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Abstract

This report contains the Proceedings of the Mini-Workshop on Electron-Cloud Simulations
for Proton and Positron Beams (ECLOUD’02) held at CERN from 15 to 18 April 2002. The
ECLOUD’02 workshop brought together the international experts on electron-cloud modelling,
measurements, and observations, who discussed the following issues: (1) simulations of electron-
cloud build-up, decay time, and minimum size of clearing gap; (2} effective transverse and longi-
tudinal wake fields induced by the cloud; (3) simulations and analytical treatments of transverse
instabilities driven by the electrons; (4) coherent tune shift and incoherent tune spread; (5)
simulation of potential remedies; (6) plasma approaches to the electron-beam interactions; (7)
synergies between electron cloud, regular impedance, space-charge and/or beam-beam inter-
action; and (8) observations at existing storage rings, predictions for future accelerators, and
possible cures. Among the highlights of the workshop are the prediction of a ‘blow-out’ regime
reached with high bunch charges and close spacing (S. Heifets), the generalization of the wake-
field formalism and transverse-mode coupling calculation to the case of the electron-cloud wake
depending on the longitudinal location of the driving charge (E. Perevedentsev), the detailed
experimental results and simulations from KEKB (H. Fukuma, K. Ohmi, $.S. Win}, the discus-
sion of the SPS instability (K. Cornelis), the impressive number of different and sophisticated
electron-cloud measurements in the SPS (M. Jimenez), the first application of plasma-modelling
tools to the electron-cloud problem (T Katsouleas), the large horizontal single-bunch wake field
computed for a combined-function magnet {G. Rumolo), the calculation of the dynamic pressure
in the LHC interaction regions due to the electron cloud (A. Rossi), and the proposal to affect the
electron cloud using microwaves (F. Caspers). The latter could already be tested experimentally
soon after the workshop (F.-J. Decker). Collaborations between the various laboratories were
established, or revived, and a common R&D programme was agreed upon, which will be coordi-
nated by a group of selected contact persons. A condensed overview of the primary achievements
is provided by the summary reports at the end of these proceedings.
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Preface

A Mini-Workshop on Electron-Cloud Simulations for Proton and Positron Beams
(ECLOUD’02) was held at CERN from 15 to 18 April 2002. The workshop was organized by
merbers of the Accelerator Physics group in the CERN SL Division, with the help of an in-
ternational organizing committee, comprising representatives from BNL, CERN, DESY, FNAL,
KEK and SLAC. The ECLOUD’02 workshop received an enthusiastic response from the in-
ternational accelerator-physics community as reflected by more than 60 participants from 17
different institutes, which underlines a growing consensus that electron-cloud effects have to be
fully understood and mastered, since they may otherwise become a performance limit for many
next-generation, high-intensity rings. Participants included several members from the CERN
SL Operation group, PS Experimental Areas group, and the LHC Vacuum group. Also SLAC,
KEK, and BNL displayed a strong interest with six, five, and three participants, respectively.

Beam-induced multipacting, instabilities and beam blow-up driven by the accumulated
electrons have been observed at many accelerators around the world, for example at CERN with
the LIHC proton beam in the SPS and in the PS, at the SLAC and KEK B factories, at the
Los Alamos PSR, at the Beijing Electron-Positron Collider, etc. The pressure increase caused
by the electron cloud, its impact on beam diagnostics, and, for the LHC, the heat load on the
beam screen and cold bore are further primary concerns. Simulations for future linear colliders
and intense proton drivers suggest that in these machines electrons in the vacuwm chamber may
reach densities higher by up to a factor 10-100 than in existing machines.

The electron cloud induces betatron tune shifts, tune spread, and transverse single- and
multibunch instabilities. A variety of theoretical and simulation approaches have addressed these
possibilities. A number of simulation codes have also been developed, using different approxi-
mations and including different physics. ECLOUD’02 has reviewed the present analytical, simu-
lation and modelling approaches to the electron-cloud problem, determined the important out-
standing questions, and developed a strategy for further R&D. Reports on the current status of
experimental observations world-wide served as a motivation and benchmark for the simulation
studies.

In this spirit, experimental work carried out at many different laboratories (KEK, SLAC,
CERN, LANL, BNL, LBNL, IHEP, ANL) was reported in the two opening sessions (I+1I1) of
the workshop on Monday 15 April. The second session also included results from laboratory
measurements of secondary emission and of electron energy spectra, which are an invaluable
input for the electron-cloud modelling. Tuesday’s sessions (III4IV) were entirely devoted to
the simulations of the electron-cloud build-up and of the associated beam instabilities. They
included presentations of the physics models which form the basis of the existing simulation
codes, discussions of simulation results, and comparisons of simulations and observations. In
particular, several reports on the simulation of single-bunch instabilities driven by the electron
cloud, e.g., by K. Ohmi (KEK), G. Rumolo (CERN), Y. Cai (SLAC), and J. Xing (THEP), and
on theoretical studies by S. Heifets (SLAC), E. Metral (CERN) and E. Perevedentsev (BINP)
demonstrated the recent fast progress in the field.

Wednesday’s two sessions (V+VI) concentrated on plasma physics approaches and on
future research and development as well as possible remedies to the electron-cloud problems,
respectively. A highlight was the presentation by T. Katsouleas (University of Southern Califor-
nia) who applied the sophisticated and well bench-marked plasma simulation codes which were
developed at USC/UCLA to the electron cloud in the CERN SPS, and who also pointed out



the importance of cloud image forces. A further intensified collaboration with the USC group is
foreseen. Another interesting simulation result is the surprising strength of the horizontal wake
field in a combined-function magnet, presented by G. Rumolo (CERN).

During the workshop, F. Caspers (CERN) drew attention to the possible interaction of
microwaves with the electrons. At the banquet, he proposed an experimental study of trapped
modes near the PEP-II collimators and their effect on the electron cloud. This experiment was
indeed performed by F'.-J. Decker soon after the workshop, on May 16. Its encouraging results
have been posted on the workshop web site. F. Caspers stressed that rf waves could intentionally
be fed into the vacuum chamber as a possible means to either suppress the cloud or to enhance
surface conditioning.

The workshop was summarized in Session VII on Thursday morning by R. Macek (LANL),
O. Grébner (CERN), M. Furman (LBNL), A. Wolski (LBNL), R. Assmann (CERN), and
W. Chou (FNAL), who highlighted the necessity of strengthening the international collabo-
ration on electron-cloud effects. With this goal in mind, a few key contact persons were selected
from different institutes, who agreed to coordinate the future worldwide activities related to
laboratory measurements (F.-J. Decker, SLAC; F. Ruggiero, CERN; S. Kato, KEK]}, theoret-
ical approaches (A. Chao, SLAC; M. Furman, LBNL; S. Heifets, SLAC), and simulation-code
comparisons (F. Zimmermann, CERN).

The ECLOUD’02 programime, presentations, and papers are posted on the workshop web
site http://wwwslap.cern.ch/collective/ecloudd?

The proceedings are structured according to the seven workshop sessions:

— Session I: Experimental Observations at Existing Accelerators and Concerns for Future

Machines (chair R. Macek, secretary G. Arduini).

— Session 1I: Further Observations, Laboratory Measurements, and Modelling

(chair O. Grébner, secretary M. Jimenez).

- Session III: Simulations of Electron-Cloud Build-Up
(chair M. Furman, secretary G. Rumolo).

— Session I'V: Simulations of Electron-Cloud Instabilities
(chair T. Raubenheimer, secretary F. Zimmermann).

— Session V: Specific Comparisons and Plasma Approaches

(chair T. Katsouleas, secretary R. Assmann).

— Session VI: Discussions of Future Studies, Collaborations, and Possible Solutions

{chair W. Chou, secretary O. Briining).

— Session VII: Summary Talks

(chair S. Myers, secretary F. Ruggiero).

These proceedings have been published in paper and electronic form. The paper copy is
in black and white; the electronic version contains colour pictures. Electronic copies can be
retrieved through: http://wwwslap.cern.ch/collective/ ecloud02/proceedings
In addition, workshop participants were encouraged to submit their contributions to a special
ECLOUD’02 conference edition of Physical Review Special Topics - Accelerators and Beams.

The compilation of these proceedings would not have been possible without the help of
the chairmen, scientific secretaries, and speakers of all the sessions. In particular, we would like
to thank all the participants for their stimulating contributions.

Geneva, 16 June 2002

F. Ruggiero, G. Rumolo, J. Thomashausen, and F. Zimmermann
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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 obser in the KEKB

Table 1 : Main parameters of the KEKB LER

low energy positron ring (LER) since early operation period CB:ieriummizz?éé(?ri\)/) 30565
[1]. The beam size as a function of beam current started to -
increase at a threshold beam curem was almost doubled rf bucket spacing (ns) 2
at 300 mAunder typicaloperating conditions. Thus the Bunch length (mm) 4
blow-up was one of the mostragus problems limiting the Bunch spacing (ns) 8
luminosity of KEKB. Number of bunch 1200
The main characteristics of the blow-up observed in early Beam current (mA) 1400
operation period areummarized as: 1) the blow-up was a Particles / bunch (16) 7
single beam and a multi-bunch effect; 2) the blow-up has a Emittancee,/ £,(10°m) 18/ 0.036
threshold intensity which was determined roughly bynth Average beta function (m) 15
current)/(bunch gacing); 3) no dipole odtation hasbeen Critical energy (keV) 58
observedvhen the vertical chromaticity is enough high; 4) Vacuum chamber oper (round
the blow-up was almost independent of betatromries; 5) Chamber radius (mm) a7

the blow-up did not depend on the pitions of the veical
masks, which are among the main impedance sources; 6) the
blow-up did not depend on theacuum pressureespecially
for hydrogen, in the arc; and 7) no blow-up was olegein interferometer and a gated camera and by the measurement of
the horizontal plane. the luminosity. Then more solenoids were installed in the

A model to explain the blow-up was @posed by F. ring. The number of the solenoids installed so far amount to
Zimmermann and K. Ohmi [2]. In themodel the blow-up about 8600. As the result theneasurement by the
is explained as a singlednch insability of a positron interferometer in February 2002 showed no beam size blow-
bunchdue to a largenumber of electrons, i.e. "electronup up to 1300mA in regulapperation condition for the
cloud", generated byhotoemission orezondary efission. physics experiment.
The instablity will occur only in miti-bunch operation The electron dud can cause not only tieam blow-up
since the electron @lid is biit up by the siccessive but also a tune shift along the traamd acoupled bunch
passage ofhe bunches. Thecoherent dipole oditation of  instability, which are both observed in the KEKB LER.
positrons along the bunch caused by the “wake” fdueeto This paper describes an experimental study of the electron
the electron cloud appears as either regulastoong head- cloud effects at the KEKB.ER[3,4]. As a refenece main
tail instability. A beam size blow-up iV be obseved as a parameters of the KEKB LER jresent operation condition
result of the head-tail oscillation of the instability. are listed in Table 1.

Many smallpermanentmagnets, called “C-yokes”, were
attached tovacuumducts to sweep out the electrons from 2 CLOUD BUILDUP
November 1999 to July 2000. The C-yokes wereacenl t0 2 1 Electron measurement
solenoid magnets1 Septembe000 because a simulation , )
showed that the sahoid magnets were more effective than AN €ledronyield wasmeasured by reted fieldanalysers
C-yokes to suppress the buildup of the electrauctI[6]. (RFA's) [5] which are located at 1.2m and 8.downstream

The effect of the solenoids on the blow-up was confirmed P & bend'. Figure 1tows the electron curremheasured
the measurements of the vertical beam size by the RFA's. A simulation by K. Ohmi gives an electron
current of 1QA and JuA at the upstream-and dowstream-

RFA respectively. Thus themeasurement is roughly
consistent with the simulation.

thitoshi.fukuma@kek.jp



Energy distribution of the electrons was ateeasured by
the RFA. Measuredenergy dstribution (Fig. 2 (a)) is well

reproduced by a simulation [6] (Fig. 2 (b)).
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Figure 2 (b) : Energylistribution of theelectrons by the

simulation [6].

300

2.2 Tune shift and build-up time

Fig. 3 (&) shows a tune shift along the bunch train
normalised by the charge density of the beam. The tune shift
wasmeasured by a gatedrte meter [7]. As shown by K.
Ohmi et al. the tune shift is gopod measure of the density
of the eledron cloud [8]. The saturated tune shift is
consistent with the resulof the simulation which is
indicated by a dotted line [9]. Build-up time of the tune
shift, as een 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 thalecay time of the electronocld atest
bunch was injected at thend of a train with variable
distance between the labtinch of the trainand thetest
bunch, then the tune shifind the vaical beam size was
measured. Fig. 4 (a) and (b) show the tune shifafid] the
vertical beam size respectively. The decay time was 28ns

0.20 ‘ ‘ ‘ ‘ ‘ \
2 ‘ simulation after the passage of 60th bun#h
2 0.15F 2 El o ] 5
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Figure 3 (a) : Vertical betatron tune shift along the train for
four differentbunch spacing, 3, 4, &nd 8 rfbuckets. The
tune shift is normiesed by the chargedensity of thebeam
(i.e. bunch currertbunch pacing in the unit of rbucket)

[3].
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from the data of théune shift. For the wécal beam size
the blow-up was disappearedwhen the test bunch was
injeced 24ns after from theend of the train. Two
measurements are roughly consistent with each other.

Fig. 5 (a) shows the result of amnother experiment
which also indicates the decay time of the electronct([3].
Two trains which wereeparated by64ns were injected in
the ring, then the vertical beam size edch bunch was
measured by the gated camera [10]. While the blow-up
stated at about 7th bunch in the first trainecendbunch
already blew-up irthe second trainThe result is @gpported
by a simulation [6] as shown in Fig. 5 (b).

While thedata in Fig. 4 suggest thdecay time ofabout
30ns, the data in Fig. 5 (a) suggest teeay time dnger
than 64ns. It seems that there are two components whic
govern the decay time [11].

Vertical beam size(a.u.)

2.4 Change of vertical tune shift

Fig. 6 compares theune shift in July 200Cand April
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Figure 5 (a) : Beam sizesver two trains masured by the
fastgaed camera. Train-to-traigap which is not shown in
fhe Figure, is 32 rf buckets [3].
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Figure 4 (b) : Vertical beam size of the test bunch as'_lr_h‘]my 2001 wasaken when all solenoids wererned off.
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and the test bunch. The traionsisted of32 bunchesBunch ) € result may suggesbnditioning effects whic

spacing was 4 rf buckets. cause the decrease of the cloud density.
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Figure 8 : Beam size ang the train obseed by the fast coupling instability TMCI) theory, thedependence of the
gated camera in various chromaticities. Diffraction effect isthreshold cloud density on the vertical chromaticity is rather

not corrected [3]. weak, i.e. it increases 17 % if the chromaticity increases by
10 [13]. It is not clear that the observation is consistent
3 BEAM BLOW-UP with the result of the TMCI theory.

A test bunch was injected immediatdighind a train to  1he averagebeam size at various bunch spacing was
prove the single bunch nature of the blow-up. Beam measured by the mterfmnetgr [1_2] as a_uhctlon of the
size of the test bunch wamseasured at eseral bunch P€am current[3]. As shown in Fig. 9, without C-yokes the
currents of the test bunch. Fig. 7 shows the result in whiéféshold intesity I, was proportional to thebunch
the beam size of the test bunch increased vitsebunch SPacing s while with C-yokes |, was proportional to
current increagd. The measement demonstrates that the Square root ofys According to amodel of the single bunch

blow-up is a single bunch effect. instability caused by the electronodid |, , is proportional
o to g for the head-tail instattity and the TMCI and is
3.2 Effect of chromaticity proportional to the guare root of sfor the beam taak-up

The effect of the vertical chromaticity on the blow-up wa#stability [14]. After theseexperiments the blow-up at
measured by the fast gated camera. If the blow-wgaised bunch spacing of &nd 4 rfbuckets wasneasured in July
by the head-tail instatity it should be sensitive to the 2001 when the solenoids were turned on. The resulisesl
chromaticity. Fig. 8 shows that the blow-up along the traiie scaling of J;,[J s,. The reason why the scalimhanged
became weakewhen the chromaticity was increased [3]_after the installation of C-Yokes is not understood yet.



3.4 Bunch by bunch luminosity

A bunch by bunch luminosity was measured by 'ezo-
degree luminsity monitor" [15]. In a beam-fill the

remaining bunches, while in other beam-fill ihosed
almost flat behaviour. It may beffitult to separate the

tune shift along the train, shown in Fig. 19, also suggests
the transverse idtribution of the electron old is pund
[18]. Growth rates of the instability shown in Fig. 11 are

luminosity of first gveralbunches was her than that of roughly consistent with the simulation [17].
5 EFFECT OF SOLENOID

single beam blow-up from thiseam-beam blow-upecause 5.1 Solenoid system

Since September 2000 tl®lenoids to weep out the
aubmaic programs and/or operators to obtain the high glectrons have been installed IlER [4]. Pammeters of
solenoid system are shown in Tables 2 andt&re are two
kind of solenoids, one is a bobbin-type solenaitd the
other a bobbinless-type solenoid. The length of the bobbin-
type solenoid is from 150 to 650 mdepending on the
length of available free space for winding. The bobbinless-

during collision the beam size is intentionatlgntrolled by

luminosity.
4 COUPLED BUNCH INSTABILITY
The coupledbunch insability is obseved in LER [16].

As shown in Fig. 10, totally ifierent mode spectra were

observed withand wihout soénoid field, which strongly

suggests that the instability taused by the electron cloud Table 2 : Parameters of solenoids.

as usual wake fields are not affectedvisyak soénoid field.
In Fig. 10 peaks of themode spectra in hawontal and
vertical planesappeared at almostase positionwhen the
solenoids were taed df. A simulation shows that the
observed mode spectraspecially psition of the peaks, are

well reproduced if the electrons are produced uniformly o

the chamber wall [17]. AlImostqual horzontaland vetical
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Figure 10 : Observed modepgdrum of the coupled bunch
instability with and wihout soénoids at600mA. Red-solid
(black-broken) lines are the datkén when the solenoids
were turned on (off).
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Figure 11 : Measured growth rates of the coupled
bunch irstability. Closedandopen circles indicate the
data were taken with the solenoids being turned on. The
data shown ¥ closed quares were taken in Ju2001.

Type Lergth | Diameter] Tums | Bz (center)
(mm) (mm) @ 5A
(Gauss)
Bobbin 150 - 650 148 | 250¢p.) 45
Bobbinlesq 40 220 |190, 204 48
Bobbinlesg 40 250 200 43
Bobbinless 40 300 200 37

KEKB correctotf

TRISTAN corrector

P.S. P.S.
Current(A) 5 3
Units 616 40

Table 3 : Parameters of power supply for the solenoids.

Table 4 : Installation history of the solenoi@econd and
third columns show the number of the installed solenoids.

Dae |Bobbinles$ Bobbif 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 Se
Total 5734 2836

—

)
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Figure 12 : Solenoids in a NEG purmgnd bellows
sedion (upper) and in aNEG section (lower). Long
solenoids are the bobbin-type solenoidsd short

solenoids the bobbinless-type solenoids.
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Figure 13 : Length of the regionsovered by the

type solenoid has a length 46mm and mainly located on
bdlows and both sides oNEG pumpsand ion pumps to
cover regions in which the bobbin-type solenoids can not be
wound. The magnetic field along the beam line atcémre
of a solenoid is about 45 Ggsi Pictures of the smioids
are shown in Fig. 12. Theower sipplies for he corectors
of the KEKB rings are pdly diverted to those for the
solenoids And sveral power @gpplies for thecorrectors of
the TRISTAN collider are also used.

The solenoids were installed ER five times as shown
in Table 4. First (in2000.9),2nd (in 2001.1) and 4th (in

6.0 T T T T
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4.0 :
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Figure 14 : Vertical beamz# as a function of theeam
curent measured by the interfameter. In the
measurement two trains wergeicted on opposite sides in
thering. Each train contained 6BunchesBunch spacing
was 4 rf buckets. [4].
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Figure 15 : Verticabeam size along the train taken by the

solenoids. "1st" to "5th" mean the installation stages ofgated camera ith and wihout the solenoids. The train

the solenoids.

corsiged of 60 bunchesBunch pacing was 4 rf buckets.
Bunch current was 0.67 mA [4].



2001.9) installations are major installations. Fig. 13 show

S

a very rough estimation of the lengitovered by the 15
solenoid field largeritan 20 Gauss. Now about 75% of the
circumference are covered by the solenoids. = Dec. 8-17 5001
c
5.2 Beam blow-up R N4
= 10 | ~ |
The effect of the solenoids on the beam blow-up wa%i 3
confirmed by the measurement of the vertical beam size of K @ \ Feb. 8-14 2002
single beam. Fig. 14 showket beam size as a function of £ § ANEN /
beam current in a short train after 1st installation of théo g July 1-10 2001
o = 5+ i
5 L I B L L R L ;)-)-
| [ 2001 July : off 1 train, 1153 bunches, |
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g e |
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< 1 % (2002 Feb. :on| solenoids [4]. Turning on the solenoids, the eshold
> - ] ~ current increased from 40 mA to 70 mA. Fig. 15 shows the
} ; {# ] beam size along the train measured by the gatetbra after
ol : : Istinstdlation of th lenoids [4]. The blow- r
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Figure 16 : Effect of solenoids on the vertical beam size for
a long train measured by tligterferometer. "On/off means

LER beam current (mA)

the solenoids were turned on/off.
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installation of the solenoids.

7th bunch when the solenoids werenen off while it
started at 30th bunch when the solenoids were turned on.
Fig. 16 shows thebeam size ina long train for the
physics experiment after several installatioragés of the
solenoids. For every additionakiallations ofthe 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 alsonfirmed by the
luminosity measurement. Fig. 17 shows theedfic
luminosity as a funabtin of the bunch current quluct of
HER and LER after 3rd installation of the solenoidéen
all solenoids were taed off the pecific lumincsity
decreased byl0%. Fig. 18 shows thepscific lumincsity
after 3rd, 4th and 5th installations of the swloids. In Fig.

18 an envelope curve tifie specific lumingity 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 luminsity was impoved after 4th
installation of the solenoids. It seems that theeciic
luminosity was slighly improved above 0.6mAdter 5th
installation of the s@noids though the lumisdy drop
above 0.6mAin Dec. 2001 might be caused by theam
tuning.
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Bunch 2) The decay time of the atid desity ssems very dng.
Fig. 20 shows the vertical beam size of two trains injected

Figure 19 : The effect of the solenoids on the horizontal an®40ns apart from each other. The 4th bunch of ¢eensl

vertical tune shift along the trairBunch current was 0.31 train already blew-up while that of the 1st train did not,
mA [18]. which indicates very long decdyme of the cloud density.

The eledron cloud may be tapped in quadrupole and
i i . sextupole field as L. Wang et al. recently pointed out [19].
5.4 Tune shift and coupled bunch luminosity But no experimental evidee of such trapping isbserved
The tune shift along the traimlecreasedwhen the  Yyet. A large puzzle is that the experiments destiin
solenoids were taed on. Fig. 19 compares thané shift ~ subsedion 2.3 imply a short decay time of the cloud
with and without solenoid field [18]. density.
The mode pedrum of the coupledbunch installity was
changed with and wibut soénoid field as desdéred in 3) Very slow blow-up along the train was olbset after 1st
section 4. The effect of the solenoids on the growth rate ofnstallation of the solenoids. This slow blow-up is not
the coupled bunch instability was also observed as shown igxplained by simulations yet.
Fig. 11. The mode pedrum and the growth ratevhen the
solenoids are taed on are studied by a simulation. Thet) Conditioning effect for the ald desity is not clear.
mode ®edrum can be explained by the simulation Change of the build-up time of the tune slaifid the fact
assuming the effective solenoid field of 5 to 20 Gauss [17]that the luminosity di not immediately improveafter the
The growth rate obtaed by the simulion is roughly instdlation of the solenoids but after several weeks of
consistent with the measurement [17]. beam operation may suggest tbecrease of the cloud
6 OPEN QUESTIONS density due to theconditioning by the beam. But the

conditioning effect is notonfirmed by ameasurement of
Several open questiomsmain about the electron cloud the electron yield yet.

effects at KEKB.
5) Transverse idtribution of the electron ocud may not
1) Beam blow-up has been observed in the vertical plane angoncentrate near aillumination point by the direct
not observed in the harontal plane. A calculation based synchrotron radiation but beundwhen the solenoids are
on the TMCI theory gives almost same horizontal andturned dof. Mode spectrum of the Coup|ed bunch
vertical thresholctloud density of theTMCI, i.e. 2.0 X  jnstability and almost equal hizontal and vertical tune
10%m horizontally and 2.3 x 10°m* vertically [13].  shifts support this hypothesis. Measurement of the
The threshold dud desity in the vertical @ne may be cloud dstribution apund the chamber wall Wl be
welcome.
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THE ELECTRON CLOUD INSTABILITY IN THE SPS

K. Corndlis, CERN, Geneva, Switzerland

ABSTRACT

The beam-induced eectron 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
verticd plane a single bunch head-tail like instability
occurs. A method is described by which we can estimate
an equivaent 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 horizonta
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 vertica plane, the instability starts aso
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 horizonta
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 horizonta
oscillation sets on after only 50 turns, whereas in the
vertica plane it takes about 500 turns. These pictures
were taken for a bunch intensity of 3 10%, just above the
threshold. For bunch intensity twice as high, 6 10%, the
horizontd rise time stays the same (50 turns), but the
vertical risetime reducesto 100 turns.

The second row of plots shows the tune as a function
of the bunch number. In the horizonta 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 vertica 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 snapshotsin fig. 1
and 2. The horizonta instability shows up like a low
frequency inside the batch, i.e. a coupled bunch
instability of low order. The verticad mode spectrum
looks like a white spectrum, covering the whole
frequency range, suggesting a non-correlated motion
between the bunches. In the vertica plane the motion
looks like a single bunch instability.
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Fig. 1: snapshot of the horizonta position of the first 48
bunches in the batch when the instability is present.
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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:

* IntheHorizonta plane the e-cloud provokes afast
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-dimensiona 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 THEHORIZONTAL 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, spiraling around the
magnetic field lines, creating a verticad ribbon at the
position of the bunches. It is this behaviour, which
creates a coupling mechanism between subsequent,
bunches in the horizonta 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 proportiona to the displacement (fig.
4).

<
X >

Fig. 4: the force on a bunch displaced by x is equd to
force from a dice of the ribbon with thickness 2x (the

light green part). The forcesin dark green part cancel out
because of symmetry.

In a linear approximation the horizontal force of the
e/cloud can be expressed as.

= 'pe-(xm 1-Xn)/2£0
With p the dectron 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:

X"+ w/X, =0

X+ WX, =0
xn+1"+ wﬁzxml = 'k(xn+1' X1)

X72"+ a)ﬁzxn = 'k(x72' x71)

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

(QZ_wBZ)n(QZ_wBZ_ k)72 - 0

One mode is the unperturbed betatron frequency. Thisis
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 adifferent phase.

The corresponding tune shift can be calculated from the
force exercised by the cloud:

dP/dx = dt dF/dx pe.dskc

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

k = dP/dsdxP =pele,cP

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

k=p0¢£26 10
The corresponding tune shift is then:
AQ = p{BILI £26 16

with L the total length of the dipolesin the SPS.

3THE VERTICAL PLANE

In the vertical plane thingslook quit different. During the
bunch passage, the electrons are accelerated in the
vertica plane towards the centre of the bunch. Some
electrons are even trapped inside the bunch leading to an
increased el ectron density inside the bunch [1]. Fig. 5 and
6 show the different behaviour of the eectron 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 dendity inside the bunch. This phenomenon
creates a coupling between the head and the tail of the
bunch. When the tail passes at adifferent vertical position
as the head, it will experience a force from the displaced
electron density. This creates the same coupling



mechanism as a wake field, leading to head tail

instability. However, there are two major differenceswith 106.772%°
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 100
the bunch intensity. For higher bunch currents the d
electrons impinge much faster (fig 7) — ok h
34.895 | |
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Fig. 7: Evolution of the vertical electron cloud density
during the bunch passing. The top is for a bunch intensity
of 2.5 1¢’, the bottom for 8 18

Fig. 5: Evolution of the electron phase space during tHé there is something like an equivalent vertical

bunch passage in the horizontal plane. 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].

By
Wy a
g LR

s o 5%

¥

5 F

ot 4
i A 1

i -.I - >k L}

3, &

Fig. 8: The wake field W creates a phase advance for the

tail depending on the position of the head. Following the
Fig. 6: Evolution of the electron phase space during thghase evolution of head and tail over a synchrotron
bunch passage in the vertical plane. period can give details about W.
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Fig 9: Cdculated (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
along wakefield, 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 recaculate the
measured data a wake field is needed with a shorter
interaction length (0.3 tO 0.5 times the bunch length).
This leads to a picture of the wake field as shown in fig
11.

140+0

9.00E-01

4.00=-01

-1.00e-01
1 26 51 76 101 126 151 176 201 226

-6.00E-01

-110E+00

-160E+00

diff

1.60E+00
1.20E+00
8.00E-01
4.00E-01 -
0.00E+00

AT
177 19, 9 2, 41

L 17 33 49 65 81 97 113 12
-4.00E-01 c

-8.00E-01
-1.20E+00
-1.60E+00

0.00E+00
W' 1.10E-01

“ 4.00E-01

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

/\X/\‘
ayars

Ohntwateteirgdtach

cloud



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.

(1]

(2]

e The eguivalent short wake, created by the
electrons could be measured.
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Electron Cloud with LHC-type beamsin the SPS. areview 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
€l ectron 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 dectronsin 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 by a metalic grid detected no signal. Above the
u_ ) threshold of the electron cloud, pressures raise and
Pressure rises in presence of LHC-type' beams ith a single batch, the shielded pick-ups detected
were highlighted in August 1999 [1]. Fig.1 shows that peaks of current separated by 23 nms which
the pressures increase only in presence of the LHC  corresponds to the revolution time in the SPS. Fig.2
type beams. With the fixed target SPS* proton beams,  ghowsthe signal detected at 7.5x10™ p/b.
the pressures recover with a time constant consistent The transverse feedback system (“damper”) used in
with the effective pumping speed. Pressure increases  the SPS to damp injection oscillations and to stabilize
by afactor of 50 to 60 were recorded inthearcsand  the  peam against transverse coupled bunch
in the long straigsht sections. The maximL_lm pressure  jngabilities was also strongly perturbed [2]. The
measuroed was 10” Pafor a proton bunch intensity of | ertical position signal induced by a single batch
5.810"" p/b and a duty cycle close to 62%. The  snowed a drift of the signal starting half through the
average static pressurein the SPSwas 10” Pa. 2-ns batch (Fig.3). Thisdrift is due to electrons hitting
1E063 MBA dpdeGAUGEMBB dpde 25413 the pick-up electrode. The threshold intensity of this
|y F.,S t phenomenon, around 4.0x10™ p/b, was increased up
1 / 1203 to 7.0x10'° p/b by applying a longitudinal solenoid
1E-074 !

LHCtypebeams(2519 magnet field of 100 Gauss (102 T) giving a clear

indication that electrons, in the vacuum chamber,

ong

SPSfixtage [ s ..
s | YE 2 wereat the origin of the effect.
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Fig. 1: Pressure rises versus time, 5.6x10% p/bunch,
single batch (81 bunches), duty cycle 62 %.

Below a given threshold (4.0x10™° p/b in August 99 ¢

in field free regions), no pressure rise was observed | e [ -
and a biased pick-up collector shielded from the beam | ”Sd.

13 4 batches of 72 bunches separated by 225 ns, 25ns ~ Fig.2: Structure of the current collected by the pick-
bunch spacing, 1.1-1.7x10™ p/b (81 bunchesin 1999), ~ up with a proton bunch intensity of 7.5x10" (bias
bunch length: 4 ns. +45V)

2 2 trains of 2100 bunches separated by 1 ms, 5 ns

bunch spacing, 1.0-2.0x10'° p/b
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Fig.3: Vertical damper pick-up signal perturbed by
electron cloud effect (6.8x10™ 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 €V and will need less than
5nsto cross the chamber®. 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) dmex Of the chamber wall islarger than a critical
value, typically around 1.3 [3][4]. The critical valueis
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 7.0x10™ 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 (N,
equivalent) isgiven by:

T _,5q03p).PPA)
o S L210 (b) 5 [o]

where g is the relativistic factor. For a b of 40 mand
an average pressure below 10° Pa, the emittance
growth due to the beam-gas interaction is negligible®.

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/I=152mm,

MBB: h=48.5mm/I=129mm, drift ID=f 156mm
* 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 ams 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

[ETectron cloud phenomena

e cloud activity (intensity) Electrons enerqy analyser, strip detectors
e~ cloud build-up Pick-ups I -
Electrons energy analysers

Electrostatic energy analyser
Retarding field detector

Energy distribution of the electrons

Strip detectors (16 channels)
Secondary Electron Yield (d set-up

Pressure, pick-ups |

[Spatial distribution of the electrons
Secondary electron yield measurements (d)
Surface treatment to cure e “cloud

Beam effects

Filling pattern
Batch length
Missing bunches
Bunch spacing
Bunch length
Batch spacing
Filling factor
[Scrubbing

Pressures, strip detectors

Secondary Electron Yield (g) set-up, pressures

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 DP/P at different locations in the
SPSring.

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).
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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: 5.5¢10*° 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
MACORA& 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 (f 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 cal cul ated
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 108 A for each
individual channel. Fig.5 shows the signal of the
electron cloud following a controlled beam bump of
8mm.
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Fig.5: Sgnal 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 Ion% straight section (field free region) was about
4.3x10™ p/b and increased up to 6.4x10*° 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
4.0x10™ p/b and higher-pressure rises.
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Fig.6: Pressure rise versus bunch intensity in a field

free region. Static pressure 10° Pa, MBB-type

aperture.

S0E+10 10E+11

2

Thaty cyche -~ E3%5 F i,

e | Th g sd -

= | virnd of LHC b . f

Prodon banch aneiaiy

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

The difference observed between the field free and
the dipole regions has not been understood but cannot
be atributed 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).
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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
6.5x10'° p/b, only 20 bunches at 7.9x10'° 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 signa 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 3
and the 4" 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 afactor 8 (Fig.13). The pick-ups showed
that the 4" missing train is more efficient than the 3°
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.13: Pressures behaviour versus time with 12
missing bunches in 3" and 4" positions.

3.2.3 Bunch spacing

The nominal LHC bunch intensity (10" 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
510'° 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 8.0x10™ p/bunch. With 3 batches, the
maximum bunch intensity achieved was 5.5x10%
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

Frotans 3each cenelty

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 29, 3% or 4"
batch profits from the cloud created left behind by the
previous batch resulting in afaster build up.

Other batch spacing have been studied to reduce the
electron cloud effect, i.e. 21 bucket [550 ns] and ¥4 of
the SPS evolution time [5.25 ns] 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.

Bunch
length:
5ns
downto
2ns

Fig.14: Effect of the bunch length on the electron
cloud activity. Results obtained with the strip
detector.
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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 2 and 3¢ batch. The two strips (or bands) visible
in Fig.18 will be discussed later on in the paragraph
ondipolefield effects.
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Fig.18: Electron cloud activity measured using the
strip detector with a multi-batch injection in a dipole
field.
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Fig.19: Electron cloud activity measured using the
strip detector with a multi batch injection in a field
freeregion.

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 2' and 3°
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 dynax (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 (f 2mm), which at a field of B= 102 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
different bunch intensities.
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Fig.20: Appearance of two strips in a dipole field
above a threshold, in this case: 6.0x10" p/bunch.
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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
dipolefield of 20 to 30 Gaussisrequired to trigger the
electron cloud (see Fig.23 and Fig.24).
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5 Beam scrubbing

In the SPS, the pressure rises OP/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
DP/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 (d)
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 (d) with the subsequent reduction of the heat
load in the LHC cryogenic circuit.

In addition to the variation of the DP/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 (d) of a

60 40 20 Ul D © 60 80 100 120 140 160

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.

Fig.25: Schematic view of the in-situ SEY detector
installed in the SPS

First measurements presented in 2000 [1][23] were
made with atotal 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 (d) since the reduction of the outgassing rate
by the electron stimulated desorption (ESD) can not
explain this shift.
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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 5.0x10'°, which
corresponded to the threshold of the electron cloud in
the field free regions. Fig.26 shows a clear evidence

BOion



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
shielding®[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 (d) of a sample submitted to an
€l ectron beam scrubbing.
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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).
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exposed to the bombardment of the electrons from the
cloud in the SPSas 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 (dmax and E[dma]) is significant (see
Fig.32). The value of the dx decreased from 2.4
down to 1.6 after less than 100 hours. Morerelevant is
the evolution of the integral of the curve above a dof
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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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
(dmay 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
electronswith the LHC-beamtime

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 N, discharge.

Nevertheless, the chambers treated with a N,
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/O, discharge and of a N, discharge
followed by a 300°C bake out. These results
confirmed that the N, 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/O, discharge gave satisfactory results. The DP/P
measured was 2.5 times smaller than the one
measured on the identical non-treated chambers (see
Fig.34).
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Fig.34: DP/P measured in dipole regions and in field
free regions. Effect of an Ar/O, discharge and N
discharge followed by a 300°C bake out. Satic
pressure 10° 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 (102 T) partly cured the
limitationsinduced 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
2.0-3.0x10"° p/bunch® and it was 5.5-6.0x10"
p/bunch® for the field free regions. The threshold
mechanism was confirmed by the measurements using
the strip detector with bunch intensities between 3.0

® Nominal bunch length of 4 ns



and 5.5x10'° 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 (10*
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 alow 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
risess 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 6.0:10'° 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 (d) from 2.3 down to
1.6 after 100 hours of LHC-beam time and a decrease
by afactor 30 of the relative pressure increase DP/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 (0
will not decrease and will stay at 2.3 for a copper
surface.

To reduce the scrubbing time, chambers treated by
N, and Ar/O, 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 N, glow discharge have been observed.
After an air exposure, only the treated chamber (N,
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/O, discharge
was more efficient; a reduction of the DP/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 (dmay value will increase back to itsinitial 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 (1.1x10
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 SPSand their expected position at the nominal
LHC-bunch intensity. The expected position is in
coincidence with the position of the pumping holes in
theinitial 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).
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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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ELECTRON-CLOUD EFFECTSIN
HIGH-INTENSITY PROTON ACCELERATORS*

JieWei', BrookhavenNationalLaboratory Upton,New York 11973,USA
RobertJ. Macek,Los AlamosNationalLaboratory New Mexico 87545,USA

Abstract

Oneof theprimaryconcernsn the designandoperationof

high-intensityprotonsynchrotronsandaccumulatorss the
electroncloud and associatedbeamloss and instabilities.
Electron-cloudeffects are obsened at high-intensitypro-

ton machinedike the Los Alamos National Laboratorys
PSRandthe CERN SPS,andinvestigatedexperimentally
andtheoretically In the designof next-generationhigh-
intensity proton acceleratordike the Spallation Neutron
Sourcering, emphasiss madein minimizing electronpro-
ductionandin enhancing-andaudamping.This paperre-

views the presentunderstandingf the electron-cloudef-

fectsandpresentsnitigationmeasures.

1 INTRODUCTION

Electron-cloudeffectsareimportant,but incompletelyun-
derstooddynamicalphenomenaEffectsthat canseverely
limit theperformancef high-intensityprotonsynchrotrons
include trailing-edge tune-shift and resonancecrossing,
electron-protoninstability, emittancegrowth and beam
loss, increasesn vacuum pressure,heatingof the vac-
uum pipe, and interferencewith beamdiagnostics. The
following are examplesof hadronrings where electron-
cloud effects are obsered: Proton StorageRing (PSR)
at the Los Alamos National Laboratory (LANL), where
a strong, fasttrans\erse-instabilityoccursboth for coast-
ing and bunchedbeamwhen a thresholdintensity is ex-
ceededl]; the CERNPSandSPS,wherealarge number
of electronsare producedby beam-inducednultipacting
when the machines parametersare configuredfor LHC
injection [2, 3]; and, BNL's Relatvistic Heary lon Col-
lider (RHIC) wherethe vacuumpressuradramaticallyin-
creasesvhen the beamsare injection with halved nomi-
nal bunch-spacingTheelectron-cloucffectscanlimit the
performanceof the next-generationhigh-intensityproton
rings, suchasthe SpallationNeutronSource(SNS)accu-
mulatorring [4], theLargeHadronCollider (LHC) [5], and
neutrino-Bctoryproton-drivers.

This paperattemptsto summarizethe presentunder
standingof the electron-cloudeffects pertainingto high-
intensity protonsynchrotronandaccumulatorsSection2
describesometypical phenomenaSection3 identifiesthe
mainsourcef electrongeneratiorincluding strippingin-
jection, proton grazing at the collimator surfaces,beam-
inducedmultipacting,and gasionization. The effects of

* Work performedunderthe auspice®f the US Departmenbf Enegy
T weil@bnl.ge

theelectroncloudontheprotonbeamarediscussedh Sec-
tions 4 and5. Preventive methodsare describedn Sec-
tion 6. Finally, asummaryis givenin Section?.

2 PHENOMENA

In the recentlycommissionedRelatvistic Heavy lon Col-
lider (RHIC) [6], vacuum-pressureises were obsened
during high-intensityoperationof both gold- and proton-
beams.As shown in Figure 1, beaminjectionwith halved
bunchspacingresultedin a muchhighervacuumpressure
thanthe normalvalue[7, 8]. The pressurerise occurred
whenthetotal beamintensityin thering is only 60%of the
nominalintensity The dominantmechanisnis suspected
to bedueto the electroncloud[7].

A fast,verticalinstability wasobsenedat Brookhaven’s
AGS Boosterwhenthe protonbeamwasdehunched. Af-
ter the beamwasinjected,the beamsuffereda 10% slow
lossover aboutl msfollowedby a 60%fastlossovertens
of micro-seconds Accompalying the fastbeam-lossvas
instability in the vertical direction. The thresholdcould
vary by afactorof 2, from a peakcurrentof 2.7 A t0 5.3

50000

Ramp 1797
11/19/01 400 11C-bh, 7.5e8/bh
30 bunches injecte:

55-bh, Jes/bt

30000,

Intensity -

16:36:00  16:38:00 16:48:00 1655000 16152000

,,,,,,,
Pressure 1

D'O”] 1.0e-08;

100703,

500 1514

Time (2 minutes per boy

Figurel: Vacuum-pressumgsein RHIC duringgold-beam
injection (courtesyS. Y. Zhangandthe RHIC crew). The
top curve indicatesthe total beamintensity as a function
of time, andthe bottom curvesindicatethe corresponding
vacuumpressureat onelocation (BO11) of thering. The
horizontalscaleis 2 minutesperbox. Theright-handside
shavs the nominaloperationwhen55 bunchesgeachcon-
taining 9x 10® gold ions, are injectedinto the ring. The
left-hand side shavs that when the bunch spacingis re-
ducedby half, the vacuumpressurencreasesiramatically
evenwhenonly 39 bunchesgachcontaining7.5x 102 gold
ions,areinjected.
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Figure2: Beam-Position-Monito(BPM) differencesignal
of adehunchedproton-beanmeasuredh the AGSBooster
indicatingan instability in the vertical direction (courtesy
M. Blaskiaewicz). Theverticalaxisis thespectrabmplitude
of the BPM’s sum(blue) anddifference(red) signals.Ev-
ery traceis 12 us apart. The horizontalandvertical tunes
are4.8and4.95,respectiely.

A, dependingon the vertical betatrontune. As shavn in
Figure2, thecharacteristidrequeng of instability wasbe-
tween80and100MHz. Possiblenechanismincludedthe
trappingof electronsvhenthe protonbeam-gapvaselim-
inated[9].

In the LANL PSR, a strong,fasttrans\erse-instability
occurredboth for coastingand bunchedbeamswhen a
thresholdintensity was exceeded10]. The phenomenon
limited the ring’s achievableintensity Dependingon the
lattice optics (e.g., sextupole and skew-quadrupoleset-
tings), the instability could bein eitherhorizontalor verti-
cal direction.As shawvn in Figure3, theinstability growth-
time wasabout75 us (or 200turns). The frequeny spec-
trumwasfrom 70to 200MHz correspondingo thebounce
frequeng of theelectrons Thethresholdntensitywaslin-
early proportionalto the RF voltageappliedto the beam
(Figure4). A large numberof electronswasmeasurean
thebeamvacuum-pipewith atime structurecloselycorre-
latedto the passagef the protonbeam.

3 ELECTRON GENERATION

We classify electronproductioninto the following cate-
gories: (1) electronsgeneratedt the strippingfoil in the
injectionregion; (2) electronsgeneratedt the surfacesof
collimatorsandvacuumpipe dueto theimpactof lost pro-
tons; (3) electronsproducedby beam-inducednultipact-
ing from thevacuum-pipevall; and,(4) electrongroduced
aroundthering from residual-gagonization.

Figure5 shaws the distribution of electron-densitylux
measureatthe PSRusingthe electrondetectordeveloped
at the ArgonneNationalLaboratory[11]. The quantity f,
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 high attheinjectionregion

Figure3: Fastinstability obsenedatPSR.Thetop curveis
the vertical differencesignal of the BPM, andthe bottom
curve is from the beam-lossnonitor. The horizontalscale
is 0.2msperbox. Thetotal beamchageis 4.2 uC. TheRF
voltageis 13.5kV.
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Figure4: Intensitythresholdof thetrans\erseinstability as
afunctionof the RF voltageatthe PSR.

wherethe H~ beamis strippedof its electronsandhigh at
the extractionregion dueto limited aperture.

3.1

Multi-turn chage-exchangenjectionis oftenpreferredfor
high-intensityrings to enhancehe phase-spacdensityof
the accumulatedbeam. The chage-exchangeprocessis
performedwith a stripping-foil typically of densityfrom
200 to 400 pg/cn? (about 1um thick). Near the injec-
tion stripping-foil, a high concentratiorof electronss ex-
pectedwith a broadenepgy-spectrum.With a H~ beam,
the strippedelectronscarry twice the currentof the inject-
ing H= beamwith akinetic enegy of m.c?(y — 1), where
~ is the relatiistic factorof the H~ beam. Theinjecting-
and circulating-beamsmpactingon the foil producesec-
ondaryemissionof electronsat low enepgy (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-beanalsoproduceknock-onelectronsata high
enegy (upto severalMeV). Thestripping-foil, operatingat

InjectionRegion



Shown are the ratios of
electron line density (striking
the chamber wall) to average
proton beam line density, f, ,
for 5.5 nC of stored protons

Y
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Figure5: Distribution of the electronflux measurean the
wall of thevacuumpipe atthe PSR.The circumferenceof
thering is 90.2m. Thekinetic enegy of the protonbeam
is 800 MeV. The flux ratio f., varying aroundthe ring,
is about30% downstreamof the extractionseptum,about
25% downstreamof the injection stripping-foil, about4%
in section4, andwithin the noiselevel in the TiN-coated
sectionb.

ED42: f, ~ 4%

a high temperatureround2000K, emitsthermionicelec-
tronsat low enegy. All theseelectronsmay backscatter
from the stripped-electrorcollector and the surrounding
surfaces[12]. As anexample,Table1 lists the sourcesf
production,yield, andenegy-rangeof the electronsat the
PSR&injectionregion[13].

Figureé6 illustratesthe collectionof stripped-electronat
the SNSaccumulatoring. The electronsareguidedby a
magneticfield and collectedby a watercooleddevice of
heat-resistaniaterial. The electroncollectorusesa car
bon materialattachedo a watercooledcopperplate[14].
Selectinga low chage-statematerialfor the collectoralso
reducesthe numberof backscattere@lectrons. Figure 7
shavs thetemperaturalistribution at the electroncollector
whenthe stripped-electrobeamof 3 kW power strikesthe
surfaceof aboutl cm? area.

Tablel: Estimated/ield andkineticenegy of theelectrons
producedy theinjectedH— beamatthe PSR.Theyield is
definedasthe ratio of total numberof electrongproduced
during the accumulationperiod per injectedH™ particle.
The averagenumberof foil traversalis about50. The ki-
neticenegy of theinjectingbeamis 800MeV. Theaverage
H~ beamcurrentis 100uA (courtesyM. Plum).

Source Yield Kinetic enegy
Strippede~ 2.0 430keV
Secondary~ 1.0 upto20eV
Knock-one~ 0.4 upto 2.4MeV
Thermionice™ < 0.002 ~0.24eV
lonization 0.02 upto 2.4MeV

Tapered magnet pole
Vacuum Chamber Wall

Injecting H beam

Stripped proton beam

=
Stripping foil

T

Stripped electrons

Electron collector ! Z
_ ——

Figure6: Collectionof strippedelectrongduringtheinjec-
tion of H— beamatthe SNSaccumulatoring.
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Figure 7: Temperature(F) distribution at the stripped-
electroncollectoratthe SNSring in unitsof Fahrenhei{or
5F/9 + 255.37 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-concentrationProtonsincident on

the collimator surfacesproducesecondaryelectrons. De-

pendingon the enegy of the beamandthe incidentangle,
the secondaryelectron-to-protoryield cangreatly exceed
1 whenthe incidentbeamis nearly parallelto the surface
(i.e., grazingangled, ~ =/2). Experimentswere per

formedwith differentionsatthe Brookharen’s Tandemac-
celeratotto verify theangulardependencef electronyield

[15]. As shavnin Figure8, the proton-inducedyield Y,

hasa 1/ cos6, dependencen the angleé,, similar to the
electron-inducedecondary-emissioyield aspredictedby

the Seilermodelbasedon experimentalfits [16, 17, 18, 7]

1.35
1.11y;mas {1 — exp [—2.3 (=) ] }

0.35
(&) cos b,

maz
Ef

1/ep:

@)

where Ey, is the kinetic enegy of the primary proton,and
the protonenegy thatcorrespondso the maximumyield,
E*®,is about0.7MeV. A serratedsurfacewith triangular



teethgreatlyreducedhegeneratiorof secondary-emission
electrons.However, atthe beamenepgy aroundl GeV the
proton stopping-lengthis long (aboutone meter). A ser
ratedsurfacemay be ineffective sinceprotonsincidenton
thefront edgeof theteethmay easilyescapdrom the col-
limator body. The SNSring usesa two-stagecollimation
systemsothatthebeamhalois likely to beincidentonthe
front edgeof the secondarycollimatorsconsistingof lay-
ers of stainless-stedblocks, stainless-stedballs, borated
water andleadshield. Figure 9 shavs one of threesec-
ondarycollimators[19]. The primary scraperconsistsof
four adjustablethin tantalum-bladespacedat 45 degree
anglesandshieldedfor radioactiationcontainment.

10° |

Electron yield

10°

107k

I L L El
60 70 80 90

L
20

40 50
Angle(degree)

Figure 8: Proton-inducedsecondary-emissiogields of

electronsas functions of the incident angle for 28-MeV

protonsstriking a flat (blue) anda serratedred) stainless-
steelsurface(courtesyP. Thiebeger).
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Figure9: Schematicef oneof SNSring’'s secondargolli-
matorsshaving layersof materialfor radio-actvationcon-
tainment(courtesyH. Ludewig andN. Simos). The effec-
tive lengthis about1.5m. The collimatoris designedo
withstandanaveragebeampowerof upto 10kW at1 GeV
kinetic enegy.
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Figure 10: Electron build-up at the CERN LHC as an
exampleof multibunch,beam-induceelectronmultipact-
ing (courtesyF. Ruggiero). The time betweensuccessie
bunchesis 25 ns. The enegy gain dueto the bunch pas-
sageis about200eV.

3.3 Beam-inducedultipacting

Beam-inducednultipactingis believed to be the leading
sourceof sustainecalectron-productionDependingon the
beamparameterspne of the two multipactingmodelsap-
plies: multibunchpassagenultipacting[20, 21,22, 23, 24],
or single-hunch,trailing-edgemultipacting[1, 25].

The phenomenaof multibunch, beam-inducedmulti-
pacting were obsened at the CERN PS and SPSwhen
the machines’parametersvere configuredfor LHC injec-
tion. The electron-cloudbuildup was sensitve to the in-
tensity spacing,andlength of the protonbunches.andto
the secondary-emissioyield (SEY) of electronsfrom the
beam-pipesurfaces.

As shavn in Figure10, the multibunchmultipactingoc-
cursif thetransittime of theelectronrossinghevacuum
pipeis comparabléo thetime betweersuccessie bunches,
andif the electronsgain enoughenegy to producemore
than one secondary-electronshenthey hits the vacuum-
pipewall [20]. Themultipactingparametec,, is definedas
theratio betweerthe transittime of the electronscrossing
thevacuumpipeto thetime betweersuccessie bunches

_2B
bm = sp Be

whereb is theradiusof the vacuumpipe, s;, is the distance
betweenthe subsequenbunches,s is the velocity of the

proton normalizedby the speedof light ¢, and g.c is the

averagevelocity of the electrons. Here, 3. is relatedto

the enepgy gainedby the electronfrom the passagef the

protonbunch

)

AE, = m.c? ( (3

wherer, = e?/4megmec? is the classicalradiusof elec-
tron, and Vg is the numberof protonsin the bunch. When
the electronmotionis non-relatvistic, i.e.,

2T6N0

1
gy S

(4)



\A
X

]
W La

25
. 2 Ih(‘u
* sHE SIS
, i x““mfffﬁtzzz_
0.5 f\‘Q
oJI
0 1000 2000 3000 4000 5000

Primary-electron energy [eV]

Figure11: Secondary-electrogield Y., asa function of
the primary-electrorenegy for a perpendiculaincidence
andfor technicalsurfacesrepresentatie of vacuumpipes
(courtesyN. Hilleret andO. Grobner).

Eqgs.2 and3 canbeapproximateds[20]

- B2b2
Cn ™ (5)
and ,
N
AE, ~ 2m.c? (Teﬁbo) (6)

The conditionfor propermultibunchmultipactingis given
by
Cm =1 (7)

The enegy gainedby an electronmust be suchthat the
electron-inducedecondary-emissioyield (SEY) satisfies

(8)

wherea, < 1 is the electronsurvival-ratein the bunch
gap[7]. Figurellshownsthetypical electron-induce®EY
(Yee) asafunctionof theprimary-electrorenegy for aper
pendicularincidence.

Multibunchelectronmultipactingmay occurfor almost
ary valueof ¢,,, [26]. Theexactresonanceonditionis met
if & = 1. If ¢, > 1, the primary electrongnteractwith
morethanoneprotonbunch;lf ¢, < 1, partof theprimary
electronsarelost beforethe next buncharrives,leaving be-
hind less-enagetic secondanyparticles(PS, SPS).On the
otherhandi,if {,, < 1, theelectroncloudis usuallydomi-
natedby single-tunchmultipacting. In fact, sinceherethe
transittime of the electronsacrosshe vacuumchambeiis
typically muchshorterthanthe passagéime of the proton
bunch, the enegy gainedby the electronsis much lower
thanthat predictedby the multibunch multipactingmodel
(Egs.3 and6).

Single-tunch, trailing-edgemultipactingstartsto dom-
inate if the bunchlengthis long enoughto sustainmul-
tiple passeof electrons. As shavn in Figure 12, elec-
trons are attractedtowardsthe rising edgeof the proton
bunch. At thetrailing edgeof the protonbunch,electrons

aeYee > 1

profon-eleciron yield
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ertiary electrons. \‘ostp,coko /e
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Figure12: Beam-induceealectronrmultipactingatthetrail-
ing edgeof a long proton-tunch. The transittime of the
electronsacrosghebeampipeis muchshorterthanthepas-
sagetime of the protonbunch.

arereleasedandyet still acceleratedby the bunchto mul-
tipact. The numberof electrongyrows exponentiallyat the
trailing edgeof the protonbunch,asobsened at the PSR
(Figure 13) [10]. The electron-cloudbuildup dueto this
single-lunchmechanisnis expectedo have aweakdepen-
denceonbunchspacingthevacuum-pressutevel, andthe
amountof residualprotonsin the beamgap. On the other
hand,it dependsritically onthelengthof the protonbunch
andthevariationsin its longitudinaldensity

Similar to the multibunchparametet,,, (Eq.5), single-
bunchmultipactingparametec; canbedefinedastheratio
betweerthe transittime of the electronscrossingthe vac-
uumpipeto the passagéime of half of the protonbunch

b B
“= B ©

where the effective length of the proton bunchis s; By,
bunching factor By (By < 1) is definedas the ratio
betweenthe averageand peakline-densityof the proton

Electron Signals
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Figure13: Electronsignalsmeasuretthe PSRasafunc-
tion of time relative to the proton-beanpulseduringa sin-
glerevolution. Therepellervoltage,V,.,, is variedto select
theelectronsstrikingthedetectoraccordingo theirenegy.
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Figure14: Computersimulationof electrongenerationin

the SNSaccumulatoring (courtesyM. Pivi and M. Fur
man). The neutralizationfactoris definedasthe density
ratio betweenthe electronand proton within the proton
beam-radiusThebeamintensityis 2x 104 perbunch.The
peaksecondary-emissioyield is assumedo be 2. Thefull

bunch-lengths about700ns.

beam,and
Cs > Cm (10)

To obtainan orderof-magnitudeestimate assumehatthe
beamchageis uniformly distributedin the trans\ersedi-
rectionsin the vacuumchamber The averagevelocity of
electronin thenon-relatvistic limit is givenby

T‘eNO
Ry [ —— 1
Be 50B; <K

Eq.9thusbecomes

(11)

B
A /reNgsbe

The enegy gainedby anelectronis approximately

s ™ (12)

reNo

AE, ~ 4m.c* b
mec sngc

(13)

Single-lunchmultipactingoccursif the condition

(<1 (14)

is satisfiedandif the enegy gainedby anelectronis such
that
Yee > 1 (15)

As anexample considethe SNSring parametersiNy =
2 x 10', s, = 248 m, By =~ 0.5,b ~ 0.1 m,and8 =
0.875. The single-hunch multipactingparametelis ¢, ~
0.01 < 1. Thecharacteristi@negy gainis approximately
AE, ~ 97 eV. Single-tunch, trailing-edgemultipacting
is expectedo occur asshavn by the computersimulation
resultsshowvn in Figure14[27].

Theactualmultipactingprocessnaybeacombinatiorof
the single-and multibunchmultipacting. Figure 15 shovs
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Figure 15: Secondary-emissioenegy-spectrumusedfor
simulationg(Hilleret fit Cu) for a300eV incident-electron
beam. The rediffused and reflectedcomponentsare in-
cludedin themodel(courtesyM. Pivi andM. Furman).

the measuredecondary-emissiospectrurmusedfor simu-
lation consistingof true-secondarybackscatterecandre-
diffusedelectrong28]. Uncertaintiesemainin key param-
etersdescribingthe interactionsof low-enegy (< 20 eV)
electrongwith theacceleratosurfaces.

3.4 lonization

Therateof electronproductionby gasionizationis linearly
proportionalto the protoncurrent!, the vacuumpressure
P, andtheionizationcross-sectiomw;,, [26, 7]. Therate
of electronline-densityincreaseperunit lengthof circum-
ferences givenby therelation

d2/\e _ pmﬂlaionp
dtds e

(16)

where P is in units of Torr (1 Torr = 133.3Pascal). At
theroomtemperaturef 300 K, the moleculardensityp,;,
is about3.3 x 1022 m~3. For the SNSring at a pressure
of 108 Torr, atotal of 2.6 x 10° electronsis produced
per turn whenthe protonaccumulatiorreache x 104,
Thisis muchfewerthantheelectrongroducedatthebunch
trailing-edgewhenmultipactingoccurs.Theeffect of pho-
toemissionusually is negligible for medium-enegy pro-
tonsdueto lack of synchrotrorradiation.

Variouscomputersimulationprogramswere developed
to modelthe processof electrongeneration30, 31, 21].
Simulated mechanismsincluded space-chaye fields of
both protons (or e™) and electrons, vacuum pipe and
the image chages, external magnetic-fields,gas ioniza-
tion, secondaryemission, and photoemission. Recent
developmentdncorporatedrailing-edgemultipacting, re-
diffusion, backscatteringand proton-inducedsecondary
emissionwith refinedangulardependencef the incident
particle[27, 32, 29]. Particle-in-cell(PIC)algorithmswere
alsodevelopedto modeldetailedelectron-generatiopro-
cesse$33].



4 ELECTRON NEUTRALIZA TION AND
TUNE SHIFT

4.1 ElectronBounce-fequency

The electron motion is characterizedby the electron
bounce-frequenc

(17)

We R C\/2TT Ny
wheren,, is the volumedensityof the protonbeam. Fig-
ure 16 shows the frequeng spectraof the BPM’s vertical
difference-signameasuredt the PSRfor two beaminten-
sities. The peakspectrumfor the 6.1 mC beam-intensity
centersaround 200 MHz, correspondingo the electron
bounce-frequenc Whentheintensityis reducecby afac-
tor of two by injecting every other pulse, the meanfre-
gueng of the peakspectrunshifts downwardsby a factor
of about0.7.

70

Amplitude
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Figure 16: Frequeng-spectrum of BPM'’'s vertical

difference-signalor two beamintensitiesmeasuredt the
PSR.Thelinesin the peaksarethe betatronside-bands.

4.2 Neutmrlization Tune-shift

In high-intensity synchrotrons proton tune-shiftscan be
attributed to various mechanisms: spacechage, chro-
maticity, kinematic nonlinearity magnetic nonlinearity
and magneticfringe field. The dominantcontrikbution is
usually from spacechage at the injection enegy. Beam
lossis often causedy resonancerossingassociatedvith
anexcessve amountof tunespreadn thebeam.Figurel7
shaws the spreadof tune shift of a2 MW proton-beanin
theabsencef electroncloudat the SNSaccumulatoring.

An electroncloudtendsto neutralizethe positive chage
of the protonbeam. Comparedo the space-chaye tune-
shift betweenthe protons,the tune shift producedby the
electroncloudis enhancedby afactory? dueto absencef
the compensatinglectricand magneticforcesin the lab-
oratory frame. With the electroncloud, the space-chaye

SNS Working Poirtt (,,v,)=(6.23,6.20)
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Figurel7: Spreadf tuneshift of a2 MW protonbeamin
the SNS accumulatorring. The computersimulationre-
sults are obtainedwith the Unified-AcceleratoiLibraries
(UAL) package[35]. Structureresonancesre indicated
in red.

tune-shiftbecomes

Ay, = __JscNoroTto [ 1 (i 0 >
oy 27TBsz,y,0,32'Y Uz,y(az + Uy) 72 ‘
+ Afm (7_2 - ne) + A:):n]
(18)
wherery = e?/4megmoc? is the classicalradiusof pro-

ton, Ry is the averageradiusof circumferencey, o and
vy o arethe basetranswersetunes,ando, ando, arethe
horizontal-andvertical-rmsbeamsizes.Thebunch'sform-
factor f,. is equalto 1/2 for anuniform distribution, and
to 1 for a Gaussiandistribution. The neutralizationfac-
tor (n.), definedasthe electron-to-protordensityratio in
the laboratoryframe, representshe contribution of elec-
troncloudatalow enepy (typically upto severalhundreds
eV). The contribution from the electricand magneticim-
agesof the beamarerepresentetby the Lasletttune-shifts
A¢ and AT | respectiely. Theelectricfieldsdueto both
the direct space-chaye andthe imagechage arereduced
by the neutralization34]. For bothincoherenandcoher
entspace-chayetune-shiftstherelative contribution of the
electroncloudto thedirectspace-chayeandelectricimage

IS —?1e.
4.3 Trailing-edge “Pacman” Effect

With the trailing-edgeelectron-multipactingnodel, pro-
tonsat the trailing edgeof the bunchexperienceon aver
age,a high concentratiorof electrons Electronneutraliza-
tion increaseghe trans\ersetunesand possiblyincreases
thetunespreadf thebeam.Whenthebeamis storedin the



ring for anextendedime, thebunchmaycontinuouslylose
its trailing-edgeparticlesuponresonancerossing. Here,
we call it trailing-edgePacmareffect.

Figure 14 shaws the structureof electronneutralization
insidethe protonbunchat the SNSaccumulatoring, pre-
dicted from a computersimulation[27]. With a 2-MW
beamin the SNSring, the peaktune-shiftdue to space
chageis about—0.2. Theneutralizatiorevelis aboutl0%
(ne =~ 0.1) insidethe protonbeamfor trailing-edgeparti-
clesat 50% of the peaklongitudinal-densityas shown in
Figure14. Thetuneshift dueto the electroncloudis about
+0.04. Giventhe samespace-chajetune-spreadtinjec-
tion, this effect becomesnoreimportantfor injectionata
higherenenpy.

5 ELECTRON-PROTON INSTABILITIES

Experimentalobsenations of electron-cloudinstabilities
aredistinctively differentfor “short bunches”storedat en-
ergiesabove the transitionenegy, wheremultibunchmul-
tipacting is expectedto be important (PS, SPS, and B-
factories),and “long bunches”storedat enegies far be-
low the transition enegy, where single-hunch, trailing-
edgemultipactingis expectedto be dominant(PSR and
SNS).

5.1 Coasting-beanandLong-tunch Regime

During the 1970s, coupled oscillations associatedwith

electrontrappingand multipactingoccurredduring high-
intensity coasting-beanoperationat the CERN ISR [37,

38, 20]. The problemwas alleviated by installing addi-
tional clearingelectrodesaroundthe ring. Since1988,a
fast, vertical instability accompaniedy beamloss, both
with bunchedanduntunchedbeamswasattributedto cou-
pledelectron-protomscillationg39, 10]. AttheBNL AGS
Booster an intenseproton-beanmbecamevertically unsta-
ble whenit wasdehunched.

Thethresholdof electron-protorinstability is associated
with the amountof Landaudampingcausedby the beam
momentum-spreaf40, 38, 41, 42]. Figure 4 shaws the
measuredliependencef thethresholdntensityon RFvolt-
agefor a given length of injectedbunch. The threshold
scalingis differentfrom thatof trans\erseinstability dueto
corventionalcoupling-impedanceayherethe thresholdin-
tensityis proportionako theRF voltagesquaredThelinear
dependencef the thresholdresultsfrom the dependence
of theinstability’s frequeng onthebeamintensity[32]. In
fact, at the electronbounce-frequeng w., the trans\erse
frequeng-spreads mostly contributedby the momentum
slip, i.e.,

w

w_; > Vzy; |77|we > E:c,ywo (19)
where wg is the angularrevolution frequeng, 7 is the
momentum-slipfactor, v, , arethe trans\ersetunes,and
&,y arethechromaticities Thethresholdor thetranswerse

stability is

4|n| Es | B¢ Ror. (Ap)
Zigqy <F —
| + ,y| a L\/7_"-625‘)00/(/BJ_) N p FWI%%)

Where(ﬁ) is the full-width, half-maximummo-
P JFWHM

mentumspreadof the beam, E is the total enegy of the
proton, F; is the form factor anda is the averagebeam
radius. With a given coupling-impedancethe threshold
intensityis linearly proportionalto the momentum-spread
squared,and is insensitve to the machinechromaticity
Also, thescalingbehaior is extendedrom bunchedbeams
to acoastingbeamasthe RF voltageis lowered.

Severaltheoreticalapproachesvereusedto studyinsta-
bilities of the coupledelectron-protormotion. Centroid
modelsof rigid beamsprovided estimatef the unstable
dipole-modesndtheir scalingwith intensityfor coasting-
beamsThey offeredplausiblepredictiongfor thethreshold
intensitiesof the instability, giventhe uncertaintiesn pa-
rametersuchasaverageneutralization{42, 39, 43]. How-
ever, estimate®f growth ratesandbehaior beyondthresh-
old shoved poor agreementvith obsenations. The cen-
troid modelswereextendedo bunchedbeamdo betterde-
scribethetrailing-edgeelectronconcentrationtheinstabil-
ity threshold,andthe structureandgrowth ratesabove the
threshold[32]. Anotherapproachwasto developfully ki-
netic simulationsbasedon self-consistensolutionsof the
Maxwell-Vlasor equationdor coastingopeamsn asmooth-
focusingapproximatiori44].

5.2 Short-lundch Regime

Theshort-hunchregimeincludedinstabilitiesthatoccurred
at mostlepton (et) rings (KEK photonfactory B-factory
KEKB, andBEPC),aswell asprotonrings (PSandSPS)
when the beamswere preparedfor collider uses[26].
Coupled-lunch, trans\erseinstabilities were obsered at
theKEK PF[45, 30] andBEPCJ46], andatthe SPS(hori-
zontaldirection)with the LHC protontest-beam§7]. The
electroncloud coupledthe motion of subsequenibunches
similar to a multibunchwake field. With computersimu-
lations, the effective wake fields werecomputedo predict
the multibunchgrowth-rates.

Single-lunch, trans\erse(strong and 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-resonatanodel
was usedto describethe coupling impedance with the
resonatofrequeng atthe electronbounce-frequenc[48].
Suchsingle-hunchinstabilitieswere often sensitve 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
electronproductionsaturatechearthe neutralizationden-



sity. Transersemode-coupling TMCI) calculationusing
simulatedwake-fieldwasfurtherused[52]. Theinstability
thresholdwasfound to be linearly proportionalto the av-
erageelectron-densityi.e., No/sp). Recently particle-in-
cell (PIC) simulationsbasedn strong-strongnodelswere
performed53, 54].

6 PREVENTIVE MEASURES

Control of the electron-cloudeffects involves suppress-
ing electrongenerationand enhancingLandaudamping.
The numberof multipacting-electrongan be effectively
reducedby surfacetreatmentof the vacuumpipe. Elec-
tronsin the injection region needto be guidedto the col-
lectorswith alow backscatteringield [12]. A beam-in-gap
kicker canensurea cleanbeam-gag55, 56, 57]. Vacuum
ports can be screenedand stepsin the vacuumpipe can
be taperedto reducepealed electric fields causingelec-
tron emission.A goodvacuumcanreduceelectronsfrom
gasionization. Solenoidscan be woundin straightsec-
tions to reducemultipacting[58, 59]. Electrodescanbe
installedaroundthering to clearthe electroncloud andto
isolateareasof high electron-concentrationElectronde-
tectorsneedto beinstalledat locationssusceptiblef high
electron-concentratioto monitor the electronproduction
(Figure18).
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Figure 18: Electron sweepingdetectordevelopedat the
LANL PSR(courtesyA. Browman).

Enhancemenof Landaudampingstartswith the design
of the machine. A large vacuum-pipeapertureis needed,
especiallyat locationsof high dispersionto allow further
increasein momentumspread. A large RF voltageis re-
quiredto provide sufficient momentumacceptancelon-
gitudinal painting can be usedto expandthe momentum
spreadof the injecting beam. Inductive insertscan be
usedto compensatéor the space-chaye effect, effectively
increasingRF focusing[60]. Landau-dampingpctupoles
(KEK PFandBEPC)hasbeenshawn to raisethe stability
threshold.Lattice sextupolefamilies(BEPC,SPS KEKB,

andSNS)canbe usedfor chromaticadjustmentsto either
improve momentumacceptancg6l] or enhancelamping.
Finally, a fast, wide-bandfeedbacksystemcan be imple-
mentedto dampinstabilities.

6.1 Surfacelreatment

Surfacecoatingof TiN wasshawn to effectively suppress
the electronflux by a factorof morethan100 at a coated
sectionof thePSR(Figureb). Thethicknesof thecoating,
typically about100 nm, is chosento withstandthe bom-
bardmentof the electronsduring the lifetime of the ma-
chine operation. For critical elementsg.g., the ferrite of
theextractionkickerinsidethevacuumpipe(SNS) thepat-
ternandthicknessof the coatingarechosento avoid eddy-
currentheatingandto preventchangesn materialproperty
PlannedJong-termbombardmenwith cold electronsfur-
therreduceghesecondary-emissioyield. Evidenceof this
“surfacescrubbing”wasseenatthe SPS KEKB, andPSR.
The memoryof thescrubbingmaybe preseredby a glow
dischagein nitrogen[62].

6.2 ClearingElectrodes

Clearing electrodeswere shovn to suppresghe electron
multipactingat the CERN ISR. At the SNS accumulator
ring, theBPMsaroundthering aredesignedo bealsoused
asclearingelectrodescapableof applyinga voltageof up

to +£1 kV (Figure19). Sucha voltageovercomeghe en-

ergy gain dueto the protonbunch (Eq. 13). A dedicated
clearing-electrodés implementednsidethe stripping-foil

assemblyattheinjectionregion.

RN sy —

Figure 19: Schematicsof the floating-ground BPM
designedfor the SNS accumulatorring (courtesy P.
Cameron). A voltageof about+1 kV canbe appliedfor
the clearingof theelectroncloud.

6.3 Solenoids

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



PEP-II.In a shorttest-sectiorat the PSR ,a weaksolenoid
is found to suppresshe electronflux (f.) by a factor of
about 50. For future high-intensity synchrotrons,such
solenoidscan also be usedat straight sections,like the
collimation section,to suppres®lectrongeneration. The
solenoidfield B, needsto be strongenoughso that the
radiusrg of electronmotion is small comparedwith the
vacuum-pipeadius[7]

MeVe

= b
T eB, <

(21)

Effectson the protonbeamcanbe minimizedby alternat-
ing thepolaritiesof the solenoidsaccordingo the betatron
phase¢, and ¢, [63]. Skew quadrupolesan further be
usedto correctcouplingaccordingto therelation

I [cme] s [s2180129)
n ]

_ qu fsq sin A¢ —
(22)
whereA¢ = ¢, — ¢y,
9o = \/’79:/87/ + r)/yﬂa: + 2(1 - azay) (23)
__BaAB _ BsLs
tan(wg) = By = OéZ/J)w’ b = Bop (24)

fsq is the focal length of the skew quadrupole,L4 is the
length of the solenoid, Byp is the rigidity of the proton
beam,anday,y, B;,y, and~y,,, areCourant-Syderlattice
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
and electron-protordynamics. However, quantitatve un-
derstandings still lacking, especiallyin the predictionof
instability thresholdandgrowth rates.

Someopen,challengingtasksinclude: (1) establishing
a coupling-impedancenodelfor the electroncloud when
trailing-edgemultipactingis dominant;(2) identifying the
leadinginstability drive in the presencef a strongspace-
chage force in the proton beam; (3) predicting the de-
tailed distribution of electronneutralizatiorinsidethe pro-
ton bunch; (4) a self-consistentreatmentof electronpro-
ductionandelectron-protorinteraction;(5) fully reproduc-
ing the experimentalobsenationsin high-intensityrings
like the PSR;and(6) predictingthe electron-cloudeffects
for next-generatiorhigh-intensitymachinedik e the SNS
accumulatorring and the JAERI/KEK Joint Projectsyn-
chrotrong64].
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ELECTRON CLOUD IN LINEAR COLLIDER DAMPING RINGS*

A. Wolski, LBNL, Berkeley, CA 94720, USA

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 initia 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 eg. 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:

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

NLCMDR | NLCPDR | TESLA | KEK-BLER | PEP-Il LER | DA®NE | HERA-e
Energy /GeV 1.98 1.98 5 35 3.1 0.51 12
Circumference /m 300 231 17000 3000 2200 98 6300
Bunch charge /10™ 0.75 0.75 2 33 9 5.4 3
Betatron tunes 27,11 11,55 76, 41 46, 46 20,20 55 50
Synchrotron tune 0.0035 0.011 0.066 0.015 0.03 0.01 50
RMS beam sizes /um 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
Mom™ compaction 0.3x10° 2x10° | 0.1x10° | 0.2x10° 0.1x10° 0.03 0.5x10°
Bunch separation /m 0.42 0.42 6.0 24 2.5 1.6 29
Beam pipe radius /mm 16 36 50 47 45/25 35 20/40

*Work supported by the US DOE under contract DE-ACO03-76SF00098




where nq is the cloud density at saturation, Ny, the number
of positrons per bunch, zb* the cross-sectional area of the
vacuum chamber, and s, 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 smply 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™ 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 w, and w. 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 4, and A; are the line densities of particles in the

bunch and the cloud, respectively, and r 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™ 2.2x10" 4.2x10™
Cloud frequency /s* 1.0x10™ 2.1x10™
Bunch frequency /s™ 2.8x10° 1.6x10°
Wake amplitude /m? 1.5x10° 9.6x10°
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:

s Nt i Sl w’o?
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where Z; is the impedance associated with the wake field
(1), o, is the bunch length, and w; and ws 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.

tune

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

tune

-2

-4

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

We have dso assumed that the electron cloud
distribution is Gaussian, with the same transverse widths
as the bunch. Ohmi et a [4] find that with a larger cloud



having the same centra density, the wake force is
increased; with a cloud ten times larger than the beam, for
example, the wake force is doubled. Other smulations
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 c/o,, 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 a [7], reproducing earlier results by
Ruth and Wang [8], have described arelevant model. The
instability threshold bunch population is given by:

ao 0,0,
N, =4 E?
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where the effective impedance Zy; is given by:
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wp=pwotwg, and wq is chosen to maximize the real part
of Zg. For the NLC MDR, we find that this gives a
population of just under 10™ particles, again indicating
that the nominal parameters place the ring close to the
threshold.

As we have aready mentioned, the above analysis
assumes that the electron cloud distribution has the same
widths as the bunch, and that the thresholds with a
redlistic 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:

0% x,y

where Kj, 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 vaue 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

Y = NyreB, cRy
4 Q
with the linear growth rate for the dipole mode given by
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For TESLA, the linear growth time z is about 5 ps. 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 us), 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:

_k? K2 = 2N, r.c?
y Sy

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:

T

y:



Solving for y(n/2w)=0 where « is the frequency of
oscillation, we find:

Note that the frequency of oscillation is inversely
proportional to the amplitude. The frequency spread will
lead to arapid 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.

, = |k ®)
2 rmin

where rmin=2NpreSy/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 r;, 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 edtimate the amplitude of the wake field, we
consider the kick given to eectrons in the cloud on the
nominal beam orhit, by a bunch with some displacement
from the orbit. Thisleadsto:

R NS @ (4)
Q N, C

Decoherence of the oscillations leads to a damping of the
wake field characterized by a quality factor Q=5. 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 3.4x10° 1.2x10°
Wake amplitude /m™~ 4.2x10° 8.7x10°
Quality factor 5 5

For M equally spaced bunches the frequencies Q, of the
different modes are given by:

N,r.C Z\Nl(kso )ezn‘k(uwy)/m

Q, —wy, 20,
The real part of Q, 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)
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Figure 4: Coupled bunch growth rates in the NLC MDR.
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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 pessmigtic estimate for the growth rates, which are
shown in Figure 4. The fastest growth time is 20 ps.
TESLA is a smpler 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 ps.

We note that the coherent tune shifts induced by the
long-range wake are small, of the order 10 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 nomina 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.

Single
Incoherent Bunch Cg;’g\l\;ﬁ ?:J;]Zh
Tune Shift | Threshold |
/Nominal us

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-11 0.16 0.6 16
DAONE 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
DAONE or the HERA electron ring. Given that the
feedback system for DA®NE is capable of damping
growth times of the order 20 ps, 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 beam current of about 0.7 A, we find an electron produc-
tion rate ofd?)\./(ds dt) ~ 5 x 10* e~ m~1s71, i.e, the

:/r\{e describe thhe Sl;mUI?tg]d eLIectroE—chjoud gUI||IQdUp :_ang umber of photoelectrons is 4 orders of magnitude higher
e vacuum chamber of the Large Hadron Collider ( han that from ionization.

and its possible impact on the machine performance. TheFinaIIy, the third production mechanism of electrons is

predictions are based on computer simulation programmggcondary emission or beam-induced multipacting. This
which have been calibrated against laboratory measure-

. . - can lead to an exponential increase in the electron density
.ment's pf surface properties as well as against observaﬂo&m&rmg the passage of a bunch train. The secondary elec-
n e_X|st|ng acce_lerators (SPS, PS, KEKB)' Forthe LHC, thﬁons themselves consist of two components: (1) secon-
major concern s th_e electron heat load inside the co_Id mag: ries, and (2) elastically reflected and rediffused electrons.
nets. Various possible countermeasures are also discusse he true secondary electrons have an initial energy of a
few eV, the elastic electrons an energy equal to the energy

1 INTRODUCTION of the incident electron, the rediffused an energy some-

i where in between. Our latest simulations [6] distinguish
There are four electron-cloud effects which could affect thgeqyeen the true and the elastically reflected electrons.

performance of the LHC: (1) the head load deposited 0Bqth components are represented based on measurements
the beam screen in the LHC arcs, (2) the heat load pasgsg parametrizations for LHC vacuum chamber prototypes

ing through the pumping slots onto the cold bore of thes) For small incident energies (a few eV), the probability
superconducting magnets, (3) the beam instability at injegs e|astic reflection is 30-50%, depending on the surface
tion into the LHC, and (4) the vacuum pressure rise a”gonditioning.

electron-induced gas desorption in the LHC straight sec- |, simylations of the electron-cloud build up in the LHC
tions. The last aspect is considered in a separate presefidhe elastic reflection is modelled as follows. Whenever
tion [1] and will not be discussed here. In this report, W&, (macro-)electron hits the wall, we change the charge at-
will describe the first three, then outline the LHC recipe {0k teq to that macro-electron according to the total sec-
combatting the electron cloud, and finally comment on 8qary emission yield at this value of incident energy. We
future luminosity upgrade. then determine randomly whether the secondary (macro-
)electron is elastically reflected or a true secondary. If it is
2 ELECTRON BUILD UP elastically reflected, we preserve the absolute momentum

of the macro-particle and invert its momentum component
The electron cloud is generated by either of three produgormal to the wall.

tion mechanisms or a combination thereof.

In the LHC at injection primary electrons are produced/\ "7 ¥ &0 "™ TN w7
. . . . . oL XeL 0% N
by residual gas ionization. The design hydrogen den AN - “%,,o
7 [ Sep~

sity is 10'® molecules/m and the CO density.3 x 104 <

2
¢,

&
[~

200

molecules/m [3]. (For comparison, a pressure of 1 nTorr
at 300 K corresponds t8 x 10 molecules/m). The
ionization cross sections for hydrogen and CO molecules ons oe ons ore
are about 0.16 and 1.5 Mbarn, respectively [4]. Then,

for a_beam current of 0.7 A, t_he_typ_ical _production ratq:igure 1: Schematic of electron-cloud build up in the LHC.
of primary electrons due to ionization is of the order

2 ~ 2 11 o— —1a—1
~2x1 m . . . .
d*)c/(ds dt) 0"e S . . Figure 1 illustrates how the number of electrons is am-
At 7 TeV the largest source of primary electrons is syn- ... . .
. N ) lified during the passage of an LHC bunch train. The
chrotron radiation and photo-emission. Assuming a bend- .
. ) 6 . HC bunches are spaced by 25 ns. For nominal bunch cur-
ing radius ofp =~ 1 km, v = 10° and a photoelectron yield .
V* ~ 0.1 about one photo-electron is emitted per positroreNt & photoelectron created on the wall while the head of
- P perp a bunch is passing is accelerated to about 200 eV by the

or proton and per meter. For these numbers, and takmgo%am field and reaches the other side of the wall about 5

*LHC electron-cloud studies are performed in collaboration withns later, well before the next bunch arrives. The electron
G. Rumolo, G. Arduini, V. Baglin, S. Berg, O. Bruning, F. Caspers,energy is high enough to produce a significant number of
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sev, M. Pivi, A. Rossi, F. Ruggiero, G. Stupakov, L. Wang, and man$@N be accelerated by the fo_IIowing bl'!nCh:
others. For a bunch current that is about five times lower, the
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velocity gained by the photoelectrons would also be five
times slower, and in this case they would need about 25 ns~io

to traverse the chamber. This corresponds to the so-called? dipole field x{ i
multipacting condition [2] 81 Omo=1.5 e
el. e incl. . IEAT
ARAUN
h2 6 i :ﬂ\\ i “‘ \‘l
Nmin = o ) (1) . _i"‘-\;‘\,-‘ §
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whereh, denotes the vertical half aperture,,, the bunch
spacing,V, the bunch population, and the classical elec-
tron radius. However, in order to obtain a fast growth rate it _ NSRS NN
is neither sufficient nor necessary to be close to the condi- o BT
tion nmi, = 1, and strong electron-cloud effects are indeed
observed fon,,;, > 1 as well as fom,;, < 1.

Table 1 lists parameters for the three CERN machines

which must accommodate an LHC type beam with 7.48 rRigure 2: Simulated evolution of electron line density in
bunch spacing. For the LHC two sets of parameters aigits of nt! vs. time during the passage of a 72-bunch

listed, referring to the initial and final surface conditions| HC batch through an LHC dipole chamber &, =
i.e., before and after surface scrubbing due to electron bonp-5.

bardement with a dose larger than 10 mC/Anifihe mea-

sured photoelectron yield per absorbed pholoh,is 10%

gnd 5%, respectively. The photon rgflectwR;aIso dimin- . the electron-cloud build up strongly depend on the dimen-

ishes after the scrubbing. The primary electron creatlosnIon of the vacuum chamber

rates per proton and metet)./ds, quoted for SPS and '

PS correspond to gas ionization with a cross section of 2 The apertures of an SPS dipole magnet, a special SPS

Mbarn and to a CO pressure of 50 nTorr and 10 nTorr, ralorimeter chamber, and the LHC arcs are compared in

spectively. For the two LHC cases the numbeéks/ds  Fig. 5. The SPS dipole has almost the same vertical dimen-

correspond to a photo-electron yield per adsorbed photé6i®n as the beam screenin the LHC arc. Thusin the SPS we

of Y. = 0.05 andY,. = 0.025. can study the electron multipacting under conditions which
are close to those expected at the LHC.

e—cloud charge (10°e/m

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

0.008

h

symbol LHC (init) LHC (fin) SPS PS e

E [GeV] 7000 7000 26 26 ‘w‘ \

N, 101t 101t 101 101 | "‘

o, [mm] 0.3 0.3 30 24 ML,

o, [mm] 0.3 0.3 23 1.3 Zoet| | [

o [cm] 7.7 7.7 30 3 TN

Be.yy [M] 80 80 40 15 BN \ /‘

Lgep [M] 7.48 7.48 7.48 7.48 sz | , N LT

hg [mm] 22 22 70 70 Y. o RS
h,, [mm] 18 18 225 35 Y \
Omax 1.9 1.1 1.9 1.9 h m w00 s 20
€max [€V] 262 318 300 300 B

R [%] 10 5 100 100

Céi\g/—césm—l] 1230 615 0.25 0.05 Figure 3: Energy distribution of electrons incident on LHC

chamber wall for a round chamber radius- 158 mm.

Figure 2 shows the simulation of electron-cloud build In Fig. 6 we show the simulated evolution of the elec-

up in an LHC dipole magnet for a maximum secondaryron line density during the passage of three successive
emission yield ob,,.x = 1.5, and various different bunch LHC bunch trains or “batches” (each batch consists of
populations. ForiV, > 4 x 101°, the number of electrons 72 bunches), considering different batch-to-batch spacings.
increases rapidly. The electron cloud develops faster for the second and third

Figures 3 and 4 illustrate that the energy distribution obatch. Thus, gaps larger thanu2 are required to com-
electrons incident on the wall and, as a consequence, alsletely ‘reset’ the cloud between batches.
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Figure 4: Energy distribution of electrons incident on LHGys. time during the passage of three 72-bunch LHC batches

chamber wall for chamber half dimensions bf, =
22,18 mm.
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Figure 5: Transverse aperture in the LHC arcs compareg
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 asa

through an LHC dipole chamber, separated by gaps of 8,
24, 48, and 68 missing bunches, .. = 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.

—~ 8

1.

max

heat load (W/

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 thes? ¢ 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-

2 -

0

o

surements, the photons are preferentially reflected in ttdgure 7: Simulated heat load per unit length in the LHC
horizontal plane across the chamber, and only few hit tHS & function of bunch populatia¥,, for various magnetic
top and bottom; theos? ¢ distribution is consistent with fields. Other parametersy.x = 1.1, €max = 262V, R =

data taken in Russia [7]. Different photon distribution$%, Y = 5%, and elastic electron reflection is included.
were compared in Ref. [8].) The dipole field results in the smallest heat load.

Inclusion of the elastically reflected electrons increases

the simulated heat load for the LHC by a factor 2-3 com- Taking into account that each arc half cell comprises
pared with the case where only true secondaries are takkgf, = 3 x 14.3 m = 42.9 m of dipole field, l4,iry =



(3 x 1.36 + 2.425) m = 6.505 m of field-free region, and LHCbeamscreen
lquad = 4.045 m of quadrupoles, from simulations such  cenguse

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 e

a function of bunch intensity, together with the available T
cooling capacity. The cooling capacity decreases for highefouinames ——=
currents, since the cooling needs for synchrotron radiation -~
and impedance heating increase linearly and quadratically ™

with current, respectively. For the ultimate intensity of \C(,p,,e,.aye(

N, = 1.67 x 10'° the average arc heat load from the cham-

ber impedance is estimated to be about 0.41 W/m and that Pumpnesas

from synchrotron radiation 0.25 W/m [9].

The different heat-load curves in Fig. 8 refer to different e,
values ofd,.x. In Most cases a steep increase in the heat
load aroundV;, ~ 6 x 10'° can be noted. This steep in- Figure 9: Schematic of the LHC beam screen operating at
crease will limit the maximum bunch population during they _5_og k. [Courtesy I. Collins, 2001].

LHC commissioning, for the nominal bunch spacing of 25

ns. According to these simulations, the design bunch pop-

ulation of N, = 1.1 x 101! can be reached fdk,.x ~ 1.1.  ple is illustrated in Fig. 10. Above about half the nominal
bunch populationf, > 5 x 101°), the electron cloud takes
the form of two vertical strips with an increased density of

K 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 populatioiVy{ < 5 x 10'9), 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 8: Simulated average LHC arc heatload and cooling  oa |
capacity as a function of bunch populatidh, for various
Omax- Other parameters arg,,, = 262 eV, R = 5%,
Y = 5%, and elastic electron reflection is included. of
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4 HEAT LOAD ON THE COLD BORE oot}

Figure 9 displays a schematic of the Cu-coated LHC beam  ows|-

screen, which is installed inside the cold bore supercon- ‘ ‘ ‘ ‘ ‘

ducting magnets and held at a temperature of 5-20 K. The o o oo ° oo o0 o

beam screen accommodates several rows of pumping slots,

which have a width of 1.5 mm millimeter and a length of 8Figure 10: Snapshot of transverse distribution in an

mm [10]. The thickness of the beam-screen wall is 1 mm| HC dipole chamber, from the first simulation for LHC
Electrons passing through the pumping slots can infi1]. Parametersd,.x = 1.3, €max = 450 €V, R = 0.1,

pinge on the 1.9-K cold bore. The cooling capacity foandY* = 0.025

the cold bore is much smaller than that for the screen, and,

hence, an important question is the persistence of multi- The possible suppression of multipacting by the slots is

pacting in the presence of the slots and the power depositeddressed in Figure 11. This figure shows a simulation,

through these slots. performed for a relatively weak dipole field (0.1 T), which
In this context, we recall the spatial distibution of elecexplores the effect of many parallel slots, spaced by 5 mm

trons multipacting in an LHC dipole field. A typical exam-and of varying width (between 0.5 mm and 2 mm), on the




electron-cloud build up. The figure demonstrates that for @estimated saturation density exceeds the TMCI threshold.
transparency as large as 40% (or width 2 mm) the electrdn the case of the LHC, the heat load may set a tighter tol-
impact rate at the position of the slots (treated as perfeetance on the electron density. Nevertheless, Table 2 indi-
absorbers) is not much different from the case without theates that the single bunch instability driven by the electron
slots. cloud could become a problem at injection into the LHC.

This particular simulation was performed for the SPS, in We note that for various machines (KEKB and SPS), the
order to predict the performance of the dedicated strip mothreshold predicted by the 2-particle model was found to be
itor that was subsequently installed, prior to the 2001 SP&nsistent with that obtained from a detailed TMCI calcu-
run. Given the similarity of the vertical chamber heightation using the simulated wake field of the electron cloud
and the beam parameters, we expect that the situation {@4] and also with the threshold inferred from macroparti-
the LHC will be about the same. cle tracking simulations [15, 16].

Table 2 further lists the electron oscillation frequency
inside the bunchwe.,, ~ c(2Nyre/ (V210,04 ,(0x +
a,)))'/2, and the electron density enhancement near the
beam axis at the end of the bunch passéfje (‘elec-
tron pinch’ [17]), which is roughly given byf, ~ (1 +
40,we o/ (mC)) X (1 4+ 40w,/ (7C)).

o
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6om=1.9
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Table 2: Estimated TMCI thresholds for the LHC beam in
the PS, SPS, and LHC.

N
T

e lost through slots / meter (10%).

N accelerator PS SPS | LHC | LHC
0 005 0.1 0.15 02 025 0.3 035 o.émoeA(sMSo).s (26 (26 (450 7
GeV) | GeV) | GeV) | TeV)
e~ osc./bunch 1 075 | 05 3
Figure 11: Simulated effect of detector or pumping slof_Tese = we0=/(mc)
transparencyl’ on electron flow through the slots (solid) | density enhH, 26 14 8 190
compared with the flow in the absence of the slots (dashed) saturation density | 1.7 | 2.7 | 11.3 | 11.3
The simulation was performed using a library Runge-Kutta Pe.sat [10"> m~?]
integration, for a field of 0.1 T. TMCI threshold 5 0.25| 056 | 3
Pe,thresh [1012 m73]
density ratio 0.35 11 20 4
5 [INSTABILITIES Pe.sat/ Pe.thresh

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 6 LHC RECIPE
beam energy and the natural betatron frequency spread. _

To estimate the strength of the single-bunch instabilityl "€ present LHC design foresees four measures to suppress
we assume that the density of the electron cloud alwayg€ €lectron cloud:

reaches the neutralization value e In the arc dipoles a sawtooth chamber will be em-

Do sat = No 7 ) ployed in order to reduce the photon reflectivity. Typ-
’ T Lsephahy ical longitudinal distance between two sawtooths is
500 xm and their height about 30m. 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
3) R ~ 80%). A prototype sawtooth chamber is shown

whereN; is the bunch populatior,, the bunch spacing,
h.y the chamber half dimensions.

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

27Qs

Pe,thresh ~
7ByrpC

where @), denotes the synchrotron tung, the average
beta functionr, the classical proton radius, antithe 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

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 theseg., 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- e i Maialiconide
load simulations performed so far, we have assumed a '

uniform reflectivity R 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 considesst ¢

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 e T
of electron dose, as measured for a copper sample e s
at CERN and SLAC. The CERN data indicate that a

value ofd,,.x = 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 tﬁ‘@ure 12: 'S

awtooth chamber protoype. [Courtesy
heat load. l. Collins]

Figure 14 illustrates that for a 50-ns bunch spacing and
a secondary emission yiedd,.. = 1.3 (believedto be B. HENRIST CERN 31/01/01

NG
i

readily achieved), the bunch population can be raised & ---m-- RE.KIRBY PEP Il HER COPPER SLAC
to the ultimate value ofV, ~ 1.67 x 10! without E 22 PUB-6212

exceeding the cooling capacity. § )

Figure 15 illustrates the effect of satellite bunches. In E

this example, we assume that the satellite bunches are £ = 1.8

created by an incomplete bunch compression in the E = 16 . A

PS, prior to beam extraction. This results in two satel- & N

lites spaced by 5 ns, in front and behind the main § 14 -
bunchesy respective|y. The top picture shows the elec- E e ssmssssmssssEss s EEsssEEEEEEEEEERE R AR
tron cloud build up for satellites of various intensity, = 12

where we keep the total intensity in one main bunch = N I

and two satellites constant, equaltox 10'° protons. 1E00 1807 1805 1803 1E01

The bottom picture presents a simulation result for the DOSE (C/mm2)

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 thé-igure 13: Comparison of dose dependence of the sec-
total beam current is higher than in the second case.ondary emission yield as measured at CERN and SLAC

[5].

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- 7 LHC LUMINOSITY UPGRADE

daries [21]. After a significant amount of elastic elec-

tron reflection was recently taken into account angh the framework of the LHC upgrade study [22], the ef-

included in the simulation, their role was less clearfect of further shortening the bunch spacing on the arc heat

However, Fig. 15 illustrates that satellite bunches stilload was also explored by simulation. In Figs. 16 and 17,

help, although to a lesser extent than originally anticresults are shown for the rather small maximum secondary

ipated, even if a large part of low-energy electrons aremission yield off,,.. = 1.1. Even for a value as low as

elastically reflected. this, the heat load reaches unacceptably high values for the
nominal bunch population d¥, = 1.1 x 10! if the bunch
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Figure 14: Simulated average LHC arc heat load & cooling

capacity as a function of bunch populatidh, for 25 and

50 ns bunch spacing, ang,.x = 1.3. Other parameters

areenax = 240 eV, R = 5%, Y = 5%; elastic electron

reflection is included.
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4 = 6mox:/‘ 5 Nb:

no satellite

0%e/mete

spacing is reduced below the canonical value of 25 ns. N, varioble

is interesting that for higher bunch charges the head Ioa@ J/ ! i

appears to saturate. In Fig. 17 even a small improvemegt 5L N,=11x1 om‘/”

is visible for the shortest spacing of 2.5 ns. We take this as AH s

an indication that in the limit of a continuous beam the heazg ~

load can be much reduced. o ’
This is further supported by a simulation of the electron+, _ ,

cloud heat load with a long ‘superbunch’, shown in Fig. 18. ks 20700

For a constant line density, the heat load per passing proton o 100

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 faIIingFigure 15: Simulated electron cloud build up in the LHC

edge. ) ; .
This result adds a further motivation to the idea of su\-NIth (top) and without (bottom) two satellite bunches of

bunch collisi f fut LHC de. Inf various intensity placed one SPS bucket (5 ns) before and
perbunch coflisions for a Tuture upgrace. Iniormaz,qor the main bunches., = 0.3 m. Elastic € reflection
tions related to the LHC upgrade plans can be found N cluded
Refs. [22, 23, 24]. '
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Abstract

The beam-inducectlectroncloud build-up is one of the
major concernsfor the SPSand the designof the future
LHC. During the 2000run, this effect hasalso beenob-
senedin the PSwith the nominal LHC-type beam. The
electroncloudinducesa baselinadistortionin electrostatic
pick-up signals,both duringthelastturnsin the PS,when
thefull bunchlengthis reducedo lessthan4 ns,andin the
transferine betweerthe PSandthe SPSrings. In theyear
2001, modificationsin the rf-hardwareallowed usto study
the propertiesof the beaminstability relatedwith theelec-
tron cloud phenomenoffior a bunchlengthof about10 ns.
The completesetof experimentalobsenationscarriedout
in thePSmachines presente@nddiscussedn detail.

1 INTRODUCTION

Sincethefirst studiesconcerninghe potentialharmful ef-
fect of the electroncloud build-up in the CERN LHC ma-
chine(see[1] andreferencesherein),the researctshifted
from purelytheoreticato moreexperimentahctiities. Af-
terthe PScomplex startedto produceanddeliveran LHC-
like protonbeam[2, 3], the SPSmachineobsenredstrong
electroncloud build-up associatedvith a vertical instabil-
ity [4, 5]. Intenseefforts weredevotedto improve the un-
derstandingpf the complex phenomenay usingthe SPS
asalLHC test-bed.

When the nominal LHC beamwas generatedby the
PS machine[6], it was someavhat naturalto investigate
whethersuchamachinewasalsoaffectedby electroncloud
phenomenalt turnedout thatthis wasthe cas€[7] andthe
standardsignature baselinedrift in electrostaticdevices,
wasobsened. Thanksto thecleanexperimentakonditions
availablein the PSmachine with stablebeamcirculating
onthehigh-enegy flat-top, further studiesweredevotedto
the analysisof a possibleelectroncloud instability affect-
ing the LHC beam.Interestingly it turnedout that,dueto
the very principle usedto generatesucha beam the insta-
bility couldnotdevelop.

The nominalLHC beamattheexit of the PSconsistsof
atrain of 72 bunchesgachof 1.1 x 10! protons,spaced
by 25 nsandwith a momentumof 26 GeV/c. The longi-
tudinalemittanceat 2¢ is 0.35 eVs (obtainedby meansof
successie longitudinalbunchsplitting [8, 9]), andthe nor-
malisedrmstrans\erseonesare2.5 um. Justbeforeextrac-
tion, thebunchesarecompresseffom ~ 16 to ~ 4 nstotal
length,within about100 turns(i.e. about200 us). Thisis

achieved by bunchrotation after a non-adiabatigncrease
of therf-voltage.Therotatingbunchedn the mis-matched
bucket areejectedafter onequarterof the synchrotrorpe-
riod, whenthe minimum lengthis reached.However, by
using adiabaticrf-gymnasticsit was possibleto obtain 72
bunches,10 nslong, circulatingfor about100 ms. Under
theseconditions the beaminstability wasobsened.

In the presentpaper the obsenations madewith the
LHC-typebeamin the PSring andin thetransferdine join-
ing the PSto the SPSaredescribedn 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
somepossibleremediesare outlined. Finally, conclusions
aredrawn in Section5.

2 ELECTRON CLOUD BUILD-UP

21 PSRing

An electroncloud build-up was obsened during the last
turnsin the PS,whenthe bunchcompressioriakesplace.
The electroncloud inducesbaselinedistortionsin electro-
staticpick-upsignals.Theeffectis essentiallyisiblein the
vertical plane,asillustratedin Fig. 1. The pick-up hasthe
bandwidth0.2 — 30 MHz, andis locatedneara combined
functionbendingmagnet.

Figurel: Measuredaselindrift in aPSelectrostatigick-
up during bunch compressiorprior to extraction. From
top to bottom: 3, Ay, and Axz. The 30 MHz bandwidth
of the pick-up doesnot allow discriminatingthe 4 nslong
bunchesThebunchtrainlastsl1.8 ysandthegapis 320 ns.
Thetime scaleis 500 ns/d.



2.2 TT2 Transfer line between PSand SPS

The electroncloud build-up wasalsoobsenedin the TT2
(single-passiransferine betweerPSandSPS(seeFig. 2).

Figure 2: Measuredbaselinedrift in a TT2 electrostatic
piCk'Up: Isolenoid =0 (upper) and Isolenoid = 10 A

(lower). Fromtop to bottom: ¥ , Az, andAy (Az, Ay

signalsalmostcoincidewith the grid-lines). This pick-up
hasa bandwidthwide enoughto allow discriminatingthe
shortbunches. Sucha structureis not obsenableon Ax

and Ay signalsasthe beamis centredin the pick-up. The
time scaleis 200 ns/dv.

Herethepick-upis locatedin afield-freeregion, andits
bandwidthis 0.006 — 400 MHz. The capacitancef the
deviceis C' = 500 pF andthevoltagecorrespondingo the
drift of thebaselinds estimatedo be V' ~ 300 mV. Hence
thenumberof electrongulledout of theelectrostatigick-
up electrodess givenby

cvVv

ne = — = 10°.
(&

(1)

However, in this caseelectroncloud effectsseemto lead
only to instrumentationproblems: obsenationsindicate
thatthe beamquality, i.e. the beampositionandthetrans-
versebeamemittance are not affected. This is dueto the
factthatthetime of electroncloud-beaninteractionis short
comparedo therise-timeof therelatedinstability.

Finally, it is worthwhile mentioningthat electroncloud
build-up alsoperturbsthe emittancemeasuremerdevices
installedin the TT2 transferline. The standardapproach
to determinethe beamemittance provided the dispersion
function is known all along a transferline, consistsin
measuringtrans\ersebeamprofiles at three different lo-
cations[10]. The devicesinstalledin TT2 are secondary
emissionmonitorsmadeof thin wires. In Fig. 3 (left) typ-
ical beamprofilesfor the LHC-type beamwithout the fi-
nal bunch rotation are shovn. All of them have a nice
Gaussian-lik shape. However, when the bunch rotation
is turnedon, beamprofilesare strongly perturbed(seethe
right partof Fig. 3).

It is interestingto mentionthata clearnon-zerosignal

40 20. 0f
30 15.0f
20- 10, 0
10 5.0
0 = I 0.0/
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Figure 3: Transwersebeam profiles measuredwith sec-
ondaryemissiormonitorsatthreedifferentlocationsin the
TT2 transferline. The measurementperformedwithout
bunchrotationareshown on the left, while the profileson
theright areobtainedwith thefinal bunchrotationactive.

is presenteven whenthe monitorsare retractedfrom the
beamwhenthe bunchrotationis active. Of courseno sig-
nalis presenin theabsencef bunchrotation(no electron
cloudbuild-up) andwith the monitorsout of beam.

3 CONTROL OF ELECTRON CLOUD
BUILD-UP

The build-up of anelectroncloud canbe eithersuppressed
or stronglyreducedby actingon a numberof physicalpa-
rameters. Obsenationswere madeof the dependencen
thebunchspacingandonthepresencef gapsin thebunch
train. Furthermorethe effect of a solenoidalfield on the
dynamicsof the electroncloudwasalsostudied.

3.1 Bunch Spacing

A variantof the nominal LHC beamwith a larger bunch
spacing 50 nsinsteadof 25 ns,wastestedduringtheyears
2000and 2001. Originally, the presenceof stronglongi-
tudinal coupledbunch instabilities madeit impossibleto
achieve the nominal intensity per bunch. After a series
of improvementson the HOM of the rf-cavities [11], it
waspossibleto obtainthe nominalbeamintensity namely
N, ~ 1.1 x 10", duringthe2001run.

Thesignalsdetectedn a pick-upin thePSmaching(up-
per)andin theTT2 transfeline (lower)areshavnin Fig. 4.
Undertheseconditionsthe electroncloud build-up is sub-
stantially reduced: not only is the baselinedrift in the X
signalsmallerthanfor the 25 ns case but alsostartslater
alongthebunchtrain.

3.2 GapsintheBunch Train

The evolution of the baselinedrift in a TT2 electrostatic
pick-up is depictedin Fig. 5, wheregapsof 12 bunches
(correspondingo 320 ns) areintroduced. The gapis ob-
tainedby removing onePSBoosterbunchat PSinjection.
Electroncloud build-up alwaysshaws up at the endof the
bunchtrain, independentiypf thegapposition. Thesemea-
surementshawv thatagapof 320 nsis notsufficientto reset
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Figure4: Measuredaselindrift in aPSelectrostatigick-

up (upper)andin TT2 (lower) for the 50 nsspacingLHC-

typebeam.Fromtopto bottom: X, Ay, andAz. Theelec-
troncloudbuild-upis delayedwith respecto the25 nscase
andthe drift is alsoreduced.Thetime scaleis 500 ns/div

(upper)and200 ns(lower).
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Figure 5: Measuredbaselinedrift in a TT2 electrostatic
pick-up,with the six possiblecaseof 12 missingbunches.
From top to bottom: ¥, Az, and Ay. Thetime scaleis
200 ns/dw.

the memoryof the electroncloud: the electroncloud den-
sity is rapidly re-establishetiehindthe gap.

Obsenations performedin the presenceof 6 gapsof
120 ns areshowvn in Fig. 6. Evenin this casea drift of
the baselinds visible at the endof the bunchtrain.

Finally, the caseof 84 bunchesfilling 84 buckets,was
also studied. The signalsare shown in Fig. 7, wherethe
measurementiadewith a pick-upin thelastturnsin the
PSmachingupper)andin the TT2 transferine (lower) are
shawn.
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Figure 6: Measuredbaselinedrift in a TT2 electrostatic
pick-upwith 6 gapsof 120 ns. Fromtopto bottom: >, Ax,
andAy. Thetime scaleis 200 ns/dw.

N

Figure7: Measuredaselinarift in aPSelectrostatigick-
up in the last turns before extraction (upper)andin TT2
(lower)for the25 nsspacingwith 84 bunchegi.e. nogap).
Thetime scaleis 1 us/div (upper)and500 ns (lower). A
strongelectroncloud build-upis clearlyvisible. The spike
on the Az signalfor the TT2 pick-upis generatedy the
buncheshadly ejecteddueto thefinite rise-timeof the ex-
tractionkicker. Fromtop to bottom: X, Az, andAy.

Thebuild-up of theelectroncloudis the strongesamong
the differentcasesconsideredere. Yet, even underthese
extremeconditions,which were obtainedfor only a frac-
tion of millisecondsthe beamwasstable.

3.3 Solenoidal Field

Theinvestigationgelatedto the electroncloud build-up in

the B-factoriesand leptonrings, like KEKB, PEP-II,and
BEPC, clearly shaved the beneficialeffect of solenoidal
field on the machineperformancegseeRefs.[12, 13, 14]).

In fact, the longitudinal solenoid field, although quite
small, keepsthe electronscloseto the chambemwall and
thussuppressethe beam-inducednultipacting.



Hence the sameechniquevasappliedin the TT2 trans-
fer line to confirmthehypothesighatthe sourceof the per
turbationsof the beamdiagnosticavasreally the electron
cloud build-up. To this end, coils were installedat both
endsof the wide-bandelectrostatigpick-up. Eachof the
coilsis madeof 80 windingsoveralengthof about0.08 m.
The coils have an inner diameterof about0.13 m andan
outeroneof about0.25 m. Thedistancebetweerthe two
extremeendsof the coils is 0.4 m, while the longitudinal
size of the pick-up is about0.16 m. The maximumecur-
rentis 10 A. Thepick-up,togethemwith theadditionalcoils
usedto generateghesolenoidaffield canbeseenin Fig. 8.

Figure8: View of the electrostatigick-upinstalledin the
TT2 transferline. The two coils are clearly seenon both
sidesof thedevice.

Thevalueof thelongitudinalcomponenbf themagnetic
field alongtheaxis of the pick-upis shavn in Fig. 9.
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Figure 9: Absolutevalue of B;(0,0, s) generatedy the
two coils installedat both endsof the wide-bandelectro-

staticpick-upfor the maximumcurrent.

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

solenoidafield created.

4 INSTABILITIES

After having detectedhe electroncloud build-up, the next
stepconsistedn studyingtherelatednstabilityin morede-
tail.

It wasalreadyclearthatfor thenominalLHC beamthe
electroncloud only perturbedthe beamdiagnostics,the
beamquality beingunafected.Henceadifferentapproach
was usedwhere the methodof producingthe beamwas
modified. Insteadof applying a non-adiabatidounch ro-
tation by using80 MHz cavities on top of the40 MHz, an
adiabatiaf-gymnasticsvasused.

The signal of a horizontal pick-up in the PSring was
frequeng-analysedto keeptrack of the evolution of the
first unstablebetatronline (about357 kHz). It was pos-
sible to obsene a horizontalsingle-tunchinstability with
a thresholdat N} ~ 4.6 x 10'° p/b and a rise-time of
3 — 4 msabove the threshold. In Fig. 10 sucha signalis
shawn for six differentvaluesof IV,. All theplotscovera
time interval of 200 ms beforebeamextraction. The first
caserefersto an intensity just belown the threshold,while
the secondoneis just above V. Therisetime is higher
thanin the othercaseshut this is dueto the fact that the
measuremernis taken nearthe threshold. The linear am-
plitudeincreasan logarithmicscaleis clearlyvisiblein all
five casesplottedin Fig. 10.
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Ny~ 5.5% 10" p/b |
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N~ 6.4 % 10'° p/b

Ts:4 ms _ | TR 3 ms "

N ~ 6.9 x 1010

T3 ms

Figurel0: Rise-timeof the horizontalinstability asa func-
tion of the bunchintensity The signalis obtainedwith a
spectrumanalysewith zerofrequeng spanandcentralfre-
gueny 357 kHz. The beamis extractedat the end of the
horizontalscale. The time scaleis 20 ms/dv, while the
verticalscaleis 10 dB/div.



Someadditionalinformationfor the caseN, ~ 5.5 x
100 p/bis shovnin Fig. 11. Togethewith theevolution of
thefirst unstablebetatronine (upperleft part),the Fourier
analysisof the samesignalis shavn in the upperright pic-
ture. In the lower part, the signalsfrom pick-upsin the PS
ring (left) andTT2 transferine (right) areshavn.
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Figure 11: Instability footprint for N, ~ 5.5 x 1019 p/b.
The signalobtainedvia a spectrumanalysemwith zerofre-
gueny spanand centralfrequeng of 357 kHz is shovn
in the upperleft part. The time scaleis 20 ms/dv, while
the vertical scaleis 10 dB/div. A Fourier analysis(from
0 — 10 MHz) is shavn in the upperright part. The time
scaleis 2 ms/dv, while the vertical scaleis 10 dB/div. In
the lower part, the signalsfrom a pick-up in the PSring
sometensof msheforeextraction(left) andthe TT2 trans-
fer line (right) are shavn. The time scaleis 500 ns/dv
(left) and 200 ns/dv (right). Fromtop to bottom: X, Ay,
andAz.

It is clearthat: i) the stronginstability is visible only in
the horizontalplaneandii) no regular patterncan be de-
tectedin thehorizontalpositionalongthebunchtrain. This
seemgo rule out a multi-bunchinstability.

Two points should be stressed:firstly, the PS lattice
is madeof combinedfunction magnets(dipole field with
guadrupolecomponent) secondlythe fraction of machine
circumferenceoccupied by the combinedfunction ele-
mentsis about90 %. Therefore,it is clearthatthe char
acteristicsof the beaminstability will be dictatedby the
propertiesof the electroncloud in the main magnets. In
addition, dueto the peculiarfield configurationof a com-
binedfunction magnethe propertythat the wake field in
thehorizontalplaneis closeto zero,asfor averticaldipole
field, no longerholdstrue [15], which may explain why a
horizontalinstability candevelop.

4.1 Remedies

A numberof measurementweredevotedto finding phys-
ical quantitiesto be usedto dampthe instability. Thefirst
attemptconsistedn changingthe horizontalchromaticity
&z, hormally setto about0.1 on the high-enegy flat-top.

Similarly to whatwasdonein theSP4], £, wasincreased
upto &, ~ 0.5, but no variationin theinstability rise-time
wasdetected.

This fact is in good agreementwith theoretical esti-
mates[16] obtainedby approximatingthe electroncloud
with a broadbandmpedancgl17] andusingthe horizontal
wake field computedor thePSmainmagnef{15]. There-
sulting instability rise-timer asa functionof &, is shovn
in Fig. 12: the weakdependencef r on &, in therange
0.15 < &, < 0.5isclearlyseen.
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Figure12: Dependencef the horizontalhead-tailinstabil-

ity rise-timer on &, for thetheoreticaimodelof the PS.

Finally, octupoleswere poweredin an attemptto sta-
bilise the beam. Under thesenew conditions, only a
marginal effect wasobsened, despitethe ratherlarge cur-
rent used (almost near to the maximum sustainableby
the power corverter).The correspondingctupole-induced
tune-spreadt half-width half-height[18, 19] canbe esti-
matedto be AQ, gwrr ~ 4 x 1075 andAQ, pwrn ~
5 x 1072,

5 CONCLUSIONSAND OUTLOOK

SincegeneratingherequiredLHC beamin the PS,intense
experimentalefforts were devoted to measuringelectron
cloud build-up andrelatedinstabilities. As far asthe nom-
inal beamis concernedthe conditionsto generateanelec-
tron cloud build-up are met only whenno time is left for

therelatedinstability to develop. Thisis dueto the specific
rf-manipulation,a non-adiabati®unchrotationperformed
afew turnsbeforebeamextraction.

However, it was possibleto study the build-up both at
extractionin the PSring andin the transferline between
the PSand SPS,asa function of somebunch parameters
like bunch spacing,gapsin the bunchtrain, and presence
of asolenoidalfield aroundanelectrostatigick-up.

Theseobsenationsleadto the conclusionthat, for the
nominal LHC beam,the electroncloud build-up doesnot
alter the beamcharacteristics.Sucha cloud only consti-
tutesaperturbingeffectfor thedifferenttype of beamdiag-
nosticslik e electrostatigick-upsandsecondarygemission
monitors.



By introducinga modified rf-gymnastic, (an adiabatic
bunch rotation reducingthe bunch length from 16 ns to
10 ns),it waspossibleto keepthe shortenedeamcirculat-
ing for about100 ms. Undertheseconditions,it waspos-
sible to obsene a horizontalsingle-tunchinstability with
thresholdN/" ~ 4.6 x 10*° p/b, andrise-timer of about
3 — 4 msabove threshold. No sign of instability was ob-
sened in the vertical plane. This seemsto be linked to
the peculiarity of the PS lattice whosemain magnetsare
combinedfunctionmagnets Accordingto preliminarynu-
mericalsimulationsthe mainwake field is producedn the
horizontalplane. The obsenationscould be explainedby
the head-taiformalism.

The influenceof chromaticitywas measuredrevealing
only amamwinaleffectonthebeamdynamicsjn agreement
with theoreticapredictions.Finally, theeffectof octupoles
wasalsotried out, shaving only a smallstabilisingeffect.
It is worth mentioningthat a variantof the nominalLHC
beamwith a 50 nsbunchspacingcompletelyremovedthe
instability.

Additional measurementareforeseerfor theyear2002
run, to getmorequantitatve resultson thepropertiesof the
beaminstability relatedto the electroncloud build-up.
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ELECTRON CLOUD MEASUREMENTSAND SIMULATIONSFOR RHIC*

W. Fischef, J.M. BrennanM. Blaskiewicz, andT. Satogata
BrookharenNationalLaboratory Upton,NY 11973,USA

Abstract

Intenseion beamsin RHIC leadto arisein thevacuum
pressureElectroncloudscancontributeto sucha process.
To measurelectroncloud densitieghe coherentuneshift
along the bunchtrain was obsened with different bunch
spacingsandintensities.Fromthe measureaoherentune
shift electroncloud densitiesare computedand compared
with densitiesobtainedn electroncloud simulations.

1 INTRODUCTION

During the RHIC 2001gold run the numberof ions per
bunchwascontinuallyincreasedup to the designvalue of
109 attheendof therun. Furthermoreit wasattemptedo
doublethenumberof bunchegerring from 55to 110. Op-
erationwith 110buncheded to pressurdoumpswith pres-
sureshigh enoughto preventoperation.In someinstances
thepressurén thewarmsectionsncreasedrom 102 Torr
to 10 Torr [2]. With thedesignintensityof 10° ionsper
bunchand55 bunchesn eachbeamstoredatinjection,the
vacuumsystemalsoabortedhe beamsBasicmachinepa-
rametersarelisted in Tah 1, a completeovervien canbe
foundin Ref.[1].

Measuremente/ereinitiatedto characterizéheelectron
cloud built-up andto investigatethe possiblerole of elec-
troncloudsin the pressureise. Sinceno dedicateclectron
detectorsare currently available in RHIC thesemeasure-
mentswerebeam-basedlo obtainanestimateof theelec-
tron cloud density the coherentune shift alongthe bunch
train wasdetermined.The estimateckelectroncloud densi-
tiescanbecomparedvith simulationresults.Suchcompar
isonswerealsodonefor the low enegy ring of KEKB [3]
andthe SPS[4, 5].

ThelastRHIC runalsoallowedthemeasuremertf pro-
ton beams. Gold and proton beamshave the samenum-
ber of bunchesand approximatelythe samechagge per
bunch (seeTah 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.The averagebetafunctionsarethe same
for bothplanes soarethe beamemittances.

2 COHERENT TUNE SHIFT
MEASUREMENTS

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

*Work supportedby US DOE undercontractDE-AC02-98CH10886.
T Email: Wolfram.Fischer@bnl.go

Table1: Machineandbeamparametergor gold andpro-
tonsduring RHIC Run2001/2002atinjection.

parameter unit  Au™F pt
atomicnumberZ 79 1
massnumberA 197 1
relatiistic 10.5 25.9
harmonicno. h 360 360
no. of bunches 55/110 55/110
bunchspacing ns 216/108 216/108
ionsperbunch Ny, 10° 101t
emitt. en 5 95% m 10 25
bunchareaSysy, eV-s/u 0.4 1.0
full bunchlength ns 18 14

positionmonitor (BPM) in eachplanerecordecdthe injec-
tion oscillationsof the lastincomingbunch. TheseBPMs
are part of the tune meter system([7]. Typically 1024
turnswererecordedandthetunesareobtainedrom a Fast
FourierTransform(FFT) of thecoherenbeamoscillations.
An exampleis shovn in Fig. 1. In this case110 bunches
wereinjectedwith anaveragedntensityof 0.3-10'! protons
perbunch. The total tuneshift after 110 bunchesamounts
t0 2.5 - 103. For gold beamsandprotonbeamswith large
bunch spacingthe resolutionof thesetune measurements
wascomparable¢o thetuneshiftsobsened. Thetunemea-
surementsvereimprovedwith asecondmethod.

The orbit systemwassetto recordthe injection oscilla-
tionsof thelastincomingbunchin 12 BPMs. In this mea-
surementall BPM datawerefiltered and the peakin the
spectruminterpolated.In addition,the tune of eachbunch

Time [mm:ss]
110 bunches filled in

Tune 0.250

Figurel: Coherentunesmeasuredlonga Yellow train of
110 protonbuncheswith 105ns spacing.Dueto coupling
bothtrans\ersetunesarevisible.
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Figure 2: Coherentunesmeasuredlonga Blue train of
63 gold buncheswith 105ns spacing.Individual dotscor
respondo the tunesfrom differentBPMs. The solid lines
arelinearfits to thedata.

could be obtainedas an averageof the 12 BPM measure-
ments. This procedures outsidethe currentoperational
capabilitiesof the BPM system.A measuremeris shovn
in Fig. 2. In this casea train of 63 buncheswasinjected
with anaverageintensity0.65 - 10° goldions. Thevacuum
systemabortedthe fill. Furthermore a transferfunction
measuremenivas testedfrom which the tunesalong the
bunchtrainscanbeobtained.

In the measurementsan increasein both transwerse
tuneswas obsered, consistentwith the existenceof an
electroncloud. The tune shift is aboutthe samefor the
horizontalandverticalplane.

In Tah 2 the resultsof all measurementare summa-
rized. Measureduneshiftsareof order10—3 andaresome-
timescomparabldéo the measuremenesolution.The data
areconsistentvith the expectationthathigherbeaminten-
sitiesandshorterbunchspacindeadto largertuneshifts.

3 ELECTRON CLOUD DENSITIES

A bunchpassingeachturnthroughastaticelectroncloud
with uniform spatialdensityp. experiences coherentune
shift [8-10]

5uy = (L) Iasliat

Ot (1)

~vA

whereh,, , arethesemiaxesof anelliptical chambey; ,,

theaveragebetafunctions, thelengthof thesectionswith

electronclouds,andr, = 1.5347 - 10~'® m the classi-
cal protonradius. In the caseof a round beamchamber
(hy = hy = h) androundbeams(3, = 8, = 3) thetune
shiftsin both planesarethe same(AQ, = AQ, = AQ)

andEg. (1) canbesimplifiedto

A L
se=n(30) T

(2)

Table 2: Measuredcoherenttune shifts AQ alongbunch
trains. Thevaluesgivenarethe differencein tunebetween
bunch55andbunchl, andareaveragedverthehorizontal
and vertical tune shift. The numberof measurements

shavn in braclets.

bunchspacing chageperbunch  tuneshift AQ
Au79+ p+
[ns] [10%0%€] [1073]  [1073]
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 \. = 712 p. wherer denoteghe
averagebeampipeinnerradius. The chageline densityis
givenby \.. = A.e wheree is theelectronchage.

We considerthe casesof electroncloudsin the whole
ring andcloudsin thewarmregionsonly. Thelatteris mo-
tivatedby the factthat significantpressureiseswereonly
obsenedin warmregion.

For relativistic ion beamsawith the samerigidity the fac-
tor (r,Z/vA) in Eq. (2) is approximatelyconstant.How-
ever, gold and proton beamswere injectedinto different
lattices,resultingin differentvaluesfor 3 in bothcases.

The relevant machineparametergor all casesand the
computedelectroncloud densitiesare shavn in Tah 3.
With the assumptionsnade,one expectschage line den-
sitiesof 0.2 to 2 nC/m to accountfor the measuredune
shifts.

Eq.(2) givesonly aroughestimateor theelectroncloud
densityfor two reasonsFirst, with long buncheghe cloud
may not be staticwhile the bunchis passingthrough. In
RHIC electronscan perform a few oscillationsduring a
bunch passage. Second,the cloud density may not be
distributed uniformly in space. In Ref. [10] the effect of

Table3: Machineparameterandcomputecklectroncloud
densitiedor differentcloudlengthsandspecies.

parameter unit Au™+  pt
tuneshift AQ 1073 1.1 1.3
r wholering m 0.04

r warmregionsonly m 0.06

(5 wholering m 30 36
(£ warmregionsonly m 42 76
L wholering m 3834

L warmregionsonly m 700

p. Wholering 0tm= 33 29
pe Warmregionsonly  101'm=3 128 7.6
Ae wholering 109m-1! 1.6 1.4
Ae warmregionsonly  10°m~! 145 8.6
Aee Wholering nCm-1 0.26 0.22
Aee Warmregionsonly nCm-! 2.32 1.38




beam pipe

Figure3: Geometryusedin theelectroncloudsimulations.

the bunchlengthon the obsenedtuneshift is investigated
analyticallyand numerically Significantdeviationsfrom

Eq. (2) arefoundfor electroncloudsof sizecomparabléo

the beamsizewhile the equationholdsfor electronclouds
large comparedto the beamsize. In the simulationsre-

portedin Sec.5 it is foundthatthe electroncloudis much

largerthanthe beamsize. This wasalsofoundin a RHIC

simulationwith anothercode[11]. A trans\erselylarge

electroncloud, filling most of the beampipe, is also a

goodapproximatiorfor a cloud with uniform spatialden-
sity. Thus Eg. (2) shouldgive a useful estimatefor the

electronclouddensities.

4 ELECTRON CLOUD SIMULATIONS

The computercodeusedherewaswritten by oneof the
authorg(M.B.) to studyboththeeffectsof electrongapsur
vival andtheelectricfieldsgeneratedby the electrong12].
It wasusedpreviously for the PSR[13] andthe SNS[14].

The codeassumeshatthe positively chagedion beam
and the electroncloud are both cylindrically symmetric
within around,straightvacuumchambeywithout anexter-
nal magnetidield. Longitudinalelectricfieldsareignored,
sincethey producevelocitiessmallcomparedo the beam
velocity. The spatialdistribution of the electroncloud is
modeledasasumof N, ..., cylindrical shellswhich sene
asmacroparticles. This is shovn in Fig. 3. The macro
particleshellscanhave anangularmomentum.

The evolution of the cloud is computedby accelerat-
ing the shells,and creatingsecondaryelectronswhenthe
macroparticleshit thewall. In addition,electronsarecre-
atedeitherat the wall or in the beampipe with a genera-
tion rate proportionalto the instantaneoubeamline den-
sity. Thegeneratiomatemustbe estimatedutsidethe pro-
gramfrom processesuchasrestgasionization or beam
lossdrivenelectrongeneration.

The acceleratiorof shell j, with radiusr;, dueto shell
k, with radiusr, is takento benonzeroonly if 7; > ry. In

this casetheaccelerations

r
— 3
d?+r3’ @)

. 2
Fj = 2rec” A

wherer, istheclassicaklectronradius,c thespeedf light
and )\, is theelectronline densityof shell k. The smooth-
ing lengthd is typically anorderof magnitudesmallerthan
the beamsize. The electricfield dueto the ion beamhas
the sameform asthatdueto electronsatr = 0, A. being
replacedby theinstantaneoubeamline densitymultiplied
by theion chagestate,.Z\,.

The time dependencef the instantaneoubeamline
densityis givenby

t2\"
Ab(t) = )‘b,peak’ (1 - ﬁ) ) (4)
wheren can be chosento fit the measuredongitudinal
beamprofile. For largen formula(4) approximates Gaus-
sianbeamprofile. 7 is ameasurdor the beamlength.

Thebeamis typically dividedinto seseralthousandon-
gitudinal slices N;.., andthe electroncloud is updated
with every longitudinal slice. Electron macro particles
cancarrydifferentchageswith aminimumandmaximum
chage defined. Macro particle numbersrangefrom hun-
dredsto hundredof thousands.

The generatiorof secondarelectrongollows largely a
model that is presentedn Ref. [15]. When an electron
macro particle with enegy E' hits the wall, it is first de-
terminedwhethertheelectronis reflectedor generatesec-
ondaryelectrons. In the following, z,- denotesa random
numberoutof auniformdistributionbetweerzeroandone.
Theelectronis reflectedf

1 < Poo 4 (Py — Pao)e™ B/ Brenicct (5)

wherePy, Py, andE,.qcct areinputparameterthatshould
bedeterminedn measurements?, and P, aretheproba-
bilities of reflectionat zeroandlarge enegy respectiely.

If the electronmacropatrticleis reflected,it canbe re-
flectedelasticallyor it canbe rediffused. It is rediffused
if
(6)
where P,cqiftuse 1S aninput parameterOtherwiseit is elas-
tically reflected.In the former casethe enegy of the out-
going electronmacroparticleis z,3 F; in the latter caseit
is E.

If theelectronmacroparticleis notreflectedjt generates
secondanglectronmacroparticleswith the emissionyield
4 givenby

Trg < Prediffusey

L exp [ 23(B/Bynaa)*]
(E/Emaz)?-3°

0(F) = dmaz x 1.1 <
(7)

dmaz @Nd E,, 4, @areinput parametersThe line densityof
thegeneratedanacroparticleis

/\k,out = )\k(S(E)eaé(lfcos (~))7 (8)



beam pipe

out

Figure4: Definition of angled.

whereq; is aninput parameteandd is theincidentangle
relativeto thesurfacenormal(seeFig. 4). If theline density
is belov the setlimit, the macroparticleis dropped.If the
line densityis above the setlimit, more than one macro
particleis generated.The enegy of the generatednacro
particlesis

Eout = Eseconda‘ry tan <gT74> . (9)
Eeccondary 1S @aninput parameter
Thedistribution of the outputangled,,,; is the samefor
reflectedand secondaryelectrons,andindependentf the
incidentangle#, thusassuminga roughsurface. The dis-
tribution of 6,,,; is givenby
P(0) df x (cosf)*® sin 6 db, (10)
wherethe parameteryy is aninputparametebetweerrzero
(equivalentto black body radiation)and infinity (0,.: =

const= 7/2). Thelist of input parameterss shawn in
Tah 4.

5 SIMULATION RESULTS

Sincethe simulationshave mary input parametersand
theresultis very sensitve to changesn a numberof those
we first definereferencecasedor gold andprotonbeams.
Thereferenceaseshouldbecloseto worstcasescenarios
with respectto the beamparameters.We will thenvary
input parameteiin one of the referencecasesto find the
sensitvity of theresultwith respecto theseparameters.

The two referencecasesare basedon designintensi-
ties and shortbunch spacing. The casediffer slightly in
the chaigeperbunchandsignificantlyin the bunchlength.
Furthermorerestgasionizationis assumedor the proton
caseand loss-driven electrongeneratiorin the gold case.
Beamandbeampipe sizescorrespondo anassumeclec-
tron cloudin the whole machine.Thetwo casesarelisted
in Tah 4.

In Figs.5-10the simulationoutputis shown for the pro-
tonreferencecase.Fig. 5 shovs theion beamandelectron
cloud chageline densities.After 25 buncheghe electron
cloudis saturatecht approximately0.3 nC/m. The satura-
tion is alsovisible in Fig. 8 which only shavsthelastthree
bunches. The saturationchage line densityis compara-
ble to expectationsfrom the tune shift measurementé&cf.
Tah 3). However, the tuneshift measurementaeredone
atlowerbunchchages.

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

parameter unit AUt pt
bunchspacing ns 108
bunches 55
rmsbeamradius mm 2.2 2.4
piperadius mm 40
electrongeneratedfbinch 40000 100
electrongeneratiorradius mm 40 2.4
full bunchlength ns 18 14
bunchshapeparameten 3 3
bunchchage nC 13 16
longitudinalslices 5000
macropatrticles,initially 2500 250
smoothingengthd mm 0.1
e, iNitial pCm! 1.6
Py 0.8
Py 0.2
Ereﬂect ev 60
Preqiffuse 0.5
Omaz 25
Eraz eV 300
Esecondary ev 20
Qs 0.5
g 1.0

Figs. 6 and 9 shaw the trans\erserms size of the ion
beamandelectroncloudfor the whole bunchtrain andthe
last three bunchesrespectiely. The electroncloud size
dropswhile the secondhalf of the bunchis passingasac-
celeratedelectronshit the wall. On averagethe electron
cloud is much larger than the ion beamand its rms size
is consistentwith a approximatelyuniform density For
a trans\erseuniformly distributed electroncloud, the rms
sizewould ber//2.

In Figs. 7 and10 the averagekinetic enegy of theelec-
tronsandtheelectroncurrentinto thewall areshavn. From
this, an estimateof the heatload into the wall canbe ob-
tained. From Fig. 10 onefinds an averagekinetic enegy
of approximately0.03 keV and averageelectroncurrent
of about20 mA/m. This corresponddo a heatload of
0.6 W/m or 1.8 kW for the cold part of the ring, assum-
ing thatall kinetic enepy is transformednto heat.No in-
creasecheatload was obsened during the testsin 2001.
Theminimumdetectabldeatloadis 150W[16].

The simulationof the gold beamreferencecaseshavs
no significantincreasein the initial electronline density
The final densityafter 55 bunchesis two ordersof mag-
nitude smallerthanin the protonreferencecase. This is
largely dueto the longerbunchesandthe reducedchage
perbunch.

The sensitvity of the computedelectroncloud density
with respecto theinput parametersvasestimatedy vary-
ing singleinput parametersnly. Thisis shavnin Tah 5.
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Table5: Maximum chageline densityafter55 bunchesn

simulationsundervariation of input parameters.In each
caseonly one parameterof the proton referencecaseis

changedandthe resultingline densityis showvn together
with its relative change.

parameter unit value change .
(%] [nC/m]
(ref. casep) 0.5
bunchspacing ns 216 +100 0.00
beamradius mm 4.8 +100 0.4
piperadius mm 60 +50 0.02
e-gen./lmnch 50 —50 0.5
e-gen./lnnch 1000 +1000 0.5
e-gen.radius mm 40 +1660 0.5
bunchlength ns 18 +28 0.4
bunchlength ns 10 —28 0.6
bunchshapen 1 0.3
bunchshapen 6 0.6
bunchchage nC 12 —25 0.00
bunchchage nC 14 —12 0.2
bunchchage nC 18 +12 0.8
Nstices 10000 +200 0.5
Niacros initial 2500 41000 0.5
smoothingd mm 0.01 -90 0.5
Ace, initial pC/m 0.016 —99 0.5
P 0.7 —12 0.2
Py 0.1 =50 0.5
Ereflect eV 80 +33 0.6
Predif'fuse 0.4 —20 0.6
Omaz 2.0 —20 0.00
Omaz 2.2 —12 0.01
Eraz eV 350 +17 0.1
Eccondary eV 30 +50 0.9
ag 0.4 —20 0.4
o 0.0 —100 0.3
g 5.0 +500 0.9

The simulationresultis not sensitve to the numberor
locationof electronggeneratedluringa bunchpassagethe
numberof longitudinalslices,the numberof initial macro
particlesor the smoothinglengthd. It is alsonot sensi-
tive to theinitial line electronline densitysothatthefinal
line densityis determinedthroughthe parameterf the
multiplication process However, theresultis, to a varying
degree,sensitve to almostall otherparameters.

6 SUMMARY

The signsof the measureatoherenthorizontalandver-
tical tuneshiftsalongbunchtrainsin RHIC areconsistent
with the existenceof electronclouds. From the measured
tune shifts electroncloud densitieswere estimated.Elec-
tron cloud densitiesof the sameorderof magnitudecould
alsobeobtainedn simulationsvith beamintensitiessome-
whathigherthanin themeasurementd.he clouddensities
estimatedirom the tune shift measurementsould not be
reproducedvith the bunchintensitiesin the measurement.

Thus,physicaleffectsmaybe missingin the simulationor
thereis an insufficient knowledgeof the surfaceparame-
ters.
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SIMULATIONSOF ELECTRON CLOUD BUILD-UP AND
SATURATION IN THE APS

K. C. Harkay and R. A. Rosenberg, ANL, Argonne, IL 60439, USA’
M. A. Furman and M. Pivi, LBNL, Berkeley, CA 94720, USA’

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.

1INTRODUCTION

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 a 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 anomal ous vacuum pressure rise.
A more modest amplification was observed for electron
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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 detals of the secondary
electron energy spectrum, (2) the correct choice of these
parameters should reproduce all the experimental datain a
given machine, and (3) the measured longitudina
variation of the electron cloud density, which could be
important, is not modeled.

2 REVIEW OF PRIOR RESULTS

A specia 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 isa
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,

0 7 mrad
Zi:i:i:i:::l:@::::@::':
detector# 5

6 4

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, EAB.



Figure 2: Mounting of two RFAs on a standard aluminum
(Al) APS chamber, cross-sectiona 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 dot.

The relevant APS parameters used in the previous [6]
and present simulations are shown in Table 1. The
parameter O gives the maximum value of the secondary
electron yield coefficient, which occurs at an incident
energy Ena. 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 dn. Vaues of &y ranging from 2.2 to 3.3 are
consistent with conditioned and unconditioned, oxidized
Al, respectively.

Table 1: Simulation Parameters for APS

BIM, EC
Ref. [6] | build-up
Circumference m 1104
Beam energy GeV 7
Harmonic no. 1296
Rf frequency MHz | 351.93
Bunch population (2mA)| 4.6x10"
rms bunch length mm 5
Transverse rms sizes pm 300, 50
Chamber semiaxes cm 425, 2.1
Antechamber slot height| cm 1
Eff. photoelect. yield 0.1
No. photons per e+ 0.07
Ormax 33 30& 22
Enmax eV 280 300
No. kicks over bunch 5 11

The smulations in Ref. [6] were repeated with a dight
modification (Onx = 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 Ax); however, the sharp, resonant peak at 7 A
is not reproduced. The position of the peak in the modeled
result was very sendtive to the shape of the secondary
electron energy spectrum, the mean energy in particular.
The width of the broad peak was senditive 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 A or 54 A+ bunch spacing, well outside
the position of the resonant peak.

The datain 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/mm?) 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,
S0 we expect that dmax May be further reduced relative to
theinitial state.
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Figure 3: Measured (diamonds) and simulated (crosses)
electron wall current (Ic) for BIM in APS, normalized to
the total beam current (1) (ten e+ bunches; 2 mA/bunch).

3MEASURED 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 signas 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 loca source of electrons
dominates in the detectors nearby. Farther from EAG, 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 A), 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 EAB6). 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.
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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 di/dv, 100 eV (where V is the bias
voltage):

Ngc = lC/ (ARFA e <Ve>) = 104 Cm'3
Noeam = My / Ave / teep * ill fraction = 10° em™,

Here Arra is the detector aperture area, ~1 cm? Ay isthe
vacuum chamber cross-section area; ts, is the bunch
separation in units of time, <vg> is the velocity of the
average-energy electron, 6x10° 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 fina run with
positrons shows that a horizontal coupled-bunch
instability occurs for a bunch spacing 7 A (20 ns) and

~2mA/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
(vx = 0.2). This instability is not observed with electron
beams for otherwise identical conditions. Analyses of
these data are ongoing.
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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 thetrainis 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 mode
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 &, were com-
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Figure 6: Simulation comparison of Ons and effect of
space charge for positron bunch trainsin the APS.



pared (recall explanation above Table 1). Findly, 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 afactor of ~2 for the two values
of Omax- This would imply that the saturation level is a
relatively weak function of this parameter.

The smulated 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
aslarge (3x) asit isfor the two chosen values of Onmu (2%).
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Figure 7: Measured and ssmulated 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 (di/dV, converted to wall flux) (b)
is shown in Fig. 8 The low-energy pat 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 Ay), 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.
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Figure 8: Energy distribution dependence on positron
beam operating conditions (ten bunches, constant
2mA/bunch vs. bunch spacing in units of Ay);
(a) Normalized I and (b) di/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:
~2mA/bunch at a 20-ns bunch spacing (7 Ayx). 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



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 2x10™* C/mm?,

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 pesk observed at the optimal
BIM conditions noted above. The comparison was very
sensitive to secondary electron parameters, especialy 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 &, 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 Oma. The senditivity of the saturation level to
Omax 1S 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 dendity 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 ssimulations shown, but has been included in more
recent versions of the POSINST code [9]. Finally, at the
APS, a CBIl was observed for 2 mA/bunch but not 1.5
mA/bunch, athough 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 eectron
cloud phenomenon. As secondary electron emission is a
surface process, it is strongly influenced by dight
modifications of the materids 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 eectron 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 exigting literature and their comparison to data
collected for the copper surface of the future LHC.

2EMPIRICAL FORMULAE AND
NUMERICAL VALUES FOR
SIMULATIONS

For the smulation of the electron cloud phenomenon, it
iS necessry to use various analyticd 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 contragt 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 physcal 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 (SE.Y.) as a function of the
primary €electron energy (E;) or the secondary electron

energy distribution. In such formulae, fitting parameters
must be determined by measurements of samples
corresponding to the material invedtigated. This is
especially true in the case of accelerators as the surfaces
involved are far from being ideal but are technica
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
andytically the secondary eectron emission of this
surface. The copper samples were cleaned by immersion
in an akaline detergent (NGL Cleaning Technology
17.40) followed by rinsing in demineraised water and
ethanol.

2.1 Variation of the SE.Y. with the primary
electron energy

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

- Thedeposition of energy by the primary electron at
aconstant rate along itstragjectory [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 SE.Y. (ratio of the SE.Y. to the

maximum S.E.Y ., &,,) and of reduced energy ( ratio of
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Figure 1: Normalised secondary electron energy
distribution for conditioned copper

the energy to the energy of the maximum SE.Y., E)
allows to replace difficult to obtain constants by two
more accessible quantities &, and E.. This useful



normalisation [11] was used to give an andytical
expression for the variation of the SEY.[4, 7, 12]
which was simplified by M. Furman [2, 12] to be
incorporated in simulation codes of the electron cloud
effect. However thisformula (1)

(Ep )
SX (—=
E max

_1+EED B
" HE e

underestimates the SE.Y. of primary e ectrons 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
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Figure 2: Variation of the energy repartition of reemitted
electrons as a function of the primary electron energy (E,)
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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
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Figure 3: The ratio (f) between the reflected and the total
number of re-emitted electrons for copper (squares) and
thefitting 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 Low energy | Higher energy
coefficient (<300 eV) (<2000 eV)
A0 20.699890 0.300207076
Al -7.07605 0.044915014
A2 0.483547 -0.155498672
A3 0 9.50318x10
EO 56.914686 0
Curve label FIT 11 low FIT
energy

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 :

In(f)=A,+ A x(In(E, + E,)) + A, x (IN(E,, + Ey)*+ A, X (IN(E,, + Ey))°
where Ep is the primary electron energy and the other
terms are fitting parameters given in table 1.
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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 yiel®) in the case of as received
copper. To calculated, the following formula was
considered, whem; is the true secondary yield given by

formula 1 andd, is the yield of reflected electron:

g =0+,



G=1xq U g=5+1x4

1
Hence: = g, x——
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
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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 aso
measured for pure copper by Myers[14].

Table 2: Fit parameter for the true secondary electron

yield (formula 1)
SAMPLE STATE | ASRECEIVED
Omax 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.
O
0 g
J g
(@ D(Es)=Cx expC-

g
g

where E; is the secondary eectron energy, E, { 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. Asalready mentioned,

O
I
O™

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

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

PRIMARY | C Eo T UPPER
ENERGY ENERGY
(eVv) BOUND
(eV)
10 0.277 | 157 | 0.985 5
30 0136 | 19 | 0.99 22
100 126 | 158 | 116 22
300 155 | 21 | 085 21
550 02 | 148 | 0.909 26
025 i . - e
02 S \,\\’

Figure 6: Comparison between the fitted curve and the

experimental data for as received copper and 10 eV
primary electron energy

Thisisillustrated 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)
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Figure 7: Fitted secondary electron energy distribution for
100 eV electronsimpinging on as received copper



2.3 Fitting formula for the true secondary
electron energy distribution

The effect of the angle of incidence of the primary
electronsis also of great importance for the electron cloud
generation as in accelerators arcs, the electrons spiral
along the magnetic field lines. As the primary e ectrons
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 a normal incidence is plotted for various primary
energy as a function of the angle of incidence for a baked
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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 authorg[7, 12, 15] following the simplified model
depicted in 2.1. K isthe fitting parameter:
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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.isshown at 2 incident energies: 100 eV, 1800 eV
and for the maximum yield. This graph demondgrate 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(8) " 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 a so found adapted.
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SPSELECTRON CLOUD HEAT LOAD MEASUREMENTSWITH
WAMPAC AND SIMULATIONS
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Abstract

A caorimeter, 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™ for 5 10" protons.bunch™
for a copper surface which is not fully conditioned
(maximum of secondary electron yield ~ 1.9).

1INTRODUCTION

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 20K. 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" for an unscrubbed
copper surface and 0.22 W.m™ for a fully scrubbed
surface [4]. In the dipole assembly at ~ 5 to 20 K
temperature level, the installed cooling power is
1.13W.m"* per aperture [5]. At nominal beam
current, the total heat load budget is 0.72 W.m™ per
aperture. The allocation to electron cloud is28 % i.e.
~0.22 W.m™ for the dipole field region and 22 % i.e.
~ 1.9 W.m™ 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 Caorimeter (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 :

Q-R AT-CAT =0 1)

Q is the heat load on the screen, AT is the

temperature difference between copper screen T and
vacuum chamber T,, 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
ie. AT(t=0)=0 and since at equilibrium

AT = 0, the solution of the differential equation is:

AT(t) = QR E%—e_m@ @

With the time constant:

1 = RC 3)
Thedopeis:
dAT() _ Q 7w @
dt C

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

- RRad Rcond (5)

RRad + Rcond




For small temperature differences AT between the
copper screen and the vacuum chamber, the radiative

heat flow QR versus the vacuum envelope is:
Qu=0eSF(T*-T})=oeSFAT?AT (g

whered = 5.67 10° W.m“K"* is the Stefan-
Boltzmann-Constant, ¢ 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.

Ry=al=_ 1 @
Qrx 0&eSFA4T

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 dmilarity of the
mechanisms of thermal and electrical conduction in
metals therefore relates the conductive thermal
resistance R, and electrical resistance R, [8]. For
stainless steel and at room temperature:
A ~15W.m'K" (therma conductivity) and 0 ~ 7

107 Q.m (electrical resistivity).
_Ry ®
Rcond ~ Ty

Ap
The thermal capacitance, C, is defined by specific
heat of copper c times the mass of the copper screen
M:
C=cM| 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" for the nominal LHC
beam in SPS (4 batches of 72 bunches at 10"
protonsbunch®). Figure 1 shows an idea
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.

AT

Q=CAQT)A

. Q=-CAQT)At
N B

eam Off

Beam Onwith ,
multi pacting activity /
/

Figure 1: Ideal measurement cycle.

Two independent methods are used to determine
the heat load from an ideal measurement cycle:
1. Using (4) att =0, the measure of theinitial warm-
up dlope, which is determined by the thermal
capacitance of the copper screen, alows 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 dope 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 sope, but with negative sign (equation (1)
with the following boundary conditions

AT(t =0) =Q[R and AT(t = ©) =0).

. AAT)
=C—~*
Q At
2. Using (2) at t = oo, the measure of the equilibrium

temperature AT, which is determined by the

thermal conductance to the vacuum envelope, allows
to compute the heat l1oad. In this case, the equilibrium
temperature is measured after 3 hours of constant
beam condition which gives about 70 % of the
correct value.

(10)

Eq:

ATg,
R

(11)

Q=

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-



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 SPSis 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.

Vacuum gauge
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T
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P
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magnets Electrode

1500

Figure 2: Schematic of the WAMPAC calorimeter

Figure 3 shows photographs of the WAMPAC
copper screen and the WAMPAC experiment
installed into the SPS.

. L -
Figure 3: Photographs of the WAMPAC copper
screen and of WAMPAC ingtalled 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, £=0.05, specific heat of
copper, ¢ = 400 Jkg".K™). 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 m” and operates at
T= 293 K (Stefan-Boltzmann  constant
0 =5.6710°W.m?K"). The measured electrical
resistance between screen and vacuum chamber was
0.5 mQ, corresponding to conductive thermal
resistance of R, ~ 48 K.W™. The radiative thermal
resstance is R, ~ 6 K.W™ The total thermal
resistance R is therefore dominated by radiation. The
corresponding theoretical thermal capacitance, C,
resistance, R and time constant, 7 are shown in Table
1

Table 1: Theoretical thermal capacitance, C, thermal
resistance, R and time constant 7.

C R T
(@K?) | (KW | (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
congtant 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, A, to the product of the material
density, ¢ by the specific heat, c. For copper (/\ =

; 400 W.m"K™ and @ = 8900 kg.m’), the thermal

diffusivity equals 1.1 10" m’.s™.
L2 L2
[ DA
gc
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. L,~ 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. L, ~ 0.3 m),
therefore :

- the azimutal diffusion time constant is: 7,,=110s

(12)

- the longitudinal time constant is. 7, =820s

Thus, both diffuson time constants are small
compared to the system time constant, 7, of 2 hours.



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 envel ope.

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 congtants, we get the following
thermal resistances:

- azimutal thermal resistance:

- longitudinal thermal resistance:
K.w*

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 seady state
temperature distribution.

R, = 0.9 K.W*
R = 34

3.4 Calibration and sengitivity

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 dope
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, T, 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 7.

C R T
(@K?) | (KW | (hours)
1330 7 2.6

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

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 atemperature 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°
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 107 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
al aong 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
~ 510" protons.bunch™ [10]. During this period a
relative temperature increase, close to senstivity
limit, of about 0.2 degrees and significant pressure



increase is observed. From the measurement of the
initial slope during the first hour of the electron cloud
activity, a dope of ~0.075degresh® could be
measured. This dope 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.
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Figure 5 : Relative temperature and pressure
observations when a LHC type beam of 3 consecutive
batches of 72 bunches with 5 10 proton.bunch™ 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 atime
larger than a few time constants, here about 1.5 time
constants, the warm-up dope is aimost equal to the
final cool-down dope. The value of the two dopes
are in relatively good agreement. The measure of the
equilibrium temperature after 3 hours of operation
gives a similar heat load as in the dope measurement
casei.e. 40to 60 mW/m .
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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
5mm 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 10” electron/m [11], the computed power
is 68 mW/m in fairly good agreement with the

measurements.
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Figure 7 : Average secondary electron yield and
average €electron energy versusthe 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
mwW/m could be computed.

1E+03
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0.0E+00 5.0E06 10805 15605 20605

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, o_..



Table 3 : Simulated power in Wampac as a function
of the maximum of the SEY.

Pressure | o, | <BE> | Hux | Sat. | Wampac
[Torr] [eV] | [e/m/ | Power Power
9 [W/m] | [mW/m]
10° 1.90 | 369 | 410" | 254 31
10° 1.95 | 329 | 510" | 264 66
10° 200 | 29.2 | 610" | 280 78

6 ESTIMATING LHC HEAT LOADS

The heat load measured with the calorimeter inside
the SPS can be scaled to estimate the linear heat 1oad
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, P,. could be computed from the
WAMPAC measurement, P, by :

Wampac!

LHC — m Wampac (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 P,,,. = 30 to 40mW, the
estimated LHC heat load with 5 10” protons.bunch™
in a dipole region and a maximum secondary electron

yield (SEY) of about 1.9is[13] :

P uc =0.4100.5 w.m™ (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" can be measured.

Under a dipole configuration, to reduce the
electron cloud activity threshold, a power of 40 to 60
mwW/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" for a current
of 5 10" protons.bunch® 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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I mpact of Microwaves on the Electron Cloud and Incoherent Effects
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Abstract

We considerthe useof microwavesfor manipulatingthe
electron cloud, describingan exploratory experiment at
PEP-1I as well as computersimulationsof the electron
cloudbuild upin the presencef a microwave for anLHC
dipole. Wethenshaow thattheincohereneffectsof theelec-
tron cloud— enegy lossandtrans\erseemittancegrowth
dueto scatteringoff the electrons— arenggligible. This
suggestshat the disturbanceof the coherentelectronmo-
tion may be anotherpossibleapplicationof microwaves,
which couldpreventbeamemittancegrowth andbeamloss.

1 INTRODUCTION

More than20 yearsagothe electroncloud wassuppressed
in the CERN ISR by installing clearing electrodesover
95% of the circumference.An rf field might have a sim-
ilar effect. Indeedthe useof acclearingfields (atthattime
in the MHz range,well below the pipe cutoff frequeng)
was alreadyproposedor electron-clearingn the ISR by
W. Schnell. This idea (but now using microwavesabove
cutoff) wasrevivedmorerecently[1].

An rf field couldeithersuppressheelectroncloudbuild
up or enhancehe surfaceconditioning. The attenuatiorof
anrf signalcouldalsobeusedfor measuringhedensityof
thecloud[2]. In addition,rf fieldsor microwavescouldper
turb the electroncoherencetherebywealening the effect
of the electroncloud on the beam. Suchschemesvould
work equallyfor protonor positronstorageingswhichare
afflicted by theelectroncloud.

The absorptionof microwavesby the vacuumchamber
will generateadditionalheatload (a concerrfor the LHC).
A tradeoff mustthen be madebetweenthis addedheat
andthe reductionof the enegy depositedby the electron
cloud, alsotakinginto accountthe consequence®r beam
instabilities.

Comparedwith corventionalclearingelectrodesa clear
adwantageof theapproactusingmicrowavesis thatthelat-
ter canbefed into the beampipe usingexisting BPM but-
tons, or a few specialinput couplers,spacedat distances
of about100 m. This allows for retrofitting an existing
acceleratgranddoesnot at all, or only mamginally, affect
the impedancebudget. On the other hand, dc clearing
electrodesyequiringa much narraver spacingon the cm
lengthscale,requireextensive additionalinstallationsand
may represena significantsourceof impedance.

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

button), anrf power sourceof 10-100W (possiblymore),
variablein frequeng, phasemaybechirp, etc.

The waveguide modechosencould be an H-wave (TE
mode)or a E-wave (TM mode).Thesemodescoupleeither
notatall, or only weakly, with the particlebeammoving at
the speedof light, but strongly with the ‘static’ electron
cloud.

2 EXPERIMENT AT PEP-II

A non-invasie exploratorytestwas performedat PEP-II.
The underlyingideaof the experimentwasthatwaveguide
modesdn thevacuumchambeicanbeexcitedby modecon-
verterslik e the movable collimators. So, the two collima-
tor pairsin PRO2mightalreadybedoingthis,i.e., they may
giveriseto trappedf modesatacertainpowerlevel (in this
respectt would beinterestingo checkthebellowstemper

aturein thatregion). Both H and E-typetrappednodesare
characterizedy a small R/Q andahigh @ value. The H

modedoesnot coupleto the beam. Also E-modeswhich
resonatever along distanceshaw virtually nointeraction
with thebeam;indeedtheir couplingto thebeamis zeroin

thelimit of aninfinitely long distance.

An electroncloud detector lik e the vacuumpumpread-
ing, shouldbe able to detectany changein the electron
flow. (In the worstcaseif thereis no detectableslectron
cloud andthereforeno readingin the nominal condition,
onemight have to switch off the electron-cloudsuppress-
ing solenoidin the region of interest,which would make
the experimentmoreinvasie.)

The experimentalprocedurevasasfollows: We moved
the collimator jaws inwards or outwards (preferentially
thosejaws which do not contritute muchto background
reduction)andwatchedor any changen the pumpcurrent
in thatregion. Sincethe pumpsare shielded they should
notbesensitve to changedn therf fields. Therf signalcan
only influencetheamountof electronspenetratinghrough
theshielding.

Following this procedurepn May 16, 2002,during nor-
mal colliding-beamoperatiornthe collimatorsin the PEP-II
LER in PROZ2(in front of thedetectorweremovedinwards
by about3 mm, to seeif the generatedvakefieldhasanef-
fect on the electroncloud detectedby the pump currents
in this area. The horizontalcollimatorsare locatedat po-
sitions3077/3076and3044/3043.The pumpcurrentread-
ings were obsened at VP3044 (single), VP3054 (duplett
with 3065)and VP3075(duplettwith 3081); seethe dia-
gramof theLER interactionregion (IR) in Fig. 1. Thebase
pressuravithoutbeamis aboutl ntorror belon. With beam
the pressurgeadingsncreasedo 42, 140,and4 ntorr for
the differentpumps. So, the first two pumpsrecordeda



strongelectroncurrentfrom the cloud while the last one
might only have detectedhe realvacuumpressure.

Figurel: Schematiof PEP-IILER IR.

The obsenation was only about a 0.5 ntorr effect.
The pressure-readinghangewas especiallypronounced
in VP3075(seeFig. 2). At atime of about1200-1400
s the first collimator jaw was moved inwards (observing
backgroundslifetime, lossrate),thenthe secondbetween
1500-1700s, the third between1900-2000s, the last be-
tween2150and2300s. All collimator jaws got restored
at onceto their original settingsat 2500s. VP3044seesa
little of thatrestoreg(Fig. 3), while at3054thereis no signal

(Fig. 4).
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Theobsenredeffectis small,presumablysincethe PEP-
Il collimatorsaredesignedwith a tapersuchthatthey ex-
hibit asmoothslopeup anddown betweertheregularbeam
pipe andthe smallesigap,which effectively suppressethe
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wakefield generation. Neverthelesswe obsene abouta
0.5-1%changeandthevacuunmreadingis actuallyreduced,
which s the oppositeof whatis expecteddueto additional
outgassingWe may needto optimizethefrequeng of the
wake field to obtaina clearereffect.

Regardlessthis measuremertonstitutesa first proof of
principle that wake fields (microwaves) caninfluencethe
electroncloud.

3 SIMULATION FOR THE LHC

At first glance it appearghatthe electronmotioncanonly
slightly be perturbedby microwaves[1], e.g., for a field
amplitudeof 100kV/m at5 GHz,theelectronsareacceler
atedto 4 x 10° m/s,which correspondso akinetic enegy
of only 0.44eV, andto anexcursionof +18 um.



As an example, we have simulatedthe effect of an
H,-wave for LHC proton-beanparameterst injection:
Ny = 1.1 x 10! protonsper bunch, o, = 1.2 mm,
oy = 1.2mm, o, = 13 M, dmax = 1.6, €max = 300,
andd\./ds = 2.5 x 107 m~!s™1, the creationrate of
primary electronsper passingproton; elasticelectronre-
flection on the chambemwall wasincluded. Accordingto
thesimulation therf field stronglyincreaseshe multipact-
ing, asis illustratedin Fig. 5. This could be exploited for
in-situ surfaceconditioning(with or without beam,possi-
bly in combinatiorwith agasdischage).
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Figure5: Simulationof electron-cloudbuild upin anLHC
dipolechambemvith 2-cmradiuswith andwithoutanaddi-
tional 5-GHz H-modemicrowave of amplitude100kV/m.

In the simulation, the fields for the H,,-wave inside a
dipolemagnetwereparametrizes

Ey = Ao(Ni(u) —uJi(w)zy/r® 1)
B, = Ao(J1(u)y® + ud(u)z?)/r® ()
E, = 0 3)
By = (Ao/Zy) po(udi(u)a® + Ji(w)y®)/r°  (4)
By = B+ (Ao/Zy) po(udi(u) — Ji(u))zy/r’ ()
B. = (AL/Zf)pou’ M/ (2m)Jy (wy/r® (6)

where A = E,4b/3.7, wy,, = 2w fo, Ao = 2mc/wy,
A1 = L.71 x 2b, g = 4 pil0~7 NSA~2, Zy = 377 Q,
Zy = Zo//1—(Ao/A1)2% A = Xo//1— (Ao/A11)?
Bo = 27/, r = V22 4+y? u = r3.7/(20), Ay =
Acos(foz — wyt), and A, = Asin(foz — wyt), b = 2
cm the chamberadius,and B = 0.5 T the staticdipole
field. Notethatfor b = 2 cm, the cutoff frequeng of the
beampipeis f. = ¢/\. = ¢/(3.412b) ~ 4.4 GHz.

4 |INCOHERENT EFFECTSOF THE
ELECTRON CLOUD

In this section,we digressfrom the microwaves,andstudy
whetherincohereneffectsof theelectroncloudmaybeim-
portant.We consideithe exampleof theprotonbeamin the

LHC. However, the formulaeequally apply to a positron
beam.

Specifically we computethe averageenegy loss and
the increasein the trans\erseproton-beamemittancedue
to scatteringoff the electroncloud. For the crosssections
andintegrationlimits, we mainly useexpressiongoundin
Chapterl3 of Ref.[3] or slight modificationsthereof.

4.1 Energy Loss

Thecrosssectionperunit enegy interval for enegy lossT
follows from the Rutherfordformula. It is

do 2w Z2me?r?
T e @)
aT 32T

To computethetotal crosssectionwe integratethis expres-
sionfrom Tin t0 Tinax.

Maximum momentuntransferoccursif the electronre-
versests direction. This correspondso the classicalimit

222 2
27" B me ~ 272 32mc?
14+ 2mE/(M?3c?) +m?2/M? ®
wherem is theelectronmass,M themassof thebeampar
ticle, Ze the chage of the beamparticle(Z = 1 for pro-
tons, but the equationsalso remainvalid for heavy ions),
and E thebeamenepy. The above approximations usu-
ally justified exceptpossiblyfor the LHC attop eneny.

Thereis alsoa quantum-mechanicéimit, givenby

Tma‘x,class =

Tmax,quant = 772Tmax,class (9)
where )
Zremc

U e (10)

The smallerof thetwo values(8) and(9) applies.For 5 ~
1, and”Z = 1 onehasn =~ 0.007 andwe shouldusethe
quantumiimit.

Concerningthe minimum enegy transfer we notethat
themaximumimpactparameteis equalto theradiusof the
vacuumchamber a, andfrom this we obtainthe classical
andquantumlimits

272r2mc? 1

Tmin,class = T; (11)
and s o
2Z%rimc* 1 1
Tmin,quant = /BQ — (12)

azn?’
In thiscasethelargerof thetwo limits (11)and(12) should
betaken,which againis the quantumexpression.

The total enegy loss per revolution is AE =
Cpe [(do/dT)T dT, or

ZWZQTgmcz 1 Trnax
n .
ﬁ2 Tmin

Assuminga typical electroncloud density p. = 10'2
m3,C ~ 27 km, E = 7 TeV, anda ~ 2 cm, we find

AE = p.C (13)



AFE =~ 86 peV perprotonandturn. This appearsegligi-
ble.

For completeneswe notethatthe total scatteringcross
sectionoyoy = [(do/dT)dT is

27TZ2rgm02< 1 1 ) L

Ttot = ﬁZ Tmin B Tmax
Thusthetotal numberof scatteringeventsperprotonand
perturnis
(15)

Nscatt = Utotpec )

whichin our exampleamountso about2 x 10°.

4.2 Emittance Growth

For a single scatteringevent, the meansquarescattering
angleof anelectronin therestframeof the protonis

T
0> >= 02, In = 16
< > min n Tmln ? ( )
wheref,,,i, equals
Zre
emin,class = - (17)
or 7
r
emin,quant = < ) (18)
yan

whichever is larger The scatteringangleof the protonis
smallerby a factorm /M (theratio of electronandproton
mass).Theemittancegrowth perturnis

2
m= o Tmax

—=0z . .
]\12 min Tmin

(19)

€
At = ¢BpeCiot
Here,3 denoteghe averagebetafunction.

This amountsto a minusculegrowth rate for the nor-
malized trans\erseemittance(ey = ~e) of dey/dt =~
3 x 10739 m/s.

5 CONCLUSIONS

We have discussedhe possibility to use rf microwaves
for suppressinghe build up of the electroncloud andfor
reducingits detrimentaleffects on the beam. The mi-
crowave approachoffers a numberof significantadvan-
tagescomparedwith dc clearingelectrodesjn particular
theretrofitting potentialandan insignificantchangeof the
acceleratormpedance.

A first experimentakestat PEP-Ilindicatesthatthe ele-
croncloudcanindeedbeaffectedby collimatorwake fields
or, more generally microwvaves. Earlier peculiarobser
vationswith a horizontalcollimator and adjacentBPM in
LEP have pointedto a similar interferenceof wake fields
andphoto-electrommotion[4].

In the PEP-II experimentthe excited frequeng lines
wererelatedto thebeamharmonicsin futurededicatedap-
plicationsof microwavesthis doesnot needto bethe case.
In fact,with externalexcitationit will be saferto choosef

frequenciesvhich do not coincidewith harmonicfrequen-
ciesof thebeam,in orderto precludeary harmfulinterac-
tion via E-waves. It might alsobe interestingto modulate
the rf amplitude frequeng, andphaseaswell asa simul-
taneouslyexcitatewavesat multiple frequencies.

In electron-cloudsimulationsfor the LHC the inclusion
of anrf H-wave above the chambercutoff frequeng en-
hanceghe electroncloud build up for all frequenciesand
field strengthsexplored. This indicatesthat microwaves
might enhancehe surfaceconditioning.

Anotheraspectonsidereds theinteractionof the elec-
tron cloudwith theparticlebeam.Incoherenscatteringoff
the cloud electronsis estimatedo be a negligible effect.
This suggestghat disturbing the coherentmotion of the
electronanay prove anefficient meansof preventingbeam
quality degradation.Microwavessentthroughthe vacuum
chambeicouldaswell sene this purpose.
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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 T28U238) 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 2387y+28 238y+28
Number of ions in each bunch IVj, 2.5 x 1011 1012
Bunch length L (m) 216 (864)
rms vertical bunch size a, (m) 0.015 0.01
rms horizontal bunch size a; (m) 0.015 0.01
Vacuum chamber radius (m) 0.05 0.05
Pressure (10~ 19 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 (T'r M) (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+ (21Q0)*F (1)y®(z,y) = 0, 6}

where y = Y/a.,z = X/a. (Y, X = vertical and horizon-
tal electron deviations, a, = r.m.s. transverse beam size),
independent variable 7 = t/T" (¢t = time, T' = period of
the ion line density variation); (o = ‘average electron be-
tatron tune’, equal to the number of betatron oscillations on
the bunch length for uniform ion density.

Q - Nb’I’SZiR
0 — WﬂQCLQh )

where 7. is the classical electron radius, IV is the number
of ions inside the bunch, (3 is the ion relativistic parameter,
Z; is the charge ion number, R is the ring radius, i the num-
ber of bunches; the function ®(x,y) defines the transverse
distribution of the gradient. For a round Gaussian beam
() = (1 — expl—(2® + y2)))/ (2 + ). In Eq. (1),
the ‘instantaneous tune’ Q(7) = 21Qo/F(7)®(x,y).

Longitudinal distribution of the charge density in the
bunch F(7) = [Z;Ni(T) — Ae]/{[ZiNi(T) — A¢]), Where
A;i(7) is an ion longitudinal density inside the bunch, A,
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):

F(T)
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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(ymaxv’r):ll‘/O ydy—87rQ0;/F(7-)/0
H(ymax) — H(y)dy, H(y) = /0 u®(z,u)du . (2)

The maximal value of action corresponds to the gap
centre (7 = 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 yn,.x is defined by the equation
I(Ymax, 7) = I(b,0.5). Using this expression, we can find
the dependence of y,.x on 7 for different values of the pa-
rameters Y, 1) (the ‘gap density parameter’ y is equal to the
ratio of ion density in the gap to ion density in the centre
of the bunch, the ‘neutralization degree’ n = N./Z;N; is
the relation of the number of electrons in the ring IV, to the
number of ions in the ring IV;). A typical dependence of the
electron beam size on 7 for different values of x (1 = 0) is
given in Fig. 2.

Adiabaticity criterion:

dQ(r) dF (1)

Koq = 7T/Q(q-) = 7T/F(T) <1. 3

Ymax



Figure 2: Dependence of normalized electron beam size

U = Ymax(8,Xx) on 7 for different values of parameter
x(n=0).
4 T T T T

Figure 3: Trajectory for y = 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 x,n, 7; 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 = ap(r) +CC (1)

expli2mQq foT VE(m)dm]/A/27Qo/ F(T) .
“
Here a is the complex amplitude, CC' means complex
conjugate number, ¢(7) is the ‘adiabatic Floquet function’;
the adiabatic invariant I = 4|a|?. The adiabaticity pertur-
bations result in amplitude perturbations. Using the method
for the complex amplitude variation we obtain:

a = 7%‘ {mp(f) [;2_9 + 351%2)2} + CC} o (1) .
5

Analysis of the equation shows that the adiabaticity
perturbations produce a set of half-integer resonances
with strength depending on Q'(7),Q”(7). The resonance
strengths can be calculated using standard matrix pro-
cedure. Eigenvalues of the transfer matrix MrAi, =
Tr(Mr)/2 & \/[Tr(Mr)/2]? — 1. If |Tr(My)] < 2,
eigenvalues are imaginary and the motion is stable. In the
opposite case a motion is unstable, and resonance strength

9= |[Tr(Mz)|/2+ VITr(M) 2P =1] . (©)

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

@~ Dosrrmz -, o

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’ K}, = Tr(Mr)/2 on the leakage factor f,
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
KJ%OC = 0.5|TrMr| — 1 on the beam radius for ;. = 0.1,
1 = 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

ar, (1)

T?"(MT)2
(T~ 37 5

3 3
Kfocﬂ Kfoc_< 9

)—1. (8

At Fig. 6 is plotted a dependence of this factor on p for
n = 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 K}OC on u for single-bunch
mode; (a) smooth cosine model, (b) elliptical model.
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Figure 5: Dependence of K ]%OC on the beam size for the
elliptical model and ¢ = 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 = kI% + I cos(26).
The corresponding phase diagram in the I, y plane is plot-
ted in Fig. 7.

The character of stability depends on the chamber aper-
ture I ,.x. From the diagram we see that if the chamber
aperture [, > 0.2 (this value corresponds to the sepa-
ratrix), for each initial phase there are particles which live
infinitely long.

a) 1 bunch (lg=864m)
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Figure 6: Dependence of K }”Oc on u for the elliptical
model; (a) one bunch, (b) four bunches.
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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 =10.08; 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 7 = 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 x(Y (x)). 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 (x), (the parameter Y () will be named ‘physical cham-
ber aperture’ for the electrons).
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0.25 x 10'2), 7 = 0.
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Figure 9: SIS200, dependence of Y = Yap(x,n, N) on
N = t/T, for different values of x (curves: 1 — x =
0.2;2—x =0.1),(N;0 =1 x 10'2),p = 0.

S NEUTRALIZATION DEGREE
The ionization rate per ion may be written as follows

1 14N,
Tlion Ni dt

= ﬂCNLoschP<0ion> 5 (9)

where P is the residual gas pressure (in bar), Ny oscn, =
2.7 x 10* ¢cm~2 (Loschmidt number), {;,,) = ioniza-
tion cross-section averaged on beam components; partial
ionization cross-section is defined by [10]:

om, = 22K

on B2

2 10
Un(B) = Con+ M2, (0125 — 5°) (10)

Here K = 1.87 x 1020 cm?, the parameters C,, and K,
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

dN, N;
= Y .
( dt > surv EO” (X)

The lifetime of these electrons is defined by Coulomb
scattering of electrons on circulating ions. The heating rate
is [7]:

(1)

dWe:E

dmep;r2 Z?
dt 073

e LCoul . (12)

The energy, corresponding to the ‘physical aperture’, for
paraxial electrons is W™ ~ Ez27Z;p;a?r.Y (x)?, and
the mean energy of born electrons (W, ) a~ W™ /2; then
we find the electron lifetime:

D W (LAWY BV ()
life 2 2 dt 2o ZiLoon

13)

Using Egs. (9-13) we obtain the following equation for
neutralization degree

dy _Y(X)*  n (14)
dt T’r?eutr T‘lger(X)

Here Tgeutr = TiOnZ’i7 T‘[(gfe - T‘lzfe/Y(X)2 If 7o <
x and T > 7y; ., an approximate solution for neutralization
degree can be written analytically in the following form:

n° =Y (x_)%,m6? = Koa®P)Qy (B)) (15)

where a is in centimetres, P is in 10~1% mbar, and the con-
stant

1073 Npgsen K ~0.0992
2TeLC'oul

Ky = = .
0 LCoul

An interesting feature of this expression is the weak depen-
dence of the equilibrium neutralization degree on (3 and the
independence from the ion charge Z;.

Let us underline that in a frame of this simple model the
equilibrium neutralization for coasting beam is defined by
n67; the reduction of the electron population due to bunch-
ing is described by the multiplier Y ()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 x 102 mbar, in SIS200
P = 10 x 10~'2 mbar, gas composition coincides with measured gas composition in SIS-18 (Hy = 65%, O/H,0 =

17%, CO/Ny = 8%, Ar = 4%, Cl= 4%, COy = 1%).

Machine SIS100 SIS100 S1S200 SI1S200

x =0.1 x =0.2 x =0.1 x =0.2
(Tion) (10716 cm?) 10.3 10.3 725 0.05
Tgem (s) 15.6 15.6 13.1 13.1
Tlgfe (s) 0.102 0.102 0.092 0.092
778‘1 = Tl(;fe/rgeutr 6.5x1073 | 6.5x 1072 | 7.0x 1073 | 7.0 x 1073
Y(x) 02 04 0.1 04
Tife(X) 0.0204 0.0408 0.0092 0.368
no(x) = nqu(X)?’ 52x107° | 42x107* | 7.0x107% | 4.5 x 10~*

order of 0.6-0.8%. However, the situation can become dan-
Further plans:

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.

1) To check the model by comparison with more detailed
numerical calculations.

2) To estimate the influence of other electron sources
(SEM celectrons and electrons born in walls due to
ion—electron emission).
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Electron-Cloud Simulations. Build Up and Related Effects”

G. RumoloandF. ZimmermannCERN, Genea, Switzerland

Abstract

ECLOUD is a simulationprogrammedevelopedat CERN
which modelsthe procesof build up of anelectroncloud
inside the vacuumchambeifor protonor positronbeams,
whichis dueto aprimarysourcgphotoemissioor residual
gasionization) and secondaryemission. The mainingre-
dientsof the codeare describecherewith specialempha-
sis on the physicalmodelingof processe$ike secondary
emissionandelasticreflectionof the electronsat the pipe
walls. Electronenegy spectraheatloadonthe LHC beam
screenspatialpatternsof the electroncloud, 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,secondaremissionmagnetidields, beamfields,
imagechages,and electronspacechage. In the second
part,we presenexamplesimulationresults suchasacom-
parisonof multipactingthresholdsn adipolefield andin a
field-freeregion (for the SPS) the electron-cloudbuild up
for the SPSfixed-tagetbeam,the electronsignaldetected
by LHC button pick ups, growth ratesfor the multibunch
instability in the LHC, the spatialstructureof the electron
cloud in dipole and quadrupolemagnets,the probability
of electrontrappingin a quadrupolefield (for the KEKB
LER), andtheelectron-clouduild upfor anelectronbeam
(KEKB HER).

2 SIMULATION CODE

2.1 General Remarks

TheprogrammeECLOUD modelsthebuild up of theelec-
tron cloud during the passageof a bunchtrain. Its first
versionwaswritten at CERNin 1997[1]. Sincethencon-
tinually extended updatedandimproved[2, 3,4, 5, 6]. A
preliminary userguideis available[7]. The codecanbe
downloadedrom the CERN electron-cloudvebsite[8].
The basiclayoutof the ECLOUD programmas similar
to the codePEl, developpedby K. Ohmi at KEK in 1995,
andto POSINSTwrittenby M. FurmanandG. Lambertson

* Simulation modelsand code flexibility have continually improved
thanksto intenseandfruitful collaborationwith: G. Arduini, V. Baglin,
S.Bem, O. Briining, F. CaspersA. Chao,R. Cimino, I. Collins, K. Cor
nelis, H. Fukuma, M. Furman, O. Grobner S. Heifets, N. Hilleret,
M. JimenezK. Ohmi, E. Pereedentse M. Pivi, A. Rossi,F. Ruggiero,
G. Stupakv, L. Wang,andmary others.

at LBNL since1995[9, 10]. Othercodesmodellingelec-
troncloudbuild uparedueto T.-S.Wang(LANL), L. Wang
(KEK), Z. Guo(IHEP),andM. Blaskievicz (BNL).
Wewill illustratethemainfeaturesof ECLOUD andtyp-
ical simulationresultspresentingvarious applicationsto
the LHC, SPS,and KEKB. A table with pertinentbeam
parameterfor thesemachinecanbefoundin Ref.[11]. A
companiorpapereportsfurtherresultsfor the LHC [12].

2.2 Smulation Recipe

The simulationrecipe of ECLOUD is illustrated by the
schematidn Fig. 1. The mainingredientshave beende-
scribedin Refs.[4, 5, 6].

Q beam image

O clectron image O o

slices

Figurel: Schematiof simulationrecipe.

A certainsectionof the vacuumchambeytypically 1 m
long, is simulated.Themagnetidield in thisregionis spec-
ified asaninput.

The primary electronswhich arecreatedby photoemis-
sionor beamossonthewall, or dueto ionizationinsidethe
beamvolume, arerepresentedy macro-electronsyhose
chageis (much)largerthanthe chage of arealelectron.

Boththebunchesandthegapbetweerbunchesaresliced
into seggments of the orderof 50-200each.Theslicesin-
sidethebunchareusuallychoosershorterthanthosein the
gap, in orderto accuratelymodelthe motion of the elec-
tron underthe strongacceleratindield of the beam. For
eachbunchslice a certainnumberof macro-electrongre
generatedandexisting macro-electronare propagatedn
thefield of the bunch (and external magneticfields, etc.).
Typically, per passingouncha total of 1000—2000macro-
electronsarelaunchedn thewall, or insidethebeam.



The electronmotionis computedn 3 dimensions.The
boundaryconditionsareeffectively periodicin z. In addi-
tion to thebeamfield andthemagnetidields,alsotheelec-
tron space-chaye field, beam-imagehagesandelectron
imagefields aretaken into account. The electronspace-
chage field is important,aswithout it the electroncloud
build up would continueindefinitely. The spacechage of
the electronscauses saturatiorof the build up atanelec-
tron cloud densitycloseto the averageneutralizationden-
sity, for which the averageelectricfield onthewall is zero.
Imagechagesareimportantif the chambeis notround,if
thebeamorbit is offsetfrom thecenterof thebeampipe,or
if the electroncloudis not uniform (e.g., in a dipole mag-
net).

Wheneer a macro-electrorhits the wall, it is remitted
atthe samelocationas(eithertrue or elasticallyreflected)
secondaryelectronandits chaigeis changedaccordingto
the value of the secondaryemissionyield computedas a
function of its enegy andits angleof incidence.Thisis a

differenceto thecodePOSINSTwhereall macro-electrons

have identicalchage.

Betweenbunchesthe macro-electron®nly experience
the magneticfield, and the direct andimagefields of the
electronclouditself. The latter two are approximatecki-
therby discretekicks, appliedaftereachslice,or by a con-
tunuousconstanfcceleratiorover thelengthof theslice.

The LHC chambercrosssectionis a circle thatis verti-
cally cut off, asshavn in Fig. 2. Whencomputingparticle
lossor launchingnew particleswe usethe actualboundary
(thesolidline in thefigure). For theimage-chagecalcula-
tion we approximatghe geometnyy theinscribedellipse,
makinguseof ananalyticalexpressiorfor theimagechage
with elliptical boundary(seebelow).

Figure2: Trans\erseaperturein the LHC arcs. The solid
line describeghe actual crosssectionof the LHC beam
screen.

2.3 Photoemission

The photoemissioris characterizedy 3 input variables:
(1) the numberof photonsemittedper meterandperbeam

particle,(2) thephotonreflectvity R, and(3) theazimuthal
distribution of thereflectedohotons.

If R = 0, all photoelectrongre emittedfrom the hori-
zontallyoutwardsideof thechamberconstrainedo acone
with rmsangle¢ of order1/4. If R > 0, afraction R of
the photoelectronss launchedat otherazimuthalanglesy
aroundthewall of the chamberFigure3 shows two initial
distributions of the photo-electrorstarting positionsas a
functonof thetrans\erseazimuthalangleg. Thetwo distri-
butionsdepictedcorrespondo R = 10% and R = 100%,
respectiely, andto an approximatelyuniform reflection.
This examplerefersto the LHC chamber;a small distor
tion is causeddy theverticalchambeicut off.

»

0.02 100% reflectivity

10% reflectivity
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Figure 3: Initial azimuthaldistribution of photoelectrons
for 10%and100%photonreflectiity.

Figure4 definesthe photonreflectionangled. Measure-
mentsin Russiahave showvn that, for the LHC sawtooth
chamberthedistribution of thediffusely reflectedphotons
is not uniform, but consistentwith a cos? 6 distribution
[13].

Figure4: Definition of anglesp andé.

Various distributions for the photoelectronsare com-
paredin Fig. 5. They canbe selectedasinput to the pro-



gramme.Thedependencef theLHC heatloadonthepho-
tondistribution wasstudiedin Ref. [5].

(a) 20% reflected photons
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Figure5: Initial azimuthaldistribution of photoelectrons
for (a) 20% and (b) 100% photonreflectiity, considering
differentdistributions[5].

After determiningthe launch points of the primary
photo-electronsye now addresgheir initial velocity. The
initial angularvelocity distribution of the newly generated
primary electronsis assumedo be uniform in the two
sphericalcoordinate®) and ¢, which are definedwith re-
spectto the local surfacenormal (notethattheseanglesg
andd referto theazimuthakndpolaranglesn thelocal co-
ordinatesystemat the point of electronemission;they are
differentfrom the anglesf and ¢ mentionedabove). The
enegy distribution of the emitted photoelectronss mod-
elledasatruncatedGaussiarcenteredat 7 eV, with a stan-
darddeviationof 5 eV.

Figure 6 displaysthe initial enegy distribution of the
photoelectronsas well as the distribution after the first
bunchpassagefor anLHC dipole.

24 Magnetic Field

Standardpossibilitiesinclude field-free region, strongor
weakdipole,quadrupolepr solenoid.All thesefieldsmay
vary with longitudinal position z. More generally an ar
bitrary field canbe calculated aslong asit is expressedn
analyticalform.

As anexample,in aparaxialapproximatiorthemagnetic
field component$or a periodicseriesof solenoidsare

1
By(z,y,2) = —iBokit coskz @

1
By(z,y,2z) = —iBoky coskz

at moment of creation

120 140
enerqgy (eV)

Figure 6: Initial photoelectrorenepgy distribution at the
momentof emissionandafterthe first bunchpassagefor
anLHC dipole.

B.(z,y,z) = B,o+ Bgsinkz.

Supposinghatthefield B. is sinusoidalon axistheex-
actfield componentgollow from Maxwell's equationsas
(14]

Bolo(kr) coskz
B(]Il (]{,'T) sinkz .

)
By(r,z) =

Expandingthe Besselfunctionsto first orderin radiusr,
thisreducego thepreviousformulae.

Further extensions are possible and more than one
Fouriercomponentanbekeptin thelongitudinalfield ex-
pansiorto characterizéhe morerealisticcaseof a periodic
array of solenoidsof finite length. Field expressiongor
this situationwerederivedby E. Pereedentse. They read
(14]

2ka
B, = Bo—ag sinnkh Ki(nka) I (nkr) sinnkA3)
7r
n=1
2h
Bz = BO (f“‘

2ka & .

— g sinnkh K;(nka) Iy(nkr) cosnkz | ,

T
n=1

(4)

wherethe I and K are modified Besselfunctions of the
first order, a is the solenoidradius, the solenoidlength,
L the distancebetweenadjacentsolenoidswith equalpo-
larity, and By a normalizationconstant,roughly equalto
thefield on axisinsidethe solenoid.in the simulation,the
infinite serieds truncatedat someorder, e.g., n = 5-50. A
similarformula,with oddharmonicdoubledandevenhar
monicssetto zero,describeshe caseof solenoidswith al-
ternatingpolarity, separatedy L /2. All theseexpressions



areimplementedn ECLOUD andwere usedfor example
in simulationsfor the KEK B factory[15].
Theelectronmotionin field-freeregionis simply a drift,
betweenkicks (stepchangesn momentum)representing
the effect of the beamfield, the electronspacechage,and
theimagechages.For the LHC we oftenconsidera strong
dipole,for which we freezethe horizontalandlongitudinal
position and only considermomentumtransferand elec-
tronmotionin theverticaldirection. This approximationis
motivatedby thehigh cyclotronfrequeng (mary cyclotron
oscillationsperbunchlength),namely

eBc 20,
= ~ 120
mec? 2m

We 5)

fortheLHC at7 TeV (B = 8.4 T), andby thesmallLarmor
radiusry, of 6um for anelectronenegy of 200eV. Thesit-

uationis sketchedn Fig. 7. Theinitial momentuncompo-
nentstrans\erseto the verticaldirectionarehowevertaken
into accountin the simulation,namely whenwe compute
the impactangleon the chambemwall. The angleof inci-

dencemodestlyinfluencegshe secondaremissionyield.

Figure7: Schematicview of electronmotionin 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 Beamand Image Fields

Beamfields are calculatedusingthe standardexpressiora
la Bassetti-Ersking16] or the simplerformula for round
beams. An elegant expressionfor the field at large dis-
tancedrom aline chagewhichincludestheimagechaiges
in an elliptical conductingchambemwasgivenby M. Fur-
man[17]. Denotingby £ = &, + i&, thecomple electric
field, Furmans expressiorreadq17]

2 4 & 1 k
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Figure 8: Electric field patternfor a beamcenteredn an
elliptical chamberwith [left] and without [right] image
chages.
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Figure9: Horizontalelectricbeamfield vs. horizontalpo-
sitionaty = 0 for anelliptical chambewith 22x10 mm
half aperturesanda beamoffset of 4.3 mm in both trans-
verseplanes.

. sinhnug sinngg | sinhng
i

(6)

sinhn . sinhg
wherez = x+iy = g coshq = g cosh (1 +1i¢) denoteghe
testposition,zy = xo + iyg = geoshqy = gcosh(g + i)

the position of the source,andboth g = Va2 — b? and
e = tanh™!(b/a) characterizéhe vacuumchambemvith

semi-axesa andb. In the simulation,the infinite sumis

truncatedatordern = 30.

Figure8 shavsthebeantield linesin anelliptical cham-
ber calculatedwith and without the beamimagechages.
Figures9 and10 depictthe horizontalandvertical electric
fields for an offset beamas a function of horizontalposi-
tion, againwith andwithout including the field from the
imagechages. All threefiguresdemonstrat¢hatthe im-
agechagescansignificantlyalterthe electronmotion.

Image chagesof the electroncloud can also be taken
into account.Theelectronchaigesareassignedo pointson
agrid, typically consistingof 20x 20 or 25x 25 points,and
theimageforcesare evaluatedfor eachof the grid points.
An exampleof the electron-cloudself field with andwith-
outimagechagesis shovnin Fig. 11.

The minimum numberof slicesrequiredto accurately
model a bunch passagecan be determinedby consider
ing the motion of electronswith different start positions.



Figure10: Vertical electricbeamfield vs. horizontalposi-
tion aty = 0 for anelliptical chambemwith 22x10 mm
half aperturesanda beamoffset of 4.3 mm in both trans-
verseplanes.
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Figure 11: Horizontal electric space-chaye field of elec-
tron cloud vs. horizontal position after the passageof 8
bunchesin the LHC. Parametersjmax = 2.0, Y, = 0.2,
R = 0.1, €max = 300 eV.

Electronsatlargeamplitudesdo not move muchduringthe
bunch passageand simply receve a kick. Electronsnear
the bunchoscillatein the beampotential. Thisis shavn in
Fig. 12. The two amplituderegimeshave beencalledthe
‘kick region’ andthe‘autonomousegion’, respectiely, by
S.Berg[18].

Hencejt is notsurprisingthattheenegy gainof anelec-
tron alsovarieswith its initial amplitude.The enegy gain
further dependson the longitudinal bunch profile. Figure
13 shows a calculationfor threedifferentbunch distribu-
tions[18]. At theLHC, themaximumpossibleenegy gain
is about2 keV.

2.6 Secondary Emission

Typical measureenepgy spectraof the emittedsecondary
electronsareshowvn in Fig. 14. Thefigurerevealsthatthe

vacuum chamber
proton bunch

. ©
AT

A" autonomous

vacuum chamber

Figure 12: The electronmotion during a bunch passage
differsqualitatively, dependingon theinitial position[18].
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Figure13: Maximumenegy gainof anelectronvs. initial
particleradial positionfor nominalLHC parameter§l8].

enepgy spectrumconsistsof threecomponents:true sec-
ondarieswith an enegy of a few eV, elasticallyreflected
whoseenepgy equalgheenepy of theincidentparticle,and
rediffused(i.e., theremainingelectronsatintermediateen-
ergies).

The relative magnitudeof thesethree componentsle-
pendson the incident enegy. In our simulationswith
ECLOUD, we presentlyonly distinguishbetweenelasti-
cally reflectedandtruesecondariesThetotalyield is taken
to bethe sumof thesetwo components,

5se = 6tse + (sel s (7)
where dis. denotesthe yield of true secondariesand d¢;
theyield of elasticallyreflected.Both arefunctionsof the
primary-electrorenegy £ andangleof incidencewith re-
specto thesurfaced (thisé is notthesameastheangled of
Fig. 4). The elasticallyreflectedelectronsare particularly
importantfor smallincidentenepgies. Therethetrueyield
becomesegligible, whereador decreasingrimaryenegy
theelasticyield corvergesagainsiafinite valuebetweerts0
and60%. As a consequencdow-enegy electronshitting
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Figure14: Normalizedsecondaryelectronenegy distribu-
tion for conditionedcopper revealing three components:
truesecondarie§l < E,), elasticallyscatteredF ~ E,)
andrediffused(in between)19].

thewall (which arethe majority), arenotlost, but reflected
with a ratherhigh probability, and then can survive until
they areacceleratethy the next bunchpassingby. Thereby
the inclusion of elasticreflectionresultsin an increaseof
thesimulated_.HC heatloadby afactor2—-3[20].

The actualrepresentatiomf §,; and d.s. is basedon a
parametrizatiorof measurementprovided by the CERN
LHC Vacuumgroup[19].

Accordingto Furman[10], Seiler[21] and Kirby [22]
theyield for thetrue secondariesanbe written

Otse(Ep,0) = Omax L1120 (1 _ 672.3.”1-35)

exp (0.5 (1 — cos b)) , (8)
wherez = E, (1 +0.7(1 — cos8))/emax [10].

An alternatve expressionfor the true secondariesvas
proposeddy M. Furman[10]:

Otse(Ep, 0) = dmax ek S exp (0.5 (1 —cosb)) ,

s—1+4+=x
)

andz is definedasabove.

In 2002,we replacedormula(8) by (9), usings = 1.35
(this is the value measuredor fully conditionedcopper;
prior to conditioningonefinds s = 1.39 [19]).

Theyield of thetruesecondarieis thencharacterizethy
only two free parametersdmax and emax. Thesespecify
the enegy emax for which the (true) secondaryemission
yield is maximumandthe valueof the maximumyield for
perpendiculamcidence fax.

Theyield of the elasticallyreflectedelectronds written

5el(Ep) = f(sse(Epv 9) ) (10)
wheref wasobtainedrom recentmeasurementsncopper
[19], which werefitted to the expression

exp (Ao + A1 In(E, + Eo) + Ax(In(E,, + Ep))?
+As(In(E, + Ep))?) . (11)

f =

Fits wereperformedover two differentenegy ranges.For
E, < 300 eV, thefitted coeficientsare[19] Ay = 20.7,
Ay —7.08, Ay = 0.484, A3 = 0, andEy = 56.9 eV,
while, for £, < 2000eV, Ag = —5.1, A = 5.6, Ay =
—1.62, A3 = 1.1x107%, andE, = 29 eV. Again, all these
functionsareimplementedn thecodeECLOUD.

The total secondaryemissionyield so obtainedis illus-
tratedin Fig. 15. For comparisongarliermodelswithout
ary elasticreflection (in 1999) and with a larger elastic
component(2000) are also shavn. At the ECLOUD’02
workshopit wasremarledthateventhelatestparametriza-
tionis notrepresentatie, especiallyathigherenepies[23].

with el, e— P
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Figure15: Secondaremissionyield for perpendiculain-
cidencevs. primary electronenegy with andw/o elasti-
cally scatterecklectrons.

If an electron hits the wall, we determinerandomly
whetherthere-emittedelectronrepresentsatrue secondary
or anelasticelectron.More preciselywe choosearandom
numberrand between0 and1. If rand < f = dc1/0se,
we take the electronto be an elastic one; otherwise, if
rand > f, wetreatit asatruesecondary

A recentempiricalfit by N. Hilleret [24] of themeasured
enegy spectrdor thetruesecondariesmittedfrom copper
to theformula[25]

272

yields a goodrepresentationf the measurement®r C' ~
0.2, Ep = 1.8 eV, andr ~ 1 [24]. Equation(12) andits il-
lustrationin Fig. 16 show the correctasymptoticoehaiour
atlow enegy; namelyp(E) approachegeroastheenegy
FE goesto zero, a result also expectedfrom phase-space
consideration$26]. Previously, theinital enegy distribu-
tion of the secondarelectronsvasoftentakento beahalf
Gaussiarcenteredht O with rmsspreadb eV, whichis also
indicatedin thefigure.

The initial angulardistribution of the secondaryelec-
tronsis takento beof theform dN/d) « cos 6 [21], which
resultsin dN/df o sin 0 cos 6, wheref denoteshe polar
anglewith respecto the surfacenormal. Thisis illustrated
in Fig. 17.

p(F) = Cexp [—
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Figure 16: Initial enegy spectrumof true secondariesis
modelledin 1999/2000comparedwith new parametriza-
tion by Noel Hilleret [24].
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Figurel17: Initial angulardistribution dN/df of secondary
electronsvs. the polar angled with respecto the surface
normal.

2.7 Longitudinal Electron Motion

Longitudinalmotionof theelectrongs includedin thesim-
ulations.Severaleffectsgiveriseto this motion[20].

First, the secondaryelectronsare emittedat an angled
with respecto the surfacenormal,following a cos ¢ distri-
bution. Projectingontothe longitudinaldirection,we esti-
mate< 6% >~ 0.37 rac®. Thetypicallongitudinalvelocity
atemissionis

2 1/2
vz,em ~c < 2 < 02 > Erms) (13)
MeC

whereF s = 5 eV is thermsemissionenegy. Thiseval-
uatesto v, em ~ 10° ms—t.

FortheLHC, aseconcontributioncomesrom themag-
neticfield of thebeam.If theelectronis initially atrest,its
longitudinalvelocity afterthe bunchpassagés [28]

1 ?)i AFEn.x  2cNyr, Te
N —— = = lo 14
Uz, mag 2 ¢ me /—271_0_2 g 0oL ( )

wherecy = 1.06, and[18]

re & 20/ Npreo,/2/7

Insertingthe LHC parametersye find r. =~ 8.5 mm (this

is the critical radiusseparatinghe kick approximatiorand
theautonomousegion [18]), andve mag &~ 3 x 10° ms™.

Simulationsshav that for LHC the electronenegy gain
AFE,.x is abouta factor 3 smallerthan predictedby the
aboveanalyticalapproximation.Thereforeamorerealistic
estimatés ve mag &~ 105 ms™!, whichis comparabléo the
longitudinal emissionvelocity. This order of magnitude
wasconfirmedby simulationg27].

(15)

However, in astrongdipolefield boththebeammagnetic
field and the emissionvelocity can be neglected. In this
case,the electronsundego a rapid cyclotron oscillation.
Superimposeds a uniform longitudinal motion (£ x B
drift). We estimateghemaximumdrift velocityencountered
duringthebunchpassages

Nbe
v ift ~
e.drift V2mo.4ney(oy + 0y)B 7

(16)

whereB is thedipole magneticfield. For the LHC param-
eterswe obtainve, qyifr &~ 1.6 x 10> ms™ 1.

A quadrupolemagnetalsocauses ‘gradientdrift’ ata
velocity equalto

9 - o _
Y o Tiwe (VB) x B
e,gradient — 2 B2 )

(17)

wherer;, = p./(eB) is the Larmor radiusand w. =
eB/m. the (non-relatvistic) cyclotron frequeng. Using
B=200T/mB=2T (i.e, consideringan electronat
amplitudel cm), anda typical electronenegy of 100eV,
we obtainve gradient ~ 5 X 103 ms 1.

Thus,in afield-freeregion we expectlongitudinalelec-
tron motion at a typical speedof afew 106 ms™!, whereas
in an8.4-T dipolefield the maximumlongitudinalvelocity
doesnot exceed2 x 10° ms~!. The averagedrift veloc-
ity in a dipole is even lower by a factor 50, becausehe
beamis absenmaostof time. Finally, thegradientdrift in a
quadrupoleof about5 x 10? ms~! may be comparabldo
theaveragedrift in adipole.

Ourestimatesreconfirmedby simulationgfor field-free
regionsanddipoles,asis illustratredin Fig. 18.

Therelatively low longitudinal speedmplies that elec-
tronsarelost trans\erselyto the wall beforethey cantra-
versea longitudinaldistancecomparabldo the magnetdi-
mensions.This providesa justificationwhy we may sep-
aratelysimulatethe electroncloud build up for regionsof
different magneticfields without taking into accountary
electronexchangebetweerthoseregions.
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Figure 18: Longitudinal coordinateversustime for two
sampleelectrontrajectoriesn afield 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

Figure19showvsthesimulatedouild up of anelectroncloud
for a field-freeregion andfor a dipole field in the CERN
SPS.The chambedimensionsaareassumedo bethe same
in the two caseswith h, = 76 mm,andh, = 17.5 mm
(flat geometry).Thevariouscurvesreferto differentbunch
intensities.The figure demonstratethatin the dipolefield
significant electronbuild up startsat a lower bunch in-
tensity althoughat higherintensitiesthe cloud canreach
larger densitiesin the field-freeregion. The lower thresh-
old for the dipole field is attributedto the flatnessof the
chamber The ‘overshoot’beforesaturationthat s visible
for the field-freeregion appeargo be relatedto the elasti-
cally reflectedelectrons.
Simulationsverealsoperformedor the SPSfixedtarget
beam.Thisbeamconsistf 2 trainsof about2100bunches
with abunchspacingof 5 ns,atrain-to-trainspacingof 1.05
us andasingle-tunchintensity V, belon 101 protonsper
bunch. Figure 20 compareshe simulatedelectroncloud
build for Ny, = 5 x 10° and N, = 7 x 10°, considering
a maximumsecondaryemissionyield of 0. = 1.8. NO
build upis obsenedfor thelower bunchintensity but asig-
nificantbuild up occursin the secondcase.Thus,the sim-
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Figure 19: Simulatedelectron-cloudbuild up in the SPS
for afield-freeregion (top) and a strongdipole (bottom),
comparingvariousbunchpopulationsn field-freeregions
thresholdis higher, but the build up above the threshold
stronger

ulatedthresholdof electronamplificationdueto multipact-
ing is aboutV, ~ 6 x 10°, whichis roughlyconsistenwith
obsenations[29]. In thesesimulationswe have assumed
the measuredms trans\ersebeamsizesof o, = 1.2 mm
ando, = 0.7 mm,andanrmsbunchlengthof o, = 0.1875
m. All thesenumbersareconsiderablysmallerthanfor the
LHC typebeamwhich explainswhy the multipactinghere
occursfor smallerbunchintensity

In Sect.2 we mentionedthatthe motion of electronsin
a dipole field canbe modelledin differentways. For ex-
ample,in oneapproachwe ignorethe horizontalandlon-
gitudinalmotion, in the otherwe employ a library Runge-
Kuttaintegration. Figure22 compareghe simulatedelec-
tron build up computedy thesetwo approachefor a0.26-
T field in the KEKB High Enegy Ring. The agreemenits
quitereasonablegvenfor afield aslow asthis.

3.2 Multibunch Wake

The electron cloud couplesthe motion of subsequent
bunches.A displacedbunchdisturbsthe symmetryof the
cloud, and the following bunchreceves a net deflection.
This effectis illustratedin Fig. 23 for an LHC bunchtrain.
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Thus,similarto amultibunchwakefield, theelectroncloud
couplesthemotionof subsequerttunches.
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Figure23: Projectedhorizontalelectronchage densityin
anLHC bendingmagnetbeforethe 41stbunchin thetrain
is horizontallydisplacedy 1 cm (top) andjust prior to the
arrival of the42ndbuncha(bottom)[4]. Thehorizontalaxis
is in units of meters;the vertical coordinateis the chage
(in unitsof ¢) perbin andpergrid point. Otherparameters:
500grid points,dpax = 1.7, R=1,Y* = 1.

The ECLOUD programmecomputeshe effective wake
field asfollows. After a stationarycloudis establishedone
of thebunchess displacedrans\erselyby anamountAx
or Ay. Then,we calculatethe kick thatthe disturbede™
cloud exertson the next bunch. This yields an estimateof
thebunch-to-tunchdipolewakefield W (L., ) [31, 10, 1]:

r? C
1—exp —F E,

(18)
wherer; = (z2 4 y?)'/? (the radial distanceof the ith
macro-electrorirom the beamaxis), C is thering circum-
ference], is the simulatedengthof bendingmagnetand
Q; denoteghe chage of the ith macro-electron.

2y Qi
Willow) = 2 Npziag)

0.025



The bunch-to—lunchwake field cangive rise to a multi-
bunchinstability. Fromthe wake field actingbetweersuc-
cessve bunches,we can estimatethe instability growth
time. To obtainthis growth rate,we assumehatthering is
uniformly filled with M bunchesandthatthe wake of the
electronclouddecaysapidly andonly couplessubsequent
bunches.Thenthe comple frequeng shift of uth modeis
givenby [30]

2
() . Nyr,c i2m N
) = w0 ) = Zvcpw;a Ly ()€t 2D/
(19)
andtherisetime for thefastesggrowing modeis
4
TQy (2) (20)

- NprCWLy (z)

If the ring is not uniformly filled and there are clearing
gaps.thegrowth is notexponentialbut

1

n!

Un (21)

(t/7)" do
for the nth bunchin atrain. It waspointedout by M. Fur-
man[31] thatthe parameter is exactlythesameastheex-
ponentialgrowth time for theuniformfill, whichwasgiven
above.

Simulatedhorizontalandverticalmulti-bunchinstability
growth ratesfor the LHC at 7 TeV are shown in Fig. 24
as a function of the maximumsecondaryemissionyield
dmax. Theinstability is slow, with risetimeslongerthanl
secondWe expectthatit is Landaudampedby the natural
intra-bunchtunespread.
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Figure24: Multibunchinstability growth rateasa function
of maximumsecondaryemissionyield d,,ax for the LHC
at7 TeV [4]. Otherparameterse . = 450 eV, R = 10%,
andY,. = 0.025.

3.3 Effect on Beam Diagnostics

The impactof the electroncloud on the readingof LHC
beam-positiormonitors (BPMs) was studiedin Ref. [5].

Figure25shavsaschematiof aBPMin theLHC arc. The
direct synchrotronradiationhits the horizontally outward
electrode. Photoelectronsire emitted primarily from this
electrode,which resultsin a net flow of electronsto the
other3 BPM buttons.

2nd electrode

N
N S
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48 mm '
y N
N

4 N
inedming beam
.
. N

3rd electrode
‘//
9p01109I8 IST

4th electrode

Figure25: Schematiarosssectionof a BPM in the LHC
arc[5]. Lengthof thedevice is 24 mm. Direct synchrotron
radiationilluminatesthefirst electrode.

Figure26 showvs a simulationresultfor the electroncur-
renton thefour electrodesexperiencedluringthe passage
of an LHC batch[5]. It illustratesthe continuousloss of
electronsfrom the first to the other three electrodes. At
larger valuesof 4., (bottom picture),a randomcompo-
nent due to multipactingis addedto the averagecurrent
flow determinedy the synchrotrorradiation.

Figure27 illustratesthetime andfrequeng structureof
the electroncurrentat oneof the electrodeg5]. Theelec-
tron signalspeakduring the bunch passagesandthe fre-
queng spectrunroughlyimageshebunchfrequeng con-
tents.

Therespons¢éheBPM processinglectronicgo thesim-
ulatedinput signalwasstudiedindependentlypy R. Jones
[32]. He foundthatthereadingerrorinducedby the elec-
tron cloudis quite small,of the orderof 2 um [32].

3.4 Spatial Sructure of the Electron Cloud

In aLHC or SPSdipole magnetat sufficiently high bunch
chagesthe cloud consistsprimarily of two vertical strips
locatedon either side of the beam. Thesestripesare at-
tributedto the maximumin the secondaryemissionyield
curve. Electronsin the strip region aquirea typical enegy
closeto this maximum. In 2001 a dedicatedmonitor was
installedin the SPSwhich directly demonstratedhe exis-
tenceof thetwo stripsat sufficiently high current[33].
Figure 28 shaws the simulatedflux of electronson the
chamberwall for SPS parameters. In this simulation
the primary electrons(thoughtto be dueto beamlossor
gasionization) were launchedat the chamberwall, uni-
formly distributedasa function of azimuthalenegy. For
higher bunch chages,two strips exist, locatedsymmetri-
cally aboutthe position of the beam(only the right-hand
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Figure 26: Net chage depositedor emittedat eachBPM

electrodefor 0,ax = 1.1 (top) and dmax = 1.9 (bottom)
[5]. Negative valuesindicatethat a net flow of electrons
away from the plate.

sideis shavn). At N, = 8 x 10'? in thesimulationthereis
evenevidencefor athird stripemeging againatthecenter
of thechamber

Figure29 comparesimulationresultswherein thefirst
casethe electronsarelaunchedat thewall, andin the sec-
ond inside the beamvolumein orderto more accurately
modelthe gasionization by the beam. The spatialstruc-
tureis clearly differentin the two cases.In particular the
vertical stripscannotbuild up in the secondcase because
no primary electronsare presentat their horizontalloca-
tion. This figure alsodemonstratethe effect of changing
thevalueof ¢,,.y, i.€, theincidentenegy wherethe sec-
ondaryemissionyield assumes maximumvalue. Each
curve correspondso a differente,,.. For lower valuesof
emax the stripsmove outwards,and,in addition,the elec-
tron flux increasestrongly

Despiteof the differencein the spatialstructure the to-
tal numberof electronsand their build-up time are quite
similar for thesetwo casesasis illustratedin Fig. 30.

Finally, Fig. 31 shaws the simulatedelectroncloud dis-
tributionin anLHC quadrupolenagnet.Thecloudexhibits
afourfold symmetrycorrespondingo the symmetryof the
magneticfield. Strongmultipactingand heatload depo-
sition primarily occur along the diagonalsat 45°, which
passthroughthe centerof the chambei[36]. In the other
regions, electronsmight becometrappedin the magnetic
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Figure27: Instantaneouslectroncurrentat the first elec-
trodevs.time (top) andits power densityspectrunvs. fre-
queng (bottom)for amaximumsecondaremissionyield
dmax = 1.5 [5]. In thetop picture,thelargenegative spikes
which coincidewith bunchpassagerepresenthe primary
photoemission.In the bottom picture, the fall-off of the
signal power spectrumoccursnearthe bunch frequeny
founch = ¢/(270,) ~ 700 MHz.

field [37]. This aspectwill be addressedh the next sec-
tion.

3.5 Electron Trapping in Quadrupoles

It was first discoveredin simulationsby L. Wang [37],
that after acceleratiorby the beamelectronscan become
trappednsidea quadrupoldield, like in a magnetidoottle.

Figures32 and 33 shav the simulatedbuild up of elec-
tronsduringthe passagef a 50-bunchtrain aswell asthe
subsequendecayof the cloud. In thefirst pictureall elec-
tric fieldsaretakeninto accountduringthe decay;the sec-
ond picture shaws the decayif electronsexperienceonly
themagnetidield.

In neithercasedoesthe numberof electronsshrink to
zero,overthetime scaleconsideredraisingthe possibility
thata certainfraction of the electronmight remaintrapped
forever.

In the casewithout image and space-chaye forces, if
only the magneticfield is present.the trappingcondition
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Figure 28: Simulatedelectronflux on chamberwall in
A/m? vs. the horizontalpositionin an SPSdipole, for dif-
ferentvaluesof the bunchpopulation. Simulationparam-
eters: o, = 3.5 mm, o, = 1.6 mm, o, = 0.26 m,
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B = 0.2 T, elasticelectronreflectionincluded.

is givenby [34]

2
Viot Bigcal

T =
2 .
v7] Bpipe

<1, (22)

whereuvy,; denoteghetotal velocity of theelectron,f, the
velocity componentsrans\erseto thelocal magneticfield,
Biocal the local field strength,and Bip,e the field at the
chambemvall following the magnetidield lines.

Figure 34 displaysa histogramof the quantity In(7"),
evaluatedfor all electronsafterthe passag®f 50 bunches
througha KEKB-LER quadrupole.Trappingcorresponds
to log(T) < 0.

Finally, Fig. 35 depictsthe fraction of electronsfor
which the trapping conditionlog(7) < 0 is fulfilled as
a function of time, for the two casescorrespondingto
Figs.32and33.

3.6 Electron Cloud Build Up for Electron
Beams

For an electronbeamandfor a positronbeamthe number
of photo-electronss the same.In the caseof the electron
beam the primary photoelectronsf emittedat thetime of
the bunch passageare immediatelyrepelledby the beam
field. Thereforethe electroncloud build up shouldbere-
ducedcomparedvith thatfor a positronbeam.

However, evenif the photo-electronsre repelledthey
might bereflectecbackfrom the chambemwall with a high
probability. In addition,in the caseof oneor several pho-
tonreflectionsthephoto-electronmaybeemittedafterthe
bunchhascompletelypassedy [39]. Thenthey do notex-
periencethe repellingfield of the bunchwhich generated
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Figure 29: Electron flux on chamberwall in A/m? vs.
the horizontalpositionin an SPSdipole for variousvalues
of emax; top: launchingprimary e~ at the wall; bottom:
launchingprimary e~ inside beam(ionization). Simula-
tion parameterss, = 3.5 mm, oy = 1.6 MM, dmax = 1.8,
d\e/ds = 2.5 x 1077 m~! perproton, N, = 8 x 1019,
hy =76 mm,hy, = 17.5mMm, Lyep, =7.48mM, B =0.2T,
elasticelectronreflectionincluded.

them. This will happenmore easily for electronbeams
than, e.g.,for anti-protonbeams sincethe electronbunch
lengthsaretypically muchshorter

In arecentstudyfor the KEKB HER [35] we simulated
aworst-casesituationwhere for theelectronbeamaall pri-
mary photo-electronsverelaunchedust afterthe passage
of the emitting bunch. Figure 36 compareghe simulated
build up of the electroncloud for the KEKB HER when
operatedvith positronor electronbeamsof the samecur-
rent. The total numberof electronsdiffers by a factor of
4 or 5. Therefore,at high beamcurrentwe expectto ob-
sene electron-cloudeffects also for the electronbeams.
This might be a possibleexplanationfor a fasthorizontal
coupled-lunchinstability which hasbeenobsenredin the
KEKB HER[38, 35].
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Figure 31: Snapshobf transwerseelectrondistribution in
an LHC quadrupolechamber Parameters:6,,.. = 1.1,
Ny, =7 x 1010,
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Figure 32: Simulatedelectronline densityvs. time for a
qguadrupoldfield in the KEKB LER [35]; this simulation
includeselectronspace-chareandimagefields.
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Figure 33: Simulatedelectronline densityvs. time for a
qguadrupoldield in the KEKB LER [35]; in this simulation
electronspace-chayeandimagefieldsareswitchedoff af-
terthe passagef thelastbunch,from whichtime onwards
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Figure 34: Histogramof simulatedelectrontrapping pa-
rameterlog(T') after the passageof 50 bunchesfor a
quadrupoldield in the KEKB LER [35].
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4 CONCLUSIONS

Simulationsof electron-cloudbuild up and heatload (for
LHC) are sensitve to the parametrizationof secondary
emissionand photoemissionImportantarealsothe beam
andelectronimagechages,theelectronspacechage,and
magnetidields,evenif they areonly afew Gauss.

The simulatedelectron-cloudouild upis in goodagree-
mentwith obsenationsfor the CERN SPS,the CERNPS
[40], andtheKEKB LER.

The largestremainingdiscrepang betweenSPSmea-
surementsand simulationspertainsto the exact position
of the vertical stripesin an SPSdipole. The presentdif-
ferenceis abouta factorof two for a bunch populationof
N, ~ 8 x 1019, thesimulationpredictinga largerdistance
betweerthe stripsandthe beamaxis. It is concevablethat

thisdiscrepang canberesohedby adifferentparametriza-
tion of the secondanemissionyield [41].

Simulationswith the codeECLOUD confirmthata cer
tain fraction of electrons,between5% and 30%, may be
trappedinsidea quadrupoldield. This corroborateprevi-
ous simulationresultsby L. Wang[37], thoughthe exact
fractionof trappedelectronamight still be different.

Finally, our simulationssuggesthat a significantelec-
tron cloudcanalsobuild up for anelectronbeam.Thiswas
illustratedwith anexamplefor the KEKB HER.
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Abstract

A 3-dimension particle in cell simulation code is
deveoped to study the photoel ectron 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 fieds. Simulation
shows solenoid is very effective to confine the
photodlectron to the vicinity of the vacuum chamber
wal and make a photodectron free region at the
vacuum pipe center. The more uniform the solenoid
field, the more effective the fidd. Multipacting can
occur in drift region and dipole magnet. Special
trapping occurs in quadrupol e and sextupole magnets.

1INTRODUCTION

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 asingle-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 smulation
code is developed to study the effects of these various
magnetic fiedd on the photodectron formation,
digtribution, space charge effect, and so on. The
program and some numerical examples are described in
detail.

2 COMPUTER PROGRAM

The positron bunch is longitudinaly divided into a
number of slices according to Gaussian distribution.
Such dices interact with photoelectrons transversdy
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.

Photoel ectrons 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
photoel ectron energy distribution is5 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-dimensiona space under the force:

*On leave from IHEP, Beijing

Fe = Fp + Fspace +Fg (1)

where F;, is the force by positron beam which is given
by the Bassetti Formula and Fg. is the space charge
force of the photoelectron. Fg is the force by magnetic
field on the photod ectron. 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 aso
included in the program. The simulation modd is
showninfigurel.

The parameters used in the smulation are shown in
table 1.

Varigble Symbol Value
Ring circumference C 3016.26 m
RF bucket ength St 0.589m
Bunch spacing S 4 RF buckets
Bunch population N 3.3x10%
Average verticd betatron By 10m
function
Average horizontd betatron £, 10m
function
Horizontal emittance £y 1.8x10%m
Vertical emittance gy 36x10°m
Betatron tune Vx/Vy 45.52/44.09
Rms bunch length g, 4 mm
Chamber diameter 2R 100 mm
L
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Figure 1. The scheme of the simulation mode

2.1 3D PIC Space Charge Solver

The direct particle-particle method is easy for
developing the progran and has high accuracy.




However, it has a very low efficiency. The mesh
method seems to be applied by dl 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-I1.

% omas -
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Figure 2: Example of photoelectron cloud distribution
in the vacuum chamber

Figure 3: Mesh example of the vacuum chamber for
photoe ectron cloud

There are many charge assignment methods. The
mesh in our method is an irregular mesh with brick
elements. The charge Qo of a photoelectron is assigned
to each node i of the dement in which the
photod ectron stays according to the shape function N;

Qi = NiQO' (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 smal number. It aready shows good
representing of the rea electron cloud distribution.

For the isoparametric element, the charge
assignment scheme in Eq.(2) has all characters of
charge assignment function such as

SN =1 ®)

ZNm=r (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-caled
CIC scheme applied in general particle simulation:

(1) Thegeneral CIC method applies aregular mesh.
However, our scheme uses an irregular mesh,
which makes this method can be successfully
applied to the complex boundary problem such
asthe very flat beam case and ante-chamber.

(2) Generd CIC is for 2D, the charge assignment
function has a clear meaning such as the cloud
area. There is exact the same assgnment
function in finite element field for the simple
element, such as sguare 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 dements in the
finite element methods. Among them, the high
order eement can be gpplied 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 eectron concentrating
a some small region, such as the long-range beam-
beam smulation. However, our method is complicated
to be applied comparing with the regular mesh CIC
method.

The dectron cloud (both the density and distribution)

changes with time. We assume a quasi-static condition.
The scalar potential satisfies (at each moment)

Ap=-ple&, (5
Eq.(5) can be solved by using the finite element
method. We can get thefinite element equation
A¢=B. (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 aso
find the Green function to get the potential. The
potential @ at R is available with the Green function
G(R,R")

L 2 a
«R) = [dZ [d&'[r'dr'f (RIGR.R) ()
0 0 0
np2 +r2r'? [ p* - 2rr'cos(0 - 6"
r?+r'? —2rr'cos(d - 6"
+%§cosnk(z—z’){K0(nk\/r2 +r'? =2rr' cos(6 - 6'))

G(R,R) :%

-3 (e- Jmo)m | (nke)l_(nkr')cosm(@ —9')@
(8)



where L is the period length of the vacuum chamber, p
isthe piperadius, R’ is the source position, and R isthe
potential position, k=277L. The cylindricd coordinates
with zaxis dong the axis of the pipe, R=(r,6, 2),
R’=(r',d, 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 ca culate the force on particle
directly using the potential at mesh node instead of the
mesh-defined force field

E=) OUN [y (9)
IZ 1 |
The potential and field of the space charge & one

transverse section are shown in Figure 5 for the case as
Figure4.

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 genera 3-dimensiond
magnetic field can be input as either formulae or tables.
The following paragraphs show a few of types of the
magnetic fieldsin KEKB.

The C-Yoke magnet can be arranged in a dipole or
quadrupole configuration with equal polarity (EP) or
aternating polarity (AP). For the C-yoke dipole, the
field can be approximately expressed as

B, =0

(10)
B, =a+bcos(kz) (1)
B, = —bksin(kz) (12)

where a=141G, b=94G, 1=0.1m and a=0, b=235G, A=
0.2 m for the case of adjacent dipoles with equa
polarity and alternating polerity, respectively. The
magnet field in a C-yoke quadrupoleis

B, =(a+ bcoskz)y

(13)
B, =(a+ bcoskz)x (14)
B, = -bksin(kz)xy (15)

where a=0.3T/m, b=0.2T/m, A=0.Im and a=0,
b=0.5T/m, A=0.2m for the equa polarity and
aternating 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

B,(x,y,2 =B, + B, sinkz, (16)
B, (x,Y,2) = -0.5B kxcoskz, a7
B, (X ¥,2) =-0.5B,kycoskz. (18)

When the solenoids current takes alternating
direction, which is caled alternating polarity
configuration, the longitudinal filed is expressed as

B,(X,y,2) = B,sinkz (29)
The transverse fiedld components are the same as equal
polarity case.

Most of bending magnetsin LER are normal bending
magnets with B=0.848T. Typica quadrupole and
sextupole field gradient are 10.3 T/m and 350 T/m?
KEKB LER, respectively.

The postron bunch is assumed rigid gaussan
digtribution. The kick on photoelectrons is given by the
Bassetti formula

Au, +iAu, = Nrc[] _m f(xy),
Jx,y(ax + Jy)

_ X+iy H_
f(x,y) _\ﬁﬁiﬁ(af ~oh E
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where o, and oy 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 essily
found. In case of the arbitrary chamber shape, PIC
method can be applied for the space charge force of the
positron bunch.

(20).

3 SIMULATION EXAMPLES

The build up and the distribution of electron cloud
(ecloud) in a few of typica magnetic fields are
discussed in this section.

3.1 Effect of C-Yoke magnet and solenoid field
on the confinement of the photoel ectrons

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 equa polarity quadrupole
configuration. However, it is zero for equa polarity
solenoid with B,=30 Gauss, By=20 Gauss and
A=21tk=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 photod ectron cloud density near the beam is non-
zero inreference [ 7], which isdifferent from our result.

Fimm)

Kimm|
Electron cloud distribution in C-Yoke
quadrupole with equal polarity configuration

Figure 6

Figure 7 shows the photoe ectron distribution on the
chamber wall in the solenoid field case. The
photod ectrons hit the chamber wall and lost or produce
secondary eectrons. The solenoid field is non-uniform
in longitudinal direction, which causes the lost cloud
distribution adso 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 longitudina
position of the monitor and the current direction in
solenoid coil .

The photoel ectrons 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 dso smaller for
the same reason. It can be concluded that solenoid
works very wdl with zero photoelectron density at
chamber center and lower heat-load on the chamber
wall because thereis 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 photoel ectron density at
the chamber center is 10°m™ 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 photod ectron 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 photod ectron cloud distribution
insgde 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 horizonta
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 smadler 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 areawith larger || and
the width of multi-pacting region aso 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.

i)

Figure 8 Electron cloud distribution in drift region
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Figure 9 Electron cloud digtribution in dipole magnet
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Figure 10 Mechanism of the multi-pacting in dipole
magnet. Black dot is the energy of photoeectrons
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 photoel ectron charge distribution.

3.3 Photoelectron Trapping in quadrupole
and sextupole magnets

It is very interesting that more than 90% of the
photoelectrons can be serioudy 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 fidds. However, the density decays quickly in
dipole magnet. Figure 12 shows one typical trapped
eectron 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 smilar with the plasma trapping in the mirror
magnetic field.

[
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FIGURE. 11 Photoelectron average volume density in
different magnet fields as a function of time for atrain



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)
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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).

Wefirst describe the motion of photoelectron in pure
magnetic field and then focus on the effects of positron
beam.

First we consder the case of no electric field, which
is amost true for electron cloud during the bunch train-
separation where the space charge potential of the
eectron cloud is neglectable comparing with the
magnetic potential in normal magnets. Since the
direction of magnetic force acting on the eectron is
perpendicular to the electron velocity, the electron
kinetic energy is therefore conserved,

2

W:mu

= constant (21)

The motion of the eectron 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 dowly
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 x E,
the period T times the energy E, is amost a constant. It
is not an exact constant, but if the rate of change is
dow enough, eg. if the field changes rather dowly, it
comes very close. A certain qudlity, an "adiabatic
invariant”, is aimost kept at a constant value. In more
general way, the action of a system with canonica
variables g and p, defined by

J ={ pdg (22
is a constant under a slow change in an externd
parameter. Here " represents an integral over one
period of the motion. Therefore, for such a quas-
periodic motion, there exists two adiabatic invariation
given by [8]

4rm

JD :.fmUDpsd¢ :T:um' (23)
J, = fmu"dl : (24)
where
2
o =00 (25)



is the magnetic moment, Uy is the gyration velocity,

_ mug

P = EE is the Larmor radius and v is the pardlel

or longitudinal velocity which is parallel to the
magnetic field. Jpand J are called the transverse and
parallel adiabatic invariation, respectively.

Asthe guiding center of the electron moves aong 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

%mu"2 + 41 B =const. (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 4 B . The

magnetic fiedd 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 wesker 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
plasmafield. Therefore, the eectron spiralsin 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 vaue at the weakest field point (mirror
point). Then it continues a similar motion aong 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

mu;/2< (B, = B),  (27)

where v is the parallel velocity at position with
magnetic field B, Bma 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 v, and U
According to Egs. (21), (23) and (25), the trap happens
if
2
ZUDO 5 > BO , (28)
Uno Yo B
where By is the field a one position with velocity v o
and vy The trap condition EQ.(28) can be more
conveniently described as

I'trap >1 (29)
with the trap factor

max

r.=—v—-_ 0 _"ma&x (30)
R UG +U, By
Where F, and Fg is left and right part of Eqg. (28),
respectively. When the trap factor Iy, isbigger than 1,
the eectron is trapped.

According Egs. (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
eectron to efficiently recelve 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 F, 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 a that point and the short
interaction time. A long positron bunch has less
average effect on transverse energy of the
photoelectron for al 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

2ncm 1

| < =

e B

where B is the field at the mirror point. Eq.(31) can be
written in a more convenient way @as
o,(mm) <10.7/B(T) , which means the positron

bunch length should be shorter than 10.7 mm for afield
linewith 1 T magnetic field at the mirror point.
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Figure 14 Mation of electron in amirror 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-
pecting. 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 heet-load distribution is also two peaks at these
two multi-pacting regions. On the other hand, there is
lower hest-load in solenoid and quadrupole and
sextupole cases where multi-pacting couldn’t occur.
Figures 15-16 show the lost photoelectron charge and
hest-load azimuth angle distribution for the different
fields.
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Figure 15 Charge azimuth angle distributions of the
lost photoelectrons in different fields, which hit the
vacuum chamber wall.
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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 atrain with 200 bunches spaced by 7.86 ns and
followed by along 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 trgpping. The preliminary
photoelectrons don’t contribute to the make-up of the
photodectron 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 amost 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 sextupol e 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.
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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.
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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 along 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 photodectron 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



photodlectron 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 eectron-
trapping phenomenon during the train gap has been
found in norma quadrupole and sextupole, whose
mechanism is the mirror magnetic field trap.
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A SSIMULATION STUDY OF THE ELECTRON CLOUD IN THE
EXPERIMENTAL REGIONSOF LHC

A. Ross, 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
gpace 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 sability 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
conclusionsin Sec. 5.

2ELECTRON 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 SE¥, , 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 updg, ~ 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. Themaximum SEY is1.1or 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 onein 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 simultaneoudly (25ns bunch spacing and
double bunch intensity) and two beams at half
distance (12.5ns bunch spacing and single bunch
nominal intensity) have been smulated.

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 N, 1.05 x 10"
bunch spacing 7.48m
r.m.s. bunch length 7.5¢cm
proton energy 7TeV
primary ph-e rate per photon 2.98 x 107
Reflectivity 10%
max secondary emissionyield SEY lland14
energy of max SEY 300 eV
energy distr. for sec. Electrons Gaussian
r.m.s. horizontal beam size 15.86 - 444 um
r.m.s. vertical beam size "
radial half aperture 2210200 mm

2.3.  Smulation 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, thereis 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'cm’), 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 thewall (e/9/m)
for different chamber radii, for two beams arriving
simultaneously (nominal bunch spacing and double bunch
current).
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Figure 4: Time evolution of the electron flux to thewall (e/9/m)
for different chamber radii, for two beams at half nomina bunch
spacing and bunch current.
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2.4. Smulation 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
simultaneoudy and with half nominal bunch spacing. The
maximum impact energy varies between 2.5 keV for the
latter case and 4.5 keV for smultaneous beams (which
corresponds to twice the bunch current). Both figures
display an energy range from O to 160 €V 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 thewall (V). a) beams
arriving simultaneously, with double current. b) beam at half of
the nominal bunch spacing and nominal current.

3MOLECULAR 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 al energies was assumed.

Table 2 aso 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 H, CH, CO CO,
PSD' 25x107 25x10° 1.25x10° 1.25x10°
ESD'" [14] 20x10* 50x10° 10x10*  1.0x10*
Sticking Coefficient

Freshly activated ~ 5.0x10° 0 1.0x10" 1.0 x10"
NEG" [7]

CycledNEG"[7] 5.0x10* 0 1.0x10°  1.0x10°

' 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].

" ~500eV incident energy.

" Corresponding to SEY = 1.1.

" 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 magjor 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 CH,, 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 o
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,



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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The profile of the CO and CO, 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, 8.3x 10” protons/bunch. The pressure
measured was about 2 x 10" 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, asit 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 8.3x 10”
bunch spacing 7.48m
r.m.s. bunch length 30cm
proton energy 26 GeV
residual gas pressure 2 x 107 and 4 x 10° Torr
gasionisation cross section 2MBarn

max secondary emissionyield 16

energy of max SEY 300 eV
energy distr. for sec. electrons Gaussian
r.m.s. horizontal beam size 444 um
r.m.s. vertical beam size "
radial half horizontal aperture 76 mm
radial half vertical aperture 17.5mm

The time evolution of the experimental data are well
reproduced by the simulations. In Fig. 9.8) 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 simulationsis displayed.
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Figure 9: Time evolution with atrain of 72 bunches. The the
experimental data (electron flux to the wall, a) are compared to
simulation results (electron line density, b).

5 CONCLUSIONSAND 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 smulations

1.0E-06

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
guantitatively 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 effectsin the NLC damping ring*

S. Heifets,StanfordLinear AcceleratorCentey StanfordUniversity, Stanford,CA 94309,USA

Abstract

The qualitative analysisof the electroncloud formation
is presentedResultsarecomparedvith simulationsfor the
NLC dampingring [1].

1 INTRODUCTION

Since the discovery of instability at KEK photonfac-
tory [2], it wasrealizedthat the electroncloud candrive
the fastmulti-bunch[3] and, later, the single bunchinsta-
bilities [4] in the positronstoragerings. The instabilities
affect performancef the B-factoriesanddesignof the fu-
turelinearcolliders.

Effects of the e-cloudon the beamdynamicsis corve-
niently describedy the effective wake field [5] which can
be calculated6] giventhe densityof the e-cloud. Thees-
timate of the densityis the main difficulty of the problem.
The e-cloudis neitherstaticin time nor uniformin space
and dependson the bunch populationVy,, bunch spacing
sy, geometryof the beampipe, theflux of the synchrotron
radiation (SR) photons,and the yield of secondaryelec-
trons. Due to thesedifficulties, the densityis usually de-
terminedeitherby elaboratesimulationsor consideredas
a fitting parameter Neverthelessit is highly desirableto
have someanalyticestimateof the densityto interpretthe
resultsof simulationsandfor scalingof theseresultswith
machineparameters.The goal of the paperis to provide
suchanestimate Resultsof the analysisareappliedto the
NLC main dampingring and comparedwith the simula-
tionsfor theNLC [1]. Therelevantparametersf thering
arelistedin Table.

Theelectroncloudwhereelectronamovesrandomlyand
canbecharacterizethy somequasi-steadgquilibriumdis-
tribution canexist only in the caseof small currents.That
is truefor both practicallyimportantcasesvhereelectrons
aregeneratedy synchrotronradiationor areresultof the
beaminducedmultipactoring.

Thepaperis organizedasfollowing. We startwith asim-
ple caseof the coastingbeamwhereelectronsoscillatein
the self-consistenpotentialwell and canbe describedcby
the Boltzmanndistribution. Then,to definethe tempera-
ture of thedistribution, we needto considetunchedbeam.
The temperaturas definedby the equilibrium of the en-
ergy lossesThenext stepis to take into accounthe multi-
pactoring.lt is shavn thatthe space-chayepotentialof the
secondanelectrongyenerates potentialbump at the wall
which definedby the equilibriumof the averagenumberof
electronsn the cloud. Effect of the finite bunchlengthin

*Work supportedby Departmentof Enegy contract DE-AC03—
76SF00515.

Section6. Whereverit is possible purresultsarecompared
with simulationg1].

2 STEADY-STATE: COASTING BEAM,
NO SR

Let usstartwith a coastingbeamwith theaveragdinear
densityNy /sp in aroundbeampipe. Electronsof thecloud
oscillatein the steady-stat@otentialU = Upeqr + USC
of therelativistic beam( in units of mc?)

Nb'f‘e b2

U, =— 1
beam St n[r2 + oy, + Uy)]’

plusthe space-chayepotentialof the cloud

@)

b T
Usc = 47rre[/ r'dr'n(r')lnﬁl —/ r'dr'n(r') In L/]
0 r 0 r
&)
The steady-stateélensitycorrespondso the conditionthat
thetotal radialfield < (dU/dr),= atthewall is zero.This
conditiondefineghe averagedensityin the steady-state

2 N,
ng = ﬂ_—;); /rdrn(r) = wsbl;ﬂ' 3)

This is the well known condition of neutrality which is,
actually independentf theform of thedistribution n(r).

FortheNLC parametersyq = 2.2107 ¢m?. Thisagrees
quitewell with theresultsof simulationg1] which givethe
averagein time densityat saturation3.0 107 cm—2 atlow
level SR.

The averageover time distribution function of electrons
trappedin this potentialwell canbe taken as Boltzmann
distribution

p(r,v) = |N|e*% (1/2)(v/e)"+U(r)] (4)

where T is temperaturein units of mc?, |N| is the
normalizationfactor relatedto the averagedensityng is
J 2mrdrdvp(r,v) = wb*ng. Thedensityof thecloud

_u/T b2 e—U/T
ncl(T):/dUp:|N|cv27TTe :TLO?W
(6)

ThepotentialU in Eq.(5) is thetotal potentialU = U +
U, of thebeamandthe cloud. The lateris definedby the
Poissonequationwith the right-hand-sidg RHS) propor
tionalto n(r).

Let usdefinedimensionless = r /b andmeasurall po-
tentialsin unitsof 7', introducingV (z) = (U(r)/T)r=bz-
Then, for a cylindrically symmetricbeampipe, V(z) =
Ver — gln(1/z) where

N 2Nbr6
- TS[, ’

271 b?

g=



The Poissorequationfor V; takestheform

10 0Vy

e_V(w)
E%HU or

B _gfa;da:e*V(“”)'

(7)

In thestationarycasethetotal potentiallU (r) andtheforce
dU(r)/dr arezeroatr = b. That givesthe boundary
conditionsV (1) = 0, (dV/dx),=1 = 0 or, for the space-
chagepotential,or

dVy
8
iz 8)

Thespace-chaepotentialis finite atz = 0. Integration
of Eq.(7) with the weight z gives (dVy;/dz),=1 = —g-
Comparisonof this resultwith Eq.(8) givesg = ¢ and
defineshe averagedensity

‘/cl(]-) =0, (

)wzl = -9

Ny
- 7T81,b2 ’

reproducingthe densitygiven by the conditionof neutral-

ity. Note,thatthe averagedensityny is independenof the

shapeof thedensityn;(r) andtemperaturd’.
PotentialsV (z), Vg (), and

(9)

no e_V(z)

2 ) zdze=V (@)

dependonly on oneparametey. It is definedin the next
section.

(10)

Nep =

9=0.552, norm=0.614
T

0.8 1

Figurel: Total self-consistent potential V' (z) and thebeam
potential V;, = —gln(1/z) vsz = r/b. Parameter g is
found from Eq. (16).

3 STATIONARY DISTRIBUTION,
BUNCHED BEAM

In the approximation of the averaged beam poten-
tial, electronshave regular motion oscillatingin the self-
consistenpotentialwell. Theaveragingof thebeampoten-
tial is a standardrick usedfor the similar problemof the

ion instability. For the e-cloudthis approximatiorrequire
justificationdueto high frequeng of the electronoscilla-
tions. For example,for the NLC DR, thelinearfrequeng
of oscillations

2Nb7'e

Oy = 0, | ——Te
Oy sp(0g + ay)oy

(11)

is equalto €, /2m = 31.7 GHz andthe numberof oscil-
lationsbetweerbunchesg s/ (2mc) >> 1. Obviously,
the beampotentialcannotbe approximateddy a potential
of thecoastingobeam.

Neverthelessan electronmovesbetweenbunchesonly
by the distancesmall comparedto beam pipe radius.
Hence,beforean electroncanreachthe wall, it is kicked
by v/c = 2Nyr. /r severaltimes. Electronsmove chang-
ing directionandthe motion is similar to a randomwalk.
We canestimatethenumberof kicksnp,ss anelectrongets
beforeit canreachthewall from

Npass < (M)Q >= b27 (12)
what definesn,,ss. It is clearagainthatit makessense
to speakaboute-cloudonly for k = 2Nr.s /b << 1.
FortheNLC parametersy,,ss ~ 3 — 4 in agreementvith
simulations.

In theprevioussection thetemperaturd’ remainsunde-
fined. Now we take into accountthe beambunchingcon-
sideringbunchesas point-like macroparticles. The goal
is to definethe temperaturel” and the averageover time
densityof the cloud.

The bunching of the beam has several implications.
First, an electronin the beampipe experiencesperiodic
kicks. Neglecting the space-chaye potential, we can
write a simplecticmap M (x,v) giving transformationof
the electron coordinatesper bunch spacing [z,v]— >
[Z,0] = M(x,v)[z,v]. Theeigenvaluesof the Jacobian
D[M][z,v],{z,v}] arerealonly for z < o, /b, i.e. in the
region of thelinearmotion.

Elsavherethe motionis chaoticandthe averagein time
distribution functioncanbetakenin theform of Eq.(4) al-
thoughtheapproximatiorof thecoastingoeamis notvalid.
That is possibledue to the other effects of the bunched
beam: heatingof the cloud causedby the kicks balanced
by the cooling of the clouddueto thelossof electrons.

A kick from abunchincreasesheaverageenengy of the
e-cloudby

Nbre )2

AEgqin = 27r/rdrdvp(r, v)(2 (13)
whereintegrationis over the phasespaceof thecloud.

The electronsin the vicinity of the beamarekicked to
the wall and are replacedwith the low enegy secondary
electrons.The later procesgproducescooling. To belost,
anelectronhasto reachthe wall beforethe next bunchar
rives. The trajectoryof an electronbetweenbunchescan
be estimatedasfollowing. Consideran electronwith the



initial conditionsr, v/c just before a bunch arrives. A
bunchchanges? = v/cto By = v/c — 2Nyr. /1. After
that, an electronmovesin the field of the spacechage.
Let us assumefor a moment,a uniform density of the
cloud, nq(r) = no. Then, the space-chae force is
2nrenor andthe electronis at 7 = rcosh(Qpsp/c) +
(¢Bo/Qp) sinh(Qy,s5/c) atthetime of arrival of the next
bunch.Here(Q,;/c)? = 2mner.. A quasi-stationargloud
canexist only if (Q,85/¢c)> << 1. For the NLC parame-
ters,ng = 2.210” em 3, and (Qysp/c)? = 0.277. In the
caseof small (Q,;/c), 7 = 7+ (v/c — 2Nyre /7)sp andis
independenbnngy. Theelectronhitsthewall if |7 > b, or

2Npr,

v, bor +2E (19)

b+r
C Sp r C Sp

2N,
—I——bre, or Y

All electronswithin this partof the phasespacegetlostand
arereplacedby the electronsfrom the cloud. The enegy
lossis equalto the enegy of the lost particlesbeforethey
werekickedto thewall:

AEj,ss = 27r/rd7“dvp(7“,v)[1 ﬁ +U(r)], (@5)

2 ¢?
whereintegrationis restrictedby theconditionEq.(14)and
0 < r < b. Herewe neglectedthe enegy broughtto
the cloud by the low enegy secondaryelectronscoming
in from thewall.

The balanceof enegiesEq.(13) andEq.(15) givesthe
following equation:

1
d
g"“/ Ze VO F(@) =
o T

/ ' dpe V@ [(% + V(@)1 - Fx))
01
2y/m

+ (z4e " +2_e )],

(16)

where

F(z) = (1/2)(Erflz4] + Erflz_]), &= 2Nyresy /b7,
17)

and

. \/%(1_“5), o= \/%(lﬂ—g)- (18)

Let us remindthat, given k, V (x) dependsonly on g.
Eq.(16) definesg, i.e. thetemperaturel’. It is plausible
to expectthatg ~ 1/1n(1/«). Thesolutionof Eq.(7) and
Eq.(16) canbe obtainednumerically Calculationsfor the
NLC parametek = 0.277 defineg = 0.552, whatis close
to the estimateabove, 1/1In(1/k) = 0.780. Thetempera-
turein unitsof me? is T = g(2Nyre/sp), or T = 92.4 eV.
ThepotentialV (z) is shavnin Fig. 5. At smalldistancest
goesasbeampotentialbut atlargedistancess flatterdueto
thespacechagecontritution. Thedensityprofilen(z) /no,
Eqg. (10), for the sameparameterss shavn in Fig. 2. The

Density profile

75 ¢ ]

n n0

25 ]

Figure 2: The density n(r)/ng, ng = 2.2107 em=3 vs
x = r/b for the NLC parameter 2N, r.s;/b? = 0.277.

densityatthe beamline (atthe momentof a buncharrival)
is substantiallylargerthatthe averagedensityng.

The numberof electronswith the enegy E hitting the
wall of thedrift chambemvith thelength L, is

AN (E)
dE

= ZWLd/TdeUp(T', 0)5[% (%—2]\;—”6)2+U(r)—E],
(19)
whereintegrationis taken over the regionv/c > 2Tz,
andv/c < —v/2Tz_, andp is the distribution function at
themomentof buncharrival.
Theresultof calculationds shovnin Fig. 3. Parameters
arethe sameasin Fig. 2.

Number of electrons hitting the wall

5.. 107 5.. 107
Y 1.10 1.- 107
5

2.5 108 2.5 108

1.- 10° 1.- 10°

0 100 200 300 400 500 600 700
E, eV

Figure3: Number of electrons per bunchdN/dFE 1/eV ac-
celerated from the e-cloud and hitting the wall with energy
E.

Finally, thenumberof electrongitting thewall perpass-



ing bunchis givenby theintegral

Nipss = 27rLd/rdrdvp(r, ) (20)

wheretheintegrationis overtheregionv/c > V2T, and
v/c < —/2Tz_. Calculationgives Nj,ss = 5.53 10,

31% of thetotal N;o; = wb2Lgng = 1.7410° electrons
in the cloudin thedrift with length L;. This resultmaybe
comparedvith the simpleestimatewhich assumeshatall

particleswithin radiusr, where(2Nyr. /r)sy > b arelost.

If thedensitywould beconstanty = 2.2107 1/cm?, then
Nioss = 1.3710°. Theactualnumberis higherbecaus¢he
densityat the beamline is higherthanthe averagedensity
Nng-.

Thetotal enegy lossis givenby theintegral

2
Eyoss _ wb“ng

T /a:da:e_v(‘”)
T fo zdzExp[-V (z)]

/due”‘Z[(u - % %)2 + V()]

(21)

Herethevariableu = (v/c)/v2T, andtheintegralis taken
over|z + u+/2k/g — k/x| > 1. Numericintegrationgives
powerloss(c/sp) Eipss = 101 W/m.

4 JETS

Anothereffect of thebunchedbeamis productionof jets
of electrons.

Simulationsshaw that, at the high level of the SR, the
averageelectrondensityis higherthanat the low level of
the SR by a factorof two. (It is worth notingthata round
beampipe without the ante-chambewasusedin simula-
tions). For large SR, the primary photo-electronsnove as
acompactet towardthe beamline gettinga kick

2Nb7'e
T

) = (22)
from the parentbunch.

Thedensityof ajet maybehigherthanthatgivenby the
condition of neutrality and dependson the yield n of the
secondaryelectronemission,numberof jets k.., within
the beampipe, andthe volume of a jet. The densityav-
eragedover the length Ly of the drift sectionwhereSRis
absorbedindoverthe beampipe cross-section,

N, N,

< Ney >= Ymkjetsa (23)
is proportionalto the numberof photons
dagy Ly
= — 24

radiatedby a positronin the bendwith radiusR andlength
Ly perpass.

For theNLC parameterandY = 0.2, kj.s = 2 andthe
averagedensity< n., >= 5.5107 1/em? is very closeto

the resultof simulations6. 107 cm =2 with the large yield
Y of theprimaryphoto-electrons.

The jets may also explain why the electrondensity at
the beampipeline in simulationsis muchhigherthanthe
averageelectrondensity

Initial enegy spreadof the primary photo-electrons
leadsto the differencein the distancef electronsin the
jet from the beamline. Interactionwith the bunchtrans-
latesthis differencein the enegy spreadof the electrons
hitting the beampipe wall. If the shortestdistanceof the
jet centroidfrom thebeamline is d, then

dN _ YNyN, 2Nyr., ,mc?

oy _ T )32 25
dE Liet mc2 )(2E) (25)
Thedistributionis shovnin Fig. 4 for Y = 0.2.
dN dE in jets
200 500 800 1000
1.- 10° 1.- 10°
w 1.- 108 1.- 108
©
=z
©
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1.- 108
200 500 800 1000 1400
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Figure4: Number of electrons dN/dE hitting the wall per
bunch. Electrons are accelerated by the beam while a jet
crossesthe beamline. Y = 0.2

5 SATURATION

High enegy electronsitting thewall producesecondary
electronswhich, after thermalization,may increasethe
densityof the cloudin the avalanche-lile way. Let uses-
timate the numberof bunchesm neededo reachsatura-
tion of the cloud densityny = 2.2107 1/cm?®. At thelow
level of thephoto-electrigsield Y = 0.002 takenin simula-
tions[1], theSRaddsto theaveragedensityngsy = 5.5 10°
1/em? perbunch(seeEq.(23)). Most of theseelectrongyo
wall-to-wall andonly (n — 1)ngg of the secondaryelec-
tronsremainin the cloud. Due to the multipactoringthe
densityincreasesxponentially:

I entngnt(—nsn, n="SR[en-Um_q]

dm

(26)
Hereweintroducedparamete€ = Njs5/Niot definingthe
fraction of the cloud participatingin multipactoring. The



estimateof the previoussectiongives¢ = 0.3 andtheden-
sity reachesaturatiorafter
1 No
m=——In[—¢&+1
Em—1) [ﬂSR5 ]
passesFortheNLC DR, m = 19forn = 1.45. At thehigh
SRphotonflux, wherengg ~ ng, thenumberof passeso
reachsaturatiorosof theorderof [¢(n — 1)] ! ~ 7. These
estimatesrein reasonablagreementvith thesimulations.

(27)

6 EFFECT OF THE MULTIPACTORING

It wasmentionedabore, that, for x > 1, therearetwo
region of distancedrom the beamline: in the vicinity of
the beam,whereelectronsare wiped out by eachpassing
bunch,andanothemnecloseto thewall.

The multipactoringaddsthe third region. Generally
thereis a bump of the potentialwell in the vicinity of the
wall which defineshow mary of the secondaryelectrons
can go to the centralregions. Sucha sheathworks asa
virtual cathode Thedensityin the sheatihearthewall de-
pendson the balanceof the numberof electronskickedto
thewall from thecentralregionandthenumberof electrons
producedat thewall by the SRandmultipactoring.

In the equilibrium, the numberof lost particlesis equal
to the particlescomingto the cloud from the wall. If the
yield of secondarelectronss high, to sustainthe equilib-
rium, the total potentialchangego stopthe backflow of
thesecondanglectrons.

The distribution function p(r,v) satisfiesthe Liouville
equatiorwith the sources,

% . 0p 20U dp _ (b(r—1)

ot or Or Ov 27r F(v).

Here f(v) is normalizeddistribution of the secondary
electronsover velocity,

=S (28)

v
e
2Ty,

2 0
0 = gpe #r, [ ajw =1 @)
The temperatureT,, is equal to the average enegy
of secondaryelectrons Ey in units of mc?, T, =
J dv(v?/2¢?) f(v). In the estimatewe assumeE, = 2
eV, T,, = 4.010°%. The sourceS,;, the numberof sec-
ondary electronsejectedfrom the wall per unit time and
unit lengthof thebeampipe,is givenby the numberof lost
electronsdN;,ss /ds andthe yield of the secondarnyelec-
tronsn, S = (1 —1)(¢/s5)dNjoss /ds. (More exactly, S,
is givenonly by thelost particleswith the sufiiciently high
enegy, E > 50 eV). If thereis the SRflux, it addsSsg,
S =8+ Ssr,
C

Ssg =Y N, N
SR 0% bSde

(30)

We imply herethat electronsgeneratedat the wall are
thermalizedand are addedto the e-cloud. This process

works asa sink for the generatecklectronsand allows us
to considerthe averagein time electrondensityp(r,v) =
pet(H) + ps(r,v), whereH = v?/2¢* + U(r). Herethe
first termis the distribution function of the cloud andthe
secondermdescribesecondarelectrons,

_ S flev2H)
ps('f',U) - 2_7Tb C\/ﬁ

The densityof the secondarnelectronsn, = [ dvp, at
thewall is

O —r). (31)

()=

" Sbey2n T,

Thetotal potentialatthewall V(1) = 0, andin thevicin-
ity of the wall canbe expandedin seriesV (z) = (1 —
z)Vi+(1—2)2(V2/2)+... Tohave maximumatz . < 1,
V2 hasto be neggative. The potentialis maximumV,,,,, =
—V?2/(2V) atthedistanceA = (1 — Tymaz) = —V1/Va
from thewall. Hence,V; > 0. The Poissonequationat

(32)

z — 1 relatesthecoeficientsV;, andV,, Vo — V; = -G,
where
2
stkb 2m i 27r.b ng ‘ (33)
I'VTy T [ zdvexp[-V ()]

Thesecondermin theright-hand-sidés dueto thedensity
of thecloud.

To stop secondaryelectronsto go into the beampipe,
the maximumof the potentialV,,,,, hasto be of the order
of Ty /T. Vimaz canbe estimatedequatingthe numberof
particlesreturningto thecloudto d N, ss /ds. Electronghat
gobackinto thebeampipehaveto haveenegy v? /(2¢?) >
TVmaz‘a

dN Sp

(E)back = — 6(T — b)

27r
(34)

2mrdrdvS f(v)

c ~/v/c<—\/2Tme
= % GeVmasT/Tu,
C

Substituting S and equating that to (dN/ds);ss =
Nioss/ Lq definedby Eq.(??), we get

Ty
T
Thisdefinesl; = V, + G andA = -V, /V3,

Vmaz =

Infn + —2—2]. (35)

— 2 2
A Vs £V Ve £ 2CVimas (g
Vma:z + G - V'y%aw + 2G‘/ma:c

This resulthasmeaningonly if A << 1, i.e. for thelarge
enoughdensityof the cloud. Otherwise the heightof the
potential barrier can not reachT,, and the densitykeeps
building up.

If G << Vyaz,

2
— M (37)



For the NLC parametersindn = 1.45, A = 0.082 and
Vinaz = 0.032 0r 2.95 eV.

Althoughthe heightof the potentialbumpatther,,,,, =
b(1—A) is small,of theorderof T, it changesheequilib-
rium densityof the cloud. To seethe effect on the average
density let usagainintegratethe Poissorequation

rdr dr

overr with theweightr in theintenal 0 < r < 7,4,. Be-
causel/,; is finite atr = 0, we getfor the averagedensity

= —dmreng(r) (38)

2 [Tmes
<ng >= / ne (r)rdr
maz J0
1 dUq
= - =), = . 39
2T mae AT Ir=rmas (39)

Thetotal potentialU (r) = Uy — gT In(b/r) is maximum

atr = rypeq. Therefore(et) . = —gT/ryneq, and
T, 1
< N >= g—( )2. (40)
T Tmaz

Substitutionof g from Eq.(6) andr,.. = b(1 — A) gives

< Ny >= TL(]( (41)

1y
1-4)""
The averagedensityis higherthanthat given by the con-
dition of neutrality but the differenceis small provided
A << 1

It is worth noting that, without the potentialbarrier, pri-
maryphoto-electronsvith positive enegy goabovethepo-
tentialwell. They addto the averagedensityof electrons
but their spacechage reduceshe densityof the cloud in
sucha way that the total averagedensityis still given by
the conditionof neutrality

Electronsreflectedby the potentialbarrier hit the wall
again increasingthe power depositedto the wall. The
power depositeddy this mechanisndepend®n theyields,

dP c

T ]Vloss
ds Sp [tn ) 0 Niot

+ YN, D01 (1 4 Vi Yo Ve T/ T (42)
Ld Tw
For the NLC DR this contribution is negligible, lessthan
W/m.

Anothereffect of the secondarelectrongrappedat the
wall is theintroductionof a smallazimuthalasymmetryof
the potentialwell for the beamparticles. The dipole com-
ponentof suchperturbationmay causean orbit distortion
andthe quadrupoleomponenteadsto theasymmetriae-
pendenceof the tune on the beamcurrent. The estimate
shaws, however, thattheseeffectsaresmall.

7 EFFECT OF THE FINITE BUNCH
LENGTH

We assumedverywhereabove thata bunchcanbe de-
scribedas a point-like macro particle. The finite bunch

length may substantiallychangethe numberof lost parti-
clesfrom the region nearthe beam. As it wasmentioned
in Section2, the numberof oscillationswithin the bunch
lengthfor suchelectronss large. (It maybenottruefor the
electrondar away from the beambecause¢he frequeng of
oscillationsdecreasewith amplitude). Thefield of abunch
atagivenlocationaroundthering variesslowly compared
to the period of oscillationsand can be consideredas an
adiabaticperturbation.As it is well known, the amplitude
of oscillationsin this casereturnsto theinitial valuewhen
the perturbationis turnedoff. It means,that an electron
may decreasehe amplitudeof oscillationswhile bunchis
passinguy, but retainstheinitial velocity andpositionafter
thebunchgoesaway. Theseargumentsneanthatthenum-
berof the high enegy electronshitting thewall andpower
depositionare smallerfor the larger bunchlength. On the
otherhand,low enegy electronsn vicinity of thebeamcan
live therefor along time whatwould meanlarger density
atthebeamline. Fromthis point of view, it is preferableo
have shortbunchesbut with alargebunchcurrentto bein
theregimewhereelectronggo wall-to-wall in onepass.
Oneof implicationsof thefinite bunchlengthis the beta-
trontunevariationalongthebunch. Thekick from thehead
of a bunchcausesnotion of the e-cloudelectronstoward
thebeamline andincreaseslensityof e-cloudin thetail of
thebunch. Thetunespreads of the orderof thetuneshift:

2reng < R >2

1Q ’
where< R > is the averagemachineradius. The tune
spreadfor the NLC is large, AQ = 0.0207 at ng =
2.22107 1/em™3. Theinteractionwith the densgiets can
changetune of the bunchesin the headof the bunchtrain

differently than for the rest of the bunchescausingtune
variationalongthe bunchtrain.

AQ = (43)

8 EFFECT ON THE WAKE FIELD

Thewake field of the cloudwith the averagedensityng
canbe estimatedanalytically[5, 6]. For along bunch,the
short-rangewvake per unit length hasthe form of a single
mode

2n(k)ly QB . _pe
() sinug)e 5,

Wbunch (z) = Wm (44)
wherethee-clouddensityis takenatr,,;,, = bk totakeinto
accountthat the densityat the beamline is differentthan
the averagedensity Q /2 is thelinear bunchfrequeny
of oscillations,

(Q_B 2 2Nb7'e
c oy(0g + 0y)0.V/21

E=Qpz/e,ly = 0.V/27, andW,,, 4 andQ arecharacter
isticsof thewake with weakdependencentheaspectatio
oy /o, andthe beampipe aperture. They were calculated
in thereferencd6]: W,,, = 1.2, . = 0.9, and@ = 5.

(45)



ThebunchshuntimpedanceR, perturn

ngunch ZO 2n(/<a)lb
g = 2nR- N, Wi (46)
is Ry ~ 2.3 MOhm/m.
8.1 Transverse coupled bunch instability
For a single bunch stability, Qg/c = 53 1/em and

Wnaz = 410% em™2.

To considetthe CB instability, thelong-ranggLR) wake
hasto bescaledirom the short-rangavake Eq.(44) replac-
ing thebunchlengthby s, and,secondlyusingtheaverage
densityng. Themaximumvalueof the LR wakeis:

NoSp Qbeam
= mTar ’ 47
Wir(z) =W, Nb( . ) (47)
where Q N
eam 7‘6
(—remyz = e (48)

Cc ST min

Herermin ~ Npresy/b estimateghe rangeof distances

rmin < r < bwhereelectronssurvive afterabunchpass.
TheLR shuntimpedanceR?¢2™ perturn

Rgeam ZO NoSp
=2rR= T
0 TR i N, W,

(49)

is Rbeam ~ 134 MOhm/m for the NLC DR nominalpa-
rameters,by a factor of two larger than in the simula-
tions[1].

The maximumgrowth rateof thetrans\erseCB

1 _ Ibeam Rgeam

1_ coBy e—(Q/c)beamUz)2
T (E/e)

4R

(50)
isT =0.01 ms.

9 SUMMARY

At high currentsglectronsnaygo wall-to-wall between
bunchesand electroncloud, in the usualsense,doesnot
exist.

Thermalizationof electrons,takes placeat a moderate
currentwithin somedistancedrom the beam. Evenif the
numberof the linear oscillationsper bunchis large, such
electronscan be describedby the Boltzmanndistribution
dueto randomnessf the electronmotion.

The jets of primary and secondaryelectronsmay have
high densityand explain the high enegy tail in the distri-
bution of electronshitting thewall.

A simplemodelof the e-cloudformationsallows us to
reproducemainresultsobtainedin simulationsexplaining
the level of the densityat saturationandit dependencen
the v — e yield. The temperatureof the distribution is
definedby the condition of the enegy equilibrium. The
multipactoringdoesnot changethe temperaturenuch but
rather affects the distribution of electronsin the vicinity
of thewall. Thatexplainswhy the averagedensityof the

cloudis closeto that given by the condition of neutrality
Thefinal bunchlengthmay changethe power depositedo
thewall andthe densityof electronsat the beamline. In-
teractionwith the cloud cancausehetunevariationalong
the bunchtrain. Trans\erseCB instability requiresstrong
feedback.
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11 APPENDIX: RESULTSFOR THE NLC

MAIN DR
Parameter Description Value
E, (GeV) beamenegy 1.98
C,m circumference 299.792
Bz, m horizontal 3.64
By, m vertical 7.06
vz, M horizontaltune 27.261
vy, M verticaltune 11.136
Vs synch.tune 0.0035
b,cm beampiperadius 1.6
B, T dipolefield 1.2
Ly, m bendlength 0.96
Lg,m drift length 0.975
Ey, eV peakof secondaryelectrons 5.0
Er,eV enepgy spreadf secondanelectrons 2.0
Y, photo-electrigyield (low/high SR) 0.002/0.2
1, secondargmissionyield, 1.45
Sp, M bunchspacing 0.84
N 1010 bunchpopulation, 1.5
ey, N, mmmrad  norm.x-emitt. 3.86
ey,ny, mMmmrad normy-emitt. 0.018
o, mm rmsbunchlength 3.6
51073 relat. enegy spread 0.909

Tablel: Globalparametergor theNLC main
dampingring



Parameter Description Simul.  Analytic

Tveam, AMpP averbeamcurrent 0.86 0.86

ng, 1013 m =3 averagedensity 3.0 2.2

ness, 1088 m=3, effective density 3.11

Fream, MHz LR wake frequengy 152

Focam/ Frev 100-200 152

Wy r periodin s, 4 4.7
bunch M shortrangeW ;.4 4.E7
o 106m™2 LR Winaa 0.60 14

RY MOhm/m SRshunt 2.3

RY MOhm/m LR shunt 134

T, MS LR growthtime 0.018

T, MS LR growth time 0.1 0.01

Ay, incoher tunespread 0.021

T temperatureeV 92.2

Nioss/Niot lostperbunch 0.32

Numberof passeso saturat. (high/low) SR 8/25 7118

Pau W/m power to thewall 80. 87.

K parameter 0.277 0.0694

g parameter 0.5529  0.743

norm parametelf zdze™" 0.614

Vimaz potent.bump,eV 0.8

A parameter 0.067

Table2: Comparisorof the calculationswith

simulationg1].



ELECTRON-CLOUD UPDATED SIMULATION RESULTSFOR THE PSR,
AND RECENT RESULTSFOR 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 Nationa 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 alarge number of electrons. Thisinstability is now be-
lieved to be due to the collective coupling between an elec-
tron cloud and the proton beam [1, 2]. Such instability isa
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 studiesto look in detail at the
dynamics of the electron cloud rather than the instability
per se. Thusin al results presented here, the proton beam
is assumed to be a static distribution of given charge and
shape moving on its nomina closed orbit, while the elec-
trons are treated fully dynamically. This approximation is
valid for stable beam operation, and it is probably reason-
ablefor mildinstability. We defer issueslikethe 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 el ectron 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.
T mpivi@lbl.gov and mafurman@Ibl.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 19
dipolefield B, T 12 0.78
bunch population N,, x1013 5| 205
ring circumference c,m 90 248
revolution period T,ns 350 945
bunch length b;, ns 254 760
gauss. tr. bunchsize | o,,0,, mm 10, 10

flat tr. bunch size Ty Tyy MM 28,28
beam pipe semi-axes | a, b, cm 55| 10,10
proton loss rate Dioss, X1076 4 0.11
proton-electronyield | Y, 100 100
No. kicks/bunch Ny, 1001 | 5001
No. stepsduring gap | N, 100 250
SEY params:

max sec. yield Omaz 2.0 2.0
energy atyieldmax | E,q, €V 300 300
yield low energy e. | 6(0) 05 05

2 PHYSICAL MODEL

2.1 Sourcesof 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
asresidual gasionization, we have turned them off for the
purposes of thisarticle.

2.2 Secondary emission process

We represent the SEY §(F,) and the corresponding
emitted-electron energy spectrum dé/dE (E, =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 E,... @ which §(Ey) is maximum, and the
peak valueitself, §,40 = 0(Emaz) (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 do/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 §(E)y) at incident electron energies £y <
10eV is an important parameter since it determines the
electron accumulation rate, and also the electron surviva
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 6(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 §(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  Smulation Model

The SNS and the PSR rings store a single proton bunch
of length 7, followed by a gap of length 7, with a typical
current intensity profile shownin Figs. 2 and 4. In our sim-
ulation we assume a Gaussian transverse PSR beam with
rms sizes o, = o, = 10mm, , and we use the actualy
measured longitudinal intensity profile. A flat transverse
beam with v, = r, = 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 N, x Y x pjoss per turn for the whole ring,
where Y is the effective electron yield per lost proton, and
Pioss 1S 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 isdivided up into
dlices, so that the macroparticles experience Ny, kicks dur-
ing the bunch passage. We divide the interbunch gap into
N, intermediate steps. The space charge force is computed
and applied at each dlice in the bunch and each step in the
gap. Theimage forces from both protons and electrons are
taken into account, assuming a perfectly conducting wall.
Typical parameter values are shown in Table 1.

3 RESULTSAND 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 pul se are accel erated and decel erated by the beam
potential and hit the opposite wall with a net energy gain,
producing secondary electrons.

proton-electron yield ¥, =100

Tertiary electrons.... ‘.oto"\' & generated by proton
st losses during
bunch passage “captured” e,
before bunch -
passage
¥ s =

e 5
F N PSR proton beam (~ 64 m, in 80 mRing)
P “captured” e g SNS proton beam (~ 200 m, in 248 m Ring)
&
&
Secondary electrons

vacuum chamber vall

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 9,4 = 2. The esti-
mated average number of electronsin afield freeregionis
~ 4 x 107e~ /em? or 50nC/m. The neutralization factor
or fractional charge neutrdization, ratio e~ /p*, during a
bunch passage is shownin 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 §,,,,,. = 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 4,,.. = 2. Due to alarge 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 alower 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 72 dQsc ~ =2 dQsc =-04 (1)

where dQ,.=0.2 is the space charge tune shift, v = 2.066
isthe 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 passagesis shown in Fig.6.
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Figure 2: Simulated electron density during the first bunch
passages, in a PSR field-free region and a dipole section.
The saturation level isreached after few bunch passages.
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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 afield-free region, leading to a significant tune
shift given by electron neutralization. Due to alarge unex-
pected electron multiplication in the case of the SNS, we
have used a low number of macroparticles per bunch pas-
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Figure 4: Simulated electron density during the first bunch
passages, in a SNS field-free region.
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neutralization factor
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Figure 5: Simulated electron neutralization factor in aSNS
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-11*

YunhaiCai, SLAC, Stanford,CA 94309,USA

Abstract

The head-tailinstability causedby an electroncloud in
positronstorageingsis studiednumericallyusinga simple
model. In the model, the positronbeamis longitudinally
divided into mary slicesthat have a fixed trans\ersesize.
The centroidof eachslice evolvesdynamicallyaccording
to theinteractionwith a two-dimensionaklectroncloud at
agivenazimuthalocationin thering anda six-dimensional
lattice map. A suddenandhugeincreaseof the projected
beamsizeandthemodecouplingin thedipolespectrunare
obsenedin thesimulationatthethresholdbf theinstability.
Evenbelow thethreshold the verticalbeamsizeincreases
alonga bunchtrain thathas8.5 ns bunchspacing.Above
the threshold,a positive chromaticitycandampdown the
centroidmotion but hasvery little effect on the blowup of
the beamsize. The resultsof the simulationareconsistent
with mary obsenationsat PEP-II.

1 INTRODUCTION

The trans\erse couple-tunch instability causedby an
electroncloudin a positronstoragering wasfirst obsened
in the spectrumof coherentdipole oscillationin the KEK
PhotonFactory [1]. The photoelectrorproducedby the
synchrotronradiationis proposedasthe primary causeof
the instability by Ohmi [2]. He has simulatedthe pro-
ductionof the photoelectrorandshovedthatthe effective
wake field dueto the electroncloud coupleshedipole mo-
tion betweerbunchesandhencecauseshe coupledbunch
instability for the positronbeam. This instability can be
controlledby a strongbunch-by-tunchfeedbaclkasdemon-
stratedn theLow Enegy Ring (LER) of KEK-B andPEP-
Il.

However, even with suppressedipole oscillations,the
electroncloud still causessignificantemittancegrowth as
obsened recentlyin KEK and PEP-II B-factories[3, 4].
The growth hasbeenexplainednumericallyasa result of
head-tailinstability causeddy the electroncloud by Ohmi
andZimmermann5]. Sincethereis no directexperimen-
tal confirmationof the proposedheory; it is importantto
continuethe studyto establishthelink betweertheoryand
experiment.

In this paperwefirst briefly describehephysicsandap-
proximationin the simulationin the section2 and3. Then
we make a simulationin section5 and 6 to identify the
thresholdof the instability both in termsof the emittance
growth andmodecoupling.In section7 and8, we simulate
the emittancegrowth belov and above the threshold. Fi-
nally, we make a summaryof thewholeinvestigation.The

*Work supportedby the Departmentof Enegy under ContractNo.
DE-AC03-76SF00515

focus of the simulationis on the obserablein the ring.
Wherepossible,we will make a comparisorbetweenex-
perimentabbsenationsandthe simulation.

Therearetwo mainsourcef electronsphotoelectrons
generatedrom the synchrotronradiation and secondary
electronsfrom the multipactingon the vacuumchamber
The detail of how the electroncloud is generatectan be
foundin the work by FurmanandLambertsor{6]. In this
paperthedensityanddistribution of the electroncloudare
treatedasaninitial inputto thesimulation.Wewill concen-
trate on how the positronbeaminteractswith the electron
cloud oncethe electronsare generatedindreachthe satu-
rationdensity

2 BEAM AND ELECTRON CLOUD

For thebeamandelectroncloud, we usea simplesimu-
lation modelintroducedoy OhmiandZimmermanri5]. In
the model,the trans\ersedistribution of the electroncloud
is representedy V,, macroparticlesat a givenazimuthal
locations in thepositronring,

N,
. 1 (KRl . L
Pi(mea Ves 3) = N Z 5<xe - xen<3>)5<ve - Uen(s))v
mop=1

where?, and#, arethetrans\ersecoordinateandvelocity

for the electrons.The distribution of the positronbunchis

representedby NV, longitudinalmacroslicesasillustrated
in Fig. 1. All slicesareassumedo have arigid Gaussian
distribution of transwersermssizes(o.., o). Thecentroid
of eachsliceis treatedasa dynamicalvariablein 6D phase
space.

Figurel: A positronbunchmodeledasmary longitudinal
sliceswith arigid trans\erseGaussiardistribution.

Trans\ersely we usethe 2D vectorZ,. andp.. to describe
thecentroidcoordinateandthecanonicamomentunof the
slices. At the beginning of the simulation, all the trans-
versecoordinateandmomenteaof theslicecentroidareset
to zero. Longitudinally, the centroidcoordinatez andmo-



mentump, of the slicesareinitialized to a Gaussiardis-
tribution with rms bunchlengtho, andenegy spreads,
respectiely.

To speedup thesimulation,all electronsarelumpedinto
one single slice at a given azimuthallocation s with av-
erageg function. This approximationis justified because
we know thatthe head-tailinstability is ratherinsensitive
to the locationof the impedance Beforethe arrival of the
positronbunch,the distribution of the electroncloudis re-
initialized to a Gaussiardistribution with sizesog; andoy,
andthe velocitiesof the electronsare resetto zero. The
slicesof the buncharesortedaccordingto their longitudi-
nal positions.Staringwith the head the slicescollide with
the electroncloudsequentiallyin time. Undertheassump-
tion of aGaussiaristribution, thekick experiencedy the
it" electronfrom the electricfield of then'” sliceis

5021 = — 2 B — i ),
S

1)

whereN, is thenumberof positronin asinglebunch,r. is
theclassicaklectronradius,c is the speedf light, andFg
is given by the Erskine-Bassetfiormula[7]. Thekick by
the electroncloudto the centroidof the slice is expressed
as v

2‘;\}25\5/8 ; FG(‘T?Cn - T%ié 5:)7
where N, is the number of electronsand N, =
2rnog0,Cne for the electroncloud with an initial trans-
verseGaussiardistribution, C' is the circumferenceof the
ring, andn. is the densityof the electroncloud. Note that
thedistribution of the electroncloudis not directly usedin
the calculationandthe expressionis basedon the conser
vationof the momentum.The approximations valid only
whenthesizeof the electroncloudis muchlargerthanthe
size of the beam. Betweenthe collisions of two adjacent
slicesthe electrondrift, dz. = v; * dz/c, wheredz is the
longitudinaldistancebetweertwo slices.

3 LATTICE MAP

To seethe dynamicaleffects of the positronbeam,we
track the centroidof the sliceswith its betatronand syn-
chrotronmotions.We first transferthe phase-spaceoordi-
natesto the normalizedcoordinatesvith a matrix,

5o
-1 _ B,
A7l = s, ) @3)

whereg, anda, arethe Courant-SgderparametersThen
we perform a rotation and radiationdampingon the nor-
malizedcoordinatedy anothematrix,

). @

R, — e (

wherev, is the betatrontune and . is dampingtime in
unit of turn. Here we apply the radiation dampingon

sin(27v,,)
cos(2mv,;)

cos(2mvy,)
— sin(27v,,)

the centroidof slice becausehe centroidof the beamal-
ways dampsto a closedorbit while the positionsof in-
dividual positronwill be balancedbetweenthe noise of
quantumexcitationandradiationdampingto reacha finite
beamsize. To apply lattice chromaticity we simply use
vy = V2 + &,p,. Finally, we transferthe coordinateback
to physicalphasespacewith theinverseof thematrix A, !,

(% )

In the vertical and longitudinal planes,similar formu-
las are applied. In the longitudinal plane,we have 3, =
0./0p, a; = 0,andr, = 0.

4 PARAMETERS

The LER at PEP-Ilis a positronstoragering. The cur-
rentoperatingparameteraretabulatedin Tablel1. Wiggler
magnetsn the machineareturnedoff for higherluminos-
ity. The bunchchage N, is chosento correspondo the
peakvaluein regular operation. The vertical emittanceis
estimatedrom the luminosity scan. The otherparameters
areattheir designvalueswhich arevery closeto the mea-
suredvalues.

Tablel: Parameterd$or the LER at PEP-II

Parameter Description Value
FE (Gev) Beamenegy 3.1

C (m) Circumference 2200
Ny Numberof positrons | 1.0 x 10!
Bz (M) Averagehorizontalbeta 16.52
By (M) Averageverticalbeta 17.83
T (turn) Trans\ersedampingtime 9740
€, (nm-rad) Horizontalemittance 24.0
€, (nm-rad) Verticalemittance 1.50
o, (cm) Bunchlength 1.30
op Enegy spread 7.7x107*
Vg Horizontaltune 0.649
vy Verticaltune 0.564
Vs Synchrotrortune 0.025

The parameterselatedto the electroncloud arenot yet
well establishedBasedontherecentsimulation[8] for the
generationof an electroncloud, the saturationdensityis
ng =~ 2 x 105%m™3. Sincewe areinterestedn only the
dynamicsof the single bunchin this study the densityis
an input parameteiin the simulation. The trans\erserms
sizesof the initial electrondistribution whenthe positron
buncharrivesares; = 6mm ando; = 3mm. Thesesizes
aremuchlargerthanthe beamsizesandconsistentvith the
shapeof theelectroncloudwhenthe densityis saturatedn
thecloudgeneratingimulation.



5 THRESHOLD OF THE INSTABILITY

Thealgorithmoutlinedin previoussectionshasbeenim-
plementedn an object-orientedC++ classlibrary. In the
library, the electroncloud andpositronbunchareindepen-
dentobjectsthat canbe constructedy the users.Thereis
no limitation on how mary objectsof cloud or bunchare
allowed in the simulation, and clouds can have different
parametergasinstance®f the cloud class. Thesefeatures
provide us with greatflexibility to studyvariousphenom-
enaof the electroncloudinstability.

In the simulation,we usea thousandslicesfor the posi-
tion bunchandtenthousandsnacroparticlesfor the elec-
tron cloud to ensurea reasonabl@umericalcorvergence.
The chromaticityis setat zerounlesswve mentionthevalue
explicitly.

Electron Density(10*'m™3)

8
Electron Density(10*'m™3)

Figure2: Thresholdof head-tailinstability causedy elec-
tron cloud.

To studythedynamicaleffectson the positronbeamwe
vary the density of the electroncloud n, from 1 x 10°
to 1 x 105 cm 3. At eachdensity we tracked the bunch
for 1500turns. To quantify the emittancegrowth of the
single bunch, we definea projectedbeamsizeas ¥, =

ol + 052, whereoy is the rms spreadof slice centroid.

This projectedbeam size can be measuredwith a syn-
chrotronlight monitor.

The projectedbeamsizeat endof the trackingareplot-
ted asa function of the cloud densityin Fig. 2. It is clear
from the figure that the relative growth of the beamsize
is muchlargerin the vertical planethanin the horizontal
plane. Thereis a suddenand hugeincreaseof the beam
sizein the vertical planenearthe densityn!* = 5 x 10°
cm~3, which we call thethresholdof the emittancegrowth
causedy the electroncloud. It will becomeclearin the
next sectionthatit is the alsothe thresholdof the head-tail
instability.

Beyondthe threshold the projectedbeamsizebecomes
much larger than the initial beamsize. The increaseof
emittancesignificantly reducesthe luminosity in the col-
lider andthereforeB-factoriesarelimited by this effectin
general.Oncetheinstability occurs,the growth time is on
the order of the synchrotronperiod, thatis about40 turns

in the simulation. The growth time becomeshorterasthe
densityincreasesBelow thethresholdthereis still sizable
growth of the emittance Thatwill bethesubjectof alatter
section.

6 DIPOLE SPECTRUM AND MODE
COUPLING

The head-tailinstability canbe driven by corventional
impedancerom the radio-frequeng cavities. The effects
have beensimulatedby Myers[9]. Forimpedancenduced
by theelectroncloud,similar effectsshouldapply. Herewe
analyzethe Fourier spectrumof the beamcentroidthatis
calculatedasan averageof the slice centroid. The vertical
dipolespectraatfive differentdensitiedelow thethreshold
densityn’" areshavn in Fig. 3. We canseefrom thefigure
thatall modesareshifting upward asthe densityincreases
becausef thecoherentuneshift generatedby theelectron
cloud. Due to the focusingeffect of the electroncloud,
themodesshiftin theoppositedirectionof its corventional
counterpartjn which the zeromodeis shifting downward
astheimpedancencreases.

n, = 1x10t'm™

L L
6 . 0.65 0.7 0.75

n, =2x10Mm™

it L L
05 055 0.6 . 0.65 0.7 0.75
v

~ 3x10Mm-3
o = X107 m

= axiotm™3
n, = 4x10"'m

L L L
.5 055 0.6 . 0.65 0.7 0.75

, = 5x10"'m ™

o
o @
L

v
v

Figure3: Fourierspectrunof thebeamcentroidastheden-
sity of the electroncloud increasedo the threshold. The
dashedinespresenthebetatrortuneandsynchrotrorside-
bands.

Sincethe“! = —1" mode,which startsat thelower syn-
chrotronsideband movesfasterthanthe “/ = 0" mode
startingat the betatrontune,two modesfinally memgewith
eachotherat thethresholddensityn!" asshavn in Fig. 3.
Thisbehavior is calledmodecouplingin theliterature[10].
The densityat which two modesmeigeis the thresholdof
the stronghead-tailinstability. Note thatthis thresholdco-
incideswith the oneatwhich a sudderandhugegrowth of
emittanceoccursaswe discussedh thelastsection.



Thesebeamspectracan be measuredvith a standard
spectrumanalyzer The obsenation of twin peaksthatap-
proacheachotherasthebeamcurrentincreasess veryim-
portantexperimentalkevidenceto confirmthatthe head-tail
instabilityisindeedthe causeof thesingle-hunchemittance
growth. Sincethe electroncloud can be generatednly
whenthetotalbeamcurrentis very highandtherearemary
bunchesin the ring, the measurementeedsto be carried
outunderthesettingof multi-bunchoperatioralthoughthe
head-tailinstability itself is a single-luncheffect.
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Figure 4: A measurmentf the vertical spectrumin the

LER with a singlebeam,762 buncheswith mini gapsand

5%abortgap. Thegreenline is afit of adouble-Lorentzian
squaredo the data. Squaredbecausehis are power spec-
trum. (Courtesyof Uli Wienands2002.)

A measurementof the vertical dipole spectrum at
939mA beam current with bunch spacings, = 8.5ns
has beencarried out for the LER at PEP-II and shovn
in Fig. 4. The measuredspectrummatcheswell to the
simulatedspectrumshawn in the first plot in Fig. 3 in
termsof the direction and value of the mode shift. The
agreemenindicateghatthe electronclouddensityis about
ne ~ 1 x 10°cm~3 whenthe beamcurrentis nearlA in
thering. This densityis half of the saturatediensityin the
recentsimulationfor generatinghe cloudaswe mentioned
earlier Thedensityis alsobelaw thethresholddensityn!”.
The densityis about1% of the averageneutralizatiorden-
sity Ny /(whzhy Ly), Wwhereh,, andh, arethehalf aperture
of thehorizontalandverticalchamberrespectiely, and L,
is the bunch spacing. This ultra low densityof the elec-
tron cloud nearthe beammay be attributedto the solenoid
winding on thebeampipe.

7 BEAM BLOWUP ALONG A BUNCH
TRAIN

In general,whena bunchtrain is usedin thering, the
electroncloud densityalongthetrain fits well to the equa-
tion

ne(t) = ng[l — exp(—t/7)]. (6)
where is the time constantto reachthe saturationden-
sity ns. For the currentoperationof the PEP-II, we usea
single long train with bunchspacings, = 8.5ns and5%

abortgap. In this bunchpattern,n = 2 x 10°cm 3 and
7 = 50ns basedon therecentsimulation[8] for the cloud
generation. Clearly, the densityin the ring is below the
head-tailthresholdn!" = 5 x 10°cm~3. However, thereis
still sizableemittancegrowth belov n* aswe have noticed
in the previoussimulation.
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Figure5: Beamsizeincreasalongabunchtrainwith 8.5ns
bunchspacing.

To studyin detailtheemittancegrownth below thethresh-
old density we track thefirst 20 bunchesn thetrainup to
5000turns. Eachbunchinteractswith an electroncloud
with the densityaccordingto Eqn. 6. The projectedbeam
size at the end of the tracking is shovn in Fig. 5. We
canseea 30%increaseof the verticalbeamsizealongthe
train. Theincreasds consistenwith the obsenationseen
atKEK-B [3] althoughthe parametersf theringsmaydif-
fer. It is alsoconsistentvith the bunch-by-lunchluminos-
ity measuremerjii1] at PEP-II. Thatindicatesagain,inde-
pendentlythatthedensityin thering is quitelow compared
to theneutralizatiordensity

8 EFFECT OF CHROMATICITY

As we have shovn in thesimulation thestronghead-tail
instability occursat a thresholddensitywhenchromaticity
is setatzero.Beyondthethresholdthebeansizeincreases
dramatically The chromaticityis known for stabilizingthe
cornventionalhead-tailinstability. In this section,we will
studythe effectswhentheinstability is drivenby the elec-
tron cloud.

We tracka bunchthrough1500turnsat differentvertical
chromaticityrangingfrom -10 to 10 with a fixed density
ne = 8 x 10°%cm ™3 which is above the thresholddensity
nil. Theturn-by-turndipole motionof the bunchis plotted
in Fig. 6 atthreesettingsof chromaticity:namely+2, 0, and
-2. As clearlyshavnin thefigure,the positive chromaticity
dampsdown theunstablanotion,thenegative chromaticity
actuallymagnifiegshemotion,andatzerochromaticity the
modulationof synchrotroroscillationstabilizesghemotion
to afinite amplitude.

The mostmachinesarelik ely operatedvith the positive
chromaticitythatsignificantlysuppressethedipolemotion
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Figure6: Evolution of beamcentroidwith threedifferent
chromaticities+2, 0, and-2.

asshown in the simulation. That explainswhy the mode
couplingin the dipole spectrumis so hardto be obsened.
To make a measurementne hasto setthe chromaticity

nearzero.
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Figure7: Projectedverticalbeamsizeasa functionof ver
tical chromaticity

The effect of chromaticityon the beamsizeis shavn in
Fig. 7. Onecanseethatthe positive chromaticityup to 10
units doesnot changethe beamsize andthe negative one
malkesa very large blowup in beamsize. This behavior is
consistentvith the experimentabbsenationat PEP-II.

9 SUMMARY

Dynamicalinteractionbetweenthe positronbunch and
electroncloud hasbeensimulatedin a simple model. We
find thatthe densitythresholdof the stronghead-tailinsta-
bility isn* ~ 5x 10°cm ™3, whichis approximatelys% of
theneutralizatiordensity At thethresholdwe seethetwo
modesmeminginto a singlemodeanda sudderandhuge
increaseof the beamsize. Even below the threshold,the
beamsizestill blows up significantly Basedon compari-
sonto experimentalobsenation,we canconcludethatthe
LER at PEP-Ilis operatedor limited) below thethreshold
density Theclouddensitynearthebeamis asmallpercent-

ageof the neutralizatiordensitywhenthering is operated
theregularbunchpatternandbeamcurrent.

It is surprisingthat such a simple model can explain
so mary experimentalobsenations. In the model, the
mainmechanisnof the beamblowup is explainedwith the
spreadf thetranswersecentroidof thelongitudinalslides.

Many additionalsimulationshave beendonefor thein-
vestigation. Here, we will summarizethe main results.
Althoughthey aremary parameterselatedto the dynam-
ics, the importantonesarethe beamenepgy andintensity
bunchlength,averagebetafunction,chromaticity andsyn-
chrotrontune.In generala higherenegy, lowerbetafunc-
tion, andshortersynchrotronperiodalleviate the head-tail
instability. The positive chromaticity suppresseshe un-
stabledipole motion but haslitter effect on the beamsize
whenthedensityis abovethethreshold.TheLandaudamp-
ing from thetunespreadyeneratedby thesecondrderper
turbationof the very strong sextupolesin the ring is not
large enoughto dampdown the instability.

Oncetheinstability startswe candollittle aboutthever
tical blowup of the beamsize. The hugeemittancegrowth
reducesthe single bunch luminosity, limits the total cur
rentsin the storagering, and hencelimits the total lumi-
nosity.

We have ignored analyticalapproachto the instability
in this paper The analyticaltreatmenthasbeencovered
by Heifetsin this proceedingThewake field for acoasting
beamextractedirom this codehasbeencomparedo hisan-
alytical result. Theagreemenis very good. Sowe expect
similar resultscanbe obtainedwith analyticalestimate.

Thereis still oneof puzzleremainedo beresohed: The
beamsizeblowup is alsoobsenedin the horizontalplane
in PEP-1l while the blowup always occursin the vertical
planein the simulation. One possibleexplanationfor this
discrepang is dueto the large couplingthatis not yet in-
cludedin the simulation.
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Electron Cloud Simulations: Beam I nstabilities and Wake Fields

G. RumoloandF Zimmermann
SL/AP, CERN, Gene&a, Switzerland

Abstract

HEADTAIL is a simulation programmedeveloped at
CERN which is aimedat studyingthe single-tunchinsta-
bility arising from the interactionon successie turns of
a single bunch with the cloud generatedy the previous
bunches. The code includeschromaticity spacechage
tunespreadproad-bandmpedanceinddetuningwith am-
plitudefor morerealisticsimulation.Examplesf applica-
tion areshavn. Trans\erseandlongitudinalwake functions
arealsooutputsof the HEADTAIL code.

1 INTRODUCTION

Two differentaspect®f theelectron-clougoghenomenon
are modelled and simulatedby meansof the two pro-
grammes ECLOUD [1] and HEADTAIL, developed at
CERN.

The first programECLOUD simulatesthe build up of the
electroncloud during the passag®f a bunchtrain. It pro-
vides information on the trans\erseelectrondistribution
inside the vacuumchambey the time evolution of the to-
tal numberof electronsthe enegy spectrumof electrons
impinging on the wall, and the correspondingheatload
[2]. Theseoutputshave alreadyprovenextremelyinterest-
ing bothfor comparisorwith existing dataon the electron
cloudin the SPS[3, 4, 5] andfor extrapolationto the LHC,
like theestimationof heatload[6] or of the pressureisein
the experimentalareaq4]. Furthermorethe electronden-
sity valueat saturatiorcanbe usedasaninputto studythe
possibledestabilizingeffect of the cloud on a bunchthat
goesthroughit.

The secondprogram HEADTAIL modelsthe interaction
of a single bunch with an electroncloud on successie
turns. The cloud is assumedo be generatedy the pre-
cedingbunches,and is generallyassumedo be initially
uniform, althoughother initial distributions can be con-
sidered. As obsened above, its densityis inferred from
parallelsimulationswith the ECLOUD code.Theelectrons
giveriseto a head-tailwake field, which amplifiesary ini-
tial small deformationin the bunchshapeg.g., dueto the
finite numberof macroparticlesn the simulation. With-
out synchrotrormotion, the resultinginstability resembles
the beambreakup in alinac [7, 8]. If synchrotronmo-
tion is included,the instability becomessimilar to a regu-
lar TranserseMode Coupling Instability (TMCI) [9]. It
inducesa trans\ersecentroid motion of the longitudinal
bunch slicesand also a substantialemittancegrowth. In
our simulation,the interactionbetweerbeamandcloudis
calculatedoy computingtheelectricfieldsof eitherspecies
onatwo-dimensionagrid, from whichwe thendeducehe

forceexertedonthe macroparticlesf theoppositespecies.
The codeoptionallyincludesnonzerochromaticityin both
trans\erseplanestheadditionaleffect of abroad-bandes-
onator spacechage or beam-beamandamplitudedetun-
ing. Electronscanevolvein afield-freeregionor in differ-
ent magneticfield configurationgstrongdipole, solenoid
or combinedfunction magnet).

HEADTAIL canbeusedto computethe singlebunchtrans-
versewake field, thesinglebunchinstability thresholdand
theinstability growth rateabove thethreshold.It alsocon-
tainsall the necessarynformationto extract the longitu-
dinal wake field andthe resultingpotential-welldistortion.
Moreover, the structureof the programeasilyallows usto
isolatesingleeffectsor to studythe synegy betweerthem.
Detaileddescriptionof the codestructureandapplications
arepresentedhn thefollowing sections.

2 DESCRIPTION OF THE SIMULATION
CODE HEADTAIL

The electroncloud canact asa short-rangevake field,
and drive a single bunchinstability [10, 11]. Suchkind
of instability is held to be responsiblefor the vertical
emittanceblow-up thatis obsenred at the KEK B factory
[12], andalsofor thatin SPS.Next we describethe model
that we have employed to simulate single bunch effects
dueto theelectroncloud.

Code HEADTAIL

bunch slices

Physical model N,

beam orbit

N, electrons concentrated at the
Kick section

Ore of the N ;interaction
points

Ny bunch particles

Figurel: Schematiof the simulationrecipe.

A proton or positronbunchinteractswith the electron
cloudduringits passageWhenwe studythe single-hunch
effectsof theelectroncloud,only perturbation®f thecloud
inducedby the passingounchareconsidered.All therel-
evantbunchandlattice parametersaswell asthe average
equilibrium density of the electroncloud along the ring,
are basicinput parametergor the simulationof the cou-
pled motion betweerbunchandcloud electrons.For sim-



plicity, thekick approximatioris usedfor the actionof the
electroncloud on the bunch: the cloud is assumedo be
localisedat one or more definite positionsalongthe ring,
s =nXsqWithn =0,1,.., (N —1). Boththecloudand
the bunch are modelledas ensembleof macro-particles
(with N, bunchmacro-particlesind N, macro-electrons
thecloud). Thebunchis alsodividedinto N slices,which
interactwith theelectroncloudafteroneanothermndcause
thedistortionof theinitially uniformclouddistributionthat
cansignificantlyaffect thetail of the bunch. The principle
of thesimulationis illustratedin Fig. 1. Theinteractionbe-
tweenbunchparticlesand cloud electronss expressedy
the equationof motion:
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wherethe positionsof electronsand bunch particlesare
representedy the vectorsz, = (7e,ve) andz,(s) =

(xp,Yp,2p), z = s — ct being a co-moving longitudi-

nal coordinate; K () is the transfermatrix with the fo-

cusingstrengthsbetweentwo interactionpoints; f.(z,y)

and f, s.(z,y) representhe distribution functionsof the
electroncloud andof the bunchparticlescontainedn one
slice,respectiely; £, , is theelectricfield of theelectrons
and of the beam,respectiely, calculatedby meansof a

Particle-In-Cell (PIC) algorithmadaptedo our codefrom

D. Schultes Guinea-Pigcodefor beam-bearstudies;B,.,.,

is anexternalmagnetidield thatcansignificantlyinfluence
the electrondynamicsin the region wherethe cloudis ex-

pectedto be the strongest.Thefield of the electroncloud

actingonitself canoptionallybeincluded[13], thoughthe
effectduringthe bunchpassagés smallin mostcasesand
henceit is normallyneglected.

The momentumchangesof electronsand beam macro-
particlesdueto their mutualattractionarecomputedn time

stepsthat correspondto the different longitudinal slices
into which the bunchis subdvided. Betweentwo interac-
tions,thebunchis propagatedroundthearcsof thestorage
ring, wherethe betatronmotionin bothplaness modelled
by arotationmatrix. Synchrotromrmotionis alsoincluded.
Hence,the beammacro-particleslowly interchangeheir

longitudinal positions,and in particularcan move across
slicesbetweenturns. The effect of chromaticityis mod-
elled by an additional rotation matrix which dependson

the enepgy of eachparticle. With a further rotation, the
tune shift due to spacechage or beam-beantan be in-

troducedin the bunchmotion. Dependingon whetherthis

lastrotationis appliedaroundthe centerof the chambeior

aroundthe centerof eachindividual bunchslice z(z), it
modelseithera beam-beaninteractionor a spacechage
force. Amplitude detuningis optionally introducedas a
tune dependencen the single particle actions, I, ,,. Fi-
nally, a regular trans\erseimpedanceyrepresentedy the
broad-bandesonator

Z.
Zu:a:u_R wt w ’
1+iQ (—R - —)
w WR

canoptionallybeincluded.Puttingit all togetherthetrans-
versephasespacecoordinate®f the generichunchmacro-
particlearetransformedver oneturn accordingto:

< Tn+1
/
Tp+1

P (g R Ly )+ (50

) =M, (6p) - Ma(I,, 1)

Tablel: SPSparametersisedin thesimulations.

variable symbol value
Circumference C 6900m
Beammomentum P 26 GeV/c
Chambemalf width hy 70mm
Chambenalf height hy 22.5mm
Bunchpopulation N, 10t
Rmsbunchlength 0 30cm
Rmsenepgy spread dp/po 0.0011
Slip factor n 5.78 x 1074
Synchrotrortune Qs 0.0022
Betatrontune Qu.y 26.6
Averagebetafunction I} 15m
Rmshor. beamsize O 3mm
Rmsvert.beamsize oy 2.3mm
Chromaticities Exy upto 0.4
Electron-clouddensity Pe 1012 m—3
Verticalshuntimpedance  Z; 20MQ/m
Quality factor Q 1
Resonanfrequeny WR 2rx 1.3GHz

3 SIMULATION OF THE ELECTRON
CLOUD INDUCED INSTABILITY AT
THE CERN SPS

As explained above, our code tracks electronstrans-
verselyalongeachbunchpassageandbunchparticlesover
mary turns.

The simulatedelectronmotion revealshow electronsare
progressiely focusedtowards the bunch region as the
bunch goesby. In Fig. 2 the electronphasespacesand
distributions are shawvn, asthey appearat the end of the
interactionwith onebunch(having startedfrom trans\erse
uniform distributions). The simulationhasbeenperformed



herewith the PIC code;the agreementvith the evolution
predictedby asoft-Gaussiamapproximations excellent,as
may be deducedrom the picturesin Ref.[14].

As far asSPSsimulationsare concernedfor parameters,

Vi (km/ms)

dNAdx (10° LAm)
2
dN/dy (10°1/m)

Figure 2: Horizontal and vertical phasespaceof the electrons
aftera bunchhasgonethrough(top pictures),andrelative distri-
butions(bottompictures).

seeTablel), It is interestingto obsere in Fig. 3 how an
SPSbunchcontainingN, = 8 x 10'° protonswould suf-
fer a strongdipole modeinstability underthe effect of the
broad-bandmpedancealone,but now this effect getsactu-
ally dampedy spacechageandenhancedby the electron
cloud. The instability manifestsitself only in the vertical
plane. Thereareat leasttwo goodreasongo accountfor
that: firstly, in the vertical planethe impedancses larger
[15], and secondly thereis evidencethat in the SPSthe
electroncloud is mostly localisedin the arcs,wherethere
is a strongvertical magneticfield and thereforethe elec-
trons are mostly pinchedvertically by the passingbunch.
A positive chromaticitycan strongly dampthe instability,
asshawn in Fig.4 wherethe emittancegrowth over 12 ms
is plottedfor threedifferentvaluesof chromaticity

In the SPSat 26 GeV/c spacechage seemsto play a
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Figure 3: Evolution of the centroidvertical positionof an SPS
bunchover 500turnsfor thethreelabelledcases.

Effect of chromaticity on the emittance growth

t (ms)

Figure4: Verticalemittanceversugime for threedifferent
valuesof chromaticity Broad bandimpedanceg15] and
spacechageareincluded.

key role, sinceit actually causesa coherentcentroidmo-

tion evenwhereelectroncloud alonewould causeonly in-

coherentemittancegrowth. Comparisorof Figs.5 and6

revealsthat spacechage rendersthe beammotion more
unstableandviolent. In particular it leadsto slice centroid
oscillationsalongthe bunch. On the otherhand,the sim-

ulationwithout spacechage shaws only a persistenemit-

tancegrowth, occurringmore or lessuniformly alongthe
bunch. The differentsignaturesf the simulatedinstabil-
ity for thesetwo casesesemblahedifferencebetweerthe
actualbeamobsenationsat SPSandKEKB. At theSPSin-

jection momentumof 26 GeV/c, the beamis still affected
by spacechageforces which accordingo our simulations
might beareasorfor the obseneddifference.
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4 TRANSVERSE AND LONGITUDINAL
WAKE FIELDSIN THE CERN SPS

Also wake fields canbe calculatedby usingthe HEAD-
TAIL code.In the simulation,we displaceonebunchslice
(for instanceyertically by anamountAy « ¢,), andthen
we evaluatethe electroncloud responsén termsof elec-
tric field on axis (zx = y = 0). Normalizing this field
by the amountof displacementind the numberof parti-
clescontainedn the displacedslice, we obtainthe dipole
wake function on axis (in Qs 'm~1, after multiplication
by thefactorm~c?/e?). As thefield on axisis notdirectly
relatedto the force exertedby the cloud on the slicesthat
follow thedisplacedne,we canalsoevaluateanaveraged
dipole wake function from the netforce causedoy 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
particlescontainedn oneslice,andthendivide by the to-
tal chagein thatslice to obtainan effective electricfield.
Shapesdn the two casesappearquite different, as shovn
in Figs.7 and8. Notethatthetwo definitionsof the wake
wouldyield the sameresultfor a corventionaldipole wake
field. Wake functionson axisreachmuchlargervaluesand
exhibit aspiky structurethatis smoothedutto amorereg-
ular profilewhentheintegrationoverthebunchsliceis car
ried out. Theseplots correspondo analmostroundbeam
in anSPSfield-freeregion andarecalculatedor alongitu-
dinally uniform bunchdistribution. In a dipole region, the
horizontalwake tendsto disappearandtheverticalonebe-
comesalsowealer (seeFig. 9). Fig. 10 shavstheaveraged
dipole wake function for offsetfirst slice anda Gaussian
bunchdistributionin adipolefield region.

Even though the kick approximationallows us to use
a two-dimensionalmodel to study trans\erseeffects, the
electroncloud is in reality distributed more or less uni-
formly aroundthe ring, andthus generates longitudinal
wake field which may give rise to potentialwell distor
tion and eventually micro-wave instability. The longitu-
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Figure 7: Horizontal and vertical averageddipole wake
functionsfor a uniform SPSbunch, evaluateddisplacing

three differentbunch slicesat t = 0,3/10Aty, 3/5Aty.
Thesimulationhasbeencarriedoutin field-freeregion.
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entbunchslicesatt = 0,3/10At,,3/5At,. The simula-
tion hasbeencarriedoutin field-freeregion.

dinal field arisesprimarily from the accumulatiorof elec-
tronsnearthe centerof the bunchduring its passageThe
codeHEADTAIL doesnotdirectly computethelongitudinal
electricfield. However, we canobtainthe latter from the
time evolution of the trans\erseelectrondistribution. The
ideaconsistsin reconstructinghe 3-dimensionaklectron
distribution by identifying the time during the bunchpas-
sagewith the longitudinal positionalongthe bunch. This
distribution can then be post-processeth orderto com-
putethelongitudinalelectricfield on a 3-dimensionagrid.
We assumethat the initial electrondistribution is unper
turbedanduniform, andassigna homogeneoushagedis-
tribution to the region of the grid which lies in front of
the bunch. Theelectricfield is calculatedon the 3-D grid
points using a cloud-in-cellalgorithm, and is then multi-
plied by the factor Az/C to accountfor the factthat the
real electronsaredistributedall aroundthe circumference
C'. Figurell displaysthelongitudinalelectricfield E.(z)
dueto the electroncloud simulatedfor a Gaussiarbunch



in the SPS.The bunchprofile is alsoindicated. The field
is negligibly small(in agreementvith the estimationfrom
a full 3-D plasmaphysicscode[16]), lessthan 10 V/m.
To estimatethe possiblebunchdistortiondueto this field,
we assumea Gaussiarenegy distributionandcomputethe
longitudinal bunch profile expectedfor the electron-cloud
potentialwell using

wWsZ

1 2
pl0)exp [—5 (22)
To ‘ ’ g " " ’ "
770270/0 dz / dz"p(z" YWy (2" — 2 )] =
5 —0o0

1 wez\” z
__ il / /
2 (ncag) ./0 =Wz )] ’
®3)
wherethe longitudinalwake W (z), wake function from a

Gaussiarbunch,is relatedto the longitudinalelectricfield
estimatedrom theHEADTAIL codeby

E.(z) (

e
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= p(0) exp -
©0) no2~yC
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We like to call Eqg. (3) the quasi-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 thereal Haissinskiequation18] for anordinarywake
fiel, Eq. (3) is not self-consistentsincethefield £,(z) on
the RHS varieswith the beamdistribution in an unknawvn
way. As reportedin the first equality of Eq. (3), valid for
aregularwake, the wake field canbe expressedasa con-
volution betweenthe distribution function and the Green
functionwake W, : theequationcanthenbe solvednumer
ically for p(z). For the electroncloud case,suchGreen
function W} is notknown, andit maynotevenexist owing
to violationsof linearity andtime invariance.
Neverthelesswe canuseEg. (3) to computethe bunch
profile which would be formed underthe influenceof the
additionalelectricfield E.(z) (neglectingits dependence
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Figure 10: Horizontal and vertical averageddipole wake
functionsfor a GaussiarSPSbunch, evaluateddisplacing
thefirst bunchslice,in adipolefield region.
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Figure 11: Longitudinal electricfield dueto the electron
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on the bunchprofile itself), andcomparethis with the ini-

tial distribution. A discrepanyg wouldindicatea significant
potential-welldistortion,andthereforewould requirea few

moreiterationsto determinethe self-consistenbunchpro-
file.

However, Fig. 12 shawvs thattheinitial andpredicteddis-
tributions are very similar, and hencewe do not expecta
large effect of the electroncloudon the longitudinalbunch
shapen the SPS.We notethatthe modifieddistribution is
shifted slightly forward, which compensatefor the addi-
tional enegy lossdueto thecloud.

5 APPLICATIONTO THE KEKB

Sofarwe have shawvn resultsfor the CERN SPSring. It
is interestingto shaw, asfurtherapplicationsof the HEAD-
TAIL code,a few resultsfrom simulationsof the KEKB
FactoryLow Enegy Ring. Parameterghatwe have used
in our simulationsaresummarizedn Table2.

Figures13 and 14 shav horizontaland vertical centroid
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Figure12: Equilibrium bunchdensitycomputedrom the
wake for a Gaussiarbunchin the SPS.The Gaussians
slightly shifted.

Table2: Simulationparameterfor KEKB LER.

variable symbol value
Circumference C 3016m
Relativistic factor ¥ 6850
Chamberadius b 47 mm
Bunchpopulation Ny 3.3 x 10'%*
Bunchspacing Tyep 8ns
Rmsbunchlength o 4mm
Rmshor. beamsize Oz 420pum
Rmsvert. beamsize oy 60 um
Tranversetunes Qz,y 45.53/44.08
Synchrotrortune Qs 0.015
Slippagefactor n 1.8 x 1074
Averagebetafunction By 10m
Chromaticities oy upto 0.35
Solenoidfield B, 30G
Electronclouddensity  p. 1012 m—3

motionfor anominalbunchundertheactionof anelectron
cloudwith density10'? m~3 andsupposediniformly dis-
tributedall alongthering. Chromaticitywassetto zeroin
this case.A dipole motionis obsenableonly in the verti-
cal direction, probablybecausef the flathessof the KEK
bunch. To illustrate the beneficialeffect of chromaticity
on theinstability, we shaw firstin Fig. 15 how thevertical
centroidmotion is dampedfor high vertical chromaticity
Then,in Fig. 16 the emittancegrowths relative to differ-
ent chromaticityvaluesare plotted on the samegraph. It
is clear that higher positive chromaticitiescan dampthe
coherenemittancegrowth otherwisepredictedfor zeroor
verylow chromaticity For thepurposeof codebenchmark-
ing andvalidation,we shov in Fig. 17 thesamechromatic-
ity scanfor KEK doneby K. Ohmi[17] with his PEI code.
Theagreementvith our resultsis excellent.

The influenceof a solenoidfield on the electroncloud
driven single bunchinstability 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{, wasset
to zero.No unstablanotionis visible.
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Figure14: Vertical centroidmotionof a KEK bunchinter-
actingwith anelectroncloud. Chromaticity¢, wassetto
zero.Thecoherentipole oscillationrevealsaninstability.

and19 the horizontalandverticalwake functionsareplot-
tedfor a KEK nominalbunchandthe nominalvalueof the
solenoidfield (Bss1 = 3 mT). Thedifferencebetweernthe
two figuresis thatthehorizontalandverticaldisplacements
were separatelyappliedto the first bunchslice: neverthe-
less,the expectedeffect of exciting a wake in the orthog-
onal planeis in neithercasequite visible in both planes
in spite of the couplingin the electronmotion dueto the
solenoid.Thisis becauséhe KEK bunchis very shortand
the solenoidfield not strongenoughto efficiently couple
planesover one bunchpass(electroncyclotron periodfor
Bsor = 3 mTis T, = 12 ns,andthe KEK bunchlength
is At, = 0.053 ns). In Ref.[13] it wasshowvn how for a
long SPShunchin a solenoida strongeffectwasvisible in
both planesevenafterdisplacinga bunchslice only in one
plane. Whenthe couplingis effective, the wake field be-
comesmuchwealerandtheinstabilityis likely to becured
[13], asappeardrom thelossof pinchingshavn in Fig. 20
for an SPSbunchpropagatedhroughan electroncloudin
asolenoidfield region (B, = 0,2.5,10 mT).
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Figure15: Vertical centroidmotionof a KEK bunchinter-
actingwith an electroncloud. Chromaticity¢, wassetto
0.35. The coherentdipole oscillationis dampedwith re-
spectto the casewith zerochromaticity
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Figure16: Vertical rms-sizegrowth of a KEK bunchover
500 turnsfor differentvaluesof chromaticity (labelledin
Q, = & - Qy. Chromaticityhelpsagainstthe e-cloudin-
stability. All plotshave beenobtainedusingtheHEADTAIL
code.

6 CONCLUSIONSAND OUTLOOK

In conclusion, in this paper we have describedthe
code HEADTAIL that was developedat CERN in order
to studythe degradingeffect of an electroncloud on the
single bunch. Examplesof applicationhave beenshown,
with special emphasisto the CERN SPS. Growth rate
of the instability and beneficial effect of chromaticity
as experimentally obsened [19], have beenreproduced
by simulationsincluding electron cloud, space chage
and broadbandimpedance.It hasalso beenhighlighted
that spacechage plays a key role in destabilizingthe
centroidbeammotion: whenits effectis neglectedonly an
incoherenemittancegrowth is predictedto occur
Trans\erse and longitudinal wake functions have been
calculatedby meansof the HEADTAIL code. Trans\erse
wakes can be of greatinterestto 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 the chromaticity(labelledin Q' = &, -
@y. Chromaticityhelpsagainsthe e-cloudinstability. All
plots have beenobtainedusing the PEI codeby K. Ohmi
(CourtesyK. Ohmi).
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Figure 18: Horizontalandvertical wake functionsalonga
KEK bunchthat goesthroughan electroncloud inside a
30 G solenoidfield region. The bunchheadwasdisplaced
only horizontallyby anamountAz = o, /10.

canonly be appliedin first approximation,and needsto
be adaptedto this particular case. The electron cloud
wake fields are not corventional, becausethey strongly
dependon the positionalongthe bunch from wherethey
getexcited. Work is beingcarriedout to take into account
this featurein the theory [20]. Assumingthe electron
distributionsat subsequenimesto bethoseat subsequent
longitudinalpositions(with theappropriatescalingfactor),
the longitudinal wake field hasalso beenevaluatedfrom
the outputof the HEADTAIL code,andfoundto be small.
It canonly slightly affectthe bunchshapeandis notlikely
to beresponsibldor any microwave instability.
Theresultsof theHEADTAIL codehave beenbenchmarkd
againstthe predictionsof Ohmi’s PEI code: the beneficial
effect of chromaticityon the electroncloud single bunch
instability for a KEK bunchhasbeenreproducedy both
codesin excellentagreement.
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Figure19: Horizontalandvertical wake functionsalonga
KEK bunchthat goesthroughan electroncloud inside a
30 G solenoidfield region. The bunchheadwasdisplaced
only vertically by anamountAy = o,,/10.
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Figure 20: Electron densitiesalong the x-axis after 4/5
of the SPSbunch has passedhrough the cloud and for
B, = 0,2.5,10 mT. This simulationresultshavs how the
pinchingeffectdisappearsvhenthe solenoidfield is strong
enoughasto significantlycouplethe electronmotion over
onebunchpass.
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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 JKIJ
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 4x10", 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 JKIJ.

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 H, are
estimated to be o(CO) < 1.3x10% m’ and o(H,) <
0.3x10? m” using Bethe formula. The molecular density
(d,) is related to the partial pressure in nPa by the
relation at 20 °C, d_(m?®) = 2.4x10" P, (nPa). The
electron production rate is Y;; = 7.7x10° e /(m'p) at
2x107" 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 Y,, = 4.4x10°° ¢7/(m-p) at

the chamber surface, assuming a proton loss rate of
4x10° 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 Y 1.4 4.2 4.2 54 1.85 1.07 3.0
Bunch population Np(x10'3) 4.15 4.15 4.15 4.15 3 1.25 1.2
Number of bunches n, 2 2 8 8 1 2 6
Harmonic number h 2 2 9 9 1 2 6
Rms beam size o,(cm) 1.9 1.2 1.1 0.35 1.0 3.8 0.7
Bunch length £,(m) 110 82 82 16 65 60 68
Rms energy spread o/E(%) 0.6 0.7 0.7 0.25 0.25 0.025 0.28
Slippage factor M -0.48 -0.047 -0.058 -0.0013  -0.187 -0.146
Synchrotron tune Q, 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 2xN/T,,, ~ 5.4 10'" e/turn.
Converting into the electron yield per one proton
incident per meter reads Y, = 1.9x107° e7/(m-p). This
value is four times larger than Y,, 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]:

Y, = Y x E 1.44

E. . 044+ (E/E

max

144 °
)

Y¢=2.1 and E,,=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 Y,".
Taking into account n =10 - 100 per one bunch passage,
it is easily seen that a small change in Y, 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 ( A,(s-vt) = (w N,/ 2/,) sin (7
(s-vt) /4,) ). 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 (A,), 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 w, o,/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]

W) =c R P oxn@ ) sin@ ),
0O o c c
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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 50GeV 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
n(bottom) 0.020 0.0067  0.0035  0.00001 0.034 0.003 0.0001
n(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(0.)/Q (MQ/m) 0.29 0.24 0.68 0.019 0.46 0.0051 0.024
Z(0)y/Q (MQ/m) 0.61 0.83 9.7 0.96 0.90 0.0085 0.37
wl,/ ¢ 133 182 199 276 166 27 153
U, 0.07 0.23 0.11 0.02 1.6 0.09 0.004
Uy 0.23 0.78 1.6 1.2 3.2 0.14 0.06
2 T T T T 2 T T T T
» i As Recieved i After Sputtering
I H H

i Normal Incidence i Naormal Incidence

Secondary Electron Yield
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Figure 2. Dependence of the secondary electron yields on the primary electron energies at the surface as-received and
after sputtering.



c : light speed,

R, : shunt impedance,

0 : quality factor,

w, : resonance angular frequency,
a=w,/20,

— {2
O =+w, - a’.
Corresponding transverse impedance is given by Fourier

transformation of the wake field:
Zy A L o 0

2 s
4.77: )Lp 20r w 1+lQ(w€ w)

Z,(w) =
e

Z, : vacuum impedance,

A, = line density of the electron cloud,

A, = line density of the proton beam,

L : circumference

o, 1 rms bunch radius.

Making use of this coupling impedance, the dispersion

relation is obtained [11, 12]:

_ \’53)“pr0/3)rw0 |ZJ_(we)| _
Yo,N0os Z,

1

or

V32,008, |2, (@) _

yv,w,0, /c Z,

1y : classical radius of protons,

1

B, : betatron function
y : relativistic factor,
n : phase slip factor,
o5 : relative energy rms spread,

o, :bunch length.

For U>1, the beam is unstable. In Table 3, two values of
Uy and U, 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 mm?, 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® 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.

S 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 X) 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 2.5x10'* 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.
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Figure 3. Baseline drifts around the transition energy and around the beginning of the flat top at a relatively low
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indicated by the arrow. The transition energy is ~350 ms after the beginning of acceleration.
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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
2.8x10'"" 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

KEK-PS e-cloud build-up

around transition enerdy
40000

30000

20000

10000 +

0 20000 40000 60000
Tirne [ 0.024 15 )

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 ways, i.e.
to suppress electrons generation.
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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 Izl < 150 mm.
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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 e p instability has been observed in some proton rings.
Theinstability, which causes beam | oss, limits performance
of thering. Theinstability may be seriousfor 3 GeV and 50
GeV proton storage rings in Japan Hadron Facility (JHF).
We study thee ™~ p instability in several highintensity proton
storage rings operated in the world. Thiswork informs JHF
whether we haveto take measuresto cure theinstability, for
example apply a TiN coating on the chamber surface.

1 INTRODUCTION

The electron-proton (e~ p) instability has been discussed
for along time. The first work was done at CERN-ISR
[1,2]. Aninstability 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 synchrotronring 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 thetrailing 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 highintensity proton accelerator facility has been pro-
posed in Japan as ajoint 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 a50GeV proton synchrotron. The bunch pop-
ulation, whichis4.15 x 102, 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 bunchinstabilities. 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 seemsto 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 smulation 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 awake field approach [6].

2 FORMATION OF ELECTRON CLOUD

We discuss el ectron production and formation of the cloud.
Many possibilitiesfor primary el ectron production are con-
sidered. lonization of residual gas due to proton beam cre-
ateselectronsandions. Theionscreate el ectronswhen they
are absorbed at the chamber surface [7, 8]. Electrons are
also created by proton absorption at the beam chamber sur-
face. H™ injection is adirect eectron 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 electronsare pro-
duced by proton beam, though there are many candidates.
R. Macek et. a. measured number of electrons hitting the
chamber wall using button electrodes at PSR [3]. They
observed a peak current of 400uA/cm? 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 1 — 10uA4/cm? 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 photoel ectron emission caused by synchrotron radiation.
A probability for apositron to emit a synchrotron radiation
photon at the travel distance of 1 mis0.15, 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 L(m) 348.3 | 348.3 | 1567.5 | 1567.5 90 163 800
relativistic factor ¥ 14 4.2 4.2 54, 1.85 1.07 3.0
bunch population Np(x 10'3) 4.15 4.15 4.15 4.15 3 125 1.2
number of bunches | n, 2 2 8 8 1 2 6
harmonic number | H 2 2 9 9 1 2 6
rms beam sizes o.(cm) 19 12 11 05 10 3.8 0.7
bunch length £,(m) 110 82 82 16 65 60 68
rmsenergy spread | og/E(%) 0.6 0.7 0.7 0.25 0.25 0.28
dlippage factor n -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 | 0.0003 | 0.0017
beam piperadius | R(cm) 125 125 6.5 6.5 5 8 5

photons create photoelectrons. i.e., the electron production  mated by the formula,

rateisY; = 1.5 x 10=2e~/(m - e*). The observed current

value well coincides with simulations taking into account Y, =Y, ¥ E 1.44 (1)

the electron yield, their motion and geometry of the button
electrodes.

To explain the observed current at the proton machine,
R. Macek et. a. proposed electron production due to pro-
ton loss at the chamber surface [3]. M. Furman et.al. [4]
use electron production rate Y1 = 4.4 x 10=%~/(m - p)
at the chamber surface. They have observed proton loss of
4 x 105 per turn at PSR (L=90m). They assume that a
proton creates 100 electrons at its loss. Though thisrateis
gtill smaller than that of KEKB, multipacting due to sec-
ondary electrons makes up the difference. The number of
amplified electronswas 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 dso investigateionization electrons. These electrons
are produced by the ionization of residual gasin the cham-
ber. lonization cross-sectionfor CO and H 5 isestimated as
0(C0) =1.3x10"*m 2 ando(H;) = 0.3x 10" 22m 2
using the Bethe formula[9]. The molecular density d,,, is
related to the partial pressurein nPaby therelationat 20°C,
dy (m™3) = 2.4x 10" P, (nPa). Theelectron production
rateis 7.7 x 10 % /(m - p) a 2 x 10~ "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 isthe number of electronscre-
ated by an electron incidence with an energy, is approxi-

Epaz 044 + (E/Epag )44

Fig.1 shows the secondary yield for Y; = 2.1 and E,,,4 =
200eV. 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 Y, = 2.1 and E 4, = 200eV

2.1 S mulation 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 dimensiona plane. We
consider electron cloud distribution at the position s.. The
distribution and line density \. (z) is assumed to be depen-
dent only on z = s, — wt, but to be independent on s,
for the choice of independent variables (z, s). We neglect
space chargeforce between electronsin present simulation,
because the average neutralization factor A/ 5\,, isof theor-
der of 0.1inour case asit is seen later, where \ . and /_\p are



the electron linedensity and the proton averageline density,
respectively. Therefore the results shown below are scaled
by theyield 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 dliced aong longitudinal direction
with an equal step. Each dlice has a local proton density
A(z;)p- Electronsaretracked step by step along the passage
of the proton beam. Equation of motion for electrons is
expressed by

Px(t)  20(se —vt)rec?
a2 (00 + 0y)Ty

FG(m(t))v (2)

where the force F(x) is expressed by the Bassetti-
Erskine formula normalized so that F¢ — z/|z|* as
xr — oo. tistime when the beam diceat z = s, — vt
arrived at electron position s.. 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-electronsof 1.0 — 1.5 x 10*e /NN, 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

TN, . Tz

Pp = 20, sin E. 3

The number of electronsin the chamber is calculated dur-
ing passage of 10 proton bunches. Fig.2 shows the num-
ber of electrons as a function of s. The vertical axis is
the number of electrons which is normalized by the num-
ber of primary electrons produced by a bunch, 4.(z) =
Ae(2)/(Y1N,). A, 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-
mainsin 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. Thecloud sizeis comparableor alittle 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 Y; at the chamber
surface. Fig.4 shows the number of electrons A, 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 z. The neutralization factor is defined
as electron cloud line density divided by the average proton
line density, f(2) = Ae(2)/A,, whichisfunction of 2. The
neutralization factor is expressed by

o Ae (Z)Y1 Np o
flz)= N, b, Ac(2)Y14,. 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 4: Electron amplification factor and proton beam
density (arbit. unit). Electrons are produced at the beam
position. (@) 3GeV injection (b) 3GeV extraction (c)
50GeV injection

dependson 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,

e 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 al over the chamber.

e Electrons are gathered at the beam position immedi-
ately at the passage of the leading-edge.

e Number of electrons suddenly increases by 2 ~ 10
times depending on the beam and ring parameters at
the trailing-edge of the proton beam.

3 INSTABILITY CAUSED BY
ELECTRON CLOUD

We discusstheinstability 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 z(z, s), where z(z, s) isafunction of z.

3.1 Smulation 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 aways 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.

A, (bottom) | 42.0 | 180 | 94
A (pek) | 876 | 62 | 136.
n(bottom) | 0.020 | 0.0067 | 0.0035
n(peak) 0.042 | 0023 | 0.05

0.13 118. | 129 0.42

6.9 236. | 175 518
0.00001 | 0.034 | 0.003 |0.0001
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-particleswhich
are located aong z 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 &,(z;,s) =
(Zp,Yp), 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 areinitialized by uniform distribu-
tion in every interaction with the beam.

The equation of motion is expressed by

2z, ; 2r
dsg, +K(s)Zp,; = _—p ZF@ (p,i — Te,a;0) (5)

x. , _
e = —2Xp(2)recFG(Te,q — Tpi;0). (6)

Motion of the macro-electrons and macro-protons is
tracked during the beam passage. After that, macro-protons
aretransferred by thelattice magnets, and theninteract 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 y ,,(z;, s) along the longi-
tudinal position z at s = 20 x L. Excitation of dipole mode
with the frequency w. is seen. We got similar signal for the
horizontal moment.

Fig.6 shows the variation of dipole moment, .J,,, where
Jy = (vy? + 2ayy’ + By'?) /2 ismaximum value along z.

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 rateis given by w.nos = wsweo,/c
for along 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 /3 is used as a normal stability condition.

For JHF 3GeV and 50 GeV at injection, the growth
rate Ty /7, for small amplitude is 0.2(< 0.10,) ~ 0.1(=
0.10,) inthe both cases. U is obtained as

U = 015~007 3GeV (8)
U = 023~012  50GeV. )

Although the growths in Figure 6 are very fast, Lan-
dau damping suppresses the instability because of large
weo/c.

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 theinteraction 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
theinteraction. The motionsof the beam and electron cloud
arecharacterized by y, (s, z) and y. (s, t), respectively. The
equations of motion for the beam and cloud are expressed
asfollows,

Pyp(s,2) | (@)
152 + ( - ) Yp($, %)
w 2
= = (222) (p(s,2) = vl (s +2)/0)) (20)
d?y.(s,t)
dt?

where wg_,, denotes the angular betatron frequency with-
out electron interaction. The two coefficients w,, , and

we,y Characterizethe linearized force between the beam and
cloud, and are given by

= _wg,y(ye (Sv t) - yp(87 ct — S)): (ll)

9 AeTeC? 9 ApTe &

0% = w =

12
b,y 7(0I+0—y)0y7 e,y ’ ( )

(02 +oy)oy

where A, and )\, are the line densities of the cloud and
beam, and o, and o, are the horizontal and vertical beam
Sizes, respectively.

From Eq.(10) and (11), an equation for the beam motion
is obtained as follows,

d?y,(s,z) @5\
# + <7ﬁ> yp(s, 2)

_ wiwe

3

/ Yp(s,2') sin %(z—z')dz'. (13)

Here 03 = wj + w; 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 thering circumference L, the wake function
can be written as

Wi(2)m %] = cRs/Qsin (Z2) . (14)
where \ I
e we
cRs/Q = N, 00 ¥ 0,0y ¢ (19)

Thiswake field doesnot damp for z inthismodel: i.e., in
theword of impedance, the () factor isinfinite. Actually the
frequency spread of w. should be taken into account. We
add a damping term 2ay . in the left hand side of Eq.(11).
The damping factor a: correspondsto the frequency spread
of w.. Thewake field is now expressed by

W(z) = 5 oy

};w p(%z)sin(%z), (16)

where o = w,./2Q and & = /w2 — 2. Notethat z < 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 z and beam size mod-
ulation due to 8 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.

asfollows,
CSS — 19x105m~% (1.1 x 10%m~2)
we = 19x10%~" (1.2x10°s~") (17)
Q = 13.

The number enclosed in brackets is analytical value given
by Egs.(12) and (15). cRs/@Q and w. 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.

Zi(w) =< fis (18)
w We W
(22
W we
AL wZ
_)\pay(oz+ay)w4ﬂ'<w we> 17
We W Q

where Z is the vacuum impedance 3772.

We discuss the stability of beam which experiences the
effective impedance. Since the bunch length is very long,
wel/c > 1, the coasting beam approximationis used. The



stability criterion is given by the dispersion relation as fol-
lows[13],

VBAproBwo [Z1(we)l _ V3AproB | Z1(we)l

U= =
YWeNos Zy YWsweo./c Lo

=1

(19)
For U > 1, the beam is unstable. U for various rings are
calculated using EQ.(15) and parametersin Table 1 and 2.
The @ value is 5. The results on the stability are shown in
Table 3.

Thetable includestwo values of Uy and Ur,, which are
the criteriafor the peak and bottom values of neutralization
factor, respectively. It is the same meaning for Z g 1,).

This result, which shows that the e~ p instability is seri-
ous for PSR but is not for 1SIS, is consistent with experi-
mental results. In JHF, some of Uy 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
Y1 ¢ = 4.4x107%/(m-p) at the chamber surface. The elec-
trons appear due to proton loss, ion hitting or other mecha
nisms. TheionizationyieldwasY; ; = 7.7 x 107%/(m - p)
(2 x 10~ "Pa). Theionization electron can be neglected for
the vacuum pressure less than 10 ~5Pa, if we use the yield
Y1,¢ 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 Y7 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 atracking 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 1SIS was safe. JHF-3GeV is
medium between PSR and I SIS. For large scale rings, AGS
is safe. JHF-50GeV is more severe than AGS. Since the
stability criterion U 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 isavery pow-
erful cure for thisinstability.

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
in. | ext. | inj. ext.

Z(wo)r/Q(MQ/m) | 0.29 | 0.24 | 0.68 | 0.019 | 0.46 | 0.0051 | 0.024
Z(we)u/Q(MQ/m) | 061 | 083 | 9.7 | 0.96 | 0.90 | 0.0085 | 0.37
wely/c 133 | 182 | 199 | 276 | 166 | 27 | 153
UL 007 | 023|011 | 002 | 1.6 | 009 |0.004
Un 015|078 | 16 | 1.2 | 32 | 014 | 0.06




HEAD-TAIL INSTABILITY CAUSED BY ELECTRON CLOUD

E. Pereredentse*, Budker Instituteof NuclearPhysics Novosibirsk,Russia

Abstract

The strong head-tailinstability of a positronor proton
bunch may be causedby wakefields arising in the elec-
tron cloud presentin the beampipe. Thesewakefields
are known to produceboth deflectionand tuneshiftvary-
ing alongthe bunch. We discussa modelinvolving this
tuneshiftas well as the machinechromaticity and trans-
versefeedback.

1 INTRODUCTION

Therecentyearsbroughtalot of informationconcerning
the influenceof electroncloud on collective dynamicsof
positron/protorbeamssee[1] andreferencesherein.Par-
ticularly, obsenationsof the thresholdsand growth rates
of the trans\ersebeaminstabilitiesat KEKB LER, CERN
SPSandothermachineseento beconsistentvith thehy-
pothesiof thehead-taiinstability in asinglebunchcaused
by the cloud wakefields[2], degradationof the effective
trans\erseemittancebeinga manifestatiorof this instabil-
ity.

Our objective in this paperis a detailedcharacterization
of the stronghead-tailinstability, provided the cloud re-
sponséds alreadyknown. We first considerthe properties
andparametrizatiorf the electroncloudwake in Sections
2,3. In Section4.1 we summarizeessentialof the stan-
dard techniquefor analysisof single-turninstabilitiesin
a bunchedbeam,seee. g. [3]. The stability analysis
is basedon finding the complex tunesof transwerse(syn-
chrobetatron)nodesfrom linearizedVlasov equation.We
emphasizeherole of the machinechromaticityin control
of the modegrowth rates. The trans\erseelectroncloud
wake known from simulationsis thenusedfor characteriz-
ing the chromaticity-dependemhodetunesin KEKB LER
andCERNSPS.

Thestandardvake andimpedancepproaclitanbemod-
ified soasto includesomespecificfeaturesof thecloudre-
sponseln Section4.2 we includein our consideratiorthe
betatrontunevariationalongthebunchdueto differencen
incoherentuneshiftcausedy growth of the clouddensity
duringthe bunchpassagépinchingof the cloud).

Simulationof the cloud responseshaws that the cloud
pinching resultsin non-trivial behaior of the transerse
dipolewakefield[4, 5], andin Sections4.3,4.4we present
the modificationof the standardvlasov eigervalue prob-
lem for thewake function W (z, z’) whichis notreducible
to thedifferenceargumentz — z’.

In Appendicesve discussvhy themodeswith very high
ordercanbe disrggardedin practicalsituations. The stan-
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dardapproactcanincludea simplified modelof thetrans-
versebunch-to-tunchfeedbackits influenceon the beam
instability dueto electroncloudis discussedn Sectionb.

Using the presentedechniqueswe discussthe typical
behaior of thehead-tailmodesin Section6, usingthe pa-
rametersof the electroncloud wake for KEKB LER and
CERNSPS.

Section? is devotedto the estimateof stability basedon
the coasting-beantimit. And finally, we summarizethe
resultsin Conclusion.

2 EQUATIONSOF MOTION

Following the theory of beam-ionor beam-electrorin-
teraction[6] we derive one-dimensionatquationsof mo-
tion for our casewherethe photoelectrortloudis already
presenfrior to arrival of the bunchwhosemotionis stud-
ied.

We write the linearequationgor the beamcentroidoff-
setyy(s, t), andelectroncloud centroidy.(s, t) atthe ma-
chineazimuths atthetime ¢. Uniform longitudinaldensity
is assumedn boththe electroncloud and positronbunch,
aswell asequaltrans\ersesizes.

19 0\
(Garta) wlst + Bl
= g (yc(s, t) - yb(S,t)) 3

o2 W2 (yo(5,) = ye(s,1)) -

ﬁyc(sat)

Betatronoscillationsof thebeamaretakenin thesmooth
form with &y = 1/, 8 beingthe verticalamplitudefunc-
tion.

The beam-cloudinteraction parameterg can be ex-
presseds

AN ooy

v(ox + Uy)

dne(mozoy)e?

yme? oy (o, + oy)

n. is thetime-areragecelectroncloud density
o, ando, aretheverticalandhorizontalbeamsizes,
e istheelectronchage,
m is its restmass,
~ is thebeamLorentz-factor
c isthespeedof light,
r. istheclassicaklectronradius.
Electronsof thecloudoscillatein thebunchspacechage
field with thefrequeny we,

2 ANy Tec?
¢ V2ro,ou(0p +oy)
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here N, is the bunch populationand ¢, is its Gaussian
length.
We canobtainthe equationfor thebeamcentroidalone,

2

z
@y(s, 2)+k% y(s, 2) :g%/o dz' sin %(z —2"y(s, 7).

With a slowly-varying complex amplitude A(s, z) of the
betatronoscillation,

y(s, z) = ReA(s, z)e s,

afteraveragingoutthe A* termon theright-handside,we
have

. g We

0 E w
—A =i=— sin = (z—2')A .
s (s,2) T /0 dz' sin - (z = 2")A(s, 2")

Thusthe problemis reducedo the beambreakupwith an
oscillatingtrans\ersedipole wake function W (z — 2/),

W(z—2") gu(};\?: sin %(z -

2").

3 DECOHERENCE AND
PARAMETRIZATION OF THE WAKE
FUNCTION

Non-uniformity of the positronbunch densityleadsto
the frequengy spreadof the photoelectroroscillationand
resultsin decoherenceof the cloud response. A sim-
ple estimatecan be done by averagingthe wake with a
weightfunction f(x) which impliese. g. horizontalnon-
uniformity of the bunchdistribution affecting the vertical
wake function:

W (we, 2) — /W(wc(x),z)f(x)dx.

If we take a Gaussiardistribution of the beamdensity

@)= 2

z? /4

then
we(T) = woe™

Hencewe obtainthewake with theaccounbf decoherence,

W(z)= gw—ol /OO sin (%e_xz/“) \/ge_3x2/4dm.
& 0 C ™

Theresultcanbe expressedn termsof the Struve function
andcanbe fitted eitherby the Besselfunction J; (wgz/c)
for large z, or by the broad-bandesonatomvake,

cRswr _ . Wz
Wi(z) = e */Csin 22 (2> 0
1( ) QU_) c ) ( )7
YR = 2 2
67 e w = wWp — ~°.
2Q’ R

Figure 1 shavs the comparisonof thesefits with actual
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Figure1: Thedecoherenceake IV (z) (solid line) andthe
fitting function (dashedine). Top: fit by the Besselfunc-
tion J;(wgz/c); bottom: fit by the broad-bandesonator

withw = wo.

The correspondingtrans\erse impedanceis sampled
by the long bunch spectrumin the low-frequeng range
(wro./c ~ 3 atKEKB LER),

cRs/Q
g—ki(w —w—z
o1 R

A

_ cRs ( w o z)
Quwr \ Qwr '
WR
Thebroad-bandesonatoparametergelevantto theKEKB
LER andthe SPS(seeTable 1 for the parametelists) are
determinedrom the simulationsof the wake function [4,

5], andlistedin Tables2,3.

4 STRONG HEAD-TAIL INSTABILITY

In contrastto the beambreak-upproblemin alinac, the
dynamicsin a circular machineis stronglyaffectedby the
synchrotronoscillations. The electroncloud effect on co-
herentmotion of the singlebunchcanbe modelledby the
stronghead-tailinstability [2]. Thiswill betheframeavork
of the stability analysisin the following section.

4.1 Sandard Case, the Transverse Wake Func-
tioninthe Form W(z — 2/)!

Notation:
N, is thenumberof positronsin abunch,

1in this subsectionve closelyfollow thederiation presentedh Chap-
terVI of A.W. Chao Physics of Collective Instabilitiesin High Energy Ac-
celerators (J. Wiley, New York,1993),andrefer to the equationgherein
usingtheformat“Eq. (6.xxx)” in thefollowing partof the paper



Table1: Basicparameter®f the KEKB LER and CERN

SPS
variable KEKB-LER SPS
particletype et D
circumference 3016 m 6900m
beamenegy 3.5 GeV 26 GeV
bunchpopulation 3.3 x 1010 1. x 101
bunchspacing 8ns —
rmsbeamsizes 0.42 mm 3mm
0.06mm 2.3mm
bunchlength 5mm 30cm
rmsenegy spread 0.0007 0.002
slippagefactor 1.8x107% | 5.8 x 1074
chromaticity 4/8 0/10
synchrotrortune 0.015 0.0046
betatrontune ~46. 26.7
averagebetafunction 15m 40m

Table 2: Analytically determinedparametersfor wake
force inducedby electroncloud using the resonatorap-
proximation. R/Q in units of Q@ can be obtainedby
cRs/Q x 30. cRs/Q andwg, which linearly dependon
p, areevaluatedor p. = 10'2 m~3,

KEKB-LER CERN-SPS
X y y
wels™!] 6.4 x 1019 [ 1.70 x 10** | 1.5 x 10
wpls™!] 1.7x10° | 45x 105 | 1.4x10°
cRs/Qm™2] | 1.5 x 10° | 2.9 x 10° | 8.3 x 10°

Table 3: Simulatedparametergor the wake field induced
by anelectroncloudof densityp, = 10'2 m—2, asobtained
by fitting to theresonatomodel.

KEKB-LER SPS
X y y
wrls ] | 8.7 x 100 [ 22 x 10 | 1.5 x 107
Q 2.7 6.3 4.9
cRs/Q[m™2] | 2.9x 106 | 8.3x 105 | 3.2 x 10°

Px(y) (8, 2") is the horizontal (vertical) dipole momentof
particlesat 2/,
7 is theslippagefactor
¢ is therelatve momentundeviation,
Wa,a(y) = ¢/ Ba(y) IS the horizontal(vertical) angularbeta-
tronfrequeng in the smoothapproximation,
€= _E saw) is the chromaticity
w&m( ) 8E

ws is theangularsynchrotrorfrequeng.

The beamdistribution function canbe split into the un-

perturbedermandasingle-frequeng perturbation,
U =0, + \IjlefiQs/c’

and ¥, is expressedvia functionsof the unperturbedn-
variantsof motionfor eachdegreeof freedom,

Vo = to(q)po(r),

where

sin@ .

quwg,
gcost, p,= —%

y =

The Vlasov equationis linearizedfor a small perturba-
tion of thedistribution function, ¥, (¢, 0, r, ¢):

Q 8\111 Ws 8\111 —iQs/c
{z \Ifl— ( 55) _c&ﬁ}e
—|—C—Msm9F(s 2)=0 (1)
wg 0q ’

wheretheactionof trans\ersedipolewakefield W, (z — 27)
is representetly theforce

Nbre

F(s,2) = — /Wy(z —2Npyal(s,2)dz',  (2)
andp, 1(s, z') is theverticaldipole momentof particlesat
2’ for the perturbeddistribution ¥ .

In the dipole approximation,the solution should be a
function of ¢ and @ in the form which follows from Egs.

(6.168-169,175),

6\11
Uy o e K (r Zalkflk )l eix (@ 3

wherex(¢) is thechromatigphaseyx (¢) = {wpsr cos ¢/cn,
and f;;;(r) form a setof orthogonalffunctionswhich char
acterizeradialmodesandsatisfythe normalization

/ K(r) fue(r) fue (r)rdr = Sppe 4)
0
K(r) being the weight function of radial modes. This
weight function is relatedto the unperturbedongitudinal
distribution g (r):

Ws

K(r) = %900(7“)-

(®)

By usingthe expansionEq. (3) in Eqg. (1), replacing
sin @ — €% /2i in the smoothapproximationyewriting the
force EqQ. (2) in the frequeny domainvia theimpedance,



and substitutingthe Fourier transformof the dipole mo-

mentdistribution from Eq. (6.75),the problemis reduced
to alinearequationset,and? is to be foundfrom the cor

respondingeigervalueproblem,

Ws

Q—w
( 6) arg = (161 Okpr + Mg gr) apgr . (6)

Thematrix M is expressedy

Nyree . _yp
M e 7
Uyl ke Z2~/T0w5ws (7)
o0
></ Z1(w)gik(w — we) g (w — we) dw
wherewe introduced
& w
gik(w) :/ rdrK(r) fu.(r)J; (—r) , (8)
0 c

andwg = £wg/n is thechromaticfrequeng.
Thewake force entersvia its impedanceepresentation,

Zi(w) = i / h d—je*iwz/cwl (). )

If wetakethebroad-bandesonatoimpedancenodel,then
for given shuntimpedanceRg, quality factor @, andres-
onatorfrequeny wg, theimpedanceés expressedis
C RS

ZI(W):;HiQ (“’_R_i)
w

WR

(10)

For a Gaussiandistribution in the longitudinal phase
spacetheunperturbedlistribution functionandtheweight
functioncanbewritten as

677'2/202 67r2/202

ne
2molwg

K(r) = (11)

@o(r) =

2w

The orthonormalradial functionsare the generalized_a-

guerrepolynomials
27k! r ! r?
Sl L)' (=—].
() (=) o

1l
— |1]
o=\ ()

thenfrom Eq. (8),

e(l)

k@) = T

[ +2k
( wo ) 67w202/202
\/50 ’

[>0;

1,
) = {(_1)l, 1<0.

This corresponds theHermitemodesof thedipole mo-
ment,

(13)

py(z) ox esz/ZGQH\lHQk ( (14)

i)

We considererethe azimuthalmodecouplingonly for
threelowestradialmodes(k = 0, 1, 2). The couplingma-
trix consistf 9 blocks,

Ly + Moo Mo, Mig,1r2
M= M0 1oy + Mi1,1 M0 )
M2 10 M2, 1 [0y + M2,2
(15)
Nyrec iUe()e(l!
‘Z\/Ilk,l’k’:_ b <) ( )

i
Ay Towpws /B[ k)E(V]+E)!

2 2,2 wo
X [ Zy(w +we)e @0/ =
/ 1( 5) (\/ic

— 00

[U 4|V |+2(k+E")
) dw.

Before computing, the integration variable w should be
changedo the dimensionless = wo /¢, andaccordingly
we introduce

WR = WRO /¢, X =weo/c= V,@éUE/E7
Vs
C . CRS/Q
EZl(W) o w/Q—l—i(wR—wz/wR)' (16)

Here  is the effective value of chromaticphasefor a
Gaussiarbunch,andtheimpedances substitutedrom the
broad-bandesonatomodel,Eg. (10). Thenwe rewrite the
modecouplingmatrix as

Nyree(cRs/Q) ie()e(l)
Mgy = —i
dryTowgws /KN (|1 +k)EN(U]+E)!

x 7 ( (w/v/2) I+ 2004K o~ gy (17)

w+x)/Q+i(wr—(w+x)*/wr)’

Thetuneof eachmode(Q2 — wg) /ws is obtainedy solv-
ing the eigervalueproblem,Eq. (6), for matrix 18;;: dxrr +
Mgk . At Ny — 0 themodefrequeng 2 = wg + lw;
correspondso the /th synchrobetatrosideband.The ma-
trix hasinfinite dimensionbecausef —co < I < .

For most casesconsideredbelon we can truncatethe
matrix at —5 < [ < 4, andcalculatethe eigervaluesnu-
merically To check-upthe convergeng/, we comparedhe
eigervalueswith thoseof thetruncationat—9 < | < 6.

4.2 Betatron Tune Variation Along the Bunch

Thetrans\ersefields of the positron/protorbunchcause
variationof the effective trans\ersesize of electroncloud
over the bunchpassageThe variabledensityof the cloud
resultsin differentincoherenttuneshiftsalongthe bunch.
Simulationshavs thatin somecasesve canonly consider
thelinearpartof thetunevariationalongthe bunch([5].

Let usmodify the standardanalysisof Sectiond.1to in-
cludethis effect. Now, in additionto the chromaticityef-
fect, we have to introducethe betatronfrequeng variation
term(z/c, then

wp(8,2) = wp(l + &0+ (/o)



and the trans\ersedipole perturbation¥; in the Vlasos
equation(1) shouldbedecomposeds
\Il . .
Uy o ——e?K(r Zalkm )P eX(9) A0 - (18)

wherebesideghe Chromatlcphase,

X(¢) = Ewgr cos @/cn = wer cos p/c, we = Ewg/en,
we introduced
A(¢) = Cwgrsin¢/ows = wersing/e, we=_(wge/ows.

This will modify the Besselfunction agumentin Egs.
(6.74,75)andhenceforth,

027
do . L2 . r
/0 o exp[—il¢ + w— = i(we cos ¢ — we sin QS)E]

= gleilo Jl(g (w—we)? + wg),
where
¢o = a‘rg(w —we + iwc).
As a consequenceaye shouldmodify the modespectrain
Eq. (7) usingEq. (8),

gik((/(w —we)? +wi) = e~ il /OC rdrK (r) fix (1)
0

(w = we)? + ),

andthusthe formalismfor the longitudinaltune variation
is ready

For the Gaussiarbunchwe only have to replacethe ar
gumentf g (w) in Eq. (13),

r
Ji(—
X l(c

E(l)ef((w7w5)2+w§)a2/252
k(I + k)

x (U(W —f/"%c— iwq)) .

) <a2<<w—wg>2+wz>>"‘
[>0;

2¢c2
I,
W) = { (-1, 1<o0.
The final form of the coupling matrix for the Gaussian
bunchandbroad-bandesonatoimpedancenow is

Nbr6 (cRs/Q) il*lla(l)a(l')

gk (w —we,we) =

Allk Uk’ =—1

dryTowsws  /EN|I[+ k)& (JU]+E)!
T A(w)dw
xé(w T/ T iwn — @t o) D)
A(w) _ (w — ’LA)W (’LU + ’LA)”I‘ (w2 + AQ)k+k/ €7w27A2.

okt k- ([U+1]) /2
Theeigervaluesdo notdependonthesignof A.

With the sameSPSparameteraisusedin Figs. 6,7, we
canseein Figs. 15,16thestabilizingeffect of thetunevari-
ationatA > 1, aspredictedn [7]. Thepositve chromatic-
ity effectremainsseeFig. 17.

4.3 General Case, the Transverse Wake Func-
tioninthe Form Wz, 2)

For moregenerakituationse. g., for theelectroncloud
responsdo dipole perturbationstranslationinvariancein
z doesnot hold, andthe wake function cannotbe reduced
to the form W(z — z’). We now tracethe differencesn
thelinearizedVlasov formalismresultingfrom thegeneral
form of thewake, W1 (z, 2). Thisfunctionmustvanishfor
z> 2.

First we introduceits full Fourier transformZ; (w, w’)
andcall it a generalized impedance,

Wiz, 2') = /
(20)

The particularcasewhere Z, (w, w') = 2n6(w — ') Z(w)
correspondso the corventionalwake Wy (z — 27).

Substitutingeq. (20) into Eq. (2), we find thetrans\erse
force

Note —soure [
F(s,z) = —ieﬂQs/c/ Wi (z,2")p1(2")dz'
Y
Nyre fiQs/c/dw iwz/d"‘} Y, ’
_ dw” 7 21
_ 5 5 P Z1(w. o), (21)
where
p(w) = /dze*i“’z/cpl(z) (22)

is the Fouriertransformof the beamdipole momentdistri-
bution p1(z). Usinga derivationshavnin Eq. (6.75),we
arrive attheresultof Eq. (6.178),

= 277—2/ rdrK(r

Ji((w' —we)r/e).

We putthisexpressionn Eq. (1) transformedappropriately
(cf. thederivationof Eq. (6.177)),

Q0 — wp
3 - —l K v =
i ( o ) T)zk; ark fik

x [ R —wor/) [ S

andrelating the weight function K (r) to the unperturbed
distribution ¢o(r), Eg. (5), we only needto usethe or-

thonormalityconditionEq. (4) to reducetheintegral equa-
tion Eq. (24) to a linear equationsetin the basisof mode

functions fy,
Q—w .
( » £ _ l> g = — Z]V[lk,l’k’al’k’ ;
S %
(25)

where the generalmode coupling matrix Mzk,z/k/ is ex-
pressedia the generalizedmpedance,

Xy fiei ™! (23)

Nyreciloo(r)
dmywgw,Th

NZ1 (w,o'), (24)

Nprec
2ywpwsThy

J_ ’
- Nprecit—

Mlk Ik = =l
’ dmywgw, Ty



x//dwdw'glk(w—wg)gl/k,(w'—wS)ZAl(w,w’), (26)

while themodespectrunmy;; (w) is givenby Eq. (8), asfor
the standarctase.

Goingto the time domain,we introducethe dipole mo-
mentdistributionscorrespondingo themodespectra,

dw

_Cglk(w)ewz/ca qu(—=2) = gix(2), (27)

aik(z) = o

andrewrite thedoubleintegral,in Eq. (26),

Mgy =

TNyrecit™" [ |
e [ g

ywpwsTh

— o0

o
X / d2' Guw (2 )W (z, 2 e s(z=2) (28)
z
It is easyseethatat vanishingchromaticity we = 0, all the
matrix elementsarerealnumbers.
This time-domainform may give an advantagein com-
putationof themodecouplingmatrix.

4.4 Gaussian Bunch

For the radial head-tailmodesof the Gaussiarbunch,
we useEgs. (11-13)to write the final form of the mode
couplingmatrix,

Nprec el

My = —i
ok Ry Towpws /RN LRIV 1 )Y

oo o0
x/ /dwdw’Zl(w—l—wg,w’—i—wg)
—00—00

[l|+2k [0 |+2k"
% ( wo ) (W’o'> 67(M2+w,2)02/262_ (29)
V2e V2e

To obtain the time-domainform, we transformthe mode
spectrafEq. (13),andget

T(k + 2 14| 1 22
gik(z) = Fk+—7_;__7
() = 2 03 27

(30)

for eveni, and

T(k+1+ 1) 2
2ro\/Tk!(|I| + k)! <\/§O’)

Guk(z) = isignl

(1)

for odd!l. Of coursethehypeigeometridunctioncanbere-
ducedto the “oscillator wave functions” expressediia the
Hermite polynomials,seeEq. (14). However, for higher
ordermodesthe above form is moreefficientin computa-
tion. For z > o+/|l| + 2k thesefunctionshave a Gaussian
cut-off, andthusthe infinite integrationrangein Eq. (28)
is notaseriougproblem.Finally we have to substituteEgs.
(30,31)into Eq. (28) in orderto evaluatethe generaimode
couplingmatrix for the Gaussiarbunch.

5 ASIMPLE MODEL OF TRANSVERSE
FEEDBACK

A bunch-to-lunch feedbackintegratesthe dipole mo-
mentover the total bunchlength (o, = 5mm at KEKB!)
and appliesits proportionalkick after one turn, with a
tunablegain and phaseshift. The feedbackkicker pulse
is practically constantover this bunch length. At KEKB
2nvs < 1, thusthe one-turndelaymay not causea prob-
lemlikein LEP machine.

Assuming a perfectly linear (no gain saturation)and
noiselesgeedbackhardware,we candescribéts actionby
anequialenttranserseimpedance,

ZFB = —igFBei¢FB5(w)

wheregrp and¢rp arethefeedbackgainandphase.
The feedbackphaseparametercan be tunedto purely
resistve, prp = /2, or purelyreactve, prp = 0, T, Or
mixedmode.
At zero chromaticity the feedbackonly actsuponthe
! = 0 mode; at positive chromaticity higherorder syn-
chrobetatronrmodesarealsoinfluenced.

6 TYPICAL BEHAVIOR OF THE MODE
TUNES

Theeigervaluesof truncatedM, Eq. (17) (i. e.,tunesof
eachmode)are computedasfunctionsof cRg/Q atfixed
bunchintensity usingwr and@ from thewake simulation
for KEKB LER andCERNSPS[4, 5].

The following figures shav the computedmodetunes
vs Rg/@Q or the cloud densityp., since Rs/Q is linearly
relatedwith it.

The positive slopeof all the modetunesresultingfrom
incoherenteffect of the electroncloud (single-particlefo-
cusingby thecloud)is equalin all the modes;t is ignored
in thefollowing figures.

The parameter®f the trans\ersedipole wake from the
electroncloud correspondo large valuesof the wake os-
cillation parametep = wgro,/c. For KEKB LER p = 3,
for CERN SPSp = 1.5. So, we are working with the
caseof “long” bunch, the beam spectrumsamplesthe
low-frequeng part of the cloud impedance. An impor-
tant consequencés that the positive chromaticity results
in dampingof all thelower-orderhead-tailmodesup to or-
ders|l| + 2k ~ p?, atleastfor small bunchintensities,
AvVgop < Vs,

The above statementoesnot contradictwith the van-
ishing sumof all decrementsseeAppendixA. Thedamp-
ing of a dozenlower-ordermodesis balancedy the weak
anti-dampingf agreatmary of higherordermodes How-
ever, their weakinstability is notimportantbecausef sta-
bilization by the incoherenttune spreadof ary nature,or
by quantunfluctuationsin electron/positromachinessee
AppendixB.

At highintensitythe modecouplingbecomesmportant,
althoughfor the long-bunchcasethe diagonalelementsn



the mode coupling matrix tend to dominate. With suf-
ficiently high chromaticities,y ~ 2, all the lower-order
modesincludedin truncationbecomestable,i. e. the high
positive chromaticity can significantly enhancehe TMCI
thresholdfor “long” bunches.

Figures2,3 shaw the effect of positive chromaticityfor
the parameteref KEKB LER. With highervaluesof @,
seeFigs. 4,5, the chromaticityeffect becomesmore pro-
nounced. The instability thresholdswith Q@ = 1, Figs.
2,3, arein reasonablagreementvith obsenationsof the
positronbeamblowup at KEKB LER [8].

The sameeffectis shovn in Figs. 6,7 with the param-
etersrelevantto the CERN SPS.The chromaticitydepen-
denceshown is consistentvith the electroncloud instabil-
ity simulationfor this machin€[9].

Now returnto the KEKB LER. Thetrans\ersefeedback
is not very efficient againstratherhigh incrementsof the
TMCI at zerochromaticity Fig. 8. However, thefeedback
tunedresistie, andin combinationwith the moderatepos-
itive chromaticity canseriouslyraisethethreshold Fig. 9.
The sameenhancemerfrom the reactve feedbackalone,
Figs. 10,11 leadsto aconclusiorthattheparametersf the
bunch-to-lunchfeedbackjncludingits phase canbe opti-
mizedwith respecinot only to the residualdipole oscilla-
tion, but alsoto the beamblowup believedto be causedy
theelectroncloud. And in combinatiorwith thechromatic-
ity, Fig. 12, the effect of thefeedbackphasds stronger

Dependencef the instability thresholdon the bunch
current with different filling patternsat KEKB LER is
shawvn in Figs. 13,14. Herevariationof the bunchcurrent
meansproportionalvariationof the cloud densityplusthe
square-rooscalingof thewake oscillationfrequeny wr.

For the parameteref CERN SPS Figs. 15,16show the
modecouplingdependencat 6 differentgradientsof the
lineartunevariationalongthe bunch,the tunevariationof
1 meansthat the incoherenttune shift variesfrom @, to
—Qs over +o,. Thegraphsdemonstratéhe stabilizingef-
fect from the longitudinalvariationof incoherentbetatron
tune, cf. [7]. Fig. 17 presentghe effect of the positive
chromaticityat fixedtunevariationparameter

7 MODE STABILITY IN THE COASTING
BEAM LIMIT

Usingthe coasting-beartimit, wro, /¢ > 1,for estima-
tion of the bunched-beanstability, one usually takes the
maximumof ReZ; to besurethatall the modes arestable.
For theBBR w4z & wr, thismeanReZ; (wr).

However, for our casewith low modenumbers] ~ 1,
andic/o, < wg, thiswill yield too stronga condition
(sufficient, but not necessary).

Let ustake the coasting-beantimit conditionfor stabil-
ity in its full form, seeEq. (6.263)in [3]:

N  r.c
cTy 27 Towg

ReZ1(nwo + wg) < Ad| — nwon + &wgl,

with thelineardensitycorrespondingo thatin the bunch,

N, N
=
V2mo, o

andAJ correspondingo o/ FE for Gaussiarbunches.
Relating this coastingbeam situation to the bunched
beamparametersye shouldalsoreplace

nwg — w of the mode

€wg/n — we, the chromatic frequency

enAd/ws — o,, the bunch length

For the higherordermodesthe accuratetreatmentby the
TMC theoryshows stability.
For thelower-ordermodes,/ ~ 1 — 2, we take

c
w~——I (K wg)
o,

andapproximateheimpedance
cRs_w
Q Qui’

Then,neglectingws < w, we obtainthestability condition
for thelth mode

ReZ1 ~

Nrec? cRs 1

2VT3wpwso, Q Qu

(%1%
cl

<’1+

= 1+x/1,

wherey is the chromaticphase Notethatw? o Ny /o,
N, cRs/Q x pe, andwso, o 1.

Hence,we cometo the scalingof the thresholdlevel of
the electroncloud density

Pesh XNQ 1+ x/|, forl~1-2.
For thecasew ~ —wpg, we approximate

fis Q
Q wgr’

andarrive at somevhatdifferentstability condition,

R()Zl ~

Nroc? cRs @
¢ TS5 o+ .
2~/T02w@w50z Q CUIQ% | W{/WR|,

whencethethresholdscalingis
7 c
Pc,th X §|1 + X@L for [l ~ chrZ/c,

i. e.themodenumberiis replacedvith thewake oscillation
parameterln thesaturatiorcondition,p. th < Np.th/Lsep-

For theoppositesituationwro . /¢ < 1, fromthesingle-
bunchinteractionparametetZ; N, /o, with 7; « p., we
find a differentscalingof theinstability threshold,

Z1Ny/o, < NE 0, Lep.



8 CONCLUSION

The paperpresentanalyticaltoolsfor studiesof strong
head-tailinstability causedy electroncloud,includingthe
machinechromaticity The standardmulti-mode eigen-
valueanalysisof thetranswersemodecouplingis extended
by including into consideratiorthe specific propertiesof
the cloudresponseausedy its pinching,Section4.

On the basisof this studywe cometo a conclusionon
very importantrole of the high positive chromaticity the
mostappropriatameasuref its stabilizingeffect beingthe
respectie chromaticphasey. In differentparametesets
consideredn Section6 we alwaysobtainedstabilizationat
x ~ 2 radian. Smallervaluesof the chromaticity were
neverthelessefficient in combinationwith the trans\erse
bunch-to-lunchfeedbacksystem.

Although it is difficult to take into full accountanalyt-
ically sucha complex phenomenorasthe electroncloud,
the analyticaleffort appliedto simplified dynamicalmod-
elsmayprovide somensightandhelpin betterunderstand-
ing the resultsof simulationstudiesof the beamdynamics
undertheinfluenceof the electroncloud.
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Appendix A: The Sum of Decrements for a Gaus-
sian Bunch
Thesumof eigervaluesis equalto thetraceof themode

couplingmatrix. Hence from Eq. (7), the sumof the syn-
chrobetatrormodedecrements

N
Z ImQ = — €
™ 2vTowg

X /700 dw'Re[Z1 (w' + we)] ngk(w’)

k.l

For a Gaussiarbunch,from Eq. (13),

2/ 2/c? c- *0” /2¢7) l1+2k
_ 7&) loa C
QFZglk(w - Z Z (|1 +k)!
k,l l=—00k=0
2 2,2 s w202
= vl Z Il( c? )
l=—¢

= e “(Io(x) + 2L (x) + 212(x) +...)
= e Ye"=1.

Sincewakefieldsarerealfunctionsof s, ReZ; (w) is anodd
function of w with a vanishingaverage. Thus,the sumof
themodedecrements) _, , Im(2, alsovanishes.

Appendix B: Effect of Diffusion on Higher-Order
Head-Tail Modes

With the fast-oscillatingwake (or for a “long” bunch),
the positive chromaticity can stabilizeall the lower-order
head-tailmodesupto modenumbergl|+2k < (wgro,/c)?.
However their decrementsvill be compensatetly (small)
incrementof alargenumberof higherordermodeso give
avanishingsum.Butthereis areasorwhy thehigherorder
modesareof no specialconcern.

In e"e~ machinesquantum fluctuationsof the syn-
chrotronradiationcausediffusion in particle oscillations.
Consider|l|, k > 1, thenthe dipole momentis given by
theHermitemode,Eq. (14),

7'22/20-2H < V4 ) l~_Z <
y(2) < e — | — cos—, |z| L oO.
pu(2) e 5 ~. I
In theabove, = |I| + 2k. The Greenfunctionof diffusion
is
1 { (z— z')g}
exp | — s
2v Dt 4Dt
wherethe diffusionconstantD ~ o2/, andr is theradi-

ationdampingtime.
After ashorttime, t < w; ',

e~ [ o6t

G(z,2) =

l 12Dt
~ cos—zexp -— ] ~ efizt/pr(z).
o

Thus,while theincoherendampinggiviasT/Z, thediffusion
smeartime is evenmuchshorter ~ 7/12.
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Figure2: KEKB LER, head-tailmodetunesin units of the synchrotrontune vs the cloud density p. x 10~2m~2 at
I, = 0.52mA, @ = 1. Left: realpart,right: imaginarypart. Fromtop to bottom: the chromaticphasds 0.0,0.25,0.5.
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Figure3: Continuedrom previousfigure: KEKB LER, head-tailmodetunesin unitsof thesynchrotrortunevsthecloud
densityp. x 10~ 12m~3 at I, = 0.52mA, = 1. Left: realpart,right: imaginarypart. Fromtopto bottom: the chromatic
phases1.0,1.5,2.5.



Figure4: KEKB LER, h ead-tailmodetunesin units of the synchrotrontune vs the cloud densityp. x 10~ 12m~2 at
I, = 0.52mA, Q = 6.3. Left: realpart,right: imaginarypart. Fromtop to bottom: the chromaticphaseas 0.0,0.25,0.5.
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Figure5: Continuedrom previousfigure: KEKB LER, head-tailmodetunesin unitsof thesynchrotrortunevsthecloud
densityp. x 107 2m=2 at I, = 0.52mA, Q = 6.3. Left: real part, right: imaginarypart. From top to bottom: the
chromaticphasas 1.0,1.5,2.0.
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Figure 6: CERN SPS,head-tailmodetunesin units of the synchrotrontune vs the cloud densityp. x 10~ 2m~3 at
N, = 10, Q = 2. Left: realpart,right: imaginarypart. Fromtop to bottom: the chromaticphases 0.0,0.25,0.5.
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densityp. x 107 12m~2 at N, = 10!, Q = 2. Left: realpart,right: imaginarypart. Fromtop to bottom: the chromatic
phases 1.0,1.5,2.5.
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Figure10: KEKB LER, head-tailmodetunesin unitsof the synchrotrortunevs the clouddensityp. x 10~12m~3. Left:
real part, right: imaginarypart. Effect of the feedbackphase from top to bottom: a) no feedback;b-d) the feedback
dampingis 0.2,andits phases varied90°, 135°, 180°. Q = 1, I;, = 0.52mA.
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Electron cloud at high beam currents*

S. Heifets,StanfordLinear AcceleratorCentey StanfordUniversity, Stanford,CA 94309,USA

Abstract

The densityandthe wake fields of the e-cloudarequite
differentat low andhigh beamcurrents. The wake fields
arederivedandappliedto theupgraded®EP-1I B-factory

1 INTRODUCTION: EXAMPLE

Thereare plansfor upgradingthe PEP-I1I B-factory to
higherluminosity [1]. This could be achiezed, mostly, by
increasingthe beamcurrentsup to 10-20 Amp. Tablel
presentsfour possiblescenariosof upgradingthe PEP-II
B-factory Many potentialproblemshinderwith the plans,
themostobviousof themarerelatedto the RF andthesyn-
chrotronradiation(SR) heatloading. Herel would like to
consideronly adwerseeffectsof the beaminteractionwith
the electroncloud.

Thepresentvisdompredictsthatthedensityof thecloud
is definedby the conditionof neutrality

<n>= Db )

Therefore the interactionwith the cloud and, particularly,
thetuneshift
27T, R?n,

vQp

grow proportionato thebeamcurrent. Thevariationof the
tunealongthe bunchis of the sameorder For thenominal
PEP-II parametersTable | (1stcolumn), AQg = 0.052
andis unacceptablyargefor highercurrents.

I would like to argue that sucha prediction might be
wrong andthe pathto the high currents,at leastfrom the
point of view of e-cloudeffects,is nothopeless.

AQp = ()

Tablel: Parameter$or upgradedPEP-IILER

Parameter  (I) (1 am v

np 750 1658 3400 3492
Iyeam, AMmp 1750 4.0/1.4 10.0 18.0
Ipuncn/mA 233 241 294 5.5
o 119 0.8 0.5 0.13
a,1073 123 1.23 241 241
80,1074 7.7 7.7 77 7.7

Ny10~1! 1.07 11 135 2.36

*Work supportedby Departmentof Enegy contract DE-AC03—
76SF00515.

2 RELEVANT PARAMETERS

There are two groupsof electronsin the cloud: pri-
mary photo-electronggeneratedby the SR photonsand
secondarelectrongyeneratedby the beaminducedmulti-
pactoring. Electronsin the first group generatedat the
beampipe wall with the radiusb interactwith the parent
bunch and acceleratedby a shortbunch)to the velocity
v/c = 2Nyr. /b, Wherer, is the classicalelectronradius
and NV, is the bunch population. Electronsin the second
group,generally missthe parentbunchandmaove from the
beampipewall with the velocityv/c = \/2Eqy/mc? until
thenext buncharrives. Thevelocity is definedby theaver
ageenepgy Ey ~ 5 eV of the secondaryelectronsand, at
high Ny, is smallerthanvelocity of thefirst group.

The processof the cloud formation depends,respec-
tively, ontwo parameters:

2Npres
= 3)

_ Sp 2E0
=3V me @

Theseparameterarethe distance(in unitsof b) passedy
electronsof eachgroupbeforethe next buncharrives.

At low currents,x << 1, electroninteractswith mary
bunchedeforeit reachesheoppositewall. In theopposite
extremecase,x > 2, all electronsgo wall-to-wall in one
bunchspacing.

The transitionto the secondregime can be expected,
thereforefor k ~ 1 wherethe cloudis quitedifferentthan
it is atlow currents.For k > 1 and¢ < 1, secondarelec-
tronsare confinedwithin the layer{ < (r/b) < 1 atthe
wall andarewiped out of theregion0 < (r/b) < ¢ close
to the beamby eachpassingounch. This makestherange
of parametergx > 1 and2 — k < ¢ < 1) quitedesirable
to suppresshe adwerseeffectsof the e-cloudon the beam
dynamics.

The initial enegy of the electronandthe space-chaye
force neglected above do not changesubstantiallythis
statement. The caseof high « is considerecherefor the
upgrade®f the PEP-II B-factory

The heatload to the wall increasesvith beamcurrent
but dependencen the currentis differentin low andhigh
currentregimes. The enegy of an electronthrown to the
wall by thepassingounchE,, ~ (mc?/2)(2Nyr./b)? and,
therefore the heatload of a bunchis proportionalto N}?
at low currents,but only N7 at high currentsbecausehe
clouddensityatsaturatiormaybeindependentnthebeam
current.

(It may be worth noting alsothat at the very large cur-
rents, the enegy of electronshitting the wall is so large




thatsecondaryelectronyield (SEY) Y rolls off andmulti-
paatoringat suchhigh currentsis alwayssuppressedThis
happensitk > (/E/Ey, whereE ~ 2 keV, k ~ 10. We
will notconsiderthatextremecase).

3 DENSITY OF THE E-CLOUD AT
HIGH-BEAM CURRENTS

The e-clouddensityat low currentsis givenby the con-
dition of neutrality It meanghatthe sumaveragedn time
of thefields of the beamandof the space-chayeis zeroat
thewall.

The conditionof neutralityimplies thatsecondaryelec-
trons remainin the cloud for a time long enoughto af-
fect the secondaryelectronsgeneratedby the following
bunches. In otherwords, the condition of neutrality and
the quasi-steadgquilibriumdistribution of the e-cloudare
justifiedonly for small k.

It is notthe caseatthehigh currents.n this caseall pri-
mary photo-electronslisappeajust in onepass.The sec-
ondaryelectronsareproducedwith low enegy Ey ~ 5eV
andarelockedup atthewall. Thedensityof thesecondary
electrongyrows until the space-chayepotentialof the sec-
ondaryelectronds lowerthanEy,

U ~ 7e?b?[1 — (1 = ¢)*no o Ey. (5)
Thisis avery moderatedensityng ~ 2.8 106 cm 3.

The radius of the Larmor circles in the arcs may be
changedby the kick from a passingbunch provided the
bunchis short,wrop/c << 1 wherew;, = eH/mec. Oth-
erwise, thereis the adiabaticinvariantL = mwgr? and
theenegy E = Lw of theLarmormotionis presered. It
meanghat electronsin the arcsareaccumulatecindmay
definethe beamstability at the high bunchcurrents.

4 SIMULATIONS

Simple simulationswere carried out for a round beam
pipe b = 4.5 cm assuminghat particlesmove only radi-
ally. Spacechagewasincluded.A bunchandthedistance
betweenbunchess, = 275 cm were sliced and interac-
tion with eachslice was describedas a kick. Therewas
no sourceof particlesexceptinitial fill and multipactor
ing: particlecrossinghewall with alow enegy waskilled
andone with the enegy E > 40 eV was replacedwith
n = 1.45 new electronsrandomlydistributedover the en-
ergy rangeb + 2 eV. The four currentsconsideredn sim-
ulationscorrespondo parameterg = 0.27 andx = 0.22,
0.94, 1.54 and2.63, respectrely. Thesecasesare noted
belowv as(a), (b), (c), and(d), respectiely. Resultsof the
simulationsareshovnin Figs. 1,2,3.

The resultsof the simulationsare consistentwith the
gualitatve argumentgivenabove:

1. The densityincreaseswith the currentand goesto
saturationbut, at the highestcurrent,dropsto zero. This
canbeexpectedvhentheaveragedensityexceedshelock-
up threshold.

10 20 30 40 10 20 30
distance distance
>\2888 >\20000
22000 & 15000} (d)
S 2000 © S 10000
0O 1000 A 5000
10 20 30 10 20 30 40
distance distance

Figure 1: Total numberof particlesvs time (in units of
bunchspacing). ¢ = 0.27 and Ieqm = 0.5 A4, 2.15 A,
3.5 A and6.0 A for (a),(b),(c),and(d), respectiely.
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Figure2: Density at the beam line for the four beam cur-
rents vstime (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-shobf the cloud distribution substantially
variesin time betweenbunchesat high currentsand has
only smallmodulationatlow current.

3. Althoughthe averagedensityincreasesvith current,
thevariationof the densityat the beamline in time is sub-
stantially differentfor differentbeamcurrents:it is about
aconstanin the case(a), it is maximumat the eachother
bunchin the case(b), and, at the high current,the bunch
seesalmostzero densitycloud as it can be expectedfor
k > 2. | think thatthe situation(b) canexplain why lumi-
nosity of eachotherbunchdropsin the PEP-I1[2].

5 WAKESAND TUNE SHIFTSAT HIGH
CURRENTS

The wake field of the electroncloud at low currentsis
definedby electronsoscillatingin the vicinity (3-5) o, of
the beam.Suchelectrongassthe memoryof the offset of
the previousbunchto thefollowing bunches.

The integratedsingle-lunchwake for a long bunchcan
be approximated[B seeFig. 4, by the wake of a single
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Figure 3: Shap 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 frequeny ufo,

S

21, Qo . _
Wers(2) = Weps2mR (=) sin(p€)e ™24
))\b C

1+o0y/0,

(6)
Here, n. is the cloud density A\, = N;/(0,V/27) is the
bunchlineardensity Qy is thelinearfrequeng of thever
tical electronoscillations,(Q/c)? = 2Xy/(0y(0z + 0y))
and¢ = Qpuncnz/c. Numericcalculationg4] which take
into accountthe frequeny spreadof the electronsof the
e-cloud,definedparameter$Ves; = 1.2, 4 = 0.9,Q = 5
which arewith goodaccuray independenbnthermssize
of thecloud.

Additional effect is given by possibleasymmetryof the
cloud dueto primary photo-electronsr ante-chambeiFor
an estimate the field of an anti-symmetriccloud with the
cloud centroidat o andthe linear densitydN/ds canbe
describedcasa field of a threadwith the linear chageden-
sity dN/ds displacedy a from theaxesof theroundbeam
pipe. Thehorizontalcomponenbf them-th azimuthahar

05 B

-05 b

Il Il I
0 5 10 15 20
Omega z/c

Figure4: Effective wake W,¢(¢,0) of the cloud as func-
tion of ¢ = Qgz/ec.

monicof thefield of thethreadis

%ﬂ(f)m—l[l _

E(m) —
z a ds ‘a

a

() cos|(m = 1)g]. (7)
The m = 1 harmonicgives the steady-staténorizontal
force and changeshe equilibrium enegy of the beamby
AE/E = eEél)p/E, wherep is the bendradius. Effect
is very small. For example,let us considerthe jet of the
primary photo-electronsvith thelineardensity

N LG.’I‘CS

dN Sagy N )

E a 672\/§p b 2R’

whereY,, ~ 0.1 is numberof electronsper SR photon,
a9 = 1/137, and L,,.s = 27p is thetotal lengthof the
bends.Let usassumehatthe primary photo-electronget
thekick v/c = 2Nyr, /b from the parentounchandmove
to theradiusa = b — (2Nyr./b)s, to the momentwhen
the next buncharrives. Takingthe bunchpopulationN, =
10!, the bunchspacings, = 250 cm, p = 13.5 m and
b=4.5cm,wegetdN/ds =1.8107 1/em, a = 1.36 cm,
andAE = 3.5 eV for 2.2km PEP-IILER.

Effect of the asymmetrydueto the ante-chambeat low
beamcurrentsdepend®n the parametetvy; sy /¢ = V2k,
where w,,; is the plasmafrequeny wy/c = Amngre.
Hence,atlow currentss < 1, ary asymmetryof the cloud
densitygeneratedby a bunchis preseredto thenext bunch
but hardlyis largerthanthe effect of theasymmetryof the
photo-electrongstimatedabove.

The mechanisnof the bunchinteractionthroughthe e-
cloud is different at high currentsand is definedby az-
imuthal asymmetryof the distribution of the secondary
electronsdue to bunch trans\erse offset. The bunch
with the offset 2 gives the asymmetrickick (v/c)y+ =
2Nyr. /(b £ z) to the electronsin the cloud. They reach
the wall and producesecondaryelectronsat the differ-
ent momentsty. The secondaryelectronspropagating
toward the following bunch are at the different distances
a+ = b—((1—cty/b) fromthebeamline whenthebunch
arrives. Theinteractionwith thebunchis givenby thefield
E,(a_)—E,(ay) ofthem = 1 harmonicseeEq. (7). Ex-
pandingthefield over z, theresultcanbe describedasthe
transwersebunch-to-tunchwake W, . For small{ << 1,



theintegratedwake is

8 1 dN¢
WL_ZWRI?M%;, )
wherea = b(1 — ¢). Forng = (dN/ds)/(wb?) ~ 10°

em™3, Ny = 101, 27 R = 2.2 km, andb = 2.5 cm, we get
¢ =04,k=225andW, =11V /pC/cm.

The azimuthalharmonicm = 2 of the e-clouddistribu-
tion givesthetuneshift

dN . b

L !

F—F
YQq yb?

For the sameparametersyy, N, andb asabove, we get
dQ/dIyeqarm = 4.51072 1/Amp.

It is worth notingthattheeffectof thejetsof the primary
photo-electronsn the beamvariesalongthe bunchdueto
the changingdistancefrom the jet to the beamline. This
may causevariation of the tune shift and orbit distortion
alongthebunch.

AQz,y = (10)

6 HEAD-TAIL INSTABILITY

The wake generatedyy the interactionwith the cloud
leadsto the head-tailinstability [3]. A peculiarfeature
of the e-cloudwake thatit dependson I, dueto the
electronfrequeng dependenceThe Satoh-Chins formal-
ism [5] canbeused,in principal,to definethe thresholdof
instability. The stability is definedby the eigenvaluesof
amatrix which hasto be,asusual,replacedby a matrix of
a finite rang. Simulationswith a low ordermatrix shov a
certainthresholdof the head-tailinstability. However, the
bunchagainbecomestableat highercurrents.This reduc-
tion of the growth rate may be a resultof a large number
of electronoscillationsperbunchlengthQyypnenor/c >> 1
at large N,. At the presenttime, it is not clear whether
suchanexplanationis correctuntil the numericresultsare
checled with the matricesof higherrang (of the order of
(Qbunchal/c)Q)'

7 CONCLUSION

The presenttheory predictsthat the e-cloud becomes
more dangerousat high currents. The situationmight be
not hopeless. The condition of neutrality predicting the
growth of the e-densitywith currentmight be replacedby
the lock-up conditionindependentf current. The distri-
bution of electronsin the cloud changesand, at the high
currents becomesollow. In particular the densityat the
beamline which definesbheam stability decreases.The
head-taiinstabilityis stabilizedathigh currentsdueto high
electronfrequencies.

Thesepredictionand,in particulay the adverseeffect of
densityfluctuations couldbeverifiedwith existing codes.
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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 was 8 ns and typical beam current was 600 mA. The

A coupled bunch instability is observed in KEKB lowbunch oscillation recorder [6] was used to record the
energy positron ring (LER). The observed mode spectruRtinch oscillations for 4096 turns without applying the
and the growth rate of the instability change according f@unch-by-bunch feedback system which is installed to
turning on and off the solenoid magnets which arguppress the transverse coupled bunch instability [7]. The
installed to sweep out the electron cloud in LER. Th&unch oscillation data were then transformed into the
simulation results are consistent with a hypothesis that t§8apshot data as they were recorded at a fixed location

instability is caused by the electron cloud. [8]. The mode spectra were determined by applying fast
Fourier transform (FFT) to turn by turn oscillation data.
1 INTRODUCTION The growth rates were calculated by fitting the oscillation

The vertical beam blow-up caused by the electrofiurve to an exponential functlon._ . ,
cloud has been observed in KEKB LER [1]. To sweep OutThe mode spectra observed in horizontal and vertical

the electron cloud a large number of solenoid magne%anes without applying the solengiq field are shown in
were installed in LER. The effect of the solenoids on thg'9ure 1. The mode spectra are similar showing a broad

blow-up was confirmed by the measurement of the beaRf
size and the luminosity. The electron cloud can cause

ak at the mode number around 800 both in horizontal
d vertical planes. Fig. 2 shows the mode spectra with

only the beam blow-up but also a coupled bunc pplying the solenoid field which covered about 70% of

instability as K. Ohmi pointed out [2]. In fact, the coupleot.e.”ng'. The horizontal ."’?”d vertical mode spectra are
bunch instability which can be explained by the electroﬁ'rml.ar with the same position of the peak. As can be seen
cloud was observed in KEKB PF [3] and BEPC [4]. In F'g', 1 gnd 2, the mode spectra change due_.to Fhe
We studied the coupled bunch instability in KEKBsolen0|d filed, which suggests that the instability is
LER expecting that the coupled bunch instability by thgaused by the electron cloud. . . .
electron cloud would be observed also in LER. In ourThe observed g_rowth rate is shown in Fig. 3. The
experiment the mode spectrum and the growth rate We|218r|zontal ar)d vertical growth rates were 2.0 /ms and 1.3
measured turning on and off the solenoids to see t QS respectively, when solenmd—off. It depreasgd to 72%
effect of the electron cloud. The results were compardifrizontally and 74% vertically after installing the

with computer simulation. In this paper we present th olenoids which cover.ed 40 % of the rlng.fulrther
results of the measurement and the simulation on t creased to 25% horizontally and 20% vertically after
coupled bunch instability in KEKB LER installing the solenoids in order to cover 70 % of the ring.

2 EXPERIMENT 3 SIMULATION
Two kinds of solenoids were installed to sweep the | € Simulation program PEI developed by K. Ohmi [2]
electrons, one is a bobbin-type solenoid and the other s used to study the coupled bunch instability due to the

bobbinless-type solenoid [5]. The length of the bobbinglectron cloud. The parameters used in the S|mulat|on are
type solenoid is from 150 to 650 mm. The bobbinlesélsnad n Tg_ble L. At LER’ the beam energy is 3.5 Gev
type solenoid has a length of 40 mm and mainly Iocate"i'nnd the critical energy is 5.84 kgv. For tﬂ)e bea}m current
on bellows and both sides of NEG pumps and ion pum@¥ 600 MA, a bunch contains B0 positrons.

to cover the regions in which the bobbin-type solenoid8S =T X X
can not be wound. The magnetic field at the center of A10t0€lectron emission is estimated to becl®
solenoid along the beam line is about 45 Gauss. Tislectrons/bunch/meter. The energy distribution of initial
solenoids were installed several times in LER sincBhotoelectrons was considered as Gaussian whose mean
September 2000. In January 2002 about 75% of tf1€r9y and the standard deviation are 10 and 5 eV,
circumference was covered by the solenoids. ModgSPectively. The space charge effect was taken into
vacuum chambers are made of copper. IR chambers ffeFount in the simulation. The photoelectrons which can

the chambers around the crossing point are made Ret traverse the vacuum chamber before the arrival of
aluminium. next bunch will be kicked by the interaction between

The experiments were carried out in the filling patter©Sitron beam and photoelectrons. The electrons close to
of the normal operation at KEKB LER. Apart from thethe positron beam will experience a compargtlvely larger
abort gap, which was 10% of the circumference of theotential kick than those_far from the_ positron beam.
ring, the ring was filled with a bunch train containingWhe” the photoelectron hits the opposite wall at certain
1153 positron bunches at 3.5 GeV. The bunch spacif§'€'dy the secondary electrons are produced. The



secondary electron yield was assumed to have a peaksatme procedure as in experimental data analysis to

Emax = 300 eV witdmax = 1.5.

determine the mode spectra. The growth rate was

The bunch oscillations were simulated by the particlebtained from a wake function calculated by the
tracking in the various solenoid fields and analyzed by th@mulation program.

4
x 10

5

| h‘

,,,Mh\,,___ ™ Mh ‘a"‘»w

I

g,

o

0 200 400 600 800 1000 1200
3 Mode
x 10

x 10*

a)

1.5

0.5

‘
I \‘
un J\UNM‘

0O 200 400 600 800 1000 1200
Mode
x 10

3 b)

|

o k W,_“‘.‘,‘m‘“mImw,‘v,‘~ . m\mﬂ' U‘\“\uw,ﬂ Bl

Iy

0 200 406 -‘600 800 1000 1200
Mode

Figure 1: The mode spectra observed when

15
b)

1.0

0.5

| |
“Mh‘wuh [E— A

ol

0 200 400 600 800 1000 1200
Mode

Figure 2: The mode spectra observed when

solenoid-off in a) horizontal and b) vertical planesolenoid-on in a) horizontal and b) vertical plane.

3F -
- E (solenoids on), Julol a) 7,,\3 e  (solenoids on), Julol b)
E|2 (oo uod, E |z (eoenosom uon
Q| A (solenoids on), DecO1 % (solenoids on), DecO1
CU —
<2 f100% ¢ £2
s =
o o i
(@] o |
@ $72% 3 % 100%
© o
o1 o1 ¢ 74%
< s { <

% 25%
€ 20%
g ‘ ‘
0 200 400 600 800 1000 0 200 400 600 800 1000

Beam current (mA)

Beam current (mA)

Figure 3: Growth rates of bunch oscillation at when solenoid-on and solenoid-off in

a) horizontal and b) vertical plane.



Table 1: The parameters used in simulation field, the mode spectrum also changes and is totally

Circumference (m) 3016 different from the mode spectrum which we observed in
No. of train 1 solenoid-off case, as shown in Fig. 10 and 11. The
Radius of vacuum chamber (mm) 47 simulated mode spectrum applying 10 G solenoid filed is
No. of bunches 1153 consistent with the experimental one both in horizontal
Bunch Spacing (ns) 8 and vertical plgnes. .
Bunch current (mA) 052 For the uniform photoelectron produ.cthn over the
AverageB,/B, (m) 10/10 vacuum chamber surface, the electron distribution at the
Emittances, /e, (10° m) 1.8/0.036 saturation of glec_tron cloud changes as showr! in Fig. 9
Betatron tune/./v 45 50/43 57 when solenoid fields of 5 ~ 20 G are applied. The
— Y ; : simulated mode spectra are shown in Fig. 12 and 13 for
Initial photoelec.tron energy (GeV) #05 the horizontal and vertical planes, respectively.
Photoelectron yield 0.1 Comparing with Fig. 2 which shows the observed mode
Secondary electron yield spectra, the simulated mode spectrum applying 10 G
Oma/ Emax (€V) 1.5/300 solenoid filed is consistent with the experimental one both
in horizontal and vertical planes as in the electron
3.1 MODE SPECTRUM production at the illumination point with 30% reflection.

3.1.1 Mode spectrum in case of solenoid off  3.1.3 Mode spectrum by wake function
Firstly, we assumed that the photoelectrons are The simulation program can calculate a wake function
produced at an illumination point with 30% reflectionwhich is produced by the electron cloud. The mode
which means 30% of the photoelectrons are uniformlgpectrum is obtained by the wake function as well as by
produced over the surface of the vacuum chamber. Thige tracking. Some examples of the mode spectra in
electron density projected over the cross section of thertical plane by the wake function with or without
vacuum chamber at the saturation of electron cloud &pplying solenoid field are shown in Fig. 14 assuming
shown in Fig. 4. The electron density was>d6" that the photoelectrons are produced at the illumination
electrons/rh at the saturation of the electron cloud. Thepoint with 30% reflection. Comparing Fig. 14a and Fig.
mode spectra without applying solenoid field are showhb and also Fig. 14b and Fig. 11b, it can be seen that the
in Fig. 5. The horizontal mode spectrum in Fig. 5a showwnode spectra calculated from the particle tracking are
the peak at mode 200 which is different from thesimilar with those by the wake function.
experimental observation shown in Fig. 1la. In the vertical
mode spectrum shown in Fig. 5b, the peak appears 312 GROWTH RATES
mode around 1000 and is broader than the experimentally The growth rates calculated using the wake function
observed one as shown in Fig. 1b. with and without solenoid field are shown in Table 2 for
Secondly, we assumed that the photoelectrons afige electron production at illumination point with 30%
produced uniformly over the surface of the vacuuneflection and the uniform photoelectron production.
chamber. The electron density at the saturation of the

electron cloud was 9:@0" electrons/m The electron  Table 2: Growth rates when solenoid-off and solenoid-on

density projected over the cross section of the vacuum Growth rate (/ms)
chamber at the saturation of electron cloud is shown in Horizontal Vertical
Fig. 6. The horizontal mode spectrum is similar to the gglenoid-off

vertical mode spectrum as can be seen in Fig. 7. Each of 2.08 227
the mode spectra has a broad peak at mode 800 and small 2.18 1.9¢
peaks at mode 200 and 1200. Comparing with theExperimentaI data 2.00 1.34

experimental data shown in Fig. 1la and b, the mode
spectra from the simulation are consistent with thegglenoid field

experimentally observed ones in both horizontal and 5 g 1.5¢ 1.0%
vertical planes. 109 1.3¢
) . 10G 0.58 0.38

3.1.2 Mode spectrum in case of solenoid on 050 031
Applying the solenoid field along the circumference g g 0.22 0.18

of the ring will change the electron cloud distribution and 0.2 0.2%

then change the mode spectrum. )
The electron density projected over the cross sectionEXPerimental data 0.49 _ 026 .
of the vacuum chamber in solenoid fields of 5 ~ 20 G af® The photoelectrons are produced at the illumination point

shown in Fig. 8a to 8c when the photoelectrons ardt 30% reflection.

. L . . . _b. The photoelectrons are produced uniformly over the surface
produced at the illumination point with 30% reflection. vacuSm chamber. produced uni y oV
As the electron distribution changes due to the solenoid
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Figure 10: The mode spectra in horizontal plane due to various solenoid fields assuming the photo-
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When solenoid-off, the simulated horizontal and When the solenoids are turned on, the simulated mode
vertical growth rate is 4 and 65% higher than thepectra applying the 5~10 G solenoid field are consistent
experimentally observed value in electron production atith those from the experiment. The simulated mode
the illumination point and 9 and 46% higher than thepectra seem not sensitive to the distribution of the
observed one in uniform electron production. While thelectrons. The simulated growth rates applying 10G
horizontal growth rate by the simulation is almost samsolenoid field are similar to the experimentally observed
value as that observed experimentally the vertical growtalues.
rate by the simulation is about 50% higher than the In conclusion the simulation suggests that the
observed value. electrons are produced uniformly over the surface of the

When solenoid-on, the horizontal and vertical growtlvacuum chamber at least when the solenoids are turned
rates obtained by the simulation applying 10 G solenoidff and that the effective magnetic field is 5~20 G to
field are approximately same abe experimental values explain the observed mode spectrum and the growth rate
in uniform photoelectron production. The difference obf the coupled bunch instability.
simulated growth rates in two electron distributions are
less thant25% for the solenoid fields of 5, 10 and 20 G. REFERENCES
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Figure 14: Mode spectra calculated
the wake function.

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.



Electron cloud effect in the damping ring of Japan Linear Collider

K. Ohmi,*
KEK, Oho, Tsukuba, Ibaraki, 305-0801, Japan

Abstract

Dampingringsof LinearColliderareverylow emittance
(¢ < 1nm)andhigh current(/ ~ 1A) storageringswhich
accumulateslectronand positronduring several damping
times. The positrondampingring seemso be seriousfor
electroncloud instability obviously. We discusselectron
cloudinstability for the dampingring of JaparLinear Col-
lider (JLC).

1 INTRODUCTION

We discusselectroncloudeffectsin JLC positrondamp-
ing ring. The positron dampingring storagespositron
beamduring several dampingtime and extractsvery low
emittancebeamto the linear collider. The dampingring
accumulatesnary positronbunchesof the populationof
0.75 x 10'° with a narrav spacing(1.4ns). The positron
beamwith an enegy of 1.98GeVemitssynchrotronradi-
ation photons,which createa large numberof photoelec-
trons at the chambersurface. Thoughante-chamberare
usedto avoid the photoelectrons;onsiderableate of pho-
toelectronsandsecondarglectrongemainin thechamber
Studyof theelectroncloudeffectin thedampingringis the
mostimportantsubjectto realisethelinearcollider. Some
worksfor dampingrings of linear collider projects(CLIC,
NLC, TESLA andJLC) have beendonein Refs.[], 2, 3].

The parameter®f JLC dampingring areshavn in Ta-
ble.1[4].

Tablel: Basicparametersf the JLC dampingring

circumference L(m) 348.3
enegy E 1.98
bunchpopulation N, 0.75 x 1019
bunchtrainlength Nbunch 192
bunchspacing Ly(ns) 14
gapbetweertrains Lgap(NS) 60
numberof bunchtrain | ny, 4
emittance ez(m) 7x 10710
£y(m) 5x 10712
typical betafunction | 5 (m) 10
bunchlength o.(mm) 5
synchrotrortune Vs 0.01
beampiperadius R(cm) 1.0

We discusselectroncloud build-up, coupledbunchin-
stability andsinglebunchinstability causedy theelectron
cloudin Sec.23 and4, respectiely.

2 ELECTRON CLOUD BUILD-UP

We considerphoto-emissiorandsecondaryemissionas
electronsources.The numberof photonhitting the cham-
berwall is givenby

5T vy
H="=_"1. 1
for a positronin a meter wherea and~ are 1/137 and
the relativistic factor respectiely. The numberof photo-
electronproducedy a positronatthe chambeiis givenby

)

The direct photo-emissionmate was estimatedo be Y, =
0.1 for cylindrical chambeiin KEKB. This valuewascon-
sistentwith anin situ measurementf electroncurrentus-
ing button electrodef5]. We installeda testante-chamber
in KEKB-LER to study densityandyield of the electron
cloud. Thevaluefor the ante-chambewas obtainedto be
1/5 for the cylindrical chambeynamely Y, = 0.02. We
choosdhemeasuredalueY., = 0.02 for thedampingring.
Theelectronproductionrateis now givenby

n, = 0.65/m- e Ney = 0.013/m - €.

ny(/m-e

Ney(/m-€7) = n,Y,.

®3)

The secondaryemissionrate, which is the numberof
electronproducedby an electronincidentat the chamber
surface,is characterizedy Y,. We assumeYa(Epeqr =
200eV) = 1.0 andits enegy dependencebeys Furmans
formula[6]. This numberis somavhatlow consideringef-
forts of suppressionf secondaryield in thefuture.

We calculateelectrondensityby thesimulationcodePEl
[7]. Spacechageforce of electroncloudis takeninto ac-
count. Thebeamchambeis assumedo becylindrical and
electronsareproduceduniformly alongazimuthalanglein
thesimulation.

We calculatedhe electroncloud densityfor 1.4 nsand
2.8 ns spacingkeepingthe bunch population. Figure 1
shaws variationof electroncloud densityasa function of
bunch passage.The densityincreasesand saturatesat a
certaindensity Thedensityatbeampositionandaveraged
one of whole chamberare shown in the figure. The satu-
rateddensityis 8 x 10'2m =2 and3 x 10'2m 3 for 1.4ns
and2.8nsspacingrespectiely, atcenterand6 x 102m =3
and 2.5 x 10'2m~3 for average. Sincethe saturationis
not perfectasis shovn in thefigure,actualdensitymaybe
somevhathigher

3 COUPLED BUNCH INSTABILITY

The coupledbunchinstability is causeddy along range
(~ m) wake field inducedby the electroncloud. The wake
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Figurel: Electroncloudbuild-upin the JLC dampingring.
(a) 1.4 nsspacing(b) 2.8 nsspacing.

field is evaluatedasfollows[7],

e Primaryelectronsarecreatedn every bunchpassage
throughthe chambercenterwith theline densityn..,.
Secondaryelectronsare createdat absorptionof an
electronwith anenegy (Eqs;) by therateYs (Eqps ).

e The creationprocesss repeateduntil the cloud den-
sity saturateat a certainvalue.

¢ A bunchwith aslightdisplacemenpasseshroughthe
cloud, andthenfollowing buncheswithout displace-
mentpassthroughthe chambercenter

e Thecreationprocesss repeatedor thedisplacedand
following bunches.

e The following bunchesexperienceforces from the
cloud, becausehe cloudis perturbedby the passage
of the displacedbunch. The wake field is calculated
by theforces.

Figure2 shows the wake field for 1.4nsand2.8nsspac-
ings.

The growth rateof the coupledbunchinstability is esti-
matedby theformula[13]

Qm—UJgZ

Ne

dmyvy N, ‘

" d
Uy, k 627rik(m+uy)/h

— dyo

bl
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Figure 2: Long rangewake field inducedby the electron
cloud(a) 1.4 nsspacing(b) 2.8 nsspacing.Thewake field
is representedby unit of velocity kick of electroncloud
(m/s).

where N, is the numberof the photoelectrorproducedby
abunchthroughthering circumference)N, the numberof
positronsin a bunch, n the rangeof the wake field, and
~ the Lorentzfactor dv, i/dyo is the wake field for k-th
bunchdueto displacemenbf a bunch (y,) in unit of ve-
locity kick of photoelectrorcloud divided by the displace-
ment. Figure 3 shavs the growth of the coupledbunch
modecausedy electroncloudinstability.

The growth rate was obtainedas 26us (20 turn) and
130us (100 turn) for 1.4 and 2.8nsspacingsyespectiely.
Perhapsit is possibleto be curedfor the growth 130us,
but is impossiblefor the growth 26us, by usinga bunch-
by-bunchfeedbaclksystem.

4 SINGLE BUNCH INSTABILITY

A single bunch instability is causedby a short range
(~ cm) wake field inducedby the electroncloud. The
shortrangewake field is analytically estimatedor a sim-
ple model: thatis, beamandelectroncloud with the same
trans\ersesize interactwith eachother We focuson the
vertical instability in this paper The wake field is rep-
resentedby a resonatormodel. The resonatorfrequeny
(we) correspondgo oscillation frequeng of electronsin
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the beamfield,

Ayrec?

oy(oz + Uy)’

(5)

We,y =

where), ando,,) arethe beamline densityin a bunch
andtrans\ersebeamsizes,respectiely. r. andc arethe
electronclassicatadiusandthespeedf light, respectiely.
Thewake field is expressedy

Wi(2)[m 2] = c% sin <%z> , (6)

where
Rs e L We
=
Q  Aoyloz+oy) ¢
Thedensityof electroncloud \., whichis localline density
nearthe beam,is relatedto the electronvolumedensityp,
via A\, = 2mp.o,0,. IN OUr parameters,

(7)

cRs/Q = 0.94 x 107m > we = 5.5 x 1011571, (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 calculatedn a similar way asthatfor the coupledbunch
instability. The beamis uniformly distributedalong z di-
rection, and as the initial conditionthe electroncloud is
setto be auniform distribution with a largetrans\ersesize
(100, x 100y).
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Figure4: Shortrangewake field inducedby the electron
cloud.

Figure 4 shaws the vertical wake field obtainedby the
simulation. The wake field in the figure dampsalong z
dueto nonlinearinteractionwith theelectroncloud,though
thatin Eg.(6) doesnot damp,namelya finite @) factoris
obtained. The figure shavs a slightly larger cRs/Q =
1.4 x 10"m~2 thanthe analyticalvalue,and@ ~ 3. w,
is closeto the analyticalvalue.

Theimpedancalueto the electroncloudis written as

cRg 1

sy =" v w ®
1+1Q<—5——>
W We
_ge L weZo :
N )\+ay(ax+ay)w47r<w we> 17
We w Q

whereK is anenhancemerfictordueto cloudsize,pinch-
ing etc. [8], and Z; is the impedancef vacuum(3772).
Thefigure 4 shavs K = 1.5. In the caseof KEKB, the
enhancemerfactorwas K = 2 ~ 4 for theverticalwake
field.

The singlebunchinstability is estimatedrom the wake
field. We usethe coastingbeammodelto evaluatethein-
stability, becauseof w.o,/c > 1. The thresholdof the
instability is expressedy [13]

VBArefiun | Zu(we)| _ VBAireB |2, (we)]

U=
YWeNO§ Zy A/szeo'z/c A

=1.
(10)

For U > 1, thebeamis unstable.

We estimatedhethresholdvalueof electroncloud den-
sity for various positron storagerings. The resultsare
shavn in Table2.

The threshold density for the JLC damping ring is
smallerthanthe predictedcloud density(8 x 10'2m 3 for



Table2: Singlebunchelectroncloudinstability in positron
storageings. Theenhancemeriaictoris chosertobe K =
3. Theimpedances evaluatedat p, = 10*2m 3.

variable KEKB | PEP-II | DAFNE | JLC-DR
E(GeV) 35 | 31 | 051 | 1.98
L(m) 3016 | 2200 97.7 398
N, (1019) 3.3 6 4 0.75
Vs 0.018 | 0.025 0.012 0.01
oo (jum) 420 | 700 | 2000 84
oy (pem) 60 120 63 7.1
o.(mm) 5 12 24 5
weo,/c 2.5 3.2 3.2 9.1
Z)Zo(m™Y) 2877 | 3363 | 511 | 2184
pean(102m~3) | 054 | 1.2 1.9 4.4

1.4nsspacing):thatis, the single bunchinstability occurs
in the presentondition.

Thoughthe wake field approximatedby the resonator
model permitsus to study the instability with simple an-
alytic methods,the estimationof the thresholdincludes
somavhat ambiguousfactors: i.e., for example, how to
chooseK and(@. SinceK is relatedto pinching,onemay
chooseK ~ wgo,/c. A valueof Q which is largerthan
w0, /c is meanlessTo remove the ambiguity we have to
dotrackingsimulationg9, 10, 11, 12).

5 SUMMARY

We evaluated electron cloud instabilities in the JLC
dampingring. We usethe electronproductionraten, =
0.013/m - e and secondaryyield Y5 p..r = 1. Elec-
tron cloud s build up to the densityof 8 x 10'2m~3 and
3 x 10'2m 3 for 1.4and2.8 nsspacingfespectiely.

The growth times of the coupledbunch instability are
26us (20turns)and130us (100turns)for 1.4nsand2.8ns
spacing respectiely. The growth time of 100turn seems
to beroughlythelimit abose which theinstability couldbe
curedby a bunch-by-lunchfeedbacksystem.Thresholdof
the single bunchinstability wasp, = 4.4 x 10*2m =3 for
vs = 0.01. Thedensityis afactorof two smallerthanthe
predictedclouddensity(8 x 10'2m—3 for 1.4nsspacing).
Thethresholdinearly depend®nthesynchrotrortunevs,
which is choserto belarge valuefor alow emittancelow
«) machine.Trackingsimulationsshouldbe doneto deter
mine moreaccuratahresholdcloud density

We needfurtherreductionfor theelectroncloudby 1/5~
1/10, consideringthe growth of the coupledbunchinsta-
bility andthe safetymaigin for the single bunchinstabil-
ity. The vacuumchambershouldbe designedto reduce
the electroncloud density In situ measurementsf elec-
tron cloud[14, 5] helpthe designof the vacuumchamber
Our target value of the electronproductionrate is about
ne ~ 0.002/m - e*.

We commenton the resultfor DAFNE. Photonproduc-
tion rateis givenasn, = 0.73/m - e*. We study the
instability briefly with parametersthe electron produc-
tion raten, = n, x 0.02 = 0.015/m - e, the num-
ber of positronin abunch N, = 4 x 10°, the build-up
timer = 10 x 7, (1, = 6ns)andchambercrosssection
0.01m2. The averageelectroncloud densityis roughly es-
timatedasp. = 6 x 10'm =3, thatis lessthanthethresh-
old value 1.9 x 10*2m~3. Since DAFNE is small ma-
chine (T, = 0.3us), smalltune spreadworks to suppress
the coupledbunch instability. We usedthe in situ value
Y = n./n, = 0.02 for KEKB testante-chambef5]. It is
interestingto measurehe electroncloudin DAFNE. Since
thedesigncurrentof DAFNE is 5A: i.e., 5 timesmore,we
shouldpayattentionto the statusin 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 isinversely proportional to the square
of the bunch length, but it still increases dowly 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 (Q~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-
dimensonal  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 mation, the
stability of a high-intensity single-bunch beam can be
discussed using the following determinant, e.g. for the
vertical plane, [4]

w, — wy,m - Awgymﬂ =0 (1)
- Awgwl,m W, — Wy iy
with
jeBly

()., @

y - 1 J€Ple
Ao (|m|+1) 2Mg yQyo Qo L

= INE)
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> hm,m(“’ky - wfy)

2
i (@)= (| mf+2) < (|nf+2) < F

x { (wry 1 7)? —( | m|+1)2} “x { (wry 1 7)? ‘( | ”|+1)z} _1'
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_1)(Imf+n[+3)r2

Fhod (1)2—jx sin[wry], (6)



Enevn _ (_l)(\m‘+‘n‘+1)/2

modd — oY x Sin[WTb]v (7)

J
Foose = (~1)(mn2)2 x in?[ry 2], (8)
Here, w, is the coherent angular frequency to be

determined, w,,, = w,,+ma, +Aw),,, With w,=Q,Q, the
unperturbed betatron angular frequency with Q, the
unperturbed tune and @, =2xf, the revolution angular
frequency, m=..,-10,1,... isthe head-tail mode number,
w, =2m f, isthe synchrotron angular frequency (T, isthe
synchrotron period), j=+-1 is the imaginary unit, e is
the elementary charge, ¢ and , are the relativistic
velocity and mass factors, 1, =N,ef, is the current in
one bunch with N, the number of protons in the bunch,
m, IS the proton rest mass, L=pgcr, is the full (40)
bunch length (in metres) with ¢ the speed of light and r,
the total bunch length (in seconds), z, is the coupling
impedance, @) =(k+Q,)Q, +mw, With -w<ks<+o,
wy, =218, =(&,11) Qo is the chromatic angular
frequency, with &, =(AQ, /Ap) (P /Qy0) and
n=yl2-y?2=(TIT,)/(p/ p,) the chromaticity and
dippage factor, where p is the momentum and T the
revolution period of a particle, and h,,, describes the
cross-power densities of the mth and nth line-density

modes. As can be sen from Egs (4-8),

B (@)= ~hoem (@), Which yields
— 2
Awn):ﬂ,m - km Awn):,mﬂ ’ (9)
with

m|+1

k = |— 10

"o\ m+1]+1 (10

This parameter is often approximated by one [4].
Considering the case of a driving broad-band resonator,
the coupling impedance is given by

H
Zy(w)=%R/El—JQrH%—%% (1)

where «, =27 f, isthe resonance angular frequency, Q,
the quality factor and R the shunt impedance.
Equation (1) leadsto the following solutions for ¢

+Aw)]

(4)ci :% x[zwyo +(2m+1) Wy +Awr¥1,m m+1xm+1]

~nw, ) -4k (aw,..)
(12)

il\/(a)S +Aw)]

2 m+1,m+1

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

Aw) . =ayl,, (13)
Aa)n‘:ﬂm1 =by I, (14
Awn):,mﬂ =C Iy (15)
0
I = S , 16
b,th1 ao_b0+2km|co| ( )
0
I = S ) 17
b,th2 ao_bo_2km|co| (17)

If 1,,,>0,then 1,,,>1,,,. The beam is stable from zero
intensity to 1,,,. Then it is unstable between 1,,, and
Iy, (Mode-coupling at 1,,,). Finaly, it is stable again
above 1,,, (mode-decoupling at 1,,,). This case is
depicted in Fig. 1.

A

N — M N

Im[af]

Re[(wct B wyo)/ws] \\\\

.
.
~_
N

FIGURE 1. Mode-coupling and -decoupling: the upper
traces describe the imaginary parts of the coherent
betatron frequencies «:, 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 ingtability 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



mode-decoupling (1,,, <0), and the threshold for mode-
coupling is obtained at the intensity 1,,, (see Fig. 2).

Re[(wﬁ - wyo)/ws] 'm[“f]

FIGURE 2. Real (left) and imaginary (right) parts of the
coherent betatron frequencies «¢ .

Below the intensity threshold 1,,,, the real and
imaginary parts of the coherent frequencies are given by

Re(w )= w,o+(m+1/2) w, +1, (a,+1, ) /2

. (18)
sy [ @+ (b, -a)1, 17 -akicd 1

Im(a)ci )=O. (19

Above the intensity threshold 1,,,, the real and
imaginary parts of the coherent frequencies are given by

Re(w? )= w,o+(m+1/2) e, +1, (2, + by )/2,
(20)

im(@: )=s o akic 12 - [+ (-2, I
(21)

The instability rise-times are given by

-1
= (22)
“ T im(r)

The rise-time of the unstable mode can be re-written

! (23)

r_=T,x
my(a-1)(ag+1)

where q and « are given by

— 2km|CO|+b0_a‘0
2km|co|_bo+ao ’

a=_tv (24)

I b,thl

q

The parameter q € [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-timeis
given by the synchrotron period.

T_IT,
3

R N W BN

a=ly/ Ty

105 11 115 1.2

FIGURE 3. Instability rise-time normalised to the
synchrotron period vs. a=1,/1,,,, for g=0 (upper trace)
and g=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.

Nh,th

2f 1,

0.5 1 15 2

FIGURE 4. Intensity threshold near 2f r,=1, by
solving numerically Eq. (1) for modes 0 and -1.

Transverse wake-field

Time

FIGURE 5. Transverse wake-field vs. time.



If 7,205/f,,
Fig. 6).

it is the “long-bunch” regime (see

|m|+1=2f, rb(1+ f{y/fr)

hm,m I«lm+1 m+1

i T
V

«m

FIGURE 6. Power spectra for along (7,>>05/f,) and
short (z,=0.5/f,) 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]

el

AT, Qo Ery  f,

bth —

ec ‘Z ‘
(29)
which can be re-written,
8mQ.,|n|&
Noin = e,y‘;z‘c‘ I X‘Z ‘ Ejﬁ r E,
(26)

using f, =|n|x(ap/p, ) /(77,) and approximating the
longitudinal emittance (at 20, in €V.s), by an elliptic
area in the longitudinal phase space, which gives
& = B%Er,(bp/p, ) /2, where E is the tota beam
energy, and |z,| is the pesk 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) Kerne e a. 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

~ f‘fy
‘m‘+l~2fr TbEl+ f_E’ (27)

r

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 avery long bunch. Itis
approximated by one [4].

Non / Now,
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FIGURE 7. Ratio between the intensity threshold Ny,
computed numerically from Eq. (1) with 2f,r,=10, and
the intensity threshold N;y given by Eq. (26), vs.
fo /¥,

y

If r,<05/f,, it is the “short-bunch” regime. The
intensity threshold can be approximated by [9]

Ny (¢, = 1[1+(2f rb)]

R
r b
(28)

The second term is a small term varying between %
(when r,<<05/f ) and 1 (when r,=05/f, ). Note that
the factor (2f, 7, )® 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 Y okoya' s formalism for
cumulative beam break-up [11]) and from Chao et al. for
short bunches [12]. The intensity threshold increases
“dowly” 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



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 ingtability 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 longitudina mode-coupling instability, taking
into account the potential-well distortion due to both
space-charge and broad-band impedances, [14]

2% p‘xEﬂiBH Z,Sclp‘_lﬁgm

12 g 4Hz®/p| H

S(|5/e),r52|/7|xmpéW |
Ip EpO HH

(29)

Here, 1,=3eN,/(27,) is the bunch peak current
considering a parabolic line density, |z*(p)/p| and
|Z|Sc(p)/ p| are the peak values of the broad-band and
gpace-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 Kaeil-Schnell-
Boussard [15] (given by Eg. (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 hasto look at
the stability diagram, which is a graphical representation
of the solution of the dispersion relation depicting curves
of constant growth rates, and especialy 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 2x2 determinant
of Eq. (1) becomes a 4x4 determinant given by (near the
coupling resonance Q, - Q, =1) [17]

% 2 2
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(30)
where Wy = Wy + MW, +AW), and here

W, = W, +1Q, +mw, +Aw),,., K, (1) is the Ith Fourier
coefficient of the skew gradient K, =(e/p,)(9B,/9%),
with B, 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 k, =1)

1 X X —
QxO +E (Awm,m +Awm+1,m+1 ) -
° (31)
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A necessary condition for stability is given by
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If Eq. (32) isfulfilled, 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
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Consider for instance the case where ¢,=¢,, Q =Q,,
and z,=1z,. The necessary condition for stability of
Eq. (32) becomes

\ Aw (34)

‘a) +Aw —Awg],m‘,

m m+l m+1 m+l

which is the one-dimensional vertical stability criterion
with the angular synchrotron frequency «, replaced by

(35

A factor 2 is thus gained on the intensity threshold when
A>>1, i.e. when the second transverse plane has a
negligible impedance. Note that in the case 1>>1, 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 N,, = 7.5x10" p/b, considering
an average density of the electron cloud of
Peo =107 e/m?®, longitudinal and transverse rms
dimensions o0,,=30cm, 0,,=5mm and o, =3mm.
The result is a broad-band impedance (Q ~1), with peak
value |Z,, | =20MQ/m and resonance frequency
f.,o = 220 MHz . Furthermore, the peak impedance and
resonance frequency scale as follows

g, % Uyo (JXO + ayO)

- , (36
‘Zy‘ ‘Zyo‘xgzo Uy(ax+0y) )
f = f x O 40 x Nb % Oyo (axo + Jyo)
r ro g, NbO Jy (O-X + Jy)
(37)

Applying Eq. (26) to find the intensity threshold with the
above impedance, since 7, >05/f, in the cases studied,
yields

Nb,m——x +,/1+ 95“’ (38)
with
871Qy0|r7|£| 1‘r0r3/2 o, (ax+ay)
eﬁ C‘Zyo‘\/ b0 Jy0(0x0+ay0) ’
(39)
Qo fo ol\o +0
9== 1~ fo.+0) . (40)
1 Tro Tho ayo(axo+ayo)

The plot of Eqg. (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 n 5.5x10"
Beam energy E [GeV] 26
Nominal bunch population | N, [p/b] 11x10"
Long. emittance (207) € [eV.9 0.35
Nominal bunch length o, [cm] 30
Nominal horiz. beam size | o, [mm] 2.6
Nominal vert. beam size o, [mm] 19
Vertical tune Q ~26.7

Note than the nominal bunch length is o¢,=30cm,
which corresponds to 7, =4ns. It is found that an
instability is predicted once the electron-cloud build-up
is predicted and observed (3x10" p/b). 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 6x10' p/b, 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 6x10° p/b, arise-time



of ~1 ms is predicted, which is in agreement with the
observations.

10
Npth [p/b]

FIGURE 8. Intensity threshold of the SPSbeam for LHC
vs. both chromaticity and bunch length, between
3x10“ p/b , which is the threshold for the electron-cloud
build-up, and 11x10° p/b , which isthe nominal intensity.
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FIGURE 9. Vertical ingtability 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 Egs. (31)
and (33)), and considering only the dipole-field regions
of the SPS. It is seen that in this case the nomina
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 vertica
plane of the dipolefield region, and zero in the
horizontal plane of the dipolefield regions, yields
Fig. 11. The beneficial effect of linear coupling is aso
observed, but dightly 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.

Nbih [p/b]

FIGURE 10. Same as Fig. 8, but in the presence of
linear coupling and considering only dipole-field
regions.

0
6% 101 Nbih [p/b]

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



observations (made up to ~6x10 p/b). 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 SIMULATIONSFOR
THE CERN PS

M. GiovannozziE. Métral,G. Métral,G. Rumolo,F. ZimmermannCERN, Gen&a, Switzerland

Abstract

Experimentabbsenationson theelectroncloudhave been
collectedatthe CERNPSmachinethroughouthelasttwo
years. At the sametime, an intensecampaignof simula-
tionshasbeencarriedoutto understandhe obsenedelec-
tron cloud build-up andthe relatedinstability. Theresults
of thenumericakimulationsarepresentedh this paperand
discussedn detail.

1 INTRODUCTION

Gasionizationandelectronmultiplication dueto the sec-
ondaryemissionproces®ntheinnersideof thebeampipe
may inducethe build-up of an electroncloud, which can
significantly degradethe performanceof rings operating
with closely spacedprotonor positronbunches. The un-
desiredelectroncloud causepressureise andbeaminsta-
bility whentheparameterarepushedibove certainthresh-
olds[1].

In the caseof the CERN PS machine,the electroncloud
hasbeenobsenedsincetheyear2000for LHC-typebunch
trains(72 bunchesof 1.1 x 10'! p/bspacedy 25 ns). The
baselinedrift producedby the electronsignalat the pick-
up electrodeshasgiven evidenceof the presenceof elec-
tronsin largeamountinsidethe beamchambef2]. To see
the degradingeffectsof the electroncloud on the machine
performancemeasurementsave beencarriedoutwith the
LHC beamstoredin the PS at high-enegy for a longer
time (seeRef. [3] for more detailson the beammanipu-
lationsapplied).More datahave beenrecordecconcerning
not only the build up processut alsotheinducedinstabil-
ity [3]. Themainexperimentabbsenationsontheelectron
cloud driveninstabilitiesin the PS canbe summarisedis
follows. Theinstability manifeststself asa single-tunch
phenomenonvhich setsin above anintensitythresholdof
about4 — 5 x 10'° p/b andis especiallyevidentin the hori-
zontalplane.lts rise-timer is about3 — 4 msandit causes
a trans\erseemittancegrowth which canbe aslarge asa
factor10 or 20 in the horizontalplaneand?2 in thevertical
plane.

Thetwo codegdevelopedat CERN,ECLOUD andHEAD-
TAIL (see[4] for details),can simulateboth the build-up
procesof the electroncloud andits expectedeffect on the
singlebunchthat passeshroughit [1, 5, 6, 7]. This paper
reportson the resultsof numericalsimulationscarriedout
with thesetwo codes.

Section2 givesa shortdescriptionof the PSlattice and

its mainmagnetsSection3 is devotedto resultsof build-up
simulationgfor bothdipole andfield-freeregionsof CERN
PS,consideringlifferentbunchintensitiesandlengths.Us-
ing the saturatiorvalueof the clouddensityasobtainedn
Section3, afull instability studyvia computersimulations
is presentedn Section4d. Emphasiss put on the expected
dependeng of the unstableevolution on key parameters
like bunchintensity chromaticityandbunchlength. Simu-
lationsfor field-freeregionsarecomparedvith thosefor a
combinedfunctionmagnet.Finally, conclusionsaredravn
in Sectionb.

2 PSLATTICE AND MAIN MAGNETS

The PSlattice consistsof ten superperiodseachmadeof

ten combinedfunction magnets4.26 m long, interlaced
with eight1.0 m andtwo 2.4 mdrift space$8]. Everymag-
netis composedf two half-unitswith gradientsof oppo-
site sign, separatedy a centraljunction. Eachhalf-unitis

madeof five blockswith smallgapsin between Additional

field adjustmentanbemadeusingthethreecurrentsof the
pole-facewinding andfigure-of-eight-loopdeviceslocated
onthe magnetpoles. Theseadditionalcurrentloopsallow

controllingthe machinetunesandchromaticities The out-

line of the PSmagnewunitin theextractionregionis shovn

in Fig. 1.

The latest PS magneticfield measurementasing Hall
probeswere undertalen in 1992 [9] for different opera-
tional settingsof thecurrentsn themaincoil, pole-faceand
figure-of-eight-loopwindings. The measurementhave
beencarriedoutin the medianplaneof the laboratorytest
PS magnetunit U17 composedof an openhalf-unit fol-
lowed by a closedhalf-unit. The resulting vertical field
componentdata, including measurementsf the central
field, the end and lateral stray fields, and the field in the
junction betweenthe two half-units, produceda discrete
2D field map[9].

The measurementwere carriedout in a Cartesianco-
ordinateframe. Thelongitudinal z-axis coincideswith the
magnetaxis and its orientationis given by the direction
of motion of the protons(seeFig. 1). The radial z-axis
coincideswith the mechanicabymmetryaxisandit points
towardstheexteriorof thePSring (seeFig. 1). In thisrefer
encesystema regularmeshis definedandfor eachpointin
themeshthevalueof B, hasbeenmeasuredh themedian
plane. The stepsizeis 20 mm along the longitudinal z-
axisand10 mm alongtheradial z-axis. The meshextends
from -2.55mto 2.73m andfrom -70 mmto 310mmin the
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Figure 1. PS magnetunit 16. This unit is locatedjust
downstreamof the extraction septum. The overall layout
is showvn in theupperpart. The vacuumpipesfor thecircu-
lating beamaswell asthatfor the extractedonearevisible.
Thetwo crosssection®f theentryface(with opengap)and
exit face(with closedgap)of themagnetarealsoshovn on
theleft andright respectiely.

longitudinal and radial directionsrespectiely. The fitted
2D field mapfor the 26 GeV/c working point is shavn in
Fig. 2 (seeRef.[10] for moredetails).

Thisfield can,in first approximationpe modelledas

Figure2: Polynomialfield mapobtainedby fit of themea-
suredfield valuesB, = B, (z, z, 0) for the26 GeV/cwork-

ing point. Here z standsfor the trans\erseco-ordinate,
while z is thelongitudinalone.

B, =+Gy

with valuesfor B, andG givenin Tablel.

3 ELECTRON CLOUD BUILD-UPIN
CERN PS

Thesimulationalgorithmusedin the ECLOUD codehasal-
readybeendiscussedh greatdetailin previouspapergfor
instance see[5] for the mostup-to-datedescription). By
simulatingresidualgasionizationandsecondarnemission
at the chamberwalls, including elasticreflectionof low-
enegetic electrons,the code can predict whethera high
densityelectroncloudis expectedto form duringthe pas-
sageof a closelyspacedbunchtrain. To simulatethe PS
straightsectionsanddipolechambersparameterfrom Ta-
ble 1! have beenused.In thebuild-up simulationsthegra-

Table1l: PSparametersisedin the simulations.As far as
the beamemittances concernedthermsphysicalvalueis
quotedhere.

Circumference 628 m
Relatvistic y 27.7
Numberof bunches 72
Bunchspacing(Tsep) 25ns
Bunchpopulation(V;) 3 — 11 x 100 protons
Trans.rms-size4o ;) 1.2 -2.4/1.2mm
Chambeihalf-aperturex) 70 mm
Chambeihalf-aperturdy) 35 mm
MaximumSEY (6,nax) 1.9

Frax 300 eV
Tunes(Qz y 5) 6.25/6.25/0.0015
Bunchrms-length(c) 0.3—1.2m
Aver. betafunctions(53; ;) 16 m
Rms-enegy spread 1.75 -7 x 1074
Mom. compaction(c) 0.027
Chromaticitieg¢,,,) upto 0.5 in bothplanes
Dipolefield (B,o) 1.256 T

Field gradient(G) 5.2 T/m

Trev 2.2 us

dientcomponenhasbeenneglectedasthisis notexpected
to affect the build-up processsignificantly This point has
to beconfirmedby additionalnumericalsimulations.
Figure 3 depictsthe evolution of the electronline den-
sitiesin a PS dipole chamberwithout (upper) and with
(lower)inclusionof theelasticallyback-scatteredlectrons.
Varioushunchlengthsare consideredrepresentingliffer-
entsnap-shotsluringbunchcompressiomrior to beamex-
traction(the bunchesin the PSarecompressetby a factor
4, from 16 nsto 4 nswithin 100 turns). The simulation
demonstratethatthe electronline densitygrows fasterthe
shorterthe bunch,andthatthereis no electroncloudbuild-
up for theinitial bunchlengthof 4o, /c = 16 ns.
ComparingFig. 3 (upper)and(lower), we furthernotice
thatwith the elasticallyback-scattereelectronsincluded,

1Thehorizontalemittances in reality constantput thehorizontalrms-
sizeis sweptthroughthegivenrangen orderto accounfor dispersiorand
thedifferentenegy spreads.



the simulatedequilibriumelectronline densitiesarea fac-
tor 3 — 4 higherthanwithout. Perhapsmore surprisingly
thecentraldensityis highestfor intermediatdunchlengths
(notshown, but seeRef.[2]), andnotfor theshortestThis
indicateghatelectronspncegeneratedcanbemoreeasily
trappedby the potentialproduceddy longerbunches.
Furthermore the build-up has beensimulatedat dif-
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Figure 3: Electroncloud build-up in a PSdipole for dif-
ferentbunchlengthsandwithout (upper)andwith (lower)
elasticreflectionof the electrons.

ferent currents,to identify a possibleintensity threshold.
Figure 4 shaws the averagedcloud densityevolution cor-
respondingo differentbunchintensitiesfrom 3 x 101° to
1.1x 10 (for a4 nslongbunch).While thecloudrise-time
doesnot appearo be muchaffectedby this paramete(af-
terthe passagef about40 bunchesgcorrespondingo 1 us,
the cloud hasin all casesalreadyreachedsaturation)the
saturationvaluetendsto decreasevith increasingcurrent
(from 10'2 m—23 for N, = 3 x 10'° to about5 x 10! m~3
for Ny, = 1.1 x 10'1). It is worthwhile noting that these
trans\erseaveragedvaluescorrespondo muchhigherval-
uesof the centraldensity because¢he electroncloudis ini-
tiatedby residualgasionizationandstaysthereforemostly
localisedaroundthe beamdueto dipolefield confinement.
Becausaf thestripe-like distribution, the centraldensities
canreachvaluesbetween2 and 20 timeslarger thanthe
trans\erseaverageddensities. The influenceof this non-
uniform distribution of theelectroncloudin thepipecross-

sectionhasnot beentaken into accountin the instability
simulationof next Section.

The differencebetweenthe build-up in a field-free re-
gionandinsideastrongdipoleis shovn in Fig. 5: theelec-
tron cloud builds up morerapidly in a dipole but saturates
arounda valuewhich is abouttwo thirds of thatreachedn
afield-freeregion.

14e+12
T Ny=3x 100 —— 7
Np=7 x 100 ——

- 0
1.2e+12 Np=9 X 10

le+12

8e+11

\ oy

ARTTRTnrinin

b VY

(MR

i
\

6e+11 [\ “\‘\ i
H“ | |
A
RV
de+11

Averaged transverse density (m‘3)

2e+11

0

0 O‘.Z 0‘4 01; 0.8 ‘1 1‘2 1.‘4
t(us)

Figure4: Electroncloudbuild-up in aPSdipolefor differ-

entbunchintensities. Theelectroncloudreachesaturation

afterthe passag®ef about40 bunches.
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Figure5: Electroncloudbuild-upinsidea PSdipoleandin
aPSfield-freeregion.

4 SIMULATION OF THE
ELECTRON-CLOUD INDUCED
SINGLE-BUNCH INSTABILITY IN
CERN PS

Theelectronclouddrivensingle-tunchinstabilityin thePS
hasbeenstudiedusingthe HEADTAIL code. As input for
thesesimulationswe have assumedin electroncloud den-
sity of about2 x 10'?2 m~3, consistentwith the central
densityvaluesgiven by the simulationsdescribedabove.
Instability simulationswere originally performedin field-
freeregionsto explorewhetherthe parametersverein the



correctrangeto excite the electroncloud instability. The
combinedfunction magneticfield configurationwasintro-
ducedonly in asecondstage.

Scanswith different bunch intensities, chromaticities
andbunchlengthshave beenmadein orderto isolatethe

dependencef the instability on eachof theseparameters.

If notmentionedbtherwise thermsbunchlengthhasbeen
setto 2.5 ns(0.75 m), which is the valuefor which anin-
stability at the PSwasobsenedandmonitored. The chro-
maticity is zeroin both planes.

We first evaluatethe expectedoscillationfrequeng of
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Figure 6: Horizontal and vertical wake functionsdue to
electroncloud andbunchheaddisplacemenin afield-free
region.
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Figure 7: Horizontal and vertical wake functionsdue to
electroncloudandadisplacementocatedat —4/3 o, in a
field-freeregion.

theelectronsvery closeto thebunchtrans\ersecentre and
thereforethe numberof oscillationsthatthey performdur-
ing onebunchpassageThesevaluesfor afield-freeregion
canbecomputedaccordingo [11]:

]\/},I‘CC2
w =
ex(y) ZUx(y)Uz (aw + Uy)

(2)

1 2NbUzI‘e

Ma(y) = O Oz + 0y)

3)
Equations(2) and (3) yield w., = 27 x 195 MHz and
Wey = 2m x 225 MHz, n, = 1.95 andn, = 2.26 for aPS
bunchof N, = 4 x 10%° p/b. Figure6 shawvs horizontal
andvertical wake functionscomputedfrom the trans\erse
field on the beamaxis by displacingthe bunchhead(lon-
gitudinally locatedat = = 0; thebunchcentreis at —2¢,).
The shapeof the wake functionsconsiderablychangesf
the displacemenbccursat a differentlocation along the
bunchprofile [5]: in Fig. 7 the wake functionsare plotted
for anoffsetlocatedat —4/3 o, (i.e.,afteronethird of the
full bunchhasalreadygonethroughthe cloud). The period
with which thewake functionsoscillatecorrespondso the
periodof oscillationof the electronsn the linear rangeof
thebeamforce.

Figure 8 shawvs the horizontal (upper) and verti-

T
Np =10 ——

2 N, =610 ——
b 0
Ng =4 10%°

18 |

16

& (um)

25

15

& (um)

05

t(ms)

Figure8: Horizontal(upper)andvertical (lower) emittance
growth over 3000 turnsfor differentbunchintensities.

cal (lower) emittancegrowth due to electroncloud over
3000 turns for differentbunchintensities. The rise-time
of the instability is always on the order of a few mil-

liseconds,spanningbetweenl.5 ms for the highestin-

tensity (V, = 10! p/b) and about5 ms for the lowest
(Ny, = 3 x 100 p/b). It is worthwhile pointing out that
in this papertherise-timeis definedin termsof emittance



growth and not in termsof beam-sizencrease. The in-
stability appearsequally in both planes. Neverthelessa
thresholdfor the onsetataboutN, = 3 x 10'° p/bis more
pronouncedn theverticalplane.

Figure 9 shows the expectedemittancegrowth for a
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Figure 9: Horizontal (upper) and vertical (lower) emit-
tancegrowth over 3000 turns for differentchromaticities
andN, = 4 x 10'° p/b. This currentvalueis slightly above
theinstability threshold.
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Figure 10: Vertical emittancegrowth over 3000 turnsfor
differentchromaticitiesand N, = 8 x 10'° p/b. This cur-
rentvalueis farinsidetheinstability region.

bunchwith N, = 4 x 10%° p/b and for different val-
ues of (positive) chromaticity From the picturesit ap-
pearsclearly that a positive chromaticity larger than 0.3
in ¢ = Q'/Q canefficiently cure the degradingeffect of
the electroncloud. In both planesthe instability growth
time decreasefor valuesof ¢ up to 0.25, andfinally the
bunchbecomestablefor highervalues.At highercurrent
(N, = 8 x 10'° p/b), chromaticitycanstill reducethein-
stability, but asignificantemittancegrowth canbeobsened
evenwhen¢ approache8.5 (seefor instanceFig. 10).
The effect of bunch length hasbeenstudiedby using
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Figure 11: Horizontal (upper)and vertical (lower) emit-

tancegrowth over 3000 turnsfor differentbunchlengths
andN, = 4 x 10'9 p/b. The bunchhasbeenre-matched
for eachcaseby keepingthe longitudinal emittancecon-

stantandchangingthe synchrotrortune.

two differentapproaches.The first one, which betterre-
produceswhat canbe actuallydoneon the machine,con-
sistsin re-matchingthe bunchlongitudinally eachtime by
keepingthe longitudinalemittanceconstantandtherefore
multiplying the synchrotrontune by the squareof the ra-
ti0 02014/ T 2new- FOllOwing thisre-matchingrocedurewe
find thatfor low current,the bunchlengtho,qq = 0.75 m
is right atthelimit of theregionwheretheinstability setsin
(seeFig. 11): shorterbunchesarein factstable.For higher
current(N, = 8 x 1019 p/b),thethresholds pushedlittle
lower, asshown for examplein Fig. 12. As thesynchrotron
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Figure12: Vertical emittancegrowth over 3000 turnsfor

differentbunchlengthsand v, = 8 x 10 p/b. Thebunch
hasbeenre-matchedor eachcaseby keepingthe longi-

tudinal emittanceconstantand changingthe synchrotron
tune.

tuneis a parametethatcertainlyplaysa significantrole in
the unstablébunchdynamicswe have performeda second
bunchlengthscan,in which in eachcasethe re-matching
was performedby scaling bunch length and momentum
spreaddy thesamefactorandkeepingthesynchrotrortune
constant.This doesnot correspondo whatis donein the
PS, but in the context of our studyit is aimedat isolating
the dependencef the instability on bunchlengthanden-
ergy spread. Again we find thatshorterbunchegendto be
more stable,asshowvn in Fig. 13, but lessthanin Fig. 11
and experimentsdone so far in PS. This indicatesthat a
highersynchrotrontunealsohasa stabilisingeffect, asal-
readypredictedor theelectron-cloudnstability[12, 13] in
generalandsupportedoy a direct TMCI calculation[14].
All the above study hasbeendonefor a PS bunch going
throughan electroncloud in a field-free regions. Results
shaw thatthiswould notexplainarny asymmetrieffectthat
could make the instability grow more quickly in the hori-
zontalplanethanin the vertical one[3]. As explainedin
Section2, the PSring is 90 % occupiedby combinediunc-
tion magnets,and thereforethe magneticfield shouldbe
taken into accountwhen computingthe electronmotion.
Looking at how the wake function shapesarechangede-
causeof thisfield in Fig. 14, we canobsene that,contrary
to the puredipole, the combinedfunction magnetcauses
a significanthorizontalwake which is of lower frequeny
thantheverticalone. The maximumamplitudeof thewake
stronglydependn the magneticfield gradient,asshown
in Fig. 14 (upperto lower), wherethe wakesfor threedif-
ferentgradientvaluesare plotted. However, the resultsof
numericalsimulationsseemgo indicatethat the presence
of a horizontalwake alonecannotexplain why a horizon-
tal instability is obsenedin the PSmachin€g3]. Figurel5
shavsthehorizontal(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

obsenedverticalemittancencreasever 4000 turnsis ev-
idently muchlarger.

5 CONCLUSIONS

Simulationshave beencarried out with the ECLOUD and
HEADTAIL codesto reproduceand interpretthe electron
cloudobsenationsatthe CERNPS.Theresultsshow thata
train of buncheswith the LHC nominalspacings expected
to producean electroncloud in the PSchambeirfor bunch
rms-lengthdn therangel — 2 ns. The equilibriumvalue
reachedby the cloud densityat saturationis thena func-

tion of the single-tunchintensity showving a highervalue
for lower currentsin therange3 — 10 x 109 p/b. Suchan
electroncloud, supposedo be uniformly distributedin the
longitudinal directionall alongthering, is ableto render
the single bunchunstableon a time scaleof few millisec-

onds. Thesimulationhasshowvn thatthe instability thresh-
old lies at around2 — 3 x 10'° p/b. For lower intensities
no significantemittancegrowth is expected;for higherin-

tensitiesthe emittanceincreasedy a factoraslarge as20

with a rise-timethat becomesshorterasthe currentis in-
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Figure 13: Horizontal (upper)and vertical (lower) emit-
tancegrowth over 3000 turnsfor differentbunchlengths
and N, = 4 x 10! p/b. The bunchhasbeenre-matched
for eachcaseby keepingthe synchrotrortuneconstantand
scalingbunchlengthand momentumspreadby the same
amount.



creasedChromaticityseemso be anefficient cureagainst
this kind of instability. Positve valuesof ¢ above 0.3 can
completelysuppresghe instability for moderatecurrents,
whereasat highercurrentsevena chromaticityof ¢ = 0.5

cannotefficiently dampit. Furthermorejt wasfound that
shorterbunchesand higher synchrotrontuneshave a sta-
bilising effect againstthe electroncloud. A bunch with

4 nslengthis expectedo remainstableevenwith apopula-
tion of 10! protons.This casecannotbe studiedin the PS
machine dueto the non-adiabatiprocesaisedto achieve
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Figure 14: Horizontaland vertical wake functionsdueto
anelectroncloud insidea combinedfunction magnetwith
By, = 1.256 T andG = 5.2 T/m (upper),G = 0.52 T/m
(centre)andG = 52 T/m (lower).
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Figure 15: Horizontal (upper)and vertical (lower) emit-
tancegrowth over4000 turnsfor N, = 8 x 101° p/b, bunch
length0.75 m, small positive chromaticities(¢, , = 0.1)
andinsidea combinedfunctionmagnet.

the4 nslong bunchlength[3]. Instability simulationscar
ried outin afield-freeregion shov thatthe beamblow-up
shouldoccursymmetricallyin the z andy planesandin a
puredipolefield it is expectedonly in theverticalplane[7].
A further stephasbeento introducein the simulationthe
magnetidield from a combinedfunctionmagnetactingon
theelectrons.Thougha significanthorizontalwake field is
generatedn this case,numericalsimulationsindicatethat
this alonestill cannotexplain the obsenationof a stronger
instability in thehorizontalplane.Work is presentlyunder
way andmore measurementsave beenplannedat the PS
ring to achieseabettercomprehensionf thisphenomenon.
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Combined phenomena of beam-beam and beam-electron cloud effectsin
circular ete™ colliders
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KEK, Oho, Tsukuba, 305-0801, Japan
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Abstract

An electroncloud causesvariouseffectsin high inten-
sity positron storagerings. Positronbeamand electron
cloudcanbeconsideredtypical two streamsystenmwith a
plasmafrequeng. Beam-beaneffect is alsoanimportant
issuefor high luminosity circular colliders. Colliding two
beamsareconsideredisa two-streamrsystemwith another
plasmafrequeng. We study combinedphenomenaf the
beam-electrorloud andbeam-beaneffectsfrom a view-
pointof two comple “tw o streameffects”with two plasma
frequencies.

1 INTRODUCTION

In recenthigh intensitypositronrings, variousphenom-
enarelatedto electroncloud have beenobsened. Cou-
pled bunchinstabilitieshave beenobsened at KEK Pho-
ton FactoryandIHEP-BEPC,andbeamsizeenlagements
have beenobsened at B factoriesof SLAC (PEP-II) and
KEK (KEKB). Thesephenomenavereunderstoodstwo-
streaminstability of relativistic beamand slow electron
cloud. The phenomena&analsobe understoodsinstabil-
ities which is causediy wake force dueto electroncloud.
Thecoupledbunchinstabilityis thetwo-streaneffectchar
acterizedby averageplasmafrequeng alongbunchtrain,
or is mediatedby long rangewake force of the order of
bunch spacing(~1m). The beamsize enlagementis the
two-streameffect characterizedy plasmafrequeny in a
bunch, or mediatedby shortrangewake force of the or-
derof bunchlength(~1cm). The positronbeam,which is
perturbedby the electroncloud, interactswith an electron
beamin a collider. The colliding beamsareregardedasa
two-streamsystemwith a plasmafrequengy characterized
by the beam-beaniorce. The beam-beaninteractionhas
a natureof a shortrangewake force, namely a distortion
of headpartof abeamwhichinducesa perturbatiorof an-
otherbeam,affectsthe tail part of itself. The shortrange
wake force dueto electroncloudandthe beam-beanforce
may coupleeachotherandcausea kind of combinedphe-
nomena.

Suchcombinedphenomananay have beenobsenedin
KEKB. The trans\ersesize of positronbeamis enlaged
beyond a thresholdcurrentdue to the short range wake
force at an operationwith only positronbeam. Luminos-
ity is extremelylow for bunchspacingnarrover than6ns
evenbelow thethresholdcurrentof the beamenlagement
[1].

We studycombinedphenomenaf thetwo typesof “two

streamsystem”. We first discussthis instability usinglin-
earizedone-two-particlemodel,in whiche ™ ande™ beams
arerepresentetdy oneandtwo-particlesrespectiely. The
beam-beanforce is linearizedin the model. The wake
force dueto electroncloud is approximatedo be a con-
stantalongthe longitudinaldirection. Similar systemhas
beenstudiedn Refs.[2] for ordinarywakeforce. Thecom-
binedeffectsbasedon the weak-strongoeam-beanmodel
have beendiscussedn Ref.[3].

We next discusghephenomenasingatrackingsimula-
tion in whicheachof thetwo beamis representetly alarge
number(~1,000)of macro-particlegor slices)distributed
in thelongitudinalphasespace[4. Eachmacro-particléhas
a transersebeamsize determinedby the emittanceand
the betafunction,andnonlinearityfor their interactionare
takeninto account.Electroncloudis representethy mary
(~10,000)point-like macro-particles.The beam-electron
cloudinteractionis evaluatedby interactionbetweertrans-
verseGaussiarbeamandeachmacro-electron[

2 TWO-STREAM FEATURESOF
BEAM-ELECTRON CLOUD AND
BEAM-BEAM SYSTEMS

We discusslinear theory of the combinedsystemof
beam-beanand wake field. Similar systemhasbeenal-
readystudiedby E. A. Pereredents andA. A. Valishey [2].
We studythesystenusinganalternatie pointof view: i.e.,
combinedeffect of beam-beanand beam-electrorcloud.
We start discussionsof beam-electrorcloud interaction.
The beam-electrorcloud systemis a typical model of the
two-streaninstability. Thebeamslicesandthe cloudelec-
tronsobey the equationof motionasfollows,

e i
sz = 22 (s )recFG(Te,a— T4 550)0(t—15(se)),
N 1)
P’z ;i [wg\2 2r¢ — _
T_gj—i—(?ﬂ) = —T/e ZFg(er,j—a:e,a;a')é(s—se).
=1
2)

where the force F¢(x) is expressedby the Bassetti-
Erskine formula normalizedso that F¢ — z/|z|*> as
£ — OQ.

Electronsoscillatewith anangularfrequeng dueto the
linearpartof F¢,

)\+Tc
w, = 7 ©
ey() \/(UJDI + 04,504 y(z)




where\, ando ,(,) areline densityandhorizontal(ver-
tical) size, respectrely, of the positronbeam. w. , and
We, areabout1.9 x 10'ts~1 and7.2 x 10191, respec-
tively, with the KEKB parameters:i.e, o, = 420um,
oy = 60um, o, = 5mm and N, = 3.3 x 10'm 1. w,
is consideredasplasmafrequeng for the two-streamsys-
tem of the beam-electrorloud. The phaseadvanceof the
electronmotionduringtheinteraction,¢. = w.o./c, char
acterizegheinstablity. For KEKB, ¢. , = we y0./c ~ 2.5
andge » = we 0. /c ~ 1.0.

The beam-beansystemalso has a potentialto cause
a two-streaminstability, becauseone beamoscillatesin
electro-magnetidield producedby the otherbeamwith a
certainfrequeny. The beam-beanforce is expressedn
linearregimeasfollows,

ds? c

(4)
whereX, ) = \/ai () T 4y Eachof the beam
slicesis assumedo berigid Gaussiarwith rms beamsize

O+ ,2(y)-
Thereis a coherenfrequeng duringtheinteractionbe-
tweenthetwo beamgyivenasfollows,

)\:Fre
+,y(z) \/”/i(UZF,I + UI,y)U:Fyy(w)

where~. is therelatvistic factorof positronand/orelec-
tronbeam.We notethato? , ), thebeamsizeof positron
and/or electron beam at an interaction point, is much
smallerthano,(, in Eq.(3),andy > 1.

The phaseadwance,¢, of the oscillationduring a colli-
sionis expressedy

Wit y(2)0z [278y()02
¢’i,y(m) = yc = ﬁgy/(r) = Dy(x)v (6)

where ¢, is the beam-beanparameterand we have as-
sumedthat two beamshave the samebeamsize. We call
D = ¢% the beam-beantlisruptionparameter ¢, is ap-
proximatelythe order of unity for recenthigh luminosity
colliders. The two-streameffect may be importantunder
this condition. ¢, = \/£.06,/&yB=¢, is smallerthang,,
but the horizontal effect may be importantdependingon
thetuneaswill beshawn later

3 ONE-TWO-PARTICLE MODEL

We first study the phenomenaisinga small numberof
macro-particlesj.e. one-two-particlemodel. The elec-
tron and positronbeamsare representedyy one and two
macro-particlesrespectiely, in the model. The modelis
reliableapproximationfor consideringthe beam-beanin-
teraction,sincethe phaseadwance, ¢, is lessthanl in
mostcases.Furthermorghe beam-electrorloud interac-
tion is approximatedo be describedby a constantwake

N
Pxy; [wg\2 2 _
—J+<—ﬂ) == Y Fo(Z+ j—,0;2)0(s—57).
a=1

force. Although¢. islargerthanl, andthereforehemodel
is beeingstretchedwe believe that the analysisremains
reasonableAn analytictreatmenbecomegossibleby the
approximation.

We discussvertical motion belon. Motion of the two
beamsds characterizetby avectorY (s).

Y (s) = (yi,pi,u3 .05y, 07 ), )

where the sufiix ¢ denotesthe transposeof the matrix
or vector We considera revolution matrix to transfer
Y (s* + C) from Y (s*), wheres* andC are position of
interactionpoint andcircumferenceof aring, respectiely.
The beamsize (betafunction) is temporarilyassumedo
be a constantduring the collision. The synchrotrontune
is assumedo be inverseof aninteger (vs = 1/n;). We
try to studyfor generalsynchrotrontune later. In partic-
ular, the tracking simulationdiscussedater is not limited
to particularvaluesof the synchrotrontune. The beam-
beamforce doesnot have a longitudinalcomponentsince
betafunctionis assumedo be constant.Thetwo particles
in the positronbeamhave an oppositesynchrotronphase.
Themacro-electromwaysstaysatthe centerof mass.The
collision pointsof thetwo macro-positronandthe macro-
electronaregivenby s* + A, where
0z .
A= :I:; sin(2wvs/C). (8)

The collision of i-th positronandthe electronis repre-

sentedby amatrix B; (&)

IT+b(26) 0 —b(28)
Bi(§) = 0 I 0 9)
=b(§) 0 T+0(¢)
I 0 0
By(§) = 0 I+b(2) —b(2¢) (10)
0 =b&) I+b()
where
be) = ( et ) (12)

and! is 2 x 2 unit matrix.

Transfermatrix of collision at s = A is expressecdby
B(A) = D YA)BD(A): thatis, particlesdrift to s =
+A, collide andreturnto theinteractionpoint. The matrix
D(A) is expressedy

d(A) 0 0
D(A) = 0 d(A) 0 , (12)
0 0 d(-A)
where
1 A
d(A)_<O 0 ) (13)
Thetransfermatrix of thecollision is expressedy

Yafter<8*) = TBB (A)YbefOTE(S*)v (14)



whereTs 5 hastwo waysof representationdependingpn
the signof A: i.e, which particleis at the bunchheador
tail. Whenthefirst particle staysat the headof the bunch
(A > 0) in a half synchrotronperiod, the matrix is ex-
pressedy

Trp(A) = D' (=A)ByD(—A)D(A) 'B1D(A)
(15)
In theotherhalf synchrotrorperiod(A < 0), it isexpressed
by

Tep(A) = D Y (A)B,D(A)D '(—=A)BaD(—A).
(16)

The particlesaretransferredalong arc sectionafter the
collision (s = s*) to the collision point (s = s* + ).
Thewakefield affectsthetail particledependingnbetaton
amplitudeof the headparticle. Thetransfermatrix from s*
to s* 4+ C hastwo representationdependingn thesignof
A again.Thematrix (7,,-c) for A > 0 is expressedy

Ts(p1) 0 0
Tore = A(VV, ,ul) T> (:U’Z) 0 ) (17)
0 0 T(pe)
For A <0,
To(p) AW,p2) 0
Tyre = 0 Ty (/12> 0 ) (18)
0 0 Ta(phe)
where
. cosp  sinp
Tolu) = ( —sinyg  cosp > ’ (19)

w; = 27y, is betatronphaseadvanceincluding chromatic
modulation.

. W LW
1 = pp + psx sin fs, [2 = pip — psX Sin fs, (20)

where ) )
X:27rQ :QU(;. 21)

al Vs

A(W, i), whichdescribeshekick causedy thewakefield
is expressedy
) . (22)

The revolution matrix including the transferof the arc
sectionandthe beam-beanmteractionis expressedy

(W/2)sin
(W/2) cos i

—(W/2) cos i

AW, ) = ( (W/2)sin p

Threv (A) =TgsB (A)TGT‘C(W M)a (23)
whereA is givenby Eq.(8).

We calculatethe transfermatrix for onesynchrotrorpe-
riod (vs = 1/ng),

Ns

Tsyn = H E‘ev(Ai)- (24)
i=1

Thestability of thesystemcanbediscussedy eigervalues
of the6 x 6 matrix (T,,). Thematrixis notsymplectic but
its determinants unity, becausef A(W). Theeigervalues
arecalculatechumerically Whenanimaginarypartof the
eigervaluesis nonzerothe systembecomesinstable.

We first discussvertical motion. Figure 1 shaws the
imaginarypartof the eigervaluesasfunctionsof betatron
tune. For W = 0, nonzerovaluesof imaginarypart oc-
cursonly nearthehalf integertuneasis shavn in theupper
picture. For W > 0, nonzeroimaginarypart occursfor
all tunes:i.e., the systemalwaysunstableregardlesof the
tune.
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Figure 1: Variation of imaginarypart of the eigervalues
dependingon the betatrontune. Beam-beanparameteis
choseno be 0.05. Upperandlower picturesarefor W=0
andW=0.1,respectiely.

Figure 2 shavs the imaginarypartsas functionsof the
strengthof the wake field andbeam-beanparameterThe
behaiior for the wake strengthis simple but that for the
beam-beanparameteiis complex. The beam-beankicks
dependnthelongitudinalcoordinate Thecomplex beam-
beambehaior maybesimilarto thebehaior of chromatic-
ity for head-taileffect. Figure 3 shows the chromaticity
dependencef theimaginarypartof theeigervalues.

We now discusshorizontaleffect. The phaseadvance
of beam-beandisruptionis lessthanverticalone,because
¢z = +/By/Bz0y in ordinary colliders ({, ~ &), while
By < Bz. However we usean operatingpoint slightly
above a half integerhorizontaltunein KEKB to getaben-
efit from dynamicalbetaeffect. Horizontal effect may be
therefordmportantthoughe,, is small. Figure4 shavsthe
imaginarypart of the eigervalusof the horizontalmatrix.
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We have imaginarypartfor W > 0. This meanghathori-
zontaleffect shouldbetaken careof.
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Figure 4: Dependencen horizontaltune. W=0 (upper),
W=0.05 (lower). Notethatthe W = 0 casehasan ex-
pandedverticalscale.

We assumedhatthe synchrotrortunewasinverseof an
integer. We extendedhemodelto generakynchrotrortune
to avoid unphysicaresonancéehaior [5] by usingatrick.
We write down the transfermatrix for onesynchrotrorpe-

riod

T -7 Oz i T Oz i

syn — ‘rev (7) rev (_?>

wherev; is notaninverseof integer. We calculateheeigen
value problemmathematicallyi.e., in the eigensystema
nonintegerpower of matrix canbeestimatedThecollision
pointsareassumedo be +o, /2 sothatthe transfermatrix
is expressedby 1/2v, powerof therevolutionmatrices We
got resultswhich arequalitatively consistentvith the pre-
viousmodel.

We tried two-two particle modelin which both beams
arerepresentedby two macro-particles.In this modelwe
assumedhe samesychrotrontunesfor both beams.Simi-
lar resultswereobtainedasfor the one-two particlemodel.
Furtherextensionsaredoneby particletrackingsimulation.

(25)

4 PARTICLE TRACKING SIMULATION
USING MULTI-PARTICLE MODEL

We now proceedto a morerealisticmodel. The beam-
beamforceis stronglynonlinearandthe synchrotrortune
is not aninverseof integer. Thetwo beamshave different



beam-beamparameteranddifferentsynchrotrorandbeta-
tron tunes. Electroncloudis actully a crowd of electrons.
The characteristiphaseangle ¢, is largerthanunity, and
electronsarepinchedby thebeamforce. We performapar

ticle trackingsimulationto studythe beamstability under
thesegenerakonditions.

We representhe beamsas a seriesof macro-particles
(500~1,000)with a transerseGaussiardistribution of a
fixedrmssize[4]. For easyvisualization,we usea multi-
ple air-bagmodelfor thelongitudinaldistribution,in which
the micro-bunchesare distributed on concentriccirclesin
thelongitudinalphasespacecharacterizedby the position
z andtherelatve momentundeviation Ap/p. Theinterac-
tion startsfrom collisionbetweerthepair of micro-bunches
of thetwo buncheswith thelargestvalueof 2, + z_, i.e,
the headof the two bunchesandthencontinuesfor other
micro-particlegairsatprogressiely smallerz +z_ coor
dinates.Thecollisionpointof apairis s;. = £(z4—2_)/2
from viewpointsof positronandelectronbeams.The co-
ordinateshouldbe transferrednto the collision point by a
transformationD (s ) The macro-particlesretransferred
aroundthering usingalineartransporimatrixandapplying
a chromaticitykick.

Electron cloud is representecby a large number of
macro-electrong~ 10,000). The interaction between
positronbeamand electroncloud is evaluatedby solving
Egs.(1)and(2) [4]. Electroncloudis putatafixedposition
in thepositronring.

Figure5 shawvsthevariationof maximumverticalaction
Jy.maz Of Macro-particlesvith andwithoutbeam-beann-
teraction.Theelectronclouddensity(p. = 2 x 10'1m —3)
usedin the simulationis lessthanthe threshold(p..¢, =
5 x 101'm—3). We obsene thefactthata remarkabledif-
ferencewith andwithout beam-beaninteractionis dueto
combinedeffect of beam-beanand beam-electrorcloud
interactions.Therewasno growth for purebeam-beanmn-
teractionwithout electroncloud.
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Figure 5: Combined effect of beam-beamand beam-
electroncloud interactions.The two curvescorrespondo
the variation of maximumJ, .. of the macro-particles
with andwithout beam-beaninteraction.

Figure6 shavstheshapeof thepositronbunchprojected
ontothey — z planeof the macro-particlepositionsafter

400 and 800 turns. We canseea head-tailmotion for the
positronbunch experiencingboth the beam-beanandthe
beam-electrorloudinteraction.
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Figure6: y — z distribution of the positronbunchafter400
turns(upper)and800turns(lower). Differentcolorsof the
datepointscorrespondo the bunchshapeswith (red) and
without (green)beam-beanmnteraction.

We next study effects of chromaticityand synchrotron
tune spread. For a regular head-tailinstability, it is well-
known that chromaticity and synchrotrontune spread[6]
affectits behavior. Figure7 shavsthedependencenchro-
maticityandsynchrotrortunespreadn oursimulation.For
theinclusionof tunespreadeffect, macro-particlesareas-
sumedto have a Gaussiardistribution in the longitudinal
phasespace.Thesefactsindicatethat the chromaticityor
synchrotrortunespreadvork to suppresshecombinedn-
stability. However theseeffectsarelimited. For example,
theseparametersio not work well at a larger beam-beam
parameter

5 STRONG-STRONG BEAM-BEAM
SIMULATION INCLUDING WAKE
FIELD (PRELIMINARY)

The previous simulationis not sufficient for takinginto
accountof nonlinearityof the beam-beaninteraction,be-
causebetatronphasespacdocationfor a givensyncrotron
phasespacelocationof a macro-particlds unique. Actu-
ally sincethereare mary particleswith variousbetatron
coordinatesin a region of synchrotronphasespace,the
beam-beanfiorce may smearthe betatronmotion. To esti-
matethenonlinearitycorrectly astrong-strondpeam-beam
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Q' = 5and@’ = 0, andlower picture depictsthosefor
Avg = 0 andAv, = 0.005.

simulation,whichtreatsinteractiondbetweermmary macro-
particles,is required. Sinceit is complex to performthe
strong-strongsimulationfor the both the beam-beanand
beam-electroeloudeffects,thebeam-electroeloudinter-
actionis approximatedy an externalwake field here[7].
We have alreadystudiedthe beam-beaneffect including
wake field in two dimensionalmodel[9], with the result
that therewas no remarkableeffect. We now studythree
dimensionabeam-beansystem.Threedimensionabeam-
beamsimulationis essentiato studythe presentproblem.
However thethreedimensionabeam-beansimulationhas
a problemitself. The beamis divided into longitudinal
slices, and slice by slice of collisionsis calculated. To
geta reliable resultin the simulation, mary longitudinal
slices(20 ~ 30) wererequireddependingon bunchlength
and beam-beanparameters. Since the calculationtime
scalesquadraticallywith the numberof slices, very long
CPUtime is required. We needto studyhow to integrate
the threedimensionabeam-beaninteraction. Here a soft
Gaussiamapproximationis usedfor simplification of the
calculation.

A bunchis dividedinto N; sliceswhich aredenotedby
i = 1, Ng. We considetthe collision betweeni-th positron
slice and j-th electronslice. Beamervelopematricesfor
eachsliceareR; | (s*) andR;_ (s*) atthe designinterac-
tion point (s*).

We proposea calculationalgorithm. The algorithmhas
beenusedin weak-strongsimulation[8]. We treatthe col-

lision of thetwo slicesascollisionsof positrongdenotedy
a = 1, Nyt ini-th sliceandj-th sliceincluding V;_ elec-
tronswith anervelopeR;_. Therole of positronbunchis
exchangedor calculationof electronmotion. Thecollision
pointof a-th positronand;j-th electronsliceis expressedy

z — Zi_
Sap,j. =k T (26)
2
The a-th positronand j-th electronslice aretransferredo
thecollision point s, ;— accordingto

D(sat,j-)(s") (27)
D (satj— )R(s*) D5 j-)-

D, which includesa dynamicalvariable z, ; of the a-th
positron,is anonlineartransformationWe take only linear
part D, for the transformatiorof R, while take nonlinear
transformationD for x. After thetransformationwe cal-
culatebeam-beaninteractionof the particlex . for Gaus-
sianbeamrepresentetby R;_. We have to notethat R;_
includesthe dynamicalvariablez, ;.

This algorithm was essentialto reducethe numberof
slices. Figure 8 shavs 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 recoserednearthe level of the
nev method[11]. The slice number5 is enoughfor the
nev method,while the old methodrequires20-30slices.
The algorithm should be implementedin strong-strong
beam-beantodesbasedon the Particle-In-Cell method
[9, 10, 11, 12]. More detailsandstudyresultswill be pre-
sentecklsevhere.

2(s” + susy)

Rj (8" —sav5-) =

1.4e+31 T T T
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Figure8: Luminosity variationfor eachturn. Bunchesare
dividedinto 5 slices.Luminositycalculatedy theparticle-
slice algorithmis denotedby “New”, while that by slice-
slicealgorithmis by “Old”.

If all particlesin theslicescollide ata point,

Zi4 — 25—
Sigjo = (28)
wrong resultswould be obtainedyielding extremely low

luminosity for a high currentandlong bunchlength[11,

12),



We shaw very preliminaryresultsof the 3-D soft Gaus-
sianstrong-strondpeam-beansimulationincluding an ex-
ternalwake field.

Figure9 shaws the evolution of beamamplitudes (z,,),
(yp), (ze) and (ye). We assumehorizontaland vertical
wake field, W, = 10®z[m 2] andW, = 2 x 10%z[m 2.
Thesestrengthsexceeda thresholdof the vertical head-
tail instability asis showvn in the upperright picture. The
vertical instability disappearsvhen beam-beamnterac-
tion is included: beam-beanforce suppressethe vertical
head-tailinstability. We found an enhancemenof hori-
zontal instability due to the beam-beanforce as shovn
in the lower left picture. Theseresultswere unexpected
from the linear theory and Gaussiarsimulation. We cal-
culatedthe samemodelfor sinusoidalwake fields W, =
2x100sin(213z)[rm 2] andW,, = 1x 107 sin(570z)[m 2]
[7]. Theresultsweresimilarto the Figure9.

Thesebehaiors aredifferentfrom thelineartheoryand
the Gaussiantracking simulation. We tried linear force
for beam-beannteractions We reducedhe verticalwake
field W, = 1.5 x 108z[m ~?2]. Therewasno head-tailinsta-
bility in both planeswithout beam-beaninteraction. Fig-
ure 10 shows the evolution of beamamplitudequppertwo
pictures),y — z correlation(lower left) andverticalbeam
size (lower right). We found enhancementf the vertical
instability dueto the beam-beanmnteraction,but no effect
for horizontalinstability. Theseresultsareconsistentvith
thelineartheoryandGaussiarsimulationqualitatively.

Theseresultsshouldbe studiedfurther.

6 CONCLUSION

We studiedcombinedohenomenaf thebeam-beanand
beam-electrorloud effectsusinglineartheoryanda sim-
ulationwith Gaussiarapproximation.In thelineartheory
one-two particle modelwas usedto describethe electron
and positron beams. The electroncloud effect was ap-
proximatedby a constanwake field. Thebeam-beansys-
tem without electroncloud effect was unstableat particu-
lar tuneregionsrelatedto a synchro-betaesonancewhile
thecombinedsystenwasalwaysunstableegardles®of the
tune. The simulationwith Gaussianapproximationwas
performedto studythe phenomenan generalconditions.
Below both thresholdsof beam-beanand beam-cloudn-
stabilities,aninstability occurreddueto thier combinedef-
fectin thesimulation.We studiedeffectsfor thechromatic-
ity andsynchrotrortunespread Thecombinedohenomena
maybeanalogousn its charercteristicto theregularhead-
tail effect.

We studiedthe phenomenaising strong-strongoeam-
beamsimulation. The resultsare preliminary, andshould
be studiedfurther.
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SIMULATION STUDY ON ECI FOR BEPC AND BEPCI|*
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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 asingle 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 amulation code has been developed based on
similar programs, which have been used to study ECI in
other laboratories. The physics model of the ingability,
the simulation results comparing to the observation in the
BEPC experiments and simulation results on the BEPCI|
design study will be discussed in this paper.

PART I REVIEW OF EXPERIMENT AND
SIMULATION STUDY ON BEPC

1. Instrumentationl.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 lot, a 1 cm annual gap exists.

The detector is mounted downstream of a dipole in the
direction of positron mation, shown in Fig. 1.

‘ 1597 ‘300 400 | 220,200, 350 ‘230‘ 1597 ‘
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Figure 1: Position of the PE detector at the BEPC storage ring (seen
from inside of thering).
Being so close to the dipole, the PE detector has to be

shielded from the magnetic field with layers of high and

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.
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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 theV, fixed at +40V for maximum signal, as shown
in Fig. 3. The derivative of the normalizédV, curve
gives the photoelectron energy distribution, shown as Fig.

50.00 positron

40.00 b —a—positron

Normlized | / ¢|(NnA/mA)

. R 0
low permeability “mu-metal” sheets and nickel alloy -300 -250 -200 -150 -100 -50 0 50 100

sheets. After shielding, the fields at the pomi@ndb in
Fig. 1 are 9 Gauss and 0, respectively.
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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 | as a function of beam
current |1, is measured in the cases of single bunch and
multi-bunch. Normalized by I, I, is aimost the same in
different bunch spacing. It reads about 25nA/mA a the
bunch current of 2 mA, similar tothe 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 (1,is 40 or 80 mA).
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Figure 5: Collected electron current | ¢ as a function of beam current Ip

2.2 Secondary electron (SE) measurement

Due to the SE, a dramatic amplification of the sgnal is
observed in the APS when the bunch spacing is 7 buckets
(20 ng) [2]. But in our measurements, such an
amplification is not observed as shown in Fig. 6.
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Figure 6: Normalized electron current as a function of bunch spacing
and current. The legend gives beam current.

I ¢! 1 p(NAIMA)

0 1 2 3 4 5 6 7 8
Bunch spacing in unit of RF bucket (5 ns)

2.3 Solenoid effect

Solenoid coils winding downstream of the dipolesis 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, I, are +20A, generating severa tens of Gauss
magnetic field. Fig. 7 shows the I_vs. |, when solenoid
has different currents.
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Figure 7: I, vs. I, with different solenoid fields.

3 Simulations

With the code developed by Dr. Y. Luo [4], the PE
generation issimulated 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
givenas

-0.35 D 35
E E
o(E,0)=9,, 1.11 -exp+23 cosé
Emax D E Emax

with cos@ digribution as the angle distribution. The
energy distribution of the SE is 0+5eV, and the J,, of the
SE is3in simulation. Simulation results are shown in Fig.
8and 9.
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Figure 9: Simulation results on multipacting.
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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. |_ varies linearly with the beam current
I, 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 |_ 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 1 signal and the machine parameter
dependences would be dudied furthermore. Better
shielding is necessary on the existing detector to avoid the
fringe field of the dipole.

Primary smulations give some consistent results with
the experiments, especially the multipacting condition and
the dependences of beam parameters. More smulation
studies are till under way.

PART Il SIMULATION STUDY ON

BEPCII

BEPCII is an upgrade project of Beijing eectron-
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 aso the dedicated synchrotron
radiation beam a 2.5 GeV. For the colliding beams the
luminosity is optimized at 1.89 GeV with 10° cmst,
which is two order of magnitude of BEPC. Some
parameters of BEPCII is compared with that of some
other machinesin table 1 [5].

Table 1: Parameters of a few storage rings

BEPCI| KEKB PEPII
Beam energy(GeV) 1.89 35 31
Bunch population Ny(10") 4.84 33 9
Bunch spacing L ,(m) 2.4 24 25
Rms bunch length s,(m) 0.015 0.004 0.013
Rms bunch sizes s,,(mm) 118,015 | 042,006 | 1.4,0.2
Chamber half dimensionsh,,(mm) | 60,27 47 25
Slippage factor h (10-) 22 0.18 13
Synchrotron tune Q, 0.033 0.015 0.03
Circumference C(km) 0.24 3.0 2.2
Average beta function(m) 10 15 18
Parameter Ny, 9.24 10 1
e oscillation/bunch ne. We.s,/(pc) 0.42 1.0 0.9
Density enhancement H, 15 13 12
Adiabaticity A 174 9 8
TMCI threshold r [10=m-] 22.7 05 1
Density ratio res/ I etmresnoa 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 eectron 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 Y, 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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FigurelO: SR power distribution along the ring(-1.6 < s < 0, means in
thedipdlemagnetregion)
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Figurell: Electron numberswith 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 12: the average electron density of the pipe per cubic meter in the
dipole magnet compared with that in the free field region with and
without solenoid.



Figure 16:Sqrt(beam size) growth as a function of timein the field-free
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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.

Region, assuming that the electron density is 2.001012/m3.
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Figure 17:Simulated beam centroid motion as a function of time in the
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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.

field-free region ,assume the elcetron density is 2.0x1012/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
conditions will be studied in the future.

be closer to the actual
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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-
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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 10% 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, 5 > o, .
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Figure 1: Quasi-static or frozen field approximation used
in QuickPIC
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