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Abstract

The operation of the heavy ion storage ring ESR has
been continuously improved. The energy range of de-
celerated highly charged ions could be extended down to
3 MeV/u. Electron cooling is available over the full energy
range from injection to the final energy. Stochastic cooling
has been established as a powerful pre-cooling method for
fragment beams in combination with final electron cooling
which allows a considerabl e reduction of the total cooling
time. The isochronous mode of the focussing structure al-
lows studies of the performance of electron cooling above
transition energy. Experiments with a cooled beam above
transition energy showed strong heating due to microwave
instabilities.

INTRODUCTION

The heavy ion storage ring ESR was designed as a ver-
satile accelerator equipped with beam cooling [1]. Even
after more than ten years of operation not all options have
been fully exploited and they are till being perfected. The
high energy needed to efficiently produce the heaviest ions
as bare or few electron ions contradicts to experimental
requirements, which prefer low energy in order to reduce
Doppler effects. The highest resolution in spectroscopic
experiments can be achieved with low beam vel ocity, thus
deceleration of highly charged ions has been continuously
devel oped towards lowest energies.

The possibility of injecting rare isotope beams from the
fragment separator FRS requires fast cooling of the hot,
short-lived nuclei. Consequently, a stochastic cooling sys-
tem was installed for pre-cooling of fragment beams with
acooling time constant of less than asecond [2]. The stan-
dard cooling technique for experiments with stored beams
is electron cooling, which presently allows cooling of ion
beamsin the energy range 3-420 MeV/u [3]. For mass mea-
surements of short-lived nuclei the focussing structure can
be adjusted to provide isochronous revolution of the ions
in a momentum acceptance of a few permille [4]. In the
following, the latest improvements in various operational
modes will be reported.

DECELERATION

The heavy ion beams are accelerated in the synchrotron
SIS to the energy required for efficient production of high-
est charge states by a stripping foil installed between the
synchrotron SIS and the storage ring ESR. The injection
energy into the ESR is chosen due to the availability of
beam cooling immediately after injection. The electric cir-
cuits of the stochastic cooling system are presently opti-

mized for a beam energy of 400 MeV/u and this energy is
close to the maximum energy at which the electron cooling
system can be operated reliably. Therefore, great flexibility
for cooling of theinjected beam iswarranted. Starting from
the injection energy of 400 MeV/u the ions are decelerated
by synchronous ramping of the magnetic field and the fre-
guency of the rf system. The deceleration of the beam is
achieved by proper control of the sequence of reference
values for al ring components. The typica ramp rate is
about 0.15 T/s. At an intermediate energy of 30 MeV/u
electron cooling is applied to compensate the beam quality
degradation due to phase space dilution during the decel-
eration process. Deceleration to lower energies is subse-
quently performed in a second ramping sequence with a
reduced rate of 0.05 T/s.

In earlier experiments a clear limitation at a minimum
energy of about 10 MeV/u had been found [5]. It could
be confirmed that this minimum energy was limited by the
magnetic field of the electron cooling system, which was
initially operated in a static mode. The constant magnetic
field of the electron cooling system caused an amplitude
of the closed orbit distortion increasing inversely propor-
tionally to the beam momentum. Therefore the control
system was programmed to allow time dependent control
of the magnetic system. The magnetic field of the elec-
tron cooler is presently reduced synchronously with the
main ring magnets. At lower energies the electron beam
is guided by amagnetic field of only 0.015T.

In the first attempt with variable cooler guiding field, a
beam of bare uranium was used for deceleration tests. Af-
ter fine corrections of the tunes and of the ion beam orbit,
the ion beam could be decelerated to the design minimum
energy of 3 MeV/u. This minimum energy after deceler-
aion is limited by the frequency range of the rf system.
The rf harmonic at the beginning of the deceleration cycle
ish = 2, at 30 MeV/u the rf amplitude is adiabatically de-
creased to zero and then the beam is recaptured at harmonic
h = 4 supported by electron cooling. For this harmonic
the minimum rf frequency of 0.9 MHz corresponds to a
minimum beam energy of 3 MeV/u. Changing to a higher
harmonic might allow even further deceleration, but will
make the operation more complex. Deceleration to lower
energies will be ultimately limited by remanent fields and
hysteresis effects in the magnets and by the lifetime of the
beam in the residual gas.

Deceleration to lowest energies (below 10 MeV/u) is
presently associated with considerable intensity losses
which exceed the losses observed previously for deceler-
ation to energies in the range 20-50 MeV/u [5]. Starting
with afew times 107 U%2* ions at the injection energy of
400 MeV/u a number of 10% ions could be decelerated to
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5 MeV/u. After deceleration to 3 MeV/u only 10° ions
were detected. Nevertheless, for both final energies it was
possible to cool the decelerated ion beam with an electron
current of 5 mA at the electron energy corresponding to the
ion energy. Application of higher electron currents resulted
in fast beam losses. These losses might be caused by cross-
ing a resonance, as during cooling of the beam its energy
was dightly changed, with corresponding changes of the
beam orbit in the ring acceptance. The total time for cool-
ing the decelerated beam with an electron current of 5 mA
was a few seconds.

At the final energy the horizontal beam emittance was
mesasured with aresidual gas ionization beam profile mon-
itor and the momentum spread was determined by Schot-
tky noise analysis (Fig. 1). The horizontal emittances were
0.9 x 107 mat 5MeV/uand 0.7 x 10~% m at 3 MeV/u,
The momentum spreads were 2.4 x 10~* at 5 MeV/u and
1 x 10~* at 3 MeV/u. At the lowest energy of 3 MeV/u
the beam lifetime was determined from the decrease of
the Schottky noise power with time. The lifetime of 6 s
was dominated by electron capture in the residual gas. Al-
though the pressure was as low as 3 x 10! mbar, tiny
leaks may have spoilt the vacuum.
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Figure 1: Measurement of abare uranium beam at 3MeV/u
cooled with an electron current of 5 mA. The longitudinal
Schottky spectrum measured at the 140" harmonic of the
revolution frequency corresponds to a momentum spread
of 1 x 10~*. The residual gas ionization monitor measured
a beam width of 5 mm.

Various improvements of deceleration are still envis-
aged. First tests to increase the ramping speed, which
presently isabout 0.1 T/s, to 1 T/swere successful [6]. This
will alow experiments with short lived radioactive beams.
By optimization of the deceleration cycle, the number of
decelerated ions should be increased. This optimization

should also allow the application of larger electron currents
for cooling at the final energy, thus reducing the cooling
time and the emittance and momentum spread of the stored
beam. Finally, recent experiment demonstrated consider-
ableimprovements of the vacuum conditions. By reduction
of heavier residual gas components, the beam lifetime was
increased by more than an order of magnitude.

STOCHASTIC COOLING

The ESR stochastic cooling system has been commis-
sioned over the past years. An important step forward was
the first stochastic cooling of hot secondary beams from
the fragment separator FRS. A fragment beam wasinjected
into the ESR and pre-cooled by the stochastic cooling sys-
tem for six seconds. After turning the stochastic cooling
system off, electron cooling was used to finally obtain a
very well cooled beam with an excellent separation of dif-
ferent components of the fragment composite.

A two-fold benefit resulted from stochastic pre-cooling.
The fragments were well cooled after less than ten sec-
onds, and, when the beam was ready for experiments, the
intensity of the fragments was about an order of magnitude
larger than without stochastic pre-cooling.
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Figure 2: Waterfall diagram of the Schottky noise of a
fragment beam with stochastic pre-cooling and subsequent
electron cooling. The signal from 212Ra®%+ could not be
detected with electron cooling only.

As an example Fig. 2 shows a waterfall diagram with
peaks in the Schottky noise spectrum of threeisobarsin the
same charge state, 2'2Raf6+, 212Fr86+ gnd 212Rn®6+, The
lines appeared as soon as the stochastic cooling system had
been turned off and electron cooling reduced the momen-
tum spread. The separation between tracesis 1.28 s. The
mass difference between the ions can be inferred directly
from their position in the Schottky spectrum. The half-life
of the 212Ra®+-ion at rest is 13 s. The fast stochastic pre-
cooling allowed a measurement of the half-life of thisiso-
tope by Schottky noise analysis. Without the application
of stochastic pre-cooling the signal of the 2'2Ra®* com-
ponent was not detectable as the electron cooling time for
the hot fragment beam was longer than the lifetime of the
nucleus.
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ELECTRON COOLING ABOVE
TRANSITION ENERGY

The special ion optical mode of the ESR which is used
for isochronous mass measurements has atransition energy
v+ = 1.37. The beam energy of 340 MeV/u at which
the particles circulate with a revolution frequency which
is independent of their momentum can be significantly ex-
ceeded with cooled beams. This allows studies of cooled
ion beams above transition energy.

A beam of bare krypton ions was injected at an en-
ergy of 380 MeV/u. Electron cooling was applied and
the reduction of momentum spread and emittance could be
clearly observed. The time for cooling with an electron
current of 0.25 A was about 10 s, which is also the typi-
cal cooling time at this energy with the standard ion optical
mode. The energy of the electron beam was varied and the
changes of the ion revolution frequency were monitored
by Schottky noise detection. The momentum dlip factor
n =72~ = (df/f)/(dp/p) wes determined using
the relation between changes of the electron energy d F and
the relative momentum change dp/p = (v/(vy+1))dE/E.
The measured value n = —0.019 was only valid in the
vicinity of the injection orbit. It was observed that for
larger momentum deviations the n-value varied consider-
ably, even changing sign.
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Figure 3: Distribution of cooled beams above transition en-
ergy observed by Schottky noise analysis and with a beam
profile monitor. With both methods the low energy particle
are on the right hand side of the spectrum. Distributions
for two particle numbers are shown, N = 5 x 10° in red,
N =1 x 10% in black.

The measured n-value around the orbit of the cooled
beam allows the determination of the momentum spread
from frequency spectra. However, the small absolute value
of n results in a strong compression of the frequency
spread. Therefore a significant contribution to the fre-
guency spread comes from fluctuations of the dipole field
due to power supply ripple. The current ripple §1/1 of
the main dipole power supply causes a frequency spread
Sf/f =n~;2-0I/I,withatypical valuesI/I =1x10"°
afrequency spread of §f/f = 5 x 10~7 is expected. For
intensities below 5 x 10° stored ions a constant frequency
spread of this value was observed, which is due to power
supply ripple.

At larger beam intensities strong longitudinal self bunch-
ing was observed. For ion beam intensities above
107 stored ions the frequency spread increased almost lin-
early with intensity. For intensities in the 10® range the
Schottky spectra exhibited a strong tail due to low energy
particles (Fig. 3). This low energy tail was also observed
in the beam profile monitor. The dispersion function at the
beam profile monitor location is about 40 m, this agrees
with the measured extension of the low energy tail in the
horizontal beam profile. The strong increase of the momen-
tum spread with intensity at higher intensities is attributed
to the onset of microwave instabilities heating up the beam.
The measured momentum spread agrees well with the the-
oretical threshold value for microwave instabilities.

It should be mentioned that attempts to repeat the cool-
ing experiment for an increased beam energy, i.e. at amore
negative value of 7, failed. No significant cooling effect
could be observed. The change of magnetic rigidity may
have resulted in a change of the ion optical values due to
higher order field components which must be corrected in
future experiments. From these first attemptsit can be con-
cluded that electron cooling above transition energy is fea-
sible, but more delicate.
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