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The ESR storage ring was operated for physics experi-
ments as well as for FAIR-related machine devel opment.

Internal target experiments included tests of the FO-
CAL detector and the electron spectrometer. The series of
laser cooling experiments was continued successfully, and
beams were decelerated for HITRAP.

An experiment on dielectronic recombination (DR)
aimed at comparing DR spectra in both ground and iso-
meric states of 235U%+. An almost pure isomeric state
was populated through the 5~ decay of 235Pa®**. Thelat-
ter was identified among other fragmentation products by
Schottky spectroscopy, and apure 235Pa®** beam was pro-
duced by appropriate scraping.

A completely new type of experiments was launched in
autumn 2012 with the advent of the first nuclear reaction
experiments at the internal gas jet target. In particular, a
sufficiently intense secondary 56Ni?®* from the fragment
separator was accumul ated before being used by the exper-
iment. This experiment is covered in a separate contribu-
tion to this report [1].

Another nuclear reaction experiment aimed at the mea-
surement of the 2°Ne!%* (p,d) reaction. This experiment
was successfully performed in autumn 2012.

The ESR internal target was run with different types of
gases. Hydrogen operation was remarkably reliable, for
the first time a helium cluster jet was successfully used for
experiments with a density of aimost 6 - 102 cm 2.

An obstacleimpeding beam transport into the inner parts
of the ESR aperture without dedicated vertical bumps [2]
has been identified by now. All stochastic cooling pickup
and kicker stations are equipped with resistively coated ce-
ramic cylinders in order to supress undesired higher mi-
crowave modes in the beam chamber. Due to mechani-
cal problemswhich are not yet understood compl etely, one
such cylinder had fallen down into the beam aperture, |ead-
ing to severe practical problems in beam handling. This
obstacle will be removed before the autumn 2013 beam pe-
riod.

The machine experiments focused on comparative stud-
ies of the different longitudinal stochastic cooling systems.
These experiment made use of the newly developed optical
notchfilter [3]. Herethe ESR isan important test bench for
components of the FAIR project, asasimilar devicewill be
installed at the CR of FAIR.

Three different longitudinal stochastic cooling methods
are available at the ESR: Palmer cooling, time of flight
(TOF) cooling, and notch filter cooling (see [4]). All of
these are also planned to be applied at the CR. The com-
ponents of the optical notch filter worked reliably. The
prescise setting of the notch frequencies by changing the
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position of an optical mirror was a necessary prerequisite
for the low momentum width equilibria achieved. The
same is true for the optical attenuator settings. First pre-
liminary tests in April confirmed quantitatively the expec-
tation that the momentum acceptance of notch filter cool-
ing is smaller than for TOF or Palmer cooling [5]. Another
series of measurements were performed in October with a
400 MeV 58Ni*®* beam in order to determine optimum
cooling times. The measurements were made with a beam
of 6 - 10% particles. The second moment of the momentum
distribution o (t) was evaluated and fitted with an exponen-
tial decay towards an equilibrium asamodel:

o(t) = (00 — 000) €Xp(—t/7) + 000

A preliminary evaluation of the data confirms the expec-
tation that the equilibrium value for notch filter cooling
(000 = 2.47 - 107®) is much lower than for TOF cooling
(000 = 4.33-1075). Also the cooling time for notch filter
cooling (7 = 0.18 s) is much shorter than for TOF cooling
(7 = 4.33 s). Thelatter is mainly due to the much larger
amplification (22 dB higher!) which is affordable in the
case of notch filter cooling. Thisis due to the well-known
fact that notch filtering reduces largely the random noise
in the vicinity of the revolution frequency. It is planned to
provide a fast switching from TOF cooling (with its large
momentum acceptance in the beginning of the cooling pro-
cess) to final notch filter cooling in order to profit from both
schemesin an optimized fashion..

During the shutdown period in 2013 the high voltage
power supply of the electron cooler will be repaired, as the
high voltage was less stable than usual from time to time.

It is planned to establish a new model for the supply of
data to the quadrupole magnet power supplies during de-
celeration, because it has turned out that there are devia-
tions between the set values and the measured values of
both tunes, particularly during deceleration. A more flex-
ible programming of the rf voltage and frequency ramps
during deceleration is under work, as well.
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A radioactive 55Ni?®* was accumulated for thefirst time
in the ESR to an amount usable for a nuclear physics ex-
periment with the ESR internal target. The *Ni*** jons
were produced in the fragment separator (FRS) by shoot-
ing an intense 600 MeV/u *®Ni%** beam from the SIS syn-
chrotron on a fragmentation target. By proper settings of
the FRS degrader, contaminants like 54Co?"* could be re-
duced to atotal fraction of < 10~3. Typically 8 - 10* ions
were injected at each shot from the SIS. This beam was
precooled in two steps (5 s coasting beam + 5 s bunched
beam) by stochastic cooling using the newly established
time of flight method [1]. The precooled bunched beam
was transferred by rf stacking towards an inner orbit of the
ESR, where it was neither disturbed by the magnetic field
of the injection kicker nor by the rf fields of the stochastic
cooling kickers. Here it was gradually moved by electron
cooling towards an orhit at a somewhat lower energy. At
this orbit, the beam was accumulated using up to 60 injec-
tions. The average time between injectionswas 36 s, asthe
SIS synchrotron had to serve several different experiments
in parallel. Typically 4.8 - 106 secondary *Ni*** ionsin-
teracted with the internal target after properly aligning the
beam with the (hydrogen or helium) gasjet.
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rf deposition injected beam
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stochastic precooling

electron cooled
intense stack

Figure 1. Scheme of beam orbits during accumulation

Fig. 2 shows stochastic precooling of a fresh secondary
beam. Aslong as the beam is coasting the second moment
of the momentum width (o (dp/p)) is decreased by afactor
of 3. Dueto the non-adiabatic turning on of therf, o (dp/p)
increases dlightly and is then reduced anew.

Fig. 3isawaterfall diagram of Schottky spectra (124"
harmonic of the revolution frequency) taken just before and
after the end of the rf stacking procedure. The distance
between stack and deposited beam (0p/p = 4.3 - 10~ %) is
chosen such that the two beams are close enough for fast
merging by electron cooling without disturbing the stack
by the rf. Therefore alow final rf voltage (200 V) was set
which corresponds to a full bucket height (dp/p)
3.9-107%

Fig. 4 displays a series of measured data points from the
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Figure 2: Momentum cooling of freshly injected beam
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Figure 3: Schottky spectra around beam deposit (see text)

DC beam current transformer. Although its resolution is
limited, the data points are rather linear, indicating that the
stacking procedure is working practically lossless.
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Figure 4: DC beam current transformer data as a function
of time
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Qualitative measurements were carried out to determine
the sensitivity of the ESR resonant pickup ([1], [2]) using
short-lived uranium beams at different energies.

Conventional beam current monitors such as transform-
ers can determine the amount of beam current. But even
those devices with high sensitivity suffer from a limited
bandwidth which results in reduced performance at higher
frequency components of the beam current. To achieve
measurements of beams with very few ions, one can make
use of the high sensitivity of resonant pickups at a harmonic
band of the Schottky signal.

The Schottky process can be shown to be wide sense
stationary with the expected (average) value equal to the
macroscopic beam current I as E[i(t)] = qf,N = Ip,
where ¢ is the charge, f, is the revolution frequency and
N is the number of particles [2]. Its autocorrelation corre-
sponds to the expected instantaneous power of the signal,
which in turn is related to its power spectral density (PSD)
via the inverse Fourier transform. The integral under the
curve of the PSD shows the total average power in a given
frequency band. In this case the area is the same in every
(non-overlapping) Schottky band and is equal to

(I2) = 2¢° f2N = 2qf, I 1)

Absolute power values may be difficult to obtain after sev-
eral stages of signal processing. Also the noise level de-
pends on the number of points within a given frame of sam-
pled data, making it hard to determine at what level signals
can be distinguished from noise. A solution is to use an
external DC current transformers (DCCT) as a calibration
reference to determine I and to scale the area under the
curve such that it corresponds to it. The number of ions N
can also be determined using Eqn. 1.

In August 2012 beams of 238U were stored in the ESR at
relatively low energies. Signals from both the DCCT and
the resonant pickup were corrected for offset and prepared
as described in detail in [2]. After scaling, the number of
ions were calculated accordingly using the Schottky spec-
tra.

The beams of 238U88+ were injected at 90 MeV/u. The
N gas target was used to reduce the number of ions over
several orders of magnitude during the measurement time.
Beams of 238U2%8+ were injected at energies of 30 MeV/u
without gas target. The results can be seen in Fig. 1. The
resonant pickup is several orders of magnitude more sensi-
tive than the DCCT, but of course its sensitivity depends on
the total charge and energy of the beam. The DCCT has an
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estimated uncertainty of +1 A which propagates into the
calculation of the number of ions, but it is not shown in the
figure. Using a high precision DCCT with known uncer-
tainties could improve measurement results in the future.

Itis seen in Fig. 1 that the decrease of beam intensity is
not strictly exponential. At higher beam intensities coher-
ent Schottky signals cause amplitude suppression, while at
lower signal intensities, noise background accounts for loss
of precision. A detailed study of these effects may be cru-
cial for in-ring decay studies.
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Figure 1. Number of ions after injection for 238U88+ at 90
and 238U28+ at 30 MeV/u.
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The low energy storage ring LSR shall provide low en-
ergy, highly charged ions and antiprotons at FAIR used
by two collaborations, SPARC and FLAIR, for precision
experiments. The LSR is a Swedish in-kind contribution
to the FAIR facility in Darmstadt,

The LSR [1] evolves from the heavy-ion storage ring
CRYRING, which has been operated at the Manne Sieg-
bahn Laboratory in Stockholm until 2010. Instead of stor-
ing the ring components until installation at the Facility
for Antiproton and Ion Research, FAIR, the immediate
installation behind the existing Experimental Storage
Ring, ESR, has been proposed and worked out in detail
by a Swedish-German working group. The estimated ef-
forts for installation and operation of CRYRING at the
ESR have been summarized in a report [2] published by
that working group in 2012.

A schematic overview of the storage ring and its facili-
ties is shown in fig. 1. CRYRING can decelerate, cool
and store heavy, highly charged ions down to a few 100
keV/nucleon. It provides a high performance electron
cooler as well as a gas jet target. It is equipped with it’s
own injector and ion source, to allow for standalone
commissioning.
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Figure 1: CRYRING at ESR.

The ions are kept in orbit by twelve 30° magnetic di-
poles and a number of magnetic quadrupoles and sextu-
poles (not shown in the figure) in six of the twelve
straight sections. The other six sections house an injection
and an extraction system, the deceleration and accelera-
tion section, and the electron cooler. One section is used
for experimental installations as for instance a gas target.

The storage ring is capable of accelerating ions with
mass to charge ratio below four injected at only
300 keV/nucleon from the off-line ion source to the max-
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imum rigidity of 1.44 Tm. It also decelerates ions injected
at the maximal rigidity down to the lower rigidity limit of
0.054 Tm. The magnets are designed for fast ramping,
such that the whole decelerating (accelerating) process
could be done in only 150 ms.

One of the key features is an electron cooler with adia-
batic expansion of the electron beam. This yields about
100 times lower transversal electron temperature than in
the ESR and yields directly higher resolution in recombi-
nation spectroscopy with merged ion — electron beams.

The proposed installation behind the ESR in combina-
tion with its own injector makes CRYRING@ESR the
perfect machine for FAIR related tests of diagnostics,
software and concepts on one hand, and atomic physics
experiments with heavy, highly charged ions stored at low
energy on the other hand.

The new control system of FAIR will be implemented
for the first time in a machine that delivers beam and
hence will be the perfect occasion to test not only the co-
operation of the design concepts but also the performance
of the system. Since the ring can be operated any time it is
the perfect training ground for operators on the new con-
trol system and this allows for valuable feedback on the
operational concept well in advance before the commis-
sioning of FAIR’s key machines.

Physics applications range from “classical” atomic
physics experiments like the determination of the lamb
shift using X-ray spectroscopy, but with increased resolu-
tion, over measurements at the borderline of atomic and
nuclear physics for instance to determine the charge radi-
us, to a yet unexplored energy regime for astrophysically
interesting nuclear reactions. The details of planned ex-
periments are laid down in the “Physics book™ that is
close to completion [3].

Most components have been shipped by now to GSI
and on-site tests are on going. CRYRING@ESR will be
installed in the existing Cave B and the necessary recon-
struction work has been started.
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In the last decades, accelerator-based atomic physics has
advanced into hitherto unexplored areas of research, en-
compassing high energies, high atomic charge states and
strong electromagnetic fields. Here, the heavy-ion storage
rings play an indispensable role. A worldwide unique re-
search program is being pursued at the experimental stor-
age ring ESR of GSI by conducting precision spectroscopy
of relativistic few-electron ions and interaction studies of
relativistic ions with atoms, electrons and photons. The
atomic physics groups at GSI and HIJ have gained an un-
paralleled expertise in this field which ensures that the un-
precedented possibilities of the future Facility for Antipro-
ton and lon Research (FAIR) [1] — concerning energy, in-
tensity and experimental tools — can optimally be exploited
to provide access to the fundamental facets of relativistic
atomic physics and neighbouring fields. Realisation of this
rich research program is the main aim of a large interna-
tional collaboration, the SPARC Collaboration [2].

The envisioned experiments were initially foreseen in
several areas of the FAIR complex: in a dedicated APPA
multi-purpose cave, at the SIS-100/SIS-300 synchrotrons,
at the FLAIR facility and at the New Experimental Stor-
age Ring NESR. However, the SPARC research program
was dramatically reduced by the Modularised Start Version
(MSV) [3] of FAIR, where the construction of the central
facilities for the SPARC experiments, the NESR and the
connected FLAIR facility have been moved to later mod-
ules. Therefore, intense investigations of various possibil-
ities to rescue the SPARC science at FAIR by using the
facilities available within the MSV have been conducted in
the last two years.

One of the solutions is to explore the unique opportu-
nity offered by the High Energy Storage Ring (HESR) [4],
which was primarily designed for experiments with stored
and cooled antiprotons. However, it turned out to be a
well-suited facility which can accommodate a range of
SPARC experiments with high-energy stored heavy-ion
beams [5, 6]. In particular, the HESR can store cooled
beams at energies of up to 5 GeV/u and can thus enable
unique atomic physics experiments which are not feasible
at any other place in the world. Furthermore, installation
of the CRYRING - the storage ring which was operated
until very recently at the University of Stockholm — at the
present ESR facility will open up the possibility of preci-
sion experiments with cooled highly-charged heavy ions at
low energies already in the MSV of FAIR [7].

A dedicated department within the FAIR@GSI Project,
SPARC Detectors, has been organised, the primary task

*This work is supported by the Helmholtz Association (HCIRG-108)
and by Helmholtz Institute Jena
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of which is to accomplish working packages assigned by
the SPARC collaboration as the GSI contribution to the
SPARC experiments at FAIR. These are the integration of
the overall SPARC setup including the necessary infras-
tructure in the HESR and — if required by the collaboration
— the construction of SPARC instrumentation, like internal
targets, spectrometers, particle detectors, etc.
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Recent experimental findings [1, 2] led to the elabora-
tion of an internal target design study, which is based on
the prototype target station currently deployed at the ex-
perimental storage ring (ESR). The initial motivation for
starting the redesign process of the former target station,
which was assembled in the original setup in 1989 for the
first time, was mainly driven by the limited maximum tar-
get densities for the light gases helium and hydrogen. Pre-
viously, the behavior of cryogenically cooled, thus ligesfi
helium expanded into vacuum through a micrometer sized
orifice nozzle was investigated experimentally [3] and set
the foundation for the modification process. Therefore, in
order to optimize the target performance, the modification
of the target inlet chamber started in 2008 by decreasing
the working temperature of the target nozzle using a high
cooling-power cryostat. In the course of numerous success-
ful target beamtimes performed at the ESR the prototype
target setup was further improved in terms of usability and
target stability by applying, i.e., a closed-cycle cryofta-
turing push-button operation and a trumpet shaped (CERN)
nozzle geometry, kindly provided by A. Khoukaz from the
Munster University. As a result, an extremely versatild an
reliable prototype target station was developed during the
past years, capable of providing target beams of all desired
species in a wide range of adjustable target densities (see
Table 1 below).

Target gas| Area density [cm?] | Tp [K]
Helium 1 x 1013 20

Hydrogen 3 x 1013 40

Nitrogen 8 x 10'2 130
Argon 3.5 x 1012 300
Krypton 1.5 x 1012 300
Xenon 6 x 1012 300

Table 1: A survey of actual area densities for different tar-
get gases achieved at the ESR by employing & 1 ym
diameter CERN nozzle.

The prototype target station, with which those improve-
ments were accomplished, essentially consists of the for-
mer target station including the important modifications,
i.e. the cryostat and the nozzle. Hence, in order to exploit
the full potential of the implemented parts, a dedicated and
specialized inlet chamber design is crucial. For instance,
geometrical considerations regarding the skimmer geome-
try suggest an improvement in target density at shorter dis-
tance of the nozzle to the interaction point (assuming equal

* petridis@atom.uni-frankfurt.de
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Introduction

The High-Energy Storage Ring (HESR) was primarily
designed for experiments with stored and cooled antipro-
tons. But it also appeared to be most suitable facility to
maintain a wide range of experiments with high-energy
stored heavy-ion beams. In this study the transverse non-
linear beam dynamics for heavy ions in the HESR were
investigated.

Beam optics optimization for heavy ion
experiments

Within PHELIX project at FAIR@GSI an appropriate
place for an experiment, where laser and ion beams are
overlapped, has to be found. Available free space and flexi-
ble optics are important factors in search for the right loca-
tion. As an optimal solution a place in the straight section
in between two quadrupole triplets is proposed. To maxi-
mize the brightness of the ion beam in the above-mentioned
location (which is crucial for the experiment) we have to
minimize a beam profile as much as possible. For this pur-
pose with the help of MIRKO code an algorithm for de-
creasing the beam transverse profile was developed.

The technique of variation the quadrupole magnets
strengths along the ring allowed to locally decrease the -
function in the place of beams interaction. As a result, in
modified ring optics in the location of interaction the (3,-
function was reduced to the value of 3.1 m, which is 7 times
less than in standard optics. Optics variation didn’t require
any change of the designed quadrupoles parameters.

The emittance of a transferred (from the CR to the
HESR) beam is about €, , = 0.5 mm mrad and the mo-
mentum spread about 7 - 10~% [1]. Thus one can calculate
the size of the beam. The following results are obtained:
the horizontal and the vertical beam widths after changing
the optics equal to 1.2 mm and 1.5 mm correspondingly.

With the existing set of sextupoles the chromaticities &,
=-14.35 and £, = -13.71 can be corrected up to 0.

Frequency map analysis

Frequency map analysis for both ring optics has been
performed. The field errors of dipole and quadrupole mag-
nets [2] were included. An ordinary tracking was used
to define the dynamic aperture (DA). From the DA plot
for modified optics (see figure 1): A, = 3.1 mm, A, =

*This work is supported by the Helmholtz Association (HCJRG-108),
Helmbholtz Institute Jena, and GSI F&E program
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15.0 mm. The emittances which correspond to the dynamic
aperture are €, = 0.7 mm mrad and €, = 17.8 mm mrad. For
standard optics we have €, = 11.2 mm mrad and ¢, = 13.3
mm mrad. One can see that the horizontal DA decreased
significantly (from 11.2 mm mrad to 0.7 mm mrad). The
betatron tunes are: Q, = 7.94, Q, = 7.62 for modified and
Q; =7.62 Q, = 7.62 for standard optics. Further inves-
tigation and analysis are needed in order to find out and
possibly eliminate the causes of DA shrinking.

A revised Fourier technique [3] with data windowing
was used in order to obtain a frequency map with a dif-
fusion coefficient (see figure 2).
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Figure 1: Calculated dynamic aperture for modified (3, =
13.7 m, 3, = 12.6 m) and standard optics (3, = 2.4 m, 3,
=11.9 m) for Ap/p =0.
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Figure 2: Frequency diagram for modified optics
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Heavy, highly charged ions (HCI) are interesting sys-
tems for many different experiments as for instance preci-
sion tests of the theory of quantum -electrodynamics
(QED). In order to transform heavy HCI produced at 400
MeV/u to stored and cooled HCI at low energy the linear
decelerator facility HITRAP has been conceived behind
the experimental storage ring (ESR). Its setup has been
started in 2006 and commissioning is underway [1].

In the ESR ions are decelerated from 400 to 4
MeV/nucleon, cooled and extracted; meanwhile a routine
operation. Up to ten million ions can be extracted at
4 MeV/nucleon and sent to HITRAP.

The ions are then matched to an interdigital H-type
structure (IH) using a double drift buncher, decelerated
from 4 to 0.5 MeV/nucleon in the IH, and then down to
6 keV/nucleon in a radio frequency quadrupole (RFQ).

About one million highly charged ions are typically de-
celerated with the IH from 400 MeV/nucleon to about 0.5
MeV/nucleon per cycle. However, the optimization of the
combination of two bunchers (combined in the double
drift buncher) and the IH is still difficult and not com-
pletely understood. The large parameter space given by
three RF amplitudes and two phases requires the investi-
gation of many different settings.

In 2012, the rebuncher between TH and RFQ structures
was taken into operation. With a measured loaded Q-
value of about 5000 and an effective impedance of
29 MQI] it yields a gap voltage of 100 kV for A/q=3. For
Ti**" jons the effective gap voltage of 80 kV corre-
sponds to a change in energy of less than 35 keV/nucleon.

To measure the action of the buncher on the beam, the
phase of the rebuncher RF was changed relative to the
master oscillator driving the IH radio frequency (fig. 1).
Effectively, this makes the ions experience different gap
voltages. The largest measured dispersion on the energy
analysing detector of about 0.8 mm corresponds to an
approximate change in energy of 40 keV/nucleon, pretty
close to the expected value.

The full-width-half-maximum of the peak on the detec-
tor is 45 keV/nucleon. This is the result of a convolution
of geometrical spread due to imaging, slit size and camera
issues with the actual energy spread of the ion beam. This
has not yet been disentangled, but first estimates show
that at least half of that spread is due to the energy spread.

All efforts to decelerate the beam further with the RFQ
structure failed so far. The most probable reason is a
slight mismatch of the IH output energy distribution and
the energy range accepted by the RFQ. This was found in
recently updated simulations of the RFQ structure using
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Figure 1: Commissioning of the spiral rebuncher between
IH and RFQ. Shown are position on the screen, corre-
sponding energy shift, and intensity (in arbitrary units) of
the beam on the energy analysing detector versus the
phase of the radio frequency driving the buncher cavity. A
power of 1.1 kW was used for all phases. The lines are the
FWHM limits of a Gaussian fit of the beam profile at
each phase.

the code DYNAMION accompanied by detailed 3D
measurements of the electrodes and verified in off-line
test. Consequently, a new electrode set has been designed,
built and tested off-line [2,3,4] with an on-line test pend-
ing autumn 2013.

The cooler Penning trap was tested offline with deuter-
ium ions from a cross beam ion source, an electron source
to provide the electrons for the electron cooling scheme
and medium heavy, highly charged ions from a compact,
room temperature electron beam ion trap (EBIT) [5]. Fi-
nally, O*" ions have been stored for an extended period of
time. The simultaneous storage of ions and electrons is
the next item on the test schedule.
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Thesimulation of ion cloudsin trapstaking ion-ioninter-

action into account is associated with large computational
effort. This applies especialy for the smulation of cool-
ing methods like e.g. resistive cooling, where the cooling
force has a complex structure. In [1] a simulation method
for the resistive cooling was presented, using a particle in
cell code. There the ion-ion interaction was treated by a
mean-field approximation which, however, neglectsthein-
fluence of ion-ion correlations on the dynamics. We thus
developed an agorithm for the simulation of resistive cool-
ing including the complete ion-ion interactions.
Charged particles moving between two conductive elec-
trodesinduce a surface charge Q on both of them and cause
a potential imbalance u. Connecting the electrodes to an
external RLC-circuit leads to an electrical current i. En-
ergy dissipation in the resistor of the circuit then leads to
changes in the induced charges on the electrodes and the
related electric field which acts back on theions as a cool-
ing force F'p. Thisnon-trivial coupling between the circuit
and the ion motion is described by the equations:

d2_u+Rdu+L — l Eﬂ_t'_ (1)
2 Ldt LC C\Ldt
N
, d L
= E'AQ(M)
k=1
o 1 N N
] = m_7 . (FE(Tj) +FB(T’j) 4 (2)
+ﬂC({F’17 ,FN)+ﬁD(E,U))

R represent the resistance, C' the capacitance and L thein-
ductance of the circuit which is driven by the current ¢ and
AQ is the difference of the induced charges on the Pick-
Up electrodes. FE, FB, FC and FD = —qJVVD repre-
sentsthe forces from the electrical field, magneticfield, the
Coulomb interaction and the induced Potential. N is the
number of ions and 7; the position vector of the j-th parti-
cle. The induced charge on one of the Pick-Up electrodes
is given by the equation:

N zZ> 2m .
Q:aZ/ / anv(r7¢7zark7¢kazk‘) dd)dz,
k=172< 70 or a
(€)

where z., z~ representing the z coordinates of the elec-
trode, Vi the potential of the k-th ion using cylindrical
coordinates and a the radius of the trap.

*Work supported by FE, Project-Number DAGROS1012.

In figure 1, the workflow of the resistive cooling algo-
rithm is shown. The agorithm starts with an inital dis-
tribution of the positions and velocities of the ions, while
the electrical Potential Vp caused by theinduced current is
neclegted at first. Next equation (2) is solved numerically
to calculate a new set of positions, velocities and acceler-
ations from which the right hand side of equation (1) is
evaluated. After solving equation (1), finally the electrical
potential Vp is calculated and serves together with the new
positions and velocities as a starting point for the subse-
quent cycle.

Wi (‘ﬁ>
[ = =g LUy
? [ > [solver q. (3)]
Qg = GdA u
y ()4
7 = 0L—0g Solver Laplace Equation: AVj;e =0
) T - . Boundary Condition: (”)Hl
k+1 E - =k

Y (Vn)k+|

Figure 1: Workflow of the resistive cooling algorithm

Currently we work on the implementation of this algo-

rithm into our existing code [2]. First simulations done
with single ions show the expected cooling behavior. Fig-
ure 2 shows the simulation result of a single '2C°* ion
in a cylindrical geometry with radius of 3.5 mm. The
parameters of the circuit were chosen as (R, L, C) =
(10 Q, 1.22 mH, 14.22 pF). The simulation was done
on a GPU device using an parallelized Adam-Bashforth
method of fourth order.
Next steps are the comparsion of the simulation results
with experimental datawere the circuit parametersare well
known and investigating the cooling behavior for an in-
creasing ion number.
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Figure 2: Left: Amplitude of the axial motion, Right: Total
axial energy of the ion during resistive cooling.
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Introduction

This report summarizes the development of a sensitive
longitudinal and transversal Schottky-Sensor for the Col-
lector Ring CR at FAIR. Based on the equivalent circuit
model, numerical simulations with CST Microwave Stu-
dio, controlled by MATLAB were accomplished to opti-
mize the performance of the sensor structure to the needs
of the CR. To demonstrate the performance, a scaled non-
hermetic demonstrator was optimized, fabricated and char-
acterized.

Schottky-System Design

Resonant cavities exhibit excellent performances with
moderate size for schottky measurements at the ESR [1].
The evaluation of the monopole mode TMgio and the
dipole mode TM;1¢ allows longitudinal as well as transver-
sal schottky measurements. Due to the weak excitation of
the dipole mode, both modes need to be coupled out in-
dependently and, to suppress the monopole mode for the
extraction of the transversal signal, rectangular waveguide
resonators are foreseen for the CR [2, 3].

Figure 1: Non-hermetic demonstrator with a beampipe di-
mension of 46.5 mm.

Structure Optimization

Due to the strong inter-dependence of the relevant pa-
rameters and the complex structure, the sensor system can-
not be separated into subsystems. To optimize the cou-
pling geometry, the simulations with CST Microwave stu-
dio are iteratively controlled by MATLAB. The algorithm
optimizes the length of the waveguide for maximum cou-
pling between the pillbox and the waveguide resonators un-
der condition that the monopole mode is kept constant at
200 MHz, which can be adjusted by the radius of the pill-
box. The algorithm closes with the adaption of the coupling
geometry, until the goal, the maximum gradient of the g—
value of the dipole mode is achieved.

*Work supported by BMBF: 06DA90351
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Figure 2: Simulated and measured S-parameters.

Non-hermetic demonstrator

To prove the simulation results, a non hermetic demon-
strator scaled down by a factor of 8.6 was realized at TU
Darmstadt (see fig.1). S-parameter results exhibit very
good agreement between simulation and measurement (fig.
2). Preliminary perturbation measurements of the system
exhibits good agreement with the expected behavior for
both, the longitudinal and transversal detection (fig. 3).
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Figure 3: Preliminary results of the perturbation measure-
ments.

Summary and Outlook

An iterative optimization algorithm based on Matlab
controlled CST Microwave Studio simulations have been
verified by a realized non-hermetic demonstrator. The op-
timization of the sensor geometry for the CR is ongoing.
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Studiesfor the radioactive waste management of copular air filters
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One of the main tasks of the radiation protection de-
partment at GS| is the radioactive waste management.
Among the duties around the radioactive waste manage-
ment (see other annual reports of 2012) are the inspection
and utilization of used air filter systems, fig. 1 a). Asthe
filters could contain radioactive isotopes, it is mandatory
to analyze the possible radioactive nuclides and their ac-
tivities within the filter. The isotopes emitting distinctive
v ray decay lines alow identification using a High Purity
Germanium (HPGe) detector. The remaining difficulty is
the determination of the efficiency calibration and thus
the determination of the minimum detectable activity
(MDA) [1]. In the following we introduce results from
simulation and experimental studies of the MDA determi-
nation.

The main difficulty for the determination of the MDA
is the complicated internal structure of the copular air
filter. Each filter consists of aninlet and an outlet section,
seefig. 1 b) and c).

Figure 1: @) Copular air filter. b) charcoal filter of the
incoming air section. ¢) Micro structure filter fins of ex-
haust section. d) Simulated activity distribution of the air

filter.

The HPGe detector is used with a tungsten collimator
reducing the background counts. To determine the MDA
we used several calibration point sources (**Am, *?Evy,
#%pp) in combination with an unused copular air filter
(fig.1). These sources were placed behind and in the
middle of the filter, while the detector was placed right in
front. The experimental results are compared to the simu-
lation using the Monte Carlo radiation transport code
FLUKA [2]. The comparison of the results from FLUKA
and the experiment for the point sources shows relative
agreement with 20% discrepancy means the differencesin
the ideal to real terms of the detector-filter system. Addi-
tional simulations were done for expanded sources to be

compared with point sources. Figure 1 d) shows example
of the simulated activity distribution for expanded sources
related to the activated filter fins. Figure 2 shows the de-

tector efficiency as a function of they ray energy.
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Figure 2: Detector efficiency as afunction of y ray en-

The difference between the efficiency of a point source
and an expanded source is hot significant with a discrep-
ancy of less than 5%. So, for future measurements of
copular air filters we can use point sources for the effi-
ciency calibration instead of complicated expanded
SOUrces.

. Energy ly MDA (Bq)
Nuclide | = oy % | Middle | Behind
Pb-210 | 4654 | 4.25 | 1.13E+02 | 2.58E+03
Cs-137 | 661.66 | 8510 | 4.04E+00 | 5.65E+01
K-40 | 1461,00 | 10.67 | 6.04E+01 | 4.43E+02
T1-208 | 2614.53 | 99.16 | 1.04E+00 | 7.53E+01

Table 1: MDA of different background lines of detector-
filter system. The detector efficiency was used in terms of
the cdibration using point sources in the middle and the
back of the filter element.

Table 1 shows the MDA of the detector-filter system

for the y ray lines of naturally occurring isotopes. It dem-
ongtrates the high accuracy for the determination of alow
MDA for different y decay lines using the mentioned re-
sults.
The consolidated results of the detector efficiency study
lead to the determination of isotopes with very low activi-
ties satisfying the DIN norms [1]. Furthermore, future
measurements of used copular air filters can be done with
high accuracy which lead to a proper and routine radioac-
tive waste management.
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