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Summary

The success of phase space cooling of proton and
antiproton beams by electron. cooling and stochastic me-
thods as well as the impressive developments in the
technotogy of heavy ion accelerators have initiated a large
number of heavy ion storage ring projects allover the
world, The class of the small rings designed for low
energy ions of tipically less than 10 MeV/u is almost
exclusively dedicated to atomic physics. as the new test
storage rinrg TSR at the Max Planck Institut fiir Kernphy-
sik in Heidelberg. that has achieved first electron- and
lasercooling of heavy ions. TSR is closely follonwed by
the projects ASTRID in Aarhus and the CRYRING in
Stockholm. The large Storage Ring FSR at the GS! Darm-
stadt. able to store and cool fully stripped uranium jons
with energies up to 500 MeV/u has just entered the
commissianing phase. This paper gives a review on the
major storage ring installations presently in operation or
under construction

Introduction

At present more than 15 heavy jon storage rings.- Fig.l
shows as an example the Test Storage Ring TSR at the
Max Planck Institut fiir Kernphysik Heidelberg - are in

advanced

operation, in the status of construction or

Already in the late sixties and early seventies vacuum
technology at the ISRI}] advanced that far. that pressures
in the 1071-107'2 Tor range could be maintained in a
vessel as large as the ISR chambers Heavy ian storage
rings. where scattering and charge changing by stripping
or electron capture in the 1

idual gas mainly determines
the lifetime of the ions. profited enormousls from the de--
velopments of new material. pumps and heating procedu-
res.

lon sources new available as the EBIS-CRYLBISIS] ver-
sions developed by Donets and Arianer and the LECRIGI
sources by Geller provide today particles in high charge
states with good intensities. that make the accumulation
of 15" 10" jons possible in the times determined by the
dominant loss mechanisims ol the rings. Even Tandems.
notoriously known for their low intensity. have bhecome
useful injectors by the Thieberger typel7] pulsed negat.ve
fon sputter sources and inject for example heavy ion
beams into the AGS.

No new installation today is conceivable without the
REQ invented by Kapchinskijl&] and brought to full appli
cabitity by the groups in Los Alamos and Frankfurt. The
availability of powerful computer codes for lattice. muag-

net and cavity designas well as for beam dynamics inve-

planning.

Fig. 1: The Heidelberg Test Storage Ring for Heavy lons TSR.

Tne great success of phase space cooling that led to
the discovery of the W and Z bosons at the CERN SPS as
well as the impressive small cooler ring for low energs
antiprotons LEAR surely gave the big impetus for these
activities. Nearly all of the new machines will either use
stochastic coolingll] or electron coolingl?). Even the
newly developea method of laser coolingl3] demonstrated
1989 at the TSR in Heidelberg and afso lately at ASTRID
in Aarhus  will influence the further developments of

these rings.

Last not least all these projects were made possible
only by other very important, although perhaps not quite
that spectacular. further advances in accelerator physics

and technology

stigations are widespread and have or will assure a fast
pace in construction and successful completion of these
heavy ion rings.

These new machines will provide exciting possibilities
in many fields of physics. In accelerator physics the coo-
ling processes themselves are a “hot” issue. The extreme
phase spacce compression by electron and laser cooling
may be carried that far. that the long rarge coulomb for-
ces between the highly charged heavy jons will uitimately
dominate the thermal motion in the beam leading to order

phenomena and even beam crystalization.[Y]

Heavy dons in almost any possible charge state toge-
ther with photons of powerful lasers and the electrons of

the cooler that can also be adjusted to a finite relative
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field of
where for example the process of dielectronic recombina-
(DR) can be

The data thus cbtained are of high importance for f{usion

energy open up a unique new atomic physics.

tion examined with unprecedented accuracy.

plasma in which energy leaks out via the photons follo-
wing the DR in contaminant ions[10). Also X-ray produc-
tion in thin hot stellar coronae is hoped to become ac-
cessible in the laboratory test bench coocler ring.

The

proton or light ion cooler rings is clearly in

domain of nuclear physics at the higher energy.

precision
experiments with thin internal targets. Electron cooling is

essential to balance the heating in the gas jet or fiber

targets due to multiple scattering. Luminosities obtainable

with about 10'@protons of 200MeV stored in the CELSIUS

ringC11] are in the range of some 10°9 cm™2 s7! fora gas
g g g

jet target thickness of typically 10" atoms/cm” up to
1032 em%s7! for carbon fibers with diameters of about
5 uam.

Polarized atomic beam targets. which profit from the

development of the storage cell by the Madison group are
thickness 104

atoms/cm?” range. The FILTEX experiment[12] at the TSR

expected to give a target also in the

MIMAS
Although not equiped with phase space cooling devi-
MIMAS [13]. the low energy (187.5 keV/u) accumula~
ring for SATURNE is
survey because many other of the interesting features of
heavy ion rings have been incorporated. MIMAS, as TARN
[ {1471 surely belong to the pioneering heavy

ces,

tor and booster included in this

ion machines.
MIMAS is a 8 period little fast ramping{ 5T/s } synchro-
tron with a maximum magnetic rigidity B¢ of 1.0 Tm. It
is injected with EBIS source and a
RFQ at a flat bottom of 0.125 Tm. with polarized protons
and deuterons at 0.088 Tm and 0.125 Tm respectively. To

have sufficiently long beam lifetimes at the corresponding

heavy ions from an

low velocities. a vacuum of typically 51107 Torr is main-
tained. Multiturn injection is done decelerating the partic-
les by a betatron core ¢ Ug, = 500 V). The particles ac-
celerated by two rf-cavities to full rigidity are ejected by
fast kickers. Intensities of 1.5+10'" protons. about 10
120+ g8 40AL10% anpd 2410% BHKS9Y jons can routinely
be transferred to SATURNE.
TARN [
TARN 1

operated between 1979 and 1985 as test accelerator ring

- a 1.2 Tm ring of 32m circumference -, was

and later at LEAR will use such a cell to palavize stored for NUMATRON. Injected from the INS cyclotron it was
Table . HEAVY ION COOLER STORAGE RINGS
Location Injector  Bp (Tm) C (m) Cooling lons Operation  Specialties
IMIMAS/Saclay CRYEBIS/RFQ 1.0 36.8 - p.d,C.Kr 1987  Betatron Stacking
'TARN I/Tokio  Cyclotron 12 320 Stochastic  p,He,C 1979-85 MT-RF-Stacking
(CRYRING/MSI CRYEBIS/RFQ 1.4 52.0 ECOOL HlXe 19907 Fast Ramp
TSR /Heidelberg Tandem/Linac 15 55.4 ECOOL pto] 1988  First Lasercooling
Laser First HI-ECOOL
ASTRID/Aarhus Separator 2.0 40.0 Laser He,Li,Ne,Ar 1990 SR-Lightsource
COOLER/TUCF Cyclotron 3.6 87.0 ECOOL p.p(pol),He,Li 1987 First S.-Snake
I EAR/CERN  ECR/Linac 6.7 78.0 ECOOL p,pbar,O 1982 HI- 1988
Synchrotron Stochastic
TARNII/Tokio  Cyclotron/ECR 6.1 78.0 ECOOL p.He,HkNe 1989 Double Op.Mode
CELSIUS/TSL  Cyclotron/ECR 7.0 820 ECOOL p.HIKr 1988 Jet Target/ICE
ESR /GSI UNILAC/ 10.0 108.0 ECOOL up to U 1990 Exotic Beams
SIS-Synchrotron Stochastic
COSY/KFA Cyclotron 11.7 1840 ECOOL/ST. plight HI 1992  Hadronic Physics
ADRIA/INFN  Tandem/SC-Linac 22.5 266. ECOOL up toU ? Exotic Bearns
K4/K10/Dubna U400-Cyclotron  4.0/10.0 88./110. ECOOL yp to U20 1994/957  Exotic Bear.ns
Kurchatov Cyclotron 3.0 51 ECOOL He to” Ne ? Nuclear Physics
Kiev U240 Cyclotron 4.5 56 ECOOL p to Ar ? Nuclear Physics
protons or antiprotons by spin-dependent interaction of the first small ring using a combination
the circulating beam particles with the pelarized hydrogen injection and rf-stacking. With this combined
atoms. This might be the only viable was to polarize low beams of p.*Hez*. and 12C** could be stored with inten-
energy antiprotons. sities between 107 and 107, Experiments with stochastic
This article reviews the major storage ring instalia- cooling were performed at 7 MeV proton and 28 MeV
tions presently operating or under construction. 1He? beams and gave results of a momentum spread

The Storage Rings

in Table 1 alltogether 15 heavy ion storage rings are
listed according to the maximum magnetic rigidity Big of
their dipole magnets. The information summarized there is
meant to give anly an overall description of the rings.
like their sizes, their injectors, the ion species stored and
specialties at the individual location. In the following most

of the machines are described in more detail

improvement from 1072 to 62107 for 107 He ions. TARN 1
1985 to give room (
nents ) to the follow up project TARN Il

stopped operation in and compo-

CRYRING

CRYRINGI15] is a heavy ion storage ring with a mag-
netic rigidity of Brg={.4 Tm and a circumference of 52 m.

It is under construction for mainly atomic and molecular



physics at the Manne Siegbahn Institute of Physics,
Stockholm. lons from a cryogenic EBIS source will be
accelerated by a four-rod RFQ [16] to an energy of 0.3
MeV/u. Due to this rather low injection energy, ramping
has to be done fast, ie. in 0.2 s to the top magnetic
rigidity . Together with the provisions for excellent va-
cuum this fast ramp should ensure beam lifetimes long
enough to do experiments with the internal electron
target - the electron cooler is a very attractive device
for atomic physics itself -.and ion beam targets in cros-
sed or merged geometry. As of June 1990 the status of
the project is as follows: All magnets are delivered and
aligned, the vacuum chamber is in production. The RFQ
successfully  tested with beam, the ECOOL
system is being assembled. First injection could be expec-
ted for end of this year.
TSR

The Test Storage Ring TSR (17 ) - Bap=1.5 Tm. circum-
ference 554 m -, at the Max Planck Institut fiir Kernphy-
sik Heidelberg
and electron cool as well as laser cool heavy ions. Com-
missioning of the ring started middle of 1988 with the
accumulation of 73.3 MeV 12C%* beams. Already in fall of

has been

was the first ring in operation to store

the same year experiments using the electron cooler were
started [181. First successful laser cooling of 7Li* and
“Be* ions [3] was demonstrated in 1989, To illustrate the
large variety of ions that has been stored and electron
cooled in the TSR in the last 2 years. table H shows
cooled and uncocled beams ranging from protons to cop-
per ions with lifetimes of 36 hours to a few seconds. The
main loss mechanisms multiple scattering. stripping. efec-
tron capture in the vesidual gas and capture of cooler

electrons are indicated.

Table II: Lifetimes of Cooled Beams in the TS R

lon Energy Pressure Beam Lifetime Explainable by :
cooled uncoal
(MeVA) (107mber)  (4) {s)
P 21.0 o.8 130000 11000 M.S.
-3 6.1 1.0 24000 —— M.
7 pa" 1.3 o.s 26 20 Ser.
‘Be 1s 3.0 — E) Ster.
Bexd a3 4.0 11 10 Ser.
Bob e 4.0 720 155 M5,
Rt q1.7 0.7 2100 17000 BOoC
B 3.4 2.0 16 14 Ser.
bo™ a9 0.7 400
Yob 6.1 5.0 260 200 M.S.
BoP 11,7 0.7 3600 M.S.
By 4 0.6 aa0 440 REC
Nglee 6.1 o.s zo0 206 REC
B cuBd 4.2 o.s — 43 nEC

M. 5. Multiple Scattering, Str. Stripping, EC'C Capturs of Coolsr Hlectrons
REC  Capture of Blectrons In the Residuel Gas

TSR has a number of unique features:

--= Combined multiturn, rf-stacking and electron coo-
ler stacking. that has produced particle stacks of
intensities as high as 3 « 10'® [19].

--= A large momentum acceptance of +/- 3% that wili
allow multi charge state operation. First tests

with ©3Cu257724* have been very promising.
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--- A flexible optic can be tuned to a mini beta mode
that was operated to build up stacks of 1.1 mA 21
MeV protons through a FILTEX storage cell repli-
ca of only 11 mm diameter and 25 cm length.
--- Laser cooling facilities that have produced extre-
mely low temperature beams of less than 200 mK.
=== Simultaneous storage of d and 'YO%° beams by
cooler stacking [19].
TSR has been built with laminated magnets to ensure
a fast ramping in the second phase of operation. A navel
type of frequency variable cavity has been tested [201 and
will be used shortly to accelerate or decelerate cooled ion
beams.

ASTRID

ASTRID [21] at Aarhus is a small 2.0 Tm ring of 40 m
circumference. It has to serve two quite different purpo-
ses. i. e as a storage ring for heavy ions delivered by a
low voltage ( 30 kV to 200 kV ) separator and as a
synchrotron light source with a maximum electron energy
of 600 MeV. The ring was under vacuum late Dccember
last year, had its first ?PAr* beam of 100 KeV stored in
February and demonstrated laser cooling already in Ma;
1990. Laser cooling is the domain of the physics group at
Aarhus and will be surely pursued vigorously to bring this
technique to its limits whenever the ring will be available

between the synchrotron radiation runs.

The COOIER at IUCE

The cooler storage ring at the IUCF in Bloomington.
Indigna {221 - simply named “the cooler™ . is a 3.6 Tm
six-sided ring. that came into operation end of 1987 and
had its first electron cooled proton beam in April 1988,
Beams with mass numbers A between 1 and 7 are injected
from the 200 MeV isochronous cyclotron by either strip-
ping { H7%. He® ) or kicker injection with simultaneous
electron cooling. The Indiana ring has with 275 keV the
electron cooler routinely operating with the highest elec-
tron energy of any of the present rings closely followed
by CELSIUS and ESR. The first completed experiment [23]
that used all the advantages of a thin internal hydrogen
gas jet target of 5110 to (110" atoms/cm? and an elec-
tron cooler .- a pion threshold experiment with beam
energies between 282 MeV and 325 MeV -, shows convin-
cingly the clean experimental conditions only possible at
such a ring. The first experimental proof [24]1 of the
principle of the “Siberian Snake” for overcoming the in-
trinsic and synchrotron depolarisation resonances was just
lately performed keeping the polarisationof the proton
beam while passing resonances at 108MeV and 177 MeV.

LEAR

Little must be said about LEAR, the machine that by
its excellent performance has influenced almost all of the
described projects. It is however not widely known. that
LEAR can be operated with heavy ions(25] and has suc-
cessfully done so for 184 MeV 008%* and 115 MeV
100" with stochastic cooling resulting in beam lifetimes
of 10 hours and about 20 minutes respectivelv at an ave-
rage corrected vacuum of 4.5¢107'2 Torr. After the instal-
lation of the electron cooler LEAR isnow .,-at least in
principle-, a fully equipped heavy ion ring as ions as hea-
vy as sulfur and later possibly lead are available at the
CERN accelerators.



TARN 11

TARN H 261 . the successor to the little pioneering
ring TARN | is in operation at the INS since 1988 and has
succeeded in electron cooling p. d and Hj beams. It is
a synchrotron/cooler ring for heavy ions up to Ne. Its
maximum energy , corresponding to a magnetic rigidity of
6.1 Tm. is 1100 MeV for protons and 350 MeV/u for jons
with charge to mass ratio of 0.5 One interesting feature
of TARN Il is. that it can be operated in two optical mo-
des. one with a superperiodicity S = ¢ as a synchrotron,
giving small dispersion and small horizontal (-functions
resulting in a large acceptance of 400 wmm mrad, and the
other with § = 5 as a cooler ring with three zero disper-
sion straight sections from which one is needed for the
electron cooler. The acceptance in this mode is reduced
to 40 mwmmmrad. Further features to note are an inter-
nal target and a slow beam extraction utilizing the third

integer resonance.

CELSIUS

Well designed experimental equipment is obviously al-
most immortal. as the dipole magnets installed in the
cooler storage ring CELSIUS(11] at the The Svedberg La-
boratary in lUppsala are having already their third career
after the p-2 and the ICE experiments at CERN. The so-
lid-core combined function magnets have been supplemen-
ted. after an extensive search for an optimum permutati-
on of the D and F sectors, by four guadrupole doublets
to form a flexible 82 m circumference ring of 7.0 Tm. The
four approximately % m long straight sections house a
high voltage ¢ 300 KV ) electron cooler . a cluster gas jet
target. the rf-unit and the injection components. The ring
is most effectively injected by stripping HZ, ions from the
Gustaf Werner Cyclotron. Standard multiturn equipment is
also instal.ed ta allow for the injection of beams {rom
a polarized ion source to be delivered by a commercial
manufacturer An ECR ion source built in collaboration
with the Institute of Physics at the university of Jyvidsky-
la/ Finnland wiil soon be injecting beams up to Kr to
make CELSIUS a heavy ion ring. The status of the ring is
at present: First beamn stored late 1988, first ramping to
full rigidity and first experiments in 1989, first electron
cooling May 1990,
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Fig. 2. First longitudinal Schottky spectra of uncooled
and cooled *YAr!®* beams in the ESR.

ESR

Just in time for this conference and after a breathta-
king short assembly period the BExperimental Storage Ring
ESRI[271 at the GSl in Darmstadt has successfully cooled
its first *CArt8* beamof 91.8 MeV/u by 50 keV {A elec-
trons on May 26:h 990, only about 7 weeks after the
first beam storage in the ring. Figure 2 shows the historic
tirst longitudinal Schottky scan of a cooled and uncooled
beam. The ESR ( B4p = 10 Tm. circumference 108 m ) can
accumulate. store and cool ion beams as heavy as urani-
um. Energies range up to 830 MeV/u for ions with charge
ta mass ratios of 0.5 and 550 MeV/u for uranium. ESR
has been built for the following primary goals:

~--- lnvestigation of interactions between stored ions.
target atoms. electrons and laser photons. Maxi-
mum Luminosity can be about 103%m~2s7t,

--= Accumulation of secondary beams. The high inten-
sity high energy "injectors” UNILAC and SIS allow
the efficient production of radioactive

beams which can be cooled by stochastic pre-cool-
= 320keV ).

exotic

ing and final electron cooling ( E
-—— Cooler and stretcher for SIS

el.max.

--- Reinjector for SIS. After stripping and cooling in
the ESR the beams can be reinjected into the
synchrotron where the energy of the fully stripped
uranium ions can be raised to 1.35 GeV/u or lo-
wered to values near the Coulomb barrier.

Routine aperation for experiments can be expected at the
ESR still for this year.

COosY
The COoler SYnchrotronl[28] at the Forschungsanlage

Jiilich is a light particle, medium energy machine that is

in the middle of its construction periode with the buil-
dings almost finished and first hardware like prototype
magnets being delivered. COSY will be injected by the
JULIC isochronous cyciotron at the beginning mainly by
stripping H?, ions at an energy of 80 MeV. The ring has a
184 m circumference composed of two almost circular
arcs and two very long straight sections of 40 m each
configured in a telescopic optic for the electron cooler
and two internal experimental stations. Electron cooling is
planned to be done only with moderate energy of 40 keV
to possibly 100 keV to compress phase space after injec-
tion and to rely on adiabatic shrinking during acceleration
and stochastic cooling at the flat top energy. COSY will
have to ramp up in 1.5 s from the injection rigidity of
092 Tm to the maximum value of 1.7 Tm corresponding
to a dipole field of 1.67 T and a proton energy of 2.7
GeV. Although provisions are made for internal target ex-
periments, much emphasis is on experiments with external
beams and third integer resonance extraction will be avai-
lable at the beginning of the experimental operation end
of 1992 later followed by stochastic ultra slow extraction.

ADRIA

A very ambitious project has just recently been intro-
duced at the INFN at Legnaro [29]. The large ,~ circum-
ference 267m, rigidity 22.5 Tm -, cooler synchrotron could
have a 4 straight section geometry giving space for a 8 m
long electron cooler with the highest energy yet of 500
KeV. The ring would be injected from the ALPl Super-

conducting -Postaccelerator under construction at the



Legnaro XTU Tandem. Much experimental emphasis is on

the production and accumulation of exotic radicactive

beams.

Ring Projects in the Soviet Unlon

There are as of now three proposals for heavy ion
cooler rings in the Soviet Union, at the JINR Dubna, the
Kurchatov Institute Moscow. and at the Institute for Nuc-
lear Research Kiev,

K4-K10

The K4-K10 project {301 would bring a considerable
extension of heavy ion physics research at JINR by impro-
ving the quality of beams from the cyclotron complex
U400-U400M and by increasing the heavy ion energy to
about 1 GeV/u. The project consists of the shaping ring
K+ ( Big = 4 Tm } with electron cooling and the synch-
rotron ring KiO( Big = 1UTm). The smaller ring ( cir-
cumference 80m} will besides its cooler function have the
task to accumulate exotic very neutron rich particles like
8He, “Li
mes longer than 100 ms. The large ring ( circumference

MBe '¢C and other radioactive nuclei with lifeti-

120 m ) will have cooling and internal target facilities to
experiment with protons at energies of 2.5 GeV and with
uranium at 650 MeV/u. A conceptual design report has
been submitted and funding is hoped on a scale. that the
project might be finished by 1995,

Kurchatov

A small ¢ Bxg = 3Tm. circumference 51 m ) storage
ring[31] with electron cooling has been proposed at Mos-
cow to be injected from the Kurchatov cyclotron with be-
ams as heavy as ““Ne vielding after acceleration a maxi-
mum energy of 100 MeV/u. Precision nuclear physics ex-

periments are the main interest at this machine.

Kiev

A somewhat larger cooler ring [32]1 ¢ B+g=4.5 Tm. cir-

cumference 58 m ) has been proposed with similar inten-
tion at Kiev to be injected by the U240 cyclotron with
beams up to Ar.
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