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Abstract: Highly charged heavy ions at rest offer a wide spectrum of precision measurements. The
GSI Helmholtzzentrum für Schwerionenforschung GmbH is able to deliver ions up to U92+. As
the production of these heavy, highly charged ions requires high kinetic energies, it is necessary to
decelerate these ions for ultimate precision. The broad energy distribution, which results from the
deceleration in the HITRAP linear decelerator, needs to be reduced to allow for further transportation
and experiments. The HITRAP cooling trap is designed to cool, i.e., reduce, this energy spread by
utilizing electron cooling. The commissioning of this trap is done with Ar16+-ions from a local EBIT
ion source. By analyzing the signal of stored ions after ejection, properties such as ion lifetime, charge
exchange, and ion motions can be observed. Here, we provide an overview of the recent results of
the commissioning process and discuss future experiments.

Keywords: Penning trap; electron cooling; highly charged ions

1. Introduction

The GSI Helmholtzzentrum für Schwerionenforschung GmbH (GSI) is an accelerator
facility with a unique ability to produce ions from hydrogen up to uranium with any charge
state and deliver them to various experiments. For the production of heavy, highly charged
ions (HCI) such as U92+, it is necessary to use stripper foils that require ions at high kinetic
energies. After the ionization process, the ions are stored in the experimental storage ring
(ESR). While it is possible to perform measurements with highly energetic ions in the ESR,
some experiments profit from HCI at low energies or even at rest. For example, mass
spectrometry experiments [1], precision laser spectroscopy [2,3], or tests of QED in extreme
fields [4,5], as found in HCI, yield the highest precision when performed in a Penning
trap or Paul trap [6]. With this in mind, the HITRAP project was conceived with the aim
to deliver cooled HCI at low energies. The first stage of the HITRAP facility is a linear
decelerator consisting of two bunchers, an interdigital H-type structure, and a radiofre-
quency quadrupole (RFQ). After pre-deceleration in the ESR down to 4 MeV/nucleon, this
linear decelerator further reduces the energy to 6 keV/nucleon. As the deceleration process
also results in an extremely wide energy distribution of ±1 keV/nucleon, it is essential for
further ion transport and experiments to first cool the ion bunch [7].

The HITRAP cooling trap was designed for this purpose. This cryogenic Penning trap
is able to capture and store the incoming HCI. The next step is to cool them in a bath of
cold electrons. By simultaneously storing ions and electrons, the ions transfer energy via
the Coulomb interaction to the cold electron plasma and can thereby be cooled [8].
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To prepare the setup for HCI from the GSI accelerator complex, the trap is currently
being commissioned with ions from a local electron beam ion trap (EBIT). Trapping prop-
erties such as lifetime, charge exchange with residual gas, or ion motions were observed
and analyzed.

2. Materials and Methods

The HITRAP cooling trap is situated in the cold bore of a superconducting magnet
that provides a magnetic field of up to 6 T. Both the trap and the magnet are cooled to 4 K
by a two-stage cold head cryocooler setup [9]. The 40 cm long Penning trap consists of
seven electrodes with the center electrode being segmented into four parts. This electrode
design enables storing of up to 106 ions simultaneously with electrons in a nested-trap
configuration [10]. Figure 1 depicts the electrode design. A bias potential of up to 12.5 kV
can be applied to the whole setup. This retarding potential further decelerates the ions
and by setting the capture potential of the outer capture electrodes up to 22.5 kV, even ion
bunches with high energies and broad energy distributions can be captured.

With the SPARC–EBIT, the HITRAP facility has access to a local ion source that
can deliver ions up to Xe46+ [11]. During the commissioning, mostly ion bunches of
about 105 Ar16+-ions were used. These ion bunches have properties comparable to online
produced HCI such as U92+, e.g., a high charge state and m/q≈ 2.5. While the online
production and deceleration of U92+ takes in the order of minutes per bunch, the EBIT ions
do not require any deceleration as they are already produced at a comparably low energy
of 4 keV/q and hence come at a rate of about 1 Hz.

Figure 1. The 40 cm long, cylindrical electrode stack that creates the electric field of the HITRAP
cooling Penning trap with a central electrode segmented into four parts.

A typically used trapping scheme works as follows. The EBIT ionizes Argon gas with
an electron beam, and after a charge-state-dependent breeding time, the ions are ejected
and transported through a low-energy beamline towards the HITRAP cooling trap [12].
Coming from the right side, the left capture electrode is set to a blocking potential of 6 kV.
The ions with an energy of 4 keV/q cannot surpass this potential and are reflected. If
the right capture electrode is switched to 6 kV while the ions are still inside the trap, the
bunch is axially confined by the electric potentials. Radial confinement is achieved by the
magnetic field of the superconducting magnet. After a given storage time, the ions are
ejected by switching the left capture electrode back to zero. These ions are observed by a
microchannel plate (MCP) detector. By varying the storage time and analyzing the change
of the ion signal, it is possible to estimate the ion lifetime τ inside the cooling trap by fitting
a single exponential decay to the data. With this trapping scheme, it is possible to analyze
various dependencies of trapping parameters on the ion lifetime or ion motion.

Additionally, the charge exchange of trapped ions can be observed with a slight varia-
tion of that scheme. When a trapped ion changes its charge state by capturing an electron
from the residual gas, which is dominated by hydrogen due to the low temperature [13],
the total kinetic energy of the ion does not change. As the charge decreases, this leads
to an increase in the kinetic energy per charge. For example, an Ar16+-ion with initially
4 keV/q becomes an Ar15+-ion with 4.27 keV/q. As the trapping potential of 6 kV is still
high enough to prevent the ion from leaving, it stays trapped and contributes to the signal
on the MCP detector after ejection. That is the case if the left capture electrode is switched
to zero during the ejection process. An Ar16+-ion can thus capture up to 5 electrons and
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still have an energy of less than 6 keV/q. By switching this potential down to, e.g., 4.1 kV,
all of the ions with a charge state lower than the initial 16+ can leave the trap. This allows
for the separation of charge states and hence the investigation of charge exchange inside
the trap.

3. Results
3.1. Charge Exchange

While measurements of the ion signal after various storage times yield the lifetime
of the particle, they do not distinguish between various loss mechanisms such as elastic
collisions or charge exchange. An ion that undergoes charge exchange with residual gas
can still stay trapped. Even though it contributes to the ion signal on the MCP detector,
it becomes irrelevant for most subsequent experiments. Therefore, further investigations
into the process of charge exchange are necessary. The method of this measurement is
already described in Section 2, and the results are plotted in Figure 2. Right after the capture
process, only Ar16+-ions are observed, but the population of lower charge states rapidly
increases. As expected, the plot of the charge states q ≤ 15 shows the steepest growth,
and the position of the peak signal propagates to higher storage times for lower charge
states. Simultaneously, the intensity of the maxima also decreases. Although theoretically
their kinetic energy per charge would still be low enough to stay trapped, the charge states
12+ and 11+ are almost non-detectable. The relationship between the ion energy and trap
potential seems to have a strong influence on the ion lifetime. As the energy per charge
of the ions approaches the trap potential, other loss mechanisms than charge exchange
become dominant for lower charge states.

Figure 2. Left: Ion signal for various storage times and charge states. The red plot contains all charge
states in the trap, the blue one only the charge states 15+ and lower and so on, as indicated in the
legend. Each signal was normalized to the initial signal of the red plot. Right: Additionally to the
plots for charge states q ≤ 16 (red) and q ≤ 15 (blue), the deduced population of Ar16+-ions is plotted
in green.

Additionally, it is also possible to extract the population of Ar16+ by subtracting the
plot with q ≤ 15 from the one with q ≤ 16. This yields the result shown in the right
plot of Figure 2. There is a rapid decrease in Ar16+-ions within the first six seconds that
corresponds to a lifetime of roughly (8.2 ± 3.7) s. After that, the decrease in ion signal
becomes slower and the lifetime increases to (81.7 ± 0.1) s. According to simulations, both
measured lifetimes are sufficiently long for the intended application of electron cooling [8].
It seems like the charge exchange is the dominant loss mechanism in the first phase because
the population of ions with the lower charge state also rapidly increases. After that, the
rate of charge exchange becomes slower. So far, it is not completely understood why there
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is such a steep decrease within the first few seconds. The second slower part can be utilized
to estimate the pressure p inside the Penning trap using

τ =
kBT
σpv

(1)

with the Boltzmann constant kB, temperature T, cross section σ, and velocity v. The
cross section σ of one-electron capture can be calculated by the semi-empirical Müller–
Salzborn equation

σ = 1.43 · 10−12q1.17E−2.76
I cm2, (2)

where EI represents the ionization energy, that is for hydrogen molecules 15.43 eV [14,15].
Using the setup temperature of 12 K and the lifetime of the first and faster decrease (τ1 = 8.2 s)
results in a pressure of (1.6 ± 0.9)·10−13 mbar, while the second section (τ2 = 81.7 s) yields
a pressure of (1.6 ± 0.4)·10−14 mbar. As it is unlikely that the pressure improves by an
order of magnitude within the short time period between these two sections, the lower
pressure of the second section provides a more accurate estimation of the background
pressure. The main contribution to the high uncertainty comes from the temperature as it
is not precisely known inside the Penning trap. These results show an improvement on
previous measurements [10], which can be explained by the lower pressure around the trap
setup that was improved by an order of magnitude by baking the surrounding beamline
and a regular thermal cycle of the 4 K-section of the system.

3.2. Magnetron Motion

Another property that can be accessed by observing the ion signal as a function of the
storage time is the magnetron motion of the stored ions. As the trap potential is not ideally
harmonic, standard equations for calculating frequencies of ion motions in a Penning
trap cannot be directly applied for this setup. Varying the storage time within the first
millisecond after capture yields a periodic structure in the ion signal as shown in Figure 3.
The signal periodically rises and falls to zero within the first 100µs, while the peak signal
continuously decreases. The peaks become wider as time progresses, and after about 100µs
the signal does not drop down to zero anymore. This behavior can be explained by the
magnetron motion of the stored ions. Depending on the phase of their magnetron motion,
the radial position of the ions significantly changes. It seems like only ions within a small
fraction of the magnetron phase are able to reach the MCP detector after ejection and
contribute to the signal. The rest either collide with the setup, get lost after ejection, or just
miss the detector because of an unfavorable trajectory. Additionally to the main peak, a less
pronounced structure becomes visible after about 400µs, which corresponds to a slightly
lower frequency. The ion bunch coming from the EBIT also shows a component of ions
with slightly lower energy. Contrary to ideal penning traps, less kinetic energy results in
this setup in a reduced magnetron frequency.

Right after the capture, the ions are still in a bunched form given by the EBIT and are
all on approximately the same phase of their magnetron motion. This results in a high ion
signal in the beginning. During the storage, the ion bunch thermalizes due to intrabeam
scattering and the ions are distributed over the full length of the trap and revolution phases.
After several milliseconds of storage, the thermalization process is finished and the ion
signal stops fluctuating. Applying a fast Fourier transform of the periodic signal results in
this case in a frequency of (43.3 ± 2.5) kHz, where the uncertainty is given by the FWHM of
the frequency (see Figure 3). This measurement was done for various capture potentials
and magnetic fields. The results are displayed in Table 1 below and are in very good
agreement with simulations. In an ideal parabolic Penning trap with a harmonic potential
the magnetron frequency ω− can be calculated by equation

ω− =
1
2
(ωc −

√
ω2

c − 2ω2
z), (3)
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where ωc describes the cyclotron frequency and ωZ the axial frequency. The axial frequency
is given by

ωz =

√
qV0

md2 (4)

with the capture potential V0 and ion mass m [16]. Especially the trap parameter d is only
applicable for a hyperbolic or compensated Penning trap. Using the measured magnetron
frequencies, it is possible to calculate an ’effective’ trap parameter that allows for a rather
accurate prediction of magnetron frequencies for other cases. With the data of the measure-
ments and the mass of 40Ar16+, this yields a trap parameter of (5.0 ± 0.6) cm as compared
to a calculated d of (13.7 ± 0.1) cm for an ideal trap. As the magnetron frequency results
from the E × B -field that is only present near the capture potential, it is reasonable that the
“effective” trap parameter is significantly smaller than the calculated value. This knowledge
may help to also employ a non-destructive method to measure not just the magnetron
frequency but also the cyclotron frequency and the axial frequency, which also depend on
the trap parameter.

Figure 3. Ion signal plotted over the storage time. The subplot in the top right corner shows the result
of a fast Fourier transform of the ion signal.

Table 1. Measured and simulated magnetron frequencies ω− for various trap settings.

B-Field Capture Potential Simulated ω−
2π Measured ω−

2π
in T in kV in kHz in kHz

3 6 62 58.0 ± 1.8
3 7 77 75.6 ± 1.2
3 7.5 83 81.6 ± 2.0
3 8 83 86.7 ± 2.5
4 6 45 43.3 ± 2.5
4 8 64 63.5 ± 1.3

4. Discussion

The lifetime of a charge state in the HITRAP cooling trap is an important parameter
for future experiments with online ions. As they are in a higher charge state of up to 92+,
it is expected that their lifetime is significantly lower than for Ar16+-ions. Simulations on
U92+ predict a cooling time for HCI using electron cooling in the order of a few seconds [8],
so it is necessary that the lifetime is long enough to apply this cooling technique. To
determine the lifetime of a charge state, measurements that distinguish between particle
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loss and charge exchange are necessary. The first steps towards this are the charge-sensitive
measurements described in Section 3.1. These show that within the first few seconds, the
rate of charge exchange is significantly larger. A possible explanation might be that the
energy distribution of the ion cloud becomes broader in that time frame. As the employed
method is energy-dependent, a broad energy distribution would prevent a clean separation
of the charge states and significantly change the results of the measurement. Therefore,
the implementation of a non-destructive detection method is planned that measures the
cyclotron frequency of the stored ions. As this frequency is directly proportional to the ion
charge and independent of their energy, this would allow for a more precise observation of
the charge exchange. Such a non-destructive detector may also improve the measurement
results of the magnetron frequency. This frequency was measured for various trapping
conditions, and the results yielded an ’effective’ trap parameter of (5.0 ± 0.6) cm for the
Penning trap that allowed for the prediction of the magnetron frequency for other conditions.
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The following abbreviations are used in this manuscript:

GSI GSI Helmholtzzentrum für Schwerionenforschung GmbH
HCI highly-charged ions
ESR experimental storage ring
QED quantum electrodynamics
RFQ radiofrequency quadrupole
EBIT electron beam ion trap
MCP microchannel plate
FWHM full width at half maximum
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