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HEAVY ION STORAGE RINGS FOR ATOMIC PHYSICS 

Il. Franzke 
GSI, Postfach 110541, D-6100 Darmstadt, W. Germany 

A survey on the presently known storage and 
COOliYr ring projects for heavy ions is given. Some 

characteristic features of heavy ion storage and cooling 
are pointed out. The influence of proposed in-ring 
experiments using internal atomic or electron targets, 
laser radiation or colliding beam techniques on the ring 
designs is discussed in connection with a a brief 
description of the heavy ion Experimental Storage 
Ring llroject ESR, which is plrt of the recently 
approved heavy ion synchrotron facility SIS/ESR at 
GSI/Darmstadt [ 11. 

Introduct ion -__-- 

The increasing interest in heavy ion storage 
rings is demonstrated by a series of corresponding pro- 
jects or design studies recently elaborated in different 
countries. This development certainly has been stimu- 

lated by the progress in antiproton beam accumulation 
and cooling. The use of cold circulating heavy ion benms 
promise extreme angular and energy resolution in atomic 

and nuclear sprectroscopy as well as new experimental 
techniques. 

Besides storage, accumulation and cooling, 
mainly the following options for the operating modes of 
heavy ion storage rings are desired: energy variation, 
bunching, simultaneous circulation of different charge 
states. Interaction between circulating ions and intcr- 
nal target atoms, cooling electrons, and laser radiation 
will be studied. Even colliding beam experiments by 
means of crossing two beams co-circulating in the same 
ring on different closed orbits due to their different 
momentum to charge ratio are coming into consideration 
and feasibility studies have been started. 

Among the ion species accessible to 
experiments, there are two especially attractive groups: 
beams of highly or even fully stripped heaviest ions up 
to uranium and beams of exotic radioactive projectile 
fragments produced by different react ions between 

100 HeV/u and 1 GeV/u. 

There is no practi.cal experience with heavy ion 
beam cooling. All cooler ring designs are based on the 
results with electron cooling of proton beams in the 
range 1.4 He!’ to 200 MeV at Novosibirsk [Z], CERN [3], 
or Fermilab [4], and on the experience with stochastic 
cooling of proton and antiproton beams gathered mainly 
at CERN above 100 NeV [5]. 

Heavy ion storage and cooling projects 

As far as design parameters were available at 

the end of 1984, there are 8 projects dealing with the 
storage and the cooling of heavy ion beams (see Fig. 1 
and Table 1). The analysis of the scientific aims as 
well as of the design features - e.g. existing injectors 
(see Table 1 and Fig. 2) or storage ring parameters - 
suggests the division into three families of projects. 
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Fig. 1: Maximum energy vs. atomic number 2 (without 
Z/A>O.5) of stored ions for the various heavy ion sto- 
rage and cooler projects. With the exception of the 
ESR, all rings require acceleration to reach the maxi- 
mum energy. In the ESR design this sychrotron mode is 
provided for in-ring experiments with fully stripped 
heaviest ions below the injection energy. 

1. Cooler rings for protons and light ions -_____. 

The first three rings of Table 1 use existing 
cylotrons as injectors and are designed mainly for stor- 
age and cooling of proton or light ion beams. Due to the 
expected small emittance and momentum spread of cooled 
beams, experiments on nuclear structure and reaction 
mechanisms will be performed with precision and resol- 
ution not attainable so far. The heavy ion programmes at 
these rings depend strongly on the development of ion 
sources for highly charged ions (e.g. electron cyclotron 
resonance ion source ECRIS) and their adaption to cyclo- 
trons . Anyway, the range of available ion masses - with 
respect to comfortable beam energies and intensities - 
seems to be restricted to mass numbers A 5 50. 

The IUCF-Cooler [6], fed by a K=220 sector 
cyclotron, will go into operation in 1986. A Kc650 
injector cyclotron is planned for the future. The 
injector for CELSIUS [7] is a K=200 cyclotron which can 

be operated either in a pulsed mode with modulated fre- 
quency (for protons) or in the dc-mode. Heavy ions up to 
Ne(t7) will be produced by an i.nternal PIG ion source. 
First experiments are scheduled for 1987. The COSY ring 
[8] will be supplied with protons of several hundred MeV 
by the linac planned for the spallation neutron source 
(SNQ) or at low energy by the K=45 JULIC cyclotron. 
Complemented with a superconducting ECRIS (called ISIS) 
the latter machine could serve also as injector of light 
ion beams up to 11 MeV/u. 
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Table 1: Storage rings for heavy ions with beam cooling. 

Ring 
Institution 

Circumference C [m] 
Max. Bp [Tm] 
C/BP IT-'1 

Injector 

' Mass range [u] 
Injection [MeV/u) 

q/A 
Max. energy [MeV/u] 
Cool. range [MeV/u] 
Operation in 
status 

C00lC?r CELSIUS COSY 

IUCF Univ. KfA 
Bloomingt. Uppsala Jiilich 
168 81.8 163.6 
3.7 6.3 7.7 
47 13 21 
cyclotron cyclotron cyclotron 
K=220 K=190 K=45 
l-20 I-20 I-20 
220-55 190-45 45-11 
l-0.5 l-0.3 l-0.5 
500-150 1200-395 1500-460 
50-400 40-550 10-500 
1986 1987 --- 
construct. construct. PI-OpOSal 

2. Low energy heavy ion r- 

Low energy heavy ion ring designs of comparable 
circumference of around 30 m and maximum bending power 
Bp between 1 and 2 Tm have been worked out in Aarhus 
(ALR) 191, Heidelberg (TSR) [lo], and Stockholm 
(CRYRINC) 1111. Differences between these rings, with 
respect to the available ion mass numbers and energies, 
result mainly from existing or planned injector 
machines. 

An existing 6 MV-tandem will be used as injec- 
tor for the Aarhus ring. In Heidelberg, the more com- 
fortable combination of a 15 MV-tandem with a linac for 
variable ion velocvity B=v/c delivers energies up to 
15 MeV/u for ions with Z/A=0.5. For the CRYRING the 
production of highly charged heavy ions, e.g. Pb(+64), 
will take place in CRYSIS, a novel kind of CRYEBIS with 
ion beam instead of gas injection. For acceleration to 
energies up to 300 keV/u an RFD-linac is being studied. 
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Fig. 2: The solid curves represent experimental results 
below 20 MeV/u [13] and above 450 MeV/u 1141 on aver- 
age equilibrium electron numbers Z-<q> after solid 
strippers vs. specific stripping energy. Crossing 
points with the dashed lines describe the ionic states 
available behind the injectors for the various h.i. 
storage rings. 

3. High energy heavy ion rr= 

Beams of all kinds of fully stripped ions up to 
uranium will be available for the ESR in Darmstadt with 
the heavy ion synchrotron SIS (BP= 18 Tm) as injector. 
The maximum bending power of the ESR (BP= 10 Tm) enables 
to store totally stripped Uranium ions at 560 MeVju, 
where more than 50 % stripping yield is expected. 

ALR 
Univ. 
Aarhus 
31.8 
1.85 
17 
tandem 
6 MV 
4-238 
3-0.05 
0.5-0.1 
41-2 
0.1-10 
--- 

study 

TSR 
MPI 
Heidelberg 
35 
1.5 
23 
tandem 
15 MVflin. 
12-130 
15-7 
0.5-0.37 
27-13 
l-30 
1988 
proposal 

CRYRING 
AFI 
Stockholm 
30.5 
1.4 
22 
RFQ 
--- 

20-208 
0.3 
0.5-0.3 
24-9 
0.1-10 

study 

The maximum energy for Z/A=0.5 is 834 MeV/u. One of the 

TARN II 
INS 
Tokyo 
75.6 
6.9 
11 
KE'Q 
or cycl. 
l-100 
0.8 
l-O.25 

1300-140 

1987 
t. design 

ESR 
GSI 
Darmstadt 

103.2 
10 
10 
h.i.synch. 
18 Tm 
20-238 
834-556 
0.5-0.39 
834-556 
4-560 
1988/89 
t. design 

design goals for the ESR are experiments with accumu- 
lated and cooled beams of radioactive projectile frag- 
ments. 

Because of its high bending power (Bpz6.9 Tm) 
and its compact magnet structure TARN II [12] may be 
classed with the ESR, though, the injection energy for 
heavy ions ,is considerably lower. Heavy ion beams of 
0.8 MeVju will be delivered by an RFQ-linac, protons and 
light ions by the existing K=68 cyclotron. 

Characteristics of heavy ion storage and cooling 

Accumulation of high beam currents 

In most cases, the phase space density of beams 
behind heavy ion accelerators is rather low compared to 
proton beams. The reasons are less bright sources for 
highly charged ions and the beam dilution in stripper 
targets, where high fractions of the beam are lost to 
unused charge states. In most cases the latter effect is 
more important than multiple scattering and energy 
straggling in the stripper targets. Sufficiently high 
beam currents in h.i. storage rings have, therefore, to 
be accumulated by means of beam stacking in the trans- 
verse or longitudinal phase space or by combining both 
methods. This, however, reduces once more the average 
phase space density in the beam. The application of 
beam cooling simultaneously to stacking or in the time 
between to stacking steps could save ring acceptance and 
provide higher beam currents. Compression of particles 
in phase space by stripping injection is possible only 
with partially stripped ions at sufficiently high energy 
where the conversion to fully stripped ions is very 
close to 100 % (Fig. 2). 

A special goal of the ESR design was the capa- 
bility to accumulate radioactive beams produced by frag- 
mentation or fission of fast heavy projectiles. The ring 
is able to accept beams with transverse emittances up to 
20 II mm mrad and with momentum spreads up to 1 %. The 
number of ions per injected turn will strongly depend on 
the selected species and vary between 10s and 10'. Accu- 
mulation to much higher ion numbers is feasable only if 
the available phase space of the storage ring could be 
repeatedly made free by sufficiently fast pre-cooling of 
the hot injected beam. Similar to the cooling scheme 
for antiprotons in the AA-ring at CERN, the application 
of a two stage cooling method is planned: Fast stochas- 
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tic pre-cooling of the injected turn - before moving it 
towards the stack - combined with consecutive electron 
(in AA-ring stochastic) cooling of the stack irl order to 
reach excellent beam quality. With a band-width of 1 
GIfz for the pick-up and kicker sys:ems 10’ to 10’ 
injected fragment ions should be pre-cooled within 1 s 
or less. 

Benm cool iIsg --. 

Under identical conditions the electron cool- 
ing rates for ions are, in a good approximation, deter- 
mined by the proton cooling rate multiplied by q*/A. For 
instance, the following partially stripped ions will be 
cooled approximately as fast as protons: Ne(+S), Ar(t6), 
Kr(tlO), Xe(tlZ), and U(t16). For fully ionized ions 
the ccoling rates are increased by the following 
factors: 5 (Ne), 8.1 (Ar), 15.4 (Kr), 22.1 (Xe), and 
35.6 (U). If the best experimental values far the cool- 
ing of protons [2] are extrapolated to U(t92) at 
30 MeV/u , the cooling time estimates are in the order 
of 1 ms or - with upgraded electron current density - 
even shorter. 

Stochastic heavy ion cooling works faster than 
protorl cooling Only in the amplifier noise limited 
range, i.e. at low beam currents and high beam temner- 
ature, where it takes profit from the larger signal pow- 
er (-q2 or -Z’) of highly charged ions. In any case, the 
stochastic cooling cannot compete with electron cooling 
if low beam temperatures have to be reached. 

Limits of cooling and be-an heating .______- 

The space charge forces causing beam instabili- 
ties or shifts of the betatron tune increase =q’/A. 
Incoherent shifts of betatron tunes AQz-0.05 due to 
transverse space charge forces seem to be tolerable in 
storage rings [la]. The longitudinal (microwave) insta- 
bility limit may be considered at least as severe as the 
AQ-limit, though, for intermediate or law energies 
(6< I), estimates by mea”s of the Keil-Schnell criterion 
[lY] are not confirmed experimentally. If comparable 
importance is attached co both limits, then the relation 
between emittance e=E (h)=E(v) arld momentum spread Ep/p 
of a coasting beam is approximately 

E 2 0.64 R (6p/p)‘/a= 

where R is the mean orbit radius in meters and r the 
relativistic factor (the transition point of the storage 
ring is assumed to be >>r). At 1~1.6 and R=lOO m (ESR at 
556 MeV/u) we fixtd i-4.1 (51)/p)* m. 

The circularing beam is strongly heated by 
scattering in an internal target - gas jet or atomic 
beam of typically 1 to 10 “g/cm* thickness - and in the 
residual gas (at 10-l> mbar below pg/cm*). Energy loss, 
small angle scattering, and momentum scattering (crlergy 
straggling) reduces the beam quality and the efficiency 
for in-ring experiments. Slow beam heating may also 

come from intrabeam scattering (=q4/A2) which - at 
extreme phase space densities - is probably as critical 
as microwave instabilities are [ZO]. Also the presence 
of weak longitudinal instabilities or higher order beta- 
tro” resonances can be considered as beam heating sourc- 
es. Misalignment of ring magnets and cooling devices 
will predestinate, independently of other heating sourc- 

Elec:ron cooling should generally be able to 
work against most of the beam heating mechanisms..- with 
the exception of misalignment - and increase th\e beam 
life essentially. The beam life would then be deter- 
mined mainly by charge changing processes in the inter- 
nal target, radiative capture of cooling electrons, 
large angle scattering (at low energy) or nuclear 
reactions (at high energy). 

If the circulating beam is bunched, compen- 
sation for the mea” energy loss is easily done by means 

of an rf-cavity. I” this case, if not excluded by too 
high charge changing or large angle scattering rates, 
the application of larger target thickness up to 
1 pg/cm’ may be considered. 

Beam loss 

The beam loss rate due to charge changing col- 
lisions between heavy ions and residual gas molecules is 
determined by the the total charge changing cross sec- 
tion arid the mean gas density in the ring. For the ESR 
design, semi-empirical extrapolations of experimental 
cross sections at ion erlergies below 10 HeV/u were used 
to calculate the required vacuum [12]. Two points meas- 
ured behind the Bevalac at 437 and 962 3eV/u for U(+91) 
and U(+92) in carbon targets [13] are below our estimate 
by nearly two orders of magnitude. Therefore, the 
charge state slirvival times estimated in Table 2 for a 
residual gas pressure of IO-” mbar (90 % hydrogen and 
10 x nitrogen, carbonmonoxide, etc .) are probably 
strongly underestimated at energies above 100 HeV/u, at 
least for U(t92) at 550 HeV/u. In storage rings for 
light ions the vacuum pressure can be raised to 
10-l’ mbar, low energy heavy ion rings require 
<lo-” mbar. 

Table 2: Estimates of survival times of two charge 
states of Uranium at 10-l’ mbar and three different 
energies. 

U(f78) 
U(f92) 

3@ MeV/u 200 MeV/u 550 MeV/u 
1.50 s 0.41 h 0.75 h 
140 5 2.2 h 22 h 

A more critical problem is the radiative recom- 
bination (REC) of cooling electrons with the highly ion- 
ized ions [15] The ratio of REC to cooling [2] cross 
sections o(REC)/o(COOL) turns out to be independent of 
the charge state, but to increase -A B(rel)*, where 
c5(rel) is the relative velocity between ion and cooling 
electron (Fig. 3). During the cooling process beam loss- 
es are expected to be, tolerable even for the heaviest 
ions, provided, the initial mean 6(rel) is not too high. 
The recombination time of a cold uranium beam interact- 
ing continuously with the electrons of 4xlO’/cm’ density 
over 2 % of the orbit length is estimated to be -11 s, 
i.e. not very comfortable. Hence, the duration of 
experiments with the circulating ion benm needing simul- 
taneous electron cooling could be limited to several 
seconds, at least in the worst case of a highly ionized 
uranium beam. For partially stripped light ions or low- 
er charge states of heaviest ions di-electron;c capture 
rates could set even stronger limitations to the beam 
life [ 161. Therefore, when the desired ion beam temper- 
ature is reached, one should reduce the current density 
of the cooling electrons to values which just avoid beam 
heating. 

es, lower limits for the beam temperature. 



Higher charge changing rates could be tolerated 
by means of multi-charge operation. This mode of stor- 
age ring operation, which has been investigated in 
Darmstadt and Heidelberg, requires ring designs with 
large momentum acceptance and vanishing dispersion at 
the positions of target and electron cooling. 
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Fi& 3: Ratio o(REC)/o(COOL) vs. B(rel), as defined 
above. At the beginning of the cooling, the initial 
mean values for the equivalent electron energy T(rel)= 
2.6~10~ @‘(rel) eV (upper scale) range typically from 
a few eV (SIS- beam) to more than 10 eV (fragment 
benm). The electron beam temperature is expected to 
be 0.1 to 0.5 eV. 

Ionisation of the residual ______- &a? 

The ionizing power of highly charged ions grows 
proportionally to q'. Hence, 10' fully stripped uranium 
ions circulating with 2 MXz in a ring will produce near- 
ly as much secondary ions per meter as a 3 A-electron 
beam at the same velocity would do, but - on the average 
- the charge state of secondary ions produced by the ion 
benm will be much higher [17]. The increased presence 
of positive charge in the electron cooling section could 
additionally give rise to instabilities of both the 
electron and the ion beam. 

DiagIlostics of beam temperatures 

Temperature measurements at both the electron 
and the ion beam are of essential importance to achieve 
high performance in the cooler ring operation. The high 
recombination, ionization and excitation cross sections 
of highly charged heavy ions will probably help to 
develop special methods. The photon spectra emitted 
during REC in the cooling section, for example, could 
possibly give valuable information: the width of spec- 
tral lines should be correlated with the distribution of 
B(rel), i.e. with the temperatures in both the electron 
and ion beam. If one of the temperatures is known or 
extremely low, the other could be deduced from the spec- 
tral line profile. Enhanced REC rates for diagnostics 
can probably be achieved by laser radiation. 

The Experimental Storxe Ring ESR _______ --~ 

The ESR (Fig. 4) is designed for the maximum 
ion rigidity Rp=lO Tm and is able to accept U(t92) up to 
556 &V/u, Ne(+lO) up to 834 HeV/u and protons up to 
2.2 cev. The circumference of the ring is 103.2 m. Two 
9.5 m long straight sections are provided for the 
installation of in-ring experiments and electron cooling 
equipment. The magnet structure of ESR enables to match 
the ion optics to special requirements for electron 
cooling, internal targets, crossed beams, etc. by means 
of variable tunes -typically between 2 and 2.5- and var- 
iable dispersion function (Fig. 5). Elements for 
injection, fast and slow extraction, two r.f. cavities 
and stochastic cooling will be placed into four 2.5 m 
and four 1.50 m long straight sections. Smaller gaps 
between the magnets will be used for higher order cor- 

rections and beam pick-ups. The vacuum system is 
designed for 10-i' mbar. 
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4: Fig. The Experimental Storage Ring ESR at 
GSI-Darmstadt. 

The motivation for the ring is to provide the 
following novel facilities for atomic and nuclear stu- 
dies : 

+Accumulation of fully ionized ions up to uranium to the 
highest possible phase space density using the electron 
cooling technique. 

+Accumula'.ion of radioactive ion beams produced by frag- 
mentation or fission of fast heavy projectiles. Combi- 
nation of stochastic pre-cooling and electron cooling 
will be applied to enable experiments with these second- 
ary beams. 

+Experiments with circulating beams at energies variable 
from the Coulomb barrier up to the maximum energies. 



Internal targets, electrons or laser beams as interact- 
ing media will be applied. 

'If feasibility studies will end positively, experiments 
riith two beams crossing each other while co-circulating 
stably in the ESR on separate closed orbits due to dif- 
ferent rigidities [Zl]. Atomic collisions between two 
highly or fully ionized heavy systems could be studied 
at collision energies near the Coulomb barrier. 

+Improvement of the quality and increase of the energy 
of the beams accelerated in the heavy ion synchrotron 
SIS. Fast beam transfer from SIS into ESR must be done by 
two steps with longitudinal stacking, because of the I:2 
ratio of the ring sizes. The stored benm can be cooled 
and eventually bunched to a good time structure. By 
slow extraction out of the ESR the macroscopic duty foc- 
tor of the SIS beam could be stretched to nearly 90 % 
even with some gain in average beam current. Totally 
stripped ions can be reinjected into SIS and accelerated 
once more. For IJ(f92) the maximum energy is raised from 
1.0 (without ESR) to 1.35 CeV/u. 
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The most important, preliminary parameters of the elec- 
tron cooling section for the ESR in the working range 
4-560 MeV/u are: 

e-energy Z-320 keV e-current l-10 A 
Current density 51 A/cm2 Cathode temp. 0.1 cv 
e-beam diameter 2-5 cm Horiz. aperture 25 cm 
Eff. length 2.5 m Install.length 4.5 m 

Presently, feasibility studies on the parame- 
ter set for the electron cooling section have been 
started. The technical design of main components of the 
ESR (dipoles, quadrupoles, r.f. cavity) is underway. 
Simultaneously, the beam dynamics calculations are being 
extended to higher orders to detect problematic error 
resonances driven by multipole fields of the main ring 
magnets and, if needed, to calculate distribution and 
strengths of correction elements. 
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