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Abstract

The Experimental Storage Ring ESR — part of the heavy
ion accelerator facilitiy at (351
in 1990. This paper informs about the progress achieved
in accumulation, electron cooling and internal experiments
with fully stripped heavy ions from O3t to U%?+ af energies
between 90 MeV /u and 300 MeV /u. Rf-stacking combined
with comnpression in phase space by electron cooling turned
out to be a very effective accumulation technique. Maxi-

- started operation early

mum numbers of stored ions for heaviest ions are deter-
nined by the cquilibrium between accumulation rate and
beam loss rate due to radiative electron capture of cooler
electrons. Beam currents for lighter ions up to Ar’®t are
limited by coherent instabilities. First excellent results of
iternal experiments with cooled, circulating beams of eit-
lier primary ions or of secondary nuclear fragments confirm
that the combination of the heavy ion facility Unilac-S1S-
FRS with the storage ring ESR offers unique possibilities
for atomic, nuclear and accclerator physics.

1 HEAVY ION FACILITY AT GSI
The Unilac/SIS/FRS Complex

The first stage of the accelerator facility at GSI, the Uni-
lac, accclerates heavy ions up to Uranium to variable encr-
gies in the range 1.4 to 17 MeV/u. In 1992 a new high
charge statc wjector combining an ECR source with RFQ

and TH accelerating sections came in operation as an alter-
native to the old Widerée pre-stripper section. Now the
Unilac is able to supply low energy experiments and the
injection line for the heavy ion synchrotron SIS {1] in a fast
time sharing mode, based on the 50 Hz macro-structure
of the beam, with different ions species and different spe-
cific energies. The 18 Tm-machine SIS extended in 1989
the range of available ion energics to 2 GeV /u for Nel®F

and to | GeV/u for U?*-ions. Up to the present, the
SIS has accelerated many different ion species from d¥ to
U7+ to energies between 100 MeV/u and 2 GeV/u. Ma-
ximum intensities of 2 x 100 light ions as 0%+ and more
than 1 x 107 heaviest ions as Bif™* per accelerating cycle
have been attained by radial stacking of up to 40 effec-
tive turns {2] at the injection energy of 11.4 MeV/u. Up
to three users can be supplied by the SIS with beams of
strongly different energy in a time sharing mode from cy-
cle to cycle. Slow, resonant beam extraction with up to
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10 s spill duration may alternate likewise with fast bunch
ejection using the same extraction line. Fast ejection is
used mainly to supply the ESR in the “double shot” mode,
in which two of the four SIS--bunches are transferred by
two steps to rf-buckets of the half-sized storage ring {2].
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Figure 1: Typical distribution spectra after acceleration
in S1S: for atomic charge states after one more stripping in
20 mg/em? Cu of Bi*t at 230 MeV /u (top) and for nuclear
fragments of '?7Au at 950 MeV/u after a thick Al target
at different settings of the FRS.

x {mm)

Production of fully siripped ions with atomic numbers
7 > 36 requires onc more stripping in the transfer beam
line.  Alternatively, the transferred bunches may pass
through a thick production target followed by the large
FRragment Separator FRS [3]. By this way, separated be-
ams of nuclear projectile fragments are delivered to ESR
for injection, cooling and cventually accumulation. Ex-
amples for charge state distributions after the stripper and
for nuclear fragiment distributions after the production tar-
get and the FRS are displyed in fig. 1, beam transfer lines
between the rings are shown in fig. 2.
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Figure 2: ESR with beam transfer lincs from and to 515.
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1.2 Erperimental Storage Ring 'SR

The ESR design has been described in detail at past con-
ferences [1], an impression of the ring structure is given in
fig. 2. The following brief list may help to remind of most
important ring features.

e The maximum bending power of 10 Tm allows sto-
rage of fully stripped ions al maximum energics between
560 MeV/u (UP21) and 831 MeV /u (Nelft).

o Large acceptances in combination with flexible lattice op-
tics are provided for beamn accumulation, cooling of “hot”
beams, storage of multi-component beams, and, not least,
for beam injection and extraction.

e Eleciron cooling (EC) at variable beamn energies from 30
to 560 MeV /u serves for beamn brillance as high as possi-
ble. 1t plays also an important rote for beam accumulation
and for internal experiiments and facilitates the diagnosis
of beam and lattice parameters.

e Special equipment is installed for investigations of inter-
actions between cooled, circulating ious and internal gas
jet atoms, free cooler electrons or laser beams.

¢ Acceleration or deceleration of cooled beams of fully strip-
ped ions is in preparation for internal experiments at varia-
ble energy. Slow and fast extraction shall supply external
experiments with highly brillant bearns.

e Beam diagnosis applies mainly modern Schottky and
beam transfer function (BTF) techniques. Active damping

of coherent transverse beam oscillations has been practi-
sed already with some success. Emittances of circulating
beatns can be determined in a non destructive way using
several movable position sensitive particle detectors, which
deliver transverse distributions of ions after radiative elec-
tron capture {RKC) in the cooler or in the internal gas

jet.

2 APPLICATION OF ELECTRON
COOLING

Recent results of electron beam cooling at the FESR are
presented in a separate contribution to this conference [5].
the importance of the EC device [5] for ring operation and
internal experiments may be deduced from following selec-
tion of examples.

2.1

Beam accumulation in the ESR is done by combining
the conventional rf-stacking method with clectron cooling.
The electron cnergy is suitably switched between injection
and stack levels. At first, the injected bunches are compres-
sed in order to avoid beam loss during deceleration to the
stack. This is shown in fig. 3 by two longitudinal Schottky
scans at different times after injection. The coasting stack
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Figure 3: Combined Rf stacking and electron cooling de-
monstrated by longitudinal Schottky scans at different ti-
mes t after bunch injection: (a) ¢ = 2000 ms: cooled bun-
ches are still on injection orbit (right) and modulate the
coasting stack (left) duc to somewhat faster circulation.
(b) ¢ = 2050 ms: bunches are decelerated to the stack,
while the T amplitude is decreased already.

Sweep 5t
?035 Btpﬁlﬂz

1646

PAC 1993



is cooled in the time between subsequent stacking proces-
ses. Since the phase space is “cleaned” all the time, beam
accummulation is limited by other effects rather than by
phase space. One of the principle beam current limits for
this technigue is determined by the equilibrium between
the REC rate in the electron cooler and the accumulation
rate. For high-7Z, high-¢ ions the REC rate (o ¢?) is high
and the primary intensity is relatively low, mainly because
of repeated stripping in the Unilac, before injection to and
after acceleration in SIS. With Au™t at 270 MeV/u, for
instance, a saturation current. of 1.4 mA, corresponding to
6 x 107 stored ions, was attained recently. The observed
REC loss rate of about 5 x 107%/s is consistent with the
injection of nearly 4 x 10° ions (10 pA) every 13 s. For coo-
led light ion beams (Z <30), primary intensities are much
higher and REC loss rates considerably lower. Up to now,
the beam current is limited in this case to about 7 mA by
coherent
cess has been achieved already by an active feedback, the
sources of high narrow band impedances in the frequency
range 20 to 40 MHz, probably ferrite kickers, clearing elec-
trodes with cables or the electrostatic septum, have to be
found and deactivated in order to achieve essential beam
current increase. For higher- Z ions, the coherent oscilla-
tions seem to be damped more and more by intra beam
scaltering (IBS), which increases the equilibrium momen-
tum spread in cooled beams approximately o Z (see fig. 4).
A list of 1on species, energies and beam currents stored and
cooled in the ESR is given in table 1.

-— mainly transverse — instabilities. Some suc-

Table 1: lons, energies and beam currents in ESR by
April 1993. The major part of beam currents f; {number
of 1ons N;) has been recorded during physics experiments
and may not be considered as upper limits.

lon Energy N; I;

O [ 150 MeV/u 1.0 x 10° 2.0 mA
BONel™ | 250 MeV/u 2.6 x 10° 7.0 mA
WALt | 250 MeV/u 4 x 105 2.0 mA
SEN(Z8+ 250 MeV/u  1x10° 6.0 mA
BIKr?0F | 150 MeV/u 1 x 10% 0.9 mA
129X e5+ 1 950 MeV/u 4% 108 6.0 mA
13y56+ | 297 MeV/u 1 x 108 2.0 mA
TAUTY | 270 MeV/u 6 x 107 1.4 mA
209882+ | 230 MeV/u 5 x 107 1.2 mA
2892+ 300 MeV/u  2x 10" 0.6 mA

At cnergies above 90 MeV /u the life time of fully strip-
ped or few—electron ions is determined only by REC in the
cooler. With an EC current of 1 A the life time of Ne!0+
beam at 150 MeV /u is necarly 7 hours. Though REC rates
increase approximately x ¢, comfortable life times of about
I h have been achieved also for U??** and Au™t beams
by applying low EC current, e.g. 100 mA, without major
reduction of the beam quality, even if ion beam currents
are in the mA- range. Beam loss due to residual gas inter-
action at pressures <107'? mbar is negligible compared to
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Figure 4: Equilibrium momentum spread 8p/p in electron
cooled beams vs. number of stored ions ;.

that caused by REC in the cooler. A quite different situa-
tion is expected at low energies of about 10 MeV/u or with
partially stripped ions (# —~ ¢ > 1). For example, stron-
gly reduced life times of 300 s were observed with Bif7+
at 230 MeV/u and only 10 s with Ni'® at 150 MeV/u,
due to electron stripping al an average residual pressure of
about 5x 107" mbar. In experiments with the internal gas

Jet target the beam life is dominated by charge changing

processes in the target itself. With an Ar jet of 6 x 10'?
atoms/cm? thickness a beam of fully stripped Dy®%+ ions at
290 MeV /u lived only 150 s, mainly due to REC of bound
target clectrons.

2.2 Multi-Component Beam Storage

The large momenturn acceptance of the ESR and a special
lattice optics with small dispersion on long straight sections
makes it possible to store and cool simultaneously more
than one charge state of an ion, e.g. two for Kr-, three for
Au -, and even four for U-ions. The secondary charge states
are populated by sequential REC in the cooler and are fixed
to at nearly the same velocity by the cooler. Therefore, the
relative frequency differences are determined only by orbit
length differences AC/C due to charge differences Aq/q:

y_ose_imo,
e Oy R
Charge states ¢ are known exactly and mean Schottky
frequencies of cooled beams can be measured with high ac-
curacy. Hence, the traunsition point for the given lattice
optics, 7¢, can be derived with an accordingly high preci-
sion, typically in the order of 1 x 1077,
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Other effects producing multi-component beams in the
ESR itself are nuclear decay of stored primary nuclei and
nuclear collisions in the internal gas jet target. There is also
strong interest to inject and cool secondary beams of pro-
jectile fragments, aiming at precise mass determination for
exotic nuclides. Electron cooling is the tool to reduce the
momentum spread to extremely low values with a twofold
profit. Both the spectral density in longitudinal Schottky
spectra, i. ¢. the sensivity, and the precision of mass deter-
mination are enhanced essentially. A precise determination
of 7, is of comparable importance for planned mass mea-
surements as are reproducibility and stability of both the
magnetic bending field and the accelerating voltage of the
electron cooler.

2.3
Injection and cooling of radioactive beams from the FRS
was demonstrated with fragments of 2Ne at 250 MeV /u by
means of longitudinal Schottky spectra recorded immedia-
tely after injection and cooling to equilibrium. Besides the
strong band from the primary *’Ne, two weak bands from
the isotonic fragments '8F and "N were clearly separated
in the spectrum, though the intensity fraction of fragments
was only about 2 x 1073, As in the case of different ionic
charge states, all nuclei are cooled to the same velocity.
Using a precise experimmental value for vy the masses were
determined with an relative error below 1 x 107, Scans
with higher resolution show that relative errors of peaks
may touch the 1077 range (see fig. 5). Even better pre-
cision should be attained by means of operating the ring
near transition using a setting with low ;.

Cooling of Radioactive Beams

Compared to typical cooling times for primary beams of
less than 1 s, electron cooling of 2°Ne fragment beams to
equilibrium required between 10 s and 20 s. This time will
be reduced hopefully by a factor of 10 after the planned
installation of stochastic pre-cooling.

2.4 Free Electron Target

The EC beam has been applied also as free electron target
with variable energy, W, in the center of mass frame of
ions. The energy is varied by suitably pulsing the acce-
lerating voltage of the EC device or by applying a pulsed
voltage of 5 kV to a drift tube in the cooling section.
Both methods were combined in a recent experiment on
di--electronic recombination processes in order to increase
the range for W,. For this experiment, the desired beam
of Li-like Au7®* has been breeded from the primarily ac-
cumulated beam of He-like Au”"t. The rate of recombi-
ned Au™®" ions was then measured as a function of W,
by using one of the particle detectors mentioned above (8]
Other experiments using the cooler as free electron target
are the investigation of REC by means of X ray spectra
in coincidence with recombined particle detection and the
study of laser induced electron capture (LIREC) to high-n
states, a process of simultaneous interaction beween pho-
tons, electrons and highly charged ions.

3 INTERNAL TARGET
EXPERIMENTS

3.1

The internal supersonic gas jet is produced by a Laval
nozzle and a four stage differential pumping and skimming
system. After crossing the interaction chamber in vertical
direction over a free distance of 70 mm, the jet enters a four
stage dump [7]. The jet diameter is less than b mm, the ma-
ximum thickness at the interaction point is presently about
6 x 10'2 atoms/cm? for Argon and 2 x 10'? atoms/cm? for
Ny. The maximum UHV-pressure in surrounding cham-
bers is in the low 102 mbar range and contributes appro-
ximately 1% to the total target thickness. It should be
noted that the acceptances of the ESR are not affected by
the jet target, i. c. there are no aperture limitations in ion
beam direction.

Taking into account the numbers of stored ions gi-
ven in table 1, the presently available luminosity for in-
ternal target experiments range from 1x10*7em=?

Internal Gas Jet

em~ 27! to
2%102%cm~2%s~', depending on ion species and targel gas.
The design value of 1x 10°%cm is hoped to be attained
by improvements of the jet apparatus and by increasing ion

beam currents.

—25—~1

3.2
The internal gas jet has been applied to measurements of
REC- and stripping cross sections for various ions and for
X-ray spectroscopy of H-like ions after REC in the tar-
get. It played also an important role for the investigation
of a certain mode of nuclear decay (see below). The plot

Beam Target Interaction

of fig. 5 demonstrates that Schottky spectroscopy s app-
licable for the analysis of nuclear interactions of electron
cooled circulating heavy ions in the jet target. It was re-
corded after about 400 s interaction of a cooled 153Dyt
beam with an Ar-jet and subsequent switching off the jet.
The highest (cut) band comes from the primary beam. Se-
veral small lines indicate secondary nuclides produced in
the jet, which are stored and cooled simultancously with
the primary beam. The larger rightmost peak is explained
below. The small ép/p ~1.8 x 107° indicates that, due to
the momentum dispersion, the secondary components cir-
culate on orbits, which are well separated from that of the
intense primary beam, where they would be heated by IBS.

3.3 Decay of Stored Nuclei

There are some stable nuclides getting #~ -unstable as soon
as the electron cloud has been stripped off. The low Q

value of the decay forbids the emitted electron to escape
from the nuclear Coulomb field. The clectron is bound to
inuermost electronic shells. The first experimental proof of
this bound-state 8~ —decay (BBD) took place in 1992 at
the ESR [9]. Primary 1631)y66+ nuclei decayed during long
term storage to H-like '*3Ho%%* jons, which have practi-
cally the same mass to charge ratio as the primary lons
and, therefore, circulate on the same orbit as the primary
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5 Longitudinal Schottky scan of stored and cooled nuclear fragments produced in ESR at 290 MeV/u in the

internal gas jet from primary '%3Dy%* (large cut band). The peak assigned to ' Hoe%™ — about 20000 out of 2 x 107

primary nuclei
mass and cross production cross section measurements.

ions. Orbit separation was possible by stripping in the in-
ternal gas jet to fully stripped Y3 0o+ nuclei, which were
counted then by a particle detector. Alternatively, after ve-
moving the detector out of the aperture, the '3 Ho®™ were
stored simultaneously with the primary beam and appea-
red as a separate band in the Schottky spectrum, which is
visible in fig. 5 as the larger rightmost peak. The amount of
daughter nuclet  or the peak height in the Schottky scan

normalized to the primary mtensity, was measured as
a function of storage time. However, the precise determi-
nation of the BBD life time tggp required complementary
measurements of nuclear and atomic cross sections for other
charge states and isotopes. The valve rppp(c.m.)= 50 d
+16% was found by the detector method as well as by
Schottky spectroscopy. Similar experiments are envisaged
for 295181+ 205phBlt with predicted Tepp = 100 d and
18TRe™t 1870575t with tppp ~ 10 y.

4 CONCLUSION AND OUTLOOK

The commissioning of the ESR is by far not complete and
will probably never be completed as long as new 1deas for
experiments arc created. But three years of commissio-
ning, operation and internal experiments at the ESR con-
firm that the ring is a highly versatile instrument. It gi-
ves access to new physical systems and novel experimental
methods with highest precision and, not least, with com-
fortable luminosity.
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results from bound state 37 decay (see text). Spectra with higher frequency resolution allow precise

Next steps of more apparative developments are dece-
leration of fully stripped 1ons, “ramped” operation of the
clectron cooler at strongly different cnergies and installa-
tion of a stochastic pre-cooling for hot, radicactive he-
ams. Our interests in beam physics are concentrated on
investigations of current, and quality limitations of electron
cooled bunched and coasting beams, including investiga-
tions of impedances and IBS. Purther experiments shall
deal, c.g., with beam loss hy charge changing processes and
di electronic recombination for electron rich ions, on line
monitoring of the beam target luminosity, and fast bunch
compression methods for the production and investigation
of hot, dense plasms in solids.
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