ( �
correspondsto theconventionalwake

���������b����
.

SubstitutingEq. (20) into Eq. (2), wefind thetransverse
force½ �����D��� # � > �a<+=8 7 SVU¦¯%Y m � � � ���	�
� � � � � ��� � � F � �
# > �a<T=8 7TS?U»¯:Y m � F (A 1 7ZUXÌ B F ( �A 1 p� � � ( � � ö� � � ( � ( � ��� (21)

where p� � � ( � # F �47 SVUXÌ B~m � � � ����� (22)

is theFouriertransformof thebeamdipolemomentdistri-
bution � � ����� . Usinga derivationshown in Eq. (6.75),we
arriveat theresultof Eq. (6.178),

p� �D� ( � � # A 1 ( Y�a¨ À « W
t
" < F < ¿q� < �

� Á
À W e
À W ] S

À
v
À �&� ( � � ( Ë � < * � ��) (23)

Weputthisexpressionin Eq. (1) transformedappropriately
(cf. thederivationof Eq. (6.177)),

] � � ( ª( Y � r ¿�� < � W Æ Á
À W Æ e

À W Æ # > �a<T= � ]
À ² " � < �/ 1 8 ( ª ( Y Ê "

� F (A 1÷v
À �&� ( � ( Ë � < * � � F ( �A 1 p� � � ( � � ö� � � ( � ( � ��� (24)

andrelating the weight function
¿�� < � to the unperturbed

distribution
² " � < � , Eq. (5), we only needto usethe or-

thonormalityconditionEq. (4) to reducetheintegralequa-
tion Eq. (24) to a linearequationsetin thebasisof mode
functions e

À W ,
� � ( ª( Y � r Á

À W # � > � < = �A 8 ( ª ( Y Ê " À ÆXW
Æ öÈ
À W « À Æ W Æ Á

À Æ W Æ �
(25)

where the generalmode coupling matrix öÈ
À W « À ÆXW
Æ is ex-

pressedvia thegeneralizedimpedance,

öÈ
À W « À Æ»WDÆ # � ]å> � < = � ]

À S À Æ
/ 1 8 ( ª ( Y Ê "



� F ( F ( � $
À W � ( � ( Ë � $ À Æ»WDÆ � ( � � ( Ë � ö� � � ( � ( � ��� (26)

while themodespectrum$
À W � ( � is givenby Eq. (8), asfor

thestandardcase.
Going to the time domain,we introducethedipolemo-

mentdistributionscorrespondingto themodespectra,

p$ À W ����� # F (A 1 � $
À W � ( ��7 U2Ì B^m � � p$ À W ���¼��� # p$ [À W ������� (27)

andrewrite thedoubleintegral, in Eq. (26),

öÈ
À W « À Æ2W
Æ # 1 > ��<+= � ]

À S À Æ8 ( ª ( Y Ê "
t
S t F � p$ [

À W �����
� tB F � � p$

À Æ W Æ ��� � ���_���s�D� � ��7TS?U2Ì ò ¥¦B S B Æ §
(28)

It is easyseethatat vanishingchromaticity, ( Ë # � , all the
matrix elementsarerealnumbers.

This time-domainform may give anadvantagein com-
putationof themodecouplingmatrix.

4.4 Gaussian Bunch

For the radial head-tailmodesof the Gaussianbunch,
we useEqs. (11-13) to write the final form of the mode
couplingmatrix,

öÈ À W « À Æ»WDÆ # � ] > ��<+= ��+1  8:Ê " ( ª ( Y ]
À S À Æ Ô � r � Ô � r �a�!VÐ ��Ñ r Ñ �Û! � Ð»! � Ð �&Ñ r � Ñ �Û! � � Ð

� t
S t

t
S t F ( F (

� ö�y�
� ( � (dË � ( � � (gË �
� ( 3@ A �

Ò À Ò �  W ( �3@ A �
Ò À Æ Ò �  W Æ7 S ¥ Ì l � Ì Æ lJ§ Î l~m  � l )

(29)

To obtain the time-domainform, we transformthe mode
spectra,Eq. (13),andget

p$ À W ����� # ø � !ù� � � Ò À Ò �A 143 1 !:Ð �&Ñ r Ñ �P! � Ð � ½ � � !¸�
� � Ñ r ÑA � �A ÖZ� �  A 3  ���

(30)
for even r , and

p$ À W ����� #n] H^I ð K r ø � !¸� � � Ò À Ò �A 143 1 !:Ð �&Ñ r Ñ �P! � Ð
�@ A 3

� � ½ ��� !�� � � Ñ r ÑA � �A ÖZ� �  A 3  ��� (31)

for odd r . Of course,thehypergeometricfunctioncanbere-
ducedto the “oscillator wave functions”expressedvia the
Hermitepolynomials,seeEq. (14). However, for higher-
ordermodesthe above form is moreefficient in computa-
tion. For

� Õ 3 Ñ r Ñ � A ! thesefunctionshavea Gaussian
cut-off, andthusthe infinite integrationrangein Eq. (28)
is notaseriousproblem.Finally wehaveto substituteEqs.
(30,31)into Eq. (28) in orderto evaluatethegeneralmode
couplingmatrix for theGaussianbunch.

5 A SIMPLE MODEL OF TRANSVERSE
FEEDBACK

A bunch-to-bunch feedbackintegratesthe dipole mo-
mentover the total bunchlength(

3 B # �
mm at KEKB!)

and applies its proportionalkick after one turn, with a
tunablegain and phaseshift. The feedbackkicker pulse
is practicallyconstantover this bunch length. At KEKBA 1 Ý Y¤ú �

, thustheone-turndelaymaynot causea prob-
lem like in LEP machine.

Assuming a perfectly linear (no gain saturation)and
noiselessfeedbackhardware,we candescribeits actionby
anequivalenttransverseimpedance,�Åû³ü # � ]a$ û³ü�7-U

Â ý	þ © � ( �
where$ û³ü and

¶ û³ü
arethefeedbackgainandphase.

The feedbackphaseparametercan be tunedto purely
resistive,

¶ ûLü # 1 * A , or purely reactive,
¶ û³ü # �V�	1 , or

mixedmode.
At zero chromaticity, the feedbackonly actsupon ther # �

mode; at positive chromaticity, higher-order syn-
chrobetatronmodesarealsoinfluenced.

6 TYPICAL BEHAVIOR OF THE MODE
TUNES

Theeigenvaluesof truncatedÈ , Eq. (17) (i. e.,tunesof
eachmode)arecomputedasfunctionsof �Zwyx * { at fixed
bunchintensity, using(dz and

{
from thewake simulation

for KEKB LER andCERNSPS[4, 5].
The following figuresshow the computedmodetunes

vs w�x * { or the cloud density� � , since wyx * { is linearly
relatedwith it.

The positive slopeof all the modetunesresultingfrom
incoherenteffect of the electroncloud (single-particlefo-
cusingby thecloud)is equalin all themodes;it is ignored
in thefollowing figures.

The parametersof the transversedipole wake from the
electroncloud correspondto large valuesof the wake os-
cillation parameter

� #ã(dz 3 B * � . For KEKB LER
� # � ,

for CERN SPS
� # � ) �

. So, we are working with the
caseof “long” bunch, the beam spectrumsamplesthe
low-frequency part of the cloud impedance. An impor-
tant consequenceis that the positive chromaticityresults
in dampingof all thelower-orderhead-tailmodesup to or-
ders

Ñ r Ñ � A ! � �  
, at least for small bunch intensities,è ÝZÿ���� ú Ý Y .

The above statementdoesnot contradictwith the van-
ishingsumof all decrements,seeAppendixA. Thedamp-
ing of a dozenlower-ordermodesis balancedby theweak
anti-dampingof agreatmany of higher-ordermodes.How-
ever, their weakinstability is not importantbecauseof sta-
bilization by the incoherenttunespreadof any nature,or
by quantumfluctuationsin electron/positronmachines,see
AppendixB.

At high intensitythemodecouplingbecomesimportant,
althoughfor the long-bunchcasethediagonalelementsin



the mode coupling matrix tend to dominate. With suf-
ficiently high chromaticities,Ä � A

, all the lower-order
modesincludedin truncationbecomestable,i. e. thehigh
positive chromaticitycansignificantlyenhancethe TMCI
thresholdfor “long” bunches.

Figures2,3 show the effect of positive chromaticityfor
the parametersof KEKB LER. With highervaluesof

{
,

seeFigs. 4,5, the chromaticityeffect becomesmorepro-
nounced. The instability thresholdswith

{ # �
, Figs.

2,3, are in reasonableagreementwith observationsof the
positronbeamblowupatKEKB LER [8].

The sameeffect is shown in Figs. 6,7 with the param-
etersrelevant to the CERN SPS.The chromaticitydepen-
denceshown is consistentwith theelectroncloudinstabil-
ity simulationfor thismachine[9].

Now returnto theKEKB LER. Thetransversefeedback
is not very efficient againstratherhigh incrementsof the
TMCI at zerochromaticity, Fig. 8. However, thefeedback
tunedresistive,andin combinationwith themoderatepos-
itive chromaticity, canseriouslyraisethethreshold,Fig. 9.
The sameenhancementfrom the reactive feedbackalone,
Figs.10,11,leadsto aconclusionthattheparametersof the
bunch-to-bunchfeedback,includingits phase,canbeopti-
mizedwith respectnot only to the residualdipoleoscilla-
tion, but alsoto thebeamblowup believedto becausedby
theelectroncloud.And in combinationwith thechromatic-
ity, Fig. 12, theeffectof thefeedbackphaseis stronger.

Dependenceof the instability thresholdon the bunch
current with different filling patternsat KEKB LER is
shown in Figs. 13,14. Herevariationof thebunchcurrent
meansproportionalvariationof the clouddensityplus the
square-rootscalingof thewake oscillationfrequency (gz .

For theparametersof CERNSPS,Figs. 15,16show the
modecouplingdependenceat 6 differentgradientsof the
linear tunevariationalongthebunch,thetunevariationof
1 meansthat the incoherenttuneshift variesfrom

{ Y to� { Y over
� 3	B

. Thegraphsdemonstratethestabilizingef-
fect from the longitudinalvariationof incoherentbetatron
tune, cf. [7]. Fig. 17 presentsthe effect of the positive
chromaticityat fixedtunevariationparameter.

7 MODE STABILITY IN THE COASTING
BEAM LIMIT

Usingthecoasting-beamlimit, ( z 3	B * ��� �
,for estima-

tion of the bunched-beamstability, one usually takes the
maximumof ORQ �E� to besurethatall the modes arestable.
For theBBR (���	 5 � ( z , this meansO�Q �E�D� ( z � .

However, for our casewith low modenumbers,r � �
,

and r � * 3	B ú ( z , this will yield too stronga condition
(sufficient,but not necessary).

Let ustake thecoasting-beamlimit conditionfor stabil-
ity in its full form, seeEq. (6.263)in [3]:

� >�aÊ " < = �  A 8VÊ " ( ª ORQ � � � 0 |( " � ( ª � × è.© Ñs� 0 |( " ¨ � ¬ ( ª ÑX�

with thelineardensitycorrespondingto thatin thebunch,

> �@ A 143 B�
 >�aÊ " �
and

è.©
correspondingto

3�Þ *  for Gaussianbunches.
Relating this coastingbeamsituation to the bunched

beamparameters,weshouldalsoreplace

0 |( " h ( µ����� Q ¡ µ�� Q¬ ( ª * ¨ h ( Ë � ��� Q ´�� ï µ ¡ î � I ´�� ïJQ����?Q K ´���a¨ è.© * ( Y h 3 B � ��� Q���� K ´���� Q K ð ���
For the higher-ordermodesthe accuratetreatmentby the
TMC theoryshowsstability.

For thelower-ordermodes, r � � � A
, we take

(! � �3 B r � ú ( z �
andapproximatetheimpedance

O�Q � � � �Zw x{ ({ (  z )
Then,neglecting( ª ú ( , weobtainthestabilitycondition
for the r th mode

> < = �  A 8VÊ  " ( ª ( Y 3�B �Zwyx{
�{ (  z × � � ( Ë 3 B� r # Ñ � �.Ä * r Ñ
�

whereÄ is thechromaticphase.Notethat (  z c > � * 3	Bùc> , �
w x * { c � � � and( Y 3	Bùc ¨ .
Hence,we cometo thescalingof the thresholdlevel of

theelectronclouddensity

� � « " � c ¨ { Ñ � � Ä * r ÑX� ��µ ï r � � � A )
For thecase( � � ( z � weapproximate

O�Q � � � �Zw�x{ {( z �
andarriveat somewhatdifferentstability condition,

> < = �  A 8VÊ  " ( ª ( Y 3�B �
wyx{
{(  z × Ñ � � ( Ë * (gz Ñ
�

whencethethresholdscalingis

� � « " � c ¨ { Ñ � � Ä �(gz 3 B ÑX� ��µ ï r � ( z 3	B * � �
i. e. themodenumberis replacedwith thewakeoscillation
parameter. In thesaturationcondition,� � « " � c > � « " � *

Ó
#%$�& .

For theoppositesituation,( z 3�B * � ú �
, fromthesingle-

bunchinteractionparameter
�E� > � * 3	B , with

�E�Ûc � � , we
find a differentscalingof theinstability threshold,� � > � * 3 B c >  � * 3 B

Ó
#'$�& )



8 CONCLUSION

Thepaperpresentsanalyticaltools for studiesof strong
head-tailinstabilitycausedby electroncloud,includingthe
machinechromaticity. The standardmulti-mode eigen-
valueanalysisof thetransversemodecouplingis extended
by including into considerationthe specificpropertiesof
thecloudresponsecausedby its pinching,Section4.

On the basisof this studywe cometo a conclusionon
very importantrole of the high positive chromaticity, the
mostappropriatemeasureof its stabilizingeffectbeingthe
respective chromaticphaseÄ . In differentparametersets
consideredin Section6 wealwaysobtainedstabilizationatÄ � A

radian. Smallervaluesof the chromaticitywere
neverthelessefficient in combinationwith the transverse
bunch-to-bunchfeedbacksystem.

Although it is difficult to take into full accountanalyt-
ically sucha complex phenomenonasthe electroncloud,
the analyticaleffort appliedto simplifieddynamicalmod-
elsmayprovidesomeinsightandhelpin betterunderstand-
ing theresultsof simulationstudiesof thebeamdynamics
undertheinfluenceof theelectroncloud.
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Appendix A: The Sum of Decrements for a Gaus-
sian Bunch

Thesumof eigenvaluesis equalto thetraceof themode
couplingmatrix. Hence,from Eq. (7), thesumof thesyn-
chrobetatronmodedecrements

W « À)( ¡å� # � > < = �A 8:Ê " ( ª
� t

S t F ( � O�Q � �E�
� ( � � (dË � � W « À $
 À W � ( � ��)

For a Gaussianbunch,from Eq. (13),A 1 W « À $
 À W � ( � � # 7TS?Ì l Î l~m � l tÀ

* S t
t
W+* "

� (  3  * A �  � Ò
À Ò �  W

!VÐ ��Ñ r Ñ �Û! � Ð
# 7TS?Ì l Î l m � l tÀ

* S t , Ò À Ò (  3  �  
# 7TS 5 �-, " �2fg� � A ,����2fd� � A ,  �jfd� � )
)D)j�# 7TS 5 7 5 # � )

Sincewakefieldsarerealfunctionsof
�
, ORQ � � � ( � is anodd

function of ( with a vanishingaverage.Thus,the sumof
themodedecrements, W « À ( ¡÷� , alsovanishes.

Appendix B: Effect of Diffusion on Higher-Order
Head-Tail Modes

With the fast-oscillatingwake (or for a “long” bunch),
the positive chromaticitycanstabilizeall the lower-order
head-tailmodesupto modenumbers

Ñ r Ñ � A ! äÙ� ( z 3	B * � �  .
However their decrementswill becompensatedby (small)
incrementsof alargenumberof higher-ordermodesto give
avanishingsum.But thereis areasonwhy thehigher-order
modesareof no specialconcern.

In e
�

e
S

machinesquantum fluctuationsof the syn-
chrotronradiationcausediffusion in particleoscillations.
Consider

Ñ r Ñ»� ! � �
, then the dipole momentis given by

theHermitemode,Eq. (14),

� 6 �����Åc�7 S B^l^m  -Î l Ú Ò À Ò �  W �@ A 3 �Lh ´
µ H pr �3 �LÑ»��Ñ�äÙ3�)
In theabove,

pr # Ñ r Ñ � A ! . TheGreenfunctionof diffusion
is . ���	�
� � � # �A @ 10/¼� Q
ë�ì � �����b�D�a�  / /¼� �
wherethediffusionconstant

/ � 3  *21
, and

1
is theradi-

ationdampingtime.
After a shorttime,

� ú ( S �Y ,p� 6 ����� � t
S t � 6 ��� � � . ���	�
� � � F � �

� ´
µ H pr �3 Q
ë�ì � pr  /¸�3  � 7 S43
À l�5�m+6 � 6 ������)

Thus,while theincoherentdampinggives
1L* pr , thediffusion

smeartime is evenmuchshorter, � 1L* pr  .
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Figure2: KEKB LER, head-tailmodetunesin units of the synchrotrontunevs the cloud density � � � � � S �  m S'u at, � # �?) � A mA,
{ # �

. Left: realpart,right: imaginarypart.Fromtop to bottom:thechromaticphaseis 0.0,0.25,0.5.
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Figure3: Continuedfrom previousfigure:KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs thecloud
density� � � � � S �  m S'u at

, � # �?) � A mA,
{ # �

. Left: realpart,right: imaginarypart.Fromtopto bottom:thechromatic
phaseis 1.0,1.5,2.5.
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Figure5: Continuedfrom previousfigure:KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs thecloud
density � � � � � S �  m S'u at
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Figure 6: CERN SPS,head-tailmodetunesin units of the synchrotrontunevs the cloud density � � � � � S �  m S�u at> � # � � �^� , { # A . Left: realpart,right: imaginarypart.Fromtop to bottom:thechromaticphaseis 0.0,0.25,0.5.



0 0.5 1 1.5 2

-4

-2

0

2

4

0 0.5 1 1.5 2

-0.2

-0.1

0

0.1

0.2

0 0.5 1 1.5 2

-4

-2

0

2

4

0 0.5 1 1.5 2

-0.2

-0.1

0

0.1

0.2

0 0.5 1 1.5 2

-4

-2

0

2

4

0 0.5 1 1.5 2

-0.3

-0.2

-0.1

0

0.1
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Figure8: KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs theclouddensity� � � � � S �  m S'u . Left:
realpart,right: imaginarypart.Fromtop to bottom:thefeedbackdampingis 0.0,0.1,0.2,0.5;
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zerochromaticity.
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Figure9: KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs theclouddensity� � � � � S �  m S'u . Left:
realpart,right: imaginarypart. Combinedactionof thechromaticityandfeedback,from top to bottom:a) no feedback,
no chromaticity;b) thefeedbackdampingis 0.2;c) no feedbackandthechromaticphaseis 0.5;d) thefeedbackdamping
is 0.2,andthechromaticphaseis 0.5.

{ # � , , � # �V) � A mA.
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Figure10: KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs theclouddensity� � � � � S �  m S'u . Left:
real part, right: imaginarypart. Effect of the feedbackphase,from top to bottom: a) no feedback;b-d) the feedback
dampingis 0.2,andits phaseis varied907 , 1357 , 1807 . { # � , , � # �?) � A mA.
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Figure11: KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs theclouddensity� � � � � S �  m S'u . Left:
real part, right: imaginarypart. Effect of the feedbackphase,from top to bottom: a) no feedback;b-d) the feedback
dampingis 0.3,andits phaseis varied907 , 1357 , 1807 . { # � , , � # �?) � A mA.
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Figure12: KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs theclouddensity� � � � � S �  m S'u . Left:
realpart,right: imaginarypart. Combinedactionof thechromaticityandfeedback,from top to bottom:a) no feedback,
no chromaticity;b) the feedbackdampingis 0.2, its phaseis 1357 ; c) no feedback,the chromaticphaseis 0.5; d) the
feedbackdampingis 0.2, its phaseis 1357 andthechromaticphaseis 0.5.

{ # � , , � # �?) � A mA.
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Figure13: KEKB LER, head-tailmodetunesin unitsof thesynchrotrontunevs thebunchcurrent,mA. Left: realpart,
right: imaginarypart.Fromtop to bottom:thebunchspacingis 2, 3, 4, 6;
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Figure 14: KEKB LER, head-tailmodetunesin units of the synchrotrontune vs the bunch current,mA. Left: real
part, right: imaginarypart. Combinedactionof thechromaticityandfeedback,from top to bottom: a) no feedback,no
chromaticity;b) thefeedbackdampingis 0.2; c) no feedbackandthechromaticphaseis 0.5;d) thefeedbackdampingis
0.2,andthechromaticphaseis 0.5.
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Figure15: CERN SPS,head-tailmodetunesin units of the synchrotrontunevs the cloud density � � � � � S �  m S'u at> � # � � �J�
,
{ # A

, zerochromaticity, at differenttunevariation. Left: real part, right: imaginarypart. From top to
bottom:thetunevariationis 0.0,0.5,1.0.
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Figure16: Continuedfrom previous figure: CERN SPS,head-tailmodetunesin units of the synchrotrontunevs the
clouddensity� � � � � S �  m S�u at > � # � � �^�

,
{ # A , zerochromaticity, at differenttunevariation.Left: realpart,right:

imaginarypart.Fromtop to bottom:thetunevariationis 1.5,2.0,2.5.
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Figure17: CERN SPS,head-tailmodetunesin units of the synchrotrontunevs the cloud density � � � � � S �  m S'u at> � # � � �^�
,
{ # A

, the tunevariationis 1.0. Left: realpart, right: imaginarypart. Fromtop to bottom: thechromatic
phaseis 0.0,1.0,2.5.



Electron cloud at high beam currents*

S.Heifets,StanfordLinearAcceleratorCenter, StanfordUniversity, Stanford,CA 94309,USA

Abstract

Thedensityandthewake fieldsof thee-cloudarequite
differentat low andhigh beamcurrents.The wake fields
arederivedandappliedto theupgradedPEP-IIB-factory.

1 INTRODUCTION: EXAMPLE

Thereare plansfor upgradingthe PEP-II B-factory to
higherluminosity [1]. This couldbeachieved,mostly, by
increasingthe beamcurrentsup to 10-20 Amp. Table I
presentsfour possiblescenariosof upgradingthe PEP-II
B-factory. Many potentialproblemshinderwith theplans,
themostobviousof themarerelatedto theRFandthesyn-
chrotronradiation(SR)heatloading. HereI would like to
consideronly adverseeffectsof thebeaminteractionwith
theelectroncloud.

Thepresentwisdompredictsthatthedensityof thecloud
is definedby theconditionof neutrality

������� �	�
�� ������ (1)

Therefore,the interactionwith thecloudand,particularly,
thetuneshift ����� ��� 
������ � � �� � � (2)

grow proportionalto thebeamcurrent.Thevariationof the
tunealongthebunchis of thesameorder. For thenominal
PEP-II parameters,Table I (1st column),

��� � �! �  #" �
andis unacceptablylargefor highercurrents.

I would like to argue that sucha predictionmight be
wrong andthe pathto the high currents,at leastfrom the
point of view of e-cloudeffects,is not hopeless.

Table1: Parametersfor upgradedPEP-IILER

Parameter (I) (II) (III) (IV)� � 750 1658 3400 3492$%� �'&�( , Amp 1.750 4.0/1.4 10.0 18.0$%�*),+.-0/21,354
2.33 2.41 2.94 5.15687 1.19 0.8 0.5 0.139;:%<  2=?> 1.23 1.23 2.41 2.41@%A :%<  =?B 7.7 7.7 7.7 7.7� � <  =�C�C 1.07 1.1 1.35 2.36

D
Work supportedby Departmentof Energy contract DE–AC03–

76SF00515.

2 RELEVANT PARAMETERS

There are two groupsof electronsin the cloud: pri-
mary photo-electronsgeneratedby the SR photonsand
secondaryelectronsgeneratedby thebeaminducedmulti-
pactoring. Electronsin the first group generatedat the
beampipe wall with the radius


interactwith the parent

bunch and accelerated(by a short bunch) to the velocityE 1GF � � � � ��� 1  , where ��� is the classicalelectronradius
and

� �
is the bunchpopulation. Electronsin the second

group,generally, misstheparentbunchandmovefrom the
beampipewall with thevelocity E 1HF ��I �GJ A 1,35F � until
thenext buncharrives.Thevelocity is definedby theaver-
ageenergy J ALK " eV of the secondaryelectronsand,at
high

�M�
, is smallerthanvelocityof thefirst group.

The processof the cloud formation depends,respec-
tively, on two parameters:

N � � � � �,��� � � (3)

O � � � P �GJ A35F � (4)

Theseparametersarethedistance(in unitsof

) passedby

electronsof eachgroupbeforethenext buncharrives.
At low currents,N �Q� < , electroninteractswith many

bunchesbeforeit reachestheoppositewall. In theopposite
extremecase,N � � , all electronsgo wall-to-wall in one
bunchspacing.

The transition to the secondregime can be expected,
therefore,for N K < wherethecloudis quitedifferentthan
it is at low currents.For N � < and

O � < , secondaryelec-
tronsareconfinedwithin the layer

O �SR � 1 %T � < at the
wall andarewipedout of theregion  5�UR � 1 �T � O close
to thebeamby eachpassingbunch. This makestherange
of parameters( N � < and �WV N � O � < ) quitedesirable
to suppresstheadverseeffectsof thee-cloudon thebeam
dynamics.

The initial energy of the electronand the space-charge
force neglected above do not changesubstantiallythis
statement.The caseof high N is consideredherefor the
upgradesof thePEP-IIB-factory.

The heatload to the wall increaseswith beamcurrent
but dependenceon thecurrentis differentin low andhigh
currentregimes. The energy of an electronthrown to the
wall by thepassingbunch JYX K R 3ZF � 1 � T R � �M� � � 1 �T � and,
therefore,the heatload of a bunch is proportionalto

� >�
at low currents,but only

� �� at high currentsbecausethe
clouddensityatsaturationmaybeindependentonthebeam
current.

(It may be worth noting alsothat at the very large cur-
rents, the energy of electronshitting the wall is so large



thatsecondaryelectronyield (SEY) [ rolls off andmulti-
pactoring\ at suchhigh currentsis alwayssuppressed.This
happensat N � O I J 1 J A , where J K � keV, N K <  . We
will not considerthatextremecase).

3 DENSITY OF THE E-CLOUD AT
HIGH-BEAM CURRENTS

Thee-clouddensityat low currentsis givenby thecon-
dition of neutrality. It meansthatthesumaveragedin time
of thefieldsof thebeamandof thespace-chargeis zeroat
thewall.

Theconditionof neutralityimplies thatsecondaryelec-
trons remain in the cloud for a time long enoughto af-
fect the secondaryelectronsgeneratedby the following
bunches. In other words, the condition of neutrality and
thequasi-steadyequilibriumdistributionof thee-cloudare
justifiedonly for small N .

It is not thecaseat thehighcurrents.In thiscase,all pri-
maryphoto-electronsdisappearjust in onepass.Thesec-
ondaryelectronsareproducedwith low energy J A]K "H^`_
andarelockedupat thewall. Thedensityof thesecondary
electronsgrowsuntil thespace-chargepotentialof thesec-
ondaryelectronsis lower than J A ,a K 
cb �  �.d < V R < V O T �%e � A�f J A � (5)

This is a verymoderatedensity� A K � � g <  .h F�3 =?> .
The radius of the Larmor circles in the arcs may be

changedby the kick from a passingbunch provided the
bunchis short, ikj 6ml 1HF �Q� < where ikj � b,n 1H3ZF . Oth-
erwise, thereis the adiabaticinvariant o � 3 i j � � and
theenergy J � opi of theLarmormotion is preserved. It
meansthatelectronsin the arcsareaccumulatedandmay
definethebeamstabilityat thehighbunchcurrents.

4 SIMULATIONS

Simple simulationswere carriedout for a round beam
pipe

 �rq � " cm assumingthat particlesmove only radi-
ally. Spacechargewasincluded.A bunchandthedistance
betweenbunches� � � �#s " cm were sliced and interac-
tion with eachslice wasdescribedas a kick. Therewas
no sourceof particlesexcept initial fill and multipactor-
ing: particlecrossingthewall with a low energy waskilled
and one with the energy J �tqu eV was replacedwithv � < � qw" new electronsrandomlydistributedover theen-
ergy range"�x � eV. Thefour currentsconsideredin sim-
ulationscorrespondto parameters

O �y � �us and N �y � �.� , � z q , < � "Hq and � � {u| , respectively. Thesecasesare noted
below as(a), (b), (c), and(d), respectively. Resultsof the
simulationsareshown in Figs.1,2,3.

The resultsof the simulationsare consistentwith the
qualitativeargumentgivenabove:

1. The density increaseswith the currentand goesto
saturationbut, at the highestcurrent,dropsto zero. This
canbeexpectedwhentheaveragedensityexceedsthelock-
up threshold.
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Figure 1: Total numberof particlesvs time (in units of
bunch spacing).

O �} � �#s and
$ � �'&�( �} � " 4 , � � < " 4 ,|~� " 4 and {~�  4 for (a),(b),(c),and(d), respectively.

36 38 40
distance

500
1000
1500
2000

D
en

si
ty c

24 25 26 27 28
distance

2000
4000
6000
8000

D
en

si
ty d

31 32 33 34 35
distance

100
200
300
400
500

D
en

si
tya

24 26 28 30
distance

1000

2000

3000

D
en

si
ty b

Figure2: Density at the beam line for the four beam cur-
rents vs time (in units of the passing bunch number). In the
case (b), the density goes to zero for each other bunch. In
the case (d), all bunches see minimum density.

2. The snap-shotof the cloud distribution substantially
varies in time betweenbunchesat high currentsand has
only smallmodulationat low current.

3. Although theaveragedensityincreaseswith current,
thevariationof thedensityat thebeamline in time is sub-
stantiallydifferentfor differentbeamcurrents:it is about
a constantin thecase(a), it is maximumat theeachother
bunch in the case(b), and,at the high current,the bunch
seesalmostzero densitycloud as it can be expectedforN � � . I think that thesituation(b) canexplain why lumi-
nosityof eachotherbunchdropsin thePEP-II[2].

5 WAKES AND TUNE SHIFTS AT HIGH
CURRENTS

The wake field of the electroncloud at low currentsis
definedby electronsoscillatingin thevicinity (3-5) 6?� of
thebeam.Suchelectronspassthememoryof theoffsetof
thepreviousbunchto thefollowing bunches.

The integratedsingle-bunchwake for a long bunchcan
be approximated[3], seeFig. 4, by the wake of a single
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Figure3: Snap shots of the e-cloud distribution along the
beam pipe diameter. Current increases from the top to bot-
tom: 0.5, 2.5, 3.5 and 6 Amp, respectively.

modewith frequency ��� A ,
� �'�,� R�� T � � �'�,� � 
c� � � �R <;� 6m� 1 6m� T��?� R � AF T~����� R ��� T b =������� �

(6)
Here, � � is the cloud density,

� � � �	��1 R 6m7G� � 
 T is the
bunchlineardensity, � A is thelinear frequency of thever-
tical electronoscillations, R � A 1HF T � � � � ��1 R 6 � R 6 � � 6 � T�T
and � � � �*),+.-0/ � 1GF . Numericcalculations[4] which take
into accountthe frequency spreadof the electronsof the
e-cloud,definedparameters

� ����� � < � � , � �� � z , � ��"
which arewith goodaccuracy independenton thermssize
of thecloud.

Additional effect is givenby possibleasymmetryof the
clouddueto primaryphoto-electronsor ante-chamber. For
an estimate,the field of an anti-symmetriccloud with the
cloud centroidat � and the linear density � ��1 � � can be
describedasa field of a threadwith the linearchargeden-
sity � ��1 � � displacedby � from theaxesof theroundbeam
pipe.Thehorizontalcomponentof the

3
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Figure4: Effective wake � �'¡,¡8¢*£2¤�¥u¦ of the cloud as func-
tion of £]§©¨«ª`¬~,® .
monicof thefield of thethreadis¯�°²±´³µ §·¶G¸¹»º#¼º#½ ¢�¾¹ ¦

±�¿�À,Á²ÂÄÃ ¢ ¹ Å ¦�Æ ±�Ç,È�ÉuÊ`Á ¢�Ë Ã�Â ¦�Ì Ç�Í (7)

The Ë § Â
harmonicgives the steady-statehorizontal

force andchangesthe equilibrium energy of the beambyÎ ¯  ¯ § ¸ ¯ °ÏÀ'³µÑÐ  ¯ , where Ð is the bendradius. Effect
is very small. For example,let us considerthe jet of the
primaryphoto-electronswith thelineardensity

ºu¼ºw½ §ÓÒ?��Ô�ÕGÖ ª�×¶#Ø Ù Ð ¼	Ú.Û«Ü�Ý�Þ0ß¶Hàcá ¤ (8)

where Ò ��Ô©â ¥ Í�Â is numberof electronsper SR photon,Ö ª § Â  Â Ùwã , and Û;Ü�Ý�Þ0ß § ¶Gà Ð is the total lengthof the
bends.Let usassumethat theprimaryphoto-electronsget
thekick äm,®�§ ¶ ¼ Ú ¾ � 

Å
from theparentbunchandmove

to the radius ¹ § Å Ã ¢ ¶ ¼ Ú ¾ � 
Å ¦ ½ Ú to the momentwhen

thenext buncharrives.Takingthebunchpopulation¼ Ú §Â ¥ À�À , the bunchspacing ½ Ú § ¶.Õ ¥ cm, Ð § Â Ù Í Õ m and
Å §æå Í Õ cm,we get ºu¼  ºw½ § ÂuÍ çÄÂ ¥.è Â ,®�Ë , ¹ § ÂuÍ Ùué cm,
and

Î ¯ § Ù Í Õ eV for 2.2km PEP-IILER.
Effect of theasymmetrydueto theante-chamberat low

beamcurrentsdependson theparameterêcë�ì ½,Ú H®	§ Ø ¶.í ,where êcë�ì is the plasmafrequency ê�ë�ì*H®�§ Ø å à�î ª ¾ � .Hence,at low currentsíðï Â , any asymmetryof thecloud
densitygeneratedby abunchis preservedto thenext bunch
but hardlyis largerthantheeffect of theasymmetryof the
photo-electronsestimatedabove.

The mechanismof the bunchinteractionthroughthe e-
cloud is different at high currentsand is definedby az-
imuthal asymmetryof the distribution of the secondary
electronsdue to bunch transverse offset. The bunch
with the offset ñ gives the asymmetrickick ¢òäm,®%¦�óô§¶ ¼	Ú ¾ �`w¢

ÅÄõ ñö¦ to the electronsin the cloud. They reach
the wall and producesecondaryelectronsat the differ-
ent moments ÷ ó . The secondaryelectronspropagating
toward the following bunch are at the different distances¹ ó § Å Ã £~¢ ÂkÃ ®�÷ ó  Å ¦ from thebeamline whenthebunch
arrives.Theinteractionwith thebunchis givenby thefield¯ µ ¢ ¹ ¿ ¦ ÃW¯ µ ¢ ¹wø ¦ of the Ëù§ Â harmonic,seeEq. (7). Ex-
pandingthefield over ñ , theresultcanbedescribedasthe
transversebunch-to-bunchwake ��ú . For small £ ïQï Â

,



theintegratedwake is� � � � 
c� g � <� � � �� �
ON : (9)

where � �  R < V O T . For � A �ûR � ��1 � � T 1 R 
  � T K <  .hF�3 =ö> , �M� � <  C�C , � 
c� � � � � km, and
 � � � " cm,wegetO �ü � q , N � � � � " , and

� � � <u<;ý 1�þ?ÿ 1HF�3 .
Theazimuthalharmonic

3 � � of thee-clouddistribu-
tion givesthetuneshift��� �

�
� ��� �,��� �� � �

�
�  � R � �� � T d R � T � V R �  T �%e � (10)

For thesameparameters� A , �	� and


asabove, we get� � 1 � $%� �'&�( �üq � " <  =?> < 1�4Y3	þ .
It is worthnotingthattheeffectof thejetsof theprimary

photo-electronson thebeamvariesalongthebunchdueto
the changingdistancefrom the jet to the beamline. This
may causevariation of the tuneshift andorbit distortion
alongthebunch.

6 HEAD-TAIL INSTABILITY

The wake generatedby the interactionwith the cloud
leadsto the head-tail instability [3]. A peculiar feature
of the e-cloudwake that it dependson

$%�*)�+u-0/
due to the

electronfrequency dependence.TheSatoh-Chin’s formal-
ism [5] canbeused,in principal,to definethethresholdof
instability. The stability is definedby the eigenvaluesof
a matrix which hasto be,asusual,replacedby a matrix of
a finite rang. Simulationswith a low ordermatrix show a
certainthresholdof thehead-tailinstability. However, the
bunchagainbecomestableat highercurrents.This reduc-
tion of the growth ratemay be a resultof a large number
of electronoscillationsperbunchlength � �*),+.-0/ 6�� 1GF �Q� <
at large

�M�
. At the presenttime, it is not clear whether

suchanexplanationis correctuntil thenumericresultsare
checked with the matricesof higherrang(of the orderofR � �*)�+u-0/ 6�� 1HF T � ).

7 CONCLUSION

The presenttheory predicts that the e-cloud becomes
moredangerousat high currents. The situationmight be
not hopeless. The condition of neutrality predicting the
growth of thee-densitywith currentmight be replacedby
the lock-up condition independentof current. The distri-
bution of electronsin the cloud changesand,at the high
currents,becomeshollow. In particular, thedensityat the
beamline which definesbeamstability decreases.The
head-tailinstabilityis stabilizedathighcurrentsdueto high
electronfrequencies.

Thesepredictionand,in particular, theadverseeffect of
densityfluctuations,couldbeverifiedwith existingcodes.
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EFFECT OF ELECTRON CLOUD ON THE COUPLED BUNCH
INSTABILITY IN KEKB LER

Su Su Win, Hitoshi Fukuma, Kazuhito Ohmi, Shin-ichi Kurokawa
High Energy Accelerator Research Organization (KEK), Japan

Abstract
A coupled bunch instability is observed in KEKB low

energy positron ring (LER). The observed mode spectrum
and the growth rate of the instability change according to
turning on and off the solenoid magnets which are
installed to sweep out the electron cloud in LER. The
simulation results are consistent with a hypothesis that the
instability is caused by the electron cloud.

1 INTRODUCTION
The vertical beam blow-up caused by the electron

cloud has been observed in KEKB LER [1]. To sweep out
the electron cloud a large number of solenoid magnets
were installed in LER. The effect of the solenoids on the
blow-up was confirmed by the measurement of the beam
size and the luminosity. The electron cloud can cause not
only the beam blow-up but also a coupled bunch
instability as K. Ohmi pointed out [2]. In fact, the coupled
bunch instability which can be explained by the electron
cloud was observed in KEKB PF [3] and BEPC [4].

We studied the coupled bunch instability in KEKB
LER expecting that the coupled bunch instability by the
electron cloud would be observed also in LER. In our
experiment the mode spectrum and the growth rate were
measured turning on and off the solenoids to see the
effect of the electron cloud. The results were compared
with computer simulation. In this paper we present the
results of the measurement and the simulation on the
coupled bunch instability in KEKB LER.

2 EXPERIMENT
Two kinds of solenoids were installed to sweep the

electrons, one is a bobbin-type solenoid and the other a
bobbinless-type solenoid [5]. The length of the bobbin-
type solenoid is from 150 to 650 mm. The bobbinless-
type solenoid has a length of 40 mm and mainly located
on bellows and both sides of NEG pumps and ion pumps
to cover the regions in which the bobbin-type solenoids
can not be wound. The magnetic field at the center of a
solenoid along the beam line is about 45 Gauss. The
solenoids were installed several times in LER since
September 2000. In January 2002 about 75% of the
circumference was covered by the solenoids. Most
vacuum chambers are made of copper. IR chambers and
the chambers around the crossing point are made of
aluminium.

The experiments were carried out in the filling pattern
of the normal operation at KEKB LER. Apart from the
abort gap, which was 10% of the circumference of the
ring, the ring was filled with a bunch train containing
1153 positron bunches at 3.5 GeV. The bunch spacing

was 8 ns and typical beam current was 600 mA. The
bunch oscillation recorder [6] was used to record the
bunch oscillations for 4096 turns without applying the
bunch-by-bunch feedback system which is installed to
suppress the transverse coupled bunch instability [7]. The
bunch oscillation data were then transformed into the
snapshot data as they were recorded at a fixed location
[8]. The mode spectra were determined by applying fast
Fourier transform (FFT) to turn by turn oscillation data.
The growth rates were calculated by fitting the oscillation
curve to an exponential function.

The mode spectra observed in horizontal and vertical
planes without applying the solenoid field are shown in
Figure 1. The mode spectra are similar showing a broad
peak at the mode number around 800 both in horizontal
and vertical planes. Fig. 2 shows the mode spectra with
applying the solenoid field which covered about 70% of
the ring. The horizontal and vertical mode spectra are
similar with the same position of the peak. As can be seen
in Fig. 1 and 2, the mode spectra change due to the
solenoid filed, which suggests that the instability is
caused by the electron cloud.

The observed growth rate is shown in Fig. 3. The
horizontal and vertical growth rates were 2.0 /ms and 1.3
/ms, respectively, when solenoid-off. It decreased to 72%
horizontally and 74% vertically after installing the
solenoids which covered 40 % of the ring. It further
decreased to 25% horizontally and 20% vertically after
installing the solenoids in order to cover 70 % of the ring.

3 SIMULATION
The simulation program PEI developed by K. Ohmi [2]

was used to study the coupled bunch instability due to the
electron cloud. The parameters used in the simulation are
listed in Table 1. At LER, the beam energy is 3.5 GeV
and the critical energy is 5.84 keV. For the beam current
of 600 mA, a bunch contains 3.3×1010 positrons.
Assuming the photoelectron production yield of 0.1, total
photoelectron emission is estimated to be 5×108

electrons/bunch/meter. The energy distribution of initial
photoelectrons was considered as Gaussian whose mean
energy and the standard deviation are 10 and 5 eV,
respectively. The space charge effect was taken into
account in the simulation. The photoelectrons which can
not traverse the vacuum chamber before the arrival of
next bunch will be kicked by the interaction between
positron beam and photoelectrons. The electrons close to
the positron beam will experience a comparatively larger
potential kick than those far from the positron beam.
When the photoelectron hits the opposite wall at certain
energy the secondary electrons are produced. The



secondary electron yield was assumed to have a peak at
Emax = 300 eV with δmax = 1.5.

The bunch oscillations were simulated by the particle
tracking in the various solenoid fields and analyzed by the

same procedure as in experimental data analysis to
determine the mode spectra. The growth rate was
obtained from a wake function calculated by the
simulation program.

Figure 1: The mode spectra observed when
solenoid-off in a) horizontal and b) vertical plane.

0 200 400 600 800 1000 12000

1

2

3

4

5
x 10

4

Mode

a)

0 200 400 600 800 1000 1200
0

1

2

3

Mode

x 10
3

b)

Figure 2: The mode spectra observed when
solenoid-on in a) horizontal and b) vertical plane.
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Figure 3: Growth rates of bunch oscillation at when solenoid-on and solenoid-off in
a) horizontal and b) vertical plane.
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Table 1: The parameters used in simulation
Circumference (m) 3016
No. of train 1
Radius of vacuum chamber (mm) 47
No. of bunches 1153
Bunch spacing (ns) 8
Bunch current (mA) 0.52
Average βx/βy (m) 10/10
Emittance εx/εy (10-8 m) 1.8/0.036
Betatron tune νx/νy 45.52/43.57
Initial photoelectron energy (GeV) 10 ± 5
Photoelectron yield 0.1
Secondary electron yield
δmax/Emax (eV) 1.5/300

3.1 MODE SPECTRUM

3.1.1 Mode spectrum in case of solenoid off
Firstly, we assumed that the photoelectrons are

produced at an illumination point with 30% reflection
which means 30% of the photoelectrons are uniformly
produced over the surface of the vacuum chamber. The
electron density projected over the cross section of the
vacuum chamber at the saturation of electron cloud is
shown in Fig. 4. The electron density was 9.8×1011

electrons/m3 at the saturation of the electron cloud. The
mode spectra without applying solenoid field are shown
in Fig. 5. The horizontal mode spectrum in Fig. 5a shows
the peak at mode 200 which is different from the
experimental observation shown in Fig. 1a. In the vertical
mode spectrum shown in Fig. 5b, the peak appears at
mode around 1000 and is broader than the experimentally
observed one as shown in Fig. 1b.

Secondly, we assumed that the photoelectrons are
produced uniformly over the surface of the vacuum
chamber. The electron density at the saturation of the
electron cloud was 9.8×1011 electrons/m3. The electron
density projected over the cross section of the vacuum
chamber at the saturation of electron cloud is shown in
Fig. 6. The horizontal mode spectrum is similar to the
vertical mode spectrum as can be seen in Fig. 7. Each of
the mode spectra has a broad peak at mode 800 and small
peaks at mode 200 and 1200. Comparing with the
experimental data shown in Fig. 1a and b, the mode
spectra from the simulation are consistent with the
experimentally observed ones in both horizontal and
vertical planes.

3.1.2 Mode spectrum in case of solenoid on
Applying the solenoid field along the circumference

of the ring will change the electron cloud distribution and
then change the mode spectrum.

The electron density projected over the cross section
of the vacuum chamber in solenoid fields of 5 ~ 20 G are
shown in Fig. 8a to 8c when the photoelectrons are
produced at the illumination point with 30% reflection.
As the electron distribution changes due to the solenoid

field, the mode spectrum also changes and is totally
different from the mode spectrum which we observed in
solenoid-off case, as shown in Fig. 10 and 11. The
simulated mode spectrum applying 10 G solenoid filed is
consistent with the experimental one both in horizontal
and vertical planes.

For the uniform photoelectron production over the
vacuum chamber surface, the electron distribution at the
saturation of electron cloud changes as shown in Fig. 9
when solenoid fields of 5 ~ 20 G are applied. The
simulated mode spectra are shown in Fig. 12 and 13 for
the horizontal and vertical planes, respectively.
Comparing with Fig. 2 which shows the observed mode
spectra, the simulated mode spectrum applying 10 G
solenoid filed is consistent with the experimental one both
in horizontal and vertical planes as in the electron
production at the illumination point with 30% reflection.

3.1.3 Mode spectrum by wake function
The simulation program can calculate a wake function

which is produced by the electron cloud. The mode
spectrum is obtained by the wake function as well as by
the tracking. Some examples of the mode spectra in
vertical plane by the wake function with or without
applying solenoid field are shown in Fig. 14 assuming
that the photoelectrons are produced at the illumination
point with 30% reflection. Comparing Fig. 14a and Fig.
5b and also Fig. 14b and Fig. 11b, it can be seen that the
mode spectra calculated from the particle tracking are
similar with those by the wake function.

3.2 GROWTH RATES
The growth rates calculated using the wake function

with and without solenoid field are shown in Table 2 for
the electron production at illumination point with 30%
reflection and the uniform photoelectron production.

Table 2: Growth rates when solenoid-off and solenoid-on
Growth rate (/ms)

Horizontal Vertical
Solenoid-off

2.08a 2.21a

2.18b 1.96b

Experimental data        2.00        1.34

Solenoid field
5 G 1.51a 1.03a

1.23b 1.36b

10 G 0.55a 0.38a

0.50b 0.31b

20 G 0.22a 0.18a

0.29b 0.22b

Experimental data        0.49        0.26

a. The photoelectrons are produced at the illumination point
with 30% reflection.
b. The photoelectrons are produced uniformly over the surface
of vacuum chamber.
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Figure 5: Mode spectra when solenoid-off assuming
the photoelectrons are produced at the illumination
point with 30% reflection in a) horizontal and
b) vertical plane.
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cross-section of the vacuum chamber due to the
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assuming   the photoelectrons are produced at
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Figure 9: The projection of electrons over the
cross-section of the vacuum chamber due to the
solenoid fields of 5 (a),  10 (b) and  20G (c)
assuming the photoelectrons are produced
uniformly on the chamber wall.
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Figure 12: The mode spectra in horizontal plane due to various solenoid fields assuming the 
photoelectrons are produced uniformly on the chamber wall; a) 5 G, b) 10 G and c) 20 G.
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Figure 13: The mode spectra in vertical plane due to various solenoid fields assuming the 
photoelectrons are produced uniformly on the chamber wall; a) 5 G, b) 10 G and c) 20 G.
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Figure 11: The mode spectra in vertical plane due to various solenoid fields assuming the photo-
electrons are produced at illumination point with 30% reflection; a) 5 G, b) 10 G and c) 20 G.
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Figure 10: The mode spectra in horizontal plane due to various solenoid fields assuming the photo-
electrons are produced at illumination point with 30% reflection; a) 5 G, b) 10 G and c) 20 G.
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     When solenoid-off, the simulated horizontal and
vertical growth rate is 4 and 65% higher than the
experimentally observed value in electron production at
the illumination point and 9 and 46% higher than the
observed one in uniform electron production. While the
horizontal growth rate by the simulation is almost same
value as that observed experimentally the vertical growth
rate by the simulation is about 50% higher than the
observed value.

When solenoid-on, the horizontal and vertical growth
rates obtained by the simulation applying 10 G solenoid
field are approximately same as the experimental values
in uniform photoelectron production. The difference of
simulated growth rates in two electron distributions are
less than ±25% for the solenoid fields of 5, 10 and 20 G.

4 SUMMARY
When the solenoids are turned off, the simulation

shows inconsistent mode spectra with experimental one in
horizontal plane and consistent mode spectrum in vertical
plane if we assume that the photoelectrons are produced
at the illumination point with 30% reflection. If we
assume that the photoelectrons are produced uniformly
over the surface of the vacuum chamber, the simulated
mode spectra reproduce the experimental ones both in
horizontal and vertical planes. While the simulated
horizontal growth rate is almost same as observed value
the simulated vertical growth rate is about 50% higher
than observed value.

When the solenoids are turned on, the simulated mode
spectra applying the 5~10 G solenoid field are consistent
with those from the experiment. The simulated mode
spectra seem not sensitive to the distribution of the
electrons. The simulated growth rates applying 10G
solenoid field are similar to the experimentally observed
values.

In conclusion the simulation suggests that the
electrons are produced uniformly over the surface of the
vacuum chamber at least when the solenoids are turned
off and that the effective magnetic field is 5~20 G to
explain the observed mode spectrum and the growth rate
of the coupled bunch instability.
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Electron cloud effect in the damping ring of Japan Linear Collider

K. Ohmi,
�

KEK, Oho, Tsukuba, Ibaraki, 305-0801, Japan

Abstract

Dampingringsof LinearColliderareverylow emittance
(����� nm) andhigh current(��� � A) storageringswhich
accumulateelectronandpositronduring several damping
times. The positrondampingring seemsto be seriousfor
electroncloud instability obviously. We discusselectron
cloudinstability for thedampingring of JapanLinearCol-
lider (JLC).

1 INTRODUCTION

We discusselectroncloudeffectsin JLCpositrondamp-
ing ring. The positron damping ring storagespositron
beamduring several dampingtime andextractsvery low
emittancebeamto the linear collider. The dampingring
accumulatesmany positronbunchesof the populationof	�
����� � 	���� with a narrow spacing(1.4ns). The positron
beamwith an energy of 1.98GeVemitssynchrotronradi-
ation photons,which createa large numberof photoelec-
tronsat the chambersurface. Thoughante-chambersare
usedto avoid thephotoelectrons,considerablerateof pho-
toelectronsandsecondaryelectronsremainin thechamber.
Studyof theelectroncloudeffect in thedampingring is the
mostimportantsubjectto realisethe linearcollider. Some
worksfor dampingringsof linearcollider projects(CLIC,
NLC, TESLA andJLC)havebeendonein Refs.[1, 2, 3].

The parametersof JLC dampingring areshown in Ta-
ble.1[4].

Table1: Basicparametersof theJLCdampingring

circumference � (m) 348.3
energy � 1.98
bunchpopulation ��� 	�
����� � 	����
bunchtrain length � �"!$#&%(' 192
bunchspacing )$� (ns) 1.4
gapbetweentrains )$*,+�- (ns) 60
numberof bunchtrain � .0/ 4
emittance �21 (m)

�3� � 	�45���
�26 (m)

��� � 	 45��7
typical betafunction 8 (m) 10
bunchlength 9;: (mm) 5
synchrotrontune <>= 0.01
beampiperadius ?3@(A"BDC 1.0

We discusselectroncloud build-up, coupledbunch in-
stabilityandsinglebunchinstabilitycausedby theelectron
cloudin Sec.2,3 and4, respectively.

2 ELECTRON CLOUD BUILD-UP

We considerphoto-emissionandsecondaryemissionas
electronsources.Thenumberof photonhitting thecham-
berwall is givenby

� EF@HGIBKJ&L � CNM
�PO
Q R3SFT�



(1)

for a positron in a meter, where S and T are 1/137 and
the relativistic factor, respectively. The numberof photo-
electronproducedby a positronat thechamberis givenby

� UVE�@HGIBKJ&L � CNMW� EYXZE 
 (2)

The direct photo-emissionratewasestimatedto be X[E\M	F
 � for cylindrical chamberin KEKB. This valuewascon-
sistentwith an in situ measurementof electroncurrentus-
ing buttonelectrode[5]. We installeda testante-chamber
in KEKB-LER to study densityandyield of the electron
cloud. Thevaluefor theante-chamberwasobtainedto be
1/5 for the cylindrical chamber, namely, X E M 	F
 	&]

. We
choosethemeasuredvalue X E M 	F
 	&]

for thedampingring.
Theelectronproductionrateis now givenby

� E M 	�
 ^2� G�B_J&L � � UHE M 	F
 	 � R GIB`JaL � 
 (3)

The secondaryemissionrate, which is the numberof
electronproducedby an electronincidentat the chamber
surface,is characterizedby X 7 . We assumeX 7 @(�b- U +dceM]&	2	 LgfhCiM � 
 	 andits energy dependenceobeys Furman’s
formula[6]. This numberis somewhatlow consideringef-
forts of suppressionof secondaryyield in thefuture.

Wecalculateelectrondensityby thesimulationcodePEI
[7]. Spacechargeforceof electroncloud is taken into ac-
count.Thebeamchamberis assumedto becylindrical and
electronsareproduceduniformly alongazimuthalanglein
thesimulation.

We calculatedthe electronclouddensityfor 1.4 nsand
2.8 ns spacingkeepingthe bunch population. Figure 1
shows variationof electroncloud densityasa function of
bunch passage.The density increasesand saturatesat a
certaindensity. Thedensityat beampositionandaveraged
oneof whole chamberareshown in the figure. The satu-
rateddensityis j � � 	 ��7 B 4Yk

and
R � � 	 ��7 B 4Yk

for 1.4ns
and2.8nsspacing,respectively, atcenter, and̂

l� � 	���7 B 4Zk
and

]�
 �m� � 	���7 B 4Yk
for average. Sincethe saturationis

not perfectasis shown in thefigure,actualdensitymaybe
somewhathigher.

3 COUPLED BUNCH INSTABILITY

Thecoupledbunchinstability is causedby a long range
( � m) wake field inducedby theelectroncloud.Thewake
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Figure1: Electroncloudbuild-upin theJLCdampingring.
(a)1.4nsspacing(b) 2.8nsspacing.

field is evaluatedasfollows[7],

n Primaryelectronsarecreatedin every bunchpassage
throughthechambercenterwith theline density� UVE .
Secondaryelectronsare createdat absorptionof an
electronwith anenergy ( � +�� = ) by therate X 7 @(� +d� =&C .

n The creationprocessis repeateduntil the cloud den-
sity saturateat acertainvalue.

n A bunchwith aslightdisplacementpassesthroughthe
cloud, andthenfollowing buncheswithout displace-
mentpassthroughthechambercenter.

n Thecreationprocessis repeatedfor thedisplacedand
following bunches.

n The following bunchesexperienceforces from the
cloud, becausethe cloud is perturbedby the passage
of the displacedbunch. The wake field is calculated
by theforces.

Figure2 shows thewake field for 1.4nsand2.8nsspac-
ings.

Thegrowth rateof thecoupledbunchinstability is esti-
matedby theformula[13]

o�prqtsvu M � Uw O
T < 6 � -

#
c,x �

y�z 6;{ cy�| � L 7,}a~ ca�
p ���d�V����'F�

(4)
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Figure2: Long rangewake field inducedby the electron
cloud(a) 1.4nsspacing(b) 2.8nsspacing.Thewake field
is representedby unit of velocity kick of electroncloud
(m/s).

where � U is thenumberof thephotoelectronproducedby
a bunchthroughthering circumference,��- thenumberof
positronsin a bunch, � the rangeof the wake field, and

T the Lorentzfactor.
ydz 62{ c G y�| � is the wake field for � -th

bunchdue to displacementof a bunch(
| � ) in unit of ve-

locity kick of photoelectronclouddividedby thedisplace-
ment. Figure 3 shows the growth of the coupledbunch
modecausedby electroncloudinstability.

The growth rate was obtainedas
]&^P�

s (20 turn) and� R 	P� s (100 turn) for 1.4 and2.8nsspacings,respectively.
Perhaps,it is possibleto be curedfor the growth � R 	P� s,
but is impossiblefor the growth

]&^a�
s, by usinga bunch-

by-bunchfeedbacksystem.

4 SINGLE BUNCH INSTABILITY

A single bunch instability is causedby a short range
( ��A"B ) wake field inducedby the electroncloud. The
shortrangewake field is analyticallyestimatedfor a sim-
ple model: that is, beamandelectroncloudwith thesame
transversesize interactwith eachother. We focuson the
vertical instability in this paper. The wake field is rep-
resentedby a resonatormodel. The resonatorfrequency
(
s U ) correspondsto oscillation frequency of electronsin
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thebeamfield,

s U { 6 M
� � � UgA 7

9 6 @H9 13� 9 6 C
�

(5)

where
� � and 9 1 � 6 � arethe beamline densityin a bunch

and transversebeamsizes,respectively. � U and A are the
electronclassicalradiusandthespeedof light, respectively.
Thewake field is expressedby

� � @(�ZCV� � 4Y7d� M�A ?i��������
s U
A �

�
(6)

where

A ?i�� M
� U� �

�
9 6 @(9 1 � 9 6 C

s U
A



(7)

Thedensityof electroncloud
� U , whichis localline density

nearthebeam,is relatedto theelectronvolumedensity�YU
via

� U�M ]PO �FUg9 1 9 6 . In ourparameters,

A�?i��G � M 	F
 � w � � 	&  B 4Z7 s U M �F
 �¡� � 	 ���I¢a4�� 
 (8)

We can also estimatethe wake field using numerical
method.Electroncloudis muchlargerthanbeamsize,non-
linear force may be importantand electronsare focused
(pinched)at the beamcenter. The numericalcalculation
cantake into accounttheseeffectspartly. The wake field

is calculatedin a similar wayasthatfor thecoupledbunch
instability. The beamis uniformly distributedalong � di-
rection, and as the initial condition the electroncloud is
setto bea uniform distribution with a largetransversesize
( � 	 9 1 � � 	 9 6 ).
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Figure4: Short rangewake field inducedby the electron
cloud.

Figure4 shows the vertical wake field obtainedby the
simulation. The wake field in the figure dampsalong �
dueto nonlinearinteractionwith theelectroncloud,though
that in Eq.(6) doesnot damp,namelya finite

�
factor is

obtained. The figure shows a slightly larger Ad?£�5G � M� 
 w � � 	   B 4Z7
thanthe analyticalvalue,and

� � R
.
s U

is closeto theanalyticalvalue.
Theimpedancedueto theelectroncloudis writtenas

¤ @ s CvM A�? �s �
� �¦¥ � s Us q s

s U
(9)

Me§
� U� �

�
9 6 @(9 1 � 9 6 C

s Us
¤ �w O ¥s

s U
q s Us �¦¥ ��

�

where§ is anenhancementfactordueto cloudsize,pinch-
ing etc. [8], and

¤ � is the impedanceof vacuum(
R �&� o

).
The figure 4 shows §¨M � 
 � . In the caseof KEKB, the
enhancementfactorwas §�M ] � w

for theverticalwake
field.

Thesinglebunchinstability is estimatedfrom thewake
field. We usethe coastingbeammodelto evaluatethe in-
stability, becauseof

s U$9[:2G&A�© � . The thresholdof the
instability is expressedby [13]

ª¬« Q R � � � U 8 s �
T
s UV®9[¯

° ¤�± @ s U C °¤ � M
Q R � � � U 8
T <>=

s U$9[:&G2A
° ¤�± @ s U C °¤ � M � 


(10)
For

ª³² � , thebeamis unstable.
We estimatedthethresholdvalueof electroncloudden-

sity for various positron storagerings. The resultsare
shown in Table2.

The threshold density for the JLC damping ring is
smallerthanthepredictedclouddensity(j � � 	���7 B 4Yk

for



Table2: Singlebunchelectroncloudinstability in positron
storagerings.Theenhancementfactoris chosento be §´MR
. Theimpedanceis evaluatedat �FUµM � 	���7 B 4Zk

.

variable KEKB PEP-II DAFNE JLC-DR
� (GeV) 3.5 3.1 0.51 1.98
� (m) 3016 2200 97.7 398
�l��@ � 	 ��� C 3.3 6 4 0.75
<$= 0.018 0.025 0.012 0.01
9 1 @ � m) 420 700 2000 84
9 6 @ � m) 60 120 63 7.1
9[: (mm) 5 12 24 5s % 9;:&G&A 2.5 3.2 3.2 9.1¤ G ¤ � @B 4�� C 2877 3363 511 2184
�FU { . ' @ � 	���7 B 4Zk C 0.54 1.2 1.9 4.4

1.4nsspacing):that is, the singlebunchinstability occurs
in thepresentcondition.

Though the wake field approximatedby the resonator
modelpermitsus to study the instability with simplean-
alytic methods,the estimationof the thresholdincludes
somewhat ambiguousfactors: i.e., for example, how to
choose§ and

�
. Since § is relatedto pinching,onemay

choose§¶� s U 9 : G2A . A valueof
�

which is larger thans U 9 : G&A is meanless.To remove theambiguity, we have to
do trackingsimulations[9, 10, 11, 12].

5 SUMMARY

We evaluatedelectron cloud instabilities in the JLC
dampingring. We usethe electronproductionrate � U M	�
 	 � R GIB·J®L � and secondaryyield X 7 { - U +dc¸M � . Elec-
tron cloud is build up to the densityof j � � 	���7 B 4Yk

andR � � 	���7 B 4Yk
for 1.4and2.8nsspacing,respectively.

The growth times of the coupledbunch instability are
26
�

s(20 turns)and130
�

s(100turns)for 1.4nsand2.8ns
spacing,respectively. The growth time of 100 turn seems
to beroughlythelimit abovewhich theinstabilitycouldbe
curedby abunch-by-bunchfeedbacksystem.Thresholdof
the singlebunchinstability was �FU¹M w 
 w � � 	���7 B 4Zk

for
<$=ºM 	F
 	 � . Thedensityis a factorof two smallerthanthe
predictedclouddensity(j � � 	 ��7 B q R

for 1.4nsspacing).
Thethresholdlinearly dependson thesynchrotrontune < = ,
which is chosento belargevaluefor a low emittance(low

S ) machine.Trackingsimulationsshouldbedoneto deter-
minemoreaccuratethresholdclouddensity.

Weneedfurtherreductionfor theelectroncloudby 1/5�
1/10, consideringthe growth of the coupledbunch insta-
bility andthe safetymargin for the singlebunchinstabil-
ity. The vacuumchambershouldbe designedto reduce
the electroncloud density. In situ measurementsof elec-
tron cloud[14, 5] help thedesignof thevacuumchamber.
Our target value of the electronproductionrate is about
� U�� 	F
 	&	2] GIB`JPL � .

We commenton theresultfor DAFNE. Photonproduc-
tion rate is given as � E»M 	F
0� R GIB�J�L � . We study the
instability briefly with parameters,the electron produc-
tion rate � U M¼� E �½	�
 	2] M 	F
 	 � � GIB�J5L � , the num-
ber of positronin a bunch ���¾M w � � 	���� , the build-up
time ¿³M � 	�� ¿P� (¿P�ÀM ^

ns) andchambercrosssection	F
 	 � B 7 . Theaverageelectronclouddensityis roughlyes-
timatedas � U M ^À� � 	��Á� B 4Yk

, thatis lessthanthethresh-
old value � 
 �Â� � 	 ��7 B 4Zk

. Since DAFNE is small ma-
chine(Ã � M 	F
 R �

s), small tunespreadworks to suppress
the coupledbunch instability. We usedthe in situ value
XÄM\� UgGI� EÀM 	F
 	&]

for KEKB testante-chamber[5]. It is
interestingto measuretheelectroncloudin DAFNE. Since
thedesigncurrentof DAFNE is 5A: i.e., 5 timesmore,we
shouldpayattentionto thestatusin thefuture.

The author thanks F. Zimmermannfor reading this
manuscript.
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EFFECT OF BUNCH LENGTH, CHROMATICITY, AND LINEAR 
COUPLING ON THE TRANSVERSE MODE-COUPLING 

INSTABILITY DUE TO THE ELECTRON CLOUD 
 

E. Métral, CERN, Geneva, Switzerland 

 

Abstract 

The influence of bunch length, chromaticity, and 
linear coupling on the transverse mode-coupling 
intensity threshold is discussed for the case of a bunch 
interacting with a broad-band resonator impedance. Two 
regimes are possible according to whether the total 
bunch length is above or below a critical value, which is 
about the inverse of twice the resonance frequency. If 
the bunch length is greater than this value, the intensity 
threshold in the absence of linear coupling can be 
approximated by the coasting-beam value multiplied by 
the bunching factor. Hence, it is proportional to the 
bunch length, and increases linearly with the ratio 
between the chromatic and resonance frequencies. If the 
bunch length is smaller than the critical value, the 
intensity threshold is inversely proportional to the square 
of the bunch length, but it still increases slowly with 
chromaticity. In the presence of linear coupling, the 
intensity threshold can be increased up to a factor two 
when the second transverse plane has a negligible 
impedance. This formalism is applied to the broad-band 
electron-cloud induced impedance, to evaluate the effect 
of bunch length, chromaticity and linear coupling on the 
intensity threshold of the CERN SPS beam for LHC. 

1  INTRODUCTION 

A vertical single-bunch instability due to the electron 
cloud is observed in the SPS, with rise-times faster than 
the synchrotron period [1,2]. The electron-cloud induced 
impedance has been approximated by a broad-band 
impedance (Qr�1), whose shunt impedance and 
resonance frequency depend on bunch length and 
intensity [3]. Furthermore, it has been found 
experimentally that increasing the chromaticity helps to 
increase the intensity threshold.  

The purpose of this paper is to compare these 
observations with theoretical predictions, by evaluating 
the effect of bunch length and chromaticity on the 
intensity threshold of the CERN SPS beam for LHC. 
Another parameter, which could be used to increase the 
intensity threshold is proposed: this is linear coupling 
 
 

between the transverse planes. 
The model used for the classical one- and two-

dimensional Transverse Mode-Coupling (TMC) 
instability is described and discussed in Section 2. This 
formalism is then applied to the CERN SPS beam for 
LHC in Section 3. 

2  THEORY 

2.1  One-Dimensional 

Considering the case where two adjacent head-tail 
modes (m and m+1) undergo a coupled motion, the 
stability of a high-intensity single-bunch beam can be 
discussed using the following determinant, e.g. for the 
vertical plane, [4] 
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Here, cω  is the coherent angular frequency to be 
determined, y

mmsymy m ,0, ωωωω ∆++= , with 000 Ω= yy Qω  the 
unperturbed betatron angular frequency with 0yQ  the 
unperturbed tune and 00 2 fπ=Ω  the revolution angular 
frequency, ...,1,0,1..., −=m  is the head-tail mode number, 

ss fπω 2=  is the synchrotron angular frequency ( sT  is the 
synchrotron period), 1−=j  is the imaginary unit, e is 
the elementary charge, β  and γ  are the relativistic 
velocity and mass factors, 0feNI bb =  is the current in 
one bunch with bN  the number of protons in the bunch, 

0m  is the proton rest mass, bcL τβ=  is the full (4V) 
bunch length (in metres) with c the speed of light and bτ  
the total bunch length (in seconds), yZ  is the coupling 
impedance, ( ) sy

y
k mQk ωω +Ω+= 00  with ∞+≤≤−∞ k , 

00)/(2 Ω== yyyy
Qf ηξπω ξξ  is the chromatic angular 

frequency, with )/()/( 00 yyy QppQ ∆∆=ξ  and 
)/(/)/( 00

22 ppTTtr ∆∆=−= −− γγη  the chromaticity and 
slippage factor, where p is the momentum and T the 
revolution period of a particle, and nmh ,  describes the 
cross-power densities of the mth and nth line-density 
modes. As can be seen from Eqs. (4-8), 
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This parameter is often approximated by one [4]. 
Considering the case of a driving broad-band resonator, 
the coupling impedance is given by 
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where rr fπω 2=  is the resonance angular frequency, Qr 
the quality factor and Rr the shunt impedance. 
Equation (1) leads to the following solutions for cω  
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In the following, only the real parts of the complex 
betatron frequency shifts are considered (see Section 2.2 
for a discussion on the model used). We thus write 
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If 02, >thbI , then 1,2, thbthb II > . The beam is stable from zero 
intensity to 1,thbI . Then it is unstable between 1,thbI  and 

2,thbI  (mode-coupling at 1,thbI ). Finally, it is stable again 
above 2,thbI  (mode-decoupling at 2,thbI ). This case is 
depicted in Fig. 1. 
 

 
 
 
 
 
 
 
 
 
 

FIGURE 1. Mode-coupling and -decoupling: the upper 
traces describe the imaginary parts of the coherent 
betatron frequencies ±

cω , and the lower traces the real 
parts. 
 
This corresponds to the case of a long bunch, whose 
spectra of modes 0 and –1 peak at low frequencies. Both 
modes couple to the inductive part of the coupling 
impedance, and therefore are shifted in the same 
direction. Moreover, their coupling to the resistive part 
of the coupling impedance is weak. As a consequence, 
when the two modes merge, they cannot develop a 
strong instability and are pulled apart as intensity 
increases. Modes of higher order can couple, but higher-
order modes are more difficult to drive than lower-order 
ones [5].  

Therefore, in our model one will always consider 
mode-coupling between the two most critical head-tail 
modes (m and m+1) overlapping the peak of the negative 
resistive impedance. In this case there will never be 
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mode-decoupling ( 02, <thbI ), and the threshold for mode-
coupling is obtained at the intensity 1,thbI  (see Fig. 2). 
 
 
 
 
 
 
 
 
FIGURE 2. Real (left) and imaginary (right) parts of the 
coherent betatron frequencies ±

cω . 
 

Below the intensity threshold 1,thbI , the real and 
imaginary parts of the coherent frequencies are given by 
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Above the intensity threshold 1,thbI , the real and 
imaginary parts of the coherent frequencies are given by 
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The instability rise-times are given by 
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The rise-time of the unstable mode can be re-written 
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where q and D are given by 
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The parameter q H [0,1]: it is equal to one for long 
bunches and zero for short bunches. The two curves 
describing the two extreme cases for the rise-time given 
 

by Eq. (23) are shown in Fig. 3. It can thus be seen from 
Fig. 3, that the same (well-known) result is obtained in 
all cases: just above threshold, the instability rise-time is 
given by the synchrotron period.  
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 3. Instability rise-time normalised to the 
synchrotron period vs. 1,/ thbb II=α , for q=0 (upper trace) 
and q=1 (lower trace). 

 
Investigate now the effect of bunch length and 

chromaticity on the intensity threshold. Two regimes are 
possible according to whether the total bunch length is 
above or below a critical value, which is about the 
inverse of twice the resonance frequency (see Fig. 4). 
This corresponds to the time when the wake-field 
becomes negative (see Fig. 5). In the frequency domain, 
this case corresponds to the second picture of Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 4. Intensity threshold near 12 =brf τ , by 
solving numerically Eq. (1) for modes 0 and -1. 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5. Transverse wake-field vs. time. 
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If rb f/5.0≥τ , it is the “long-bunch” regime (see 
Fig. 6).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 6. Power spectra for a long ( rb f/5.0>>τ ) and 
short ( rb f/5.0=τ ) bunch, in the “long-bunch” regime, and 
real and imaginary parts of the driving broad-band 
impedance. 
 
The intensity threshold can be approximated by [4] 
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which can be re-written,  
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using ( ) ( )bs ppf τπη // max0∆×=  and approximating the 
longitudinal emittance (at 2V, in eV.s), by an elliptic 
area in the longitudinal phase space, which gives 

( ) 2// max0
2 πτβε ppE bl ∆= , where E  is the total beam 

energy, and yZ  is the peak value of the resonator. 
Formula (26) is the same as from (i) the coasting-beam 
approach using the peak values of bunch current and 
momentum spread [6], (ii) Ruth and Wang fast blow-up 
theory [7], (iii) Kernel et al. post-head-tail 
formalism [8], and (iv) Zotter theory for zero 

chromaticity [9]. In fact, if one computes the ratio 
between the intensity threshold obtained by simulation, 
solving numerically Eq. (1) for the two most critical 
modes given by 

 ,121 





+≈+

r
br f

f
fm yξτ  (27) 

and the intensity threshold given by Eq. (26), the same 
kind of pictures as in Fig. 7 are obtained. The ratio is 
always between ~1 and ~2, as can be easily deduced 
from the first picture of Fig. 6 for a very long bunch. It is 
approximated by one [4]. 

FIGURE 7. Ratio between the intensity threshold S
thbN ,  

computed numerically from Eq. (1) with 102 =brf τ , and 
the intensity threshold TH

thbN ,  given by Eq. (26), vs. 
ry

ff /ξ . 
 

If rb f/5.0<τ , it is the “short-bunch” regime. The 
intensity threshold can be approximated by [9] 

 ( ) ( )
( ) ( )[ ].21

2

1

2

0
0 2

3

,
, br

br

ythb
y

short
thb f

f

N
N τ

τ
ξ

ξ +×
=

==  

 (28)  

The second term is a small term varying between ½ 
(when rb f/5.0<<τ ) and 1 (when rb f/5.0=τ ). Note that 
the factor ( )32 brf τ  is also obtained between the beam 
break-up “rise-times” (one e-folding time), which can be 
derived from Brandt and Gareyte formula [10] for long 
bunches (which is derived from Yokoya’s formalism for 
cumulative beam break-up [11]) and from Chao et al. for 
short bunches [12]. The intensity threshold increases 
“slowly” with chromaticity, as the bunch spectrum for 
mode 0 extends well above the resonance frequency. 

 

2.2  Discussion on the Model Used 

The model used here for the classical TMC instability 
is based on the mode-coupling between the two most 
critical head-tail modes (m and m+1) overlapping the 
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peak of the negative resistive impedance. For zero 
chromaticity, the tune shifts are real. There is no Head-
Tail (HT) instability, and above a threshold intensity, a 
TMC instability develops, with an instability rise-time 
faster than the synchrotron period. When the chromatic 
frequency is shifted positively (this is the stability 
criterion for the head-tail mode m=0), the simple model 
where the two regimes (HT and TMC) are treated 
separately is used here. Below the threshold intensity, 
the standing-wave patterns (head-tail modes) are treated 
independently. Above the threshold intensity, the wake 
fields couple the head-tail modes together and a 
travelling-wave pattern is created along the bunch. This 
is the TMC instability. In this paper, only the TMC 
intensity threshold is looked at, i.e. only the real parts of 
the complex coherent tune shifts are considered. Other 
people [13] use directly the complex tune shifts, and 
solve the problem numerically, thus treating both 
regimes at the same time. The advantage of the present 
formalism is that it is simple, and that it makes the link 
between the TMC formalism and the formula already 
derived when (i) the bunch length is much longer than 
the inverse of twice the resonance frequency, and (ii) the 
synchrotron frequency tends to zero (e.g. at transition), 
or the instability rise-time is much faster than the 
synchrotron period. 

Note that using the same “simple” model, i.e. 
considering only the mode-coupling between the two 
most critical modes overlapping the peak of the negative 
resistance, the following stability criterion is obtained 
for the longitudinal mode-coupling instability, taking 
into account the potential-well distortion due to both 
space-charge and broad-band impedances, [14] 
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Here, )2(/3 bbp NeI τ=  is the bunch peak current 
considering a parabolic line density, ( ) ppZ BB

l /  and 
( ) ppZ SC

l /  are the peak values of the broad-band and 
space-charge longitudinal impedances, and the signs � 
correspond to the cases below and above transition 
respectively. It is believed that this stability criterion is 
more appropriate than the one of Keil-Schnell-
Boussard [15] (given by Eq. (29) with the term on the 
left replaced by the modulus of the coupling impedance). 
It is known that the Keil-Schnell stability criterion [16] 

for the longitudinal microwave instability of coasting 
beams is already a simplification, which is valid when 
the inductive part of the coupling impedance is smaller 
than the real one. When the inductive part of the 
coupling impedance is much greater than the real one, 
this stability criterion is not valid, and one has to look at 
the stability diagram, which is a graphical representation 
of the solution of the dispersion relation depicting curves 
of constant growth rates, and especially a threshold 
contour in the complex plane of the driving impedance. 
Equation (29) also depicts a threshold contour in the 
complex plane of the driving impedance. 

2.3  Two-Dimensional 

In the presence of linear coupling, the 2l2 determinant 
of Eq. (1) becomes a 4l4 determinant given by (near the 
coupling resonance lQQ yx =− ) [17] 
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where x
mmsxmx m ,0, ωωωω ∆++=  and here 

y
mmsymy ml ,00, ωωωω ∆++Ω+= , ( )lK

0
ˆ  is the lth Fourier 

coefficient of the skew gradient ( )( )xBpeK x ∂∂= // 00 , 
with xB  the horizontal magnetic field, and R  is the 
average radius of the machine. Equation (30) leads to a 
fourth-order equation, which can be solved on the 
resonance (using here the approximation 1≈mk ) 
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A necessary condition for stability is given by 
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If Eq. (32) is fulfilled, then it is possible to stabilise the 
beam by linear coupling. Beam stability is obtained 
above a certain threshold for the coupling strength, 
whose value is given by 



 

( )

( )

( ) .
2

1

2

1

2
ˆ

2/1

1,1,1,

2/1

1,1,1,

0
2

00

0





 ∆±∆−−∆×





 ∆∆−−∆×

Ω
≥

+++

+++

y
mm

y
mms

y
mm

x
mm

x
mms

x
mm

yx

R

QQ
lK

ωωωω

ωωωω #  

 (33) 

Consider for instance the case where yx ξξ = , yx QQ = , 
and xy ZZ λ= . The necessary condition for stability of 
Eq. (32) becomes  
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which is the one-dimensional vertical stability criterion 
with the angular synchrotron frequency sω  replaced by   
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A factor 2 is thus gained on the intensity threshold when 
1>>λ , i.e. when the second transverse plane has a 

negligible impedance. Note that in the case 1>>λ , the 
same result is obtained for different chromaticities and 
tunes. 

3  APPLICATION TO THE CERN SPS 
BEAM FOR LHC 

The SPS electron-cloud induced impedance has been 
computed in Ref. 3 for p/b105.7 10

0 ×=bN , considering 
an average density of the electron cloud of 

3-12
0 m/e10=cρ , longitudinal and transverse rms 

dimensions cm300 =zσ , mm50 =xσ  and mm30 =yσ . 
The result is a broad-band impedance (Qr�1), with peak 
value /mM200 Ω=yZ  and resonance frequency 

MHz2200 =rf . Furthermore, the peak impedance and 
resonance frequency scale as follows 

 

 
( )
( ) ,000

0
0

yxy

yxy

z

z
yy ZZ

σσσ

σσσ
σ
σ

+

+
××=  (36) 

 
( )
( ) .000

0

0
0

yxy

yxy

b

b

z

z
rr N

N
ff

σσσ

σσσ
σ
σ

+

+
×××=  

 (37) 

Applying Eq. (26) to find the intensity threshold with the 
above impedance, since rb f/5.0≥τ  in the cases studied, 
yields  
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with 
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The plot of Eq. (38), which describes the intensity 
threshold vs. both chromaticity and bunch length, is 
shown in Fig. 8, using the numerical values given in 
Table 1. 
 

Table 1: Basic parameters of the CERN SPS. 
Average machine radius R [m] 1100 
Slippage factor K 5.5�10-4 
Beam energy E [GeV] 26 
Nominal bunch population Nb [p/b] 11�1010 
Long. emittance (2V) Hl [eV.s] 0.35 
Nominal bunch length Vz [cm] 30 
Nominal horiz. beam size Vx [mm] 2.6 
Nominal vert. beam size Vy [mm] 1.9 
Vertical tune Qy ~26.7 

 
Note than the nominal bunch length is cm30=zσ , 
which corresponds to ns4=bτ . It is found that an 
instability is predicted once the electron-cloud build-up 
is predicted and observed ( p/b103 10× ). Keeping the 
same bunch length, it is predicted from Fig. 8 that the 
nominal beam intensity should be reached for a 
chromaticity of 0.88. Note that for p/b106 10× , beam 
stability is predicted for a chromaticity of 0.44, whereas 
~0.6 has been found experimentally. The theoretical 
predictions seem therefore to be in good agreement with 
observations. It is also seen from Fig. 8, that the 
intensity threshold can be raised by decreasing the bunch 
length. Figure 9 gives the rise-time of the instability vs. 
bunch intensity. It is seen that for p/b106 10× , a rise-time 



of ~1 ms is predicted, which is in agreement with the 
observations. 

 
FIGURE 8. Intensity threshold of the SPS beam for LHC 
vs. both chromaticity and bunch length, between 

p/b103 10× , which is the threshold for the electron-cloud 
build-up, and p/b1011 10× , which is the nominal intensity. 

 
FIGURE 9. Vertical instability rise-time for zero 
chromaticity vs. bunch intensity. 
 

Since 2/3 of the SPS circumference is composed of 
dipole-field regions, where the horizontal electron-cloud 
induced impedance is zero, linear coupling could be 
used to raise the intensity threshold. Figure 10 is the 
same as Fig. 8 but with linear coupling (see Eqs. (31) 
and (33)), and considering only the dipole-field regions 
of the SPS. It is seen that in this case the nominal 
intensity can be reached already for a chromaticity of 
0.34 instead of 0.88 without linear coupling. Considering 
the same impedance in the horizontal and vertical planes 
of the regions without dipole fields and in the vertical 
plane of the dipole-field region, and zero in the 
horizontal plane of the dipole-field regions, yields 
Fig. 11. The beneficial effect of linear coupling is also 
observed, but slightly less than in Fig. 10, since 1/3 of 
the circumference has now a horizontal impedance. It is 
seen that in this case the nominal intensity can be 
reached already for a chromaticity of 0.52 instead of 

0.88 without linear coupling, and 0.34 considering only 
the dipole-field regions. 

  
FIGURE 10. Same as Fig. 8, but in the presence of 
linear coupling and considering only dipole-field 
regions.  

 
FIGURE 11. Same as Fig. 8, but in the presence of 
linear coupling and considering the dipole-field regions 
(2/3 of the SPS circumference) and the regions without 
dipole field (1/3 of the SPS circumference). 

4  CONCLUSION 

The equation used here for the classical transverse 
mode-coupling instability is the same as from (i) the 
coasting-beam approach using the peak values of bunch 
current and momentum spread, (ii) Ruth and Wang fast 
blow-up theory, (iii) Kernel et al. post-head-tail 
formalism, and (iv) Zotter theory for zero chromaticity. 

This formalism has been applied to the SPS with the 
vertical broad-band electron-cloud induced impedance, 
which depends on bunch length and intensity. It is found 
that higher intensity thresholds can be reach by 
(i) increasing the chromaticity, and/or (ii) decreasing the 
bunch length, and/or (iii) using linear coupling. 

The predicted SPS rise-time and stabilising effect of 
chromaticity, are in quantitative agreement with the 
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observations (made up to ~ p/b106 10× ). It is predicted 
that the nominal beam should be stable for a sufficiently 
large chromaticity (~1). However, beam losses may 
appear due to other phenomena. It is proposed to use 
linear coupling in the SPS to reduce the value of the 
chromaticity needed to stabilise the nominal beam for 
LHC. 
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ELECTRON CLOUD BUILD-UP AND INSTABILITY: COMPARISON
BETWEEN OBSERVATIONS AND NUMERICAL SIMULATIONS FOR

THE CERN PS

M. Giovannozzi,E. Métral,G. Métral,G. Rumolo,F. Zimmermann,CERN,Geneva,Switzerland

Abstract

Experimentalobservationson theelectroncloudhavebeen
collectedat theCERNPSmachinethroughoutthelasttwo
years. At the sametime, an intensecampaignof simula-
tionshasbeencarriedout to understandtheobservedelec-
tron cloudbuild-up andtherelatedinstability. Theresults
of thenumericalsimulationsarepresentedin thispaperand
discussedin detail.

1 INTRODUCTION

Gasionizationandelectronmultiplication dueto the sec-
ondaryemissionprocessontheinnersideof thebeampipe
may inducethe build-up of an electroncloud, which can
significantly degradethe performanceof rings operating
with closelyspacedprotonor positronbunches.The un-
desiredelectroncloudcausespressureriseandbeaminsta-
bility whentheparametersarepushedabovecertainthresh-
olds[1].
In the caseof the CERN PSmachine,the electroncloud
hasbeenobservedsincetheyear2000for LHC-typebunch
trains(

���
bunchesof �������	��
��� p/b spacedby

���
ns).The

baselinedrift producedby the electronsignalat the pick-
up electrodeshasgiven evidenceof the presenceof elec-
tronsin largeamountinsidethebeamchamber[2]. To see
thedegradingeffectsof theelectroncloudon themachine
performance,measurementshavebeencarriedoutwith the
LHC beamstoredin the PS at high-energy for a longer
time (seeRef. [3] for more detailson the beammanipu-
lationsapplied).Moredatahavebeenrecordedconcerning
not only thebuild up processbut alsotheinducedinstabil-
ity [3]. Themainexperimentalobservationsontheelectron
cloud driven instabilitiesin the PScanbe summarisedas
follows. The instability manifestsitself asa single-bunch
phenomenonwhich setsin above an intensitythresholdof
about��� � ����
 ��� p/bandis especiallyevidentin thehori-
zontalplane.Its rise-time� is about����� msandit causes
a transverseemittancegrowth which canbe as large asa
factor ��
 or

� 
 in thehorizontalplaneand
�

in thevertical
plane.

ThetwocodesdevelopedatCERN,ECLOUDandHEAD-
TAIL (see[4] for details),cansimulateboth the build-up
processof theelectroncloudandits expectedeffecton the
singlebunchthatpassesthroughit [1, 5, 6, 7]. This paper
reportson theresultsof numericalsimulationscarriedout
with thesetwo codes.

Section2 givesa shortdescriptionof thePSlatticeand

its mainmagnets.Section3 isdevotedto resultsof build-up
simulationsfor bothdipoleandfield-freeregionsof CERN
PS,consideringdifferentbunchintensitiesandlengths.Us-
ing thesaturationvalueof theclouddensityasobtainedin
Section3, a full instability studyvia computersimulations
is presentedin Section4. Emphasisis put on theexpected
dependency of the unstableevolution on key parameters
like bunchintensity, chromaticityandbunchlength.Simu-
lationsfor field-freeregionsarecomparedwith thosefor a
combinedfunctionmagnet.Finally, conclusionsaredrawn
in Section5.

2 PS LATTICE AND MAIN MAGNETS

The PSlattice consistsof ten super-periodseachmadeof
ten combinedfunction magnets��� ��� m long, interlaced
with eight ��� 
 m andtwo

� � � m drift spaces[8]. Everymag-
net is composedof two half-unitswith gradientsof oppo-
sitesign,separatedby a centraljunction. Eachhalf-unit is
madeof fiveblockswith smallgapsin between.Additional
field adjustmentcanbemadeusingthethreecurrentsof the
pole-facewindingandfigure-of-eight-loopdeviceslocated
on themagnetpoles.Theseadditionalcurrentloopsallow
controllingthemachinetunesandchromaticities.Theout-
line of thePSmagnetunit in theextractionregionis shown
in Fig. 1.

The latest PS magneticfield measurementsusing Hall
probeswere undertaken in 1992 [9] for different opera-
tionalsettingsof thecurrentsin themaincoil, pole-faceand
figure-of-eight-loopwindings. The measurementshave
beencarriedout in themedianplaneof the laboratorytest
PS magnetunit U17 composedof an openhalf-unit fol-
lowed by a closedhalf-unit. The resultingvertical field
componentdata, including measurementsof the central
field, the endand lateral strayfields, and the field in the
junction betweenthe two half-units, produceda discrete
2D field map[9].

The measurementswere carriedout in a Cartesianco-
ordinateframe.Thelongitudinal � -axiscoincideswith the
magnetaxis and its orientationis given by the direction
of motion of the protons(seeFig. 1). The radial � -axis
coincideswith themechanicalsymmetryaxisandit points
towardstheexteriorof thePSring (seeFig.1). In thisrefer-
encesystemaregularmeshis definedandfor eachpoint in
themesh,thevalueof  �! hasbeenmeasuredin themedian
plane. The stepsize is 20 mm along the longitudinal � -
axisand10 mm alongtheradial � -axis. Themeshextends
from -2.55m to 2.73m andfrom -70mmto 310mmin the



Figure 1: PS magnetunit 16. This unit is locatedjust
downstreamof the extractionseptum. The overall layout
is shown in theupperpart.Thevacuumpipesfor thecircu-
latingbeamaswell asthatfor theextractedonearevisible.
Thetwocrosssectionsof theentryface(with opengap)and
exit face(with closedgap)of themagnetarealsoshown on
theleft andright respectively.

longitudinalandradial directionsrespectively. The fitted
2D field mapfor the 26 GeV/c working point is shown in
Fig. 2 (seeRef. [10] for moredetails).

This field can,in first approximation,bemodelledas
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(1)

with valuesfor  �! � and 7 givenin Table1.

3 ELECTRON CLOUD BUILD-UP IN
CERN PS

Thesimulationalgorithmusedin theECLOUDcodehasal-
readybeendiscussedin greatdetail in previouspapers(for
instance,see[5] for the mostup-to-datedescription).By
simulatingresidualgasionizationandsecondaryemission
at the chamberwalls, including elasticreflectionof low-
energetic electrons,the codecan predict whethera high
densityelectroncloud is expectedto form during the pas-
sageof a closelyspacedbunchtrain. To simulatethe PS
straightsectionsanddipolechambers,parametersfrom Ta-
ble11 havebeenused.In thebuild-upsimulations,thegra-

Table1: PSparametersusedin thesimulations.As far as
thebeamemittanceis concerned,thermsphysicalvalueis
quotedhere.

Circumference
�>�>?

m
Relativistic @ �� � �
Numberof bunches

���
Bunchspacing(ACB�DFE ) �>�

ns
Bunchpopulation( G�H ) �I�J���8�K��
2��� protons
Trans.rms-sizes( L/3+M ! ) ��� � � � � �ONP��� � mm
Chamberhalf-aperture(� )

� 
 mm
Chamberhalf-aperture(9 ) � � mm
MaximumSEY ( QSRUTSV ) ��� WX RUT�V ��
>
 eV
Tunes( Y 3PM ! M Z ) � � �>� N � � �>� N.
�� 
�
� �
Bunchrms-length( L/[ ) 
O� �\�J��� � m
Aver. betafunctions(] 3PM ! ) � � m
Rms-energy spread ��� ��� � � �K��
^`_
Mom. compaction( a ) 
O� 
 ��
Chromaticities(b 3+M ! ) up to 
�� � in bothplanes
Dipolefield (  4! � ) ��� �>�>� T
Fieldgradient( 7 )

� � � T/m
AdcSegf � � �4h s

dientcomponenthasbeenneglectedasthis is notexpected
to affect thebuild-up processsignificantly. This point has
to beconfirmedby additionalnumericalsimulations.

Figure3 depictsthe evolution of the electronline den-
sities in a PS dipole chamberwithout (upper) and with
(lower)inclusionof theelasticallyback-scatteredelectrons.
Variousbunchlengthsareconsidered,representingdiffer-
entsnap-shotsduringbunchcompressionprior to beamex-
traction(thebunchesin thePSarecompressedby a factor
� , from � � ns to � ns within ��
�
 turns). The simulation
demonstratesthattheelectronline densitygrowsfasterthe
shorterthebunch,andthatthereis noelectroncloudbuild-
up for theinitial bunchlengthof �OL/[>N.i ( � � ns.

ComparingFig. 3 (upper)and(lower),we furthernotice
thatwith the elasticallyback-scatteredelectronsincluded,

1Thehorizontalemittanceis in realityconstant,but thehorizontalrms-
sizeissweptthroughthegivenrangein orderto accountfor dispersionand
thedifferentenergy spreads.



thesimulatedequilibriumelectronline densitiesarea fac-
tor �j�k� higherthanwithout. Perhapsmoresurprisingly,
thecentraldensityis highestfor intermediatebunchlengths
(not shown, but seeRef. [2]), andnot for theshortest.This
indicatesthatelectrons,oncegenerated,canbemoreeasily
trappedby thepotentialproducedby longerbunches.

Furthermore,the build-up has beensimulatedat dif-

Figure3: Electroncloud build-up in a PSdipole for dif-
ferentbunchlengthsandwithout (upper)andwith (lower)
elasticreflectionof theelectrons.

ferent currents,to identify a possibleintensity threshold.
Figure4 shows the averagedcloud densityevolution cor-
respondingto differentbunchintensitiesfrom �	�l��
2��� to
���m�����
2�S� (for a4nslongbunch).While thecloudrise-time
doesnot appearto bemuchaffectedby this parameter(af-
ter thepassageof about�>
 bunches,correspondingto � h s,
the cloud hasin all casesalreadyreachedsaturation),the
saturationvaluetendsto decreasewith increasingcurrent
(from ��
�on m ^+p for G H=( �q����
2��� to about

� ����
2�S� m ^+p
for G Hr( ���m���s��
��� ). It is worthwhile noting that these
transverseaveragedvaluescorrespondto muchhigherval-
uesof thecentraldensity, becausetheelectroncloudis ini-
tiatedby residualgasionizationandstaysthereforemostly
localisedaroundthebeamdueto dipolefield confinement.
Becauseof thestripe-likedistribution, thecentraldensities
can reachvaluesbetween

�
and

� 
 times larger than the
transverseaverageddensities. The influenceof this non-
uniformdistributionof theelectroncloudin thepipecross-

sectionhasnot beentaken into accountin the instability
simulationof next Section.

The differencebetweenthe build-up in a field-free re-
gionandinsideastrongdipoleis shown in Fig. 5: theelec-
tron cloudbuilds up morerapidly in a dipolebut saturates
arounda valuewhich is abouttwo thirdsof thatreachedin
a field-freeregion.

0

2e+11

4e+11

6e+11

8e+11

1e+12

1.2e+12

1.4e+12

0 0.2 0.4 0.6 0.8 1 1.2 1.4

A
ve

ra
ge

d 
tr

an
sv

er
se

 d
en

si
ty

 (
m

t

-3
)

t (µs)

Nb=3 x 1010

Nb=5 x 1010

Nb=7 x 1010

Nb=9 x 1010

Nb=1.1 x 1011

Figure4: Electroncloudbuild-up in a PSdipolefor differ-
entbunchintensities.Theelectroncloudreachessaturation
afterthepassageof about�>
 bunches.

0

2e+11

4e+11

6e+11

8e+11

1e+12

1.2e+12

1.4e+12

1.6e+12

1.8e+12

2e+12

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

A
ve

ra
ge

d 
tr

an
sv

er
se

 d
en

si
ty

 (
m

t

-3
)

t (µs)

Field-free region
Dipole region
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4 SIMULATION OF THE
ELECTRON-CLOUD INDUCED

SINGLE-BUNCH INSTABILITY IN
CERN PS

Theelectronclouddrivensingle-bunchinstability in thePS
hasbeenstudiedusingthe HEADTAIL code. As input for
thesesimulationswe have assumedanelectroncloudden-
sity of about

� �u��
 ��n m ^`p , consistentwith the central
densityvaluesgiven by the simulationsdescribedabove.
Instability simulationswereoriginally performedin field-
freeregionsto explorewhethertheparameterswerein the



correctrangeto excite the electroncloud instability. The
combinedfunctionmagneticfield configurationwasintro-
ducedonly in a secondstage.

Scanswith different bunch intensities, chromaticities
andbunchlengthshave beenmadein orderto isolatethe
dependenceof the instability on eachof theseparameters.
If not mentionedotherwise,thermsbunchlengthhasbeen
setto

� � � ns(
O� ��� m), which is thevaluefor which an in-
stability at thePSwasobservedandmonitored.Thechro-
maticity is zeroin bothplanes.

We first evaluatethe expectedoscillationfrequency of
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Figure 6: Horizontal and vertical wake functionsdue to
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theelectronsverycloseto thebunchtransversecentre,and
thereforethenumberof oscillationsthatthey performdur-
ing onebunchpassage.Thesevaluesfor afield-freeregion
canbecomputedaccordingto [11]:

w D 3�x !�y ( G H0z e�i n� L 3/x !{y L/[ * L 3I| L/!+1 (2)

} 3�x !�y ( �~
� G�H.L/[ z e

L 3�x !�y * L/3 | L ! 1 � (3)

Equations(2) and (3) yield w D 3 ( � ~ �6��W � MHz andw D0! ( � ~ � �>��� MHz, } 3 ( ��� W � and} ! ( � � �>� for a PS
bunchof G�H ( �K�s��
2��� p/b. Figure6 shows horizontal
andverticalwake functionscomputedfrom the transverse
field on the beamaxis by displacingthe bunchhead(lon-
gitudinally locatedat � ( 
 ; thebunchcentreis at � � L/[ ).
The shapeof the wake functionsconsiderablychangesif
the displacementoccursat a different location along the
bunchprofile [5]: in Fig. 7 thewake functionsareplotted
for anoffsetlocatedat ���ON.�vL [ (i.e.,afteronethird of the
full bunchhasalreadygonethroughthecloud).Theperiod
with which thewake functionsoscillatecorrespondsto the
periodof oscillationof theelectronsin the linear rangeof
thebeamforce.

Figure 8 shows the horizontal (upper) and verti-
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Figure8: Horizontal(upper)andvertical(lower)emittance
growth over �>
�
>
 turnsfor differentbunchintensities.

cal (lower) emittancegrowth due to electroncloud over
�>
�
>
 turns for different bunch intensities. The rise-time
of the instability is always on the order of a few mil-
liseconds,spanningbetween ��� � ms for the highest in-
tensity ( G8H ( ��
2�S� p/b) and about

�
ms for the lowest

( G8H ( ���J��
2��� p/b). It is worthwhile pointing out that
in this paperthe rise-timeis definedin termsof emittance



growth and not in termsof beam-sizeincrease. The in-
stability appearsequally in both planes. Nevertheless,a
thresholdfor theonsetatabout G8H ( �q����
2��� p/b is more
pronouncedin theverticalplane.

Figure 9 shows the expectedemittancegrowth for a
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Figure 9: Horizontal (upper) and vertical (lower) emit-
tancegrowth over ��
>
�
 turns for differentchromaticities
and G8H ( �\�j��
2��� p/b. Thiscurrentvalueis slightly above
theinstability threshold.
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Figure10: Vertical emittancegrowth over ��
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>
 turnsfor
differentchromaticitiesand G HI( ? �l��
2��� p/b. This cur-
rentvalueis far insidetheinstability region.

bunch with G�H ( �6����
 ��� p/b and for different val-
ues of (positive) chromaticity. From the picturesit ap-
pearsclearly that a positive chromaticity larger than 
�� �
in b ( Y���N�Y canefficiently cure the degradingeffect of
the electroncloud. In both planesthe instability growth
time decreasesfor valuesof b up to 
O� �>� , andfinally the
bunchbecomesstablefor highervalues.At highercurrent
( G H�( ? �l��
�o� p/b), chromaticitycanstill reducethe in-
stability, but asignificantemittancegrowthcanbeobserved
evenwhenb approaches
O� � (seefor instanceFig. 10).

The effect of bunch lengthhasbeenstudiedby using
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Figure 11: Horizontal (upper)and vertical (lower) emit-
tancegrowth over �>
>
�
 turns for differentbunch lengths
and G Hr( ������
�o� p/b. The bunchhasbeenre-matched
for eachcaseby keepingthe longitudinalemittancecon-
stantandchangingthesynchrotrontune.

two differentapproaches.The first one,which betterre-
produceswhat canbe actuallydoneon the machine,con-
sistsin re-matchingthebunchlongitudinallyeachtime by
keepingthe longitudinalemittanceconstant,andtherefore
multiplying the synchrotrontuneby the squareof the ra-
tio L/[S��� �`N>LP[0��DF� . Following thisre-matchingprocedure,we
find that for low current,thebunchlength LP[0��� � ( 
O� ��� m
is right atthelimit of theregionwheretheinstabilitysetsin
(seeFig. 11): shorterbunchesarein factstable.For higher
current( G8H ( ? ����
�o� p/b), thethresholdis pusheda little
lower, asshown for examplein Fig. 12. As thesynchrotron
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tuneis a parameterthatcertainlyplaysa significantrole in
theunstablebunchdynamics,we haveperformeda second
bunchlengthscan,in which in eachcasethe re-matching
was performedby scaling bunch length and momentum
spreadby thesamefactorandkeepingthesynchrotrontune
constant.This doesnot correspondto what is donein the
PS,but in the context of our studyit is aimedat isolating
the dependenceof the instability on bunchlengthanden-
ergy spread.Again we find thatshorterbunchestendto be
morestable,asshown in Fig. 13, but lessthanin Fig. 11
and experimentsdoneso far in PS.This indicatesthat a
highersynchrotrontunealsohasa stabilisingeffect, asal-
readypredictedfor theelectron-cloudinstability [12, 13] in
general,andsupportedby a directTMCI calculation[14].
All the above studyhasbeendonefor a PSbunchgoing
throughan electroncloud in a field-freeregions. Results
show thatthiswouldnotexplainany asymmetriceffect that
could make the instability grow morequickly in the hori-
zontalplanethanin the vertical one[3]. As explainedin
Section2, thePSring is W>
 % occupiedby combinedfunc-
tion magnets,and thereforethe magneticfield shouldbe
taken into accountwhen computingthe electronmotion.
Looking at how thewake functionshapesarechangedbe-
causeof this field in Fig. 14,we canobserve that,contrary
to the puredipole, the combinedfunction magnetcauses
a significanthorizontalwake which is of lower frequency
thantheverticalone.Themaximumamplitudeof thewake
stronglydependson themagneticfield gradient,asshown
in Fig. 14 (upperto lower), wherethewakesfor threedif-
ferentgradientvaluesareplotted. However, the resultsof
numericalsimulationsseemsto indicatethat the presence
of a horizontalwake alonecannotexplain why a horizon-
tal instability is observedin thePSmachine[3]. Figure15
showsthehorizontal(upper)andvertical(lower)emittance
growths for a single bunch interactingwith an electron
cloud inside a combinedfunction magnet. The rise-time
of the instability is shorterin the vertical plane,and the

observedverticalemittanceincreaseover �>
>
�
 turnsis ev-
idently muchlarger.

5 CONCLUSIONS

Simulationshave beencarriedout with the ECLOUD and
HEADTAIL codesto reproduceand interpret the electron
cloudobservationsattheCERNPS.Theresultsshow thata
trainof buncheswith theLHC nominalspacingis expected
to produceanelectroncloud in thePSchamberfor bunch
rms-lengthsin the range ��� � ns. The equilibrium value
reachedby the cloud densityat saturationis thena func-
tion of the single-bunchintensity, showing a highervalue
for lower currentsin therange���J��
r����
�o� p/b. Suchan
electroncloud,supposedto beuniformly distributedin the
longitudinaldirectionall alongthe ring, is able to render
the singlebunchunstableon a time scaleof few millisec-
onds.Thesimulationhasshown thattheinstability thresh-
old lies at around

� �����k��
2��� p/b. For lower intensities
no significantemittancegrowth is expected;for higherin-
tensitiesthe emittanceincreasesby a factoraslargeas

� 

with a rise-timethat becomesshorterasthe currentis in-
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creased.Chromaticityseemsto beanefficientcureagainst
this kind of instability. Positive valuesof b above 
O� � can
completelysuppressthe instability for moderatecurrents,
whereasat highercurrentsevena chromaticityof b ( 
O� �
cannotefficiently dampit. Furthermore,it wasfound that
shorterbunchesandhighersynchrotrontuneshave a sta-
bilising effect againstthe electroncloud. A bunch with
� nslengthis expectedto remainstableevenwith apopula-
tion of ��
 ��� protons.Thiscasecannotbestudiedin thePS
machine,dueto thenon-adiabaticprocessusedto achieve

-4e+17

-3e+17

-2e+17

-1e+17

0

1e+17

2e+17

3e+17

4e+17

5e+17

6e+17

7e+17

-3 -2.5 -2 -1.5 -1 -0.5 0

W
x,

y 
(Ω

� m-1
s-1

)

z (m)

Wake functions in the PS combined functions magnet (inverted gradients)

Horizontal wake
Vertical wake

-4e+17

-3e+17

-2e+17

-1e+17

0

1e+17

2e+17

3e+17

4e+17

5e+17

-3 -2.5 -2 -1.5 -1 -0.5 0

W
x,

y 
(Ω

� m-1
s-1

)

z (m)

Wake functions in the combined functions magnet (gradient 0.52 T/m)

Horizontal wake
Vertical wake

-4e+17

-2e+17

0

2e+17

4e+17

6e+17

8e+17

1e+18

1.2e+18

1.4e+18

1.6e+18

-3 -2.5 -2 -1.5 -1 -0.5 0

W
x,

y 
(Ω

� m-1
s-1

)

z (m)

Wake functions in combined functions magnet (gradient 52 T/m)

Horizontal wake
Vertical wake

Figure14: Horizontalandvertical wake functionsdueto
anelectroncloud insidea combinedfunctionmagnetwith
 4! � ( ��� �>��� T and 7�( � � � T/m (upper), 7�( 
�� ��� T/m
(centre),and 7�( �>� T/m (lower).

0.096

0.0965

0.097

0.0975

0.098

0.0985

0 1 2 3 4 5 6 7 8 9

ε x
 (

µ� m)

t (ms)

0.09

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0 1 2 3 4 5 6 7 8 9

ε y
 (

µ� m)

t (ms)

Figure 15: Horizontal (upper)and vertical (lower) emit-
tancegrowth over �>
>
�
 turnsfor G8H ( ? �j��
2��� p/b,bunch
length 
O� ��� m, small positive chromaticities(b 3+M ! ( 
O��� )
andinsidea combinedfunctionmagnet.

the � nslong bunchlength[3]. Instability simulationscar-
ried out in a field-freeregion show that thebeamblow-up
shouldoccursymmetricallyin the � and9 planes,andin a
puredipolefield it is expectedonly in theverticalplane[7].
A further stephasbeento introducein the simulationthe
magneticfield from a combinedfunctionmagnetactingon
theelectrons.Thoughasignificanthorizontalwakefield is
generatedin this case,numericalsimulationsindicatethat
this alonestill cannotexplain theobservationof a stronger
instability in thehorizontalplane.Work is presentlyunder-
way andmoremeasurementshave beenplannedat thePS
ring to achieveabettercomprehensionof thisphenomenon.
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Abstract

An electroncloud causesvariouseffects in high inten-
sity positron storagerings. Positronbeamand electron
cloudcanbeconsideredatypical two streamsystemwith a
plasmafrequency. Beam-beameffect is alsoan important
issuefor high luminositycircularcolliders. Colliding two
beamsareconsideredasa two-streamsystemwith another
plasmafrequency. We studycombinedphenomenaof the
beam-electroncloudandbeam-beameffectsfrom a view-
pointof two complex “two streameffects”with two plasma
frequencies.

1 INTRODUCTION

In recenthigh intensitypositronrings,variousphenom-
enarelatedto electroncloud have beenobserved. Cou-
pled bunchinstabilitieshave beenobserved at KEK Pho-
ton FactoryandIHEP-BEPC,andbeamsizeenlargements
have beenobserved at B factoriesof SLAC (PEP-II) and
KEK (KEKB). Thesephenomenawereunderstoodastwo-
streaminstability of relativistic beamand slow electron
cloud. Thephenomenacanalsobeunderstoodasinstabil-
ities which is causedby wake forcedueto electroncloud.
Thecoupledbunchinstability is thetwo-streameffectchar-
acterizedby averageplasmafrequency alongbunchtrain,
or is mediatedby long rangewake force of the order of
bunchspacing( � 1m). The beamsizeenlargementis the
two-streameffect characterizedby plasmafrequency in a
bunch, or mediatedby short rangewake force of the or-
derof bunchlength( � 1cm). Thepositronbeam,which is
perturbedby theelectroncloud, interactswith anelectron
beamin a collider. Thecolliding beamsareregardedasa
two-streamsystemwith a plasmafrequency characterized
by the beam-beamforce. The beam-beaminteractionhas
a natureof a shortrangewake force,namely, a distortion
of headpartof abeam,which inducesaperturbationof an-
otherbeam,affectsthe tail part of itself. The shortrange
wake forcedueto electroncloudandthebeam-beamforce
maycoupleeachotherandcausea kind of combinedphe-
nomena.

Suchcombinedphenomanamayhave beenobserved in
KEKB. The transversesize of positronbeamis enlarged
beyond a thresholdcurrent due to the short rangewake
force at an operationwith only positronbeam. Luminos-
ity is extremelylow for bunchspacingnarrower than6ns
evenbelow thethresholdcurrentof thebeamenlargement
[1].

Westudycombinedphenomenaof thetwo typesof “two

streamsystem”. We first discussthis instability usinglin-
earizedone-two-particlemodel,in which �	� and ��
 beams
arerepresentedby oneandtwo-particles,respectively. The
beam-beamforce is linearizedin the model. The wake
force due to electroncloud is approximatedto be a con-
stantalongthe longitudinaldirection. Similar systemhas
beenstudiedin Refs.[2] for ordinarywakeforce.Thecom-
binedeffectsbasedon theweak-strongbeam-beammodel
havebeendiscussedin Ref.[3].

Wenext discussthephenomenausingatrackingsimula-
tion in whicheachof thetwo beamis representedby alarge
number( � 1,000)of macro-particles(or slices)distributed
in thelongitudinalphasespace[4]. Eachmacro-particlehas
a transversebeamsize determinedby the emittanceand
thebetafunction,andnonlinearityfor their interactionare
takeninto account.Electroncloudis representedby many
( � 10,000)point-like macro-particles.The beam-electron
cloudinteractionis evaluatedby interactionbetweentrans-
verseGaussianbeamandeachmacro-electron[4].

2 TWO-STREAM FEATURES OF
BEAM-ELECTRON CLOUD AND

BEAM-BEAM SYSTEMS

We discusslinear theory of the combinedsystemof
beam-beamand wake field. Similar systemhasbeenal-
readystudiedbyE.A. Perevedentev andA. A. Valishev [2].
Westudythesystemusinganalternativepointof view: i.e.,
combinedeffect of beam-beamandbeam-electroncloud.
We start discussionsof beam-electroncloud interaction.
The beam-electroncloud systemis a typical modelof the
two-streaminstability. Thebeamslicesandthecloudelec-
tronsobey theequationof motionasfollows,�������� ����  � ����� 
 ��� 
 �"! �	#�$&% � ����� � �('� 
 � )+*-, �-. � � � �/) �-� � �0�-1

(1)���� 
 � )� �  � 243#  � � � ! �5
687
��9;: $<% � '� 
 � ) � ����� �=*-, ��. �-� � � � �->

(2)
where the force

$&% � � � is expressedby the Bassetti-
Erskine formula normalizedso that

$ %@? ��ACB �DB 
as� ?FE

.
Electronsoscillatewith anangularfrequency dueto the

linearpartof
$ %

,

2 ��� G	HJILK � � 
 ! ��-M 
 � I � M 
 � G � M 
 � G	HJILK 1 (3)



where � 
 and
M 
 � INHOG�K areline densityandhorizontal(ver-

tical) size, respectively, of the positronbeam. 2 ��� G and

2 ��� I areabout P > QSR PUT
:0: � � : and V > � R PUT

:XW � � : , respec-
tively, with the KEKB parameters:i.e.,

M I �ZY � T	[]\ ,M G �_^ T	[]\ ,
Ma` �_b \<\ and c 
 �_d > d R PLT

:eW \f� : . 2 �
is consideredasplasmafrequency for the two-streamsys-
temof thebeam-electroncloud. Thephaseadvanceof the
electronmotionduringtheinteraction,g � � 2 � MN` Ah# , char-
acterizestheinstablity. For KEKB, g ��� G � 2 ��� G Ma` AC#ji � > b
and g ��� I � 2 ��� I M ` AC#;i P > T .

The beam-beamsystemalso has a potential to cause
a two-streaminstability, becauseone beamoscillatesin
electro-magneticfield producedby the otherbeamwith a
certainfrequency. The beam-beamforce is expressedin
linearregimeasfollows,

�  �4k � )� �  � 243#  � � � ! �5
6ml
��98: $ % � '�4k � ) � �on � � */p ��. �-� � � n �->

(4)

where q INHOG�K � M 
 � INHOG�K � M  � � INHOG�K . Eachof the beam

slicesis assumedto berigid Gaussianwith rmsbeamsizeM k � INHOG�K
.

Thereis a coherentfrequency duringtheinteractionbe-
tweenthetwo beamsgivenasfollows,

2 k � G	HJILK � � n ! �5 k ��Msrn � I � Msrn � G � Msrn � GhHOILK (5)

where5 k is the relativistic factorof positronand/orelec-
tron beam.We notethat

M rk � ICHOGUK , thebeamsizeof positron
and/or electron beam at an interaction point, is much
smallerthan

M ICHOGUK
in Eq.(3),and5ut P .

The phaseadvance,g , of the oscillationduring a colli-
sionis expressedby

g k � G	HOI�K � 2 k � G	HOI�K
Ma`# � �	v]w G	HOI�K MN`x G	HJILK y z GhHOILK 1 (6)

where w G is the beam-beamparameterand we have as-
sumedthat two beamshave the samebeamsize. We callzZy g k the beam-beamdisruptionparameter. g G is ap-
proximatelythe orderof unity for recenthigh luminosity
colliders. The two-streameffect may be importantunder
this condition. g I � w I x G A w G x I g G is smallerthan g G ,
but the horizontaleffect may be importantdependingon
thetuneaswill beshown later.

3 ONE-TWO-PARTICLE MODEL

We first studythe phenomenausinga small numberof
macro-particles;i.e. one-two-particlemodel. The elec-
tron and positronbeamsare representedby one and two
macro-particles,respectively, in the model. The model is
reliableapproximationfor consideringthe beam-beamin-
teraction,sincethe phaseadvance, g k , is lessthan 1 in
mostcases.Furthermorethe beam-electroncloud interac-
tion is approximatedto be describedby a constantwake

force.Although g � is largerthan1,andthereforethemodel
is beeingstretched,we believe that the analysisremains
reasonable.An analytictreatmentbecomespossibleby the
approximation.

We discussvertical motion below. Motion of the two
beamsis characterizedby a vector{ ��� � .

{ �-� � � �}| 
 : 1-~ 
 : 1 | 
 1-~ 
 1 | � 1-~ � � � 1 (7)

where the suffix
�

denotesthe transposeof the matrix
or vector. We considera revolution matrix to transfer{ ��� r ��� � from { �-� r � , where

� r
and � arepositionof

interactionpoint andcircumferenceof a ring, respectively.
The beamsize (betafunction) is temporarilyassumedto
be a constantduring the collision. The synchrotrontune
is assumedto be inverseof an integer ( ��� � P AU� � ). We
try to study for generalsynchrotrontune later. In partic-
ular, the trackingsimulationdiscussedlater is not limited
to particularvaluesof the synchrotrontune. The beam-
beamforcedoesnot have a longitudinalcomponent,since
betafunction is assumedto beconstant.Thetwo particles
in the positronbeamhave an oppositesynchrotronphase.
Themacro-electronalwaysstaysat thecenterof mass.The
collision pointsof thetwo macro-positronsandthemacro-
electronaregivenby

� r ��� , where

� �_� M
`
�_�0�}� � �+v ��� � A � ��> (8)

The collision of � -th positronandthe electronis repre-
sentedby a matrix �j� � w �

� : � w � �
� ��� � �	w � T ��� � �	w �T � T��� � w � T � ��� � w � > (9)

�  � w � �
� T TT � ��� � �	w � ��� � �	w �T ��� � w � � ��� � w � > (10)

where � � w � � T T�8v]w T 1 (11)

and
�

is � R � unit matrix.
Transfermatrix of collision at

� � � is expressedby� � � � � z � : � � � � z � � � : that is, particlesdrift to
� �� � , collideandreturnto theinteractionpoint. Thematrixz � � � is expressedby

z � � � �
� � � � T TT � � � � TT T � � ��� � 1 (12)

where

� � � � � P �T T > (13)

Thetransfermatrixof thecollision is expressedby

{ �L� � ��� �-� r � �u����� � � � {�� �����0�/� �-� r �-1 (14)



where�s�m� hastwo waysof representationsdependingon
the sign of � : i.e., which particle is at the bunchheador
tail. Whenthefirst particlestaysat the headof thebunch
(��� T ) in a half synchrotronperiod, the matrix is ex-
pressedby

���m� � � � � z �
: � ��� � �  z � ��� � z � � � �

: � : z � � �
(15)

In theotherhalf synchrotronperiod(��� T ), it isexpressed
by

����� � � � � z �
: � � � � : z � � � z �

: � ��� � �  z � ��� �->
(16)

The particlesaretransferredalongarc sectionafter the
collision (

� � � r
) to the collision point (

� � � r � � ).
Thewakefield affectsthetail particledependingonbetaton
amplitudeof theheadparticle.Thetransfermatrix from

� r
to
� r �¡� hastwo representationsdependingonthesignof� again.Thematrix (� �L�0¢ ) for ��� T is expressedby

� �L�/¢ � �  � [ : � T T£ �-¤ 1 [ : � �  � [  � TT T �  � [ � � 1 (17)

For �¥� T ,
� �L�/¢ � �  � [ : � £ �-¤ 1 [  � TT �  � [  � TT T �  � [ � � 1 (18)

where

�  � [ � � ¦�§ � [ �/�¨� [� �/�}� [ ¦�§ � [ > (19)

[m� � �	v ��� is betatronphaseadvanceincludingchromatic
modulation.

[ : � [m© � [ �0ª �/�¨� 2 �# � 1 [  � [m© � [ �0ª �/�}� 2 �# � 1 (20)

where

ª � �+v�« ¬m® � «D¬ MN¯� � > (21)

£ �-¤ 1 [ � , whichdescribesthekick causedby thewakefield
is expressedby

£ ��¤ 1 [ � �
�-¤ A � � �/�¨� [ � �-¤ A � � ¦�§ � [�-¤ A � � ¦�§ � [ ��¤ A � � �0�}� [ > (22)

The revolution matrix including the transferof the arc
sectionandthebeam-beaminteractionis expressedby

� �/��° � � � ��� �m� � � � � �L�/¢ ��¤ 1 [ ��1 (23)

where� is givenby Eq.(8).
We calculatethetransfermatrix for onesynchrotronpe-

riod ( ��� � P AU� � ),
� � G�± �

±³²
� 9;: �

�0�´° � � � ��> (24)

Thestabilityof thesystemcanbediscussedby eigenvalues
of the ^ R ^ matrix(� � GL± ). Thematrixis notsymplectic,but
its determinantis unity, becauseof

£ �-¤ � . Theeigenvalues
arecalculatednumerically. Whenanimaginarypartof the
eigenvaluesis nonzero,thesystembecomesunstable.

We first discussvertical motion. Figure 1 shows the
imaginarypart of the eigenvaluesasfunctionsof betatron
tune. For

¤ � T , nonzerovaluesof imaginarypart oc-
cursonly nearthehalf integertuneasis shown in theupper
picture. For

¤ � T , nonzeroimaginarypart occursfor
all tunes:i.e., thesystemalwaysunstableregardlessof the
tune.
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Figure 1: Variation of imaginarypart of the eigenvalues
dependingon the betatrontune. Beam-beamparameteris
chosento be 0.05. Upperandlower picturesarefor W=0
andW=0.1,respectively.

Figure2 shows the imaginarypartsasfunctionsof the
strengthof thewake field andbeam-beamparameter. The
behavior for the wake strengthis simple but that for the
beam-beamparameteris complex. The beam-beamkicks
dependonthelongitudinalcoordinate.Thecomplex beam-
beambehavior maybesimilarto thebehavior of chromatic-
ity for head-taileffect. Figure 3 shows the chromaticity
dependenceof theimaginarypartof theeigenvalues.

We now discusshorizontaleffect. The phaseadvance
of beam-beamdisruptionis lessthanverticalone,becauseg I·i x GCA x I g G in ordinarycolliders(w I�i w G ), whilex G¹¸ x I

. However we usean operatingpoint slightly
abovea half integerhorizontaltunein KEKB to geta ben-
efit from dynamicalbetaeffect. Horizontaleffect may be
thereforeimportantthough g I is small.Figure4 showsthe
imaginarypart of the eigenvalusof the horizontalmatrix.
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Figure2: Dependenceon the wake strengthat w � T > T b
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We have imaginarypart for
¤ � T . This meansthathori-

zontaleffect shouldbetakencareof.
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Figure 4: Dependenceon horizontaltune. W=0 (upper),
W=0.05 (lower). Note that the

¤ � T casehasan ex-
pandedverticalscale.

We assumedthatthesynchrotrontunewasinverseof an
integer. Weextendedthemodelto generalsynchrotrontune
to avoid unphysicalresonancebehavior [5] by usingatrick.
We write down thetransfermatrix for onesynchrotronpe-
riod

� � GL± �(� �/��° M `
�

»¼�½ ² � �0��° � M `�
»¼/½ ²

(25)

where��� is notaninverseof integer. Wecalculatetheeigen
valueproblemmathematically:i.e., in theeigensystem,a
nonintegerpowerof matrixcanbeestimated.Thecollision
pointsareassumedto be � MN` A � sothatthetransfermatrix
is expressedby P A � � � powerof therevolutionmatrices.We
got resultswhich arequalitatively consistentwith thepre-
viousmodel.

We tried two-two particlemodel in which both beams
arerepresentedby two macro-particles.In this modelwe
assumedthesamesychrotrontunesfor bothbeams.Simi-
lar resultswereobtainedasfor theone-two particlemodel.
Furtherextensionsaredonebyparticletrackingsimulation.

4 PARTICLE TRACKING SIMULATION
USING MULTI-PARTICLE MODEL

We now proceedto a morerealisticmodel. The beam-
beamforce is stronglynonlinearandthesynchrotrontune
is not an inverseof integer. Thetwo beamshave different



beam-beamparametersanddifferentsynchrotronandbeta-
tron tunes.Electroncloud is actully a crowd of electrons.
The characteristicphaseangle g � is larger thanunity, and
electronsarepinchedby thebeamforce.Weperformapar-
ticle trackingsimulationto studythe beamstability under
thesegeneralconditions.

We representthe beamsas a seriesof macro-particles
(500� 1,000)with a transverseGaussiandistribution of a
fixedrmssize[4]. For easyvisualization,we usea multi-
pleair-bagmodelfor thelongitudinaldistribution,in which
the micro-bunchesaredistributedon concentriccircles in
thelongitudinalphasespace,characterizedby theposition¾ andtherelativemomentumdeviation � ~ A ~ . Theinterac-
tion startsfrom collisionbetweenthepairof micro-bunches
of thetwo buncheswith the largestvalueof ¾ 
 � ¾ � , i.e.,
the headof the two bunches,andthencontinuesfor other
micro-particlespairsatprogressivelysmaller¾ 
 � ¾ � coor-
dinates.Thecollisionpointof apair is

� k ��� � ¾ 
 � ¾ �4� A �
from viewpointsof positronandelectronbeams.The co-
ordinateshouldbetransferredinto thecollision point by a
transformationz ��� k � Themacro-particlesaretransferred
aroundthering usingalineartransportmatrixandapplying
a chromaticitykick.

Electron cloud is representedby a large number of
macro-electrons( �¿PUT 1 TCThT ). The interaction between
positronbeamandelectroncloud is evaluatedby solving
Eqs.(1)and(2) [4]. Electroncloudis putatafixedposition
in thepositronring.

Figure5 showsthevariationof maximumverticalactionÀNGC� Á��LI
of macro-particleswith andwithoutbeam-beamin-

teraction.Theelectronclouddensity(Â � � � R PUT
:/: \��³Ã )

usedin the simulationis lessthan the threshold(Â ��Ä �ÆÅ �b R PUT
:0: \��³Ã ). We observe thefact thata remarkabledif-

ferencewith andwithout beam-beaminteractionis dueto
combinedeffect of beam-beamand beam-electroncloud
interactions.Therewasno growth for purebeam-beamin-
teractionwithoutelectroncloud.
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Figure 5: Combined effect of beam-beamand beam-
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Figure6 showstheshapeof thepositronbunchprojected
onto the

| � ¾ planeof themacro-particlespositionsafter

400 and800 turns. We canseea head-tailmotion for the
positronbunchexperiencingboth the beam-beamandthe
beam-electroncloudinteraction.
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Figure6:
| � ¾ distributionof thepositronbunchafter400

turns(upper)and800turns(lower). Dif ferentcolorsof the
datepointscorrespondto thebunchshapeswith (red)and
without (green)beam-beaminteraction.

We next study effectsof chromaticityandsynchrotron
tunespread.For a regular head-tailinstability, it is well-
known that chromaticityandsynchrotrontunespread[6]
affect its behavior. Figure7 showsthedependenceonchro-
maticityandsynchrotrontunespreadin oursimulation.For
the inclusionof tunespreadeffect, macro-particlesareas-
sumedto have a Gaussiandistribution in the longitudinal
phasespace.Thesefactsindicatethat the chromaticityor
synchrotrontunespreadwork to suppressthecombinedin-
stability. However theseeffectsarelimited. For example,
theseparametersdo not work well at a largerbeam-beam
parameter.

5 STRONG-STRONG BEAM-BEAM
SIMULATION INCLUDING WAKE

FIELD (PRELIMINARY)

The previoussimulationis not sufficient for taking into
accountof nonlinearityof the beam-beaminteraction,be-
causebetatronphasespacelocationfor a givensyncrotron
phasespacelocationof a macro-particleis unique. Actu-
ally sincethereare many particleswith variousbetatron
coordinatesin a region of synchrotronphasespace,the
beam-beamforcemaysmearthebetatronmotion. To esti-
matethenonlinearitycorrectly, astrong-strongbeam-beam
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simulation,whichtreatsinteractionsbetweenmany macro-
particles,is required. Sinceit is complex to performthe
strong-strongsimulationfor the both the beam-beamand
beam-electroncloudeffects,thebeam-electroncloudinter-
actionis approximatedby an externalwake field here[7].
We have alreadystudiedthe beam-beameffect including
wake field in two dimensionalmodel [9], with the result
that therewasno remarkableeffect. We now studythree
dimensionalbeam-beamsystem.Threedimensionalbeam-
beamsimulationis essentialto studythepresentproblem.
However thethreedimensionalbeam-beamsimulationhas
a problem itself. The beamis divided into longitudinal
slices, and slice by slice of collisions is calculated. To
get a reliable result in the simulation,many longitudinal
slices(� TÉ� d T ) wererequireddependingon bunchlength
and beam-beamparameters. Since the calculation time
scalesquadraticallywith the numberof slices,very long
CPU time is required. We needto studyhow to integrate
the threedimensionalbeam-beaminteraction.Herea soft
Gaussianapproximationis usedfor simplification of the
calculation.

A bunchis dividedinto c���Ê sliceswhich aredenotedby� � P 1 c���Ê . Weconsiderthecollisionbetween� -th positron
slice and Ë -th electronslice. Beamenvelopematricesfor
eachsliceare Ì � 
 ��� r � and Ì ) � ��� r � at thedesigninterac-
tion point (

� r
).

We proposea calculationalgorithm. Thealgorithmhas
beenusedin weak-strongsimulation[8]. We treatthecol-

lision of thetwo slicesascollisionsof positronsdenotedbyÍ � P 1 c�� 
 in � -th sliceand Ë -th sliceincluding c ) � elec-
tronswith anenvelope Ì ) � . Therole of positronbunchis
exchangedfor calculationof electronmotion.Thecollision
pointof Í -th positronandË -th electronsliceis expressedby

� � 
 � ) � �
¾ � 
 � ¾ ) �� > (26)

The Í -th positronand Ë -th electronslicearetransferredto
thecollisionpoint

� � 
 � ) � accordingto� ��� r � � � 
 � ) ��� � z �-� � 
 � ) �8� � ��� r � (27)Ì ) � ��� r � � � 
 � ) ��� � z � :Ê �-� � 
 � ) ��� Ì �-� r � z Ê �-� � 
 � ) ���->
z , which includesa dynamicalvariable ¾ � 
 of the Í -th
positron,is anonlineartransformation.Wetakeonly linear
part z Ê for the transformationof Ì , while take nonlinear
transformationz for

�
. After thetransformation,we cal-

culatebeam-beaminteractionof theparticle
� 
 for Gaus-

sianbeamrepresentedby Ì ) � . We have to notethat Ì ) �
includesthedynamicalvariable¾ � 
 .

This algorithm was essentialto reducethe numberof
slices. Figure 8 shows the luminosity variation for new
and old methods. The luminosity for the old methodis
extremelylow. Increasingthe numberof slice for the old
method,the luminosity is recoverednearthe level of the
new method[11]. The slice number5 is enoughfor the
new method,while the old methodrequires20-30slices.
The algorithm should be implementedin strong-strong
beam-beamcodesbasedon the Particle-In-Cell method
[9, 10, 11, 12]. More detailsandstudyresultswill bepre-
sentedelsewhere.
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If all particlesin theslicescollide ata point,

� � 
 � ) � �
¾ � 
 � ¾ ) �� 1 (28)

wrong resultswould be obtainedyielding extremely low
luminosity for a high currentand long bunch length [11,
12].



We show very preliminaryresultsof the3-D soft Gaus-
sianstrong-strongbeam-beamsimulationincludinganex-
ternalwake field.

Figure9 shows theevolution of beamamplitudes,Ï"ÐÑ©NÒ ,Ï | ©NÒ , Ï"Ð � Ò and Ï | � Ò . We assumehorizontaland vertical
wake field,

¤ I � PUTCÓ ¾³Ô \�� LÕ and
¤ G � � R PUTCÓ ¾³Ô \�� LÕ .

Thesestrengthsexceeda thresholdof the vertical head-
tail instability asis shown in the upperright picture. The
vertical instability disappearswhen beam-beaminterac-
tion is included: beam-beamforce suppressesthe vertical
head-tailinstability. We found an enhancementof hori-
zontal instability due to the beam-beamforce as shown
in the lower left picture. Theseresultswere unexpected
from the linear theoryandGaussiansimulation. We cal-
culatedthe samemodel for sinusoidalwake fields

¤ I �� R PLThÖ �/�¨� � � P d ¾ � Ô \f� UÕ and
¤ G � P R PLTh× �/�¨� � b VLT ¾ � Ô \f� UÕ

[7]. Theresultsweresimilar to theFigure9.
Thesebehaviors aredifferentfrom thelineartheoryand

the Gaussiantracking simulation. We tried linear force
for beam-beaminteractions.We reducedtheverticalwake
field

¤ G � P > b R PUTCÓ ¾aÔ \�� LÕ . Therewasnohead-tailinsta-
bility in bothplaneswithout beam-beaminteraction.Fig-
ure10 shows theevolutionof beamamplitudes(uppertwo
pictures),

| � ¾ correlation(lower left) andverticalbeam
size(lower right). We found enhancementof the vertical
instability dueto thebeam-beaminteraction,but no effect
for horizontalinstability. Theseresultsareconsistentwith
thelineartheoryandGaussiansimulationqualitatively.

Theseresultsshouldbestudiedfurther.

6 CONCLUSION

Westudiedcombinedphenomenaof thebeam-beamand
beam-electroncloudeffectsusinglinear theoryanda sim-
ulationwith Gaussianapproximation.In the linear theory,
one-two particlemodelwasusedto describethe electron
and positron beams. The electroncloud effect was ap-
proximatedby a constantwake field. Thebeam-beamsys-
tem without electroncloud effect wasunstableat particu-
lar tuneregionsrelatedto a synchro-betaresonance.while
thecombinedsystemwasalwaysunstableregardlessof the
tune. The simulation with Gaussianapproximationwas
performedto studythe phenomenain generalconditions.
Below both thresholdsof beam-beamandbeam-cloudin-
stabilities,aninstabilityoccurreddueto thiercombinedef-
fect in thesimulation.Westudiedeffectsfor thechromatic-
ity andsynchrotrontunespread.Thecombinedphenomena
maybeanalogousin its charercteristicsto theregularhead-
tail effect.

We studiedthe phenomenausing strong-strongbeam-
beamsimulation. The resultsarepreliminary, andshould
bestudiedfurther.
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 INTRODUCTION
The Beijing Electron Positron Collidor will be

upgraded to enhance the luminosity in the energy of 1.89
GeV. The machine will become a double ring (BEPCII)
from a single ring. The multi-bunch electron and positron
beams will circle in each ring respectively. The electron
cloud instability is suspected to occur in the positron ring,
and it may influence the luminosity performance of  the
collider. A simulation code has been developed based on
similar programs, which have been used to study ECI in
other laboratories. The physics model of the instability,
the simulation results comparing to the observation in the
BEPC experiments and simulation results on the BEPCII
design study will be discussed in this paper.

PART I    REVIEW OF EXPERIMENT AND
SIMULATION STUDY ON BEPC

1. Instrumentation1.1 PE detector
Similar to the detector in the APS[2,3], a photoelectron

detector was installed in the BEPC ring. It has three layers
with the same diameter of 80 mm and two mesh grids in
front of the detector. The outermost grid is grounded, and
a bias voltage is applied to the shielded grid. The
graphite-coated collector lowers the secondary electron
yield and is biased with a DC voltage of +48 V with
batteries. Between the detector and the support barrel
mounted on an idle slot, a 1 cm annual gap exists.

The detector is mounted downstream of a dipole in the
direction of positron motion, shown in Fig. 1.
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 Figure 1: Position of the PE detector at the BEPC storage ring (seen
from inside of the ring).

Being so close to the dipole, the PE detector has to be
shielded from the magnetic field with layers of high and
low permeability “mu-metal” sheets and nickel alloy
sheets. After shielding, the fields at the points a and b in
Fig. 1 are 9 Gauss and 0, respectively.

1.2 Apparatus setup
The detector is connected with other instruments as

shown in Fig. 2. A low pass filter (LPF) is used to make
sure that the signal of collector is from the electron only.
The current of photoelectron is measured with the
nanoampere-meter, which is connected between the
resistor and ground. A temperature monitor is mounted on
the detector to detect heat induced by beam-excited HOM
wakefields in  the annular gap between the detector and
the support barrel.

LPF

Battery

nA

Temp.

Vb

Vc=+48V

e+ beam

Outside Tunnel

Inside Tunnel

I c

V

I b

Detector

V

R

 Figure 2: Setup of all apparatus in the experiment.

2 Measurements
In the following PE measurements, we apply the 150

MHz LPF to eliminate any sources of RF noise. During
all the measurement, the temperature monitor displays
24±1°C with no change, which means the HOMs effect
due to the annular gap between the detector and its
support barrel is minimal. A bias voltage scan was made
and the Vb fixed at +40V for maximum signal, as shown
in Fig. 3. The derivative of the normalized Ic-Vb curve
gives the photoelectron energy distribution, shown as Fig.
4.
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Figure 3: Detector current during bias voltage scan.
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Figure 4: Photoelectron energy distribution.

2.1 Dependence on beam current
The collected electron current Ic as a function of beam

current Ib is measured in the cases of single bunch and
multi-bunch. Normalized by Ib, Ic is almost the same in
different bunch spacing. It reads about 25nA/mA at the
bunch current of 2 mA, similar to the plot in Fig. 5.

No saturation effect, in which electron generation and
loss equilibrate, is found with a long bunch train and a
weak bunch current, even if 40 bunches are used with the
bunch current of 1 or 2 mA (Ib is 40 or 80 mA).
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Figure 5: Collected electron current Ic as a function of beam current Ib

2.2 Secondary electron (SE) measurement
Due to the SE, a dramatic amplification of the signal is

observed in the APS when the bunch spacing is 7 buckets
(20 ns) [2]. But in our measurements, such an
amplification is not observed as shown in Fig. 6.

Bunch spacing in unit of RF bucket (5 ns)

20

25

30

35

40

45

50

0 1 2 3 4 5 6 7 8 9 10 11 12

I c
/I

b
(n

A
/m

A
) 54mA, 01May( 10)

30mA, 00Dec

26mA, 01May

20mA, 00Dec

30mA, 01May( 10)

10mA, 00Dec

16mA, 01May( 10)

5mA, 00Dec

30mA, 01Jan

20mA, 01Jan

10mA, 01Jan
 Figure 6:  Normalized electron current as a function of bunch spacing

and current. The legend gives beam current.

2.3 Solenoid effect
Solenoid coils winding downstream of the dipoles is a

possible way to cure the PEI, like KEKB LER. In BEPC
storage ring, we installed two coils on each side of the
detector to observe the solenoid effect. The currents of the
coils, Is, are ±20A, generating several tens of Gauss
magnetic field. Fig. 7 shows the Ic vs. Ib when solenoid
has different currents.
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Figure 7: Ic vs. Ib with different solenoid fields.

3 Simulations
With the code developed by Dr. Y. Luo [4], the PE

generation is simulated for different PE reflectivity. For a
real machine, a reflectivity of 0.98 is chosen in
simulation. The energy distribution of the PE is selected
as 5eV±5eV. The emission yield of secondary electron is
given as
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with cosθ distribution as the angle distribution. The
energy distribution of the SE is 0±5eV, and the δmax of the
SE is 3 in simulation. Simulation results are shown in Fig.
8 and 9.
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4 Discussions
Detailed measurements of the properties of PE cloud

were carried out at the BEPC storage ring under various
beam conditions. Ic varies linearly with the beam current
Ib as expected. No saturation process is observed up to 40
bunches with 1 or 2 mA/bunch. We observed very weak
dependence on bunch spacing, using 5 and 10 bunches



with 1 to 6 mA/bunch up to the 12-bucket spacing. No
beam-induced multipacting was observed at the BEPC
yet.

Two new detectors, modified as encircling the
grounded grid but isolated from the retarding grid and the
collector to avoid the Ic electrical leak from HOMs
excited through the gap between the detector and the port,
will be installed soon in the places far from dipoles. The
time structure of Ic signal and the machine parameter
dependences would be studied furthermore. Better
shielding is necessary on the existing detector to avoid the
fringe field of the dipole.

Primary simulations give some consistent results with
the experiments, especially the multipacting condition and
the dependences of beam parameters. More simulation
studies are still under way.

PART II    SIMULATION STUDY ON
BEPCII

BEPCII is an upgrade project of Beijing electron-
positron collider(BEPC), which will install a new inner
ring based on the single-ring collider BEPC. It will
provide the colliding beams of the center-mass between
1.0 GeV and 2.0 GeV and also the dedicated synchrotron
radiation beam at 2.5 GeV. For the colliding beams the
luminosity is optimized at 1.89 GeV with 1033 cm-2s-1,
which is two order of magnitude of BEPC. Some
parameters of BEPCII is compared with that of some
other machines in table 1 [5].

Table 1: Parameters of a few storage rings
BEPCII KEKB PEPII

Beam energy(GeV) 1.89 3.5 3.1

Bunch population Nb(10
10

) 4.84 3.3 9

Bunch spacing Lsep(m) 2.4 2.4 2.5
Rms bunch length sz(m) 0.015 0.004 0.013
Rms bunch sizes sx,y(mm) 1.18,0.15 0.42,0.06 1.4,0.2
Chamber half dimensions hx,y(mm) 60,27 47 25
Slippage factor h (10-3) 22 0.18 1.3
Synchrotron tune Qs 0.033 0.015 0.03
Circumference C(km) 0.24 3.0 2.2
Average beta function(m) 10 15 18
Parameter nmin 9.24 10 1
e- oscillation/bunch nosc wºesz/(pc) 0.42 1.0 0.9

Density enhancement He 15 13 12
Adiabaticity A 17.4 9 8
TMCI threshold r e[1012m-3] 22.7 0.5 1
Density ratio  r e,sat/ r e,threshold 0.19 4 4

1. Electron cloud Build up and Saturation The
ECLOUD programme develeped by O. Bruning, G.
Rumolo, F. Zimmermann  of the CERN  SL Division was
used in the simulation study on the build up and
saturation of the electron cloud on BEPCII. [6]

1.1 the photo-emission yield and the SEY
For BEPCII, The number of radiated photons per

positron is about 12 photons for one dipole bending
magnet. And From figure 10. , the “first strike” photons in
the dipole magnet region is approximately equal to that in

the field free region. And consider the effect of the
antichamber, only ~1% of the radiated photons can
remain inside the chamber[7][8]. Assume the electron
yield per absorbed photon is 0.1,  then the photonelectron
yield Ype will be 0.006. Simulation result also shows that
coating the inner face of the vacuum charmber with TiN
will effectively reduce the number of the electrons, as
shown in Fig. 11 [7].
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Figure10: SR power distribution along the ring(-1.6 < s < 0, means in 
the dipole magnet region)

t i me( s)

el
ec

tr
on

 n
um

be
rs

SEY = 3

SEY = 1

Figure11: Electron numbers with and. without TiN coating of the
chamber.(Ye,ph=0.006)

1.2 The electron cloud build up and saturation
The build up and saturation of electron cloud under

different conditions and possible cures were simulated, as
shown in Fig.12, Fig.13, Fig. 14 and Fig.15.[9] The
dipole magnets which will occupy about 25% of the
whole ring, will confine many electrons to the vicinity of
the pipe wall. Thus the volume density of the electrons
will be reduced.[5]

The effect of the solenoid and the clearing electrode
that had been successfully used to suppress the ECI were
also studied for BEPCII.
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Figure 13: Electron density at the center of the pipe per cubic meter in
the dipole magnet compared with that in the free field region with and

without solenoid.
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Figure 14: The average electron density of the pipe per cubic meter for a
field-free  region with clearing electrode (500V) vs. time.

2. Electron cloud instabilities

2.1 The coupled-bunch instability
The “turn by turn” code developed by Dr. Y. Luo was

used. The rise time got from figure15 is about 0.3ms.

[4]
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Figure.15: max(log10(Ax,y)) vs turns

2.2 the single-bunch instability
The headtail programme develeped by G. RUMOLO

was used in the simulation study. [6][9]
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Figure 16:Sqrt(beam size) growth as a function of time in the field-free
Region, assuming that the electron density is  2.0�1012/m3.
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Figure 17:Simulated beam centroid motion as a function of time in the
field-free region ,assume the elcetron density is 2.0×1012/m3.

3 Discussions
The prelimilary result shows that the instabilities

caused by the ecloud will not be very serious. The very
important condition is that the BEPCII will run below the
TMCI threshold of the ecloud. Also it will benefit from
the strong dipole magnet and other cures.

More details which will be closer to the actual
conditions will be studied in the future.
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Abstract

To estimate the importance of collective fields of an
electron cloud interacting with a positively charged par-
ticle beam, we apply two particle-in-cell codes from
plasma physics – OSIRIS and QuickPIC. These codes have
been used extensively to model the wakefields excited by
positron bunches in a neutral plasma in the scheme known
as the plasma wakefield accelerator (PWFA). The collec-
tive wakefields excited in the electron cloud plasma are
similar. Analytic estimates and numerical solutions for the
wakefields are obtained and their importance assessed. The
basic approach as well as special features of the codes such
as moving windows and quasi-static wakefield approxima-
tions are described.

1 INTRODUCTION

The need to understand the interaction of intense posi-
tively charged beams with the low density electron clouds
they create in circular accelerators is well documented.
These low density clouds constitute a non-neutral plasma
which supports wakefields of the beam. The wakefields
affect the beam propagation in a number of ways. They
lead to focusing terms that alter the tune shift of the accel-
erator, longitudinal terms affecting the synchrotron motion
and deflection terms that couple small offsets between the
head and tail. The latter are believed to be responsible for
a head–tail instability that leads to emittance blow-up and
limits the beam current in many existing and planned cir-
cular accelerators.

Several simulation models have been developed for the
wakes and instability of beams in electron clouds. These
typically have many approximations such as neglect of the
space charge of the cloud on itself, and condensation of the
effect of the cloud to a single kick on the beam once per
turn. Perhaps of even greater concern is the newness of the
models themselves. As a result there has been little oppor-
tunity to benchmark the codes against reference codes or
experimental data.

In this paper we apply some of the simulation tools we
have been developing over the past decade for the study
of plasma-based accelerators to the problem of wake pro-
duction and beam propagation in electron clouds. Particu-
larly relevant are recent benchmarks of these tools against a
beam-driven plasma wakefield experiment at SLAC known
as E-162. In that experiment, positron beams are propa-
gated through a 1.4 meter long plasma. The physical mech-

∗Work supported by USDoE

anism of wakefield production; namely, the rapid drawing
in of plasma electrons to the beam axis on a beam plasma
frequency time-scale is nearly identical in this experiment
and in the case of electron clouds in circular machines.
In the remainder of this paper, we briefly review two pri-
mary simulation models we use, OSIRIS and QuickPIC,
along with sample benchmarks of these codes. Then we
apply them to the case of electron cloud wakefields in the
SPS proton storage ring at CERN. Comparisons are made
to recent models by Rumolo and Zimmerman [1]. We
also examine the propagation of tilted and untilted beams
through a significant length of the accelerator (40 km) in
their self-consistent wakefields. The effects of the cloud
wake and image forces from the wall are isolated and dis-
cussed. Finally, we comment on prospects for creating a
complete high-fidelity PIC model that includes all of the
relevant plasma physics contained here as well as the lattice
terms and synchrotron motion of other models. Through
high performance computing it may be possible to use such
a model to make accurate predictions over thousands of
turns. We compare analytic expressions for cloud wake-
field amplitudes that we have obtained [2] and compare
them to the simulations.

2 DESCRIPTION OF SIMULATION
MODELS - OSIRIS AND QUICKPIC

Our primary simulation tools for beam–plasma interac-
tions are the particle-in-cell (PIC) codes OSIRIS [3] and
QuickPIC [4]. We describe each briefly here. OSIRIS is
a fully self-consistent, fully relativistic, fully electromag-
netic 3-D plasma PIC code. It solves Maxwell’s equa-
tions on a 3-D Cartesian grid by finite difference in the
time domain. The current and charge density sources for
Maxwell’s equations are found by depositing the positions
and velocities of a collection of 106–108 charged particles
on the grid. The fields are then used to update the particles’
positions and velocities and the cycle is repeated. The code
features a moving window (to follow a beam), is object-
oriented and parallel. We have used this code to model
the E-162 experiments at full scale in 3-D. This typically
requires 1–10 GBytes of memory and 103 or more CPU
hours. Such codes have proved to be highly reliable, but
are obviously computationally intensive.

QuickPIC is a 3-D PIC code using a quasi-static or
frozen field approximation [5]. This approximation is
specifically useful for studying wakes. It requires that the
beam not evolve significantly on the time scale that it takes
the plasma to pass through it, or in other words, β � σz .
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Figure 1: Quasi-static or frozen field approximation used
in QuickPIC

1.  initialize beam
2.  solve
3.  push plasma, store ψ
4.  step slab and repeat 2
5.  use ψ to giant step beam
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⊥ ⊥

Figure 2: QuickPIC cycle. It uses a 2-D Poisson solver to
calculate potentials and update particles

This is typically well satisfied. The basic equations for
QuickPIC follow from the wave equations for A and φ in
the Lorentz gauge [5] as illustrated in the box in Fig. 1.

The quasi-static approximation assumes that the wakes
are functions of z − ct only and leads to equations for the
wake potentials ϕ and Ψ = ϕ − A‖ that involve only solv-
ing 2-D Poisson equations. The QuickPIC cycle is illus-
trated in Fig. 2. The Poisson equations are solved on a
2-D slab of plasma (using a well-established bounded 2-D
PIC code BEPS as a subroutine) with conducting boundary
conditions.

The wakes are stored and used to update the plasma
in the slab and the slab is then pushed back a small step
through the beam. After transiting the beam, the stored
values of ϕ are used to find the force on the beam (treated
as a 3-D PIC model) and it is pushed through a large step
(of the order β/30). The need to solve for only a 2-D slab
and the larger time steps of the 3-D push enable a time sav-
ing of 2–3 orders of magnitude. Both the 3-D outer layer
and the 2-D inner layer of the code have been written in
a parallel fashion to allow domain decomposition along z
and y, respectively.

A comparison of QuickPIC and OSIRIS output for E-
157 is shown in Fig. 3. In this experiment the wake
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Figure 3: Wakefields for the E-157 experiment with
OSIRIS and QuickPIC

Table 1: Parameters of SPS and KEKB
Variable Symbol SPS KEKB
Bunch population [1010] Nb 10 3.3
Beam momentum [GeV/c] p 26 3.5
Circumference [km] C 6.9 3.0
Electron density [1012 m3] e 1 1
rms bunch length [mm] z 300 4
rms hor. beam size [mm] x 3 0.4
rms vert. beam size [mm] x 2.3 0.06

is produced by a Gaussian bunch of electrons of density
1015/cm−3 and bunch length σz = 0.63 mm in a plasma
of density 2× 1014/cm−3. The agreement between the two
models is reasonably good in this case. The basic Quick-
PIC algorithm reproduces the more exact model so long as
the plasma motion is dominantly radial and the radial ve-
locity is not relativistic, conditions that are typical also in
the electron cloud regimes of interest here. Accordingly
we will use QuickPIC in the simulations presented in the
remainder of this paper.

Next we apply QuickPIC to the electron cloud case. We
remove the background ions usually present in the plasma
simulations and initialize a cloud and beam with the pa-
rameters used previously [1] for the SPS ring at CERN.
The parameters are given in Table 1.

Figure 4 shows the initial beam and cloud density pro-
files in the X-Z plane. From this we see that cloud electrons
are sucked in reaching a peak density enhancement factor
of 150 at a location 1.9σ behind the beam.

The analytically expected enhancement factor at the cen-
ter of the beam is given in Ref. [2] to be approximately 100
and in the simulation it is 70. The cloud response gives rise
to the wakefields shown in Fig. 5.The longitudinal wake
field reaches a maximum retarding field of 10 V/m near the
center of the beam. This compares to the analytic expres-
sion in Ref. [2], which estimates the field at the center to
be about 10 V/m.

Also for comparison we reproduce the results of Rumolo
and Zimmermann [1] in Fig. 6. For identical parameters



Figure 4: Initial beam and plasma density. Cloud electrons
are sucked in at 1.9σ behind the beam.

Figure 5: Longitudinal force on the beam at 1.9σ behind
the beam

we see that the QuickPIC result and ECLOUD results are
quite similar in the main part of the beam, but the ECLOUD
result has unphysical divergences at the extreme head and
tail.

In Fig. 7 we show corresponding results for the tilted
beam. The beam is initially tilted by σr over σz of the
bunch.

The structure of the cloud density in Fig. 7 is interesting
and can be understood as follows: A compression peak is
formed along the tilted axis of the beam due to the draw-
ing in of electrons nearest the beam. Electrons from further
away (nearest the pipe walls), receive their strongest kick

Figure 6: Longitudinal force on the beam from the electron
cloud

Figure 7: Initial tilted beam and plasma density. The beam
is tilted σr over the bunch length

Figure 8: Wakefield potential Ψ on the beam

from the peak of the beam current (in the center of the box).
By the time they arrive at the axis, they have fallen behind
creating the compressions on axis at the bottom of the fig-
ure. Figure 8 shows a 3-D image of the wake potential Ψ
acting on the beam. The potential at the head of the beam is
attractive to the center of the pipe and is caused largely by
the unperturbed cloud charge later in the beam. Later in he
beam there are deflecting focusing forces coming directly
from the cloud as well as from the image of the cloud in
the conducting walls. We note that without the conduct-
ing boundary conditions the restoring force from the image
charges would not be present.

This effect has been omitted in past work [1]. The
cloud’s image contributes a coherent tune shift that is larger
than and in the opposite direction to the number of tune
shifts caused by the image charge of the beam itself. This
is because of the usual cancellation of the electric and mag-
netic forces between the beam and its image to order of
1/γ2. This (just as for the space charge correction to the
incoherent tune shift), in the presence of the electron cloud,
the tune shift due to image charges should be modified as
follows:

∆ν = Aimage (no ecloud) (1)

∆ν = Aimage(1 − ηeγ
2) (with ecloud) , (2)

where ηe is the fractional neutralization of the beam.

ηe = Henc/nb = ηe(z) , (3)
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where nc is the cloud density before the beam and nb is the
beam density.

Note that ∆ν varies along the bunch providing an addi-
tional mechanism for head–tail offsets to form and/or grow.
Figure 9 shows simulation results for an offset beam. We
next study the beam evolution in the wake potentials above.
In these simulations, there is no external field (i.e., no lat-
tice), and the emittance is artificially low thus they should
be taken as cartoons to illustrate (and in some sense isolate)
just the wakefield effects on propagation. Further work is
needed to include the external environment of the storage
ring. In these simulations the 3-D time step is 50 m. Fig-
ure 10 shows snapshots of the beam and cloud at propa-
gation distance of z = 0, 5, 10, 15 and 20 km. We see the
dynamic focusing of the beam by the cloud. At later times a
small tail oscillations in the beam and cloud density is seen
in the movies. This oscillation grows despite the fact that
the beam and cloud are initially symmetric except for small
numerical noise. The instability does not continue to grow
in this example and saturates after 20 km of propagation.
Figure 11 shows the corresponding evolution of an initially
tilted beam. The tail oscillation is much more pronounced
in this case.

In summary, we have applied simulation tools developed
and benchmarked for plasma-based accelerator research to
the problem of beam propagation in circular accelerators
with low density electron clouds present. We find the wake-
fields compare well with analytic estimates and previous
models over most conditions. We also find a new contribu-
tion to the coherent tune shift of the accelerator due to elec-
tron cloud image forces not included in previous models.
We believe the combining of our quasi-static PIC models
(QuickPIC) with the relevant lattice of circular accelerator
models could lead to a powerful tool for predicting the on-
set and evolution of electron cloud instabilities. It appears
that the capability for massively parallel computation with
QuickPIC would enable modeling with PIC accuracy to be
extended to relevant lengths (i.e., several thousand turns).

(a)(a) (b)(b) (c)(c) (d)(d)

(e)(e) (f)(f) (g)(g) (h)(h)

Figure 10: Snapshots of Beam (a-d) and cloud (e-h) density

Figure 11: Corresponding Snapshots with tilted beam
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On the Transparency of the Electron Cloud to Synchrotron Radiation
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Abstract

We studythe interactionof thesynchrotronradiation,pro-
ducedby a relativistic particle in a bendingmagnet,with
the electroncloudpresentin the samemagnet.Thecloud
is describedasa collisionlessmagnetizedplasmaof very
low, but finite temperature.Expressionsarederivedfor the
spectralintensityof synchrotronradiationfar from thepar-
ticle,whichin absenceof acloudreduceto theSchottspec-
trum of radiationin vacuum.

For typical cloud parameters– a rarefiedplasma,we
fully neglect the refractionandonly take into accountthe
dampingof the extraordinaryandordinaryplasmawaves
at frequenciesnearthe first electroncyclotron resonance
(wave lengths � mm) via interactionwith resonanceelec-
trons. This effect would bethestrongestin thehypothetic
caseof electronbeamandelectroncloud, but is found to
be weaker in the realisticcaseof positively chargedbeam
particle (proton, positron). In the latter case,by taking
Maxwellianvelocitydistributionof theelectrons(r.m.s.ve-
locity ���������
	 ) and fully neglecting the ordinary wave
(factor��� ), wedemonstratethatthedominanteffect is cou-
pling of � - modeof thespontaneousradiationwith theex-
traordinaryplasmawave.

1 INTRODUCTION

Thegoalof this paperis to studywhethersynchrotronra-
diation generatedin a LHC bendingmagnetcan signifi-
cantly affect the electroncloud presentwithin the same
magnet. We considerthe radiationof a relativistic parti-
cle (alsocalled“test” particle)with restmass� , charge��������

and energy ��� 	���� ������� � moving along the
central trajectory of a bendingmagnet(field !#" , radius$%� � 	��&� �(' � �)���*� ! " � ) in presenceof a non-relativistic
electronplasma(electroncloud) surroundingthe central
trajectory. Sincethe lengthof the magnetis much larger
than the formation length $ '+� , we will assumethat the
whole plasmavolume is illuminated by the sameradia-
tion spectrumandthat thesizeof theelectroncloud,both
transversallyand longitudinally with respectto the direc-
tion of propagationof theradiation,is muchlargerthanthe
radiatedwavelength.

Following mainly [1], in Section2 wecomputethespec-
tral densityof radiationat frequency , , generatedby the
test particle as it traversesfinite volume of cold electron
plasmaof very low density. By neglectingtwo-particlein-
teractions,thetestparticleradiatesasif it is in afreespace,

but theradiationdecaysasit propagatesthroughthecloud.
The energy lossesof the testparticlearedefinedasthe

work perseconddoneby the breakingforceactingon the
particledueto electromagneticfield producedby theparti-
cle itself: -/.-10 � �)� �32547698(:&; � (1)

where 2 47698 is the test particle velocity vector; ; is the
field producedby the particle at its own position <>= and�

is the electroncharge. Onecanthink of the field ; in
(1) asthe planemonochromaticwave which, far from the
source(currentdensity? 47698 � ��� 2 47698 ), coincideswith the
spontaneoussynchrotronradiation. By neglectingall ef-
fectstakingplaceat theplasmaboundary, thiswavewithin
the plasmasplits into two waves – ordinary ( @ ) and ex-
traordinary(+) one. Propagationof the two plasmawaves
is describedin the so calledquasi-linear(geometricalop-
tics) approximation.We realizethatthegeometricaloptics
descriptionis not correctwithin severalwavelengthsfrom
the source,but it canstill be usedapproximately(as this
wasdonein [1]).

It is alsoassumedthat the plasmais stationaryin time,
i.e. it hasno unstable(growing with time) modeseven
at the (low) frequenciesnearthe electroncyclotron reso-
nance.

In the limit of zeroplasmadensity, or negligible damp-
ing of the waves at frequency , , i.e. A�B BC � ,)��D E�E
� ; �*F>G B BH 47IJ8LKNM � ; where D is the lengthtraversedby the
radiationwithin the plasmaand A B BC are absorptioncoef-
ficients, our result shouldreduceto the usualformula of
Schottfor thespontaneoussynchrotronradiationspectrum
(asin vacuum).

By expandingtheexponent:
� FOG B BH 47IJ8LK M �P@QARB BC � ,)�SD ,

the correction to the spontaneouslyradiated power is
proportional to @�A�B BT � ,)��D , while the absolute valueA�B BT � ,)�SD , multiplied by the spontaneouslyradiatedpower
andintegratedover , andtheangles,givesthetotal power
depositedin the cloud. The latter quantityasconsidered
in this work to beanadequatemeasurefor thestrengthof
interactionbetweensynchrotronradiationandplasma.

Thetwo cases– negative(
� F

) andpositive (
� T

, or U T )
radiatingparticle

If thetestparticleis anelectronin vacuum,a remoteob-
server whoseradiusvectordescribesan angle V with the



externalmagneticfield ( VWEQ�5'YX meansabove themedian
plane),seeselliptically polarizedspontaneoussynchrotron
radiationwave with electricvector Z[ rotatingin the same
directionastheelectron([5]). More precisely, theprojec-
tion of Z[ on themedianplanerotatesin thesamedirection
astheelectron.This remainstrue for bothanobserver lo-
catedabove or below the medianplane– the polarization
changesfrom left- to right-, or reversewhen V crosses�5'\X .
Thusin this case Z[ rotatessynchronouslywith theplasma
extraordinarywave, implying strongerinteraction.

If thetestparticleis apositronor proton,thencompared
to the electroncase, Z[ reversesits orientation Z[^] @ Z[ ,
but still rotatesin thesamedirectionasthetestparticle,i.e.
oppositeto the electronsof the cloud andsynchronously
with theordinarywave.

Parameters

_
– propagationlengthof theradiationwithin thecloud;`ba
– externalmagneticfield;c and dfe�g*h5iYj c – frequency andwavelengthof radia-

tion far from theplasma;k a
– thenumberof electronspercubiccm;c(lWm n h kpo/q j&rts uwv q myx>z {Jn}|�~&�J�*����� u�� k a � i�r ��� �

– theelectronplasmafrequency;� s m s�����)�L� m�~�z��+{�|�~+� �J����� u�� ` a ����� � – cyclotron fre-
quency of theelectrons;� m�� s����� �S� – cyclotronfrequency of therelativistic LHC
particle(�t��� ~ );� m¡c j � s – harmonicnumber;¢}m¤£�c l j � s*¥ q – densityparameter;¦ s e § ¦ q �¨jY© – the r.m.s. thermalvelocity of the
electronsin caseof Gaussiandistribution function:

ª s m k a r sg*h¬« s
� v q o � �®/¯ v q&° �+± (2)

where«²s³eyrps ¦ qs mN´ �(« �7µ � ; ¶¬s)e ¦ s*j i ( ~ j&¶ qs myxOz·~ ~�|~+� ¸ j&«¹s � o�º � );»*¼ e ¦ s j c l – theDebyelength;½ a – thedistanceof theelectronicgyro-frequency to the
critical frequency of thespontaneoussynchrotronradiation
spectrum:

½ a e g � s© � � � m g©*� q
¾¿ r s z (3)

For electronrings( À ¿ À m¨~ ,
���� m¨~ ), ½ a is small: Á � � q .

For protonsin the LHC (
¾ m r l�Â ����ÄÃ m�xOz nÅ|Q~+�Æ��� ),

½ a §�§ ~ both at injection (� mÇn ÈJ� ± ½ a mÉ~ j ~+È È )
and collision (� m �&nJ{ g ± ½ a m g |Ê~+�Æ�Ë¸ ). For
heavier radiating particles(like Ì q1Íq a Ì Î�Ï

ions), with mass¾ mÑÐÒ| r l , assumingthe rigidity Ó¬Ô is the sameas
for protons, the Lorenz factor � is multiplied by

¿ j Ð ,
so the ½ a valuesfor protonsare multiplied by £SÐ j ¿ ¥ � .
Onehas: at injection (� mÕ~&ÈJÖ ± ½ a¡× �Oz·~ ) andcollision
(� m g ÖJn g ± ½ a}× © |t~+�Æ��� ).

Estimationof theeffect
Thefractionof powerdepositedin thecloudrelative to to-
tal power radiatedcanbe estimatedin the following way.
We take:

k³a mØ~&� Ù i�r ��� , d^Á ~ rfr , ¢�mÚ~&��� Ì ,½ a Á ~&����� andthicknessof the plasmaslab
_ m^~&� r .

For Maxwellianplasma,theorderof magnitudeof theab-
sorptioncoefficientsis known: ´�Û ÛÍ _ ×ÝÜÞ �Oß à , which should
bemultiplied by ½ a (thecenterof theabsorptionline) and
by ¶¬s (its width) to get:

¢
¶ s

_
d ½ a ¶¬sQÁ ~&� �Ë� z

2 CORRECTIONS TO THE
SPONTANEOUS SYNCHROTRON

RADIATION SPECTRUM CAUSED BY
WAVE ABSORPTION IN THE

ELECTRON CLOUD

Figure1: Left: testparticlewith velocity vector á¦�â1ã á`#a
traversing electronplasmaand velocity vector á¦ s of an
electronof theplasma.Right: coordinateframe áo&ä ± áo+å ± áo+æ .
obtainedby rotationof áo u ± áo q ± áo � aroundthe áo q axisat an-
gle ç�è , so that thedirectionof propagationof radiationis
along áo+æ ( á´êé áo&æ )

2.1 The self-consistentequations describing
small plasmaoscillations and the disper-
sionrelation([1], [2], [7])

We mainly follow [1], wheretheenergy lossesdueto syn-
chrotronradiationarestudiedfor aslabof quasi-relativistic
uniform electronplasma(thethermo-nuclearreactor).The
electricfield within theplasmaë , whichcorrespondsto an
externalcurrent,or a testparticlecurrentì>í î3ï , satisfiesthe



Maxwell equation:

ðËñ 0 ð�ñ 0 ;óò �	 �
- �Y;-10 � ò ? 47ô+õ�ö�8 � ? 4ø÷38&ù (4)

wherethecurrentdensity? 47ô+õ�ö�8 , causedby thefield ; , de-
scribesabsorptionandinducedradiationwithin theplasma.

A testparticletraversingtheplasmais shown on Fig. 1.
We havechosenthedirectionof theexternalfield Z! " to be
parallelto the Z�/ú axisandtheradiusvector Zð of theremote
observer to lie in theplane Z��û ù Z�1ú .

In whatfollowsweusetherelativistic form of thedielec-
tric permittivity tensor(asin [1]; seealso[8], [9]) to com-
putetheFouriercomponentsof therelativistic test-particle
current.Thesametensor, but takenin anon-relativistic ap-
proximation,([2], [4]) will laterbeusedto describesmall
oscillationsof theelectronplasma.

For a particlewith massof rest � andcharge ü � �³�
,

therelativistic tensoris:

ý � @ þ �5ü �ÿ � ú ���²� Z� � �� �
� ,�@ A����('&�� 	 �	 � @ A���

	 �	 �
�� T�

�� F 

� 
 � Z� �,�@ � A�����'+� �Æ@����
@ þ �5ü �ÿ � ú ���²� Z� � �� � � 	 �	 � @�� 	 �	 � ������� (5)

� 
 � Z� � �

������ �"! �
 # 
���� ! 
 ! =
 $ �%
 ! �


F # 
���� ! 
 ! =
 �)� ! = �
 @�&'� � ! 
 ! =

$ �%
 ! �
 &'� � ! 
 ! =
 � � ! �
(*),+.- ! 
 ��/ �1032 ),4657+.- 298:2�;<;�2>=@?BA 4DC�+.),EF4HG /JI ALK � ' � �b�5� G

ZA � ALK Z� û ò A�� Z� ú (seeFig 1) and � and � denotingthe

componentsof thevector Z� transverseandparallelto Z!#" .
Above �²� Z� � is relativistic distribution function,normal-

ized so that � ú �%�²� Z� � � � . The argument Z� (noticean
unusualnotation!)denotestheparticlemomentumdivided
by the massof rest,i.e. Z�MI �#	 � , with � beingthe usual
relativistic factor: � I � �Ä@ �¹� � F ûON � � � �LP ��� ' 	�� � ûON � . In
the non-relativistic case(� ] � ), Z� becomesthe particle
velocity.

By taking plane monochromatic waves ; �;RQGTS I � # 4 QGFU QV 8 F # I�6 , ? 47698 � ?�WYX.Z[\^]`_ � # 4 QG@U QV 8 F # IR6 (the size of

theplasmavolumeis muchlargerthanthewavelengthsof
interest),theFourier-transformof (4) reads:a 4 � 8 :+; [\�]b_ � ?�WBX.Z[\�]b_ ùa 4 � 8 I¨��	 � A � @�, � �Bcf@ 	 �>d�d ò ý 4 � 8fe (6)

wherec is theunity g � g matrix,
a 4 � 8 and

ý 4 � 8 arefunc-
tions of real d and , and

ý 4 � 8 is obtainedfrom
ý

in (5)

with substitutingtheelectronparameters
�
, ÿ � , Z� � , �²� Z� � � ,� � .

In therotatedcoordinateframe Z�fh ù Z�fi ù Z�  :
��	 � A � @�, � �Bc @ 	 ��d�d � @#, � �®@�j � k kk �®@�j �lkk k �

G
j I A 	 '&, e

For a Maxwellian plasma,the non-relativistic approxi-
mation of

ý 4 � 8 nearthe first cyclotron resonanceis dis-
cussedin Section3.

Thedispersionequationof smallplasmaoscillationsis:m � A>� Ion 2 + a 4 � 8 �pk e (7)

For a fixedreal , , it canbeshown ([1]) that in thelimit
of rarefiedplasma,rqÅE�E%, , the dispersionequation(7)
becomesbiquadraticwith respectto A , so thereare only
two solutionsfor A � , denotedhereby A �C , corresponding
to the ordinaryandextraordinarywaves(refractionindex
valuesj C I A C 	 '&, ). Thuswe have in this limit:m � A>� �¤	�s�� A � @ A �T � � A � @ A � F � e (8)

2.2 Thefieldpropagator

Considera statistical ensemble(the beam) of test par-
ticles with coordinates Zð = , velocities Z� = . One can in-
troducemacroscopicfluctuating-currentdensitiest �

0 ù Zð = � ,
functionsof time and Zð = . To find the field radiatedat fre-
quency , by acurrentfluctuationt �

0 ù Zð = � , onehasto invert
(6) andthencarryoutcontourintegrationover A andspatial
integrationoverall sourcesZð = . Theresultis [1]: 1

; I � <�� � � ú ð =�u : ? 47698I � Zð = � ù (*)`+�-
u � &�, � # 47I N<v 8 V F # 47I Nwv 8fxV U QV B	 s ð>� A �T @ A � F �y 4 � 8T � FOG B Bz V�{ @ y 4 � 8F � F>G B B| V�{ ù}ð I Zð ' ð ù (9)

wheretheelementsof thematrix
y 4 � 8 arethecofactorsofa 4 � 8 , i.e. ~�� 4 � 8 � F û � y 4 � 8 ' m andð õ denotesapointat the

plasmaboundary.
The indices ò and @ appearbecauseduring the con-

tour integrationtheargumentA in � 4 � 8# S � � A ù ,)� is substituted
with A C , where A C are the two roots out of four having
positive imaginarypart. The factor � A �T @ A � F � in the de-
nominatorappearssince,accordingto (8), � m ' � A � G � G+H � X 	 s A C � A �T @ A � F � �  X�, 	 ú � A �T @ A � F � .

In thelimit ,rq E�E�, (sameasfor (� )), it canbeshown
that: y 4 � 8T @ y 4 � 8F �¤	 � � A �T @ A � F � � c @ }ð }ð � ù (10)

1This expressionfor thefield hasthecorrectasymptoticat �*��� . It
hasbeenassumedvalid alsoin thevicinity of thesource ��w� .



wherein therotatedframe Z�fh ù Z�fi ù Z�  , shown on Figure1:

� c @ }< }<ê� � � kk � e
If we furthertake

��FOG B BH V { ] � , then � reducesto thevac-
uumpropagator.

2.3 Thespectral densityof radiation ���
Thepower radiatedin direction

}ðt� Zð ' ð perunit areaand
perunit frequency interval is [1] (thebar indicatesstatisti-
cal average):

� I � 	
��� �

T�
F  �f� � # IT� ;��
� Zð ù

0
� :+;¡� Zð ù

0 ò � �
� 	

��� � ; F I � Zð � :+; I � Zð � e (11)

We substitutehere(9) andnoticethattheonly dependence
on Zð = is in the factor

� # 4�I Nwv 8fxV U QV B . � I thereforecontainsthe
expression:

� ú ð = � ú ð B B
T�
F  ��� � # I�� � # 47I N<v 8fxV U 4 QV B F QV B B � �

? 47698 S �\� Zð = ù
0
� : ? 47698 � Zð BøB ù

0 ò � � ù (12)

wherethe advancefrom Zð B to Zð B B , during time interval � ,
is alongtheunperturbedtrajectoryof thetestparticle.The
above expression(12) (asa functionof real , ) is equalto
the spectraldensity � ? 47698'� ? 47698 � QG �J� � xV S I of currentfluctua-
tionsfor a plasmain anexternalmagneticfield, [1], [2]. It
is alsocallednon-interactingcurrentcorrelator. Thuswe
obtainfor

� I :� I � 	
�*� � � U u T :J� ? 4�698�� ? 4�698 � QG � � � xV S I : u (13)

2.4 Thespectral densityof testparticlecurrent

The spectral density ? 4�698 � ZA � I v }ð ù ,)� , or correlator� ? 47698�� ? 47698 � QG �J� � xV S I , can be obtained either directly, by
Fourier-expandingtheunperturbedtest-particlemotion,or
by applying the dissipation-fluctuationtheorem, [1],[2].
The latter theoremstatesthat it equalsthe anti-hermitian
part of the tensor

ý
definedabove, but written for an en-

sembleof testparticlesinsteadof electrons.Also, accord-
ing to thesametheorem,

ý 47698 shouldbetakenin the limit
of vanishingparticle-particleinteractions,soonehasto use
a vanishingimaginarypart , ] , @�&'� . Correspondingly,
we replacetheparametersü , ÿ , Z� , �²� Z� � , � in (5) with the
onesdescribingan“ensemble”of asingletestparticlewith
charge

�³�
, mass� ÿ , momentumÿ Z� 6 , relativisticdistribu-

tion function �²� Z� =6 � �
- � Z� =6 @ Z� 6 � andcyclotron frequency� � �³� !b" ' � � ÿ�	 � 6 � . Theresultis:

� ? 4�698�� ? 4�698 � QG �1� � xV S I � ��'YX�� ý 4�698 @ ý 4�698 T�� � QG ��� � xV S I � (14)

� X�� � �)� � �� �6
T�

�� F 

- � , @���� � � 
 � Z� 6 � � QG � � � xV S I ��
^� ù

whereusehasbeenmadeof theformalequality:

= ),� �¡ "�¢ ÿ �,y@�&O��@���� � @#�
- � , @���� � e (15)

To simplify thetensor
� 
 � Z� 6 � , we first noticethat � 6 �£k ,

hencetheelementsin thethird row andcolumnof
� 
 � Z� 6 �

arezero.Theremaining2x2partof thetensor, transformed
in therotatedcoordinateframe Z�fh ù Z�fi ù Z�  , is

� 
 � Z� 6 � � QG � � � xV S I
� 
^�w���¤ �"! �
 C>E ; � V # 
���� ¤ ! 
 ! =
 C>E ;�VF # 
���� ¤ ! 
 ! =
 C�E ;²V � �6 ! = �
 QG � � � xV S I �
� t �h S 
 &Ot h S 
 t i S 
@¥&'t h S 
 t i S 
 t �i S 
 � Zt 
 � Zt 
 ù

where

Zt 
 I t h S 
&'t i S 
 G
(16)

t h S 
 I t>¦ S 
 � � � 6/ ! 
 C�E ;²V � ���b� 6ALK ! 
 C>E ;�V
� ���b� 6,P' 	 C>+.5 V ! 
 �¤	 � 6 C>+.5 V ! 
 G

t i S 
 I t>§ S 
 �¨� 6 ! = 
 �¤	�� 6 � 6 ! =
 (17)

andtheargumentis/ � , � 6 ; ),4 V�' � � 6 	 � � � � � 6 	 ; ),4 V�'&� 6 � � � 6 ; )`4 V
(wehavereplaced, with ��� andusedthat A�� � , C�E ;�V�' 	
and ALK � ,�; ),4 V�' 	 ).

Wewill see(theSchottformulabelow) thatt�¦ S 
 andt § S 

areactuallyproportionalto the � and © -componentof lin-
earpolarizationof theelectricvectorof spontaneousradi-
ation (harmonic� ). Thusthe electricvectoris parallel toZt 
 andelliptically polarized(

� t ¦ S 
 �Jª� � t�§ S 
 � ), with direc-
tion of rotation,left- or right- asgivenby the signsof the
componentsof Zt 
 . For any � , thesetwo componentshave
equalsign for V � k , andoppositesignsif V ] � @¨V ,
i.e. thedirectionof polarizationof the � -th harmonicis re-
versed.If onefixesthe frequency seenby the observer to
a realpositive value,¤� k , thenfor anobserverabove the
medianplane�%� k , which meansthatpositive � have to
be taken in the sumbecauseof the

-
-function. Below the

medianplane( V ] ��@ V ), � is negative andhenceneg-
ative � valueshave to betaken,which leadsboth t>¦ S 
 andt § S 
 reversingtheirsigns.

For
� I we getfrom (13), (9) and(14) :

ð � � I � , ��� �³� � �þ � 	�« � �6
T�

�� F 

- � ,�@���� � � U� A �T @ A � F � �
y 4 � 8T � F>G B Bz Vf{ @ y 4 � 8F � FOG B B| Vf{ T : � 
 � Z� 6 � :: y 4 � 8T � FOG B Bz Vf{ @ y 4 � 8F � F>G B B| V�{ (18)



2.5 TheSchott formula

Herewe derive thespectraldensity
� "I of spontaneousra-

diationof thetestparticle(asin vacuum,nocloud),emitted
atangleV with respectto theexternalmagneticfield, called
theSchottformula[5].

If thesizeof theplasmais muchsmallerthantheabsorp-
tion depth( A�B BC ð õ E�E%� ) then,by taking into account(10),
(18) becomes:

ð � � "I � , ��� �³� � �þ � 	 ú � �6
T�

�� F 

- � ,�@���� � � t �¦ S 
 ò t �§ S 
 �
� , ��� �³� � �þ � 	 ú � �6

T�

�� F 

- � ,�@���� � ��	 � � �6 C�+.5 � V ! �
 ��/ �
ò¬� �6 ! B �
 ��/ � � �

� � �)� � � � �X*� 	


�� û � � C�+.5 � V ! �
 ��/ � ò�� �6 ! = �
 ��/ �- � ,y@���� � ù (19)

where /f� � � 6 ; ),4 V . The termwith � �k doesnot con-
tribute and the termswith � and @¥� are equal,giving a
factor2. In (19), ð�� � "I is the the energy/sec,radiatedat
angle V with respectto theexternalmagneticfield, perunit
solid angleandperunit frequency interval.

2.6 Integrationof theSchott spectrumover fre-
quenciesandangles

We follow the standardintegrationprocedure([5], [6]) to
obtain the total power radiatedby the test particle (from
now on we omit thesubscript“t”). For a highly relativistic
suchparticle����� � , � M � , theradiationis concentrated
nearthemedianplane: V M �5'\X . Theorder� of theBessel
functionsis thereforenearlyequalto their argument: / �� � ; ),4 V � � andonecanusetheasymptoticformulas:

! 
 ��/ � � ® ûON ��¥¯ g ° ûON ú � g �
úwN � ù

! =
 ��/ � � �� ¯ g ° � N ú � g �
úwN � ù (20)

where� � �²@ / � 'f� � � �¹@ � � ; ),4 � VQE�E¨� . Wewill only
needthe above expressionsfor large harmonics� ���^� ,
wherethesumover � canbereplacedby anintegral,which
is doneby the following transformationfrom � ù V to new
variables± , ² :

² � � C�E ;²V G ± � Xg �¬� F
ú G

� ² � � � C>E ;�V G � ± � X g � �¬� F
ú � � � � � � G

@#��E³² E^� G k E´±fEµ e
Here ± measuresthe relative distanceto the critical har-
monic

ú� � ú (nearlyequalto thespectrummaximum),while² measurestheanglebetweenthedirectionvectorof prop-
agationof theradiationandthehorizontalplane(in unitsof

�*'+� ). In theargumentsof
°

, � is expandedover thesmall
quantitiesC>E ;�V and ¯ � " I �*'&� andby keepingonly terms
of theorderof ��'&� � :

� � � " � ò C�E ;�V¯ � "
� ò e>e�e M � " � ò ² � �

� �� � � ò ² �
C>+.5 V M C>E ;�V � ² � e

By substituting(20) into (19) andintegratingover angles
andfrequencies,the total power radiated� " is (here$ �	 '�� ):

X��

" � , ¦

" � V%; )`4 V ð � � "I � V�� �
� � �³� � � 	g�� � $ �

¦
" � V%; )`4 V



�� û � �	 0 ¶ � Vw� ° � ûON ú � g �

ú·N � ò � � ° �� N ú � g �
ú·N � �

� X�¸�f¹Ä� � � " 
" ± � � ±

T�º
F º � ²

² � � � ò ² � � ° �ûON ú �,» � ò � � ò ² � � � ° �� N ú �,» � �
� � " �� ò ¸� � � " ù

(21)

where » � û� ± � � ò ² � � ú·N � and � " � �ú½¼ � � � v¾ � � s . (� is
replacedwith infinity in theupperlimit of integrationover² , becausethe

°
functionsarenonzeroonly for argument

of theorderof unity).
The frequency radiated, ��� ��� � , which corresponds

maximumof the spontaneoussynchrotronradiationspec-
trum is ¿ � g>'YXÆ�Y�b� ú meaningthattheexpressionunderthe
integralsignin (21),asafunctionof ± I �ú I� ºLÀ , reachesits
maximumat ±Á¿¨� .

The � mode(first term) is radiatedin directionsabove
andbelow themedianplaneandbecomeszeroin theplane
(thefactor² � ). For the © mode,theradiationis centeredin
themedianplaneandits totalcontributionis 7 timeslarger.

3 ESTIMATION OF THE ABSORBED
POWER FOR A MAXWELLIAN

CLOUD

3.1 Wave absorptionat frequenciesnear the
firstcyclotron resonance

Weconsiderararefiedplasmaü³E�E � with electronictem-
peratureÂ � � � k@k ��Ã

(���ÁI³Ä��� ' 	 � k e k � ). We assume
that: ,�q, � �� � � ü� � � � E�E¨� (22)

is fulfilled for all harmonics� of , � �¨� � , even at the
cyclotronresonance� � � . For frequenciesin thevicinity



of thefirst cyclotronresonance,thedielectrictensor(5) has
theform ([2], [7]):

Å � @�Æs ò © # Æs ò &f© kF # Æs @�&f© @�Æs ò © kk k @�ü
� © ���¤ü �

© � & � � , �q, � ��� C�E ;²V � ��/ û � ù
� ��/ û � � � F  <� Ç C>E ;�V� C�E ;¬V � ò X^&¯ �

 Ç
" � i � � ± ù

(23)

where � ��/ � is the probability integral (error function of
complex argument).

In more details, for Maxwellian distribution, the n-th
memberof the sum in (5) (� �  �  X e>e�e ) is propor-
tional to

� F  <� È
with / 
 I I F 
DÉ �HÊ<ÉË � I�Ì Ê�Í�Î�Ï�Ð . As , approaches� � � � , the contribution to the tensorof the member(term)

with � � � is the largestsince
� F  <� Ç � � . This term is is

causedby “normal Dopplereffect”, i.e. presenceof elec-
tronsrotatingin thesamedirectionasthe , -harmonicand
with velocitiesnearlyequalto its phasevelocity(for which,Q@ � � � � M � ��' 	 �>, C�E ;�V ). For the othermembersof the
sum,including the onewith � � @}� , producedby a har-
monic rotating oppositeto the electrons,

� / 
 � ��� � , so
their contribution is exponentiallysmall (their total contri-
bution is � ü ). The picture is the samefor higher reso-
nanceswith

� © 
 � rapidlydecreasing(roughlyas �*'f�9Ñ ).
By keepingonly theresonance© terms,thetensor

Å
be-

comes2-dimensionalandaftertransformingit into to frameZ� h ù Z� i ù Z�  andsubstitutingit into (6), onegets:

a 4 � 8 � , � j � @�� ò © C�E ; � VÒ&f© C�E ;²V
@¥&f© C�E ;�V j � @Q� ò © ù (24)

where

j I A 	 '+, e
Thedeterminantis (j C I A C 	 '&, ):m � , s�� j � @�j �T � � j � @�j �F � ù (25)

wheretherootsare:

j �F � � G j �T � �®@´© � � ò C>E ; � VJ� e (26)

As expected,in ourapproximationtheordinarywaveprop-
agatesas in vacuum. The matrices� 4 � 8C arecomputedby
taking � 4 � 8 I � � 4 � 8 � F û m andsubstitutingtherej C from
(26). Theresultis:

y 4 � 8T � , � © @ C�E ; � V @¥& C>E ;¬V& C�E ;¬V @}� ù (27)

y 4 � 8F � , � © � @¥& C�E ;¬V& C>E ;¬V C>E ; � V ù (28)

which canalsobewrittenas:y 4 � 8C � Z� C Z� �C � UÓ� 4 � 8C G � U�� 4 � 8C �ÕÔ}� � ò C>E ; � V�� ù
(29)

wheretheeigen-vectorsare:

Z� T I @ C�E ;¬V&¯ � ò C�E ; � V Z� F I
�& C�E ;²V¯ � ò C�E ; � V e (30)

Thus the columnsof
y 4 � 8C areproportionalto the compo-

nentsof the electric field vectors Z[ C of the two eigen-
solutionscalledextraordinary(+) andordinary( @ ) plasma
waves. Theextraordinarywave electricfield vector Z[ T is
parallelto Z� T androtatesin thesamedirectionastheelec-
trons.

It canbeshown[2], that(29)is alwaysfulfilled for nearly
transparentmedia (when the anti-hermitianpart of

ý
is

smallcomparedto its hermitianpart).
Onecanalsocheckdirectly that(10) is indeedfulfilled:

�, �
y 4 � 8T @ y 4 � 8Fj �T @�j �F � y 4 � 8T @ y 4 � 8F	 � � A �T @ A � F � � � kk � e (31)

3.2 Estimationof theabsorbedpower

Theroots A C andthecofactors
y C arefound in theprevi-

oussection.By usingsomepropertiesof
y C :y C e y¬Ö �£ky TT e y T

, s © � � � � ò C�E ; � V�� C>E ; � V�& C�E ;¬V@¥& C>E ;¬V � ù
y T F e y F, s © � � � � ò C�E ; � V�� � @�& C>E ;�V& C�E ;¬V C>E ; � V ù

andalsothespectraldensity(16)of thetestparticlecurrentZt 
 , (18) is transformedasfollows:

ð � � I � , ��� �³� � �þ � 	�« � �
T�

�� F 

- � , @���� �� A �T @ A � F � � �
� � U y TT e y T e � F � G B Bz V�{ ò y T F e y F e � F � G B B| Vf{ e Zt 
 � Zt 


� , ��� �³� � �þ � 	 ú � �
T�

�� F 

- � , @���� �� ò C>E ; � V �
� � t ¦ S 
 C>E ;�V ò t>§ S 
 � � � F � G B Bz Vf{
ò�� t>¦ S 
 @�t § S 
 C>E ;�V�� � � F � G B B| V {

(32)

Wewill interpret(32), integratedoverrealandpositivefre-
quencies, andanglesk E VNE^� , astheenergy persec-
ondradiatedby anelectron in presenceof electronplasma.
If thebeamparticleandparticlesof thecloudhasopposite
sign,thentherolesof ordinaryextraordinarywavesarere-
versedandcorrespondinglyonehasto exchangetheindicesò and @ of A�B B in thetwo exponents.



With this in mind, we substituteð õ with the propaga-
tion length D within the cloud andexpandthe exponents� F � G B BH K M � @®XOA�B BC D . This canonly bedonefor smallopti-
cal depth A�B BT D � � ¦ Æ KÌ Ê�× E�E � , which is truefor ��� � k e k �
andtheparametersin Table1. Theunity producesthespon-
taneousspectrum(19) while the terms @®XOARB BC D with their
signsinvertedyield:

, �R� �)� � �X*� 	 ú � �
T�

�� F 

- � , @���� �� ò C�E ; � V � t>¦ S 
 C�E ;�V ò t § S 
 � � A B BC D
ò�� t ¦ S 
 @�t�§ S 
 C�E ;²VJ� � A B BÖ D (33)

wheretheuppersignappliesif a negatively chargedbeam
travelsthroughtheelectroncloud,andthelowersignrefers
to apositivebeamchargeasin theLHC, and

t>¦ S 
 � 	 � 	 0 ¶ V ! 
 G t § S 
 � 	 � ! =
 ù
A B BT � , ù VJ��D � ,PDX 	ÙØ � j �T �

� �þ � X � � �, ü*D�¬�*	 � ò C�E ; � VC�E ;�V �
� � F:Ú � |�Û Ü Ê ÛÝ � �LÞ ÊfßBàOáLâLã � � ü*D� � � G

A B BF � , ù VJ�SD � ü*D� � F Ú � |�Û Ü Ê ÛÝ � �>Þ Ê ßBàOá�â ã �
� (*- 2�ä<2å� I X*� 	 '+, G , � ��� M � � � e

(34)

SinceA�B BF is � � timessmallerthanARB BT weonly show itsorder
of magnitude.It is easyto computeit, if the ü termsin

ý
arekept,[2].

We choosethecyclotronfrequency of thetestparticleto
bepositive for anobserverabovethemedianplane� � k .
Since, � k , only positive � contribute. For each� , there
aretwo contributions– scalarproducts(squared)betweenZt 
 andtheunit vectors Z� T and Z� F of thecounterclockwise
andclockwiserotatingplasmawaves.Thustheelliptically
polarizedsynchrotronradiationwave interactswith both
extraordinaryandordinaryplasmamodes.This is because
the elliptical polarizationcan be decomposedinto a left-
andright- circularpolarizations.

1) In thehypotheticcase– thetestparticlebeinganelec-
tron in electroncloud,thecurrent Zt I hascounterclockwise
polarization2 and an observer locatedabove the median
plane (C>E ;�VÒ� k ), seescounterclockwiserotating both
beamandplasmaelectrons.

By settingA�B BF �£k (takingonly thefirst term),andnotic-
ing that � , C>E ;�V , t ¦ S 
 andt>§ S 
 areall positive,we seethat
thecontributionsfrom © and� modesaddup(strongerab-
sorption).

2) For a protonor positronin anelectroncloud,by set-
ting A�B BF �æk (taking only the secondterm), the contribu-
tions from the © and � modespartially compensateeach

2meaning that ç<è�é ê and çwë>é ê have the samesign, so the vectorì�í6îbï�ðñ îòï�ð�óÁôÓõ�ö �ç<÷ ö>ø ÷�ù rotatescounterclockwise

other. Thefactor �*' C>E ;¬V in A B BT is canceledandbothmodes
participatewith a factor C>E ;�V � � F û . Theabsorptionoc-
cursaway from the medianplane(zeroin the plane). For
this casetheintegrationis carriedoutbelow.

We take only thesecondtermin (33) andintegrateover
anglesand frequencies,sameas this was done for (21)
(here � " ± " � �%� � ' $ ):

X��

" � , ¦

" � V%; ),4 V � ¯ �þ ¯ X
� �)� � � � � � ü*D$ 	�� � �

� 

�� û � � C�E ;�V � ! 
; ),4 V @ ! =
 � � F:Ú � |�Û Ü Ê ÛÝ � �>Þ Ê�ßBàOáLâ ã � �

� ¯ �Xú¯ X �g*� � gX
s � �	 ü*D� � � " ± " � �

� 
" ± � ±

T�º
" � ²¬² �

� � ò ² � ° û�N ú �,» ��@ � ò ² �� ° � N ú �û» � � � F6ü � M
M k e g � �	 ü DR� " ± s N ú" ù

(35)

where

ü � �ý�Q@R� �¯ Xå�ý� � � C�E ;²V � ± @�± "¯ X*± � � ²)'+� �
� �² m �®@ ± "± ù
m I ¯ X � � '+� ù ±J" � XF� �gF�b� ú e

(36)

Thuswe have neglectedthetermwith
° � N ú , becauseof

the factor �*'+� andhave only estimatedthe term
° û�N ú

(�
mode)in thefollowing way (confirmedwith directnumer-
ical integrationfor � up to 300):

" ± � ±
T�º
" � ²¥² � � ò ² � � ° � û�N ú �û» � � F�ü � �

� ± �" m T�º
" � ²¥² � � � ò ² � � ° � ûON�ú �,» " � M

M �¯ g)X ûON ú1þ � XO'>gÆ� m ± ûON ú"
(37)

(here» " � i<ÿ� � � ò ² � � ú·N � ).
We haveusedthefollowing integral:T�

F  � ²¥² � � � ò ² � � ° � ûON�ú �,» "�� �
� �¯ g*± "

i ÿ °�� N�ú ��� � � ��ò ° � N ú � ±J"R� M
M �¯ g*± " gX X � N ú þ ��� '�gÆ�T± F � N ú" @ X F û�N ú þ � X>'�g��T± F � N ú" �
� �¯ gPX û�N ú þ � X>'�g��T± F

� N ú"
(38)



°�� � ±J"�� M X � F û þ �	� �6± F �" � ±J"�E�E � � e
Accordingto (35), thefractionof depositedenergy ism �� " M k e g � �	 ü D�± s N ú" M D � üH± s N ú" e

This expressionscaleswith the beamenergy as � F�
 N ú . If
the propagationlength within the cloud D is fixed, it is
inverselyproportionalto themagneticfield !b" . If D varies
accordingto D � $ '+� , then the dependenceis stronger:� ! F �" .

LHC parameters

The values of the density parameter ü in Ta-
ble 1 correspondto pessimistic(large) electrondensity� " � � k� � 	�ÿ F ú �

( ü scalesas
� " ) andthe propagation

lengthwithin thecloudis takento be D M � k ÿ . For LHC
circulatingbeamcurrent � k e � � , thetotal radiatedpower
is �f" M k e k ¹ W atinjectionandg e ¹ kW atcollision,hence
theabsolutedepositedpowerperbeamis negligible.

Table1: Fractionof depositedenergy with LHC parame-
ters.

U T collision U T injection� 7460 480!#" 83860 5390, � � � � e � � k û � � e � � k û "��� 	�ÿ � 0.1 2� � e k �W� k� � e k � � k�±J" X � k F � � � k F úü � � " � � k  � 	�ÿ F ú � � � e � � k F�� g e � � k F «m ��'@� " ( D � � k ÿ ) � � k F û � � � k F�


4 SUMMARY AND CONCLUSIONS

An expression(correctedSchottformula)hasbeenderived
for thesynchrotronradiationspectrumproducedby a rela-
tivistic particle,which traversesa large (w.r.t. the wave-
length) volume of magnetizedplasma(electroncloud in
acceleratorbendingmagnet).We have estimatedthe frac-
tion of absorbedpower at frequenciesnear the first cy-
clotron resonancedue to the presenceof resonanceelec-
trons(Cherenkov resonance).We foundthat:

– theabsorptionwould have beenstrongerin caseof an
electrontraversingan electroncloud, since in suchcase
the stronger© modeof linear-polarizationcomponentsof
spontaneousradiationdecaysas(coupleswith) theextraor-
dinarywave;

– for therealisticcaseof positively chargedbeamparti-
cle, theabsorptionoccursaway from themedianplaneand
is causedby couplingbetweenthe � modeandtheextraor-
dinarywave;

– for thecaseof LHC, boththeabsorbedpower andthe
effecton theradiatedspectrumarenegligible.

Our estimationsare basedon a collisionlessplasma
model for the cloud, typical (LHC) densityand tempera-
ture parameters,and Maxwellian velocity distribution of
theelectrons.
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Kinetic Theory of Periodic Holes in Debunched Particle Beams
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Observationsaswell asnumericalsimulationsof coast-
ing hadronbeamsin circularacceleratorsandstoragerings
have revealedthe excitation of long-lived coherentstruc-
tures superimposedon the beam. Such beams,which
are interactingwith the electromagneticfields inducedby
the ring environment, can develop holes (or notches)in
the longitudinaldistribution functionandin theassociated
line densityat thermalvelocitieswherelinear wave the-
ory would predict strongLandaudamping. It is hencea
nonlinearkinetic featureof the VLASOV-POISSONsys-
tem which is responsiblefor this ubiquitousphenomenon
in beamandplasmaphysics.

In ourcontributionwereportaboutrecentprogress[1-6]
in the theoreticalunderstandingof theseholes,including
thosestructuresfoundrecentlyat theCERNPSB[7].

We show how the VLASOV-POISSONsystemcan be
solvedself-consistentlyin thesmallamplitude,steadystate
limit. The method,which was proposedby one of the
authorsearlier [8], consistsfirst in solving the VLASOV
equationin termsof theconstantsof motion(oneof which
is thesingleparticleenergy

�������	�
����� ), from which
theline densityasafunctionalof theelectrostaticpotential
� canbeobtainedby avelocity(momentum)integrationof
the distribution function. In the secondstep,POISSON’s
equation,beinga secondorderordinarydifferentialequa-
tion in the resistive or purely reactive case,canbe solved
easilyfor givenboundaryconditions.

The analysisreveals new intrinsic modeswhich owe
their existenceto a deficiency of particlestrappedin the
self-sustainedpotentialwell, showing up asnotchesin the
thermalrangeof thedistribution function,seeFig. 1.

Severalconclusionscanbedrawn immediately:

1) resonant(trapped)particlesrequire a full nonlinear
analysis�������������� is of the sameorderas ������ ���"! ,
namely#��%$'& , where����()�+*,�"! and � � *-� . � , �"!
is the undisturbedand � the actualdistribution func-
tion), no matterhow smalltheamplitude$ is;

2) thelinearwavespectrum,obtainedby aLandau(Keil-
Schnell-Ruggiero-Vaccaro)oravanKampenanalysis,
is incompleteeven in the small amplitudelimit and
hencedoesnotprovideanappropriatebasisfor agen-
eralwave theory, asit is usuallyassumed;

3) for their existencein plasmas,holesdo not requirea
linear instability as they can be excited nonlinearly

/
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Figure1: The distribution function � �435& andits deviation
from theunperturbeddistribution �"! �435& at potentialmaxi-
mum.

even in linearly stableregimesdue to their property
of beingnegativeenergy modes[9].

In beamphysics,holesarereportedin bunchedbeams,as
well, andthepresenceof ane-cloudmayprovidea similar
environmentfor a nonlineardestabilizationof thebeamby
the negative energy conceptas in plasmaphysics. Of in-
terestseemsto bealsoa non-perturbativefinite amplitude
analysisof holesin beams,asit wascarriedout in plasma
physics(see[10] andthereferencescitedtherein).
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Electron cloud e�ects in intense, ion beam linacs theory and experimental planning
for heavy-ion fusion
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(Dated: May 18, 2002)

Heavy-ion accelerators for heavy-ion inertial fusion energy (HIF) will operate at high aperture-�ll
factors with high beam current and long durations. (Injected currents of order 1 A and 20 �s at a
few MeV for each of �100 beams, will be compressed to the order of 100 A and 0.2 �s, reaching
GeV energies in a power plant driver.) This will will be accompanied by beam ions impacting walls,
liberating gas molecules and secondary electrons. Without special preparation, the �10% electron
population predicted for driver-scale experiments will a�ect beam transport; but wall conditioning
and other mitigation techniques should result in substantial reduction. Theory and particle-in-
cell simulations suggest that electrons, from ionization of residual and desorbed gas and secondary
electrons from vacuum walls, will be radially trapped in the �4 kV ion beam potential. Trapped
electrons can modify the beam space charge, vacuum pressure, ion transport dynamics, and halo
generation, and can potentially cause ion-electron instabilities. Within quadrupole (and dipole)
magnets, the longitudinal electron velocity is limited to drift velocities (E � B and rB) and the
electron density can vary azimuthally, radially, and longitudinally. These variations can cause
centroid misalignment, emittance growth and halo growth. Diagnostics are being developed to
measure the energy and ux of electrons and gas evolved from walls, and the net charge and gas
density within magnetic quadrupoles. We will also measure the depth of trapping of electrons, their
axial and radial transport, and the e�ects of electrons on the ion beam.

I. INTRODUCTION

Electron clouds have limited the performance of many
positive beam rings [1{3]. We have initiated a program to
determine whether they can also be dangerous in a linac.
There are three main reasons for concerns with heavy-
ion fusion (HIF) induction linacs: HIF injectors produce
beams with line charges of �0.2 �Coul/m resulting in
several kilovolt beam potentials, which can strongly con-
�ne electrons; injected pulses have a attop duration of
�20 �s which allows time for gas desorbed from walls
by beam halo to reach the beam; and �nally HIF has an
economic incentive to minimize induction-core mass by
�tting beam tubes tightly to the beams; how tightly may
be limited by the increased generation of gas and elec-
trons from ion bombardment of walls and reduced time
for these to reach the beam.

Induction accelerators were chosen by the USA pro-
gram to develop as drivers for HIF inertial fusion energy
power plants because they are capable of accelerating
beams currents of 102 to 104 A that are required to de-
liver several megajoules of energy to a target with GeV
range ions [4]. In induction accelerators, the axial accel-
eration gaps between beam-tube arrays are surrounded
by induction cores. The core mass can be reduced by
reducing the diameter of the multiple beam array inside

�molvik1@llnl.gov; Lawrence Livermore National Laboratory,

Livermore, CA 945500, USA
yLawrence Livermore National Laboratory, Livermore, CA 945500,

USA
zErnest Orlando Lawrence Berkeley National Laboratory, 1 Cy-
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the cores, allowing smaller inner and outer core diame-
ters for the same cross-sectional area (therefore the same
volt-seconds from Faraday's Law). Reducing the beam
tube diameters is bene�cial because the total mass of
induction cores in an inertial fusion power plant is pre-
dicted to be in the range of 10-30 � 106 kg, making this
a major cost area [5]. HIF induction accelerators are at
an early stage of development. The parameters listed in
this paper represent todays concepts, which are expected
to evolve.

Heavy-ion beams will be injected with about 20 �s at
top duration, and with rise and fall times of a fraction of a
microsecond [5]. To maintain the attop against space-
charge driven longitudinal expansion, rapidly ramped-
pulses are applied at frequent intervals to the head of the
beam to slow ions there and to the tail of the beam to ac-
celerate lagging ions. As the beams are accelerated, other
ramped pulsers place a velocity tilt on them, to com-
press their duration and to maintain the beam current
near the transport limit of magnetic quadrupoles. Mini-
mizing the pulse duration increases the cost e�ectiveness
of induction acceleration, providing the required volts of
acceleration from a smaller volt-seconds cross-sectional
area of induction cores. [New concepts are desirable for
injection and low-energy transport, that would allow use
of higher beam currents for shorter durations (and pos-
sibly in fewer beams) to inject the required number of
ions. Such concepts would further reduce the mass of
induction cores in a driver.]

The behavior of electrons in these attopped beams
will be similar to those in �lled storage rings. In partic-
ular, the multipactor mechanism for electron generation
and acceleration by bunched beam trains should not be
present [1]. Ionization of gas is expected to be the domi-
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FIG. 1: The cross section for the ionization of atomic hydro-
gen by protons is shown as indicative of approximate ioniza-
tion cross sections for typical background and adsorbed gases
in vacuum systems, when heavy ion beam energies are nor-
malized to the energy per nucleon [6].

nant electron source term that leads to trapped electrons.
The present HIF experiments use potassium ion beams

at energies of 0.5-1.8 MeV. The High-Curent Experiment
(HCX) is studying coasting K+ beams injected with 0.2-
0.5 A at 1.0-1.8 MeV, these energies corresponding to
25-45 keV/nucleon. The peak beam potential will range
from 2 to 4.5 kV, and the attop duration is currently
4 �s, with rise and fall times in the range of 1 �s.
The interaction of HCX beams with gas is expected to

be similar to that of a proton beam with atomic hydrogen
gas, as shown in Fig. 1 [6]. The present range of ener-
gies, 25-45 keV/nucleon is near the peak cross section for
ionization of background gas. Above �200 keV/nucleon,
the cross sections decrease almost linearly with beam en-
ergy. For HIF, the maximumenergy needed at the target
is in the range of 10-20 MeV/nucleon [7], where the cross
sections are two orders of magnitude below the peak.
High-energy physics accelerators typically are three to
six orders of magnitude higher than this in beam energy
per nucleon, with ionization cross sections nearly three
to six orders of magnitude smaller than the minimum in
HIF drivers.

II. THEORY - INITIAL RESULTS

We have studied the con�nement of electrons by posi-
tive potential particle beams primarily within a series of
quadrupole magnets. It became apparent that the elec-
tron con�nement by a beam in quadrupole magnets is
similar to that in our previous studies of electron con-
�nement by magnetic-mirror con�ned, hot-ion plasmas
[8, 9].
Electrons in a magnetic �eld will have a conserved

magnetic moment, if they have a gyroradius which is

v⊥

v
||

TRAPPED

PASSING

electrons from neutrals

secondaries
FIG. 2: (Color) Velocity space diagram of electron con�ne-
ment in a magnetic �eld, shown at the potential peak on the
beam axis. Secondary electrons from the wall are born un-
trapped, and can be weakly trapped by non-adiabaticity or
instabilities. Electrons from the ionization of gas by colli-
sion with beam ions are born trapped, the depth of trapping
depends on the radial location of the ionization event.

small compared with the gradient scale length of the mag-
netic �eld. The magnetic moment is given by

� =
v2?
2B

(1)

where v? is the electron velocity perpendicular to the
magnetic �eld of magnitude B. As a result, electrons
which, at the minimum-�eld-strength point along a �eld
line, have large pitch angles and/or low energies, are con-
�ned by the combination of electrostatic and magnetic
�elds, as shown in Fig. 2. Electrons born at the walls
(secondaries) have high energy and small pitch angle at
the �eld minimum, and so are untrapped; electrons born
in the beam interior (from ionization of neutrals) are born
electrostatically trapped.
This picture is only approximately correct, as electrons

in a quadrupole magnetic �eld undergo jumps in the mag-
netic moment. These are negligible for �eld lines far from
the axis. But untrapped electrons that pass moderately
close to the axis can get trapped by this process and re-
main so for up to several hundred bounce times, �1 �s.
In magnetic �elds, high enough that the electron gyro-

radius is small compared with the beam and tube radii,
the ow of electrons parallel to the magnetic �eld is at
the kinetic velocity, modi�ed by conservation of the mag-
netic moment, Eq. 1. The ow of electrons perpendicular
to the magnetic �eld is restricted to the sum of the E�B
and rB velocities. In a uniform magnetic �eld with no
electric �eld, the electron orbit projection on a plane nor-
mal to B would be closed circles. An electric �eld or a
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magnetic �eld gradient opens these circles, resulting in a
net drift velocity. These drift velocities are given by

vE�B =
E � B

B2
(2)

and

vrB =
m

qB4

�
v2k +

v2?
2

��
B �r

B2

2

�
(3)

where we have included the curvature drift (v2k term)

along with the usual rB drift (v2? term). In drift regions
between quadrupoles, electron con�nement is purely by
the beam potential.
Electrons generated within the beam by ionization of

gas are born trapped as noted above. These will accu-
mulate until the end of the beam pulse. This process,
in conjunction with gas released from walls by ion im-
pact, is expected to lead to a signi�cant electron density.
We expect that untrapped, secondary electrons from the
wall, with trapping only from jumps in magnetic mo-
ment near the quadrupole-�eld nulls, will not build up to
suÆciently high densities to signi�cantly impact beam
performance. However, if electron-electron instabilities
reach signi�cant levels, they could cause much greater
trapping of secondary electrons.
The details of the electron transport will di�er between

drift and magnetic quadrupole �eld regions. For a at-
topped beam within a drift region, we expect the elec-
tron density to equilibrate axially, and azimuthally. Ra-
dially, electrons will be con�ned within the birth radius.
Within a quadrupole magnet, electron transport is lim-
ited to the sum of the rB and E � B drift velocities,
directed parallel or antiparallel to the beam, depending
on the quadrupole quadrant. The drift velocities are a
fraction of the beam directed velocity in HCX, requir-
ing a fraction of a microsecond to drift the 31 cm length
of a quadrupole magnet. An electron may drift through
multiple magnetic quadrupoles during the attop beam
duration of 4 �s.
Our present experiments also transport beams with

electrostatic quadrupoles. In these, the applied electric
�elds dominate over the beam self �elds, so no electron
trapping is possible. An increase in the current of single-
pass electrons during the pulse is still possible from an
increase in gas density due to desorption. Approximates
1% of gas within the beam is ionized and expelled from
the beam. Electrostatic quadrupole e�ects will not be
discussed further here.
Electrons reaching a drift region rapidly free-stream to

the next magnet where they either bounce back, or enter
the next magnet, depending on the local drift velocity
direction of that magnet. Those that bounce back to
the �rst magnet continue to bounce until they drift az-
imuthally to where one of the magnets will accept them.
Axial transport of electrons through a series of magnets
during the attop beam duration of 4 �s could be treated
as a di�usion process.

FIG. 3: 3-D plot of initially deeply trapped electron, which
rB and E �B drifts slowly through a magnetic quadrupole,
starting from the left. It is accelerated across a drift space,
bounces between quadrupoles at few times, then enters the
upstream (ion beam frame) quadrupole and is lost radially to
the wall.

This situation is signi�cantly changed by an acceler-
ation gap within a drift region. It accelerates electrons
backwards across an upstream (beam reference) acceler-
ation gap, or reects them back to the magnet from an
acceleration gap at the downstream end of the magnet.
Electrons that gain kinetic energy exceeding the poten-
tial trapping energy can be detrapped and deected to
the wall by an upstream magnet, Fig. 3. This is the
only mechanism we have identi�ed that will cause deeply
trapped electrons to be lost before the end of the beam
pulse.
The electron particle balance has two main terms, for

electrons from ionization of neutrals and for those due
to secondary electrons from the wall. The �rst term for
the electron density ne is given in terms of the neutral
density within the beam nn, the beam density nb and ve-
locity vb, the ionization cross section �, and the electron
con�nement time �e which is generally in�nity during
the beam attop (i.e., the electrons remain con�ned ra-
dially by the beam in either drift or magnetized region
unless they reach acceleration gaps where they can be ac-
celerated to kinetic energies exceeding the potential well
depth).

dne

dt
= nnnbh�vbi �

ne

�e
(4)

where

nn =
2

rw
hnbwv?w�ni(t� �nw) (5)

for a wall radius rw, a beam density nbw and velocity v?w
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at the wall, a gas desorption coeÆcient �n in molecules
per incident beam ion, and the time of ight of gas from
the wall to the beam �nw. We expect electron densities
to reach several percent by the end of a 4 �s pulse in a
background vacuum of 10�7 torr. Desorbed gas from the
wall will increase electron densities further.
The trapping of secondary electrons originating at the

wall radius rw is given in terms of number of bounces that
an electron is trapped �, the secondary emission yield
�e, and the electron bounce time �ew which is typically 3-
4 ns. We have also included a term due to photo-electrons
with a coeÆcient ��, the photons are from exitation by
beam-gas collisions ��vb, and are thought to be a small
e�ect.

dne

dt
=

nbw

nb

v?w

vb
nbh�i

vb

rw
�e + nnnbh��vbi�� �

ne

h��ewi
(6)

We expect electron densities from this e�ect to be much
less than 1%, averaged over the beam.

III. HCX FACILITY

Electron cloud experiments in HCX will be primar-
ily performed with four pulsed magnetic quadrupoles.
Each magnet has coil lengths of 31 cm, a gradient of
up to 16 T/m, and a half-lattice length of 52 cm, in-
cluding 4.3 cm for diagnostic access between each pair
of quadrupoles. Each quadrupole has an elliptical bore
with 3 � 5 cm radii at the center [10].
These provide a range of operation from transporting a

small diameter beam, with an envelope radius about half
that of the walls { minimizing electron and gas genera-
tion, to transporting a beam whose envelope approaches
or scrapes the walls { maximizing electron and gas gen-
eration. Such a range is shown in Fig. 4. To deter-
mine limits, we will vary beam operation, until enough
beam scrapes the walls to signi�cantly change beam per-
formance or produce electron densities approaching the
beam density. Other envelope solutions (not shown) pro-
duce matched transport through the last two magnetic
quadrupoles after expanding to signi�cantly larger radius
in the �rst magnetic quadrupole, these can produce so-
lutions with small radii in the last two quadrupoles, but
cannot attain large radius solutions there.
Before the quadrupole magnets are installed, we will

begin measurements with the Gas-Electron Source Diag-
nostic (GESD), Fig. 5. It will be located at the end of the
diagnostics tank 1.3 m beyond the end of the quadrupole
transport. This drift distance will allow the beam to ex-
pand to a diameter of �15 cm. An entrance aperture of
0.3 � 2.5 cm allows �0.4% of the beam current into a
box where it will impact a target at 75-88Æ from normal
incidence. An ion gauge will measure the peak pressure
rise, from which we will determine the total gas desorbed
from the target. The gas pressure in the box will decay
with a time constant of �0.5 s through pumpout holes,
which is adequate for the HCX rate of 1 pulse every 10 s.
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FIG. 4: (Color) Transport of a 1.0 MeV K+ beam through 10
electrostatic quadrupoles on the left, a short drift space for
diagnostics including slit scanners, followed by 4 magnetic
quadrupoles. (a) A minimum radius beam is transported
through the magnetic quadrupoles. (b) One of a large class
of beam envelopes that approach or scrape the walls in the
magnetic quadrupoles.

The target, catcher, and a surrounding grid in the
GESD can be independently biased relative to the walls,
to measure the current and energy of either secondary
electrons or low energy secondary ions (up to a few hun-
dred eV), and to determine the beam current to the tar-
get. At angles approaching 88Æ, TRIM Monte-Carlo cal-
culations [11] predict that up to 70% of the incident ions
will be reected back out of the target, most of which will
hit the ion-catcher at near normal incidence where they
will stick and will not be reected again. For 1.8 MeV
beam ions incident at 88Æ from normal, 80% of ions scat-
tered o� the wall are at angles of less than 0.35 rad, with
only 10% at angles greater than 0.5 rad. The purpose
of the ion catcher is to reduce the number of ions scat-
tered into the grid where they will produce secondary
electrons, some of which will reach the target. We must
keep this secondary electron current small, so that the
error, in the measured beam current to the target, will
be small.
The energies of desorbed molecules can also be mea-

sured { the wall beyond the ion gauge can be opened, in-
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Ion gauge

Target, angle ~2o-15o

Reflected ion
catcher

Electron
Suppressor

Beam

Grid & target bias varied

Secondary suppressor grid

FIG. 5: (Color) The Gas-Electron Source Diagnostic (GESD)
measures the number of energy of electrons and gas moelcules
per incident K+ ion. It can calibrate secondary electron mea-
surements to beam loss and gas desorption, and can evaluate
mitigation techniques.

FIG. 6: An array of collectors is shown; from left to right
is (a) a ush collector, (b) a recessed collector or capacitive
probe, (c) a 1-grid, and (d) a 2-grid collector.

creasing the time for gas molecules to reect back to the
gauge. Then the time of ight of molecules in the range
of a few to a few hundred microseconds can be measured.
This will enable us to estimate the time for gas to cross
a gap between the beam and a wall, from which we can
estimate the maximumbeam duration that is una�ected
by wall reux. The main portion of the beam is caught
in a 15 cm diameter, 23 cm long tube extending out from
the beam entrance aperture. The gas from the main por-
tion of the beam will take a few hundred microseconds
to ow out and around the tube, reach the ion gauge
and dominate the measurement. Time-of-ight measure-
ments are valid only before this time. Electron (and gas)
reduction techniques will be evaluated with the GESD.
We evaluated various diagnostics (Fig. 6) to measure

and distinguish secondary electrons due to beam ions
impinging on the wall (and to scattered ions resulting
from beam ions impinging on the opposite wall), photo-
electrons, ions from gas that are expelled with kinetic en-
ergy equal to the beam potential at their birth point, and
untrapped electrons. A collector at the wall-potential,
ush with the surface, measures the net current of all
these particles, but can't distinguish between them. A
second collector is recessed so that most primary and re-
ected beam ions can't reach it, but the other particles
and electric �eld can; the di�erence between the two will

be the beam current plus the secondary electron current.

Simple gridded collectors measure the remaining elec-
tron sources. A collector, shielded by 1-grid, measures
the sum of the current of ions from gas plus untrapped
electrons. The grid and collector are recessed so that few
scattered ions reach them, since secondary electrons that
reach the backside of the grid will be collected. A positive
collector bias suppresses photo-electrons. A grounded
collector with 2-grids, the second biased to repel elec-
trons, measures the ionization current expelled by the
beam. This directly gives the source of ions from ioniza-
tion of gas. It is closely related to the source of deeply
trapped electrons but includes charge exchange as well
as ionization of gas. It can also be calibrated to measure
the gas pressure within the beam as a function of time.
The source term for expelled ions is closely related to the
source term for electrons but it includes charge exchange
as well as ionization. The time is skewed by the time-
of-ight of the ions to the collector which is in the range
of a few tenths of a microsecond for potentials of a few
kV and ion masses near 20 AMU. This analyzer will also
be operated in a mode to measure electron energies, as
developed by the ANL group [12]. If instability levels are
low, as we currently expect, the escaping electrons will
have low energies of a few eV.

The escaping electron current will be especially in-
formative during the at the end of the pulse when the
con�ning potential of the beam decreases with the beam
current. Then in Fig. 2, the loss boundary will move to-
wards the origin, causing weakly trapped electrons that
originated as secondary electrons at the wall, to be lost
�rst. For a beam envelope that is well separated from
the wall, we then expect a gap in the electron loss cur-
rent until the beam potential decreases suÆciently for the
much-more deeply-trapped electrons from ionized gas to
be lost. Plotting the electron current versus the change
in beam potential from the at-top gives the depth-of-
trapping energy distribution for electrons, and the inte-
grated electron charge will give the accumulated trapped
electron charge (per unit length and azimuth) at the end
of the beam attop. The di�erence between the total
deeply-trapped electron charge and the integrated ion
source term from the 2-grid collector provides an exper-
imental estimate of charge-exchange versus ionization.

We plan two methods to measure the beam potential:
(1) Capacitive probes, recessed with no grid, measure the
electric �eld near the wall, from which the peak poten-
tial can be determined. (2) A gridded energy analyzer
(GEA) [13, 14] measures the energy distribution of ions
(from gas) that are expelled from the beam. Capaci-
tive probes are very simple, in arrays they are used as
beam-position monitors to determine the centroid, ellip-
ticity, and perhaps the tilt of beams. The major uncer-
tainty arises from particle and photon bombardment of
the capacitive plate { the plate can be shielded from di-
rect beam bombardment, and most scattered beam ions,
by recessing it behind another electrode; however, un-
trapped electrons, expelled ions, and photons cannot be
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prevented from bombarding the surface. Their currents,
together with secondary production, add to the capaci-
tive charging and discharging currents that occur during
the rise and fall of the beam current.
The GEA consists of three grids preceding the collec-

tor: a grounded entrance grid, an ion repeller grid, and an
electron repeller grid. The novel aspect of this analyzer
is the requirement of biasing the ion repeller grid up to
�5 kV. The ion-repeller precedes the electron repeller so
that secondary electrons produced by reected ions strik-
ing the back of the preceding grid will be stopped by the
subsequent electron repeller grid, and so the electron re-
peller grid can also function as a secondary suppresser
grid for the collector [13]. This arrangement can also
be operated to measure photo-electrons o� the collector
[14]. We are also investigating the possibility of purchas-
ing an ion energy and mass resolving analyzer from the
A. F. Io�e Physical-Technical Institute, St. Petersburg,
Russia [15]. This instrument is called the Compact Ion-
ized Particles Analyzer (CIPA), based on a similar unit
developed for analyzing the ux of energetic neutral ux
(to 160 keV hydrogen or 4 keV argon), resulting from
energetic ions that charge-exchange on neutral atoms, in

magnetic fusion experiments. It can resolve 1 AMU mass
di�erences up to about 44 AMU.

In summary, we have listed a variety of simple instru-
ments with which we will begin the quantitative study
of the electron-cloud particle balance, the variation of
electron-cloud parameters with the �ll-factor of the beam
in the beam tube, wall conditioning and other mitigation
techniques, and { with the use of standard beam diag-
nostics { the e�ect of electrons on beam performance in
HIF driver-scale beams.
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POSSIBLE CURES FOR ELECTRON CLOUD PROBLEMS*
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Abstract
This paper reviews and evaluates a number of methods

and approaches that have been considered and/or explored
at the Los Alamos PSR for mitigating the e-cloud
problems. The two main approaches are (1) methods to
suppress the e-cloud generation and (2) direct methods
(such as damping the e-p instability) to control the
adverse impact of the e-cloud on accelerator performance.
In the first category, we have explored (a) suppression of
the primary or “seed” electrons (reduction of losses,
improved vacuum, control of the “convoy” electrons at
the stripper foil, clearing fields, and suppression of
secondary emission at the stripper foil), (b) reduction of
electron amplification by beam-induced multipacting
(TiN coatings, beam scrubbing, weak solenoids, and
shaping the beam pulse), and (c) reduction of electrons
that survive the gap (clearing electrodes, and reduction of
beam leaking into the gap). While many of these
measures suppress multipactor electrons, it is not yet
demonstrated that this will cure the e-p instability at PSR.
In the second category, we have had success in
controlling the e-p instability by various forms of Landau
damping (increasing the momentum spread by a variety of
methods, multiples, skew quads and inductive inserts) and
in controlling the impact on diagnostics by use of bias
fields.

1 INTRODUCTION
The characteristics and impact of the electron cloud on

accelerator performance can include two-stream
instabilities (e.g. at the Los Alamos PSR), vacuum
degradation, interference with beam diagnostics, and heat
load on superconducting components in the case of LHC.
Three of these, the e-p instability, vacuum pressure
increases and interference with certain beam diagnostics
have been observed at PSR. Most serious for PSR is the
two-stream e-p instability, which was first observed at
PSR late in 1985, but was not identified as such until the
early 1990’s [1].

At PSR the search for and development of means to
mitigate the e-p instability went on in parallel with work
to understand the instability and sources of electrons at a
more fundamental level. The two main approaches to
cures were (1) methods to suppress the e-cloud generation
and (2) direct methods (such as damping the e-p
instability) to control the adverse impact of the e-cloud on
accelerator performance. To date, the direct methods have

been more effective than most of the measures to suppress
the e-cloud formation. We surmise that this is a result of
suppressing electrons over just a small fraction of the ring
circumference.

2 THE E-CLOUD IN PSR
A short summary of the present picture of the electron

cloud for stable beams in PSR will aid in interpreting the
results of tests of potential cures, which will be described
later. We now know that electrons generated by trailing
edge multipactor make up much of the electron flux
(“prompt” electron signal in Figure 1) striking the wall at
the end of the each passage of the bunch [2], [3].
However, electrons captured by the beam pulse from the
cold (few eV) electron cloud surviving the beam-free gap
between successive passages of the beam bunch (“swept”
electron signal in Figure 1) are the main component in the
beam neutralization averaged over the beam pulse and
thus are the ones that can drive the instability. They also
contribute to the “prompt” signal when they are released
at the end of the beam on each turn.

Figure 1. Signals from the electron-sweeping detector
in PSR are shown in proper time relationship to the beam
pulse. The “prompt” signal comes at the end of the beam
pulse and the “swept” electron signal reaches the collector
a few ns after the HV pulse is applied to the sweeping
electrode [4]. From the swept electron signal timed at the
end of the gap one obtains an average neutralization of
1-2% at the location of this detector (section 4 of PSR),
which is approximately the value needed to explain the
observed instability threshold curves.

The prompt electron intensity depends upon several
factors including beam intensity, beam pulse shape,
secondary emission yield (SEY) at the vacuum chamber
surfaces, the beam losses, vacuum pressure, to name a
few. Of special note is the very strong dependence on
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beam intensity (stored charge in the ring) as shown in
Figure 2 where both the prompt electron signal amplitude
and the electrons swept out of the chamber at the end of
the gap are plotted as a function of beam intensity.
Features to note are the strong dependence on intensity (to
approximately the 10th power for the prompt and about the
7th power for the electrons surviving the gap) and the
saturation of the swept electron signal above
~5.5 µC/pulse. The saturation of electrons surviving the
gap can be qualitatively understood as due to space charge
of the electron cloud in the beam-free gap after the bunch.

Figure 2. Prompt electron and “swept” electron (swept
out of pipe at the end of the gap) signal amplitudes are
plotted as a function of stored beam intensity. All other
beam parameters were fixed including buncher voltage
and accumulation time.

With the electron sweeper we have measured the
electron survival as a function of time after the end of the
beam pulse. Results are plotted in Figure 3.

Figure 3. Electron survival plotted as a function of time
after the end of the beam pulse. The origin is the end of
the beam pulse. The blue diamonds are the peak
amplitude (V) of the swept electron pulse while the
magenta squares are the integral of the swept pulse (nVs).

An interesting feature of Figure 3 is the long
exponential tail indicating that the low energy electrons in
the gap can linger for quite some time. It is expected that
the average electron in the gap would have an energy near

the peak of the secondary emission spectra, which is
around 2-5 eV. The exponential behavior in Figure 3
would result from repeated, nearly elastic collisions with
the wall in a process having a relatively constant
reflectivity, δ,  (or, more precisely, secondary emission
yield). The electron intensity as a function of time would
be proportional to δn, where n is the number of collisions
with the wall in time t and equal to t/T (T = d√(me/2E) is
the transit time across the pipe of diameter d). Thus, the
exponential time constant for the decaying expeontential
is –T/ln(δ) and the time constant of Figure 3 implies δ ≈
0.5 for electrons of 2-5 eV. This surprisingly high value of
δ is reasonably consistent with recent measurements at
CERN [5] for 4 eV electrons on copper. The high
“reflectivity” explains the slow decay of electrons in a
beam free region and survival of sufficient electrons in the
gap to produce the neutralization (1-2%) needed to cause
the e-p instability at PSR.

At a routine operating beam intensity of 4-5 µC/pulse,
copious electron signals have been observed in PSR
where ever electron diagnostics were placed including
three different straight sections representing low loss and
high beam loss regions and just down stream of the
stripper foil. Strong electron signals were also observed
on biased collection plates in both quadrupole and dipole
magnets. The signal levels are much higher than can be
explained by residual gas ionization and are presumed to
arise from the same amplification processes (primarily
trailing edge multipactor) found in straight sections.

3 CONTROL BY SUPPRESSION OF
PRIMARY ELECTRONS

Reduction of the electron cloud by suppression of the
primary or “seed” electrons, which are then amplified by
beam-induced multipactor, is a potential remedy. At PSR
the primary electrons include:

a) Electrons from beam losses where the protons hit
the wall at a grazing angle and can produce as many
as 100 secondary electrons per incident proton,

b) Electrons stripped from the injected H- (two 430
keV “convoy” electrons per injected proton plus the
secondary electrons from these striking an
absorber),

c) Secondary electrons from foil hits by the stored
beam,

d) Thermionic emission from the stripper foil, which is
heated by the foil hits from the stored beam, and

e) Electrons from residual gas ionization by the beam
and the multipacting electrons.

A variety of methods to suppress or control these
sources and results of tests are described below.

3.1 Reduction of beam losses and better vacuum
The prompt electron flux striking the walls in a straight

section has been measured as a function of local vacuum
pressure and local beam losses using a special electron
detector, the retarding field analyzer (RFA) developed at
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ANL [6]). It has been augmented with fast electronics to
provide time resolved signals similar to the prompt signal
in Figure 1 [3]. Plots showing the increase in electron
signal with increasing vacuum pressure and local beam
losses are presented in Figures 4 and 5.
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Figure 4. Prompt electron signal as a function of local
losses, which were varied by use of a local closed orbit
bump. All other beam parameters were held fixed. A local
loss monitor placed on the wall opposite the first
downstream dipole monitored beam losses. Particles
produced at ~ 20° from losses in the first quadrupole just
upstream of the electron detector reach the loss monitor.

Figure 5. Prompt electron signal amplitude plotted as a
function of local vacuum pressure. All other beam
parameters were held fixed.

Despite the fact that the prompt electron signals vary
with beam losses and residual gas pressure, global
increases in losses (factors of 2-3) or vacuum pressure
(more than a factor of 100) have had no effect on the
instability threshold intensity curves. This long-standing
puzzle can be resolved by noting the saturation of the
electrons surviving the gap. These are the electrons most
likely to drive the instability since they oscillate against
the protons during the entire passage of the beam pulse.
Thus, increases in losses or vacuum pressure will not
increase the electrons driving the instability. In fact
measurements of the electrons surviving the gap show

absolutely no change when local losses were varied by
factors of 2 to 3.

The direct H- injection upgrade of PSR [7] completed
in 1998 lowered the beam losses by about a factor of 3 but
did not result in an improvement in the instability
threshold. In fact, it was worse as seen in the instability
threshold intensity curves of Figure 6. However, after
several weeks of operation at 100 µA @ 20 Hz the
threshold curve returned to the historical value. This is
another example of the “conditioning” effect (presumably
from electron bombardment by the prompt electrons) seen
on other occasions after coming back from a long
shutdown where the ring was up to air for months.

Figure 6. Instability threshold intensity plotted as a
function of RF Buncher voltage. The square points are
historical data for well-tuned production beams prior to
the upgrade and the round points were those taken in
October of 1998 during commissioning of the upgrade.

Reduction of losses and improved vacuum will reduce
the prompt electron signal approximately linearly in these
variables but the data in Figure 2 suggests that it could
take an order of magnitude or more reduction in losses
and or vacuum pressure to bring the electrons surviving
the gap out of saturation and start to improve the
instability threshold. Either of these options would require
a major rebuild of PSR and are not practical. However,
more modest improvements in combination with other
measures described later could help mitigate the
instability. In addition, any improvement in vacuum or
reduction of losses would reduce the prompt electrons
striking the wall and thus would help reduce the
interference with diagnostics and reduce the vacuum
pressure excursions.

3.2 Control of electrons from the stripper foil
The region of the stripper foil hosts several copious but

highly localized sources of primary electrons, which were
identified at the beginning of this section. Rough
analytical estimates of the longitudinal motion of
electrons for a typical bunched beam in PSR indicate that
most will move less than 0.2 meter depending upon where
they were born along the bunch. Thus the cloud density in

0

1E+13

2E+13

3E+13

4E+13

5E+13

0 5 10 15 20

Buncher Voltage (kV)

P
ea

k 
In

te
ns

ity
 a

t I
ns

ta
bi

lit
y 

Th
re

sh
ol

d 
(P

P
P

)

0

1

2

3

4

5

6

7

8

µC
/p

ul
se

Historical data for ’good’ tunes  Linear fit Oct-98 Linear (Oct-98)

Goal 4.2xE+13 (6.7 µC)

Coasting 
Beam

Maximum reliable 
rf Voltage (18 kV) for 
the 1998 buncher

y = 0.2623x + 26.714
R2 = 0.9851

0

100

200

300

400

500

0 500 1000 1500 2000

V acuum  (NanoTorr)

E
le

ct
ro

n 
S

ig
n

al
 P

ea
k 

(m
V)



this region is expected to be significantly higher than
elsewhere.

Since 1998 the stripper foil at PSR has been located in
the fringe field of a dipole which deflects the convoy
electrons onto a copper absorber ~0.15 meter downstream
of the foil. These can make secondaries, which can be
amplified by the trailing edge multipactor. It would be
better to transport the convoy electrons to an absorber,
which can be screened and biased to suppress secondaries
as was done in the test described in the next section.

More efficient injection painting, which would reduce
foil hits, would reduce the resulting secondary emission
and heating of the foil. This was done in the direct H-

injection upgrade of 1998 where the foil hits for a given
accumulation time were reduced by nearly a factor of 10.
However, the increase in beam current to 100 µA required
a 25% longer accumulation time, which meant that the
total foil hits were reduced by a smaller factor of ~6.

Thermionic emission is a very strong function of
temperature and can be a problem at the higher peak
intensities. Biasing the foil with sufficient voltage to
overcome the field from the beam can keep both
thermionic emission and secondary emission electrons
from leaving the vicinity of the foil. This was also tried in
a test to be described in the next section.

3.3 Test of electron clearing devices in PSR
Clearing fields, which are strong enough to overcome

the field of the beam, can be used to collect electrons
from a variety of sources (e.g. beam losses, ionization,

and beam losses) before they can multipactor or be
captured by the beam. These were tried at PSR in
conjunction with various means of controlling electrons in
the vicinity of the stripper foil prior to the 1998 injection
upgrade [8]. The layout of electron clearing devices in the
injection section is shown in Figure 7.

The stripper foil was biased at up to 10 kV to suppress
secondary and thermionic emission. The 430 keV convoy
electrons and energetic knock-on electrons were deflected
to a biased Faraday cup, which was behind a screen that
could also be biased separately. The bias fields were
configured to suppress secondaries. In addition, the drift
spaces before and after the stripper foil were filled with
clearing electrodes that could be biased to ± 20 kV
respectively. These could be used in conjunction with DC
clearing fields applied to the extraction kicker plates in
sections 7 and 8, the diagnostic kicker plates in section 3
and to the striplines of three freestanding BPMs in other
drift spaces.

When all of the injection devices were energized there
was no reproducible effect on the instability threshold.
When the other clearing fields were energized as well,
there was perhaps a 10-15% increase in the instability
threshold consistent with clearing 15% of the
circumference of the ring. These results indicate that the
injection section is not the main cause of the e-p
instability and support the hypothesis that a significant
electron cloud is present everywhere in the ring.

Figure 7 Layout of electron clearing devices in the injection section prior to the 1998 upgrade to direct H- injection.



4 METHODS TO REDUCE
MULTIPACTOR GAIN

Amplification by trailing edge multipactor can have a
high gain, which is a strong function of secondary
emission yield, but also depends strongly on beam
intensity and pulse shape. Some of these features can be
manipulated to reduce the multipactor gain and hence the
densities of the electron cloud. At PSR we have
investigated the effect of vacuum chamber coatings, beam
scrubbing, weak solenoids and pulse shape for their
efficacy in reducing the multipactor gain. The results of
these studies are described in the following subsections.

4.1 Vacuum chamber coatings
A number of different coatings and surface treatments,

TiN, C, Cr2O3, and TiZrV non-evaporable getter coatings,
are known to influence the secondary electron yield
(SEY) from electrons with energies below a few keV
impinging on the surface. TiN was used to coat the
aluminum chambers of the low energy ring (LER) at PEP
II to suppress secondary emission. In a test of TiN at PSR
(1999), a 3-meter test section of 304 stainless steel
vacuum chamber was coated at SLAC using the same
process as used for the LER. An identical section, which
was not coated, was used for a comparison. The electron
signals from the RFA in the center of the two test
chambers subjected to an 8 µC/pulse beam are shown in
Figure 8.

Figure 8. Electron signal from an RFA (designated as
ED52Y) in the center of a 3-meter stainless steel test
section (solid blue curve) compared with the much
reduced (more a factor of 100) electron signal from an
identical TiN coated stainless steel section (solid red
curve). For reference, the corresponding beam currents
are shown (dotted curves).

TiN coating was clearly effective in the reducing the
prompt electron signal by a factor of 100 or more. For
unstable beams, the RFA electronics were saturated in the
uncoated chamber while in the coated chamber a small
electron signal was observed which indicated that the
detector was still working. How effective the TiN coating

is in reducing the electrons surviving the gap or in
improving the instability threshold remains to be tested. A
definitive test would require coating a large fraction of the
ring including the dipoles, which would be expensive and
require a long shutdown and, therefore, unlikely to take
place. However, a test using a TiN coated electron-
sweeping detector in a TiN coated straight section is
planned. It would measure the reduction in electrons
surviving the gap. A strong reduction in these would be
very encouraging for TiN coatings as a cure for the e-p
instability.

4.2 Beam scrubbing
Electron bombardment is known to reduce the SEY for

some technical surfaces used in accelerators. A
“conditioning effect” with respect to the instability
threshold curves has been observed at PSR on three
occasions after a long shutdown where much of the ring
was up to air for maintenance or upgrade (e.g. see the
discussion in section 3.1 pertaining to Figure 6). It is
presumably due to continued bombardment by the
multipacting electrons, which are present even for stable
beams. A more systematic study was conducted in 2000
after 4-month shutdown. Results are shown in the
sequence of instability threshold curves plotted in Figure
9 below.

Figure 9. Instability threshold curves at various times
after startup in 2000 show a “conditioning” effect.

The lowest curve in Figure 9 was taken on 4/8/00 two
days after startup and shows a threshold intensity of only
4 µC/pulse at 18 kV, which is the maximum voltage that
can be obtained from the RF buncher. The situation
improved a day later after operating for a day at 4-5
µC/pulse. After two days of conditioning the curve about
the same as the historical curve. The last curve taken
9/14/00 was obtained after about 6 weeks of routine
operation at ~100 µA @ 20 Hz or 5 µC/pulse and shows a
factor of two improvement in the threshold intensity at
each buncher voltage compared with the lowest curve of
4/8/00.

If the conditioning effect is due to a gradual reduction
in SEY then it should also reduce the prompt electrons
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signal for a given beam intensity. Experimentally, it
tended to diminish over course of time but because the
signal is very sensitive to a number of variables,
especially peak intensity, a number of corrections are
needed to normalize to a given intensity. Such a detailed
analysis has yet to be implemented.

4.3 Weak solenoids
Weak solenoids can reduce multipactor gain by turning

back low energy electrons leaving the wall and preventing
them from reaching the wall with enough energy to make
more than one secondary electrons. A 0.5 meter solenoid
with an RFA in the center (see Figure 10) was used for a
test of the effect on prompt electrons in PSR with results
which are shown in Figure 11 and 12.

Figure 10.  Picture of a 0.5 m solenoid section with an
RFA in the center (installed in section 9 of PSR).

Figure 11. Prompt electron signals from the test
solenoid for 3 values of the magnetic field (in Gauss).
Signals are shown for two turns.

Figure 12. Curve showing the prompt electron signal
from the test solenoid plotted as a function of magnetic
field B (in Gauss) in the solenoid.

As can be seen in Figures 11, and 12, weak solenoid
fields are effective in suppressing the prompt electrons by
a factor of about 50 even in this relatively short solenoid
where some electrons from the nearby straight sections
(with no field) might leak in from the ends. However
these measurements do not give any indication as to how
many electrons remain in the pipe during the gap.
Because of the solenoid field, it would difficult to use an
electron sweeper to measure electrons remaining in the
pipe unless the voltage could be raised to several kV.
Despite the uncertainty on electrons surviving the gap,
solenoids show promise for suppressing the electron cloud
in a long bunch ring such as PSR. There are plans to cover
about 10% of the ring circumference with solenoids as a
test (in the coming run cycle) of their effect on the
instability threshold in conjunction with TiN coatings in
another 5% of the circumference.

4.4 Tailoring the pulse shape
Pulse shape is another parameter that has a significant

influence on the prompt electron signal amplitude. This is
not surprising for electrons from trailing edge multipactor,
which are sensitive to the derivative of longitudinal
profile of the beam pulse. Pulse shape, to the extent that it
can be manipulated, becomes another variable in the
overall minimization of the multipactor gain. The effect of
pulse shape was studied at PSR by adjusting the rf
buncher phase which produced subtle changes in shape of
the trailing edge as shown in Figure 13. The prompt
electron signals for these shape variations are shown in
Figure 13.

Figure 13.  Effect of rf buncher phase variations on the
beam pulse shape as measured with a wall current monitor
(WC41).

In Figure 13 the nominal phase was 281° (trace a and a
repeated run, trace f). Departures from nominal in either
direction produced a shoulder on one side of the pulse or
the other depending on whether the phase was increased
or decreased. Increasing the phase to 301° (trace c301°)
produced the largest shoulder on the trailing edge, a
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situation that produced the greatest change in the prompt
electron signal amplitude in Figure 14 (trace c301°).

The lowest electron amplitude is trace d271° (close to
the nominal setting of 281°), which is the setting that
produced the smoothest trailing edge in Figure 13 A
complete study of the optimal shape has not been carried
out. This is perhaps best done by first studying the effect
of various shapes in simulations then checking it
experimentally. We have presented just one class of pulse
shape variations using the buncher phase and it indicates
that one should operate without shoulders on the trailing
edge, which is achieved by injecting in the center of the rf
bucket. This indication is also consistent with earlier
observations that the instability threshold is maximized by
centering the beam in the rf bucket [9].

Figure 14. Effect of rf buncher phase variations on the
prompt electron signal for detector ED42Y. The trace
labels in the legend are keyed to the same ones as in
Figure 13.

5 REDUCTION OF ELECTRONS
SURVIVING THE GAP

Since the most damaging component of the electron
cloud for the e-p instability is the electrons that survive
the gap, reducing these would be a most effective cure.

5.1 Reduction of beam in the gap
It was once thought that beam leaking into the gap and

trapping electrons was a key ingredient in the cause of the
e-p instability [1]. In fact, adding beam in the gap did
lower the instability threshold in experiments at PSR.
Beam was added to the gap by inhibiting the chopper and
injecting a number of unchopped turns in the ring. The
buncher voltage at instability threshold for two fixed
intensities of different bunch widths is plotted as a
function of added beam in the gap in Figure 15. Adding
beam to the gap increases the buncher voltage required to
reach the instability threshold for fixed intensity beam.
This is equivalent to lowering the threshold intensity for a
fixed buncher voltage. This data shows that beam in the
gap at the few percent level can affect the instability.

Therefore, it is important to keep the gap quite free of
beam (< 0.1%). It can be controlled by the rf system and
the use of inductive inserts, which are described later in
section 6.4.  At PSR today, beam in the gap is typically
<0.05% and is therefore not a significant factor in causing
the instability.

In recent experiments with added beam in the gap both
the prompt and the swept electrons increased. One expects
the electrons surviving the gap to increase by the amount
of beam added to the gap so as to neutralize the added
protons. This was approximately what was observed.

With added beam in the gap the additional electrons
surviving the gap will also be captured by the next beam
pulse and then be released at the end of the pulse to
contribute additional electrons to the prompt electron
signal, as was also observed in these experiments. It
would be informative to use an electron cloud simulation
program, such as the LBNL simulation code POSINST to
simulate the effect of beam in the gap for comparison with
the experimental results. This would provide a better
indication of the expected effects of beam in the gap than
the more qualitative picture outlined above.

Figure 15. This graph shows the effect of added beam
in the gap. The instability threshold buncher voltage is
plotted as a function of added beam in the gap for two
different beam intensities.

5.2 Vacuum chamber coatings and beam
scrubbing

From recent measurements at CERN [5] it is now
known that for Cu surfaces at least that the SEY for very
low energy electrons is reduced with electron
bombardment. This means that beam scrubbing or beam
conditioning should reduce electrons the decay time for
electrons surviving the gap, hence their number as well.
This may be the cause of the conditioning effect on the
instability threshold curves at PSR.

Will TiN or other coatings that reduce the SEY at the
peak of the energy dependence have the same effect on
low energy electrons i.e., reduce the decay time for
electrons in the gap? This intriguing possibility will be
checked at PSR in the near future in measurements using
a TiN coated electron-sweeping detector placed in a TiN
coated straight section.
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6 METHODS TO DAMP THE E-P
INSTABILITY

Another approach to mitigating the e-p instability is to
invoke various methods of damping the instability. A
number of methods have been tested at PSR in the past
few years and are discussed in the subsections that follow.

6.1 Increased rf buncher voltage
Increased rf buncher voltage was the first method used

to control the instability. It was observed early on that the
instability threshold intensity was rather linear in rf
buncher voltage as shown in Figure 14 (also see Figure 5
and 8). The linear behavior implies that the instability
threshold intensity varies as the square of the momentum
spread and can be understood in the coasting beam model
with Landau damping if the fractional neutralization is
constant [10].

Figure 16. Instability threshold intensity as a function
of rf buncher voltage. These are historical data for well-
tuned production beams prior to the 1998 injection
upgrade.

Because the rf buncher voltage has been our most
effective control for the instability, the buncher was
upgraded in 1998 to raise the reliable operating voltage
from 12 kV to 18 kV in order to permit going to higher
intensity. There is, however, a downside to higher
momentum spread and that is increased beam losses in the
ring at the higher rf voltages.

6.2 Landau damping with multipoles
Landau damping with magnetic multipoles (sextupoles

and octupoles) has also been found to be effective. An
example is the effect of an octupole field on the rf
buncher threshold voltage for a fixed beam intensity of
5 µC/pulse as shown in Figure 17. The octupole
significantly reduces the buncher voltage at the instability
threshold. This is equivalent to increasing the threshold
beam intensity for a fixed buncher voltage. The graph also
shows the down side of using multipoles i.e., the beam
losses increase as a nonlinear function of octupole
excitation.

The effect of sextupoles was similar but will not be
shown here. However, Figure 19 does show the beneficial
effect of sextupoles to augment the benefits of inductive
inserts. There is also evidence that the main effect of
sextupoles on the instability is not through the change in
chromaticity (effect was the same regardless of polarity)
but to introduce transverse coupling. If the closed orbit is
offset in a sextupole this introduces a skew quadrupole
field component and, as will be shown in the next
subsection, a skew quad excitation produces coupled
Landau damping which is also effective in damping the
instability.

Figure 17. Instability threshold voltage (blue diamonds)
plotted as a function of octupole current. Also shown are
relative beam losses (green triangles) as a function of the
octupole current.

6.3 Coupled Landau damping
Coupled Landau damping [11] has been tested and

found effective at PSR. In these tests the operating point
was tuned to be on the coupling resonance Qx-Qy = 1 and
a single skew quad was weakly excited. The results are
shown in Figure 18.

Figure 18. Instability threshold voltage (blue diamonds)
plotted as a function of skew quad current. Also shown
are relative beam losses (green triangles) as a function of
the skew quad current.
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6.4 Inductive inserts
Inductive inserts were tried in a collaborative effort

with FNAL [12], [13] as part of the Short Pulse Spallation
Source Enhancement Project (SPSS) at PSR. The original
motivation was that passive compensation of longitudinal
space charge force by the ferrite inserts would prevent
beam leaking into the gap and hence would improve the
instability threshold. Indeed, with the inserts the gap
appears flatter and with a sharper transition between the
beam and the gap. The inserts are equivalent to more rf
with the harmonics which compensate the longitudinal
space voltage that is proportional to the derivative the line
density of the beam. Inserts would also increase the
momentum spread and cause additional Landau damping
by removal of the potential well distortion that depresses
bucket height.

The effect of the inductive inserts on the instability
threshold curves is shown in Figure 19. The instability
threshold intensity improves by ~35% with inductive
inserts alone. The improvement is the amount expected
from the increased momentum spread of the equivalent rf.
When the sextupoles were excited in the presence of the
ferrite inserts, additional improvement in the threshold
intensity was obtained suggesting that the improvements
are approximately additive.

Figure 19. Graph showing the effect of inductive inserts
and sextupoles on threshold intensity curves. The
inductance of the inserts was 11 µH, which is the amount
needed for full compensation of longitudinal space charge
at PSR.

With the ferrite inserts it was also possible to increase
the bunch width without affecting the instability. This
helped reduce the accumulation time needed for a fixed
intensity and resulted in useful savings of linac duty factor
and power.

7 CONCLUSIONS
From experiment and simulations it is known that

trailing edge multipactor at PSR produces a large
amplification of primary electrons and, as such, is
responsible for the vacuum degradation and interference
with some diagnostics. Electrons, which survive the gap
to be captured by the subsequent beam pulse, are the main

component to average beam neutralization and are the
ones expected to drive the e-p instability.

Suppression of the electron cloud by reduction of the
primary or “seed” electrons (from beam losses, residual
gas, and stripper foil processes) reduces the prompt
electrons from the multipactor process in PSR but have
not been sufficient to reduce the electrons surviving the
gap. This is likely due to the saturation (at higher beam
intensities) of the electrons in the gap. While presently
available means to suppress the primary electrons are not
sufficient to cure the instability they might be effective in
combination with other methods.

TiN coatings and weak solenoids do greatly suppress
the multipactor gain but it has not yet been demonstrated
experimentally that they will greatly reduce the electrons
surviving the gap. A test planned at PSR for the 2002 run
cycle will measure the effect of TiN coatings on the
electrons surviving the gap.

Beam scrubbing or conditioning is effective in reducing
the prompt electron signal and in raising the instability
threshold by a factor of two at PSR. Presumably, this is
due to a reduction of the SEY by electron bombardment.

Bias fields to repel electrons have reduced the spurious
signals on certain diagnostics affected by the electron
cloud. It is anticipated that coatings such as TiN to
suppress multipactor will also help these diagnostics.

Landau damping by increased rf voltage, transverse
coupling, multipoles and inductive inserts have
significantly raised the instability threshold but with some
increase in losses. These measures along with some
condition beam conditioning have allowed us to raise the
stable peak intensity at PSR to 10 µC/pulse (6.3x1013

protons per pulse) of stored charge, which is a factor of
two above the design goal of the 1998 upgrade and 50%
above the SPSS project design goal.
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Driving the Electron-Cloud Instability by an Electron Cooler

G. Rumolo,F. Zimmermann,SL/AP, CERN,Geneva,Switzerland
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Abstract

Wehavestudiedthepossibilityto detuneanelectroncooler
in orderto have a high-currentsinglebunchgo througha
controlledelectroncloud of known density. This exper-
iment could provide further information on the electron
cloud instability, including its dependenceon chromatic-
ity, beamsize,beamenergy, andbunchlength,andpermit
a calibrationof the simulationcode. We presentsimula-
tion resultsfor the SIS (Heavy-Ion Synchrotron)ring of
GSI, equippedwith electroncooler, andexplorefor which
parametercombinationsof beamintensity, bunch length,
solenoidfield, andelectroncurrentaninstability mightoc-
cur.

1 INTRODUCTION AND MOTIVATIONS

Gasionizationand/orphotoemissioncombinedwith elec-
tron multiplication dueto the secondaryemissionprocess
on theinnersideof thebeampipemayinducethebuild up
of an electroncloud, which cansignificantlydegradethe
performanceof ringsoperatingwith closelyspacedproton
or positronbunches.Theundesiredelectroncloud causes
pressureriseandbeaminstability whentheparametersare
pushedabovecertainthresholds[1].
The single-bunchinstabilitiesdriven by an electroncloud
arecurrentlystudiedby meansof analyticalapproaches[2]
aswell asof multi-particlesimulationscarriedoutwith the
HEADTAIL codedevelopedat CERN[3]. In this code,the
interactionbetweenabunchof macro-particlesandanelec-
tron cloud modeledwith macro-electronsconcentratedat
oneor morelocationsalongthering is simulatedoversuc-
cessive turns.Theapplicationof theHEADTAIL to a num-
berof existingmachineswheretheelectroncloudhasbeen
observed or to future rings whereit will potentially be a
limiting factor, hashighlightedaseriesof commonfeatures
of this typeof instability: it appearsaboveacertainthresh-
old (in bunch intensity or cloud density), it getsdamped
by positive valuesof chromaticity in machinesoperating
abovetransition,it is moreseverefor long bunches,it may
beeasilysuppressedby weaksolenoidfieldspresentalong
thering,andit is expectedto beonly verticalin ringswhere
theelectroncloudmainlybuilds up in dipoleregions.
The goal of this paperis to discussa way to benchmark
the resultsof the codeagainstexperimentaldataacquired
in a situationwherethe electroncloud is known in detail
and controlled. If this were possible,the dependenceof
theelectroncloudinstability on chromaticityand/orbunch

length could also be experimentallyinvestigatedand as-
sessed.Theelectroncoolerappearsto bea verypromising
tool to be usedfor this purpose.The electroncoolergen-
eratesa beamof electrons,which overlapswith the main
beamcirculating inside a ring (usually madeof positive
ions),alonga small straightfractionof thewholecircum-
ference. In standardoperation,the electronbeamhasthe
samemeanvelocityastheion beamin orderto produceits
coolingby meansof thermalexchangethroughcollisions.
For the experimentthat we propose,we needan electron
beammuchslower thantheion beam(or moving in oppo-
sitedirection),suchthat thehead-tailcouplingdetermined
in the bunch by the passagethroughthe quasi-stationary
electronscantake placeandmoreover beproducedafresh
at eachturn. For the setof parametersandtunability that
it offers, the heavy ion synchrotronSISat GSI-Darmstadt
seemsa suitablecandidateto conductthis study. In Sec.II
we will describetheexperimentthatwe have conceivedat
the SIS in its detailsanddiscussrangeswithin which pa-
rameterscanbevariedin orderto optimizethechancesof
success.SectionIII will be devotedto the resultsof sim-
ulationsfrom theadequatelymodifiedHEADTAIL codefor
somesamplecasesworkedout in Sec.II. In Sec.IV con-
clusionsaredrawn.

2 EXPERIMENTAL STUDY OF THE
ELECTRON CLOUD INSTABILITY AT

THE SIS

To understandthesinglebunchinstabilitiesdueto theelec-
tron cloudandthe dependenceon bunchlengthandchro-
maticity, the useof an electroncooler at the GSI heavy
ion synchrotronSIS could provide definite experimental
answers.Theideais to generatethroughthecoolera con-
trolled electroncloud,very well localizedandwith known
features,whoseeffectson the beamcould thenbe easily
monitoredand analyzed. Contraryto what happensin a
cooling process,an electronbeamusedfor simulatingan
electroncloudmustbestronglydetunedwith respectto the
highenergy ion beam.A list of essentialsimulationparam-
etersfor theelectroncoolerexperimentaresummarizedin
TableI.
Protonsor

���
ions are preferredin this experimentbe-

causeof their light masses.The reasonwhy the choice
wouldratherfall on

���
ionsthanonprotonsliesin thefact

thata high current
���

beamcanbeproducedmuchmore
easilyfrom theGSI ion sources.Throughmulti-turn injec-



tion into theSIS, intensitiesup to 1 to 2 �����
	�	 � �
/beam

or about ��� 	� protons/beamcanbe achieved. The factor
10 to 20 in currentcomparedwith the factor2 in particle
massesobviously rendersthe option of usinga

���
beam

moreattractive. Sucha beamcanbe acceleratedup to 2
GeV/uinsidetheSIS.It canbesplit into 4 buncheswith an
intensityof 2.5 to 5 ����� 	� ions eachand5 to 10 m long
(in total),asis requiredfor theacceleratingprocess,or the
4 bunchescanbeoptionallymergedinto onesinglebunch
10 to 20 m long. Maximumdetuningof theelectronbeam
with respectto theion beamcanbeachievedby tuningthe
electronbeamon theionsat injectionenergy (10 MeV/u).
Thismeansthatwecandisposeof anelectronbeamhaving
relativistic factors��������������� and ������� ������! , whereas
theionshave �"�#�%$�����&�' afteracceleration.Becauseof the
non-negligible longitudinalmotionof theelectrons,amod-
ification to the ordinaryHEADTAIL codehasbeenimple-
mentedto take into accounta “sliding” effect: eachbunch
slice seesmostly the previously deformedelectroncloud
but also a small fraction of newly generatedelectronsin
substitutionof thosecollectedto the anodein the ( t be-
tweentwo subsequentslices.
Theelectronsin thecoolerareguidedby a solenoidfield,
whoseminimumintensity(known asBrillouin field [4]) is
proportionalto thesquareroot of theelectroncurrentden-
sity (andthereforeto theelectronvolumedensity, too),

) � &�*+�-,.�/���0 21 ���436587:9<;=?>A@CB (1)

where, � is theelectroncurrentand 9 =?> is theradiusof the
crosssectionof theelectronbeam.Availableelectroncur-
rentsattheSIScoolerarein therange0.35–1.5A. Currents
areeasyto relateto theelectronvolumedensitiesvia

D �E� ,.�
5F7:9 ;=G>A@ 1 � � 3

�
The radiusof the crosssectionof the electronbeam 9 =?>
canbe equalto the radiusof the cathode(9 HI��� � &�J cm),
or canbe expandedby a factoras large as K $ (namelya
factor3 in thecrosssection)[4]. Maximumdensityis ob-
tainedwith maximumcurrentandminimumcrosssection
expansion(,.�%�L� ��J�� A, 9 =?> ��9 H ). ThesevaluesyieldDNMPO/Q� �R��� &A�S�T��� 	�U m V�W . As theelectroncoolerstretches
only over (YX4Z\[�[�]^�_$ m out of `a�_&
��! m ring length,the
simulateddensityintegratesthepotentialeffect of anelec-
tron cloud uniformly distributed along the ring and hav-
ing reducedequivalentdensityDNMPO/Q V �\b� � DNMPO/Q� ced\f�g?gGhi �
!��I��� 	 ; m VjW . Unfortunatelythehighdensityalsorequires
a quite strongsolenoidfield to be confined,which canbe
evaluatedusingEq. (1):

) MPO/Q �k'�� � mT. Strongsolenoid
fields are not desirablein this context, becausethey are
known to have a stabilizingactionandthereforepushthe
instability thresholdshigher [5], making the regime in
which we areinterestedmoredifficult to reach.Minimum
solenoidfield isassociatedwith minimumcurrentandmax-
imum crosssectionexpansion(,.�l�m��� $A� A, 9 =?> � K $n9 H ):

) MPo p �q&r� ! mT. Densitiescorrespondingto this valueareDNMPo p� �s$�� $��R��� 	 W m VjW and DNMPo p V �\b� �t���m��� 	/	 m V�W .
In the simulationsdescribedin the next Sectionan inter-
mediatecasewith D � �u��� 	 ; and

) �v!r�8J mT will be
examined.

Table1: SISparametersusedfor thesimulations.

Circumference 216m
Relativistic � 3.129
Numberof bunches 1 to 4
Bunchpopulation( w = ) &r� �x����� 	� to ��� 	�	 ���
Emittances( 0-y�z { ) $���J��r|6� � &A�~} m
Tunes( � y"z {�z d ) 4.308/3.29/4.8������V U
Bunchrms-length( �6� ) 1.25m to 5 m
Beta’sat thecooler(� y"z { ) 7.67/8.12m
Alpha’sat thecooler( � y�z { ) -0.66/-0.28
Dispersionat thecooler(

� y"z { ) 2.08/0m
Mom. compaction( � ) 0.0356
Rms-energy spread( �/��|��  ) �r� & to &���������V U
Chromaticities(� y"z { ) corrected
Coolerlength((Y��Z\[�[�] ) 3 m
Coolercathoderadius(9<H ) 1.27cm
Electroncurrent(, > ) 0.35to 1.5A
Electronrelat. ��� 0.145

3 SIMULATION OF THE TWO-STREAM
INSTABILITY INDUCED BY THE

ELECTRON BEAM IN THE COOLER

The code HEADTAIL has been used to simulate the
effect of the electronsfrom a cooleron the

� �
ions of a

bunch circulating in the SIS. For this purposetwo major
modificationsof the original code were needed. First,
a solenoidfield acting on the electronshasbeenadded.
Recentstudieson the wake functionsdue to the electron
cloud have shown that a solenoidfield can lower by one
or two ordersof magnitudethe trailing field inducedby
a displacedbunch head as the rest of the bunch goes
throughan electroncloud [3, 5]. Thereforethe presence
of a solenoid,which is necessaryin thecoolerto keepthe
electronstreamconfined,is expectedto play an important
role thatshouldnot be neglectedin a realisticstudy. Sec-
ond,theelectronsin thecooler, evenif they areslow with
respectto the ions in the beam,have a high longitudinal
velocity (about0.1453 ), which causesa small fraction of
electronsto be lost to the anodeduring the bunch slice
passagetime (�� d-� andto be replacedby newly incoming
electrons. In mostcases,this is a significanteffect since
we can easily checkthat for the short bunches( ��� m),
when we come to the very end of the bunch, between
1/3 and1/2 of the electronshave beenregeneratedduring
the bunch passageand thus do not carry any memory
of the bunch head. This effect becomesworse yet for



longer bunches. In quantitative terms,we could say that
the longitudinalmotion of the electronsintroducesa sort
of interaction length above which any possiblecoupling
alongthebunchdisappears:(Y�����A���C(Y� Z\[�[/] 5F���-|�� >�� � @ .
SISnumbersyield (Y���F�<������� m, which meansthat in the
caseof thesinglelong bunchin themachineheadandtail
arenot coupledby thecooler(thewake field hasa shorter
rangethan the whole bunch longitudinal extension). In
the code,we requirethat after w d-� slicesonly a fraction� �a5�����(Y� = |2(Y��Z\[�[�] @ � > |�� � of the w#� > macroelectrons
musthave memory. The effect canbe achieved if at each
slice wE� > |"5 � �Tw d-� @ electronsareregeneratedanew.
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Figure1: Horizontalcentroidmotionof anSISbunchwhen
thecoolerparametersareD > ����� 	 ; m VjW and
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Figure2: Vertical centroidmotion of an SIS bunchwhen
thecoolerparametersareD > ����� 	 ; m VjW and

) �R!���J mT.

Both thesolenoidfield andtheinteractionlengthtendto
havea stabilizingeffecton thebeam.
Results from HEADTAIL simulations show that using
the setsof nominal parametersas found in the previous
section, the bunch never becomesunstablebecauseof
the cooler. For instance,Figs. 1 and2 show the centroid
motion for the intermediatecase D > ����� 	 ; m V�W and
solenoidfield

) ��!���J mT (4 bunchesin the SIS). The
single bunch does not exhibit any significant unstable

dipole oscillationover 2000turns. Figures3 and4 show
thatalsothebunchrms-sizesremainstableover2000turns.
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Figure4: Verticalrms-sizeevolutionof anSISbunchwhen
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If we move parametersaway from the nominalsetting,
we caneasilycrossthestability boundary. As examplesof
instability drivenby theelectroncoolerwe present:

£ 4 bunchesconfiguration,solenoidfield about0.01T,
electronbeamdensityD > �¢!T�%��� 	 W m V�W , which is
abouta factor10higherthanthoughtto beachievable
at the SIS cooler. Horizontalandvertical emittance
growthsrelative to this caseareplottedin Figs.5 and
6.

£ Single bunch configuration, electron beam densityD > �¢��� 	 ; m V�W , solenoidfield
) �R��� !�J mT, namely

ten times lower than required to keep the electron
beamstablein the SIS cooler. Horizontalandverti-
cal centroidmotionsareplottedin Figs.7 and8, and
relativeemittanceblow-upsin Figs.9 and10.
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4 CONCLUSIONS AND OUTLOOK

In conclusion,we have studied possiblebeam-machine
configurationswhich would allow us to excite an insta-
bility on a proton or ion beamby meansof the electron
cooler. Thefeasibilityof thisexperimentwouldprovidean
invaluabletool to benchmarksimulationoutputsfrom the
electroncloud instability codesagainstreal dataobtained
undercontrolledconditions.
Simulationscarriedout using the parametersfor the SIS
synchrotronindicatethat the instability cannotbe driven
in this particularring understandardworking conditions.
Possiblesolutionswould be to pushthe currentto higher
valuesand/orhaveatransverselysmallerbeamatthecooler
sectionand/ordecrease� d . Anotherpossibility to be ex-
ploredis theexcitationof a regularhead-tailinstability in-
steadof a TMCI by settingthechromaticityto appropriate
positivevalues(aswe arebelow transition).
Simulationshave anyway proven that by pushingthe pa-
rameterssufficiently abovesomeSISthresholds,thestrong
head-tail instability can be triggered. This meansthat
the useof machinesother than the SIS shouldbe taken
into consideration,wherea morefavourableratio between
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cooler sectionand ring circumferenceand/orhigher pro-
toncurrentscouldbeavailable.Presently, theideaof using
the ESRat GSI in isochronousmode(bunchesare longi-
tudinally frozen)appearsespeciallypromising. Work and
inter-lab activity is underway to studyin detail this anddi-
versefurtherproposedoptions(useof theCERN-ADor the
e-coolerat theFNAL).
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RF TEST BENCHES FOR EL ECTRON CL OU D  STU D I ES 

F. Caspers, J-M . L au ren t , U .I ri so  A ri z , A . M o st ac c i   
CE R N , G en ev a, S w i t z erl an d  

Abstract 
In the framework of the CERN program on the 

el ec tron c l ou d  effec ts ,  two l ab oratory Rad i o F req u enc y 
( RF )  s et-u ps  hav e b een b u i l t to s tu d y and  c harac teri z e 
the phenomena b y c ompl ementi ng one to the other. T he 
fi rs t c ons i s ts  i n a c oax i al  tes t s tand  wi th a 10 0  mm 
d i ameter v ac u u m c hamb er formi ng the ou ter c ond u c tor 
and  6  wi res  c age-aeri al -type as  the i nner c ond u c tor. In 
ord er to s i mu l ate the b u nc hed  b eam,  thi s  tes t s tand  i s  
powered  wi th s hort pu l s es . T he av ai l ab l e fi el d  s trength 
i n a trav el l i ng wav e mod e al l ows  tri ggeri ng el ec tron 
mu l ti pac ti ng i n s tai nl es s  s teel  s u rfac es ,  b u t not i n 
c hamb ers  treated  to red u c e the s ec ond ary emi s s i on 
yi el d . T hu s ,  u pgrad es  i n the b enc h s et-u p hav e b een 
pu rs u ed :  i ns tead  of d u mpi ng the pu l s ed  power i nto a 
l oad ,  i t i s  re-c i rc u l ated  i n a mu l ti pl e freq u enc y ri ng 
res onator. F or thi s  pu rpos e,  we d es i gned  a d i rec ti onal  
c ou pl er wi th s ev eral  kV  D C i s ol ati on,  v ery l ow 
trans mi s s i on l os s es  and  a b and wi d th of 4  oc tav es . 
In the s ec ond  s et-u p,  mu l ti pac ti ng i s  prod u c ed  i n a 
res onator c ons i s ti ng i n a c oax i al  wav e gu i d e ( 1.5  m 
l ong)  s hu nted  at b oth end s :  the i nner c ond u c tor 
d i ameter i s  3 2  mm whi l e the ou ter c ond u c tor d i ameter 
amou nts  to 10 0  mm. D u e to the s tand i ng wav e 
c onfi gu rati on,  hi gh el ec tromagneti c  fi el d s  are s tored  
i ns i d e the s et-u p,  and  mu l ti pac ti ng i s  ‘ one poi nt type' . 
T hi s  i s  rather d i fferent than the one taki ng pl ac e i n 
ac c el erators ,  b u t el ec tron s u rfac e b omb ard ment i s  l arge 
enou gh to prod u c e and  c harac teri z e the s c ru b b i ng 
effec t. A n ov erv i ew of the pres ent s tatu s  of b oth s et-
u ps  i s  gi v en here,  hi ghl i ghti ng the l ates t i mprov ements  
and  res u l ts . 

1. THE TRAVELING WAVE 
M U LTIWIRE C HAM B ER 

1 . 1 .  I n tro d u cti o n :  th e  n e e d  o f  a R i n g  
R e so n ato r 

M u l ti pac ti ng i s  an el ec tron mu l ti pl i c ati on res onanc e,  
whi c h d ev el ops  i n RF  d ev i c es  when a peri od i c  fi el d  
s trength i s  mai ntai ned  b etween two oppos i te s u rfac es  
and  i f energy and  res onant c ond i ti ons  for el ec tron 
ki neti c s  are met. S u c h c ond i ti ons  wi l l  s how u p i n the 
L arge H ad ron Col l i d er ( L H C) . T he b u nc hed  proton 
b eam wi l l  prov i d e the peri od i c  el ec tri c  fi el d ;  an 
el ec tron c l ou d  may d ev el op l ead i ng to v ac u u m 
b reakd own b y a fas t pres s u re i nc reas e and  potenti al l y 
end i ng i n i mportant d egrad ati on i n b eam performanc e 
and / or ex c es s i v e l i q u i d  hel i u m c ons u mpti on.  
In ord er to s tu d y thos e phenomena i n a l ab oratory,  a 
b enc h tes t s et-u p [ 1]  was  b u i l t where s i x  wi res  are 

i ns erted  i n a c i rc u l ar v ac u u m c hamb er and  s u b mi tted  to 
RF  pu l s es  s i mu l ati ng the T rans v ers e El ec tro-M agneti c  
( T EM )  fi el d  prod u c ed  b y a b u nc hed  b eam ( F i g. 1) . 
T hat trav el l i ng wav e ( T W )  c oax i al  s tru c tu re i s  powered  
b y a wi d eb and  power ampl i fi er* d ri v en from a pu l s e 
generator. T he ou tpu t i s  c onnec ted  to a RF  l oad ,  whi c h 
ab s orb s  the trans mi tted  power and  prev ents  u nd es i rab l e 
refl ec ti ons . T wo prob es  hav e b een i ns tal l ed  to c ol l ec t 
the el ec trons ,  one pl ac ed  on top of the c hamb er and  the 
s ec ond  one i s  the pi c k-u p s hown i n F i g. 1. 
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F i gu re 1. T W  mu l ti -wi re c hamb er. T he pu l s es  c omi ng 
from the s i gnal  generator are ampl i fi ed  u p to 10 0  V  b y 
the wi d eb and  power ampl i fi er. T he pu l s e,  b i as ed  to 
ens u re a pos i ti v e v ol tage,  trav el s  al ong the s i x  wi res  
i ns i d e the c hamb er. T he 5 0  Ω RF  l oad  on the top 
av oi d s  u nd es i rab l e refl ec ti ons . T he c apac i tors  on top 
and  b ottom i s ol ate the D C c u rrents  i ns i d e the c hamb er. 
L engths  are gi v en i n mm. 
T he ac hi ev ab l e el ec tri c  fi el d  s trength i s  mai nl y l i mi ted  
b y the ou tpu t power of the wi d eb and  ampl i fi er. O n the 
5 0  Ω l oad ,  the i ni ti al  ( i .e. b efore i mprov ements )  ou tpu t 
v ol tage,  VIN ,  i s  l i mi ted  to 10 0  V  ( b as el i ne-peak) ,  whi c h 
c orres pond s  to mu l ti pac ti ng el ec tron energy E i n

e =  7 5  
eV ,  ac c ord i ng to b oth s i mu l ati ons  and  meas u rements  i n 
[ 1] . T o tri gger mu l ti pac ti ng,  the S ec ond ary Emi s s i on 
Y i el d  ( S EY )  has  to b e greater than 1.3  [ 2 ] . A  typi c al  
c harac teri s ti c  for b aked -ou t s tai nl es s  s teel  s u rfac es  i s  
s hown i n F i g. 2 ,  from where i t i s  c l ear that 7 5  eV  i s  
s u ffi c i ent to tri gger mu l ti pac ti ng. T he S EY  b ehav i ou r 
                                                           
* ‘Amplifier research, Model 100W1000, 1-1000 MH z , 100 W.  



for “treated” chambers is similar as what is shown in 
F ig . 2 for bak e-ou t stainless steel,  ex cep t that the 
minimu m mu ltip acting  energ y  is p u shed fu rther. O n 
top  of that,  this energ y  increases also after that the 
material has been ex p osed to a certain electron dose. 
F or materials common in accelerator technolog y ,  the 
minimu m mu ltip acting  energ y  can be mov ed u p  to the 
20 0  eV  rang e. T herefore it is desirable to reach hig her 
mu ltip acting  energ ies in the bench test stand. 

F ig u re 2. S econdary  E mission Y ield ( S E Y )  for 
stainless steel after bak e-ou t ( data measu red by  Y . 
B oj k o,  C E R N -L E P -V A C ,  1 9 9 6 ) . M u ltip acting  occu rs 
only  when the S E Y  is abov e the horiz ontal line ( i.e. 
S E Y  g reater than 1 .3) .  
A  p ossible way  to increase the v oltag e VIN ( withou t 
chang ing  the amp lifier) ,  is to re-inj ect a fraction of the 
ou tp u t p ower into the sy stem,  similarly  to what is 
p rop osed in [ 3] . S u ch a re-circu lating  scheme is called 
R ing  R esonator ( R R )  and allows a mu ch more efficient 
u se of the amp lifier ou tp u t p ower.  
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F ig u re 3 .  R ing  resonator ou tline. P u lses from the sig nal 
g enerator are amp lified in the p ower amp lifier,  and 
introdu ced in the wideband directional cou p ler. P art of 
the p u lse is du mp ed at the end of one arm of the 

cou p ler to the R F  load,  while the other arm sends the 
indu ced sig nal to the chamber. W hen leav ing  the 
chamber,  the p u lse enters ag ain in the cou p ler,  where it 
is added to the nex t p u lse deliv ered by  the amp lifier. 
T he p hase shifter comp ensates the 9 0 º  p hase offset 
p rodu ced by  the cou p ler. O n top  of the chamber there 
is a bu tton p robe,  which will be u sed to ev alu ate the 
p ower enhancement effect of the R R . 
T he concep tu al scheme is shown in F ig . 3:  the p u lse 
coming  from the chamber and the p u lse coming  from 
the amp lifier are su p erimp osed by  means of a 
directional cou p ler. T he R F  p u lses coming  from the 
sig nal g enerator are amp lified in the p ower amp lifier,  
and then introdu ced in the wideband directional 
cou p ler. P art of the p u lse p ower is du mp ed to the R F  
load,  while another p art enters into the chamber. W hen 
leav ing  the chamber,  the p u lse ag ain g oes throu g h the 
cou p ler,  where it is added to the nex t p u lse deliv ered 
by  the amp lifier. T he 9 0 °  p hase shifter between the 
sig nal g enerator and the p ower amp lifier,  comp ensates 
the 9 0  deg . offset introdu ced by  the cou p ler.  
T he R R  has string ent req u irements:  low reflection from 
the T rav elling  W av e transmission line and a R F  cou p ler 
desig ned “ad hoc”. T he final g oal is to g et a g ain for 
the incident p ower arou nd 8  or 9  dB  ( sec. 1 .2) ,  i.e. 
nearly  1 0  times the amp lifier ou tp u t p ower. I n the 
following  we rep ort abou t the necessary  step s to bu ild 
the R R :  imp rov ements on the T W  chamber ( sec. 1 .3)  
and desig n and test of the cou p ler ( sec. 1 .4 ) . A chiev ed 
p erformances are g iv en as well ( sec. 1 .5 ) . 
1.2. Loop power gain 

I n a R R ,  the ( max imu m)  p ower g ain ( G)  is g iv en by  
[ 4 ]   
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      ( 1 )  

where C  is the v oltag e cou p ling  factor of the cou p ler 
and α is the one-way  attenu ation in the ring  ( in dB ) . 
F ig u re 4  sk etches the p ower g ain as a fu nction of the 
attenu ation for different v alu es of C .  T o g et a u sefu l 
g ain ( G ~ 8 -9  dB ) ,  a p ossible choice is α ~ 0 .5  dB  and C  
~ 1 0  dB  ( circle in F ig . 4 ) . T hose conditions hav e to be 
maintained u p  to a max imu m freq u ency  f M A X  g iv en by  
the relativ e bandwidth of the cou p ler ( i.e. B W =20  from 
p rev iou s ex p erience)  and by  the minimu m work ing  
freq u ency ,  fM IN=30 M H z  ( corresp onding  to the 25  ns 
bu nch sp acing  of L H C  p lu s a “conting ency  marg in”) :  
fM A X  =B W * f M IN =  6 0 0  M H z . T he one way  attenu ation α 
dep ends mainly  on the reflection coefficient and the 
transmission losses in the T W  chamber ( sec. 1 .3) ,  
while the v oltag e cou p ling  factor is a sp ecification of 
the cou p ler ( sec. 1 .4 ) . 
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F ig u r e  4. P o w e r  g a in  in  t h e  r in g  r e s o n a t o r  ( G)  a s  a  
f u n c t io n  o f  t h e  a t t e n u a t io n  in  t h e  r in g  ( α )  a n d  t h e  
v o l t a g e  c o u p l in g  f a c t o r  C. T h e  c ir c l e  m a r k s  a  p o s s ib l e  
c h o ic e  o f  p a r a m e t e r s :  α ~ 0 .5d B  a n d  C~ 1 0 d B  t o  g e t  a  
p o w e r  g a in  G b e t w e e n  8  a n d  9  d B . 

1.3. Improvements to the original chamber 
R e d u c in g  t h e  o n e  w a y  a t t e n u a t io n  ( α )  r e q u ir e s  a c t in g  

b o t h  o n  t h e  t r a n s m is s io n  l o s s e s  o f  t h e  s ix  w ir e s  in  t h e  
( c ir c u l a r )  v a c u u m  c h a m b e r  a n d  o n  t h e  im p e d a n c e  
m a t c h in g  a m o n g  c a b l e s , f e e d t h r o u g h s  a n d  t h e  c o a x ia l  
s t r u c t u r e  ( i.e . r e d u c in g  r e f l e c t io n s ) . T h e  f r e q u e n c y  
r e s p o n s e  o f  t h e  in it ia l  s e t -u p  h a s  b e e n  m e a s u r e d  w it h  a  
V e c t o r  N e t w o r k  A n a l y z e r  ( H P 8 7 53 D ) , a s  s h o w n  in  
F ig . 5 ( t r a n s m is s io n  c o e f f ic ie n t  v e r s u s  f r e q u e n c y )  a n d  
F ig . 6 ( c h a r a c t e r is t ic  im p e d a n c e  ( Zline )  a l o n g  t h e  
s t r u c t u r e ) . T h e s e  p l o t s  c o m p a r e  t h e  in it ia l  s it u a t io n  
( d o t t e d  l in e s )  t o  t h e  im p r o v e d  o n e  ( s o l id  l in e s ) . T h e  
in it ia l  t r a n s m is s io n  c o e f f ic ie n t  is  p l o t t e d  in  F ig . 5 
( d o t t e d  l in e )  s h o w in g  t h a t  it  h a s  t o  b e  f u r t h e r  r e d u c e d  
( a t  l e a s t  u p  t o  fM A X ) . U s in g  t h e  t im e  d o m a in  o p t io n  ( s t e p  
m o d e )  o f  t h e  in s t r u m e n t , t h e  r e f l e c t io n  c o e f f ic ie n t  Γ 
c a n  b e  m e a s u r e d  a s  a  f u n c t io n  o f  t h e  p o s it io n  a l o n g  t h e  
c o a x ia l  l in e . T h e n  f r o m   

Γ−
Γ+=

1
1
0ZZ line ,   ( 2 )  

o n e  g e t s  Zline a l o n g  t h e  t r a n s m is s io n  l in e , a s  s h o w n  in  
F ig . 6. I d e a l l y , t h e  c h a r a c t e r is t ic  im p e d a n c e  s h o u l d  b e  
50  Ω a l l  a l o n g  t h e  p a t h , in  o r d e r  t o  a v o id  r e f l e c t io n s . 
T h e  d o t t e d  l in e  ( o r ig in a l  s t a t u s )  in d ic a t e s  im p e d a n c e  
m is m a t c h e s  a t  t h e  f e e d t h r o u g h  l o c a t io n s  a s  w e l l  a s  
a l o n g  t h e  w ir e  ( m in o r  e f f e c t ) . T h e  t r a n s it io n  p ie c e s , 
j o in in g  t h e  w ir e s  t o  t h e  f e e d t h r o u g h s , h a v e  b e e n  
e l e c t r ic a l l y  a n d  m e c h a n ic a l l y  r e d e s ig n e d  ( F ig . 7  is  a  
s k e t c h  o f  t h e  r e l e v a n t  g e o m e t r y ) . T h e  j o in t  is  m a d e  o f  
C u  a n d  t h e  C u -B e  t r a n s it io n  s t a r  h a s  b e e n  g o l d  p l a t e d  
in  o r d e r  t o  r e d u c e  it s  c o n t a c t  r e s is t a n c e  a n d  t o  im p r o v e  
t h e  w e l d in g  p r o p e r t ie s . T h e  d ia m e t e r  o f  t h e  d if f e r e n t  
p a r t s  o f  t h e  j o in t  is  c h o s e n  a c c o r d in g  t o  




=
int

ln60 D
DZ ext , ( 3 )  

w h il e  t h e ir  h e ig h t s  ( h )  a r e  s u c h  t h a t  h ≅ D ex t  /  9  in  o r d e r  
t o  p r o v id e  a  s m o o t h  R F  t r a n s it io n  [ 4] . O n  o n e  s id e  o f  
t h e  c h a m b e r , t h e  s ix  C u  w ir e s  a r e  c r im p e d  a n d  w e l d e d  

o n  t h e  t r a n s it io n  s t a r s  a r m s , w h il e  o n  t h e  o t h e r  s id e  
t h e y  a r e  f ix e d  b y  c l a m p s . T h e  d ia m e t e r  o f  t h e  c ir c l e  
f o r m e d  b y  t h e  s ix  w ir e s  ( 60  m m  in  o u r  c a s e )  h a s  b e e n  
o p t im is e d  f o l l o w in g  e x p e r im e n t a l  r e s u l t s  ( n o  a n a l y t ic a l  
a p p r o a c h  is  a v a il a b l e ) . S p e c ia l  f e e d t h r o u g h s , t a k e n  
f r o m  t h e  L E P  S t a n d in g  W a v e  C a v it ie s  ( L E P  S W C ) , 
h a v e  b e e n  a l s o  u s e d  f o r  U H V  p e r f o r m a n c e  a n d  
m e c h a n ic a l l y  r o b u s t n e s s  in  o r d e r  t o  r e s is t  t h e  
m e c h a n ic a l  t e n s io n  o f  t h e  w ir e s . 
A l l  t h e s e  im p r o v e m e n t s  p r o d u c e d  t h e  e f f e c t  s e e n  in  
f ig u r e s  5 a n d  6 ( s o l id  l in e s ) . T h e  t r a n s m is s io n  
c o e f f ic ie n t  is  n o w  w it h in  t h e  c o r r e c t  l im it s  ( 0 .5 d B  a t  
60 0  M H z ) , s in c e  t h e  im p e d a n c e  is  c l o s e  t o  50  Ω a l l  
a l o n g  t h e  l in e , e x c e p t  a t  t h e  u n a v o id a b l e  t r a n s it io n  
b e t w e e n  t h e  6 w ir e s  s t r u c t u r e  a n d  f e e d t h r o u g h s . 
A n y w a y , a c c o r d in g  t o  t h e  m e a s u r e m e n t s , t h is  r e s id u a l  
m is m a t c h  c a u s e s  n o  s ig n if ic a n t  l o s s e s  in  α. 
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F ig u r e  5. T r a n s m is s io n  c o e f f ic ie n t  o f  t h e  T W  c h a m b e r  
b e f o r e  ( d o t t e d  o r a n g e  l in e )  a n d  a f t e r  ( s o l id  b l a c k  l in e )  
t h e  im p r o v e m e n t s  d e s c r ib e d  in  s e c . 1 .3 . T h e  
t r a n s m is s io n  c o e f f ic ie n t  is  w it h in  d e s ir e d  l im it s :  0 .5 d B  
u p  t o  60 0  M H z . 
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F ig u r e  6. C h a r a c t e r is t ic  im p e d a n c e  a l o n g  t h e  c h a m b e r  
b e f o r e  ( d o t t e d  o r a n g e  l in e , u p p e r  t r a c e )  a n d  a f t e r  ( s o l id  
b l a c k  l in e )  t h e  im p r o v e m e n t s  d e s c r ib e d  in  s e c . 1 .3 . 
E v e n t u a l l y , t h e  im p e d a n c e  a l o n g  t h e  l in e  is  e v e r y w h e r e  
c l o s e  t o  50  Ω e x c e p t  f o r  t h e  u n a v o id a b l e  r e s id u a l  
m is m a t c h e s  a f t e r  t h e  f e e d t h r o u g h s  ( t r a n s it io n  f r o m  t h e  
f e e d t h r o u g h s  t o  t h e  6 w ir e  s t r u c t u r e ) , w h ic h  d o  n o t  
a f f e c t  s ig n if ic a n t l y  t h e  t r a n s m is s io n  c o e f f ic ie n t . 



 
F i g u r e  7. B o t t o m  p a r t  o f  t h e  c h a m b e r , w h e r e  w e  c a n  
s e e  t h e  t r a n s i t i o n  p i e c e s  b e t w e e n  t h e  f e e d t h r o u g h s  a n d  
t h e  s i x  w i r e s . T h e  j o i n t  i s  m a d e  o f  C u , w h i l e  t h e  
t r a n s i t i o n  s t a r  i s  m a d e  o n  C u -B e . T h e  t r a n s i t i o n  s t a r  h a s  
s i x  a r m s , c o r r e s p o n d i n g  t o  t h e  s i x  i n n e r  w i r e s , b u t  o n l y  
t w o  o f  t h e m  a r e  d r a w n  h e r e .  

1.4. Coupler design. 
A s  s t a t e d  a b o v e , t h e  c o u p l e r  s h o u l d  h a v e  a  v o l t a g e  

c o u p l i n g  f a c t o r  C = 1 0  d B  i n  t h e  w h o l e  f r e q u e n c y  
r a n g e . O n  t o p  o f  t h a t , t h e  c o u p l e r  m u s t  s t a n d  D C  
i s o l a t i o n  u p  t o  1  k V  b e t w e e n  t h e  s t r i p -l i n e s  a n d  g r o u n d  
( a c c o r d i n g  t o  m u l t i p a c t i n g  s i m u l a t i o n s ) . T h e  l o w e s t  
w o r k i n g  f r e q u e n c y  ( fL )  i s  f i x e d  b y  t h e  s p a c i n g  b e t w e e n  
t h e  R F  p u l s e s . S i n c e  t h e  a i m  i s  t o  s i m u l a t e  L H C  
b u n c h e s , w h e r e  t h e  b u n c h  s p a c i n g  c a n  g o  u p  t o  ∆T = 5 0  
n s , t h e  l o w e s t  r e l e v a n t  f r e q u e n c y  i s  fL = 1 / ∆T = 2 0  M H z  
( w i t h  r e d u c e d  p e r f o r m a n c e s ) . T h e  u p p e r  f r e q u e n c y  
l i m i t  ( f M A X )  i s  s e t  t o  6 0 0  M H z  a s  e x p l a i n e d  i n  s e c . 1 .2 . 
T h e  λ / 4  s y m m e t r i c  9  s e c t i o n s  c o u p l e r  d e s c r i b e d  i n  [ 5 ]  
a c c o m p l i s h e s  o u r  r e q u i r e m e n t s . S i n c e  t h e  c e n t r a l  
f r e q u e n c y  i s  3 0 0  M H z , e a c h  s e c t i o n  i s  λ / 4 = 2 5  c m , 
w h i c h  i m p l i e s  a  c o u p l e r  l e n g t h  ~ 2 .2 5  m  ( s e e  F i g . 8) . 
D u e  t o  t h e  n o n  s t a n d a r d  s p e c i f i c a t i o n s , t h e  c o u p l e r  h a s  
b e e n  b u i l t  “ a d  h o c ”  u s i n g  c o p p e r  s t r i p s  0 .3  m m  t h i c k  
( t o  r e d u c e  o h m i c  l o s s e s )  a n d  b e n d i n g  t h e m  a s  s h o w n  i n  
F i g . 8 ( r i g h t  p i c t u r e ) . S u c h  a  “ U -l i k e  s h a p e ”  i s  r e p e a t e d  
f o r  e a c h  s e c t i o n , v a r y i n g  i t s  c h a r a c t e r i s t i c  l e n g t h s :  x,  w ,  
u ,  l, a n d  s. T h e  d i m e n s i o n s  o f  t h e  s h i e l d i n g  b o x  a r e  
c h o s e n  a c c o r d i n g  t o  t h e  c u t -o f f  f r e q u e n c y  o f  t h e  h i g h  
o r d e r  p r o p a g a t i n g  m o d e  ( i .e . 1  G H z  f o r  o u r  s t r u c t u r e ) . 

T h e  v o l t a g e  c o u p l i n g  f a c t o r  d e p e n d s  o n  t h e  
c h a r a c t e r i s t i c  i m p e d a n c e  f o r  t h e  o d d  a n d  e v e n  T E M  
p r o p a g a t i n g  m o d e s  ( Zo d d  a n d  Z e v e n ) . T h e  f r e e  d e s i g n  
p a r a m e t e r s  a r e  t h e  g e o m e t r i c a l  d i m e n s i o n s  ( d e f i n e d  i n  
F i g . 8) :  t h e y  a r e  c a r e f u l l y  d e t e r m i n e d  t o  m e e t  t h e  
r e q u i r e d  v a l u e  o f  Z o d d  a n d  Z e v e n  f o r  e a c h  s e c t i o n  [ 6 ] . F o r  
a  g i v e n  g e o m e t r y  ( i .e . a  s e t  o f  v a l u e s  f o r  x,  w ,  u ,  l, a n d  
s )  t h e  o d d  a n d  e v e n  i m p e d a n c e s  a r e  f i r s t  c o m p u t e d  
w i t h  S u p e r F i sh , a  2 -D  e l e c t r o s t a t i c  c o m p u t e r  c o d e  
w i d e  u s e d  i n  R F  a c c e l e r a t i n g  c a v i t i e s  [ 7] , a n d  t h e n  
m e a s u r e d  o n  a   s p e c i a l  t e s t  s t a n d . T h i s  p r o c e d u r e  h a s  
b e e n  t h e n  r e p e a t e d  f o r  e a c h  s e c t i o n . 
 

 
F i g u r e  8. T o p  v i e w  ( l e f t  p i c t u r e )  a n d  c r o s s  s e c t i o n  
( r i g h t  p i c t u r e )  o f  t h e  c o u p l e r . T h e  l e f t  s i d e  s h o w s  t h e  
l a y o u t  o f  t h e  c o u p l e r  w i t h  t h e  n i n e  s e c t i o n s  ( r e f e r r e d  a s  
Zi w i t h  i = 1 , … , 9 ) . S i n c e  t h e  c o u p l e r  i s  s y m m e t r i c a l , 
Zj = Z 1 0 -j ( j = 1 , … , 4 ) .T h e  r i g h t  p i c t u r e  s h o w s  t h e  c o p p e r  
s t r i p e s  p a r a m e t e r s  ( w ,  u  a n d  l )  a n d  t h e i r  p o s i t i o n s  ( x 
a n d  s )  t h a t  c h a n g e  f o r  e a c h  s e c t i o n  t o  h a v e  t h e  
a p p r o p r i a t e  v a l u e s  o f  t h e  i m p e d a n c e . A l l  d i s t a n c e s  a r e  
g i v e n  i n  m m . 
T h e  S u p e r F i sh  s i m u l a t i o n  w o r k s  a s  f o l l o w s . T h e  t w o  
s t r i p s  a r e  ( n u m e r i c a l l y )  e x c i t e d  b o t h  w i t h  a  v o l t a g e  + V 
( e v e n  m o d e )  o r  o n e  w i t h  + V a n d  t h e  o t h e r  w i t h  –V 
( o d d  m o d e ) . T h e  c o d e  c o m p u t e s  t h e  e n e r g y  s t o r e d  
i n s i d e  t h e  b o x  f o r  e a c h  e x c i t a t i o n  ( Uo d d  a n d  Ue v e n ) . 
F o l l o w i n g  t h e  a n a l o g y  w i t h  e l e c t r i c  c i r c u i t s  [ 8] , o n e  
g e t s :  
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w h e r e  c i s  t h e  v e l o c i t y  o f  l i g h t . 
E a c h  s e c t i o n  i s  t h e n  t e s t e d  i n  a  d e d i c a t e d  c o u p l e r  5 0  

c m  l o n g  b u t  w i t h  e x a c t l y  t h e  s a m e  c r o s s  s e c t i o n  
d i m e n s i o n s  ( t h e  o n l y  o n e s  i m p o r t a n t  f o r  Z o d d  a n d  Z e v e n ) . 
T h e  i m p e d a n c e  o f  b o t h  m o d e s  i n  t h e  w h o l e  c o u p l e r  a r e  
s h o w n  i n  F i g . 9 , w h e r e  t h e  i d e a l  ( o r  t h e o r e t i c a l )  
i m p e d a n c e  v a l u e s  f o u n d  i n  [ 9 ]  a r e  m a r k e d  w i t h  r e d  
c r o s s e s . I n  F i g . 9 , Z o d d  a n d  Z e v e n  a r e  m e a s u r e d  
c o n n e c t i n g  t h e  V N A  t o  p o r t s  1  a n d  2  ( F i g . 8, l e f t )  
t h r o u g h  a  h y b r i d  c o u p l e r  t o  g i v e  a  p h a s e  o f f s e t :  0  
d e g r e e s  f o r  e v e n  m o d e  m e a s u r e m e n t , 1 80  d e g r e e s  f o r  
t h e  o d d  m o d e  m e a s u r e m e n t . T h e  t i m e  d o m a i n  ( s t e p  
m o d e )  r e f l e c t i o n  d a t a  a r e  t h e n  c o n v e r t e d  t o  i m p e d a n c e  
d a t a  u s i n g  E q . ( 2 ) . A f t e r  h a l f  o f  t h e  s t r u c t u r e , t h e  
p r e v i o u s  d a t a  a r e  n o t  l o n g e r  v a l i d  b e c a u s e  o f  m u l t i p l e  
r e f l e c t i o n s  a n d  t h e  s a m e  m e a s u r e m e n t  h a s  b e e n  d o n e  
f r o m  p o r t s  3  a n d  4  ( F i g . 8, l e f t ) :  t h e  r e s u l t s  a r e  v e r y  
s i m i l a r  ( m i n o r  t o l e r a n c e s ) . 



Figure 9.  Z odd a n d  Z e v e n  m ea s ured  in  t h e f in a l  c o up l er a s  
a  f un c t io n  o f  t h e t im e ( i. e.  p o s it io n  a l o n g t h e l in e) .  
A f t er h a l f  o f  t h e s t ruc t ure,  m ea s urem en t s  a re n o t  l o n ger 
v a l id  b ec a us e o f  t h e m ea s urin g ref l ec t io n s .  
 
Figure 1 0  s h o w s  t h e b eh a v io ur o f  C a s  a  f un c t io n  o f  t h e 
f req uen c y  f o r t h ree c a s es :  t h e id ea l  o n e ( c o rres p o n d in g 
ex a c t l y  t o  t h e t h eo ret ic a l  im p ed a n c e v a l ues  giv en  in  
[ 9] ) ,  t h e c a l c ul a t ed  b eh a v io ur o f  C f ro m  Zodd a n d  Z e v e n  
m ea s ured  f o r ea c h  s ec t io n  s ep a ra t el y  a n d  t h e 
m ea s urem en t  o n  t h e w h o l e c o up l er.  C o n c ern in g t h e 
b l ue c urv e o f  Fig.  1 0 ,  t h e c o up l in g f a c t o r h a s  b een  
c o m p ut ed  w it h  S E R E N A D E ,  w h il e t h e v io l et  c urv e is  
t h e t ra n s m is s io n  b et w een  p o rt s  1  a n d  2  o f  t h e c o up l er:  
A c t ua l l y ,  t h e c o up l er w o rk in g ra n ge is  f ro m  fM I N = 2 0  
M H z  up  t o  f M A X = 5 3 0  M H z  ( in s t ea d  o f  3 0  - 6 0 0  M H z ) :  
t h e ef f ec t s  o f  t h is  d if f eren c e a re n egl igib l e in  t h e f in a l  
R R  w o rk in g.  T h e rip p l e in  C is  s en s ib l e t o  s m a l l  
v a ria t io n s  o f  t h e c h a ra c t eris t ic  im p ed a n c e o f  ea c h  
s ec t io n .  

Figure 1 0 .  C o up l in g f a c t o r o f  t h e f in a l  c o up l er.  T h e 
rip p l e o f  t h e m ea s ured  c o up l in g f a c t o r ( v io l et  l in e)  is  
rea s o n a b l y  c l o s e t o  b o t h  t h eo ret ic a l  ( l igh t  b l ue l in e)  
a n d  c a l c ul a t ed  ( b l ue l in e)  b eh a v io ur in  t h e rel ev a n t  
f req uen c y  ra n ge ( 2 0  t o  5 3 0  M H z ,  a s  ex p l a in ed  in  t h e 
t ex t ) .  
1.5. Final Ring Resonator 

T h e f in a l  l a y o ut  o f  t h e R R  is  s h o w n  in  Fig.  3 .  I n  
o rd er t o  s ee t h e p o w er en h a n c em en t  ef f ec t  o f  t h e R in g 
R es o n a t o r,  w e m ea s ure t h e t ra n s m is s io n  b et w een  a  

b ut t o n  p ro b e l o c a t ed  o n  t o p  o f  t h e c h a m b er a n d  t h e 
b o t t o m  c o n n ec t io n  o f  t h e c h a m b er.  Figure 1 1  c o m p a res  
t h e s ign a l s  s een  us in g t h e R R  ( b l a c k  l in e)  c o m p a red  t o  
t h e s ign a l  in  t h e o rigin a l  T W  c h a m b er ( o ra n ge l in e) .  
T h e p o w er en h a n c em en t  o c c urs  o n l y  a t  p a rt ic ul a r 
f req uen c ies  w h ic h  a re in t eger m ul t ip l es  o f  fR =1 / TR ,  
b ein g TR t h e ro un d  t rip  t im e in  t h e R R .  T h e ro un d  t rip  
t im e d ep en d s  a l s o  o n  t h e l en gt h  o f  t h e c o n n ec t in g 
c a b l es  a n d  w a s  c h o s en  t o  b e 2 5  n s ,  a c c o rd in g t o  t h e 
n o m in a l  L H C  b un c h  s p a c in g.  Figure 1 1  s h o w s  a  v a l ue 
o f  fR c l o s e t o  4 0  M H z .  T h e d if f eren c e b et w een  t h e 
o ra n ge l in e ( m ea s ured  d irec t l y  t o  t h e c h a m b er)  a n d  t h e 
b l a c k  c urv e ( m ea s ured  us in g t h e R R )  s h o w s  a  
m in im um  ga in  a t  ( n* fR )  o f  6  d B ,  w h ere n is  a  n a t ura l  
n um b er.  

T o  c o m p en s a t e t h e 90 °  p h a s e o f f s et  in t rin s ic a l l y  
giv en  b y  t h e c o up l er,  t h e p ul s e h a s  b een  “ p re-d is t o rt ed ”  
w it h  a  p h a s e s h if t er p l a c ed  j us t  a f t er t h e s o urc e ( s ee 
Fig.  3 ) .  T h e p h a s e s h if t er en h a n c es  a l s o  t h e a m p l it ud e 
o f  t h e s ign a l  a c t ua l l y  s en t  in t o  t h e R R .  T h e p l o t  in  Fig.  
1 2  s h o w s  a  ga us s ia n  un it a ry  p ul s e b ef o re ( o ra n ge l in e)  
a n d  a f t er ( b l ue l in e)  a  90 °  p h a s e s h if t ,  a s  in  a n  id ea l  90 °  
p h a s e s h if t er.  T h e a m p l it ud e o f  t h e p h a s e s h if t ed  p ul s e 
v a ries  f ro m  -0 . 6 5  t o  + 0 . 6 5 .  A s s um in g t h a t  t h e a m p l if ier 
o ut p ut  v o l t a ge s w in g is  ± 1  ( a f t er n o rm a l is a t io n ) ,  t h e 
“ b ip o l a r-l ik e”  s ign a l  is  a m p l if ied  b y  2 / 1 . 3 = 1 . 5 3 ,  i. e.  3 . 7  
d B .  T h us  t h e t o t a l  p o w er en h a n c em en t  is  6 + 3 . 7 = 9. 7  
d B .  

T h us  t h e a v a il a b l e a m p l it ud e o f  t h e T W  p ul s es  c a n  
b e a t  l ea s t  3  t im es  b igger,  w h ic h  a l l o w  t o  p ro d uc e 
m ul t ip a c t in g el ec t ro n s  o f  ro ugh l y  2 0 0  eV .  A t  t h is  
en ergy ,  t y p ic a l l y  t h e S E Y  is  b igger t h a n  1 . 3  
( m ul t ip a c t in g t h res h o l d )  a n d  c l o s e t o  it s  m a x im um  
( S E Y m a x ) .   

Figure 1 1 .  A m p l it ud e o f  t h e s ign a l  s een  in  a  b ut t o n  
p ic k -up  o n  t h e t o p  o f  t h e c h a m b er a s  a  f un c t io n  o f  t h e 
f req uen c y  w it h  t h e ef f ec t  o f  t h e R R  ( b l a c k  l in e)  
c o m p a red  w it h  t h e o rigin a l  c h a m b er ( o ra n ge l in e) .  I n  
t h is  p l o t ,  t h e m a x im um  p ea k s  f req uen c y  ra t e f o r t h e R R  
s et -up  is  s l igh t l y  l a rger t h a n  4 0  M H z  d ue t o  c a b l es  
l en gt h .  
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Figure 1 2 .  E f f ec t  o f  a  9 0 °  p h a s e s h if t  o n  a  ga us s ia n  
p ul s e.  T h e p l o t  s h o w s  a  ga us s ia n  un it  p ul s e b ef o re 
( b l ue l in e)  a n d  a f t er ( o ra n ge l in e)  a  9 0 °  p h a s e s h if t ,  a s  
in  a n  id ea l  p h a s e s h if t er.  T h e c urv es  a re o b t a in ed  
m ea s urin g w it h  V N A  ( t im e d o m a in ,  p ul s e m o d e)  t h e 
t ra n s m is s io n  t h ro ugh  a  c a b l e b et w een  p o rt  1  a n d  p o rt 2 .  

2. THE STANDING WAVES SINGL E 
C O NDU C TO R  C O AX IAL  C HAM B ER  

2.1. Introduction: motivation for a Standing 
W ave s  s ingl e  conductor coax ial  ch amb e r 

I n  a n  a c c el era t o r,  t h e em it t ed  el ec t ro n s  f ro m  o n e s id e 
o f  t h e w a l l  c ro s s  t h e c h a m b er t o  im p a c t  t h e o t h er s id e 
o f  t h e c h a m b er ( t w o  p o in t s  m ul t ip a c t in g) .  A s  s een  in  
s ec .  1 ,  t h is  c a n  b e s im ul a t ed  b y  a  T W  s t ruc t ure,  b ut  t h e 
el ec t ric  f iel d  a v a il a b l e is  l im it ed .  I n  o rd er t o  rea c h  
h igh er el ec t ric  f iel d s ,  a  S t a n d in g W a v e ( S W )  s in gl e 
c o n d uc t o r c o a x ia l  c h a m b er h a s  b een  d ev el o p ed  a n d  
us ed  t o  t es t  m ul t ip a c t in g.  S in c e in  a  S W  c o n f igura t io n  
el ec t ric  f iel d  is  c o n f in ed  in s id e t h e res o n a t o r,  t h e 
el ec t ro n  en ergy  a n d  b o m b a rd m en t  d o s e c a n  b e h igh  
en o ugh  t o  s im ul a t e a c c el era t o r c o n d it io n s .  N o t  o n l y  
f ul l y  t rea t ed  s urf a c e c a n  b e t es t ed ,  b ut  a l s o  t h e s t ud y  o f  
s a m p l es  is  s uit a b l e.  N ev ert h el es s ,  t h is  s et -up  d o es  n o t  
s a t is f a c t o ril y  s im ul a t e t h e m ul t ip a c t in g in  a n  
a c c el era t o r:  in  a  S W  c o n f igura t io n  ( d ue t o  R F 
s in us o id a l  f iel d )  t h e o ut go in g el ec t ro n s  f ro m  o n e w a l l  
m a y  h it  a ga in  t h e s a m e s urf a c e a f t er o n e o r s ev era l  
c o m p l et e R F c y c l es  ( o n e p o in t  m ul t ip a c t in g)  [ 1 0 ] .  

T h ere a re s ev era l  rea s o n s  t o  s t ud y  t h is  ef f ec t .  I n  f a c t ,  
m ul t ip a c t in g c urren t s  c a n  a b s o rb  R F en ergy  a n d  
p ro d uc e b rea k d o w n  in  h igh  p o w er c o m p o n en t s ,  s uc h  a s  
c o up l ers  o r R F a c c el era t o r c a v it ies  ( s up erc o n d uc t in g o r 
n o t ) .  I t  is  us ef ul  t o  c o m p a re d if f eren t  s urf a c e 
t rea t m en t s  o r d if f eren t  m a t eria l s ,  p ro v id in g a  
‘ c a l ib ra t io n ’  f o r n um eric a l  s im ul a t io n s .  
2.2. E x p e rime ntal  s e t-up  
T h e S W  s in gl e c o n d uc t o r c o a x ia l  c h a m b er is  n o t h in g 
el s e t h a n  a  c o a x ia l  res o n a t o r:  a  1 . 5  m  l o n g c o a x ia l  l in e 
s h un t ed  a t  b o t h  en d s  ( w it h  a n  in n er d ia m et er is  3 2  m m  
a n d  a n  o ut er o n e o f  1 0 0  m m ) .  T h e up p er en d  h o l d s  t w o  
a d j us t a b l e m a gn et ic  c o up l ers :  o n e,  c rit ic a l l y  c o up l ed ,  
f o r f eed in g R F p o w er a n d  t h e s ec o n d  o n e,  w eek l y  
c o up l ed ,  t o  m ea s ure in  t ra n s m is s io n  m o d e t h e 
res o n a n c e f req uen c y  a n d  t h e q ua l it y  f a c t o r Q.  T h e 

l o w er p l a n e is  p erf o ra t ed  ( t o w a rd s  t h e v a c uum  p um p )  
in  o rd er t o  a l l o w  t h e v a c uum  p um p in g o f  t h e res o n a t o r.  
A  t y p ic a l  o p era t io n a l  v a c uum  p res s ure is  5  1 0 -8  m b a r.  
A n  el ec t ro n  p ic k -up  is  p l a c ed  in  t h e m id d l e o f  t h e 
res o n a t o r w h ere t h e el ec t ric  f iel d  is  m a x im um  ( in  t h e 
f un d a m en t a l  m o d e)  a n d  t h us  w h ere m o s t  o f  t h e 
el ec t ro n s  a re p ro d uc ed  ( s ee Fig.  1 3 ) .  T h e p ic k -up  
l a y o ut  d ep en d s  o n  t h e a c t ua l  m ea s urem en t  a n d  t w o  
t y p ic a l  o n es  a re d is c us s ed  b el o w .  

 
Figure 1 3 .  L a y o ut  o f  t h e c o a x ia l  res o n a t o r w it h  d et a il s  
o f  t o p  a n d  b o t t o m  p a rt s .  T h e in n er c o n d uc t o r is  s il v er 
p l a t ed  t o  in c rea s e it s  c o n d uc t a n c e,  a n d  t h e el ec t ro n  
p ic k -up  is  p l a c ed  in  t h e m id d l e o f  t h e res o n a t o r w h ere 
t h e el ec t ric  f iel d  is  m a x im um .  T h e up p er en d  h o l d s  t h e 
t w o  a d j us t a b l e m a gn et ic  c o up l ers ,  w h il e t h e l o w er en d  
is  p erf o ra t ed  t o  a l l o w  t h e v a c uum  p um p in g o f  t h e 
res o n a t o r.  L en gt h s  a re giv en  in  m m .  
T h e res o n a t o r is  o p era t ed  in  t h e f un d a m en t a l  T E M  
m o d e,  a t  a  res o n a n t  f req uen c y  f0 ( f0= 9 8 . 7  M H z ) ;  a  d rif t  
o f  f0 ( ± 0 . 1  %  v a ria t io n )  h a s  b een  o b s erv ed  a n d  it  is  
m a in l y  d ue t o  t em p era t ure,  w h ic h  v a ries  w it h  t h e 
d is s ip a t ed  p o w er in  t h e s t ruc t ure.  A s  c o n f irm ed  b y  
s im ul a t io n s  [ 1 1 ] ,  m ul t ip a c t in g is  o n e p o in t  t y p e a n d  
t a k es  p l a c es  in  t h e in n er s urf a c e o f  t h e o ut er c o n d uc t o r.  
T h e o ut er c o n d uc t o r is  m a d e o f  s t a in l es s  s t eel  w h il e t h e 
in n er c o n d uc t o r is  s il v er-p l a t ed  in  o rd er t o  im p ro v e it s  
c o n d uc t a n c e:  t h e f iel d  is  h igh er t h ere a n d  t h e s il v er 
p l a t in g in c rea s es  t h e q ua l it y  f a c t o r  Q o f  t h e res o n a t o r.   
Ql o a d  is  t h e ra t io  b et w een  t h e en ergy  s t o red  in  t h e 
res o n a t o r a n d  t h e p o w er l o s s es :   

p
load P

WfQ 0
= ,   ( 6 )  

w h ere W is  t h e t o t a l  s t o red  en ergy  a n d  Pp is  t h e p o w er 
l o s t  in  t h e res o n a t o r,  in c l ud in g t h e ex t ern a l  c o up l in g 
s y s t em  ( l o s s es  d ue t o  f eed in g c o up l ers ,  t ra n s m it t er,  
et c ) .  Fo r t h is  s et -up ,  Ql o a d  h a s  b een  c o m p ut ed  f ro m  t h e 
v o l t a ge m ea s ured  a t  t h e o ut p ut  c o up l er a s  a  f un c t io n  o f  
t h e f req uen c y :  

-0,8
-0,6
-0,4
-0,2

0
0,2
0,4
0,6
0,8
1

-5 0 5 10 15 2 0 2 5 3 0
time(ns)

am
pli

tud
e

90 deg phase of fset  in the freq
dom ain.  C onstant am p l it u de
N o phase offset  in the freq
dom ain.  C onstant am p l it u de.



12

0

ff
fQload
−

=  (7) 

w h e r e  f0 c o r r e s p o n d s  t o  a n  o u t p u t  v o l t a g e  o f V m a x , a n d  
f2 a n d  f1 a r e  t h e  fr e q u e n c i e s  a t  w h i c h  V = V m a x /√ 2  (3  d B  
p o i n t s ).  U s u a l l y  w h e n  fe e d i n g  p o w e r  i n t o  a  r e s o n a t o r  
fr o m  a  RF  s o u r c e , p a r t  o f i t  g o e s  i n t o  t h e  r e s o n a t o r  a n d  
p a r t  o f i t  i s  l o s t  i n  t h e  c o u p l i n g  c i r c u i t .  T h e  s o  c a l l e d  
“ c r i t i c a l  c o u p l i n g ”  i s  w h e n  a l l  p o w e r  g o e s  t o  t h e  
r e s o n a t o r  a n d  n o  r e fl e c t i o n  o c c u r s  [ 1 2 ] .  O n e  c a n  r e a c h  
a  c o n d i t i o n  c l o s e  t o  c r i t i c a l  c o u p l i n g  b y  m o d i fy i n g  t h e  
c o u p l i n g  c i r c u i t  (t o  m i n i m i s e  r e fl e c t i o n s ).  A s s u m i n g  
c r i t i c a l  c o u p l i n g , t h e  Q o f t h e  r e s o n a t o r  i s  t w i c e  t h e  
Ql o a d  m e a s u r e d  fr o m  t h e  c o u p l i n g  c i r c u i t  (i n  o u r  c a s e  
Q= 2 * Ql o a d = 76 0 ).   
T h e  m a g n e t i c  c o u p l i n g  l o o p s  a r e  m o u n t e d  o n  t w o  
m a n u a l  d r i v e s , w h i c h  a l l o w  a d j u s t m e n t  o f t h e i r  a c t i v e  
a r e a .  T h e  RF  p o w e r  i s  fe d  t o  t h e  r e s o n a n t  r e s o n a t o r  v i a  
t h e  i n p u t  c o u p l i n g  l o o p .  I t s  p o s i t i o n i n g  a l l o w s  t o  
c h a n g e  t h e  i n p u t  c o u p l i n g  a n d  o b t a i n  c r i t i c a l  c o u p l i n g  
(i . e .  m i n i m i z i n g  t h e  r e fl e c t e d  m e a s u r e d  s i g n a l ).  T h e  
o u t p u t  l o o p  i s , i n s t e a d , a d j u s t e d  t o  o b s e r v e  a  s m a l l  
s i g n a l  fr o m  t h e  e l e c t r o m a g n e t i c  fi e l d  s t o r e d  i n  t h e  
r e s o n a t o r .  B o t h  l o o p s  a r e  p l a c e d  w h e r e  t h e  m a g n e t i c  
fi e l d  i s  m a x i m u m .   
2.3. Electric field calibration 

T h e  m a x i m u m  a m p l i t u d e  o f t h e  e l e c t r i c  fi e l d  i n s i d e  
t h e  c h a m b e r  i s  m e a s u r e d  fr o m  t h e  p o w e r  s t o r e d  i n  t h e  
r e s o n a t o r .  T h e  s i g n a l  g e n e r a t o r  p r o d u c e s  t h e  i n p u t  
s i g n a l , w h i c h  t h e n  i s  a m p l i fi e d  b y  a  5 0  d B  a m p l i fi e r  
(s e e  F i g .  1 4 ).  A  p o w e r  m e t e r  m e a s u r e s  t h e  i n c i d e n t  
p o w e r  t o  a n d  t h e  r e fl e c t e d  p o w e r  fr o m  t h e  r e s o n a t o r .  

 
F i g u r e  1 4 .  L a y o u t  u s e d  t o  m e a s u r e  t h e  p o w e r  i n s i d e  t h e  
r e s o n a t o r , a n d  t h u s , c a l c u l a t e  t h e  e l e c t r i c  fi e l d .  T h e  
s i g n a l  g e n e r a t o r  s e n d s  t h e  RF  s i n u s o i d a l  s i g n a l , w h i c h  
t h e n  i s  a m p l i fi e d  (5 0  d B ) b y  t h e  p o w e r  a m p l i fi e r  a n d  
fi n a l l y  i n t r o d u c e d  t o  t h e  r e s o n a t o r  v i a  t h e  i n p u t  
c o u p l e r .  T h e  p o w e r  m e t e r  m e a s u r e s  t h e  i n c i d e n t  a n d  
r e fl e c t e d  p o w e r , w h i l e  t h e  p o w e r  s t o r e d  i n  t h e  
r e s o n a t o r  i s  m e a s u r e d  w i t h  t h e  o u t p u t  c o u p l e r .  

T h e  v o l t a g e  d i ffe r e n c e  b e t w e e n  t h e  i n n e r  a n d  o u t e r  
c o n d u c t o r  i s  g i v e n  b y  [ 1 3 ]  
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w i t h  Rext t h e  i n t e r n a l  r a d i u s  o f t h e  o u t e r  c o n d u c t o r , a n d  
R i n t t h e  r a d i u s  o f t h e  i n n e r  c o n d u c t o r .   
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t h e  e l e c t r i c  fi e l d  i n  t e r m s  o f t h e  p o w e r  m e a s u r e d  i n s i d e  
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T h i s  e x p r e s s i o n  fo r  t h e  e l e c t r i c  fi e l d  i s  u s e d  t o  s e t  t h e  
m u l t i p a c t i n g  t h r e s h o l d  o f t h e  m a t e r i a l  u n d e r  s t u d y .  
A c c o r d i n g  t o  [ 1 4 ] , t h e  e l e c t r i c  fi e l d  t h a t  a c c e l e r a t e s  
m u l t i p a c t i n g  e l e c t r o n s  i n  a n  a c c e l e r a t o r  (c i r c u l a r ) b e a m  
p i p e  i s  

)(2 0 bpipe

b
tcr

qE
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w h e r e  qb i s  t h e  b u n c h  c h a r g e , r p i p e  i s  t h e  p i p e  r a d i u s  a n d  
∆tb t h e  b u n c h  s p a c i n g .  F o r  e x a m p l e , a s s u m i n g  fo r  t h e  
C E RN -S P S  a  c i r c u l a r  b e a m  p i p e , t h e  e x p e c t e d  e l e c t r i c  
fi e l d  i n  t h e  S P S  a n d  t h e  fi e l d  a c t u a l l y  g o t  i n  t h e  b e n c h  
s e t -u p  h a v e  t h e  s a m e  o r d e r  o f m a g n i t u d e  o f r o u g h l y  1 0 4 
V /m , i . e .  P i n s i d e = 1 0  W  (1 0 1 1  p r o t o n s , 2 . 5 c m  p i p e  r a d i u s  
a n d  1  n s  b u n c h  l e n g t h ).  T h u s  a l s o  t h e  e l e c t r o n  
b o m b a r d m e n t  d o s e  i n  t h e  b e n c h  s e t -u p  i s  c l o s e  t o  t h e  
S P S  o n e , v a l i d a t i n g  t h i s  m e t h o d  t o  t e s t  d i ffe r e n t  
s u r fa c e  t r e a t m e n t s .  
2.4. Multipacting signatures 

T h e  S W  c o a x i a l  c h a m b e r  a l l o w s  t h e  d e t e c t i o n  o f 
m u l t i p a c t i n g  i n  t w o  d i ffe r e n t  w a y s .  T y p i c a l  s i g n a t u r e s  
a r e  t h e  s u d d e n  p r e s s u r e  r i s e , a n d  t h e  c o l l e c t i o n  e l e c t r o n  
c u r r e n t  a t  t h e  p i c k  u p .  B y  a m p l i t u d e  a n d  fr e q u e n c y  
m o d u l a t i o n  o f t h e  i n p u t  s i g n a l , i t  i s  a l s o  p o s s i b l e  t o  
d e t e r m i n e  h o w  m u l t i p a c t i n g  a ffe c t s  t h e  r e s o n a n t  
c o n d i t i o n s .   
2.4.1 . P ressure rise 

D u e  t o  E l e c t r o n  S t i m u l a t e d  D e s o r p t i o n  (E S D ), w h e n  
m u l t i p a c t i n g  t a k e s  p l a c e , t h e  v a c u u m  p r e s s u r e  r i s e s  
d e p e n d i n g  o n  t h e  e l e c t r i c  fi e l d  a m p l i t u d e .  T h e  p r e s s u r e  
i s  m e a s u r e d  b y  a  P e n n i n g  v a c u u m  g a u g e  l o c a t e d  o n  t h e  
p u m p i n g  s t a n d  (F i g .  1 3 ).  T h u s  v a r y i n g  t h e  e l e c t r i c  fi e l d  
a m p l i t u d e , t h e  p r e s s u r e  g r o w t h  c a n  b e  c o n t r o l l e d , a s  
s h o w n  i n  F i g .  1 5 , w h e r e  t h e  t i m e  e v o l u t i o n  o f t h e  
p r e s s u r e  c a n  b e  s e e n .  T h e  p r e s s u r e  i n c r e a s e s  
(d e p e n d i n g  o n  t h e  e l e c t r i c  fi e l d  i n s i d e ) u p  t o  a  fa c t o r  o f 
8 , c l o s e  t o  t h e  v a l u e s  fo u n d  i n  a c c e l e r a t o r s  [ 1 5 ] .  

 



 
F i g u r e  1 5 . P r e s s u r e  b e h a v i o u r  v a r y i n g  t h e  e l e c t r i c  f i e l d  
a m p l i t u d e  i n  t h e  r e s o n a t o r . T h e  w o r k i n g  p r e s s u r e  i s  5  
1 0 -8 m b a r ,  b u t  w h e n  m u l t i p a c t i n g  i s  t r i g g e r e d  
( t = 1 0 m i n )  t h e  p r e s s u r e  s u d d e n l y  i n c r e a s e s ,  u p  t o  a  
s t a b l e  v a l u e . I n c r e a s i n g  t h e  e l e c t r i c  f i e l d ,  t h e  p r e s s u r e  
s t i l l  i n c r e a s e s . 

2.4.2. Electron current 
T h e  m u l t i p a c t i n g  e l e c t r o n s  c a n  b e  d e t e c t e d  b y  t h e  

p o s i t i v e l y  b i a s e d  p i c k -u p  w h e r e  t h e y  i n d u c e  a  n e g a t i v e  
s i g n a l . V a r y i n g  t h e  p o w e r  i n  t h e  r e s o n a t o r  a r o u n d  t h e  
m u l t i p a c t i n g  t h r e s h o l d ,  a l l o w s  t h e  d e t e c t i o n  o f  t h e  
b e g i n n i n g  o f  m u l t i p a c t i n g . T h i s  t h r e s h o l d  i s  u s u a l l y  
g i v e n  i n  t e r m s  o f  e l e c t r i c  f i e l d ,  u s i n g  E q . ( 1 1 ) . T h e  
e l e c t r o n  c u r r e n t  m e a s u r e d  o n  t h e  p i c k  u p  c a n  b e  a l s o  
m o d u l a t e d  b y  v a r y i n g  t h e  a m p l i t u d e  o f  t h e  i n c i d e n t  
p o w e r  w i t h  t h e  s i g n a l  g e n e r a t o r . T h i s  e f f e c t  i s  s h o w n  i n  
F i g . 1 6 ,  w h e r e  t h e  i n c i d e n t  s i g n a l  w a s  1 0 %  m o d u l a t e d  
i n  a m p l i t u d e  a r o u n d  t h e  m u l t i p a c t i n g  l e v e l  a t  a  
f r e q u e n c y  o f  1 0  H z . F o r  e l e c t r i c  f i e l d  a m p l i t u d e s  l o w e r  
t h a n  t h e  m u l t i p a c t i n g  t h r e s h o l d ,  n o  e l e c t r o n  c u r r e n t  i s  
c o l l e c t e d ,  b u t  w h e n  m u l t i p a c t i n g  i s  a c t i v e ,  t h e  e l e c t r o n  
c u r r e n t  i n c r e a s e s  w h e n  i n c r e a s i n g  t h e  i n p u t  p o w e r  ( i .e . 
t h e  e l e c t r i c  f i e l d  i n  t h e  r e s o n a t o r ) . F o r  e a c h  i n p u t  
p o w e r  l e v e l ,  t h e  e l e c t r o n  c u r r e n t  i s  l i m i t e d  p r e s u m a b l y  
b y  s p a c e  c h a r g e  e f f e c t s . 

 
F i g u r e  1 6 . E l e c t r o n  c u r r e n t  v e r s u s  e l e c t r i c  f i e l d  ( 1 0 %  
m o d u l a t i o n  a t  1 0  H z  o f  t h e  r e s o n a t o r  i n p u t  s i g n a l ) . T h e  
a m p l i t u d e  m o d u l a t i o n  i s  d o n e  u s i n g  t h e  s i g n a l  
g e n e r a t o r . W h e n  m u l t i p a c t i n g  t a k e s  p l a c e ,  e l e c t r o n  
c u r r e n t  i s  d e t e c t e d  o n  t h e  p i c k -u p . F o r  e l e c t r i c  f i e l d  
b e l o w  t h e  m u l t i p a c t i n g  l e v e l ,  n o  e l e c t r o n  c u r r e n t  i s  
c o l l e c t e d . 
T h e  t h r e s h o l d  c h a n g e s  d e p e n d i n g  o n  t h e  m a t e r i a l  
i n s i d e  t h e  r e s o n a t o r ,  a s  i t  w i l l  b e  s e e n  i n  s e c . 2 .4 . A  

s u r p r i s i n g  e f f e c t  w a s  d e t e c t e d  b y  m o d u l a t i n g  t h e  
a m p l i t u d e  o f  t h e  e l e c t r i c  f i e l d  w i t h  a t  i n c r e a s i n g  
f r e q u e n c i e s . F i g u r e  1 7  w a s  r e c o r d e d  i n  t h e  s a m e  
c o n d i t i o n s  a s  F i g . 1 6 ,  ( 1 0 %  a m p l i t u d e  m o d u l a t i o n )  b u t  
t h e  f r e q u e n c y  o f  t h e  a m p l i t u d e  m o d u l a t i o n  w a s  m u c h  
f a s t e r :  1 0 0  H z . T h i s  h y s t e r e s i s  c y c l e  s h o w s  t h a t ,  a t  
l e a s t  f o r  t h i s  s e t -u p ,  i t  i s  e a s i e r  t o  m a i n t a i n  m u l t i p a c t i n g  
t h a n  t o  t r i g g e r  i t . 

 
F i g u r e  1 7 . E l e c t r o n  c u r r e n t  v e r s u s  e l e c t r i c  f i e l d  ( 1 0 %  
m o d u l a t i o n  a t  1 0 0  H z  o f  t h e  r e s o n a t o r  i n p u t  s i g n a l ) . 
H y s t e r e s i s  c y c l e  f o r  t h e  e l e c t r o n  c u r r e n t  i s  d e t e c t e d :  
t r i g g e r i n g  m u l t i p a c t i n g  w h e n  t h e r e  a r e  e l e c t r o n s  i n s i d e  
t h e  r e s o n a t o r  i s  e a s i e r  t h a n  t r i g g e r i n g  i t  w h e n  t h e r e  a r e  
n o  e l e c t r o n s . 

2.4.3 . S et-up  d etuni ng  
B y  m o d u l a t i n g  t h e  i n p u t  p o w e r  a n d  r e c o r d i n g  t h e  

a m p l i t u d e  o f  t h e  r e f l e c t e d  a n d  t r a n s m i t t e d  s i g n a l s ,  i t  i s  
p o s s i b l e  t o  d e t e c t  t h e  o n s e t  o f  m u l t i p a c t i n g . F i g u r e  1 8  
s h o w s  t h e  o u t l i n e  o f  t h e  m e a s u r e m e n t  s e t -u p :  t h e  R F  
g e n e r a t o r  i s  o p e r a t e d  i n  a m p l i t u d e  m o d u l a t i o n  m o d e ,  
w i t h  a  t y p i c a l  m o d u l a t i o n  i n d e x  o f  1 0 % . A  b i -
d i r e c t i o n a l  c o u p l e r  p e r m i t s  t h e  m e a s u r e m e n t  o f  t h e  
i n p u t  p o w e r  a n d  o f  t h e  r e f l e c t e d  s i g n a l . T h e  f i e l d  
a m p l i t u d e  i n s i d e  t h e  r e s o n a t o r  i s  m e a s u r e d  b y  t h e  
o u t p u t  c o u p l e r . T h e  b i a s e d  p i c k u p  a n d  t h e  e l e c t r o m e t e r  
a l l o w  t o  m e a s u r e  t h e  e l e c t r o n  c u r r e n t  a t  t h e  r e s o n a t o r  
w a l l . T h o s e  s i g n a l s  a r e  r e c o r d e d  b y  a n  o s c i l l o s c o p e . 

 
F i g u r e  1 8 . L a y o u t  f o r  t h e  m e a s u r e m e n t  o f  t h e  r e f l e c t e d  
a n d  t r a n s m i t t e d  w a v e . A f t e r  b e i n g  a m p l i f i e d  b y  t h e  5 0  
d B  p o w e r  a m p l i f i e r ,  a  –2 0 d B  d i r e c t i o n a l  c o u p l e r  i s  
p l a c e d  b e t w e e n  t h e  r e s o n a t o r  a n d  t h e  p o w e r  a m p l i f i e r . 
T h i s  d i r e c t i o n a l  c o u p l e r  p e r m i t s  t o  m e a s u r e  t h e  
i n c i d e n t  w a v e  a n d  t h e  r e f l e c t e d  w a v e  p r o d u c e d  i n  t h e  
r e s o n a t o r . T h e  t r a n s m i t t e d  w a v e  i s  m e a s u r e d  w i t h  t h e  
o u t p u t  c o u p l e r ,  t h e  e l e c t r o n  c u r r e n t  i s  c o l l e c t e d  b y  t h e  
b i a s e d  p i c k -u p  a n d  a m p l i f i e d  b y  t h e  e l e c t r o m e t e r . 



Typical results are shown in Fig. 19: the time evolution 
of  the transmitted  and  ref lected  signal,  as well as the 
electron current are record ed  while mod ulating 
amplitud e without using the d iod es of  Fig. 18 . D uring 
multipacting,  the space charge d ue to electrons d etunes 
the resonator and  the resonant cond itions are no longer 
f ulf illed . Thus,  when multipacting is triggered ,  
transmission levels of f  ( top trace)  and  ref lection 
increases ( mid d le trace) ,  which is evid enced  b y the 
electron current in the pick -up ( b ottom trace) . 
 

 
Figure 19. Time evolution of  the transmitted  signal 
( top) ,  ref lected  signal ( centre) ,  and  electron current 
( b ottom) ,  while mod ulating amplitud e ( 10 % ) . W hen 
the electric f ield  ex ceed s the multipacting level,  
transmission b ecomes f lat,  ref lection increases and  
electron current is collected . 

2.5. Scrubbing effect for different materials 
The present layout allows the comparison of  

multipacting level f or d if f erent samples introd uced  in 
the resonator ( operated  in the f und amental mod e) . The 
max imum electric f ield  is in the centre of  the resonator,  
where the electron pick -up and  the sample are located . 
I f  the multipacting level of  the sample is lower than the 
one of  stainless steel,  multipacting is f irst prod uced  on 
the sample,  and  then on the other parts of  the resonator. 
I n the f ollowing,  we d iscuss measurement of  
multipacting level in stainless steel sample as well as 
f errite and  amorphous carb on ( a-C ) .  
Two d if f erent pick -up conf igurations are used : one to 
stud y the b ehaviour of  the whole chamb er,  and  one f or 
samples of  d if f erent material ( Fig. 2 0 ) . I n the f irst case,  
the pick -up is located  b ehind  a grid  of  the same 
material as the vacuum chamb er. The grid  is actually a 
part of  the outer cond uctor surf ace. M ultipacting tak es 
place on the grid ,  and  the electrons leaving its surf ace 
pass through its holes and  are collected  in the electrod e 
b ehind  the grid . I n the second  pick -up conf iguration,  
the sample is supported  b y the pick -up itself  and  
b ecomes part of  the vacuum chamb er wall. H ence,  
electrons outgoing the sample surf ace come b ack  to the 
collector prod ucing an electron current. I n b oth cases,  
d uring continuous ex posure,  the electron d ose is 
estimated  b y time integration of  the pick -up current. 

 
Figure 2 0 . P ick ups used  to measure multipacting level 
of  the whole chamb er ( lef t)  and  of  samples of  d if f erent 
materials ( right) . The grid  used  on the lef t pick -up is 
part of  the outer cond uctor surf ace wall. E lectrons 
emitted  f rom the surf ace pass through the holes of  the 
grid  and  reach the pick -up surf ace collector. O n the 
other hand ,  the pick -up sample ( right)  f orms part of  the 
wall chamb er surf ace and  it acts also as the electron 
collector. E lectrons emitted  b y the sample reach again 
the collector surf ace. 

2.5.1 . Scrubbing effect for stainless steel 
The f irst step is to measure the multipacting level f or 

the stainless steel,  that is,  the minimum electric f ield  
amplitud e ( E 0

s s )  that will trigger the electron cloud  
insid e the chamb er. Theref ore a stainless steel grid  has 
b een placed  in f ront of  the pick -up ( Fig. 2 0 )  and  
whenever the f ield  magnitud e of  E 0

s s  is reached ,  the 
electron avalanche starts in the grid  and  in the 
surround ing area.  
The minimum electric f ield  E0s s  to trigger multipacting 
varies af ter d ose ex posures. I n Fig. 2 1,  the electron 
current is plotted  versus the electric f ield  insid e the 
resonator af ter 3  d if f erent electron ex posures,  and  the 
multipacting level is set as the electric f ield  
correspond ing to a measurab le electron current. 
M ultipacting level of  " as received "  stainless steel is 5 .8  
k V / m,  b ut it increases with the electron d ose 
( scrub b ing ef f ect) . 
This ef f ect is well k nown ( b ut not yet completely 
und erstood )  as “ R F cond itioning”  in R F d evices [ 10 ] . 
G enerally,  the S E Y  d ecreases with the ex posed  d ose 
[ 16 ] ,  and  thus,  larger electric f ield  amplitud es are 
req uired  to trigger multipacting. 

 
Figure 2 1. E lectron current versus electric f ield  
amplitud e f or stainless steel. A f ter d if f erent d ose 
ex posures,  b igger electric f ield  is req uired  to trigger 
multipacting ( scrub b ing ef f ect) . 



2.5.2. Scrubbing effect for ferrite sample 
In the framework of the studies of the longitudinal 

b eam c oup ling imp edanc e in the L HC  inj ec tion kic ker 
model [ 1 7 ] ,  it is imp ortant to ev aluate the multip ac ting 
lev el for the ferrite used in the kic ker y oke. F igure 2 2  
shows again the c urrent in the p ic k-up  as a func tion of 
the resonator field:  the multip ac ting lev el for ferrite is 
c lose to 1 .8  kV / m,  and there is no notic eab le sc rub b ing 
effec t ( at least for this kind of ferrite)  in the measured 
dose range ( 0 -0 .1 8  mC / mm2 ) . A c tually ,  two 
multip ac ting lev els are detec ted:  the first one ( 1 .8  
kV / m)  is due to the ferrite,  while the sec ond one ( 5 .5  
kV / m)  c orresp onds to stainless steel. T herefore it is 
ev ident that multip ac ting is p roduc ed first on the 
v ertic al c entre of the resonator ( where the ferrite is 
p lac ed)  and then in the other p arts. It is worth noting 
that the multip ac ting lev el for stainless steel is slightly  
lower than the p rev ious v alue found for stainless steel 
alone ( 5 .8  kV / m)  b ec ause it is easier to trigger the 
multip ac ting if there are already  elec trons in the 
resonator ( similarly  to the hy steresis effec t mentioned 
in sec . 2 .3 ) .  

 
F igure 2 2 . E lec tron c urrent v ersus elec tric  field 
amp litude for a ferrite samp le. T wo multip ac ting lev els 
c an b e seen in this p lot:  the first one ( at ~ 2  kV / m)  
c orresp onding to the ferrite samp le,  the sec ond one ( ~ 5  
kV / m)  c orresp onding to the stainless steel c hamb er. 

2.4 .3 . Scrubbing effect for a-C  sample†  
O ther tests hav e b een c arried out on samp les of 

D iamond ty p e amorp hous c arb on ( a-C ) ,  known as D L C  
( D iamond L ike-C arb on) . S uc h a material may  b e an 
interesting c oating against multip ac ting sinc e it has 
v ery  good mec hanic al p rop erties and it is v ery  easy  to 
p rep are [ 1 8 ] . A c tually  a samp le of a-C  H-terminated 
diamond has b een tested. 
F igure 2 3  is analogous to F ig. 2 1  and 2 2 . It shows a 
v alue of E0a-C≅ 4 .5  kV / m indep endently  of the ex p osed 
elec tron dose,  whic h is lower than the v alue for 
stainless steel ev en j ust after v enting ( E 0

s s  =  5 .8  kV / m) .  
                                                           
† Sample provided by Joan Esteve, from the Applied Physics 
D epartment of the U niversitat de B arcelona.  

 
F igure 2 3 . E lec tron c urrent v ersus elec tric  field 
amp litude for an a-C  samp le. N o sc rub b ing effec t is 
detec ted for this samp le. Howev er,  for elec tric  fields 
ab ov e its multip ac ting lev el,  the elec tron c urrent 
c ollec ted is muc h lower after the first elec tron dose,  
sinc e elec trons remov e the first c ontaminated lay er of 
the samp le. 
T his b ehav iour is ex p lained in [ 1 9 ]  b y  the low elec tron 
affinity  at the surfac e,  whic h is mainly  resp onsib le for 
the high S E Y  from H-terminated diamond samp les. 
D esp ite the fac t that E 0

a-C does not dec rease with the 
ex p osed dose,  F ig. 2 3  shows any way  a reduc tion of the 
S E Y  whic h c an b e seen in terms of the c ollec ted 
c urrent after the first dose:  for a giv en v alue of the 
elec tric  field ( ab ov e the multip ac ting lev el) ,  the 
elec tron c urrent is signific antly  lower after the first 
dose due to the remov ing of the first c ontamination 
lay er. T he latter effec t c an b e ev en p rob ab ly  ev en 
greater b ec ause of the rap id dec rease in the y ield from 
H-terminated diamond due to elec tron imp ingement 
[ 1 9 ] . A ny way  a rigorous p rov e is not p ossib le with this 
set-up ,  sinc e p art of the elec tron c urrent is due to 
multip ac ting in the stainless steel. Howev er,  this 
material is not a good c andidate to dec rease 
multip ac ting due to its low multip ac ting lev el “ as 
rec eiv ed” ,  and due to the weak sc rub b ing effec t 
detec ted. 
2.5.4 . Scrubbing effect for a N on E v aporable 
G etter ( N E G )  coating 

In a getter c oated b eam p ip e one ex p ec ts the elec tron 
c loud b uild-up  to b e strongly  dec reased. In the 
framework of the studies of the elec tron c loud in the 
S P S ,  a N E G  ( T iZ rV )  c oated v ac uum c hamb er has b een 
tested in this set-up ,  as p lanned in [ 2 0 ] . C oating the 
whole inner surfac e of the outer c onduc tor ( inc luding 
the grid)  av oids the effec t of two multip ac ting lev els 
taking p lac e at the same time inside the resonator ( as 
oc c urred for ferrite and a-C  samp les) .  
W hen N E G  is not ac tiv ated ( i.e. heated at 2 0 0 º C  for 2 4  
hours) ,  there is a c lear elec tron c loud b uild up  and a 
c onsistent sc rub b ing effec t. F igure 2 4  shows this effec t 
in the same way  as F ig. 2 1 . Howev er,  when ac tiv ated,  
there is no elec tron signature inside the resonator ( no 
elec tron c urrent,  no c hanges in transmitted and/ or 



reflected waves),  b u t th e p ressu re i n crease i s 
n everth eless n o t n eg li g i b le. T h u s su ch  a p ressu re 
i n crease can  n o t b e ex p lai n ed b y  electro n  m u lti p acti n g ,  
b u t i t m ay  b e du e to  so m e th erm al effect o r o th er R F  
b reak do wn  m ech an i sm .  

 
F i g u re 2 4 . E lectro n  cu rren t versu s am p li tu de o f th e 
electri c fi eld fo r a n o n  acti vated N E G  co ati n g  i n  a 
vacu u m  ch am b er. W i th  th e ex p o sed do se,  th e electro n  
cu rren t decreases an d m u lti p acti n g  level i n creases,  
evi den ci n g  th e scru b b i n g  effect fo r a n o n  acti vated 
N E G .  
F i g u re 2 5  clearly  sh o ws th at tran sm i ssi o n  an d p ressu re 
ri se are n o t co rrelated. I t sh o u ld b e m en ti o n ed th at 
N E G  u su ally  reach es p ressu res aro u n d 1 0 -1 1  m b ar after 
acti vati o n ;  su ch  lo w p ressu res were n o t o b tai n ed wh en  
th e m easu rem en t to o k  p lace ( see F i g . 2 5 ),  p o ssi b ly  
i n di cati n g  a n o n  p ro p er acti vati o n  p ro cess. 

 
F i g u re 2 5 . T ran sm i tted p o wer an d p ressu re i n si de th e 
reso n ato r versu s electri c fi eld am p li tu de fo r an  
acti vated N E G  co ati n g  i n si de th e reso n ato r. A fter 
acti vati o n ,  th e N E G  co ati n g  do es n o t sh o w an y  
m u lti p acti n g  si g n atu res. O n ly  a p ressu re i n crease,  
li k ely  n o t du e to  m u lti p acti n g  si n ce n o  electro n  cu rren t 
an d n o  li m i tati o n  i n  tran sm i ssi o n  si g n al are detected. 

2.6. Conclusions 
T h e co ax i al reso n ato r set-u p  allo ws th e p ro du cti o n  o f 

h i g h  electri c fi elds an d th e g en erati o n  o f th e h i g h  
electro n  do ses n eeded to  p ro p erly  stu dy  th e b eh avi o u r 
o f m ateri als su b m i tted to  m u lti p acti n g  an d th u s i t i s a 
su i tab le test b en ch  fo r electro n  clo u d stu di es. W e h ave 
dem o n strated q u ali tati vely  h o w th e reso n ato r ch an g es 
i ts reso n an t co n di ti o n s wh en  m u lti p acti n g  tak es p lace. 

T h e reso n ato r detu n es wh i le electro n  cu rren t i s 
detected o n  th e p i ck -u p :  tran sm i tted si g n al levels o ff 
an d reflected si g n al i n creases su dden ly . T h e 
ap p earan ce o f th e h y steresi s cy cle i n  th e co llected 
electro n  cu rren t after p ro p er m o du lati o n  o f th e i n p u t 
p o wer,  sh o ws th at th e effect co n ti n u es at electri c fi elds 
lo wer th an  n eeded to  start i t.  

I t i s p o ssi b le to  m easu re th e o n set o f m u lti p acti n g  
an d i ts vari ati o n s wi th  th e ex p o sed do se o f electro n s,  
wh i ch  m ak es i t an  effecti ve to o l to  stu dy  th e scru b b i n g  
effect fo r di fferen t sam p les. N o  scru b b i n g  effect was 
evi den ced i n  ferri te ( at least i n  th e ap p li ed do se ran g e),  
wh i le fo r a-C  th e scru b b i n g  effect can n o t b e i den ti fi ed 
b y  th e m u lti p acti n g  level b u t o n ly  i n  th e co llected 
electro n  cu rren t at h i g h er electri c fi elds. F o r stai n less 
steel,  scru b b i n g  effect h as b een  sh o wn  clearly . A lso  a 
N E G  ( T i Z rV ) co ated vacu u m  ch am b er h as b een  tested 
i n  th i s set-u p . A fter acti vati o n ,  p reli m i n ary  resu lts do  
n o t sh o w an y  evi den ce o f electro n  m u lti p acti n g  ( n o  
electro n  cu rren t,  n o  ch an g es i n  tran sm i tted an d/ o r 
reflected si g n al are detected) b u t o n ly  a p ressu re ri se. 
T h e reaso n  can  b e fo u n d i n  a th erm al effect o r o th er 
fo rm  o f R F  b reak do wn  du e to  th e h i g h  p o wer 
i n tro du ced i n  th e set-u p ,  b u t fu rth er stu di es are n eeded 
to  ex p lai n  th i s effect. 

I n  th e fram ewo rk  o f th e electro n  clo u d p ro g ram  
carri ed o u t at C E R N ,  a co m p u ter co de i s g o i n g  to  b e 
develo p ed to  si m u late m u lti p acti n g  i n  th i s set-u p . 
C h eck i n g  si m u lati o n  resu lts wi th  m easu rem en ts i n  th e 
lab o rato ry  wi ll b e a u sefu l to o l to  u n derstan d th i s 
p h en o m en o n . F u rth er su rface treatm en ts ( T i N  an d 
A rG D ) are g o i n g  to  b e tested as co ati n g s ag ai n st 
m u lti p acti n g  i n  th i s set-u p ,  wh i ch  i s b eco m i n g  a u sefu l 
test b en ch  fo r electro n  clo u d stu di es. 
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FUTURE ELECTRON CLOUD STUDIES AT CERN
AND PLANS IN THE ACCELERATOR PHYSICS GROUP

F. Ruggiero, CERN, Geneva, Switzerland

Abstract

I sketch future plans for electron cloud studies at CERN,
discussing input parameters and reliability of simulations
performed in the Accelerator Physics group.

1 INTRODUCTION

Our priority is to study electron cloud effects and cures
for LHC, SPS, and PS. The following is a list of relevant
future activities that I will shortly discuss:

� Input parameters: do we need more laboratory mea-
surements?� Simulations of electron-cloud build up and heat load� Simulations of electron-cloud instabilities� Scrubbing scenarios and possible other cures� Benchmark simulation codes by machine experiments� Benchmark simulation codes by multipacting tests� New physics and different approaches for our simula-
tion codes: magnetron effect and plasma approach?

2 INPUT PARAMETERS: DO WE NEED
MORE LAB MEASUREMENTS?

Input parameters required for electron cloud simulations
include:

� Beam and machine parameters

– bunch population and bunch train pattern
– vacuum chamber geometry and bunch dimen-

sions ( ��� , ��� , and ��� )
– machine energy, tunes, chromaticities
– linear and nonlinear optics (

�
-functions, beam

offsets, detuning with amplitude, etc.)
– machine impedance (wakefields, trapped modes)

� Primary electron sources

– residual gas pressure and ionization cross sec-
tion

– beam losses
– photon flux

� Surface properties vs electron and photon(?) scrub-
bing dose

– surface reflectivity vs photon energy and inci-
dence angle

– energy spectrum of reflected photons vs angle of
reflection

– photoelectron yield
– SEY vs primary electron energy and incidence

angle
– energy spectrum of secondary electrons

We need reliable input parameters for our simulations
and therefore we strongly encourage:

� further reflectivity measurements� further SEY measurements in the laboratory and in-
situ, for Cu and SS� an experimental scrubbing test in cold LHC conditions

We need certified and representative experimental data,
possibly with recommended fits agreed by experts at CERN
and in other laboratories, for the SEY at low energy and at
high energy including reflected and re-diffused electrons.

3 SIMULATIONS OF ELECTRON
CLOUD BUILD-UP, HEAT LOAD,

SCRUBBING TIME
� definition of a threshold current (10% of saturation?)� scaling of threshold current with bunch spacing� scaling of threshold current with bunch dimensions� stripe location (with 25 vs 50 ns bunch spacing?)� role of satellite bunches 	�
 SPS machine experiment� simulations of heat load in COLDEX and WAMPAC� simulations of scrubbing time 	�
 SPS scrubbing test� documentation of ECLOUD and HEADTAIL codes� systematic comparison of predictions by different

codes 	�
 standardization of input-output format
across different labs?

4 SIMULATIONS OF ELECTRON
CLOUD INSTABILITITES

� explore plasma approach and include image charges
from electron cloud 	�
 add boundary to the code
HEADTAIL, use module from plasma code by Tom
Katsouleas and set up collaboration with USC� confirm explanation of PS horizontal instability by
combined function magnets. Include sextupole field?
Understand PEP-II results.� Include linear coupling and check stabilizing effect
	�
 test in the PS/SPS� systematic comparison of simulated and measured in-
stability growth rates� simulate spectrum of multi-bunch instabilities 	�

compare with SPS measurements and results by Su
su Win at KEK� use improved SPS impedance model (from measured
coherent tune shifts and spectra of high order head-tail
modes) and use it in simulation with space charge and
electron cloud impedance



� is there a discrepancy between electron cloud wake-
fields computed at CERN and elsewhere? Why spikes
are absent from KEK results?

5 BENCHMARKING SIMULATION
CODES BY MULTIPACTING TESTS

� repeat multipacting tests with realistic LHC-like RF
pulse trains� simulate results� test and simulate stripes in a dipole field?� test and simulate trapping in a quadrupole field?� compare with results of other codes (e.g. Lanfa Wang
at KEK)

6 OTHER SIMULATIONS
� electron cloud and trapped modes 	�
 implication for

LHC collimation? Heat load in experimental cham-
bers?� study very high intensity regime proposed by Sam
Heifets for PEP-II upgrade 	�
 5 ns bunch spacing
for LHC upgrade?� simulations for CLIC damping rings
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SUMMARY OF SESSION I, EXPERIMENTAL OBSERVATIONS AT
EXISTING ACCELERATORS AND CONCERNS FOR FUTURE MACHINES

Robert J. Macek†, LANL, Los Alamos, NM 87545, USA

Abstract
This report briefly summarizes the first session (I) at

the mini-workshop, ECLOUD’02, held at CERN, 15-18
April 2002. As the title indicates, this session focused on
experimental observations at existing accelerators and
concerns for future machines. Observations were reported
from KEKB, PEP-II, SPS, and PSR and design issues
involving the electron cloud were presented for SNS,
Linear Collider Damping Rings and the LHC. These
represent a good sample of the broad spectrum of
accelerator types impacted by electron cloud effects
(ECE).

1 AGENDA
The list of presentations included:

0. F. Ruggiero (CERN) – Welcome and Goals of
the Workshop.

1. H. Fukuma (KEK) – Electron Cloud Effects at
KEKB.

2. F. J. Decker (SLAC) – Electron Cloud Effects at
PEP-II.

3. K. Cornelis (CERN) – Electron Cloud Instability
at the SPS.

4. M. Jimenez (CERN) – Electron-Cloud
Observations in the SPS.

5. J. Wei (BNL) – Electron Cloud Effects in High-
Intensity Proton Machines.

6. A. Wolsky (LBNL) – Electron Cloud in Linear
Collider Damping Ring.

7. F. Zimmermann (CERN) – Electron Cloud in the
LHC.

2 GENERAL COMMENTS
Ruggerio, in his opening remarks, set the tone for the

workshop and listed the following guiding goals and
expectations:

• Benchmark simulations against beam observations
and against each other

• Determine which simulation approaches best
represent reality

• Document the present understanding and determine
the important open questions

• Develop a program for future research and
development

• Strengthen and expand international collaborations
for this work

This session contributed to these goals by discussing
many of the beam observations and outlining the key

concerns for major new or proposed machines. In
addition, a number of comparisons to simulations were
made.

In discussing experimental observations and their
interpretation, a good starting point is a reasonably
comprehensive itemization of the various observed or
anticipated electron cloud effects (ECE). Such a listing or
categorization of ECE and many of the machines where
they have been observed (in parentheses) or, in the case of
proposed machines [in square brackets], are at risk from
the particular ECE includes:

• Beam induced multipacting
o Resonant (APS, KEKB, PS, SPS), [LHC]
o Trailing-edge multipactor (PSR), [SNS, JHF]

• Vacuum degradation i.e., electron-stimulated gas
desorption, is perhaps the most common indication
of beam induced multipactor or intense electron
cloud formation

• Transverse coupled bunch instability from the
electron cloud wake (APS, B factories, PS, SPS),
[LHC]

• Transverse single bunch (head-tail) instability;
emittance blowup (APS, B factories, PS, SPS)

• Transverse coasting beam or long bunch, two-
stream instabilities (e-p) (ISR, PSR, AGSB), [SNS,
JHF]

• Tune shifts (KEKB, AGS Booster) and tune spread
are undoubtedly present at some level whenever an
electron cloud is formed

• Heat load on vacuum chamber walls (SPS) is a
major concern for the cold bore of [LHC]

• Cloud-induced noise or spurious signals in beam
diagnostics (e.g., wire scanners, electrostatic
pickups, ionization profile monitors) (PSR, PS,
SPS, KEK-PS)

• Electrons trapped in distributed ion pump leakage
field (CESR)

• Electrical breakdown or discharge in high voltage
systems such as strip line kickers or unshielded rf
gaps (possibly seen at PSR)

Longitudinal effects have not been specifically
identified nor included in most theoretically treatments or
analyses. They are undoubtedly present at some level, as
noted by Ruggerio.

The sources of primary electrons are essential inputs to
the simulations and vary across the spectrum of
accelerators. Photoelectrons from synchrotron radiation
are well understood and are undoubtedly the dominant
source at positron rings and the anticipated source at
LHC. For proton rings, the situation is less clear-cut and______________________________________________
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subject to greater uncertainty and ambiguity. At PSR
significant primary electrons originate at the stripper foil
(convoy electrons from the stripping process, secondary
emission from foil hits by the stored beam, and even
thermionic emission caused by beam heating of the foil)
and from proton beam losses. Residual gas ionization is
another source. When the electron cloud buildup can
saturate before encountering a long gap, as seems to be
the case for long bunch trains in a number of machines
(e.g. the SPS), the exact source strength is less important
than in smaller rings such as PSR or SNS.

3 REVIEW OF PRESENTATIONS

3.1 Electron Cloud Effects at KEKB
Fukuma reviewed experience with ECE at the KEKB

low energy ring (LER), which included observations of
emittance growth, instability mode spectra and growth
times, tune shifts and luminosity degradation both with
and without solenoids. In the absence of mitigation,
emittance growth and luminosity degradation greatly
limited facility performance. Solenoids, which now cover
95% of the straight sections (~70% of the ring
circumference), were most beneficial in suppressing the
electron cloud effects and have resulted in a good
improvement in the KEKB luminosity.

Beam blowup in the LER at KEKB was eliminated
after the last (5th ) installment of solenoids. The tune shift
along the train (from the electron cloud), which seems to
be a good measure of the cloud density, was reduced by at
least 40% after the 4th installment of solenoids. The
growth rate of the coupled bunch instability was reduced
by a factor of two after the 4th installment of solenoids.
Mode spectra from simulations of the electron cloud
induced coupled bunch instability (solenoids off) are in
general agreement with observations for the vertical plane
but not for the horizontal plane, if the photoelectrons are
produced mainly at an illumination point of the
synchrotron radiation. However, if the photoelectrons are
produced uniformly over the surface of the vacuum
chamber, then the simulated mode spectra are consistent
with observations for both planes.

3.2 Electron Cloud Effects at PEP-II
Deckers reported that, despite an antechamber and TiN

coatings in the LER arcs, significant ECE are observed at
PEP-II. These include vacuum degradation, growth of
beam size, and reduction of both luminosity and beam
lifetime at high current. Solenoids, which now cover 95%
of the drift spaces, have reduced multipacting as detected
by vacuum pressure readings but have not eliminated the
electron cloud and resulting performance degradation at
the highest intensities.

Creative operational measures have been invoked to
maximize luminosity in the presence of the electron cloud
including:

• Minimizing emittance growth by optimizing the
number of bunches and bunch spacing,

• Use of gaps between trains (mini-gaps) to clear the
electron cloud, and

• Use of a ramp in bunch current after the ion gap to
avoid losing HER bunches.

While good progress has been made to reduce the ECE
with solenoids and creative operational measures, a
number of puzzling or controversial issues remain. For
example, the beam size blows up in the horizontal plane
in experiments while simulations show it in the vertical.
Also the variability in the instability thresholds from day
to day is unexplained. The bottom line for PEP-II is that
despite the lingering ECE effects, the solenoids and
operational measures have permitted operation at up to
1750 mA in the LER without severe degradation of
luminosity.

3.3 Electron Cloud Instability at the SPS
Cornelis presented persuasive evidence (beam position

centroid measurements) for a fast (growth time ~ 50
turns) coupled bunch instability of low order in the
horizontal plane and a single bunch (head-tail) instability
in the vertical plane induced by the electron cloud. The
later has a growth time that depends on intensity starting
from ~ 500 turns just above threshold and going to ~ 100
turns at twice threshold intensity. The horizontal
instability is amenable to control by the existing
transverse feedback system. The cloud, as evidenced by
observations detailed in the talk by Jimenez, develops first
in the dipoles. This helps explain the difference in
behavior of the instabilities in the two planes.

In the analysis by Cornelis, a bunch experiences a
horizontal force from the horizontally constrained cloud
in the dipoles proportional to its horizontal displacement.
This system can be described as a set of coupled
oscillators for the various bunches and can lead to the
coupled bunch instability. In the vertical plane, the
electrons are free to move toward the center of the bunch
and can even be trapped inside the bunch producing the
conditions that can produce a head-tail coupling and
resulting instability. The equivalent impedance in the
vertical has been measured by following the betatron
phase evolution of head and tail over one synchrotron
period after a vertical kick. Calculations (using a wake
field approach) and measurements for the first bunch in
the train and one residing in the cloud were in reasonable
agreement after adjusting (shortening) the range of the
wake for the bunching sitting in the cloud.

3.4 Electron Cloud Observations at the SPS
Jimenez reviewed an extensive program of systematic

experimental observations pertaining to the electron cloud
in the SPS for LHC-type beam (bunch spacing of 25 ns).
This program was launched after large vacuum pressure
increases, anomalous signals (baseline shift) on
electrostatic pickups, and beam instabilities were
observed the first time high-intensity bunches were



injected under LHC conditions. Pressure rises indicated
that the electron cloud appears in the dipoles at a
significantly lower threshold than in the straight sections,
which was confirmed in 2001 with new strip detectors
placed in a special test dipole in the ring.

The novel strip detector was developed to detect the
presence of the electron cloud impinging on the chamber
walls in a dipole field and to measure the horizontal
spatial distribution of the cloud. Simulations predicted
there would be two peaks or strips in the cloud
distribution (in a dipole) above the threshold for
multipacting. These were subsequently observed in the
strip detector and studied as a function of dipole field,
bunch spacing and filling pattern.

A unique setup was deployed in the ring to provide in-
situ measurements of the secondary emission yield (SEY)
of Cu samples exposed to the beam induced electron
cloud. These demonstrated the effect of beam scrubbing
and showed a significant reduction in SEY as a function
of integrated beam time under LHC conditions. The peak
SEY went from 2.4 to 1.6 after 90 hours of integrated
beam time. Beam scrubbing was also indicated by the
decrease in pressure rise (∆P/P) from multipacting, which
decreased linearly by a factor of ~40 over a period of ~60
hours of integrated LHC-type beam time.

Since the main concern for LHC is the heat load on the
cold bore, a pick up calorimeter has been developed and
calibrated. It will be used to measure the heat load in the
SPS and extrapolate to LHC conditions. Future work will
also include improved measurements of the spatial
distribution of the cloud to firm up the location of the
pumping slots in the LHC beam screens.

3.5 ECE in High Intensity Proton Machines
Jie Wei reviewed the current understanding of ECE in

high intensity proton machines with emphasis on the
effects most relevant to long-bunch accumulator rings, in
particular, the existing PSR and implications for the SNS
ring now under construction. He reported that another
machine (RHIC) should be added to the growing list of
accelerators where ECE is observed. There is now
evidence for beam-induced multipactor from the newly
commissioned RHIC where a strong vacuum pressure rise
was observed when the bunch spacing was halved during
high intensity gold beam injection. In addition, the fast
instability observed for debunched coasting beams at the
AGS Booster is thought to be the two-stream e-p
instability.

In long-bunch accumulator rings the trailing edge
multipactor mechanism, a nonresonant amplification
process, prevails as contrasted with the resonant variety
found in short bunch rings such as SPS or LHC or the
positron rings. Trailing edge multipactor also differs in
that the electron cloud buildup typically does not saturate
as it does in a long train of bunches common in other
rings where ECE is observed. The sources of primary
electrons also differ. In PSR and SNS the stripper foil has
several mechanisms for generating electrons including the

several hundred keV electrons stripped from H- (the so
called “convoy” electrons), secondary emission and knock
on electrons from foil hits by the stored beam and even
thermionic emission from the foil. Continual proton losses
from foil hits and other mechanisms or in collimators can
generate many primary electrons per lost proton. The
convoy electrons, if not properly collected, can also cause
localized heat damage to the wall.

The most serious ECE for PSR and SNS is no doubt the
two-stream e-p instability from coupled oscillations of the
electron cloud and the proton beam. Enhanced Landau
damping by higher rf voltage, multipoles, X,Y coupling
and inductive inserts have been helpful in significantly
raising the instability at PSR. Reduction of the primary
electrons by lower vacuum, lower beam losses, clearing
fields, collection of the convoy electrons and bias on the
stripper foil reduce the prompt electron signal (largely due
to trailing edge multipactor) at the end of each bunch
passage but have little effect on the instability threshold
because the electrons driving the instability are mainly
those that survive the gap to be captured by the next
pulse. Measurements of these with the electron sweeping
detector at PSR show a saturation characteristic which can
explain why variations of prompt electron have little
effect on the instability. A larger reduction in the primary
sources is probably needed to bring the electrons
surviving the gap out of saturation. TiN coatings and
weak solenoids have made large reductions in the prompt
or multipactor electrons in a small test section in PSR.
This is a potential cure but it has not been shown
experimentally that this will be sufficient to greatly
reduce the electrons surviving the gap. Combinations of
methods may be needed to adequately suppress the
electron cloud generation in SNS.

The SNS ring design has incorporated many measures
to suppress electron production. Fractional beam losses
will be kept low; the ring vacuum will be an order of
magnitude better (~ 5 nTorr) than PSR, electrons at the
stripper foil will be collected and backscatter suppressed,
the vacuum chambers will be coated with TiN to suppress
multipactor, and a beam-in-gap kicker will be deployed to
keep the gap free of beam (10-4level). Landau damping
will be enhanced by a large momentum acceptance and
sextupole families, use of momentum painting and high
RF voltage. Space is also reserved for a possible wide
band damper system.

3.6 Electron Cloud in Linear Collider Damping
Ring

Wolsky discussed work to estimate the instabilities
driven by the electron cloud in both the NLC and TESLA
positron damping rings. He began with a comparison of
parameters for the damping rings and currently operating
positron storage rings of roughly comparable parameters.
These comparisons alone raise the specter of ECE for
future linear collider damping rings.

Simplified analytical models were used for rough
estimates of thresholds and growth rates of the single



bunch and coupled bunch modes. In these the cloud
buildup was assumed to reach saturation with a density
given by the neutralization condition. The wake field from
the cloud was estimated from a broad-band resonator
model with different parameters for short-range and long
range wakes. Growth rates were estimated by standard
theory. As a check the models were also applied to some
existing positron rings with reasonable results. The
analytical long range wake field for the NLC compared
favorably to the results of POSINST simulations.

The main conclusion from this work was that the NLC
and TESLA damping rings could, indeed, encounter
performance-limiting ECE. More detailed studies with
simulations are warranted and possible countermeasures
such as TiN coatings need to be investigated.

3.7 Electron Cloud in the LHC
Zimmermann wrapped up the session with review of

the latest estimates of ECE at LHC. For some time the
main concerns have been the heat loads on the beam
screen inside the superconducting magnets and through
the pumping slots, although beam instability at injection
could be a problem as well as vacuum pressure and gas
desorption in the interaction regions.

For LHC the dominant source of primary electrons is
the photo-electrons from synchrotron radiation from the 7
TeV proton beam. Parametric studies of the electron cloud
buildup and resulting heat load in various ring
components have been carried by computer simulation
(ECLOUD). The cloud buildup and heat load are sensitive
to a number of parameters including the maximum
secondary emission yield (δmax), photon reflectivity, bunch
intensity, bunch spacing and inclusion of elastic electron
reflection. It also depends on the type of magnetic field.
Dipole fields had the lowest heat load while drifts were
highest with quads in between.

In order to achieve the LHC design bunch intensity
(1.1x1011 proton/bunch) at a bunch spacing of 25 ns
within the planned cooling capacity, δmax must be brought
down to ~1.1. Measurements at CERN of δmax (for Cu) as
a function of electron bombardment dose indicate this can
be achieved at a dose of 0.01 C/mm2. The present

strategy is to use beam scrubbing during commissioning
to reduce δmax to 1.1. Other features of the LHC recipe for
dealing with ECE are to use a sawtooth chamber in the arc
dipoles to reduce photon reflections and coat all warm
section with non evaporable getter material (TiZrV),
which has a low SEY and is quite stable. Finally, there are
backup solutions of larger bunch spacing and the use of
satellite bunches.

Estimates of the threshold cloud density for the single
bunch transverse mode coupling instability (TMCI) are
below the saturation electron cloud densities for LHC and
SPS. The heat load in LHC could set a tighter tolerance,
but, TMCI could still be a problem especially at injection.

4 CONCLUSIONS
Electron cloud effects, such as beam induced

multipacting, vacuum degradation, instabilities and
interference with diagnostics, are now observed at many
high intensity machines and are a serious technical risk
for new machines e.g. LHC, SNS and future linear
colliders. Heat load on the cold bore of LHC is another
important ECE. For the high intensity accumulator rings,
the “convoy" electrons from the H- injection stripping
process can cause local heat damage to the wall if not
dealt with in a adequate fashion.

Significant progress has been made both to understand
ECE at a fundamental level and to mitigate the adverse
impact on accelerator design and operation. While there
has been good progress, the problem is far from being
resolved. The quantitative agreement between simulated
results and measurements remains uneven, and the
predictive power of the available tools does not appear to
be sufficient to extrapolate with high confidence the
present results to future machines with higher beam
intensity. A significant part of the problem for proton
machines is the level of uncertainty and ambiguity on the
input parameters associated with the primary electrons
and the SEY, which must be determined experimentally
or by other analyses. More work is clearly needed.
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1 REVIEW OF  RECENT OBSERVATIONS  
    An extensive review of recent observations and of new 
diagnostics has been presented for the following 
machines:  PS, RHIC, PSR, APS, and SPS.  
    It is very significant to note that some “old” machines 
show electron cloud related effects when they are 
operated with new or with upgraded beam parameters.  
   This is not only the case for the PS and the SPS at 
CERN but most recently also for RHIC. Rather 
satisfactory agreement exists between models and 
observations increasing the confidence in the predictive 
power of simulation codes.  
 

 2  MODELLING   
    The modelling of the e-cloud build-up, heat load 
measurements using calorimeters, observations of 
pressure rises and the evolution of the secondary electron 
yield as a function of beam scrubbing have been 
addressed in several presentations during this session. 
There has been a remarkable progress in this field, the 
most noteworthy being the better description and 
parameterisation of the low energy secondary electrons 
(reflected electrons) (see talks by N.H., M.F., I.C.). 
Introducing these new input data in the codes shows that 
e-cloud build-up and heat load are indeed very sensitive 
to the very low energy part in the distribution. Since low 
energy electrons are notoriously difficult to measure as 
they are affected by very low magnetic and electric fields, 
it will be a challenge to obtain data, which can be used 
reliably for a real machine.  
    Complimentary measurements of the secondary electron 
yield in situ and in laboratory systems give confidence in 
the models used in the simulation codes.  
 

3  DISCUSSIONS   
 
    A very interesting observation in the SPS has been the 
appearance of multipacting electron stripes in the dipoles. 
From the subsequent discussions it was not clear whether 
the horizontal position of these stripes are reproduced 
reliably by simulation codes. A follow-up on this question 

is necessary and has direct implications for the urgent 
decision on LHC beam screen slots.  
    The important question of generation and the 
apparently rather long survival time of electrons e.g. 
during bunch gaps in the PSR has been raised.  
   How can thresholds be defined for observable effects 
and used for benchmarking of simulation codes: 
multipactor electron signals, vacuum pressure rise, beam 
stability, emittance growth,. 
    Many machines (SPS and LHC) strongly rely on beam 
conditioning (scrubbing) of the surface. There seems to be 
consensus that more work has to be done to better 
understand the process. How closely is the evolution of 
the secondary electron yield and of the pressure rise 
linked together? Is it possible to relate one to the other?   
    For the cryogenic system of the LHC the important 
question remains whether beam scrubbing depends on 
temperature and whether room temperature results can be 
used for a cryogenic system  
    A point, which should not be overlooked, is the close 
relation between heat load (P) and dose rate (D):  
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    For the LHC beam screen the surface which needs to 
be scrubbed: F~5 104 mm2/m. N. Hilleret et.al. find 10-2 
C/mm2 for a well-scrubbed Cu surface with <1.3 for 
δmax. Operating the LHC within the cryogenic budget of 
P = 0.5 W/m and assuming a mean electron cloud energy  
<E> ~ 100 eV, one finds that it should take only about 30 
hours to accumulate this dose.  
    From this simple argument one may conclude that in 
case the heat load is limiting the operation of the LHC, 
scrubbing should go fast. Conversely, if heat load is not a 
problem, there should be no problem and scrubbing is not 
an issue.  
    The analogous argument also applies to vacuum 
scrubbing, i.e. the reduction of the electron stimulated 
desorption yield  of the surface. Most recent results from 
the SPS have indeed confirmed the fast clean-up of the 
vacuum system due to the multipacting electrons.  
    A detailed scenario should be worked out for the LHC 
to show the various options which can be followed to 
achieve δmax below 1.3 : bunch intensity & spacing, 



 

 

filling patterns, absence of synchrotron radiation and 
hence no photo electrons for beam energies < 2 TeV.  

 
  

    At CERN, the valuable possibility exists to use the SPS 
as a test bed for the LHC. With the installation of the 
COLDEX system, the cryogenic aspects can be tested. 
For this important program substantial beam time will 
need to be allocated, which are not foreseen in the present 
schedule.  
     The possible use of microwave power either as a 
diagnostic tool, as a means to enhance the surface  
conditioning or even as a remedy to suppress the electron 
cloud has been suggested and has been discussed at some 
length.  
     Concerning the surprising results from RHIC, it should 
not be overlooked that the LHC ion beams may show a 
similar behaviour, not necessarily in the LHC ring but 
perhaps in one of the pre-injector machines. Are there 
similarities between RHIC and LEIR, which could 
produce similar pressure rises? 
     A very attractive means to eliminate or to reduce the 
electron cloud will be the use of NEG-films in addition to 
the more conventional TiN coatings, which both have a 
low secondary electron yield. For those regions in the 
LHC, which can be baked and hence the getter film 
activated in situ (long straights and experimental vacuum 
chambers) this solution has been adopted.  Further studies 
and a comparison of the relative merits of such surface 
coating should be encouraged. 
 
 



                

Summary of Session III∗

M. A. Furman† , LBNL, Berkeley, CA 94720, USA

Abstract

This is a summary of the talks presented in Session III
(“Simulations of Electron-Cloud Build Up”) of the Mini-
Workshop on Electron-Cloud Simulations for Proton and
Positron Beams ECLOUD-02, held at CERN, 15–18 April
2002.

1 CONTRIBUTIONS

The talks presented in Session III, with speakers’ names
underlined, were:

1. Adiabatic Theory of Electron Oscillations and its Ap-
plication to SIS-100/200, P. Zenkevich, N. Mustafin
and O. Boine-Frankenheim.

2. Electron-Cloud Simulations: Build Up and Related
Effects, G. Rumolo and F. Zimmermann.

3. 3D Simulation of Photoelectron Cloud in KEKB LER,
L. F. Wang, H. Fukuma, K. Ohmi, S. Kurokawa, K.
Oideand F. Zimmermann.

4. A Simulation Study of the Electron Cloud in the Ex-
perimental Regions of the LHC, A. Rossi, G. Rumolo
and F. Zimmermann.

5. Qualitative Analysis of Electron Cloud Effects in the
NLC Damping Ring, S. Heifets.

6. Electron Cloud Updated Simulation Results for the
PSR, and Recent Results for the SNS, M. Pivi and M.
A. Furman.

2 SUMMARIES

Adiabatic Theory of Electron Oscillations and its Ap-
plication to SIS-100/200. The SIS machines are syn-
chrotrons being designed at GSI to store U+28

238 ions. SIS-
100 will have an energy of 100 MeV/u with four bunches,
while SIS-200 will have an energy of 1000 MeV/u. The
subject of this paper is to study the motion of electrons
trapped by the ion beam. Theonly sourceof electronscon-
sidered is ionization of residual gas. Theelectron lineden-
sity, λe, is assumed to be uniform. The ion line density
λi(τ), on the other hand, is a function of the normalized
time τ = t/T , where t = time and T = revolution period
(or bunch period if more than one bunch). The normalized
net linedensity function is

F (τ) =
Ziλi(τ)− λe

Zi〈λi〉
(1)

∗Work supported by the US DOE under contract DE-AC03-
76SF00098.
†mafurman@lbl.gov

whereZi is the ion charge. The scale of F (τ) is set by the
neutralization factor η = Ne/NiZi, whereNe and Ni are
thetotal number of electronsand ions, respectively. Thein-
vestigation was carried out for 4 assumed shapes of F (τ).
In all cases, a gap is assumed between bunches. In the gap
the ion density is assumed to be uniform and is character-
ized by a leak parameter χ = (ion density in gap)/(ion den-
sity at center of the beam). The transverse density of the
ions and the electrons is assumed to be round-Gaussian,
both of the same σ. For small amplitudes, the transverse
equation of motion of an individual electron in the com-
bined field of the ions and electron cloud can be linearized
leading to Hill’s equation in which F (τ) plays the role of
the periodic focusing function. This equation is analyzed
by standard transfer-matrix techniques, leading to linear in-
stability for certain values of χ. If the electrons are stable,
they form a core within the ion beam. Large-amplitude
electron motion was also investigated. In this case, the
heating of theelectronsisassumed to bedueto ion-electron
Coulomb scattering. An electron isassumed to belost if its
energy exceeds the net beam potential (it is assumed to be
absorbed at the vacuum-chamber walls with unit probabil-
ity). Thisanalysis leadsto very small equilibrium valuesof
η for both SIS-100 and SIS-200 under nominal conditions.
Future plans call for code improvements, using the Monte
Carlo method, and additional sources of electrons.

Electron-Cloud Simulations: Build Up and Re-
lated Effects. TheCERN electron-cloud simulation code
ECLOUD models the build up of an electron cloud in the
vacuum chamber under the influenceof acharged bunched
beam. The primary sources of electrons are photoemission
off the chamber walls, and residual gas ionization. The
model also takes into account secondary emission by elec-
trons striking the chamber walls, including elastic reflec-
tion. Direct and image (surface) forces on the electrons
are considered, both from the beam and from the space
charge of the electron cloud. These forces are applied to
the electrons by an appropriate time discretization, both
within a bunch and in the gaps between bunches. Longi-
tudinal (E × B) forces are also included. Besides field-
free regions, the code can describe the electron cloud in
several magnetic field configurations. Standard cases are
dipole, quadrupole and solenoid fields, although any field
can be considered if specified in analytic form. The sec-
ondary emission yield (SEY) has been modeled by fits to
experimental data, including the reflected component. The
code has been applied to describe various electron-cloud
effects(ECEs) such astheelectron density build-up and re-
lated phenomenasuch aselectron energy spectra, heat load
on the LHC beam screen, spatial patterns of the electron



        

cloud, electron flux at pick-up buttons, multi-bunch insta-
bility growth rates, electron trapping by magnetic fields,
and electron-cloud build up for electron beams. Results
for theelectron-cloud build up and heat load (for LHC) are
sensitive to the parametrization of secondary emission and
photoemission. Important are also the beam and electron
image charges, the electron space charge, and magnetic
fields, even if they are only a few Gauss. The simulated
electron-cloud build up is in good agreement with obser-
vations for the CERN SPS, the CERN PS and the KEKB
LER. An interesting disagreement between measurements
and simulations pertains to the exact position of the two
“vertical stripes” (locations of peak electron density) in an
SPSdipole. Thesimulated separation between thestripesis
about a factor ∼ 2 larger than observed for a bunch popu-
lation of 8 × 1010. In recent developments, the code has
been applied to study the electron cloud in KEKB LER
quadrupole magnets, predicting the trapping of electrons
for very long times. The code has also been applied to the
caseof electron (rather than positron) beams, in which case
an electron cloud is seen to develop, although at lesser in-
tensity than for positron beams.

3D Simulation of Photoelectron Cloud in KEKB
LER. A 3-dimensional particle-in-cell (PIC) simulation
code, PICEC3, has been developed to study the photoelec-
tron cloud, including all space-charge effects. The code
uses an irregular mesh in order to adequately represent the
shapeof thevacuum chamber. This irregular mesh requires
a modification of the conventional algorithm to assign the
charge of any given macroparticle to the nodes of the cell
that contains it. Besides field-free regions, the code can be
applied to any magnetic field configuration. The code in-
cludes models for photoemission and secondary emission,
and hasbeen applied to study the instabilities in theKEKB
LER. Results show that a solenoidal field is very effective
in confining the photoelectrons near the vacuum chamber
wall, thereby creating abeneficial charge-freeregion in the
vicinity of the beam. The more uniform the solenoid field,
the more effective the confinement. A comparison with C-
yoke magnets shows that solenoids are more effective at
electron trapping. Multipacting can occur in afield-freere-
gion and in a dipole magnet. The code has been applied
to quadrupole and sextupole magnets, for which a serious
electron trapping phenomenon has been found during the
train gap. The mechanism is analogous to the magnetic
bottle confinement of plasmas. In order for the trapping to
get started, the adiabatic condition of the electron motion
in a magnetic field must be broken. This happens for suffi-
ciently short bunches, in which casetheelectronsget asub-
stantial impulsekick. Thecondition on thebunch length is
σz < 2πmc/eB, whereB is the field at the mirror point
of the trapped electron trajectory. In practical units, this
condition readsσz [mm] < 10.7/B [T]. For KEKB condi-
tions, thesimulated trapping time in aquadrupole is∼ 105

ns. This long confinement time may cause multibunch in-
stabilities. Simulation results on the trapping mechanisms

agree well with theoretical analysis. The code has so far
been applied to cylindrical vacuum chamber geometry and
round gaussian beams, but the extension to more compli-
cated cases is in progress.

A Simulation Study of the Electron Cloud in the Ex-
perimental Regions of the LHC. The vacuum chamber
in theexperimental regionsof theLHCwill beat roomtem-
peratureand will havecomplicated geometry in order to ac-
commodate the detectors (ATLAS, CMS-TOTEM, LHCb
and ALICE) and the two coexisting beams. The baseline
design calls for coating the chamber with TiZrV, a getter
material that possesses thevirtuesof effectivepumping af-
ter activation at 200 C, low SEY, and good stability vis-à-
vis exposure to air. The primary motivation for these elec-
tron cloud studies is to determine the residual gas pressure
and composition, of critical importance for the acceptable
detector background level. Also important is the contribu-
tion of thesewarm sections to theelectron-cloud effectson
the beams. As opposed to the arcs, where the basic cri-
terion on the SEY is the maximum tolerable heat deposi-
tion from the electron cloud, in the experimental regions
the basic criterion on the SEY is the maximum tolerable
gas pressure, particularly from electron-stimulated desorp-
tion (ESD). Depending on the exact location, the chamber
radius varies in these regions from 22 to 200 mm. Since
the electron-cloud simulation tool used does not at present
allow for the modeling of two counter-circulating beams,
the assumption was made that the ECEs could be brack-
eted by studying two extreme cases with the conventional
(single-beam) simulation, namely: (a) bunch spacing has
the nominal value (sb = 7.48 m) but bunch intensity is
twicethenominal value(2Nb = 2.1×1011), and (b) bunch
spacing is sb/2 but bunch intensity isNb. In the real ma-
chine, these two cases obtain at discrete points along the
chamber whenever the distance from the IP is an integer
or half-integer multiple of sb, respectively. Besides ESD,
photon-stimulated desorption (PSD) wasalso taken into ac-
count (ion-stimulated desorption wasconsidered and found
to be negligible). Assuming peak SEY values of 1.1 or 1.4
and a calculated photon flux of 1016 γ/m/s, the simulation
code yields the electron flux and energy spectrum at the
chamber walls for a given radius. These results, combined
with measured valuesof thePSD and ESD for TiZrV, yield
the local pressure of H2, CH4, CO and CO2. It was found
that ESD is the main source of gas. In order to sharpen the
quantitative predictive ability of the code, the simulations
have been repeated for the SPS and compared with pickup
electron signals and pressure rise measurements (in this
casethemainsourceof electronsisresidual gasionization).
For a 72-bunch train at 26 GeV and Nb = 8.3 × 108, the
measured pickup signal in a field-free section matches the
simulations for a pressure of 200 nT and a peak SEY=1.6.
Similar tests have been carried out for other bunch-train
patterns. Further benchmarkswill becarried out, including
tests in aspecial section of chamber coated with TiZrV.



         

Qualitative Analysis of Electron Cloud Effects in the
NLC Damping Ring. The motivation of this work is to
try to obtain analytic estimates of the electron-cloud den-
sity and magnitude of the resultant wake in order to inter-
pret numerical results from simulations and allow parame-
ter scaling without additional lengthy calculations. In this
approach the beam is assumed to be non-dynamical hence
unperturbable by the cloud. The analysis is developed for
a quasi steady state equilibrium, defined by the condition
κ¿ 1, whereκ is given by

κ =
Nbresb
b2

(2)

HereNb and sb are the bunch population and spacing, re-
spectively, re is the classical radius of the electron, and
b is the vacuum chamber radius. The condition κ = 1
defines the beam-induced multipacting resonance condi-
tion [1], corresponding to theequality of thebunch spacing
(in time units) and the traversal time of an electron across
a chamber diameter under the impulse of a single bunch
passage. The limit κ = 0 at fixed Nb and b corresponds
effectively to a coasting beam, hence only a static electron
cloud can develop in this limit. The condition 0 < κ ¿ 1
correspondsto aregimein which thebeam and theelectron
cloud (or, at least, most of the electrons in the cloud) are
weakly coupled hence an analytic approach may be fruit-
ful. In the high-current limit of a bunched beam, κ À 1,
theelectronscross thechamber so quickly under theaction
of a single bunch that an electron cloud in the usual sense
is not well defined.

As a first approximation, the electron cloud distribution
is computed in steady state for a coasting beam in a cylin-
drical chamber of radius large compared with the trans-
verse beam dimensions. The electrons move in the com-
bined potential of the beam and the space charge of the
cloud. The requirement of zero radial electric field at the
wall yields an averageelectron-cloud density

n0 =
Nb
πb2sb

, (3)

corresponding to the average beam neutralization condi-
tion. Thechargedistribution isgiven by aBoltzmann form,
n(r) ∝ exp(−U(r)/T ) where U is the self-consistent
beam-cloud potential and T is a temperature. For a
bunched beam with κ ¿ 1, an electron takes, on aver-
age κ−1 bunch passages to cross the chamber. Since this
is a large number, its motion can be taken to be sensi-
bly random. Thermalization of the electrons takes place
within some distance from the beam. Even if the lin-
ear bounce frequency of an electron within a bunch isÀ
bunch frequency, such electrons can still be described by
the Boltzmann distribution due to randomness of the elec-
tron motion. Assuming that an electron that hits the cham-
ber wall is absorbed, equating the average energy gain
from a bunch-electron kick with the average energy lost
by an electron hitting the wall defines the cloud temper-
ature T in steady state. This calculation also yields the

energy spectrum of the electrons hitting the wall. Photo-
electronsand secondary electronsareattracted towards the
beam. These newly-generated electrons produce jets that
may have higher density than the average n0. The calcu-
lation shows that these jets significantly increase the cloud
density near the chamber center. Once saturation level is
achieved, which takes a few bunch passages, the newly-
generated photoelectrons and secondary electrons are re-
pelled by the potential and are sent back to the chamber
wall. This implies that the level of thedensity at saturation
is fairly independent of the photoelectron and secondary
yield. Multipacting does not change the temperature much
but rather affects the distribution of electrons only in the
vicinity of the wall. This explains why the average density
of the cloud is close to that given by the beam neutrality
condition. The analysis also yields the long-range wake
and thecorresponding linear growth rateof coupled-bunch
instability.

This qualitative analysis for κ ¿ 1 was applied to the
NLC Main Damping Ring, for which κ = 0.28. Good
general agreement is found with availablesimulations.

Electron Cloud Updated Simulation Results for the
PSR, and Recent Results for the SNS. The LBNL
electron-cloud code POSINST, which was initially devel-
oped to study the ECE in the PEP-II positron beam start-
ing in 1995, has been recently applied to the electron-
cloud instability seen at the Proton Storage Ring (PSR)
ring at LANL, and to the storage ring of the Spallation
Neutron Source (SNS), presently under construction at
ORNL. The physical model embodied by this code is sim-
ilar to that of the code ECLOUD, described above. How-
ever, the secondary emission process is somewhat differ-
ent. An improved, complete, model for this process, in-
cluding detailed descriptionsof thethreemain components
of the emission spectrum (true secondary, rediffused and
backscattered electrons) has been recently included in the
code. The code has been benchmarked against measure-
ments at the PSR obtained by means of dedicated electron
probes which measure the flux, time structure, and energy
spectrum of the electrons striking the chamber walls. The
PSR contains a single proton bunch of full length ∼ 60
m and energy 1.735 GeV in a stainless steel chamber of 5
cm radius and 90 m ring circumference. The simulations
show very clear trailing-edge beam-induced multipacting
(BIM), in good agreement with measurements. This effect
was clearly seen in a digital simulated movie of the elec-
tron cloud build up and dissipation during two bunch pas-
sages. Theelectrons that arepresent in thechamber during
the beam gap typically have low energy; they are captured
adiabatically by the beam during the passage of its leading
edge, and released with equally low energy towardstheend
of the trailing edge. Theseelectrons, therefore, do not con-
tribute to trailing-edge BIM. However, the electrons that
are generated from stray protons hitting the chamber dur-
ing the bunch passage, especially those produced near the
peak of the bunch current, are captured non-adiabatically



     

and are released at high energy soon after the passage of
the peak of the bunch, and contribute strongly to trailing-
edge BIM. This phenomenon leads to a strong sensitivity
of the electron-wall current (and hence the electron distri-
bution) to the longitudinal profile of the bunch. The time-
energy joint electron spectrum is in good qualitativeagree-
ment with measurements, although the quantitative agree-
ment iswithin a factor ∼ 2, assuming apeak SEY valueof
2. Preliminary simulations for the SNS show that an aver-
age electron line density of ∼ 150 nC/m may be reached
in a field-free region, leading to a significant tune shift due
to beam neutralization. Due to an unexpectedly large elec-
tron multiplication during the passage of the SNS beam,
simulations have have so far used a low number of seed
macroparticles per bunch passage, leading to poor statis-
tics for peak SEY values above 1.3. The code will soon be
improved to deal with this problem.
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Summary of Session IV: Simulations of Electron-Cloud Instabilities

F. Zimmermann,CERN,Geneva,Switzerland

Abstract

I summarizethesessionIV of theECLOUD’02worskhop,
which wasdevotedto thesimulationof electron-cloudin-
stabilities.

1 INTRODUCTION

In SessionIV, 10 presentationsweregiven:

� Simulation of Emittance Growth due to Electron
Cloud in the PEP-II Positron Ring by Y. Cai (SLAC),

� Electron Cloud Simulations: Beam Instabilities and
Wake Fields by G. Rumolo(CERN),

� Study for ep Instability in JAERI-KEK Joint Project
by T. Toyama(KEK),

� Study for ep Instability in High Intensity Proton Rings
by K. Ohmi (KEK),

� Head-Tail Instability Caused by Electron Cloud by
E. Perevedentsev (INP),

� Wake Field of the e-Cloud and its Effect on the Up-
grade of PEP-II by S.Heifets(SLAC),

� Electron Cloud in the PSR and SNS byM. Blaskiewicz
(BNL),

� Effect of Electron Cloud on the Bunch Oscillations in
KEKB LER by S.S.Win (KEK),

� Study of Electron Cloud Effect in JLC Damping Ring
by K. Ohmi (KEK), and

� Effect of Bunch Length, Chromaticity, and Linear
Coupling on the Transverse Mode-Coupling Instabil-
ity due to Electron Cloud by E. Metral (CERN).

In thefollowing, I discussthesessionhighlightsandsome
unresolvedquestions.

2 TALKS

2.1 Electron Cloud Simulations for PEP-II
(Y. Cai)

Y. Cai presentedthe resultsof a micro-bunchsimulation,
which usesa modelfirst describedin Ref. [1]. He alsoin-
cludedradiationdampingfor the centroidmotion of each
bunchslice (or micro-bunch). The deflectionof the elec-
trons is computedby assuminga constanttransversesize
of eachbunchparticle. Theinverseforce is obtainedfrom

the action-reactionprinciple. Using PEP-II LER param-
eters,he observed a clear thresholdin the electroncloud
density beyond which the vertical beamsize rapidly in-
creases.Above thresholdthe beam-sizegrowth time is of
theorderof thesynchrotronperiod(40 turns).Thethresh-
old coincideswith the thresholdof the transversemode-
coupling instability. This is evidencedby computingthe
Fourier spectrumof the beamdipole motion: the thresh-
old of beam-sizegrowth correspondsto the mergerof the�������

and
���	�

head-tailmodes. An experimen-
tal measurementat PEP-II showed a similar signatureof
modecoupling as obtainedin the simulation. The sim-
ulatedthresholdfor the horizontalblow up is abouttwo
timeshigher.

The measuredspectrumresemblesthe spectrumsimu-
latedfor a densityof 
�� ��������

m ��� , which is abouthalf
thesaturateddensityfoundin electronbuild-upsimulations
andonly 20% of the estimatedthresholddensity. Indeed,
this valuecorrespondsto only 1% of the averageneutral-
ization density, which is attributedto the effectivenessof
thesolenoidwindings.

Usingtheindependentlysimulatedelectrondensity
 � ���� �������
m ��� andabuild-uptimeconstantof 50ns,Y. Cai

studiedthe beamsize increasealong a bunch train and
founda30%blow up,roughlyconsistentwith observations
at PEP-IIandKEKB.

Theeffect of chromaticitywasexploredfor a densityof

�� ��� � ������� m ��� , i.e., well above the TMCI threshold
of � � ������� m ��� . A positive chromaticityhadno signifi-
canteffect,while for negativechromaticitybothhorizontal
and vertical beamsizesincreasedstrongly. This may be
consistentwith observations.However, theactualelectron
densityin PEP-IIseemsto bebelow thethreshold.

In this context it is interestingthatthesimulationshows
a significantgrowth of thebeamsizealsoat lowercurrents
(below the threshold). The reasonfor this beam-sizein-
creaseis not yet explained.Sofar theeffect of chromatic-
ity in this regime, i.e., below theTMCI threshold,hasnot
beeninvestigated.Sucha studywould help in unravelling
theorigin of theblow up,andin contriving a cure.

A secondunresolved mysteryis that in the simulation
the vertical blow up is much strongerthan the horizon-
tal, whereasin reality the horizontalemittanceblow up is
larger.

2.2 Beam Instabilities and Wake Fields (G. Ru-
molo)

G. Rumolo describedthe HEADTAIL code developed
at CERN for the simulationof single-bunch instabilities
driven by the electroncloud. The codeincludesfully 3-



dimensionalbeammotion, a PIC module for computing
theelectricfieldsof thebeamandtheelectrons,theoption
of nonzerochromaticity, external magneticfields, detun-
ing with amplitude,arbitrary initial electrondistributions
(e.g., two verticalstripes),conventionala wake field, pro-
ton spacecharge, beam-beamcollision, and synchrotron
oscillations.For thecomputationof spacecharge,theinter-
actionwith the electroncloud,andthe conventionalwake
field, the macroparticlesconstitutingthe bunch are tem-
porarily assignedto a numberof longitudinal slices, for
eachof which the interactionis calculatedsuccessively.
Thelinearspace-chargeforceis modelledby anadditional
rotationin transversephasespacearoundthecenterof the
associatedlocal beamslice. The instability simulationis
performedover many turns(several synchrotronperiods).
The codecanalsocomputethe transversewake field, by
displacinga single slice transversely, and calculatingthe
force on later partsof the bunch. The longitudinalwake
field is obtainedby identifying the longitudinalsliceposi-
tion with time.

The simulationrevealsthe electronphasespace,andin
particularthepronouncedpinchingof electronsat thecen-
ter of the bunchduring its passage.An additionalbroad-
band impedanceand a space-charge tune spreadhave a
strongimpacton the dynamicsof the single-bunchinsta-
bility simulatedfor theLHC beamin theSPS.Thevertical
emittancegrowth canbesuppressedby a largechromatic-
ity � �!#" ���

(or $ ! " �&% '
). The inclusion of the pro-

ton space-chargeforce qualitatively changesthe character
of the instability, convertinganotherwisesmoothblow up
into violent oscillationsalongthebunch.

Thesimulatedtransversewake fieldsdependon thepo-
sition of the displacedsourceslice. This is easilyunder-
stoodfrom theelectronpinchandfrom thevariationof the
electronoscillationfrequency alongaGaussianbunch.The
wake fieldsalsodiffer stronglywhetheronecomputesthe
field on axisor thefield averagedover thetransversebeam
distribution. A dipolefield suppressesthehorizontalwake
andalso lowers the vertical. The longitudinalwake field
wasshown to beinsignificantfor theSPS.

Simulationswere also performedfor KEKB. A strong
dipole motion inside the bunch is visible for the vertical
planeonly. This is dueto theflatnessof thebunch,andit is
consistentwith observations.A chromatcityof $ ! �(�)% * �
curesthis instability.

A detailedcomparisonof KEKB simulationresultsusing
theHEADTAIL codeandthePICmoduleof K. Ohmi’sPEI
codehasshown a goodagreementin theemittancegrowth
for severaldifferentchromaticities.Theresultsalsoappear
to be consistentwith experimentalobservations[4], both
exhibiting a similarly beneficialeffect of positive chro-
maticity.

The KEKB solenoidswith a field of 30 G do not much
affect the single-bunch instability, becausethe cyclotron
period is much longer than the bunch length. However,
simulationshave shown that for the longerbunchesin the
SPSa 100-G solenoidsuppressesthe electronpinch and

alsocouplesthewakesexcitedin thetwo transverseplanes.

2.3 Electron-Cloud Build-Up and Instability
for High-Intensity Proton Rings and in par-
ticular for the JAERI-KEK Joint Project
(T. Toyama, K. Ohmi)

TheJKJprojectcomprisestwo high-intensityprotonrings
acceleratingto 3 GeV and to 50 GeV, respectively. The
electron-cloudeffectsobservedattheLANL PSRandBNL
AGShavemotivateda studyof e-pinstability for JKJ.

Simulationsof electron-cloudbuild up wereperformed
for variousmachinesand the saturatedelectrondensities
were comparedwith instability thresholdspredictedby
a dispersionrelation. This dispersionrelation was ob-
tained by approximatingthe single-bunch wake field by
a resonator(derived from a simulation), and then evok-
ing a coastingbeamapproximation,which includedLan-
daudampingdueto the slippagefactorandthe beamen-
ergy spread.As anindependentcrosscheck,theinstability
growth ratesweredirectlysimulatedby micro-bunchtrack-
ing.

TheresultssuggestthattheJKJringsshouldoperatebe-
low theinstability threshold.ThePSRis foundto beunsta-
ble,while theISISring (UK) is predictedto bestable,both
in goodagreementwith observations.

The secondaryemissionyield of variousmaterialswas
measuredin the laboratorybeforeandafter sputteringthe
surfacewith Argon ions. Thesputteringreducestheyield
of all materials.Theisotropicgraphitehadthelowestyield
in eithercase.TheTiN film presumablycontainedcarbon
andoxygenimpurities.

In a dedicatedexperimentat theKEK PSelectron-cloud
signalsweredetectedon pick upswith a high-impedance
termination.Thesignalshowedaclearbaselinedrift during
the passageof a bunchtrain, which dependedstronglyon
thenumberof bunches.A biasvoltageor a weaksolenoid
field stronglyaffectedthesignal,which indicatesthatelec-
tronsareat theorigin of theshift.

Simulationsof the electron-cloudbuild up are roughly
consistentwith the measurementand also show that the
simulation result critically changeswhen elastically re-
flectedelectronsaretakeninto account.

More studiesareplanned,for example,the simulations
for JKJ will be repeatedusing a more realistic model,
which includestheelasticallyscatteredelectrons,themea-
sured secondaryemissionyields, and also the electron
spacecharge.

2.4 Head-Tail Instability caused by Electron
Cloud (E. Perevedentsev)

E. Perevedentsev presenteda comprehensive treatmentof
thecombinedhead-tailandTMCI instability drivenby the
electroncloud. The wake field due to the electroncloud
maybeparametrizedeitherby abroadbandresonatoror by



a Struve function. The latter canfurtherbe approximated
by a + � Besselfunction.

Hethenappliedastandardmodecouplinganalysisto the
electroncloudinstability in KEKB andin theCERNSPS.
The coupling matrix was limited to 3 radial moidesand
truncatedat azimutahlmodes

� ��, � , '
. The conver-

gencewas checked by extendingthe orderof truncation.
Next, the tunevariationalongthe bunchdue to the elec-
tron pinch was includedin the TMCI calculation. It was
foundthatthispinchis stabilizing,in accordinacewith ear-
lier studiesby V. Danilov for conventionalwake fields[3].

Most importantly, in thewrite-upfor theseproceedings,
E. Perevedentsev generalizedthemodecouplingtheoryto
the caseof a wake field -/.103240 �65 , dependingon the lon-
gitudinal coordinates0 and 0 � of the sourceand testpar-
ticle, respectively. This describestheelectroncloudmore
appropriatelythana conventionalwake -/.10 � 0 � 5 , since
theelectrondistributionchangesduringthebunchpassage.
The generalizedwake field can be computedby simula-
tions.

Also a simplefeedbackwith resistive andreactive com-
ponentswasintroduced.An analysisfor the conventional
wakefield showsthata largechromaticitycansuppressthe
instability. For a chromaticphaseshift of 798 � all lower-
order modesare stablein KEKB and in the SPS,which
bothcorrespondto thecaseof a ‘long bunch’,definedby a
numberof oscillationsalongthebunchwhich is equalto 1
or larger.

An optimumstabilizationmaybereachedby a judicious
combinationof moderatechromaticityandchoiceof feed-
backphase.

E. Perevedentsev finally consideredthe coastingbeam
limit. Treatingthe casesof low-order modesandmodes
neartheresonantfrequency hederivedsomewhatdifferent
stability conditions.In positronrings,high-orderinstabil-
ity modesarerapidlydampedby adiffusionprocessarising
from thesynchrotron-radiationquantumfluctuation.

Assumingsaturation,thethresholdcurrentscalesin pro-
portion to the bunch spacing. On the other hand, in the
shortbunchlimit, thethresholdcurrentscalesasthesquare
root of thebunchspacing.

The generalizedwake conceptprovidesus with an ex-
tremely powerful tool for more accuratelyanalysingthe
electron-cloudhead-tailinstability.

2.5 Electron Cloud at High Beam Current:
PEP-II Upgrade (S. Heifets)

The presentationby S. Heifets discussedthe prospectof
obtainingevenhigherbeamcurrentsatPEP-II,withoutag-
gravatingtheelectron-cloudeffects.This is motivatedby a
proposedupgradewhich shouldincreasethe PEP-II lumi-
nosity by morethanan orderof magnitude,with a stored
beamcurrentup to 18 A. S. Heifets introducedtwo para-
materscharacterizingtheelectron-cloudbuild up: : and ; ,
definedby

: �
�)<>=@? �BA =CED (1)

and

; � A =C
�)FHG
IKJ D % (2)

Theformerdescribesthedistancetraversedby anelectron
which is nearthewall whena bunchpassesby until thear-
rival of thenext bunchin unitsof thebeam-piperadius.It is
2 timesthemultipactingparameterconsideredby O. Grob-
ner [2]. Thesecondparameterdescribesthedistancetrav-
elledbyasecondaryelectronemittedwith energy

F G
overa

time correspondingto thebunchspacingA = , againin units
of the beam-piperadius. The expectationis that for high
valuesof : andlow ; thecenterof thebeampipeis almost
freeof electrons,andtherewill beno electron-cloudinsta-
bility. S. Heifetsconfirmedthis by a simplifiedsimulation
study. This parameterregime exactly correspondsto that
of anupgradedPEP-II,envsioningcloselyspacedbunches
(small A = ) andhighbunchcharges(large

<>=
).

In theseconditions,theclouddensityis no longersetby
the conditionof neutrality, but by an equalityof the elec-
tron space-chargepotentialandtheinitial energy

FLG
. This

meansthat the electrondensitywill be much lower than
naively expected. However, insidedipole fields the elec-
tron densitymight grow to largervalues.

For certainintermediatebeamcurrents,the simulation
showedanincreaseof theelectron-clouddensityfor every
otherbunch,which mayexplain why the PEP-II luminos-
ity was observed to alternateperiodically from bunch to
bunch.

At low current, the wake field is determinedby elec-
trons in the vicinity of the beam. An additional effect
is the asymmetryintroducedby the jet of primary photo-
electronsor by anante-chamber. Theestimatedchangein
equilibrium beamenergy dueto the staticdipolar force is
small.At highcurrentthebunch-to-bunchwakefield arises
from the asymmetryof the secondaryelectronscausedby
a transversebunchoffset. An explicit formula for ;NM �
wasgiven. The azimuthalharmonicI � �

of the elec-
tron cloudgeneratesa contribution to the tuneshift which
is equalandof oppositesign in the two transverseplanes.
Theprimaryjetsof photoelectronscauseavariationof tune
shift andorbit distortionalongthebunch.Thehead-tailin-
stability canbetreatedusingtheSatoh-Chinformalism,by
a properchoiceof the rang of the coupling matrix. The
instability maybestabilizedif thenumberof head-tailos-
cillationsalongthebunchis large.

2.6 Electron Clouds in the PSR and SNS (M.
Blaskiewicz)

M. Blaskiewicz discussedelectron-cloudeffectsin thePSR
and SNS, first consideringthe electroncloud generation
and then the beamstabiilty. A remarkableplot from the
PSR(Fig. 1 in the talk) shows the thresholdrf voltageas
a function of beamcharge. Two curvesfor 30% different
bunchlengthswerealmostidentical. It appearsdifficult to
explain this independenceof bunchlengthby commonin-
stability models.



Primaryelectronsareassumedto begeneratedby losses
andgasionization. Secondaryelectronsareparametrized
in the usualway, i.e., using the Seiler formula. A rough
estimateis agenerationrateof 200electronsperlostproton
and0.1%loss,resultingin

�O� ���QP
primary electronsper

meterandturn.
In a simplecoastingbeammodel,wherespacechargeis

assumedto be thedominantcontribution to the tuneshift,
thethresholdbunchcurrentshouldscaleasthethird power
of thebunchlength(notethestriking differenceto theob-
served independence!).The focusof the simulationshas
thusbeenthe scalingwith the bunchlengthandthe mod-
elling of a realisticelectroncloud.

Thesimulationmodelusedis essentially1-dimensional,
describingonly the vertical motion of protonsand elec-
trons. The forcesbetweenprotonbeamandelectronsare
approximated,sothatthey arecorrectin thelimits of small
and large amplitudes. The electroncloud is represented
by a small number(20–200)of macroparticles,the beam
by
�R� ���TS

macroparticles,andspace-chargekicks areap-
pliedabout10 timesperbetatronoscillation.Many param-
eterswerevariedin the simulations.Electrondensitiesof
1 nC/m led to a rapid instability with beamloss. Smaller
densitiescouldgiveriseto persistentoscillationsat a finite
amplitude.Thesimulatedthresholddensitiesandthreshold
rf voltagesdiffer from theobservationin thePSRby factors
of about0.2and1.5. Theorigin of theadditionaldamping
is unclear.

Complementaryto thesimulation,aneigenmodeanaly-
siswasperformed,wheretherf voltagewasapproximated
by a squarepotential.Again thethresholdrf voltagevaries
stronglywith bunchlength. The eigenmodeanalysiswas
benchmarkedagainsta coastingbeamcalculation.There-
sultsaresensitive to tails in themomentumdistribution.

Thesameeigenmodeanalysiswasappliedto the2-MW
SNSandan electrondensityof 2 nC/m, correspondingto
fairly large valuesof secondaryemissionyield and elec-
tron reflectivity. Thethresholdpredictedfor theSNSlooks
acceptable.

A convergencetestof the eigenmodeanalysisrequired
many modes in order to reproducethe known beam
breakuplimit, andshowed that the coastingbeamdisper-
sionrelationgivesagoodestimatefor thethreshold.

2.7 Coupled Bunch Instability in KEKB LER
(S.S. Win)

S.S.Win presentedmeasurementsand simulationresults
for thespectrumandgrowth ratesof multi-bunchinstabili-
tiesdrivenby theelectroncloudin KEKB.

Multibunch mode spectraand instability growth rates
weremeasuredwith solenoidsonandoff. At beamcurrents
approaching1 A, theinstability growth rates,measuredaf-
ter deactivatingthetransversefeedback,areof theorderof
500 U s. With solenoidsoff thespectrashow a strongpeak
nearmodenumber800(outof about1300)andtwo smaller
peaksaround1100and150(andafourthpeakat350in the

horizontalplane). On the otherhand,whenthe solenoids
areturnedon,only low-ordermodesnear0 areexcited.

Good agreementbetweensimulatedmodespectraand
measurementswasachieved, by assuming— in the case
without solenoids— thatthephotoelectronsaregenerated
uniformly aroundthe chamberwall andnot concentrated
at theprimary illumination point. Thecasewith solenoids
alsoshowsagoodagreement,but is insensitiveto detailsof
the initial electrondistribution. If oneassumesa solenoid
field of about10 G, the simulatedhorizontalgrowth rate
agreeswith the measurement,and the simulatedvertical
growth rateis about50%higher.

2.8 Electron Cloud in the JLC Damping Ring
(K. Ohmi)

K. Ohmi studiedthe electroncloud phenomenonin two
versionsof the JLC dampingring, which differ by the
bunchspacing(1.4nsand2.8ns,respectively).

He first studiedthe electroncloud build up. The pho-
tonabsorptionefficiency of theantechamberwasestimated
at 80% basedon an experimentat KEKB. The simulated
cloud densitiesin saturationat the centerof the chamber
thenare

� � ����� D
m ��� and

* � ����� D
m ��� .

Thesimulatedgrowth rateof thecoupledbunchinstabil-
ity wasfoundto be26 U s (20 turns)or 130 U s (100turns),
for thetwo bunchspacings.

Thesingle-bunchwake field wascomputedanalytically
andby a macroparticlesimulation.Thecoastingbeamin-
stability thresholdwasthenusedto estimatethe threshold
electrondensity. For a synchrotrontuneof VXW �Y�)% ���

, it
is abouthalf the densitysimulatedfor the 1.4-nsspacing.
Someambiguityremainsin thechoiceof thewake quality
factor, � , andthe enhancementfactordueto the electron
pinch, Z .

K. Ohmi concludedthata further reductionin the elec-
tron densityby a factor5–10will be needed.Clearly, the
electroncloudwouldfavor thelargerbunchspacing,where
theconditionsappearconsiderablymorerelaxed.

Finally, resultswerealsopresentedfor DAFNE. Theav-
erageelectrondensityfor presentbeamconditionsis es-
timatedat [ � ��� ��� m ��� , which is 3 times lessthan the
predictedsingle-bunchinstability threshold.Sincethede-
sign currentof DAFNE is 5 timeshigherthanthe present
value,theinstability mightbeobservedin thefuture.

2.9 Effect of Bunch Length, Chromaticity and
Linear Coupling (E. Metral)

E. Metral analysedtheelectroncloud instability by adapt-
ing thetransversemode-couplingtheory. Heapproximated
the wake field by a resonator. The strongdependenceof
theelectron-cloudwake-fieldparameterson bunchlength,
transversebeamsize, and bunch currentwere taken into
account.

The model was appliedto the CERN SPS,and it was
shown thatfor the2001beamparameters,astrongsensitiv-



ity to chromaticityandbunchlengthis expectedin agree-
mentwith theobservations.For shortbunches( \], � � cm)
or highchromaticities($ !_^ �)% � ) theLHC beamin theSPS
is expectedto bestableup to nominalintensity.

In theSPS,mostof theelectronsresidein dipolefields,
wherethehorizontalsingle-bunchwakevanishes,sincethe
electronshereonly move vertically. Therefore,linearcou-
pling can sharethe growth rate betweenthe two planes,
andincreasethe instability rise time by a factorof two. It
is foreseento testthis stabilizationschemein 2002.

3 OPEN QUESTIONS AND FUTURE
STUDIES

Oneburning questionconcernsthe missingphysicsinput
thatcouldexplainwhy theblow upin PEP-IIpreferentially
occursin thehorizontalplaneandnot in theverticalassim-
ulated.Anotherquestionis thecharacterof thePEP-II in-
stability below thesimulatedTMCI threshold.

It is not enirely clear if the observedelectroncloud ef-
fectsin PEP-IIareconsistentwith simulationsor not,given
theinstallationof antechambersandextensiveTiN surface
coating.A comprehensivecomparisonwouldbemostvalu-
ablefor theaccelerator-physicscommunity.

Experimentaland simulationstudiesshouldfurther be
advanced,in orderto explorethehigh-intensity‘blow-out’
regimecontemplatedfor thePEP-IIupgrade.

The striking fact that the measuredthresholdrf voltage
in the PSRis nearlyindependentof the bunchlengthstill
callsfor anexplanation.

A highlight of this sessionis the generalizedTMCI
theory including pinch effect and time-dependentwake
field. Thenew theoryshouldbeappliedandbenchmarked
againstsimulationsandexperiments.

A smallmysteryis why the(photo?)-electronsin KEKB
seemto be generatedso uniformly aroundthe chamber
wall.

Additional refinedstudiesmay be necessaryfor a re-
liable predictionof electroncloud effects in future high-
intensityprotonringsandin futurelinearcolliders,though
apromisingstarthasbeenmadeandthepreliminaryresults
areencouraging.

Thestabilizationof theelectron-cloudinstability by lin-
earcouplingshouldbetestedexperimentally.
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SUMMARY SESSION V: COMPARISONS AND PLASMA APPROACHES

R. Aßmann, CERN, Geneva, Switzerland
T. Katsouleas, University Southern California, CA, USA

1 PRESENTATIONS

The talks in session V covered a wide range of topics:

1. Electron cloud instability.

2. Instabilities with concurrent beam-beam and electron
cloud.

3. Plasma wakefields and plasma modelling for electron
cloud.

4. Synchrotron radiation effects on electron clouds.

5. Theory of holes in particle beams.

6. Vlasov-Poisson equations for proper non-linear de-
scription.

7. Experimental, simulation, and theoretical results for
the PS, SPS, BEPC, BEPCII, SLAC plasma experi-
ments, Heavy Ion Fusion.

The session illustrated that the modelling and understand-
ing of the electron cloud is an area with a large scope of
issues and interests, bringing together a wide range of di-
verse expertise. In the following we summarize the main
results presented.

Electron build-up and instability: Comparison be-
tween observation and numerical simulations for the
CERN PS (G. Rumolo et al) G. Rumolo presented that
and electron cloud build up and instability can be observed
in the PS. Simulations aimed at understanding the obser-
vations, especially the observed and unexpected horizontal
instability. He showed that the detailed magnetic configu-
ration is an important input to simulations. Including the
combined function magnets into the model, a strong hori-
zontal wake function can indeed be predicted. He presented
results on the electron cloud density in saturation, versus
different beam intensities. It is not understood why the
equilibrium cloud density decreases with increasing beam
population.

Combined phenomenon of the beam-beam and the
beam-electron effects (K. Ohmi et al) K. Ohmi showed
theory and simulation results for e+e� colliders that indi-
cate that the concurrent effects from beam-beam and elec-
tron cloud can lower the instability threshold significantly.
This complex phenomenon should exist, though the predic-
tions from linear theory and strong-strong simulation with a
soft Gaussian model disagree. Further work is required for
a more detailed understanding, including the effect from
strong Landau damping due to beam-beam.

Simulation study on electron cloud instability for
BEPC and its upgrade plan BEPCII (J. Xing et al)
J. Xing reported that a photo electron detector has been in-
stalled in the BEPC ring. Electron production is observed
with this monitor, however, without any saturation in elec-
tron density, if the beam intensity is increased. This is con-
sistent with simulations of electron production for different
yields, reflectivities, and beam currents. Electron cloud is a
potential concern for the two ring upgrade BEPCII, where
it could limit the maximum intensity in the positron ring.
BEPCII will have more bunch intensity than KEK-B with
the same bunch spacing and lower beam energy (1.9 GeV).
J. Xing showed that the electron cloud seems not to be a
serious problem for BEPCII, possibly because it will be
below the TMCI threshold of the electron cloud volume
density.

Plasma modelling of wakefields in electron clouds
(T. Katsouleas et al) T. Katsouleas presented experimen-
tal results from plasma wakefield acceleration experiments
and the corresponding simulations. He demonstrated the
advanced state of plasma simulation (both 3D and 2D), vis-
ible from the excellent agreement of simulation with ob-
servation. Applying these tools to the SPS parameters he
found good agreement in the predicted longitudinal wake-
field with results from F. Zimmermann and G. Rumolo,
however, without some unphysical artefacts in the begin-
ning and end of the bunch. He also raised the point of the
image charge tune shift due to the electron cloud itself that
had so far not been included correctly into simulations. He
concluded that it is possible to build a powerful tool that
combines the best of plasma and accelerator tools.

On the transparency of the electron cloud to syn-
chrotron radiation (D. Kaltchev) D. Kaltchev analyzed
the effect of synchrotron radiation on the electron cloud.
He concluded that there is a negligible effect for LHC pa-
rameters.

Kinetic theory of periodic holes in debunched par-
ticle beams (H. Schamel et al) H. Schamel discussed
the appropriate theoretical treatment of plasmas. He ques-
tioned the ”standard wave concept in plasma theory” that
small amplitude waves can be predicted by a linearized
theory and that non-linear effects become important only
for larger amplitudes. Based on experimental results he
demonstrated for electro-static phase space structures that
nonlinearity starts from the onset, even at infinitesimal am-
plitudes. This is adequately described by a solution of the
Vlasov-Poisson system with a potential method.



Electron cloud effects in intense ion beam linacs; the-
ory and experimental planning for heavy ion fusion
(M. Furman) M. Furman presented the plans for a fusion
power plant, relying on 100-200 simultaneous heavy ion,
singly ionized beams. The energy would be 1-4 GeV with
an energy of several MJ. There is a concern that the electron
cloud could affect the focusing of the beams which must
overlap with a small spot size in the fusion point. Studies
have started and extensive instrumentation has been pro-
posed for electron detection in the test facility HCX.

2 MAJOR QUESTIONS RAISED FOR
FURTHER WORK

� What is the explanation for lower equilibrium e-cloud
density with higher beam intensity, as predicted from
simulations for the PS?

� Why do the linear and Gaussian beam-beam approx-
imations for beam-beam with electron cloud give
somewhat different results? What is the tune depen-
dence of the effect?

� Can one do meaningful experiments on this effect at
PEP-2 (maybe explaining the difference between hor-
izontal and vertical observation in PEP-2)?

� What is the expected combined effect of beam-beam
and electron cloud in proton-proton colliders like the
the LHC?

� Can the build-up of the electron cloud be integrated
into the plasma modelling codes, instead of staring
from an existing electron cloud density?

� Can the effect of damping and diffusion be included
into the theory of holes?

� Can the fringe fields be included into electron cloud
simulations to maybe explain the differences in hori-
zontal and vertical observations in PEP-2 (similar to
the effect of combined function magnets in the PS)?



SUMMARY REPORT OF SESSION VI

W. Chou, Fermilab, Batavia, IL 60510, USA
O. Brüning, M. Giovannozzi, E. Metral, CERN, Geneva, Switzerland

Abstract
This report gives a brief review of the presentations in

Session VI of the Ecloud’02 Workshop and summarizes
the major points during the discussions. Some points (e.g.,
the critical mass phenomenon) are not conclusive and
even controversial. But it has been agreed that further
investigations are warranted.

1 REVIEW OF TALKS
The topic of Session VI in the Ecloud’02 workshop is
“Discussions of future studies, collaborations and
possible solutions.” Half of the session is devoted to
presentations, another half to discussions. This report will
focus on the latter.

There are six presentations:
• R. Macek, Possible cures to the e-cloud problem.
• G. Rumolo, Driving the electron-cloud instability

by an electron cooler.
• U. Iriso Ariz, RF test benches for electron-cloud

studies.
• F. Caspers, Stealth clearing electrodes.
• F. Ruggiero, Future electron-cloud studies at

CERN.
• E. Perevedentsev, Beam-beam and transverse

impedance model.
Macek gives an extensive list of possible cures to the e-

cloud effects (ECE). Among them, the most interesting
ones are those that have been proved to be either effective
or ineffective. For example, the PSR has found three
effective cures: beam scrubbing, inductive inserts and
sextupoles. The inductive insert is a new idea that was
originally suggested for compensating space charge
effects. It works well for giving a "cleaner" gap (i.e.,
reduced population of electrons in the gap) and, thus,
raises the e-p instability threshold. The effectiveness of
the sextupoles comes with a pleasant surprise. Because
the e-p instability in the PSR is in the vertical direction,
these sextupoles give a skew quadrupole field, which
couples the x and y motion that helps stabilize the beam.
The PSR has also tried TiN coating, solenoids and a better
vacuum. Although these measures greatly reduce the
prompt electrons, they show no effect on the threshold.
On the other hand, however, KEK-B and PEP-II have
both found TiN coating and solenoids useful in
suppressing ECE.

Rumolo proposes to carry out an e-cloud experiment in
the GSI cooler ring. Iriso Ariz has built two rf stands that
can be used for bench test of ECE. Caspers introduces a
clearing electrode that was used in the CERN Antiproton
Accumulator. A special design makes it invisible to the
beam.  Ruggiero gives a comprehensive work list of

future ECE study at CERN. Perevedentsev introduces an
analytical model that takes into account both beam-beam
and coupling impedance of the machine.

2 SUMMARY OF DISCUSSIONS

2.1 “Critical Mass” Phenomenon
During the discussion, attempts are made to identify a

few key parameters that are most crucial for studying
ECE. One seems to be the volume density of the particles.
Table 1 lists the machine parameters obtained from a
survey during this workshop. First take a look at the
existing (or existed) proton machines. Six machines have
reported observations of ECE. They are: ISR, CERN PS
(CPS), SPS with LHC beams, SPS with fixed target
beams, PSR, and RHIC in proton operations. The
parameters listed in the table are the ones when a machine
starts to observe ECE before taking any curing measures.
As a comparison, the parameters of the ISIS are also
listed, which never sees this effect. The energy (E),
protons per bunch (Nb), and r.m.s. beam sizes (σx, σy and
σz) are drastically different in the six machines.
Nonetheless, the particle volume density of these
machines when reaching the e-cloud threshold takes a
remarkably similar value: about (0.2 ± 0.1) × 108 /mm3.
By contrast, this number of the ISIS is much lower
(0.006). We call this a "critical mass" phenomenon.  This
is solely an empirical observation. But it may not a pure
coincidence. Different explanations exist and further
investigation is warranted. To the very least, one may use
this critical value to judge how likely or unlikely ECE
could become a problem for a machine under design or
under construction. For example, from Table 1 one may
say that the SNS and JHF 50-GeV Ring should pay more
attention to the e-cloud problem than the JHF 3-GeV Ring
or the Fermilab Proton Driver.

The "critical mass" of positron machines is in a rather
different regime. Three machines (APS, KEK-B and PEP-
II) have observed ECE. The onset values of the particle
volume density are more than three orders of magnitude
higher than that of the proton machines. Moreover, unlike
proton machines, these values are not close to each other.
One hand waving explanation is that, the mechanism of
the primary electron generation in positron machines is
very different from that in proton machines (see Section
2.2).  Furthermore, some positron machines have
antechambers, some don’t. This could be the reason for
different critical mass values. On the other hand, the low
volume density of the DAΦNE may explain why it does
not see ECE.



2.2 Comments on Primary Electrons

One difference between proton and positron machines
concerning ECE is the source of the primary electrons.
For proton machines, it is believed that the primary
electrons come from proton losses and the stripping foil
(in the case of H- injection), whereas for positron
machines, it is photoemission. Ionization (i.e., vacuum) is
not considered to be important in this process.

However, reducing primary electrons does not seem to
be helpful. ECE is mainly due to secondary electron yield
from the wall. Someone even claims that, one primary
electron is enough to cause ECE.

2.3 A Puzzle

From the PEP-II experience, the solenoid is an effective
way to suppress ECE. When only 8% of the machine was
equipped with solenoids, there was already a significant
increase in beam intensity. The more solenoids are in
place, the higher the beam current is. Now more than 70%
of the machine has solenoids. However, The PSR
experience is quite different. When 15% of the machine
was equipped with clearing electrodes, there was no effect
on the beam.

2.4 DC vs. AC Operations

By far, all ECE that have been observed are either in
DC machines (accumulators and storage rings) or AC
machines in DC operation (i.e., on flat top or flat bottom).
No ECE has been reported in AC machines during
ramping. (The SPS does see electron clouds during
ramping. But it does no harm to the beam.)

This fact has important implication in choosing between
two types of high intensity proton machines: linac-based
or synchrotron-based, if the latter is indeed immune to
ECE.

2.5 Collaborations

Two collaborations have been formed at the workshop:
• Comparison of measurements on e-cloud

generation. Three labs will compare their results.
The point-of-contacts are: F. Ruggiero at CERN,
F-J. Decker at SLAC, and S. Kato at KEK.

• Development of a reliable theory: Three people
will work together on this. A. Chao on a non-
perturbative method, M. Furman on e-cloud build-
up, and S. Heifets on beam dynamics.

2.6 Code Benchmarking

There are a number of codes that have been written for
simulating ECE.  An incomplete list is as follows:

• E-cloud build-up codes: LBL (M. Furman), CERN
(F. Zimmermann), KEK (K. Ohmi, L. Wang),
LANL (T. Wang).

• Instability codes: CERN (G. Rumolo), KEK (K.
Ohmi, L. Wang), SLAC/LBL (Y. Cai), BNL (M.
Blaskiewicz), USC (T. Katsouleas), PPPL (H.
Qin), LANL (T. Wang).

It is important that these codes are benchmarked so that
the results can be compared with each other. The
workshop asks F. Zimmermann to coordinate this work.

3 CONCLUSIONS
Significant progresses have been made on the ECE

study in the past several years, including simulations,
bench measurements and machine experiments. However,
lack of a reliable theory remains to be a problem in this
field. Several empirical observations discussed at this
workshop (e.g., the critical mass phenomenon, AC vs.
DC) cannot be explained or overruled without a deeper
understanding of this effect. The collaborations formed at
the workshop provide a useful environment to further the
study.



Machine E
(GeV)

Nb σx

(mm)
σy

(mm)
σz

(mm)
Nb / (σxσyσz)
(108 / mm3)

Proton, existing (or existed)
ISR 30 1 × 10 14 12.5 2.5 236,000 0.14
CPS 26 4 × 10 10 1.6 1.2 750 0.28
SPS (LHC beam) 26 3 × 10 10 2.2 2.2 300 0.21
SPS (fixed target beam) 100 5 × 10 9 2 1 190 0.13
PSR 0.8 3 × 10 13 10 10 19,500 0.15
RHIC 25 1 × 10 11 3 3 1,125 0.10
ISIS (*) 0.07 1.25 × 10 13 38 38 15,000 0.006
Proton, under construction
SNS 1 2 × 10 14 15 15 30,000 0.30
JHF (3-GeV Ring) 3 4.15 × 10 13 19 19 27,500 0.04
JHF (50-GeV Ring) 50 4.15 × 10 13 11 11 20,500 0.17
LHC 7000 1.1x1011 0.3 0.3 77 159
Proton Driver proposal
Fermilab 8-GeV Proton Driver 0.6 3 × 10 11 23 13 300 0.033

Positron, existing
APS 7 5 × 10 10 0.2 0.02 10 12,500
KEK-B 3.5 2.2 × 10 10 0.5 0.05 6 1,470
PEP-II 3.1 5 × 10 10 0.7 0.1 12 600
DAΦNE(*) 0.55 4 × 10 10 2 0.063 24 132

Table 1: Particle Volume Density in Proton and Positron Machines
(Note: Existing machines with * have not observed ECE)




