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Abstract

First electron cooling experiments were performed with 107 to 2 x 10° stored antiprotons of 50, 21
and 6 MeV at the Low Energy Antiproton Ring (LEAR) at CERN. Most effort was put into the study
of the longitudinal cooling. Schottky pick-up signals were used to measure the equilibrium
momentum spread and the longitudinal cooling time. From the equilibrium between stochastic
heating and electron cooling the longitudinal friction force in the low 10° m/s relative velocity range
could be deduced. This method was used also to increase the cooling force by improving the
alignment between the antiproton and the electron beam. Some of the experimental data are
compared with results of a simulation program for electron cooling {SPEC).
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1. Introduction

Electron cooling proposed in 1966 by Budker [1] is a new possibility to reduce the phase space
of a stored ion beam very fast. In the seventies the principle was successfully tested with proton
beams at the NAP-M ring at Novosibirsk [2], at Fermilab [3] and at the ICE (Initial Cooling Exper-
iment) ring at CERN [4]. These electron cooling experiments have demonstrated the large possi-
bilities of this method for experiments with stored and cooled ions. Therefore it was decided to
build an electron cooling device for LEAR. The very low emittances and momentum spreads
achieved by fast cooling would offer new possibilities for experiments with antiprotons at LEAR
[5], e.g. the operation of an internal target at low p energies [6]. Furtheron the deceleration of p
beams down to very low energies, possibly a few MeV, in much shorter times than with stochastic
cooling, is facilitated. V

The electron cooling device for LEAR [7] was developped by a collaboration between the Kern-
forschungszentrum Karisruhe and CERN and installed in LEAR in 1987. Initial cooling experiments
with proton beams [8] were successfully perfbrmed-in October/November 1987 and in March 1988.
First experiments with antiprotons were done March 1989. The aim was to prove the applicability
of electron cooling for antiprotons and to bring electron cooling a step further to routine operation
at LEAR. During this run a new method was tested to measure the longitudinal friction force at very
low relative velocities.

2. Experimental set-up and equipment

The electron cooling experiments were performed with antiprotons of 308.6, 200 and 105 MeV/c
(49.45, 21.08 and 5.86 MeV respectively). About once a hour a few 10° p were transfered from the
AA (Antiproton Accumulator) and injected in LEAR with a momentum of 609 MeV/c. Before decel-
eration to the experimental energies (see later) the p beam was stochastically cooled for 10 to 15
minutes at the injection energy (180 MeV) because electron cooling was not designed for this high
energy.

For the experiments the standard p-beam diagnostic equipment of LEAR was used. The number
of stored p was measured by a beam current transformer (BCT) and the orbit was determined by
electrostatic position pick-ups. The longitudinal and vertical Schottky noise was analysed by a fast
spectrum analyser in order to deduce the momentum spread and the emittance of the p beam.
The latter was also determined by scraper measurements. The stochastic cooling system of LEAR
could be used for a specific beam preparation and as a diagnostic element. By putting RF noise
on a longitudinal gap (’stochastic heating’) a cold beam was heated in the longitudinal phase
space up to a specific momentum spread corresponding to the bandwidth of the heating noise.
The balance between the constant stochastic heating and the electron cooling produced an equi-
librium distribution whose shape reflected the cooling (friction) force dependence on relative

velocity (see section 3.).



The electron cooler was installed in straight section SL3. Electrons emitted from a thermionic
cathode at about 1000 K were accelerated to the same velocity as the antiprotons by an electros-
tatic gun (perveance: 0.56 ¢P) with 4 anodes. This electron beam (5 cm in diameter) was merged
with the p beam over an effective cooling length of 1.5 m and thereafter recollected in a collector.
The electron beam was embedded in a solenoidal {and toroidal) magnetic field from the gun to the
collector to counteract space charge effects. There existed several correction coils for fine tuning
of the electron beam direction and displacement in the cooling region. The main parameters of
LEAR and the electron cooler during the cooling experiments are listed in table 1. Both are
described in more detail in references [7] and [9].

The LEAR machine was controlled through its normal operating system, whereas the electron
cooler was mainly operated by its own control system, except during deceleration which was
normally done in the following manner. A time signal was sent to the ring magnets to ramp the
currents of all magnets synchronously down to several flat tops (beam energies at which the
cooling experiments were performed). At each flat top beam cooling was applied in order to
reduce the phase space of the beam (emittance and momentum spread) before decelerating fur-

ther down.

Because the toroid magnetic field of the electron cooler (which scales with momentum) displaces
the orbit of the stored p, this parameter of the cooler was included in the deceleration cycle. At
each flat top the necessary orbit and tune adjustments were done. It was therefore decided to use
the electron cooler in a ‘pulsed” mode, which means that the magnetic field of the cooler was
synchronized with the LEAR cycle, while the electron acceleration voltage was swiched off and the
correction coils were set by the electron cooler control system as soon as the cooler magnet
changed the value. For beam cooling at the flat tops electron cooling was used now instead of
stochastic cooling (except for the injection en'ergy). For that purpose the accelaration voltage was
ramped to the operational value in about 120 mé and was kept on for 6 sec. In this manner we
were able to decelerate to 6 MeV saving some 15 minutes in cooling time. At each flat top cooling
experiments were performed of which some results are presented here.

3. Measurements and results

One aim of these measurements was to demonstrate that electron cooling works in practice for
antiprotons as well as for protons and that it can be fully included in the normal operation of LEAR
down to energies as low as a few MeV. (Cooling of protons and antiprotons was expected to be
similar.) Therefore much effort was put into the smooth deceleration of the p beam and in the
achievement of stable conditions for electron cooling at each flat top of the LEAR cycle. A second,
more physical, aim was to test a new method of friction force measurement and to make a com-
parison of the friction forces between protons and antiprotons. Owing to the fact that the diagnostic
equipment of LEAR is more sensitive in the longitudinal phase space of the beam we resticted

ourselves to the case of quantitative longitudinal cooling measurements.
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3.1. Equilibrium momentum spread

The longitudinal Schottky noise spectra for cooled p beams (Fig. 1) were recorded at the 35th
harmonic of the revolution frequency for various stored currents which were measured by the
BCT. The shape of the measured spectra differed from the usual Gaussian shape and showed a
structure with two peaks whose distance increases with the number of stored p. A similar behav-
jour was first observed with protons at the cooling test ring NAP-M at Novosibirsk [11] and
recently in the first cooling experiments at LEAR [8]. This structure was explained [12] by the
occurance of density waves travelling in and against the direction of the beam with a characteristic
frequency f. (which is half the peak distance). The collective phenomena set in when the longi-
tudinal temperature of the beam (T, = Mc? 52 (Ap/p)?) become comparable to the interparticle
Coulomb energy. The characteristic frequency f. is given by

f [nN5  Im(Z
- —e 2P _(_'ﬁ , (1)
nf, pC n

~ where Z, is the longitudinal impedance of the machine at the nth harmonic of the revolution fre-
quency f,, C the ring circumference, and n =1 — 2+ 1/y# a ring parameter (y:Mc? being the tran-
sition energy). The shape of the frequency spectrum can by calculated for a Gaussian distribution
of the particle momenta [8]. This functional behaviour can be used for a fit of the experimental
spectra. Amongst five fit parameter the r.m.s. momentum spread and the imaginary part of the
longitudinal impedance can be deduced. The momentum spread is plotted in Fig. 2 together with
other data obtained in cooling experiments with protons at LEAR and at NAP-M. For low antiproton
numbers the BCT reading was inaccurate and eq. (1) was used to determine N; assuming a con-
stant impedance. For antiprotons larger equilibrium momentum widths as for protons were mea-
sured which, however, may be explained by a more noisy electron acceleration voltage (up to 50
V peak-to-peak oscillations), and hence a worse cooling, in these experiments as compared to
previous ones.

Calculations were done with a simulation code [10] for electron cooling (SPEC) which uses the
best-known friction force and which also includes beam blow-up by residual gas scattering and
by intrabeam scattering in order to compare the systematically measured dependence of the
equilibrium momentum spread on the number of stored particles with a theoretical model. The
result of these calculations using realistic values for all relevant parameters of the cooler and the
LEAR ring is also shown in Fig. 2. The slope coincides well with the experimental one.

3.2. Lohgitudinal cooling times

Measurements of the longitudinal cooling time were done with antiprotons of 50 and 21 MeV for
only one momentum spread. Radiofrequency (RF) noise at the 11th and 17th harmonic of the rev-
olution frequency, respectively, with a bandwith of 10 kHz was put on a longitudinal gap which
blew up the beam to a momentum spread of about 10-%. After swiching on electron cooling the
increase of the Schottky noise around the reVqution frequency was recorded (Fig. 3). The cooling-
time was measured after aligning the p and the electron beam (see section 3.3) and resulted in a
total cooling time of 1.2 sec which is compared with different SPEC calculations in Fig. 3. Because
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the resolution bandwith of the spectrum analyser was 10% of the initial momentum spread, the
experimental data were normalized to 10 and 100 before and after cooling, respectively. With
optimized parameters a much faster cooling (0.6 sec) should happen (dash-dotted line) according
to the simulation. The experimental cooling time can be reproduced by the calculations assuming
a reduced cooling efficiency by increasing either the electron acceleration voltage noise or the
emittance of the p beam.

At 21 MeV there was no time to optimize the cooling (e.g. the beam alignment) so a rather long
cooling time of 2.2 sec was measured in contrast to the expected near constancy of the cooling
time. In the former cooling experiments with protons [8], however, times less than 0.1 sec were
measured for a comparable momentum spread.

Further SPEC calculations were performed with varying initial momentum spreads up to a few
10-2. A scaling of the e-folding cooling time like (Ap/p)*2 was found in contrast to the scaling with
the 3rd power predicted by the simple scaling law neglecting the magnetic confinement of the
electrons.

3.3. Longitudinal friction force

The measurement of the longitudinal friction force is usually done by stepping away the electron
acceleration voltage by a certain amount. The time it takes to accelerate (or decelerate) the stored
beam to the new energy determines directly the friction force. This dynamical method is, however,
difficult for small energy steps. In order to determine the friction force at low relative velocities, a
new static method was firstly applicated. It comprises the analysis of the distribution in equilibrium
between a constant stochastic heating power and electron cooling.

The measurement was executed in the following way (see Fig. 4). First the injected beam was
cooled (dotted line). Then RF noise with a bandwidth of 10 kHz and a power of 5 yW/Hz was
injected at 13.126 MHz on a RF gap, which produces a broad distribution of revolution frequencies
(dash-dotted line). The power of this stochastic heating was varied by changing the attenuation
of the noise. Thereafter electron cooling was switched on and the balance between the heating
and the cooling processes produced a new equilibrium distribution (solid line) whose width
increases with noise power. Further a dependence on the alignment and displacement of the
electron and the antiproton beam was found. The measurement of the equilibria proved to be a
good diagnostic element for fine adjustment of the two beams which was done by changing the
fields of the correction coils of the cooler.

In order to obtain the velocity dependence of the friction force F(v) from the equilibrium distribution
p(v), one has to solve the one dimensional Fokker-Planck equation for a frequency independent
diffusion constant D:

%

o]
2 = 2 (—Fw)pW) + D o) @)

In the equilibrium case dp/dt =0, the shape of the friction force is determined by the normalized
slope of the distribution function: c



dp/ov
p(v)

F(vy =D @)
The absolute value, however, is proportional to the diffusion constant D which has to be known for
the specific heating used in the experiments. The diffusion constant was determined in a direct
way similar to the measurement of the longitudinal cooling time (Fig. 3). The time development
of the Schottky noise power around the revolution frequency f, (Fig. 5) was recorded and com-
pared with the theoretical behaviour which again is described by the Fokker-Planck equation (2).
Assuming a d-like initial distribution the solution of eq. (2) with F(v) = O gives a Gaussian shaped
distribution whose width increases with time proportional to D:

N (=1
p(ft) = e exp(— =) 4

(N being a normalization constant). By fitting the experimental peak power decay with eq. (4), or
more accurately with the integral of eq. (4) over the bandwidth Af, the diffusion constant D was
obtained. For a heating power of 5 yW/Hz with an attenuation of 40 dB D was 4.36 kHz%/s Ana-
lysing the theory in more detail we recognized that the determination of D is very sensitive to the
correct center frequency of the time spectrum and to the resolution bandwidth Af which is chosen
best as the width of the cold beam. In our measurement we did not take particular care of this,
so we estimate the accuracy of D to be of the order of 20 - 40%.

In Fig. 6 the result of two friction force measurements with 50 MeV p is shown, one with aligned
beams and one with misaligned beams (angle about 1 mrad). The friction force could be meas-
ured for relative velocities less than 10* m/s and the position of the maximal force was found in
the case of aligned beams. As a consequence of the alignment the cooling improved, clearly
indicated by the stronger friction force whose maximum is at much lower relative velocities. The
lines drawn in Fig. 6 show the dispersion-like shape of the friction force as predicted by theory.
It can be approximated by the function

3v

. ®)
v+ 2a3

F(v) = Fy
where A in our case is the longitudinal velocity spread of the electron beam. The measured value
of 1.5 x 10* m/s leads together with the former measured [8] transverse temperature of 0.25 eV to
a flattening factor of the velocity distribution of the electron beam of 20.



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(8]

(10]

[11]

[12]

G.l. Budker, Proc. Int. Symposium on Electron and Positron Storage Rings, Saclay, 1966,
Presses Univ. de France, Paris (1967)

G.l. Budker, N.S. Didanskij, V.I. Kudelainen, I,N. Meskov, V.V. Parkhomchuk, D.V. Pestrikov,
A.N. Skrinskij and B.N. Sukhina, Part. Acc. 7, 197-211 (1976)

R. Forster, T. Hardek, D.E. Johnson, W. Kells, V.Kerner, H. Lai, A.J. Lennox, F. Mills, Y.
Miyahara, L. Oleksiuk, R. Peters, T. Rhoades, D. Young and D.M. Mcintyre, IEEE Trans. Nucl.
Sci. NS-28, 2386-2388 (1981)

M. Bell, J. Chaney, H. Herr, F. Krienen and P. Moller-Petersen, Nucl. Instr. Meth. 190, 237-255
(1981)

Second Workshop on Physics at LEAR with Low Energy Cooled Antiprotons, Erice, 1982, eds.
U. Gastaldi and R. Klapisch (Plenum, New York, 1984)

K. Kilian, D. Méhl, J. Gspann and H. Poth, Internal targets for LEAR, p. 677-690, in Ref. [5]
K. Kilian and D. Mohl, Internal hydrogen or solid targets and polarisation experimehts at
LEAR, p. 701-708, in Ref. [5]

W. Briickner, H. D&bbeling, K. Dworschak, H. Kneis, M. Nomachi, S. Paul, B. Povh, R. Ran-
some, T.-A. Shibata, E. Steffens, M. Treichel and Th. Walcher, Proposal for measurement of
spin dependence of pp interaction at low momenta, p. 245-252, in: Proc. of the 3rd LEAR
Workshop,Tignes, 1985, eds. U. Gastaldi et al. (Editions Frontieres, Gif-sur-Yvette, 1985)

C. Habfast, H. Haseroth, C.E. Hill, H. Poth, W. Schwab, B. Seligmann, J.L. Vallet, M. Woértge
and A. Wolf, Status report on the LEAR electron cooler, PS/LI/Note 87-6 (1987) and refer-
ences therein

C. Habfast, H. Haseroth, C.E. Hill, H. Poth, W. Schwab, B. Seligmann, J.L. Vallet, M. Wortge
and A. Wolf, The LEAR electron cooler: recent improvements and tests, Phys. Scr. T22,
277-281 (1988)

H. Poth, W. Schwab, B. Seligmann, M. Wértge, A. Wolf, S. Baird, M. Chanel, H. Haseroth,
C.E. Hill, R. Ley, D. Manglunki, G. Tranquille and J.L. Vallet, Z. Phys. A332, 171-188 (1989)
A. Wolf, P. Dittner, C. Habfast, L.Hitten, H. Poth, W. SchWab, B. Seligmann, J. Stein, M.
Wértge, S. Baird, J. Bosser, M. Chanel, M. Girardini, H. Haseroth, C.E. Hill, P. Lefevre, R.
Ley, D. Manglunki, D. Mohl, G. Molinari, A. Poncet, G. Tranquille and J.L. Vallet, Proc. 1st
European Part. Acc. Conf. (EPAC), Rome, 1988

P. Lefevre, LEAR present status, future development, in: Proc. of the 4th LEAR Workshop,
Villars-sur-Ollon, 1987, eds. C. Amsler et al. (Harwood Acad. Publ., Chur, 1988), p. 19-30

A. Wolf, Realistic calculations concerning electron cooling in storage rings, in: Proc. of the
Workshop on Electron Cooling and Related Applications (ECOOL), Karlsruhe,b 1984, ed. H.
Poth, (KfK 3846, Karlsruhe, 1985), p. 21-40

E.N. Dement’ev, N. Dikansky, A.S. Medvedko, V.V. Parkhomchuk und D.V. Pestrikov, Sov.
Phys. Tech. Phys. 25, 1001-1004 (1980) :

V.V. Parkhomchuk und D.V. Pestrikov, Sov. Phys. Tech. Phys. 25, 818-822 (1980)



TABLES:

Antiproton-beam energy
Electron-beam energy (at axis)
Electron current

Solenoid field

Ring circumference

Hor. and vert. focussing function
Momentum dispersion (at the cooler)
Number of stored antiprotons

Initial emittance (95% of part.)

Initial momentum spread (95% of part.)
Typical vacuum (ring average)

49.45
26.93
25
455
78.54
19,53
3.6
107 to 2x10°
20
2%x10™3
3x10712

21.08
11.48
0.70
300
78.54
19,53
3.6
107 to 2x10°
20
2%x10™3
3%x10™12

5.86
3.19
0.088
145
78.54
19,53
36
107 to 2x10°
20
2%10™3
3x10712

MeV
keV

GauB

m mm mrad

Torr

Table 1.

Main parameters for electron cooling in LEAR




FIGURE CAPTIONS:

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Longitudinal Schottky spectra for 1.4 % 10%, 5.0 x 10* and 1.2x 10° p of 50 MeV meas-
ured around the 35th harmonic of the revolution frequency. The dashed lines are fits
of the spectra.

Equilibrium momentum widths for cooled protons (full circles) and antiprotons (open
circles) at LEAR and at NAP-M (full squares). For the LEAR proton data the deﬁend-
ence on the number of stored particles is compared with the results of the simulation
code SPEC (dashed line).

The time development of the Schottky noise power around the 35th harmonic of the
revolution frequency is recorded for the cooling of a stochastic heated (10 kHz noise
width at 13.126 MHz) p beam of 50 MeV (crosses). It is compared with different SPEC
calculations: a) for optimal cooling (dash-dotted line) b) with 25 V acceleration voltage
noise (dashed line) and c) for a p beam with a horizontal and vertical emittance of
25 7 mm mrad (solid line).

The principle of a new method for measuring the longitudinal friction force at low
relative velocities is explained. A cooled beam (dotted line) is stochastically heated
to a broad distribution (dash-dotted line). Switching on electron cooling a new equi-
librium distribution (solid line) is reached, whose shape reflects the dependence of
the friction force on relative velocity (eq. (3) ).

The stochastic heating (5 UW/Hz, 40 dB attenuation) of a cold p beam results in a
decrease of the Schottky signal power around the revoiution frequency (crosses). A
fit of this time development (solid line) gives the diffusion constant D for this specific
heating (eq. (4) ).

The longitudinal friction force for 50 MeV P is shown as a function of the relative
velocity for well-aligned beams (full triangles, solid line) and for misaligned beams
(open triangles, dashed line). The increase of the maximal friction force and the shift
to lower relative velocities for the better aligned beams can be seen clearly. The lines
show the theoretical dispersion-like behaviour of the friction force (eq. (5) ).
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