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Abstract

Gas-filled stopping cells are used at accelerator laboratories for the thermalization of high-energy radioactive ion
beams. Common challenges of many stopping cells are a high molecular background of extracted ions and limitations
of extraction efficiency due to space-charge effects. At the FRS Ion Catcher at GSI, a new technique for removal of
ionized molecules prior to their extraction out of the stopping cell has been developed. This technique utilizes the
RF carpet for the separation of atomic ions from molecular contaminant ions through their difference in ion mobility.
Results from the successful implementation and test during an experiment with a 600 MeV/u '**Xe primary beam are
presented. Suppression of molecular contaminants by three orders of magnitude has been demonstrated. Essentially
background-free measurement conditions with less than 1 % of background events within a mass-to-charge range of
25 u/e have been achieved. The technique can also be used to reduce the space-charge effects at the extraction nozzle
and in the downstream beamline, thus ensuring high efficiency of ion transport and highly-accurate measurements
under space-charge-free conditions.

Keywords: ion mobility, gas cell, beam purification, molecular contamination, low-energy RIB, space charge

1. Introduction being lost and guiding them towards an extraction ori-
fice.
Gas-filled stopping cells are widely used in many in-
flight accelerator facilities to slow down high-energy ra- An important limitation of the extraction efficiency,
dioactive ion beams (RIBs) and to enable high-accuracy encountered by high-density stopping cells, is caused
measurements with low-energy ions [1]. Incoming ions by impurities of the buffer gas. During slowing down
are thermalized in a noble gas, extracted and delivered and thermalization in the buffer gas, each incoming ion
to the measuring device. For efficient thermalization of generates about 2.5 x 10* ion-electron pairs per MeV
ion beams produced at relativistic energies, areal den- of deposited energy in a helium buffer gas. The ion-
sities of the buffer gas of at least a few mg/cm? are re- ized buffer gas atoms may undergo charge-exchange
quired. In order to provide a fast extraction and, there- reactions with atoms of impurities contained in the
fore, give access to short-lived nuclei, the ions are ex- buffer gas. Once ionized, the contaminants can form
tracted by a combination of DC and RF electric fields adducts and molecules with mass-to-charge ratios over
and a gas flow 231 4.5, [6]. RF fields are created by a very broad range and are extracted out of the stop-
so-called RF carpets and funnels, devices with fine elec- ping cell together with the ion of interest (IOI) [7].
trode structures that repel ions, preventing them from Adducts are loosely-bound and can be fragmented af-

ter their extraction with dissociation techniques, such as
collision-induced dissociation (CID) [8, 9]]. Strongly-
*Corresponding author: ivan.miskun@exp2.physik.uni-giessen.de bound molecules are harder to remove. They lead to po-
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tentially harmful space charge in the downstream trans-
port beamline and high-precision experimental devices
and, in some cases, might even deteriorate the accuracy
of the measurement.

In addition, the extraction efficiency of the stopping
cell can also be limited by space-charge effects oc-
curring inside of the cell [10} [11]. Electrons, due to
their high mobility, are removed with electric fields out
of the stopping volume very quickly. In contrast, the
positively-charged ions of the buffer gas and its contam-
inants have velocities similar to the one of the stopped
IOI. At high rates of the incoming beam, this can lead to
a build-up of a positive charge inside the stopping vol-
ume of the stopping cell. A significant space charge can
distort the electric fields and cause additional ion losses
in the bulk of the cell [12,[13]] or in the extraction orifice
[14]. The space-charge effects in the extraction orifice
are not universally observed in all gas-filled stopping
cells, however, in some cases, they can cause drastic ef-
ficiency losses. This limitation is currently one of the
main bottlenecks for the production of cooled and re-
accelerated RIBs of high intensities.

In this work, a novel separation technique that allows
molecular suppression prior to ion extraction out of the
stopping cell is presented. This technique utilizes the
dependence of the effective repelling field of the RF car-
pet on ion mobility. It has been used to avoid space
charge at the extraction nozzle of a stopping cell and for
suppression of molecules, in particular of those that are
too strongly-bound to be dissociated by the CID in the
RFQ beamline.

2. Experimental Method

Ion mobility spectrometry is commonly used in ana-
lytical chemistry and has many applications [15]]. There,
ion funnels are often employed for radial focusing, ac-
cumulation, and bunching of ions [16]. In this work,
we propose to use the RF funnel or carpet itself for the
separation by ion mobility.

The effective repelling field E.¢ of the RF carpet de-
pends on different parameters [17, [2] and can be de-
scribed from the pseudopotential approach by

1(r Tpozm
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where m and g are the mass and the charge of the ions,
Vrr is the amplitude of the applied RF voltage, ry is
the half of the electrode pitch size (the distance between
centers of neighboring electrodes), K is the reduced ion
mobility, T is the temperature (7T = 273.15 K), and p

is the pressure of the buffer gas (py = 1.013 bar). For
fixed operating parameters, ions with different mass-to-
charge ratios and mobility values experience different
effective repelling field. From Eq. (I), it is possible to
deduce the dependence of the relative change in the ef-
fective repelling field of the RF carpet AE.¢/E.q on rel-
ative changes in the mass-to-charge ratio and the mobil-
ity of the ion:

AEe _ A(m/q) . ZAKO_ @
E.f (m/q) Ko

For ions with a value of Kg X (m/q) lower than a cer-
tain threshold value, the effective repelling field is not
strong enough to compensate the DC field pushing the
ions towards the carpet. These ions are not repelled by
the RF carpet and are lost on the surface of the elec-
trodes. This is of great importance as it helps to pre-
vent the extraction of low-mass ionization products out
of the stopping cell, in particular the ionized buffer gas.
The dependence of E.¢ on the reduced ion mobility K
makes it possible to separate the IOI and molecular con-
taminants with the same mass-to-charge ratio by their
respective ion mobilities with the RF carpet.

The separation by ion mobility at the RF carpet works
in the following way. In a buffer gas, molecules and
adducts have lower mobility value than atomic ions of
the same mass-to-charge ratio, due to their larger size.
This means that, according to Eq. (T), for the same op-
erating conditions, the molecular ions have a weaker
effective repelling field than the isobaric atomic ions.
Thus, with the proper choice of the RF amplitude, it is
possible to find a regime whereby the atomic ions are
repelled and extracted out of the stopping cell, and the
molecular ions are lost on the electrodes of the RF car-
pet. Furthermore, in helium gas at cryogenic temper-
atures of 70-80 K, atomic positively-charged ions over
a broad mass-to-charge range have similar reduced mo-
bility values within a typical range of 15 to 21 cm?/(Vs)
[18 [19]]. The major charge carrier in helium buffer gas
at these temperatures, which is Heg, also has compa-
rable ion mobility of about 18 cm?/(Vs) [20]. There-
fore, it is possible to find operating conditions that al-
low the transport of atomic ions in the mass-to-charge
region of interest while the molecular contaminants are
suppressed. As can be seen from Eq. (2)), the effective
repelling field is twice as sensitive to the change in the
ion mobility than to the change in the mass-to-charge ra-
tio, which allows molecular suppression without signif-
icant losses for atomic ions over a broad mass-to-charge
range.
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Figure 1: Left: schematic figure of the part of the cryogenic stopping
cell (CSC) in a sectional view. Right: schematic representation of
the pushing and focusing DC fields and the counteracting effective
repelling field of the RF carpet.

3. Experimental Setup

The FRS Ion Catcher (FRS-IC) [21}, 22] is a test
facility for the Low-Energy Branch of the Super-FRS
[23] 247 at FAIR. 1t is installed at the end of the sym-
metric branch of the fragment separator FRS [23]] at
GSI and consists of three major parts: a gas-filled cryo-
genic stopping cell (CSC) [6} 26], 27], an RFQ beamline
[26] and a multiple-reflection time-of-flight mass spec-
trometer (MR-TOF-MS) [28,29]. The exotic nuclei are
produced, separated in-flight and range bunched at rela-
tivistic energies of up to 1 GeV/u in the FRS, slowed
down in degraders, and thermalized in the CSC. The
thermalized ions are guided to the exit side of the stop-
ping cell by a DC electric field. At the exit side, a PCB-
based RF carpet with concentric electrodes with a den-
sity of 4 electrodes per millimeter is installed. The RF
carpet repels and guides the ions towards the extraction
nozzle with a combination of RF and radial DC electric
fields. This part of the CSC, as well as the electric fields
in the vicinity of the RF carpet, are shown schemati-
cally in Fig.[T} Once the ions reach the nozzle, they are
extracted by the gas flow into the RFQ beamline and
transported to the MR-TOF-MS, where high-resolution
mass measurements are performed.

For the CSC, many different technological steps were
taken to ensure the high cleanliness of the buffer gas.
To reduce the amount of residual gas inside the CSC,
the CSC is baked at a temperature of about 400 K and
constantly pumped by a turbomolecular pump for a few
days before the cool-down. This, together with cryo-
genic operation temperatures of 70-80 K, helps in re-
moving most of the contaminants [27]. The stopping
cell itself works as a cryopump, where residual contam-
inants freeze out on the walls of the device. In addi-

tion, before being supplied into the CSC, the helium
buffer gas is purified by an LN, cold trap and by a getter
(MicroTorr, SAES Pure Gas). In combination, all these
steps result in the high cleanliness of the CSC, which is
required for ion survival and contaminant suppression.

Nevertheless, some contaminants still enter the CSC
in trace amounts together with the helium buffer gas.
Mostly, these are noble gases present in helium gas
cylinders as residuals. They are very hard to filter out
completely. Atoms of noble gases contained in the
buffer gas do not harm the ion survival, but can be ion-
ized and extracted when the incoming ion beam is ther-
malized in the stopping cell. It has been seen that the
rates of extracted ions of different noble gases change
from one gas cylinder to another.

The separation by ion mobility was investigated in
an online experiment at the FRS-IC. The '?*Xe primary
beam was stopped in the CSC and produced ioniza-
tion of the buffer gas and its contaminants. Extracted
ionization products were measured with the MR-TOF-
MS in the broadband time-focus shift (TFS) mode [29]
at a mass resolving power of about 1000. The CSC
was filled with 75 mbar of helium gas at a tempera-
ture of 74 K, which corresponds to an areal density of
5.1 mg/cm?. A DC push field of 14 V/cm was applied.
The ions spent 0 to 170 ms on the carpet surface be-
fore their extraction due to a problem with the electron-
ics of the RF carpet, which, nevertheless, did not affect
the extraction efficiency [30, 31]]. The RF carpet was
operated at a frequency of 5.92 MHz. In all measure-
ments, the extraction RFQ was operated as a mass filter,
transmitting a mass-to-charge window from 70 u/e to 95
u/e. The isolation-dissociation-isolation technique (IDI)
[32] was used as a primary method for the suppression
of molecular background. It was implemented by using
the RFQ mass-filter as the first isolation step, CID in the
RFQ beamline with a voltage step of 50 V, and a low-
mass cut-off of the first RFQ of the MR-TOF-MS as the
second isolation step. In the mass-to-charge region of
the '>*Xe* ions extracted out of the CSC, all molecu-
lar contaminants could be efficiently removed from the
measured spectrum by the IDI technique only [32].

4. Results

The rate of the incoming ion beam was about
20,000 ions/s. The stopping efficiency of the CSC in
this experiment was about 25 %, so ~ 5,000 1246 jons
per second were thermalized in the effective volume of
the CSC. ATIMA calculations [33] estimate an aver-
age energy deposition by a single incoming ion of 190
MeV, which corresponds to about 9 x 10'° He*-electron



pairs per second generated in the CSC. In Figure 2, the
measured mass-to-charge spectrum of lower-mass ion-
ization products is shown. IDI was applied, the RF car-
pet was operated at 68 Vpeak—peak- Most of the peaks in
the spectrum correspond to the ionized stable isotopes
of krypton, a residual contaminant of the helium gas
from a gas cylinder. Because for several mass lines, the
rate of detected ions was larger than 100 ions/s, dead-
time effects occurred in the data acquisition system of
the MR-TOF-MS for these mass lines. As a result, the
measured relative abundances of the krypton isotopes
do not precisely correspond to the literature values. The
measured counts in each spectrum were normalized to
the number of spills and intensity of the incoming ion
beam. As can be seen from the spectrum, one isotope of
krypton, 89Kr, overlaps with a high-abundant molecular
contaminant. The dip in the middle of the peak does not
represent a mass separation of two species but is caused
by severe dead-time effects. With the IDI method, only
about half of this molecular contaminant could be bro-
ken up. Besides the molecule at 80 u/e, there is no sig-
nificant molecular background. For every few projec-
tile ions hitting the CSC, only one Kr ion is produced.
The measurement was done with a single helium gas
cylinder, so the production rate of the Kr ions can be
assumed to be constant. These results demonstrate the
good cleanliness of the CSC.

Then, the RF voltage of the RF carpet was lowered
from 68 Vpeak—peak t0 48 Vpeak—peak» Which did not bring
a significant difference to the composition of the spec-
trum, however, led to the partial suppression of the
molecular contaminant, as can be seen from the reduc-
tion of dead-time effects in the peak at 80 u/e (Fig. E]a).
Afterwards, the RF voltage was further decreased down
t0 41 Vpeak—peak- The spectrum for this setting is shown
in Fig. 2t. The molecular contaminant at the mass line
80 u/e was removed, leaving the 8'Kr isotope peak,
which fits its natural abundance. This behavior cor-
responds to the RF carpet operation regime when the
effective repelling field is strong enough to repel the
atomic ions, but not the molecular ones with lower ion
mobility. The transition from the transmission of the
molecular contaminant to its significant suppression is
rather sharp for a small change in the RF voltage. This
indicates that the separation by ion mobility is a very
well-defined suppression method.

Further decrease of the repelling RF voltage to
34 Vpeak—peak led to the suppression of Kr isotopes, as
shown in Fig.[2d. This effect occurs due to the mass de-
pendence of the effective repelling field of the RF car-
pet. The ions of lower masses feel a weaker effective
repelling field.
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Figure 2: Mass spectra of ionization products extracted out of the CSC
measured with the MR-TOF-MS in the TFS mode at a mass resolving
power of ~ 1000. Stable isotopes of krypton and molecular contam-
inant (MC) are present. IDI is applied. All spectra are normalized to
the number of spills and intensity of the incoming ion beam. a) RF car-
pet is at 68 Vpeak—peak, abundant molecular contaminant overlapping
with 8°Kr* is not removed by IDI; b) RF carpet is at 48 Vpeak—peak, DO
change in spectrum composition despite 30 % lower RF repelling volt-
age, the molecular contaminant is partly suppressed but not removed;
c) RF carpet is at 41 Vpeak—peak, the molecule at 80 u/e is removed,
the abundance of the peak at S'Kr* corresponds to the natural abun-
dance ratio of stable Kr isotopes; d) RF carpet is at 34 Vyeak—peak> Kr
isotopes are suppressed.



The relative extraction efficiencies of the measured
ions are plotted in Fig. [3| The measured efficiencies for
Kr isotopes with masses 78, 82, 83, 84, and 86 u were
normalized independently to their highest count rate de-
tected within the RF voltage scan. The measured counts
were corrected for the dead-time effects and the fluctu-
ations in the beam intensity. The efficiency of the 8'Kr
isotope was estimated from the measured efficiencies of
8Kr and 33Kr and their natural abundance ratio. The
efficiency of the molecular contaminant at the mass-to-
charge line 80 u/e was calculated from the measured ef-
ficiency of all ions with 80 u/e and the estimated ef-
ficiency of the 8Kr isotope. Plotted error bars reflect
the statistical uncertainties and uncertainties introduced
by dead-time effects and changes in beam intensity. RF
voltages could be measured with an accuracy of ~ 5 %.
As can be seen from the plot, most stable Kr isotopes
follow the same trend in extraction efficiency, which
decreases with smaller RF voltage applied to the RF
carpet. At the same time, the extraction efficiency of
the molecular contaminant drastically drops at voltages
below 55 Vieak—peak- At RF voltages of 37 Vpeak—peak
and 41 Vpeak_peak, the molecular contaminant is sup-
pressed by factors of 220 and 160 stronger compared
to the stable Kr isotopes, respectively. The data points
for the molecular background reflect the combined effi-
ciency of all other ions measured in the mass-to-charge
range from 70 u/e to 95 u/e. The overall background
is also strongly suppressed with decreasing RF voltage.
Its slope is not as steep as of the molecular contami-
nant at 80 u/e, because the background is composed of
multiple contaminants that all have different ion mo-
bilities. Changes in the steepness of the slope indi-
cate the removal of individual species from the mixture.
The different behavior observed for *Kr suggests that
its mass line also overlapped with molecular contami-
nants, which were not recognized in the measured spec-
tra due to the low statistics and resolving power. For
RF voltages lower than 48 Ve peak, the efficiency of
8Kr follows the same trend as for the other Kr isotopes,
with an offset due to the removed overlapping contam-
inants. From the difference in the RF voltage required
for 50 % extraction efficiency, it is possible to deduce
the difference in the reduced ion mobility of 83Kr and
the molecular contaminant at 80 u/e using Eq. (I). The
mobility ratio of Ko(®*Kr)/Ko(MC80) = 1.4 +0.2 is ob-
tained. The relatively large uncertainty of this value is
caused by the uncertainties in the measured counts due
to the dead-time effects. According to [34], the #*Kr*
ions have a reduced ion mobility in helium gas at 74
K of about 17 cm?/(Vs). The estimated reduced mo-
bility value of the molecular contaminant is, therefore,
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Figure 3: Relative extraction efficiencies of stable Kr isotopes, molec-
ular contaminant (MC) with m/g=80 u/e, and overall molecular back-
ground at different RF voltages applied to the RF carpet. Efficien-
cies of 39Kr* were estimated from the measured counts of $?Kr* and
83Kr* and their natural abundances. Efficiencies of MC were calcu-
lated from the total measured counts in 80 u/e peak and estimated
80Kr+ efficiencies. A dramatic efficiency drop for the molecular con-
taminant is caused by its lower ion mobility value.

Ko(MC80) = (12 + 2) cm?/(Vs). This reduced ion mo-
bility value indicates that the molecule might be a hy-
drocarbon. However, there is no corresponding isotopic
abundance pattern seen in any of the measured spectra.
The measured abundances of the peak at 81 u/e, which
would correspond to the same molecule with one 'C
replaced by !3C, are less than 2% of the abundances of
MC80. A high-resolution measurement of this mass-to-
charge range with the MR-TOF-MS was not performed
during the discussed experiment, so the identification of
this molecular contaminant was not done.

In Figure El, the spectra for 68 Vpeux peax and
41 Vipeak—peax (Fig. @1 and Fig. EF) are shown on a
logarithmic scale. The logarithmic scale reveals low-
abundant molecular contaminants, which could not be
seen on the linear scale. The spectrum measured with
68 Vpeak—peak at the RF carpet and no IDI applied is also
added to the plot. As can be seen from the first two
panels, in this mass-to-charge range, the IDI technique
did not bring significant improvement to the composi-
tion of the spectrum. Only the contaminant peak at 81
u/e was suppressed by an order of magnitude. At the
same time, it can be clearly seen that the separation by
ion mobility at the RF carpet works over a very broad
mass-to-charge range. The ratio of counts of Kr iso-
topes to all other counts measured in the range from 70
u/e to 95 u/e in Fig. b and Fig. @k increases by a fac-
tor of 125. In Figure [k, background events amount to
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Figure 4: Measured mass spectra of ionization products extracted out
of the CSC plotted in logarithmic scale. All spectra are normalized
to the number of spills and intensity of the incoming ion beam. a)
IDI is not applied, RF carpet is at 68 Veak—peak; b) IDI is applied, RF
carpet is at 68 Vpeak—peak (spectrum from Fig. EF\); c) IDI is applied,
RF carpet is at 41 Vjeak—peak (spectrum from Fig. EF). Separation
by ion mobility at the RF carpet strongly suppresses the molecular
background over a mass-to-charge range of 25 v/e.

less than 1 % of all measured counts. Both very abun-
dant and low-abundant molecular contaminants are es-
sentially completely removed from the spectrum. These
background-free conditions are of a high importance for
the measurements of low-yield nuclides as they improve
the overall sensitivity of the experiment.

5. Conclusion and Outlook

The separation by ion mobility in gas-filled stopping
cells with RF structures was developed and successfully
implemented at the FRS-IC. In this work, it was shown
for an RF carpet, however, similar results can be also
expected for RF funnels. Suppression of molecular con-
taminants by almost three orders of magnitude for less
than 50 % loss of the ions of interest was demonstrated.
A background level of less than 1 % for a very broad

mass-to-charge range of 25 u/e was achieved. Neutral-
ization of molecular ions at the RF carpet surface helps
to reduce unnecessary space charge effects at the extrac-
tion nozzle and in the downstream beamline. In addi-
tion, it can be used to remove strongly-bound molecules
that are difficult to break up by collision-induced dis-
sociation in the RFQ beamline. In combination with
other separation methods, this technique can be a very
powerful tool for the suppression of molecular back-
ground and significant improvement of the cleanliness
of the measured spectrum. Although the ion mobil-
ity value of the molecular contaminant obtained in this
work (Ko(MC80) = (12 + 2) cm?/(Vs)) has a relatively
large uncertainty due to the dead-time effects, the de-
veloped technique can also be, in principle, used as a
complementary method for the measurement of ion mo-
bilities.

It is important to note that the developed technique re-
quires an extended understanding of the interplay of the
system’s operating conditions and parameters. In addi-
tion, the current RF carpet is resonance-driven, so the
applied RF voltage and, therefore, the separation by ion
mobility may be affected by small temperature changes.
This will be avoided in the future by implementing an
active RF-amplitude and areal density regulation.
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