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Abstract

Heavy ion beams which are cooled in the storage ring ESR
by an electron beam exhibit temperatures, both longitudi-
nally and transversely, close to the corresponding el ectron
temperatures. In the longitudina phase plane the achieve-
ment of very cold ion beams is linked with a phase transi-
tion like reduction of the momentum spread. For the trans-
verse degree of freedom indications for a similar behavior
have been detected. The measured beam properties for ex-
tremely cold ion beams are determined by the stability of
power suppliesfor the ring magnets and the electron beam
acceleration voltage.

1 INTRODUCTION

Electron cooling has proven to be a very powerful tool to
provide ion beams of excellent quality otherwise hardly
reachable. The precision in spectroscopic investigations at
storageringsisultimately limited by theion beam tempera
ture. Therefore the achievement of smallest possible beam
temperatures is crucia to make full use of the capabilities
of cooler storage rings.

The lower temperature limit for electron cooled ion
beams which is determined by the temperature of the elec-
tron beam is usualy not attained as the generation of a
dense ion beam is counteracted by intrabeam scattering
rates growing with the phase space density of theion beam.
Until now only one experiment with a proton beam at low
intensity reported the achievement of ion beamswithatem-
perature close to that of the cooling éectron beam [1]. The
possibility to produce low temperature beams at low inten-
sity isparticularly interesting for experimentswith radioac-
tive beams which generaly are faint. The determination of
their revolution frequency with highest possibleaccuracy is
mandatory for precision Schottky mass spectroscopy [2].

2 INTRABEAM SCATTERING
DOMINATED ION BEAM
TEMPERATURES

Experimental investigations of the phase space volume oc-
cupied by an ion beam with el ectron cooling have been per-
formed in the storage ring ESR [3]. Electron cooling com-
presses theion beam to a phase space volume which results
in aheating rate by intrabeam scattering which balances the
cooling rate of the electron beam. The equilibrium beam
emittances and momentum spreads increase with the parti-

clenumber N. Measurements for ion beam intensities ex-
ceeding 10° stored ions show an increase of the transverse
emittance proportiona to N6 and a momentum spread
which growswith N°-3, typically [4].

From the dependence on the particle number it can be
concluded that it is possible to achieve the highest phase
space density at smal particle numbers. This is a con-
sequence of a reduction of the cooling rate for larger in-
tensities of the ion beam. The cooling force of the elec-
tron beam decreases with increasing relative velocity be-
tween ions and eectrons and larger ion beam emittances
contribute larger relative velocities to the electron-ion in-
teraction. Increase of the eectron current leads to a propor-
tiona increase of the cooling power, but technical and phys-
ica limits, particularly the electron beam space charge, re-
strict the possibility for an increase of the cooling power.

3 SUPPRESSION OF INTRABEAM
SCATTERING

The decrease of the ion beam equilibrium temperature and
the related increase of the cooling rate due to reduced rela
tivevelocitiesbetween ionsand el ectronsmakes thelow in-
tensity regime most promising for high quality ion beams.
The momentum spread determined by detection of Schot-
tky noise with a high sensitivity capacitive pick up system
isshowninFig. 1 asafunction of the number of storedions
for a'®"Au™+ beam at an energy of 360 MeV/u. Theions
were cooled by an electron beam of 250 mA (el ectron den-
sity n, = 3.8 x 10% cm~3) which was aligned to the ion
beam direction by minimizing the transverse emittances of
the cooled ion beam.

The momentum spread for particle numbers N > 10*
shows the usua dependence indicative of an equilibrium
between cooling and intrabeam scattering. For approxi-
mately N ~ 4000 the momentum spread shrinks suddenly
by afactor of ten most likely due to a strong suppression
of intrabeam scattering. For smaller particle numbers the
momentum spread remains at a constant level ép/p ~ 5 x
10~7. This suppression of intrabeam scattering was ob-
served for al ionswith charge ¢ > 18 [5].

For al ion species which were investigated at energies
between 240 and 360 MeV/u a similar behavior was ob-
served with two features: 1) The momentum spread drops
discontinuously around a few thousand ions. 2) The lowest
momentum spread isfor all ion speciesaround ép/p ~ 5 x
10~7. The only charge dependence is related to the reduc-

1064



10

Au’®* 360 MeV/u o®

*

10 P

dp/p
T T \\HH‘
[ ]

o)}

°
°0e ° o’o:o...o

10

.= 250 mA

10‘7 Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ Il \HHH‘ LI
1 10 102 10° 100 10° 10®° 10° 10
number of stored ions

8

Figure 1: Momentum spread versus number of stored ions
for aAu™* beam at 360 MeV/u which was cooled with an
electron current of 250 MA (n, = 3.8 x 105 cm ~3).

tion factor of the momentum spread. The ions with higher
charge experience stronger intrabeam scattering and there-
fore show a higher momentum spread in theintrabeam scat-
tering dominated regime, the lowest value of the momen-
tum spread, however, isthe same for al ions. The longitu-
dinal ion beam temperature kT = Am,c*B2(6p/p)2ms
scaes with the ion mass A and is roughly k7 ~ A -
(2 x 107%) eV inthe low intensity regime. For lightions
longitudinal beam temperaturesin the sub-meV range have
been achieved.

Non-destructive measurements of the transverse emit-
tance for small particle numbersis prevented by theresolu-
tion of available detection systems. A destructive method
which alows a good spatia resolution is scraping of the
beam. The center of the stored beam is found when the
beam is completely destroyed by a scraper moved into the
beam. For different radia positions relative to this center
the number of stored ions was determined from the Schot-
tky noise power. The scraper was moved to the positions
with an accuracy better than 10 um, stopped therefor afew
seconds (a time which is short compared to the transverse
growth rate of the cooled beam) and moved out to a posi-
tion not interfering with the ions which were still circulat-
ing. The radius determined by this scraping technique cor-
respondsto approximately a3 ¢ radius determined by anon-
destructive method [6].

The relation between number of ions and beam radius
in some cases shows a behavior smilar to that for the
momentum spread (Fig. 2). For higher particle numbers
(N > 10%) the usua increase by intrabeam scattering is
observed with a N 9-3-growth of the beam radius [4]. For
an ionintensity below N ~ 1000 the beam radius shrinks
much faster. The measurement of the shrinking process
is hampered by the short lifetime of the stored ion beam
dueto radiative recombination in the cooler. The radiusre-
duction might be instantaneous athough not visible from

thescraper measurement. Thetransverse beam temperature
kT, = 1/2 - m;c?B%y22/2, , (with the beam divergence
&' = x/8,) for small numbers of stored goldionsisaround
0.1 eV whichcorrespondswith thetransverse el ectron beam
temperature. The sudden shrinkageinthetransversedegree
of freedom could not be reproduced in al measurements so
far contrary to the drop in the momentum spread which is
very well reproducible. The beam position determined by
scraping islikely to be subject to small fluctuations caused
by thelimited stability of power suppliesfor thestoragering
magnets.
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Figure 2: Beam radius determined from the scraper posi-
tion as a function of the number of Au™* ions (energy
290 MeV/u) which remained stored in thering (cooled with
an electron current of 250 MA, n, = 4.1 x 10 cm=3).

Estimates of theion beam parametersfor beamsof highly
charged ions below the transition point to the strongly re-
duced longitudinal beam temperature show that the plasma
parameter I' = U/kT with the potentia energy U and the
kinetic energy kT is close to unity [5]. This supports the
hypothesis of aphase transitionin the cold beam and of the
existence of alinear ordering of the beam particles below
thetransition.

4 POWER SUPPLY STABILITY

Beams with a momentum spread below 10~5 condtitute a
gauge which is extremely sensitive to modulations on the
output of power supplieswhich arerelevant to thedefinition
of the revolution frequency. Particularly the main power
suppliesfor the ring magnets will affect the revolution fre-
quency. Inthe ESR variations of the revolution frequency
on atime scale of seconds are correlated with the accelera
tioncycle of thesynchrotron SISfromwhichthebeamisin-
jected and which al so serves other experiments during stor-
agering operation [7]. Thelimitation by the magnet power
suppliesis also evident from the observation that the low-
est momentum spread isidentical for al ion species which
were stored and cooled in the ESR at energies between 240
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and 360 MeV/u [5]. Thisisin good agreement with exper-
iments at the transition energy (y = +;) which evidenced
amagnetic field stability 6 B/B = 4 x 10~% [8]. For the
standard operation mode with v, ~ 2.7 thiscorrespondsto
amomentum spread 6p/p = v, 2 6B/B ~ 5 x 1077,
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Figure 3: Momentum spread of a Au™®t beam at

360 MeV/u cooled by different electron currents.

Measurements for different e ectron currentsin the cool -
ing system confirm that interpretation. For a 360 MeV/u
beam of Au™* ions(Fig. 3) thelowest momentum spread is
nearly the samefor el ectron currentsvarying from 50 mA to
400 mA provingthat the strength of coolingisnot determin-
ing the lowest achievable momentum spread. The cooling
power appearsonly inasystematicincrease of thetransition
particlenumber to thecold state. Stronger cooling alowsto
attain the lowest momentum spread at larger particle num-
bers.

This measurement for the same ion species, but at the
lower beam energy of 75 MeV/u reved s asignificantly dif-
ferent behavior (Fig. 4). A distinct reduction of themomen-
tum spread is only observed for the lowest e ectron current
(50 mA). The minimum momentum spread increases lin-
early with the electron current. Thisis contradictory to in-
trabeam scattering dominated beams for which a momen-
tum spread was observed which decreases for higher elec-
tron currents [4]. At the lower beam energy the magnetic
field stability is dominating only for weak cooling. For
stronger cooling the ripple on the accelerating voltage of
the electron beam which amounts up to 6U,,s ~ 3 V for
voltages around 40 kV limits the achievement of very low
momentum spreads. Voltage modul ationswith atime con-
stant around 0.01 swhich is comparabl e to the longitudinal
cooling time superimpose an additiona energy modulation
on the cooled ion beam. The usua Schottky noise anaysis
in frequency domain (with averaging times on the order of
seconds) can not distingui sh between the coherent modul a
tion of theion beam energy and the thermal energy spread.
Thus the measured frequency spread in the Schottky noise
will beincreased due to the coherent energy modulation.
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Figure4: Momentum spread of aAu™* beam at 75MeV/u
cooled by different electron currents.

For the case of limitationsby magnet power suppliesfur-
ther improvements are very difficult as the output current
fluctuations are close to the noise limit and only minor im-
provements can be expected. A highly stabilized high volt-
age power supply matched to the specific voltage range
will reduce the high voltage ripple at a certain electron en-
ergy. Further progress in fast data acquisition using time
domain records and subsequent off line Fourier transforma-
tion couldimprovetheresolutionin Schottky noiseanaysis
of low intensity beams with extremely small beam temper-
atures.
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