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1. INTRODUCTIGN

Electron cooling, a method of reducing phase space spread of an
jon beam in a storage ring, was proposed by Budker! in 1966, and
experimentally confirmed at Novosibirsk? in 1974-1975. Those tests
were made with beams of relatively small emittances and momentum
spread. The objective of the CERN Initial Cooling Experiment (ICE)
was to cool a beam of larger phase space,such as would arise in the
case of a secondary antiproton beam,in order to test the feasibility
of a high luminosity proton-antiproton coliider. The successful

first experiments® wuere reported in September 1979. Here ue
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describe the work 1in more detail and report on the complete set of

experiments.

Electron cooling 1is based on repeated interactions of ions (in
this experiment protons), circulating in a storage ring,with a dense
and ‘cold’ electron beam. The electrons have nearly the same mean
velocity as the ions. They are introduced into a straight section
of the storage ring and travel for a few metres together with the
protons. Through Coulomb interaction the proton beam loses heat to
the electron beam, which does not heat up appreciably because reneued
continuously. After repeated passage through the cooler the
protons tend to assume the same low temperature as the electrons.

The cooler and the storage ring are described in sections 2 and
3. Section 4 presents the experimental results, and some comparison

with theory *-1% is made in section 5.

2. ELECTRON GUN AND COLLECTOR

2.1 INTRODUCTION

Figure 1 is a photograph and figure 2 a diagram of the apparatus
used for the production of the electron beam. This device is mainly
composed of: a) a flat cathode electron gun which produces and
accelerates the electrons; b) a drift space, in the central part of
which electrons and protons travel together; ¢) a collector uwhere the
electrons are decelerated and finally absorbed. The gun and
collector are inclined by 36 degrees (in the vertical plane) with

respect to the horizontal central part of the drift region.

High vacuum 1is provided all along the electron and proton
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trajectories. A nearly wuniform longitudinal magnetic field is
provided along the electron trajectories from the gun to the
collector entrance. Inside the collector the magnetic field is

strongly reduced and its lines diverge to the collector walls.

The nominal parameters of the apparatus are:

cathode voltage -60kV

cathode diameter 5.08 cm

electron current 8.3 Atat full perveance, see belou)
cocling length 3 m

rt

magnetic field 700 gauss in the uniform region

The experiment shoued that operation at high voltage was difficult
due to excessive out-gassing which might be cured by a time-consuming
process. For this reason in this experiment the gun wuas operated
below the nominal voltage and current. The protons uere of velocity
.304c, or energy 46.63MeV. The corresponding electron energy is
25.40keV. To obtain axial electrons with this ~rergy tha cathude,
because of space charg: effects, had to be set a little lower than
-25.40keV relative to the drift space, or last of the five anodes.
The current draun from the cathode, when space charge limited, is
largely determined by the voltage of the first anode relative to the
cathode. The voltages of the other anodes,and the axial magnetic
field, are then chosen to minimise. transverse electron motion
(section 2.2). In this experiment the gun was usually operated in
one of three space charge limited‘modes- “full-perveance’, “half-

perveance”’, and “quarter-perveance’. In addition it was also possible
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to run the gun in a temperature 1limited mode obtained from the half-
perveance mode by reducing the cathode temperature. This mode is

called in the following “half-temperature”.

Hereafter we briefly describe the different parts of this device,
its high voltage supply, the diagnostic methods used, and finally the

performances obtained with different voltages and currents.

2.2 THE ELECTRON GUN

The gun (Figure 3} is mainly composed of a flat cathode of the
dispenser type (various oxides in a tungsten matrix) surrounded by a

Pierce shield and folloued by five 1iris shaped anodes set on

progressively increasing potentials. The cathode is 5.08 cm 1in
diameter. It is heated by alternating current of 50 Hz up to about
1050 degrees centigrade. The central opening in all anodes is of 6

cm diameter.

The electron beam is, at the nominal working temperature, space-
charge limited. The acceleration is of the resonant type '!' ; that
is, the defocusing actions of the several anodes compensate one
another. This compensation is possible because the whole system is
immersed in a longitudinal uniform magnetic field, which forces the
electrons with transverse wcmzntuim to spiral about the field lines.
The problem is then to match the voltages of the various anodes to
the spiralling of the electrons 1in such a way that the final
transverse momentum is very small. Actually a small aziwthal drift
must remain, because of the repulsive radial electric field set up by
the space charge. This motion, inversely proportional to the

magnetic field strength, can be regarded roughly a: defining a
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minimum transverse energy, or ‘temperature’. For uniform current
density. the space charge electric field increases linearly with
distance from the axis, and consequently the minimum temperature
increases quadratically. In our case, for the nominal values, the
azimuthal drift corresponds to a transverse energy of about 0.7 eV at

the edge of the beam.

The gun was designed with the help of a computer program uritten
by H. Herrmannsfeldt at SLAC '2. Figure 4 is an example of computer
output showing various electron trajectories in the gun. These
trajectories wiggle in the accelerating region but become practically

parallel to the axis after passage through the last anocde.

Figure 5 shous the final transverse energy of various electrons

K calculated by the same program as a function of the magnetic field

?i f for a particular anode voltage setting(Vg =60kV). Several minima
B - appear in the graph shouwing values as lou as leV at the edge of the
R beam, very close to the theoretical minimum. The sharpness of these
i minima indicates, on the other hand, how the transverse energy

critically dependent on the setting of the anode voltages and the
el magnetic field. We chose the minimum at 700 gauss which provides a
sufficiently low temperature and eases the <collector design(see

section 2.3).

The computer program does not corsider possihiz isnisation of the

residual gas, nor the secondary electrons produced in the collector

’g—! and travelling back into the acceleration region. These tuo effects
P
E%ﬁ may, in some cases, strongly alter the space charge and consequently
TS
gg!g the electron trajectories. They can even produce such an
%%?3 accumulation of ions as to increase considerably the vacuum pressure

-5 -
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13, The evaluation of the space charge effect has houwever shoun that

these two effects were practically negligible in our experiment.

2.3 ELECTRON COLLECTOR

The collector has the purpose of decelerating as well as possible
the electron beam, or in other words of recuperating with the highest
possible efficiency, the electron energy, and finally absorﬁing the
electrons in such a wuway that secondary electrons emitted from its

surface are unable to travel back toward the cooling region and the

gun.

Figure 6 shows the collector structure. A cylindrical anode,
cooled by uater, absorbs the electrons. At the entrance an iris
shaped magnetic shunt with an 84 mm central hole intercepts most of
the magnetic field lines. This is follouwed by an electrode, also
iris shaped, the ’“repeller’, set at a voltage only a feuw kV higher
than the cathode and producing most of the decelerating field.
Another electrode, the “spike’, is mounted on the collector axis and
has the task of reflecting axial electrons towards the collector.
Finally a third electrode, the “mesh’, of cylindrical shape , is
coaxial with the collector aﬁd is intended mainly to repel some of

the low energy secondaries.

The magnetic field in the collector is much weaker *han in the
drift region,and its liner ¢t torce diverge from the axis, tending to
distribute the residual electron energy nearly uniformly over the

collector surface. This mégnetic field is shéped by five coaxial
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coils powered by independent supplies. For minimum final electron
energy the conservation of generalised angular momentum about the
axis, (see also 13)

Po = myr2(désdt) + era,,

where Ag is the azimuthal component of the magnetic vector
potential,and r is the radial position of the electron, leads for a

given electron to the criterion

(roAo)drift tube = (rAg) impact on collector

i.e. an eléctron moving on a magnetic field line in the drift tube
should meet the same field line at the point of impact on the
collector. In the drift tube myr2(do,/dt) = 0, whereas the same term
on the collector surface represents non-recuperable energy. This term
is about zero if the above criterion is satisfied. Most of the
magnetic field lines along which the electrons move,can be made to
re-enter the magnetic shunt, before they coincide with the point of
impact on the collector surface. Hence low energy secondary electrons
gyrate around a field line which emerges from the shunt and these
electrons are then captured by the repeller. A computer program has
been developed to determine suitable parameters which most nearly
satisfy the above criterion 1%, Figure 7 shous some computed

trajectories. The magnetic field shape on the axis is also shoun.

2.4 VACUUM SYSTEM

High temperature surfaces, many geometrical constriccions due to
the complex shapes, high electric field, and clean optics,all produce

the need for a goud vacuum. All the materialé composing the system
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have been selected for this purpose, carefully cleaned, and each part
baked out at the highest possible temperature for many hours. The
dispenser cathode is a strong source of gas, some of it trapped in
the body and escaping only slouly, and some created during the
cathode formation (carbonates transforming into oxides €0, CO0;,etc.).
Furthermore, in spite of the baking out, all the collector surfaces
and the various anodes, submitted to electron bombardment, outgas
strongly. For all these reasons acceptable vacuum conditions are
obtained only after many weeks of running with increasing vbltages
and currents. In fact during the first ueeks the operation had to be

stopped frequently to avoid instabilities and breakdouns.

The necessary pumping speed was provided by three sputter ion
pumps of 220 lts/sec, the pre-vacuum being established by a turbo_
molecular pump of 250lt/sec. Tuwo titanium sublimation pumps uere
also installed in the system and allouwed further improvement of the
vacuum. These last pumps have been useful, particularly in the final
stage of our tests when the best vacuum conditions were reached
(22.10-'%9Torr with cold cathode and zero current, and =4.10"'%Torr
when operating the system at =z30kV and 3A). The main elements of the

vacuum system can be seen in Figure 2.

2.5 THE MAGNETIC SYSTEM

The magnetic field has the purpese of guiding and restricting the
transverse motion of the electron beam. We require a good homogeneity
Caround 10~% in 6B/B) of this field to avoid an increase of electron
temperature and ,in the cooling region, reduced efficiency due to bad

velocity matching. The main longitudinal, uniform, magnetic field
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following the electron trajectories up to the collector entrance is
produced by three solenoids, located along the gun region, the
cooling region, and the region preceding the collector, and two
toroids located in correspondence with the 36 degree bends. The field
of the toroids is matched to the field of the adjacent solenoids at
the beam axis. Two small dipole magnets ,perpendicular to the bending
plane, are mounted inside the toroids and deflect the electrons by
the 36 degree angles. In this way one can avoid the increase of
transverse energy(#2eV) which would be produced for bends induced by

the toroidal fields alone.

The solenoidal and toroidal windings are made by tuo layers of
15x15mm2 copper conductor. These windings are mounted inside iron
cylinders and sector-shaped cases, 1.5¢cm thick,providing the return
path of the magnetic flux. The iron plates mounted at the ends of
each element contain the windous needed for the pzssage of the
electron and proton beams, the pump ducts and the various diagnostic
and control apparatus. All the main windings of the system are
connected in series and pouered by a single supply, but variable
shunts,mounted across the windings, allow a relative adjustment of

the field strength.

Correcting coils have been mounted to compensate for a missing
turn in the centre of the split solenoid of the cooler section.
Furthermore, dipole coils, pouered separately, producing both
horizontal and vertical fields have been mounted on each section of
the system, providing the possibility of tilting the main field by a
few mrad. A careful field mapping has allowed the determination of

the various corrections needed. The five coils shaping a
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progressively decreasing field inside the collector, (50gauss -
1gauss, see aiso Figure 7), were adjusted individually during
operation in order to maximize the pouwer recuperation of the device.
The deflection of the proton beam in the horizontal plane due to
the toroidal magnetic field was compensated by a correction magnet at

each end of the system((6) on Fig.2).

2.6 THE DIAGNOSTICS

The most usual tuning procedure uwas based on a continuous checking
and recording of the voltages on and currents absorbed by the various
electrodes,both on the gun and on the collector side. The basic
assumption here was that a centred well-cooled beam corresponded to
conditions of minimum loss and high energy recuperation. These
optimum conditions correspond also to the lowest possible pressure in
the system for given cathode voltages and electron currents. A fast

rising pressure was usually interpreted as a sign of urong optics.

puring the first weeks of operation,four pairs of 20micron
tungsten cross-uires uwere mounted along the electron trajectories at
positions visible to TV cameras. These wires glowed at the parts hit
by electrons, thus providing clear information about the beam size
and position. This method, wuhich has only a small disturbing effect
on the beam optics, is unfortunately feasible only up to a certain
electron energy and density, above which the temperature of the wires
increases too much and the wires are quickly destroyed due to
recristalisation brittleness. This method might of course be extended

to higher energies by pulsed operafion.

_10_
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The evaluation of the transverse electron temperature, that is,
their ?ransverse energy, is particularly difficult. The main
evidence, independent of the cooling process itself, comes from the
rate of formation of neutral atoms in the cooled beam?. This is
sensitive to the velocities of electrons relative to protons. The
neutral atoms form a beam detected at the neutral beam monitor, (11)
on Fig.8. The results are tabulated as “transv temp”’ in TABLE 1.
They are the average temperatures of the electron beam over the
cross-section of the cooled beam(almost the central area of the
electron beam). The edge of the beam is expected to be ‘hotter’ from
the computer calculation mentioned above. J e

Another measurement of temperature uwas attempted by a method
suggested by C.Rubbia'S and developed by B.Schnizer and E.
Farnleitner'é,c.Taylor and S.Hancock!?. This method is based on the
detection of the synchrotron radiation emitted by the electrons
spiralling in the magnetic field. This radiation, 1in the cm range,
travels along the vacuum chamber as in a wave guide and is picked up
by an antenna'!?. As an example,we show in Fig.9 an energy spectrum
measured for electrons of 25.9kV and a field of 454.3 gauss. This
spectrum extends from about .856Hz to about 1.65G6Hz as expected but
has a large dip in the centre. The radiated power is calculated to
be, in our case, of the order of 4.10°'! watt for the P/2 gun(1.2A at
25kV) supposing an average transverse electron energy of 1eV. 1In
spite of the difficulty in reaching an absolute temperature estimate,
due to the presence of severe noise, this method has aided wus in

making a fine adjustment of the gun parameters.

2.7 HIGH VOLTAGE STABILISATION AND CONTROL SYSTEM

_11_
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A schematic diagram showing the principle of operation of the high
voltage system 1is given in Fig.10. In this system beam pouer is
recuperated in the collector so that the high voltage pouer supply
has only to provide pouer corresponding to beam losses and

inefficiency.

High voltage in the range 0-100kV, 0-200mA uwas generated with a
conventional 3-phase transformer supply which was rectified and
smoothed to give a ripple of about 1. The DC stability of the
rectified supply was held to better than 2% with three 220V mains
stabilizers at the transformer inputs. Further stabilization was
achieved with a transistor bank connected between ground and_the HV
supply. An error signal produced by comparing the signals from a HV
divider and a reference voltage source wuwas used to drive the
transistor bank. In this way, a DC stability of 10°5 and ripple
10-Y (rms) was obtained. The total dynamic range of the transistor
bank was approximately 1kV. The ripple had a fundamental frequency
component of 300 Hz. A compromise between high DC stability and low
ripple had to be made since they uwere dependent on the control loop
gain and amplification response time. This low ripple had negligible

consequences on the cooling forces.

Modulation of the high voltage, which was used as a diagnostic
means for studying electron cooling,uas made possible by adding lou
amplitude signals to the reference voltage. Care was taken to ensure
that these signals were free from noise, such that DC stability uas
maintained even during modulation. The amplitude of the high voltage

modulation could be varied between 0 and 300V with a minimum time

- 12 -
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constant of about 2ms. The high voltage cuuld he made to follow any

type of waveform f-om a pulse/waveform generator.

Control and monitoring of all devices at high voltage was made
with fiber-optic links. In the case of control, conver.ional fiber
optics/relay suitches were used to operate power supplies and
equipment inside the Faraday cage. The monitoring of currents and
voltages was made by means of a single multiplexed frequency
modulated fiber-optic 1link. In this system signals wuere first
detected with isolation amplifiers (up to 3kV isolation), their
outputs fed into a FET analog multiplexer and converted into &
frequency betueen 0 and 10kHz. This frequency was then transmitted by
a fiber optic cable to the control room where conversion back into

voltage was made. Measuring resolution was better than 0.1%. A total

of 8 channels uere used for monitoring.

2.8 OPERATION OF THE ELECTRON COOLING DEVICE

One of the most critical points for assuring good performance of
such a high power electron beam device is the recuperation of beam
pouer. Pouer losses are due to current losses and to the fact that

the collector voltage has to be higher than the cathode voltage.

The efficiency in current collection,ne, pouwer recuperation,n,, as

well as the voltage efficiency Nv , are defined as

Ne = 1-81/1 mp = 1-8P/P Nv = 1-Veo /Vs

- 13 -
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In these equations §8I and I are the loss and total beam current
respectively; whereas V¢o is the positive collector voltage measured

with respect to the cathode.

The poueir loss &P on the total beam power P=VgI consists of tuo

terms
8P=VSSI+VCQI

of which the first term is supplied by the high voltage supply and
the second by the collector supply.The energy is dissipated as heat
on the grounded vacuum chambers (vs 81} and in the collector (Vgo I)
and will cause both outgassing and desorption of residual gas
molecules. The task is hence to minimize both &I and Vo to obtain
the best performance of the device.

There are several factors uhich affect 6I of which we mention:

1) Residual gas scattering, which houever at pressures <10-8
Torr and at sufficiently high energy is not significant.

2) Imperfections in guiding and collector fields.

3) Secondary electrons emitted from the collector surface and
escaping from the collector aperture.

4) Lack of matching of magnetic potentials may lead to
backstreaming electrons.Bepending on the accuracy in the matching of
the magnetic potentials the minimum collector voltage V¢o 1is also
determined (see 2.3).

We now discuss more fully the above points 2),3), and 4).

Guiding Field Imperfections.

~Variation of the solencidal field for fixed gun high voltage

shoued an oscillatory dependence of §&I/1 with a peak to peak

.._14-
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variation of around 10-3. The frequency of these oscillations
corresponded to 2w phase advance of the cyclotron motion over the
full length from gun to collector aperture. This indicates that,
because the effective collector aperture is just barely big enough
(see fig 7),the electron beam bas kept its coherent ripples all the
way to the collec.or. The variation of the beam diameter, found in
this way,is of the order of magnitude of that expected from computer

calculations for the gun using the SLAC-program(%. 1mm).
Secondary Emission.

The secondary electrons in the energy spectrum which ray limit the
collection efficiency are mostly elastically scattered,uhereas the
slow “true’ secondaries are energetically trapped and to a first
approximation guided towards the repeller by the magnetic lines of
force. The elastically scattered electrons may energetically escape

from the collector and cause a loss of efficiency of the device.

By increasing the negative voltage of the mesh and so creating a
retarding field along the collector surface the loss current was
progressively reduced. As the extension of an equipotential line of
the retarding field is determined by the voltage of the mesh this
increase causes suppression of secondary electrons further towards
the end of the collector. For the best mesh voltage found, which also
corresponded to the maximum allowed due to insulator and fijeld
emission problems the voltage of the mesh was even belouw that of the

cathode( Vco -Vpe up to 2kV).
Minimum Collector Voltage

Decreasing the collector voltage below a Eertain value caused a

- 15 -
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dramatic increase in loss current and the beam became very unstable.
This minimum collector potential is mainly determined by the degree
of success in recuperation of rotational energy of the gyrating

electrons, but may also be limited by space charge instabilities.

Fig.11 shous the collector perveance defined as Pco= 1.Veo™3/2% as
a function of beam current I for the electron gun onera*ed in full-
and half-perveance modes. The magnetic fields have been scaled
according to the square-root of the high voltages(roughly). One

observes that the collector perveance reaches a saturation value of

approximately

4.10°5 AmpVolt-3/2

The maximum efficiency of pouwer recuperation is then
1 - v°°/V5

uhich for the half and full perveance gun gives 7p =.96 and .94,

respectively.

On Fig.12 we have plotted the relative loss current as a function
of electron gun high voltage for the half- and full-perveance gun.
The solenoidal magnetic field has to be scaled with the square root
of the gun high voltage (in nonrelativistic approximation). The
collection efficiency is nearly independent of total beam current but
becomes continuously worse at higher voltages. This indicates 1in
general some imperfections in the beam optics and in particular at
the collector aperture. The minimum relative loss current obtained

with the device 1is §&I/I =7.10"% ,but this was obtained running the

_16...
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gun alone after the experiment reported here.

Experiments are at present being continued to change the beam

optics at the deceleration into the collector.

TABLE 1 summarizes the parameters obtained with the electron gun.
Note that voltages in the table are relative to the cathode, except
that mesh and repeller voltages are relative to the collector. In
fact it is the drift space, and fifth anode, which are earthed. The
voltages and currents of the tatle are representative valués; the
actual values varied a little from day to day with the proton energy.
Also given in TABLE 1 are various derived quantities entering into
theoretical calculations. The transverse temperatures have been
estimated from the neutral rates using a formula given in

reference'®,

TABLE 1
full p Ps2 Ps4 T72 unit
beam current I 2.234 1.278 .660 .599 Amps
anode volts Vg 26.23 25.90 25.60 25.6 kv
Vy .853 .793 .748 .793 Vg
Vja .825 .643 .553 .643 Vg~
V2 .620 . 446 .356 . 446 Vg
Vi .519 . 329 .204 . 329 Vs
anode currents I4 . 120 . 120 .560 . 360 mA
I, -.400 -.120 -0 -.120 mA
| ) 0 -.600 -.120 -.480 mA
...17-
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Iy -2.1 -1.0 -.600 -1.2 mA
2 current loss §I1/1 2 2 2 5 10-2
pouer loss 6P/P 8.0 7.6 5.8 9.3 10-2
collector pot  Veo 1.60 1.20 1.00 1.2 kv
mesh volts* Vme -600 -600 -600 -600 v
repeller volts* Ve -200 -200 -200 -200 \
magnetic field B 461 519 416 516 G
mag stability  §B/B 5 5 5 5 10-5
HV stability §V5/V56 6 6 6 10-5
.?';i pressures PG 10 3 2 3 10-1%Torr
Q PC 10 3 2 3 10-'%Torr
eff length L 3.0 3.0 3.0 3.0 m
axial vel Vo . 3040 . 3040 . 3040 . 3040 c
current dens Je 1102 631 326 296 Am—2
beam diameter 2a 5.08 5.08 5.08 5.08 cm
outer diameter 2b 9.8 9.8 9.8 9.8 cm
electron dens Ne .755 .432 .223 .202 101% m-3
neutral rate Ro 750 310 140 65 sec™!
» (per 10%protons)
é:;' transv temp Tt .15 .24 .30 .85 eV
transv vel Vi 2.52 3.19 3.56 6.00 10-3 Vo
f; screening.rad Pmax 0469 .0784 . 122 .216 cm
. collision rad Pmin 480 .300 241 .0847 106 cm
Larmor rad ri 2.83 3.19 4.43 6.025 10-3 cm
adiab.scr.rad Pamax -0651 .0861 .120 . 126 cm

(at V;¢ =3.5 1073 V,,
(2.) .0372 .0492 .0684 .0718 cm

(1.5) .0279 .0369 .0513 .0539 ¢cm

- 18 -
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Coulomb log Le 11.49 12.48 13.13 14.75
fast Coul.log Lf 8.68 9.27 9.82 11.17
ki adiab. Coul.log L, 3.13 3.30 3.30 3.04

(at Vi =3.5 10-3 vo)
2.) 2.58 2.74 2.74 2.48

(1.5 2.29 2.45 2.45 2.19
*relative to collector

Considering that the design has been to a large extent bésed on

computer calculations and that no modifications of the initial
&

assembly has been performed, the performance of the device has been

very satisfactory.

3. THE ICE STORAGE RING

The ICE storage ring (Fig.8) is a strong focusing, combined
function machine for protons. It has four magnetic sectors and four

straight sections. The magnetic sectors consist of ten alternating

gradient magnets. Pole face windings, mounted on the D-magnets, allow

the tune o the machine to be changed. As the experiments uere‘ .
carried out at a proton energy of 46Mev, which is close to the
transition energy of the ring, the tuning range was sufficient to
operate the machine above and below the transition energy. The
protons were obtained by extracting from the PS(S.s.74), after a
special deceleration cycle, a single or a double bunch of protons of
the wanted energy. These protons were transferred to the ICE area
(about 140m away) and injected into the ring by means of a pulsed

inflector and a full aperture kicker. By injecfing one proton bunch
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into the ICE ring, about 2.10® particles could be stored.At an
average vacuum pressure around the ring of 2.10°° Torr, the beam
lifetime was about 2 min. without cooling.

Several diagnostic devices have been used to study the cooling
process:

1) A horizontal and vertical set of wire-chambers allouwed the
measurement of the production rate and the transverse position of
hydrogen atoms formed by recombination of e- and p in the cooling
sections. The H® -atoms leave the storage ring at the end ‘of the
cooling section by a hole in the following magnetic sector. They are
stripped in a foil and then detected by the wire chambers. The uwire
chambers’” readings are recorded and processed by a microcomputer
(CAVIAR)'%. The wire-pitch of the chamber was 1mm.

2) A set of horizontal and vertical scrapers alloued a destructive
measurement of beam size na position.

3) A horizontal and a vertical beam profile monitor 29, developed
by 6.Stefanini, allowed the non-destructive observation of the
transverse beam size and the beam position. The operation of this
monitor is based on jonisation of the rest gas by the circulating
protons. Electrons created in this way are electrostatically
accelerated perpendicular to the beam direction. They are guided by
a magnetic vield, parallel to the electric field, towards a phosphor
screen where they create an image, the intensity distribution of
which 1is proportional to that of the corresponding circulating
protons. The image is scanned by a slit mounted on a rotating drum
and the light traversing the slit 1is collected by a photomultiplier.
The resolution of this device, depending on many factors, wuwas of the

order of 2.5mm FWHM in both planes.

- 20 -
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The minimum possible scanning time, under the conditions of the
experiment, was 200 msec, short encugh to follow the cooling process
in detail.

The signals of the beam profile monitor uere processed by a CAVIAR
system, and displayed on a TV-screen.

4) A set of longitudinal Schottky noise pick-ups?! allowed the
measurement of the momentum spread. Using a commercial frequency
analyser the momentum spread could be measured every 200 to 2000 ms
depending on the required resolution.

Applying noise in a small band around the third harmonic of the
revolution frequency on a longitudinal wide-band kicker it was also
possible to influence the momentum-spread and to set it to é fixed
value. This technique allous momentum cooling experiments with well

defined starting conditions.

For the cooling studies the beam could be excited in the transverse
direction in a coherent way by the ful! wperiure Ricker(FAK).

Furthermore the .CE-ring is equipped with a special RF-cavity which
allous the beam to be bunched on the first harmonic of the revolution
frequency. This allowed studies of bunched beam coolinga. It also
gave the possibility of beam-stacking by injecting new protons into
the ring at the moment when the stack was circulating in the ring
region opposite to that of injection. The neuly injected particles
were then cqoled into the bucket. With this technique, experiments
could be carried out also at higher intensities(«2.10? circulating
protons),

The main parameters of the ICE ring are indicated in TABLE 2.

TABLE 2 (ICE ring data)
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maximum* and minimum momentum 2.1 and 0.30 GeV/c
circumference 74.38m
;; number of focusing periods 4
| aperture of vacuum chamber ap = t76mm
(minimum values) ay = *28mm
working point Qp = 1.71+¢
Qy = 1.16%*
(value of transition 7) Yt = 1.3063
acceptances Eph = 807 mm.mrad

Ey = 407 mm.mrad
Apsp = *0.31%

cooler lengthsorbit length 4.10"°2

* The maximum momentum was used for stochastic cooling experiments.
++ These values correspond to a uworking point below transition and

were commonly used during this experiment.

4.EXPERIMENTAL RESULTS

4.1 THE COOLED BtAM

Except where otheruise stated we will report results wuith a feu
times 108 protons in the ring, and with the gun operated in P/2 mode,
and an average vacuum pressure of 2.10°% Torr.

With the electron and proton beams well matched in velocity (to
about 4 parts in 10000) and direction (to about 5.10"% radian)
cooling was immediately observed®. Within a time of the order of

one second the proton beam stabilized with greatly reduced spreads in

angle and energy.
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A mean life of about 140 minutes was observed for the cooled
beam, .3s compared with about 2 minutes for the wuncooled beam
mentioned above. The first lifetime corresponds to the calculated

value for losses produced by single scattering on the rest gas.

To measure the cooled beam diameters or angular divergences, we
have employed,as described before, three methods:

1) neutral beam profile

2) scraper tests

3) horizontal beam profile monitor

1) Figure 13 shous an example of the cross-section of the neutral

atom production as seen by the 2-dimensional MWPC, integrated over
successive time intervals of 5 sec. during the cooling process. The
rms horizontal and vertical widths are 2.6mm and 2.5mm respectively.

The corresponding angular divergences are
6hirms)=2.3 10-% 8v(rms)=2.3 10-%

2) The effect of horizontal and vertical scraping on beam intensity
allowed measurement of beam sizes at the scraper positions (9 and 10

in Fig.8). The full-width-hal f-maximum beam sizes so found were
ap(Q2) = 2.3mm ay(Q2) = 2.8mm

From the lattice parameters the corresponding angular divergences in

the cooling region are
Oh(FWHM) = 2.4 10-Y 8y (FWHM) = 2.3 10-%

consistent with the above results from the neutral br 'm profile,

which yield a beam size in the cobler region bglou Imm FWHM. The

~distribution has a central gaussian part and tails.

.- 23 -
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3) Figure 14 shous profiles observed by the horizontal BPM wuith
different slit widths in the drum of the mechanical scanning system,
and for a circulating proton intensity of approximately 2.108
particles. For (a) the slit width is 1mm, and the apparent beam FWHM
is 4.5mm. For (b) the slit width is .3mm, and the apparent beam FWHM
is 2.4mm. Thé demagnification factor is in both cases 1:3, and so
the intrinsic resolution FUHM of the device is 3mm and 1Imm in cases
(a) and (b), respectively. The determination of profile width was
thus limited by the resolution of the device, and only an upper limit

of 2.4mm(FWHM) could be established.

For measurement of equilibrium momentum spread the longitudinal
pickup sensitive to Schottky noise was used. Figure 15a shous an
example of two Fourier analyses of Schottky noise,taken at the
beginning and end of the cooling process, at the 24th harmonic of the
revolution frequency. Horizontally is plotted frequency, small
variation of which is proportional to small variation of momentum.
The signal strength, plotted vertically, 1is proportional to the
square root of the particle density. Fig.15b shous the Schottky noise

of a cooled beam of 8.106 protons. Its momentum spread is
sp/p = 4.10°5 (FWHM)

We found, as did the NAP-M group, that momentum spread is dependent
on proton intensity, mainly due to intra-beam scattering. Results
with various proton intensities are shoun in Figure 16 , for the T/2
and P/2 guns. Moreover it is knoun that for very cool very intense
ion beams the interpretation of the Schottky signal is not quite

trivial?2, Applying a suitable correction to the experir.:ntal number
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we finally find for 108 protons and the p/2 gun

6p/p = 6.10"5 (FWHM)

4.2 BETATRON OSCILLATON COOLING

Horizontal betatron oscillations were excited artificially on the
cooled beam by a short (700nsec) coherent pulse +$rom the Full
Aperture Kicker. Damping was then followed on the horizontal beam
profile monitor. Repeated excitation to various amplitudes were

made and the total damping time measured as a function of excitation

amplitude. Figure 17 shous an example of such observations. The
time betueen frames is 800 msec. The total damping time, doun to
the resolution of the monitor, is here about 7sec . The damping

could also be observed with the neutral atom profile.

The horizontal acceptance of the storage ring, taking into
account closed orbit distortion, limited the excitation amplitude to
about 3.8mrad. The minimum observable amplitude was determined by
the resolution of the horizontal beam profile monitor.

Figure 18 shows results for various gun modes. The total
damping time doun to the BPM resolution is shoun as a function of
initial excitation amplitude. The slopes of these logarithmic plots

define cooling times

t = 0¢7(doysdt)

where 6¢ is the amplitude of betatron oscillation. The resulting
cooling times are tabulated in TABLE 3 as t(exp). It the fourth

case, T/2, where some dependence of slope on amplitude shous up
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clearly, it is the value at 2mrad which is tabulated.

To examine the dependence of betatron oscillation cooling on
longitudinal electron velocity spread, such a spread was excited by
1kHz sine wave to the gun high voltage. Figure 19 shous , for the
P72 gun, the decrease of damping rate (solid triangles) with
increasing longitudinal electron velocity spread, as observed already
by the NAP-M group. Also given in this figure is the longitudinal
proton momentum spread of the cooled beam (solid circles) measured by

the longitudinal pickup.

4.3 MOMENTUM COOLING

The momentum cooling force, for small betatron
amplitudes, was measured separately by first cooling the beam and
then suddenly increasing the gun voltage and observing the subsequent
acceleration of protons. By voltage increases in the range 2v-300V
fractional relative velocities in the range 5.10°5 to 6.1073 uere
created. The proton acceleration was observed as a change of
revolution frequency, uith the longitudinal pickup, and as a change
in radial beam position, with the horizontal beam profile monitor.

The drag force is then
F1 = (p/mn) (dfsdt)sf
where n is the storage ring parameter
n = (psf)(dfsdp)

in terms of rate of frequency change, and .
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F1 = (psap) (drrsdt)

where ap is the storage ring momentum compaction function

ap = p (drrsdp)

in terms of rate of radius change. To be independent of computer
calculations the machine parameters M and ap were measured, by
observing equilibrium frequency and radial position as functions of

gun voltage for small variations of the latter.

Figure 20 shous results on F1 as a function of

relative velocity
81 = (Vo -V;i1)/(Vg)

where Vo is the axial electron beam velocity. Note that this formula
is only approximate, since the space charge induced velocity gradient
ought to be taken into account. The open circles are for the P/2 gun,
and the inverted triangles also but with a 1kHz sine wave of 50V

peak-to-peak amplitude superimposed on the step voltage. The increase

in steepness of this second measurement for lower relative velocity
iﬁﬁj indicates that we undid some of the “flattening’ (see section 5), and
moved nearer the symmetrical electron velocity distribution. The

points in Figure 20 are T/2 measurements.

5. COMPARISON WITH THEORY.

Various authors have given formulae for the cooling or ‘drag”’
force 4-10 We will just quote results here. In the absence of

magnetic field the force is

_27_
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- -> > > > o

F = Kfd3Ve f(Ve ) (Ve-Vidc? /|Ve-V;]3 (5.1)
where
K = (4mne re3 ) (me ¢2 /ro ) Le (5.2)

1]

Ne electron density

re 2.818 10715 m

= electron mass

3
L]
I

¢ = 3. 108 m/sec

<
"

proton velocity

Ve = electron velocity

>
and f(Ve ) is a normalised electron velocity distribution:

> >

fd3ve fVe ) =1 ©(5.3)

The “Coulomb logarithm’” L. we take as

Le =1nlpmax /Pmin ) (5.4)
uith
Pmin = re (csW)? (5.5)
Pmax = Fe (W/7c)Af(4mne red ), (5.6)

where W is a typical proton-electron relative velocity.

These formulae are most properly interpreted as apolying in
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frame of reference moving with the electrons. This has been attended
to in the computer simulation 23. But in the present qualitative
discussion, neglecting relativistic corrections, we take the formulae
to hold in the lab.frame.

For what follows it is convenient to define also:

Vo = mean electron velocity on axis

- - ->

Ui = V; -V (5.7

= proton velocity relative to electron beam

Vi = root mean square transverse electron velocity

V1 = root mean square spread of longitudinal electron

velocity

Let us first imagine the distribution to be ‘Maxwellian”,

-

fVe ) = (me /(21T )dexpl-me Vet? 7(2T¢ )

(5.8)
Vime /(21 T} Ydexp(-me (Voy -Vg )2 7211 )
corresponding to
Vi = V(2T /me ) (5.9)
Vi = J(T1 /me ) (5.10)
For equal temperatures
T¢ =Ty =7 (5.11)

and small proton relative velscities Up
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-> >

->
Juil = Jvi- Vo] << Vi (5.12)

and treating K as constant, one finds

> >

>
F = (47(3ym) K ((Vg -Vi )/c)(me c2 /(27))3/2 (5.13)

corresponding (in the absence of any other forces) to exponential

cooling with

U; varying as exp(-t/tg)
where

to = (3/C16YM) ) (mp/me) (2T/(mec2))3/72 /(nere? cle) (5.14)

Note that for damping of energy (or temperature) the exponential

cooling time is halved, for
(exp(-tsto ))2Z = exp(-2tsty ) (5.15)
Note that to /2 is the often quoted cooling time of Spitzer?" with
T; /mj < Te /me

This has served well in preliminary discussion of the ICE experiment

25 Multiplication of to by the duty cycle factor
(machine circumferences/cooler length) = t/d = 25

gives the “nominal cooling time’” (thom) of Table 3. We have taken

M =vVg in (5.5),(5.6).

More realistic than the symmetric Maxuwell distribution, with T1 =

Tt , is the “flattened” distribution 5,6 uith
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Ty = 0.

Then instead of (5.13) we now have

Fe = -(Vit 7e0m K ((mg o2 )/(2T¢ ))3/2 (5.1L2
F1 = £ K 2(mg c2 /(2T )) (5.17)
where the undetermined sign is opposite to that of Uy . The

transverse force is about tuice as big as before. The longitudinal
force is much increased. In particular, it does not go to zero with
U, so that for small U longitudinal damping 1is much faster than

transverse. Actually for very small U the approximations fail, (for

example the constancy of the logarithm) and F) again approaches
zero, (S¢rensen?®), but we will not consider this here.

It remains to consider magnetic effects. The cooling collisions
are conventionally divided into “fast’ and “adiabatic’. The fast

term is just (5.1) but with the Coulomb logarithm replaced by

Lf = In(ri/pmin ) (5.18)

where r1 is a typical Larmor radius.

ry = me Vi 7(eB) (5.19)

'“~ﬁl The “adiabatic term” is rather complicated in general, and we will
consider here only special cases, of pure transverse and pure

longitudinal motion.
Vit = 0.

In this case (no betatron oscillation) the adiabatic contribution

vanishes. We are left with (5.17) with L¢ replac;d by L§(5.18). This

o= 31 -
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gives for the various gun modes the values listed in TABLE 3, which
includes also the maximal experimental values. An example of P/2 and
T/2 gun measurements can be seen in Fig.20, (to be mui.iplied by a
factor 1/d = 25 to obtain the force in the cooler as distinct from
the average round the orbit). Given the roughness of the theory used
here the discrepancy betueen theory and experiment (a faccor of about

2) is not Lurprising.

Vi1 = C

In this case, of pure betatron oscillation, the adiabatic

contribution to the drag force is

(K/2)(La ZLe D(-Vi¢ c2 )7|vi]3 (5.20)
with
La = log(pamax 7r1 ) (5.21)
and pamax = (Vit 7¢) re ~J(4mne re3 ) (5.22)

The instantaneous (V;jt dependent) cooling rate is then

-(dVi¢/dt) Vit = A + B/|Vig]3 (5.23)
with
A = (L§ 7Le )(3174)/tnom (5.24)
B = (Ly 7Le Y(3WM/8IV43 /tnon (5.25)

We have still to allow for the fact that Vit is not constant in the
absence of cooling, but oscillating. Let V;itmax denote the maximum

value in the course of a betatron oscillation, now taken to be purely
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vertical or purely horizontal. Then averaging over the oscillaticen ue

find the cooling rate (1/*) tor the amplitude of oscillation

(17t) = -(dVitmax 7dt)Vitmax = (17t§ ) + (1/t, ) (5.26)
with
tf = thom (Le ZLf )(8/(3mM)) (5.27)
ta = thnom (Le 7La )(87(3WM) ) (Vitmax 7Vt )3 /R (5.28)
where
R = (2/1)In(2Vitmax /Vitmin ) (5.29)

In this expression Vitmin 15 a lower cut-off at wuwhich the treatment

~ for some reason fails2®,. For example, the longitudinal electron

velocity spread Vi might no longer be negligible, or the logarithm L,
might no longer be sufficiently constant. More important in our case,
probably, is that horizontal and vertical betatron oscillations are
strongly coupled by the <cooler magnetic field, so that when one
component of Vit is small the other need not be. Without attempting
here to analyse this in detail, let us see what happens if ue quite

arbitrarily take

R =1 (5.30)
We then obtain with
Vitmax Vo = 3.5, 2.0, and 1.5 10-3,
the values of

,ta’
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quoted in the table,with values also of t¢ and tnom

TABLE
P Ps2 P/4 T/72
Fimax- th. 11.4 4.35 1.90 0.693 1072 ev/m
Flmax-eXp 4.5 2.2 . 0.77 1.0 10-2 eV/m
thom 1.06 3.45 8.86 41.5 sec
ts 1.i9 3.94 10.1 46.5 sec
t, 15.6 25.9 50.5 60.1 R-', at 3.5mrad
3.54 5.82 11.3 13.7 R-', at 2.0mrad
1.68 2.75 5.35 6.56 R-', at 1.5mrad
tCexp) .65 2.5 7.5 5.5% sec

* amplithde dependent(value at 2mrad)

As can be seen from the table, tf is always substantially longer
than t(exp), suggesting that an important adiabatic contribution is
required. With R about 1 the t, given contribute with something like
the right order of magnitude in the right direction. But we have no
particular reason for taking this rather than any other value of R,
or indeed for supposing R to be constant from case to case or
amplitude to amplitude. A serious estimate of ty, and indeed of tnom,
requires a more detailed analysis‘of what is actually happening in

the experiment than has been attempted.
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A more detailed description of all aspects of this experiment

will be found in 27,
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Figure Cartions.

1.Photograph of electron cooling device.

2.Schematic assembly drawing of the cooling device.

ﬁﬁﬁi 3.The electron gun.

4.Calculated electron trajectories in gun.

5.Final transverse energy of the electrons at various
radii in steps of 5mm, as a function of magnetic field.

The calculation is for full perveance at 60kV anode voltage.
The chosen working point is at the 700gauss minimum.

6.The collector.

7.Computed trajectories (solid lines) and electric field

equipotentials (dotted lines) (including space charge effects)

- 37 -




EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

at collector.
8.The ICE storage ring.
9.Measured frequency spectrum of the RF energy radiated by
25.9kV electrons in a magnetic field of 454.3 gauss.
fe = cyclotron frequency.
10.Schematic diagram of the high voltage system.
11.Collector perveance P¢o=I.Veo~37% as a function of
beam current I.(P and P/2 operation).
12.Relative loss current as a function of electron gun
high voltage for P and P/2 operation.
13.Cross-sections of neutral atom bram as sesn hyv the
tuo-dimensional MUIPC. The principal axes of the ellipses
shou, on a 2.5 times enlarged scale, the r.m.s. uidths
of the horizontal and vertical profiles respectively.
(a) Frame number
(b) Acquisition time
(c) Number of wires hit
(d) Horizontal position (average) mm
(e) Vertical position (average) mm
(f) Horizontal width rms mm
(g) Vertical width rms mm
14.Profiles observed by the horizontal BPM with 1mm and .3mm

slit widths in the drum of the mechanical scanning system.

15a.Frequency spectrum of Schottky noise, taken at the beginning

and end of the cooling process,at the 24th harmonic of the

revolution frequency.
15b.Similar spectrum of a low intensity cooled beam.

1=8.106 protons. Sp/p(FHHM) & 4.10-5.
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16.Equilibrium momentum spread of 45MeV protons versus intensity.

(o) temperature limited T/2 electron beam (590mA).

(V) space. charge limited P/Z electron beam (1250mA).

17.Betatron oscillation cooling following a coherent kick.

18.Total damping times as a function of amplitude for various gun

modes.

a Full P gun

b P/2 gun i
¢ P/4 gun

d T/2 gun

19.Damping rates,(a), and cooled proton relative momentum

spread, (b), as a function of longitudinal electron velucity

spread.

20.Measured valuer uf F3

(o) P/Z gun.

(V) Ps2 gun but with an extra 1kHz sine uave.

T72 gun.
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