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Abstract

An eectron cooling device has been installed and commis-
sioned in the heavy ion synchrotron SIS. The ion beam is
cooled and accumulated at the injection energy. The in-
tensity of the synchrotron pulses can be increased by up to
oneorder of magnitudein accumulation periodsof lessthan
10 s. The beam emittances at injection energy result from
an equilibrium between the cooling rate and the heating rate
by intrabeam scattering. Beam losses for the cooled beams
during acceleration, fast extraction and beam transfer have
not been detected. Intensity limitations during accumula-
tion are caused by charge changing processesor instabilities
in the dense ion beam.

1 INTRODUCTION

The heavy ion synchrotron SIS [1] is capable to accelerate
all species of heavy ions to maximum energies between 1
and 2 GeV/u corresponding to a maximum magnetic rigid-
ity Bp =18 Tm. Theions are injected from the UNILAC
linear accelerator at afixed energy of 11.4 MeV/u [2]. By
horizontal multiturn injection the injected beam with hori-
zontal and vertical emittancese, , ~ 5 7 mm mrad and a
momentum spread §p/p ~ 1 x 103 isaccumulated with
atypical gain factor 15-20 resulting in a horizontal emit-
tance e, ~ 150 ¥ mm mrad. For light ions (A < 20)
the synchrotron can befilled nearly up to the space charge
limit. For heavier ions, however, the intensity of the in-
jected beams is limited by the ion sources and the low en-
ergy section of the linear accelerator.

Intheframework of ahighintensity upgrade program[3]
an electron cooling system has been supplemented to the
synchrotron for an additional gain factor by cooler assisted
fast accumulation at the injection energy [4]. Short trans-
verse cooling times shall alow fast repested multiturn in-
jectioninto the outer part of the horizontal ring acceptance,
whilst theinner part isreserved for the cooled accumul ated
ion beam. Even considering the reduced emittance of the
cooled beam and the corresponding tune shift a significant
intensity increase can be expected.

2 INSTALLATION OF THE ELECTRON
COOLING SYSTEM IN SIS

The parameters of the new eectron cooling system were
specified according to the requirement of fast beam accu-
mulation with cooling times on the order of 0.1 s[4]. The

€l ectron cooling system was designed in a collaboration be-
tween GSI and BINP, Novosibirsk. The componentswhich
were delivered partialy by BINP (magnets, gun, collector)
and by industrial supplierswereinspected and assembled at
GSl during the spring and summer of 1997. Testswith el ec-
tron beam in atest position outside the ring tunnel proved
that nearly all specificationswere met or even exceeded [5].

After the electron beam test operation the compl ete sys-
tem was hooked to a crane, moved to the synchrotron and
lowered through the concrete ceiling into the ring tunnel.
Inside the ring tunnel it was moved to itslocation in front
of the so-called reinjection section where it was positioned
with an accuracy of better than 1 mm to the axis of the
straight section. The vacuum system was kept sealed dur-
ing al these operations and only for the final connection to
the ring vacuum system it was vented for afew hours. Af-
ter bakeout of the vacuum system inthering position afinal
system inspection with e ectron beam operation proved full
functioningin accordance with the previoustest outsidethe
ring tunnel.

3 FIRST BEAM COOLING

For theinitial cooling and accumulation studiestheelectron
cooling system was operated inapuredc mode, i.e. theval-
ues for magnetic field, electron energy and el ectron current
were constant during thewhole SIS acceleration cycle. The
electron beam could be switched off by afast high voltage
switch acting on the anode voltage. Thiswas used to stop
the electron beam after accumulation just before the adia-
batic increase of the rf amplitude and the ramping of the
frequency in order to avoid interferences between cooling
and rf system. But also with permanent electron beam no
adverse effects on the accel eration process were observed.

The magnetic field strength in the cooling section was
kept constant at B = 0.06 T which isthe field level op-
timized to give the best field quality in the interaction re-
gion between electron and ion beam [5]. The correction €l-
ements for compensation of the horizonta kicksontheion
beam introduced by the toroids were set to the calculated
values. Dueto imperfections of the kick compensation and
maybe aso coupling between horizontal and vertical ion
motion by the solenoidal field the multiturn injection effi-
ciency was about 60 % of itsvalue without cool er magnets.

After adjustment of the electron energy to the injection
energy of a Zn?®+* ion beam used in the first experiments
cooling could immediately be observed by Schottky noise
analysis as a reduction of the momentum spread .
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Beam diagnostics to monitor the cooling process in the
transverse degree of freedom were not available during the
first commissioning experiments. Nevertheless the exis-
tence of transverse cooling was examined when the bumper
amplitude was reduced to alow beam accumulation. The
multiturn injection was repeated at the injection level with
arepetition rate of afew Hertz. After minor tuning of the
electron energy the accumulation started and could be ob-
served with the standard slow current transformer as an in-
crease of theion current (Fig. 1).
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Figure 1: lon current growth during cooler assisted beam
accumulation. The Zn?®+ beam was cooled at theinjection
energy 11.4 MeV/uwith a400 mA e ectron beam expanded
by afactor of 3.

By further tuning of the electron energy which deter-
mines the ion energy after cooling and of the rf frequency
the accumulated ion beam could be accelerated without
losses during rebunching. The reduced longitudinal beam
emittance relieves the requirement of large rf amplitudes
during rebunching and thus all owed | oss-free accel eration.

4 BEAM ACCUMULATION

For theincrease of the average ion beam intensity provided
by the synchrotron the speed of the accumulation process
iscrucia. Therefore the accumulation rate was studied as
afunction of cooler and ring parameters. The electron cur-
rent and the magnetic expansion factor which allowsavari-
ation of thebeam diameter in the cooling sectiondirectly af -
fect the electron density and consequently the cooling rate.
Fig. 2 shows the accumulation rate for Bi®"* versus the
electron current for three different expansion factors. Cur-
rents higher than 1.0 A could not be applied for beam ac-
cumulation. The higher space charge of the electron beam
excites a transverse drift motion in the crossed longitudi-
nal magnetic and radial electric field which increases pro-
portional with the electron beam space charge. In addi-
tion an increase of the space charge potentia inthe electron
beam also resultsin avariation of the el ectron energy which

growsquadratically withtheradia positioninsidetheelec-
tron beam. Both effects result in a higher relative velocity
between ionsand €l ectrons which can push ionswith larger
emittances out of thering acceptance. For electron currents
below 0.4 A the accumulation rate increases roughly pro-
portional tothee ectron density. An electron current around
0.6 A gives the minimum time for beam accumulation and
the highest intensity gain.
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Figure2: Accumulationratefor aBi%"* beam asafunction
of the electron current for three expansion factors.

After optimization of injection and cooling parameters
the maximum intensity gain factors amounted for Kr34+ to
2 s~ ! and for Bi®"* to nearly 4 s~! compared to asingle
multiturn injection. This reflects approximately the ¢/ A-
dependence of the cooling rate which determines the accu-
mulation rate. The measured accumulation rates allow an
increase of the intensity in a synchrotron pulse by one or-
der of magnitude in afew seconds.

5 BEAM QUALITY

Beam accumulation with cooling does not only provide
higher beam intensity, but aso beams of higher phase
gpace density. The beam emittance is reduced in full six-
dimensiona phase space. This is obvious from the accu-
mulation technique. The bumper amplituderange whichis
used tofill the synchrotron acceptance during repested mul-
titurninjection is 20 mm compared to avaue of 30 mm in
the standard mode. This corresponds to a horizontal emit-
tance significantly below 10 = mm mrad for the cooled ion
beam opposed to an emittance of 150 # mm - mrad which
isfilled during the standard multiturninjection.

The emittance of fast extracted beams after repeated mul-
titurninjectionis shownin Fig. 3 asafunction of the num-
ber of Bi ions which were accelerated to 100 MeV/u. The
beam size of the cooled beam in horizontal directionisre-
duced by a factor of 8 compared to the standard muilti-
turninjection, the vertical reduction factor is about 4. The
emittance after electron cooling usualy depends on theion
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Figure 3: Horizontal and vertical beam size of the fast ex-
tracted ion beam (Bi®"* at 100 MeV/u) without and with
cooling at the injection energy.

beam intensity as the cooling is counteracted by intrabeam
scattering in the dense ion beam. For slow beam extrac-
tion at athird order resonance no reduction of the horizontal
beam size and asmaller reduction (by afactor of 2) for the
vertical beam size have been observed.
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Figure 4: Momentum spread of the accumulated cooled
ion beam at theinjection energy 11.4 MeV/u. The electron
beam of 600 mA was expanded by afactor of 3.

Theinfluence of intrabeam scattering isal so evident from
Schottky noise measurements of the longitudinal momen-
tum spread of the cooled coasting ion beam at injection en-
ergy just after accumulation. The dependence of the mo-
mentum spread is shown in Fig. 4 as afunction of the num-
ber of accumulated ions. The Kr and Bi ions were cooled
with an eectron current of 0.6 A applying magnetic expan-
sion by afactor of 3 (electron density n, = 6 x 107 cm~3).
The momentum spread growth can bedescribed by a NV 0-37-
dependence on the ion number N.

6 LIMITATIONSTO THE ION BEAM
INTENSITY

Two typical situationsfor beam accumulation and itslimi-
tations at maximum intensity were studied. For the lighter
Kr3** ion the standard multiturn injection delivers a few
times 10% ions. Thelifetime of Kr3*+ with respect to inter-
actionwith theresidual gas and to recombination with el ec-
tronsin the cooler is on the order of minutes. Thusthein-
tensity can beincreased up to the limit by instabilities due
to the interaction with ring impedances. For a0.6 A elec-
tron beam and an expansion factor of 3 a maximum inten-
sity of 7 x10° ionswas achieved. Thisintensity was lim-
ited by transverse instabilities indicated by fast growth of
transverse Schottky side bands of the coasting beam during
accumulation. Both increase and reduction of the e ectron
current resulted in lower values for the accumulated beam
intensity.

The case of atypical highly charged heavy ionwasinves-
tigated with aBi®"+ beam. Thision can be injected with a
maximumintensity of afew times 107 ionsper multiturnin-
jection. The lifetime at injection energy in the residual gas
isaround 30 s. Duetothe complicated el ectronic configura-
tion (16 bound electrons) the lifetime is determined by re-
combination processes in the eectron beam and therefore
depends on the el ectron beam intensity. For an expansion
factor of 3 (k7. ~ 0.035 eV) the lifetime normalized to
an eectron density n, = 1 x 107 cm~2 isabout 40 s. The
situation for neighboring charge states is nearly identical,
no significant change with the el ectronic configuration has
been found. Therefore the maximum accumul ated intensity
whichamounted to 7 x 108 ionsin onepulseislimited by the
ratio of beam lifetime and injection repetition period which
is determined by the cooling time. As both quantities are
inversely proportional to the electron density a maximum
gain factor of about 30 has been found independent of the
electron current.
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