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A B S T R A C T

Results of offline commissioning tests for a new dedicated gas cell for the Mass Analysing Recoil Apparatus
(MARA) Low-Energy Branch are reported. Evacuation time, ion survival and transport efficiency in helium
buffer gas were characterized with a radioactive 223Ra 𝛼-recoil source. Suppression of the ion signal, originating
from non-neutralized species in the gas cell, was explored with 219Rn ions, the daughter recoil of 223Ra, as a
function of voltage applied to one of the ion-collector electrodes. Two-step laser resonance ionization of stable
tin isotopes produced inside the gas cell from a heated bronze filament was demonstrated, and broadening of
the atomic resonances in argon buffer gas was studied. These tests indicate the suitability of the new gas cell
for future in-gas laser spectroscopy studies of exotic nuclei at the Accelerator Laboratory of the University of
Jyväskylä.
1. Introduction

The MARA Low-Energy Branch (MARA-LEB) is a new low-energy
radioactive ion beam facility under development at the Accelerator
Laboratory of the University of Jyväskylä (JYFL-ACCLAB) for the study
of exotic nuclei using high-resolution laser spectroscopy, mass measure-
ments and nuclear decay spectroscopy [1]. MARA-LEB aims to provide
a detailed understanding of exotic nuclear-structure phenomena by
exploring several regions of the nuclear chart, including nuclei with
𝑁 ∼ 𝑍 between Zr (𝑍 = 40) and Sn (𝑍 = 50), nuclei just above
100Sn, as well as heavier, rare-earth proton dripline nuclei favored for
extreme ground-state prolate deformation. Nuclei close to the 𝑁 = 𝑍
line provide a fertile landscape to explore nuclear phenomena including
the effects of enhanced proton–neutron interactions and related pairing
effects, long-lived isomeric states, exotic nuclear decays and the evolu-
tion of nuclear shapes and sizes. Additionally, the astrophysical rapid
proton capture (rp) process [2] and the 𝜈𝑝 process [3] traverse through
this region. The isotopic selectivity of MARA-LEB, in combination with
a planned high-efficiency decay station, will offer opportunities for
nuclear decay spectroscopy of rare-earth nuclei (57 ≤ 𝑍 ≤ 71), in partic-
ular the study of proton decay fine structure and nuclear shapes. More
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recently, multi-nucleon transfer reaction studies at the MARA vacuum-
mode recoil separator have been performed, and reaction products of
light actinide isotopes have been identified and their production cross
sections measured [4]. Depending on the available primary beam in-
tensities and experimental efficiencies, optical spectroscopy of actinide
isotopes may be feasible at the new facility.

The first phase of MARA-LEB is under construction, with all major
parts of the setup being manufactured [1,5]. Stable primary beams from
the K130 heavy-ion cyclotron are delivered to MARA with intensities of
at least 200 pnA, impinging on thin foil targets mounted on a rotating
wheel at the target position of the separator. Recoiling ions with a
variety of mass-to-charge ratios are separated with a combination of
static electric and magnetic fields. Depending on the reaction symme-
try, two to six charge states corresponding to the mass of interest are
transported to the focal plane detection system [6]. MARA has a mass
resolving power of roughly 250, and uses sets of movable mechanical
slits to improve this value at a cost of acceptance. For the operation
of MARA-LEB, a gas cell will be located at the focal plane. From the
original charge-state distribution, one to three charge states can be
accepted through the gas-cell window. In this manner, mass-selected re-
coil ions of interest, e.g., 94Ag or 102Sn with an energy of about 200 MeV
vailable online 24 March 2023
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Fig. 1. A simplified three-dimensional overview of the parts of the IGISOL facility relevant to this work. The gas cell, not visible in this overview, was housed in the target
chamber. The dipole magnet for mass separation and detector stations 1 (silicon detector) and 2 (silicon and MCP detectors) are denoted.
and yields of a few ions/s, will be stopped and thermalized in either
argon or helium. In the case of argon, ions will be neutralized, allowing
for subsequent selective resonance laser ionization and spectroscopy of
elements of interest either via in-gas cell or in-gas jet configurations,
similar to the approach described in [7]. Helium on the other hand is
less conducive to neutralization, and thus ions have a higher survival
probability. Nevertheless, shorter evacuation times can be achieved in
helium, giving access to the study of nuclei with shorter half-lives that
do not require laser re-ionization. After extraction from either helium or
argon gas, ions will be re-accelerated to 30 keV towards the low-energy
branch for downstream experiments.

A prototype gas cell has been designed at the In-Gas Laser Ionization
and Spectroscopy (IGLIS) laboratory of KU Leuven (Belgium) for future
use at the online Rare Element in Gas Laser Ion source and Spectroscopy
(REGLIS3) facility at S3 GANIL (France) [8]. COMSOL Multiphysics
software [9] was used to optimize the gas-cell geometry in order to
minimize the diffusion losses and the transport time of ions extracted
through the gas cell [8]. Studies have shown that to overcome the effect
of collisional- and temperature-broadening mechanisms to the atomic
line spectral resolution, resonance ionization spectroscopy must be per-
formed in the low-density and low-temperature medium of a supersonic
gas flow rather than in the subsonic flow inside the gas cell [10].
Formation of uniform and spatially extended gas jets is essential for
high efficiency and high resolution of the in-gas jet method, and can be
achieved with carefully designed and manufactured de Laval nozzles of
high Mach numbers, 𝑀 [11].

In this work, we present an overview and results from commis-
sioning tests of a new gas cell for MARA-LEB, the design of which is
similar to the gas cell planned for the S3 facility, GANIL. These tests
were performed at the Ion Guide Isotope Separator On-Line (IGISOL)
facility [12] which is briefly described in Section 2. A radioactive
223Ra 𝛼-recoil source [13] was installed inside the gas cell. The evacua-
tion time, ion survival and transport efficiency were characterized using
the daughter 219Rn recoil ions stopped in helium buffer gas, discussed
in Section 3. These tests were followed by in-gas cell laser ionization
of stable tin isotopes, this time in an argon buffer-gas environment
(Section 4). The latter work is in anticipation of one part of the
planned science program of the MARA-LEB facility, aiming to study the
ground-state electromagnetic moments and mean-squared charge radii
for neutron-deficient tin isotopes. Such information is not yet available
for isotopes with neutron number 𝑁 < 58 [14]. We note that in-gas
laser ionization of stable tin isotopes has earlier been demonstrated
at the LISOL facility as part of the preparatory experiments towards
REGLIS3 at S3 GANIL [7]. Our conclusions are presented in Section 5.

2. Experimental method

2.1. IGISOL facility

Commissioning tests with the MARA-LEB gas cell were carried out
at the IGISOL facility at the University of Jyväskylä. Fig. 1 highlights
34
the relevant parts of the facility used in this work. The MARA-LEB
gas cell was installed in the target chamber of the facility. Isotopes of
interest were produced and stopped in the gas cell filled with high-
purity helium or argon gas and transported by the gas flow towards
the free jet nozzle and into a sextupole ion guide (SPIG) [15]. The
recombination rate coefficient of argon ions in neutral argon gas is an
order of magnitude larger than that for helium [16,17]. For this reason,
argon is favored as the buffer gas of choice when performing selective
resonant laser re-ionization under online conditions as the larger re-
combination rate leads to a higher probability of neutralization [18]. It
is important to note, only high-purity gases were used in the following
tests. Purification of helium was achieved with liquid nitrogen-cooled
cold traps, while for argon, a getter purifier was used (Saes MonoTor
PS4-MT15) as described in detail in Ref. [19]. Subsequently, after
guidance through the SPIG, the ions were accelerated to 30 keV and
transported towards a magnetic dipole mass separator having a mass
resolving power 𝑀∕𝛥𝑀 of about 500.

Two detector stations were used in the commissioning tests, as
shown in Fig. 1. Detector station 1, located before the mass separator,
consists of a silicon detector and was used to determine ion survival
and transport efficiency by measuring the number of implanted ions
identified via their radioactive (alpha) decays. Detector station 2 is
located in the focal plane area of the separator, within the so-called
electrostatic switchyard, and consists of a silicon detector and a mi-
crochannel plate (MCP) detector. The MCP detector is used when mass
scans are performed, and to determine the evacuation time of mass-
separated ions extracted from the gas cell as it allows for time-resolved
ion counting. Similar to Detector station 1, the silicon detector after
the mass separator can be used to determine the ion survival and
transport efficiency of radioactive ions, but cannot be used for stable
beams.

A two-step resonant laser ionization scheme for tin was realized
using solid-state lasers from the Fast Universal Resonant laser IOn
Source (FURIOS) laboratory [20]. The Titanium:sapphire (Ti:Sa) laser
resonators, pumped by 10-kHz repetition rate Nd:YAG lasers, are either
in-house built or sourced from Johannes Gutenberg University Mainz.
The FURIOS laboratory, located directly above the target chamber on
the second floor of the facility, houses two pump lasers, model Lee Laser
LDP-200, with a nominal output power of about 100 W at 532 nm
with 100 ns temporal pulse width. Each Ti:Sa laser is pumped with
10–25 W, split from the main pump beam using half-wave plates and
polarizing beam splitter cubes. The Ti:Sa lasers are either in 𝑍-shaped
or bowtie cavity configurations, with the latter providing narrowband
operation via injection-locking techniques [21]. In this work, only the
broadband 𝑍-shaped resonators are used. The lasers are equipped with
intra-cavity second harmonic generation capability and have access to
external harmonic generation setups enabling a wavelength tunability
from about 210–500 nm and 690–1000 nm.
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Fig. 2. Cutaway view of the MARA-LEB gas cell. Gas inflow and outflow are indicated with green and red arrows, respectively. The mass-selected secondary ion beam from the
MARA separator is denoted with a light green arrow. A — pre-chamber for gas-flow conditioning (houses obstacle and honeycomb flanges), B — entrance window (foil window),
C — filament feedthroughs, D1 and D2 — laser viewports for collinear and transverse resonant laser ionization configurations, respectively, E — ion-collector electrodes, F — free
jet/de Laval nozzle. The entrance window can be replaced by a flange to which a 223Ra 𝛼-recoil source can be mounted in different positions as shown in the inset on the upper
right.
2.2. MARA-LEB gas cell

The geometry of the MARA-LEB gas cell is based on the design to
be used for the REGLIS3 facility, S3 GANIL [8]. A cutaway view of the
gas cell is shown in Fig. 2. A number of modifications have been imple-
mented, including an increase in the diameter of the entrance window
through which the recoil products from the MARA separator must
pass, and the location of the flange housing two filament feedthroughs,
which has been moved from the central axis of the separator. Three
individual operational modes are feasible:

• Online mode: the ions from the MARA separator will enter the
gas cell through a thin foil window, typically havar or mylar
with a thickness up to ∼10 μm and an open diameter of 64 mm.
The window is supported by a honeycomb frame. Recoils are
thermalized and stopped in a high-purity gas.

• Offline mode with 𝛼-recoil source: the foil window can be re-
placed by a flange to which a 223Ra 𝛼-recoil source is mounted,
as shown in the inset in Fig. 2.

• Offline mode with filaments containing stable (or long-lived)
isotopes of interest: two filaments can be mounted on a flange,
offset and opposite to the entrance window. Through resistive
heating, a continuous source of atoms is produced (in this work,
a bronze filament is used to produce stable tin isotopes).
35
In this work, the MARA-LEB gas cell was operated only in the afore-
mentioned offline modes. Ion-collector electrodes (ICs) installed before
the free jet nozzle of the gas cell are used to collect non-neutralized ions
transported from the stopping region, thereby increasing the selectivity
when in-gas cell/in-gas jet laser ionization is used under online condi-
tions. Stopping and laser ionization volumes are physically separated in
order to reduce the effects of recombination of photo-ions. This allows
for more efficient low-resolution in-gas cell resonance ionization spec-
troscopy (RIS). In-gas laser ionization can be implemented in collinear,
transverse or crossed-beam geometries with respect to the atom flow
via laser viewports D1 and D2 (see Fig. 2). Finally, isotopes of interest
and the buffer gas atoms leave the gas cell via a free jet or de Laval
nozzle, the latter employed to form collimated high Mach number gas
jets. In this work, a free jet nozzle with a diameter of 1.65 mm was used.

3. Offline tests with a 𝟐𝟐𝟑𝐑𝐚 𝜶-recoil source

Combined efficiency of ion survival and transport, as well as evac-
uation time from the gas cell are important parameters characterizing
gas-cell performance. These parameters have been studied in this work
with a radioactive 223Ra 𝛼-recoil source, installed inside the gas cell
operated using helium buffer gas. Fig. 3 shows the gas cell mounted
inside the target chamber of the IGISOL facility. Prior to the tests,
223Ra ions (T = 11.4 d) were accumulated on the tip of a needle
1∕2
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Fig. 3. MARA-LEB gas cell installed in the target chamber of the IGISOL facility during the commissioning tests. The free jet nozzle cannot be seen due to its close distance,
∼2 mm, to the SPIG electrode (labeled in the photograph). Gas outflow is indicated with a red arrow.
(the ‘‘needle source’’) installed in an 𝛼-recoil generator, with 227Ac
(T1∕2 = 21.8 y) used as the primary source. An accumulated activity
of (4.0±0.4) kBq of 223Ra was measured in a separate vacuum chamber
before installing the needle into the gas cell. During the following
tests, performed over several consecutive days, the source was installed
in four positions as shown in the inset in Fig. 2. For each position,
𝛼-recoil spectra of 219Rn ions, the daughter product of 223Ra with a half-
life of 3.96 s, were recorded at Detector station 1 for different values
of pressure 𝑃0 inside the gas cell. An example spectrum is shown in
Fig. 4 for the source in position I and helium pressure 𝑃0 of 300 mbar.
During these measurements, only 50% of the 219Rn ions were released
into the buffer gas due to the source geometry at a rate of about
1300 ions/s. The measured counting rate at Detector station 1 for this
source position was 160 counts/s. Analysis of the accumulated spectra
was performed in a manner similar to that described in [22], and the
efficiency of ion survival and transport to the detector station was
extracted. We note that helium was chosen as the buffer gas due to the
smaller recombination rate coefficient compared to that of argon. We
could therefore anticipate higher counting rates of the detected recoil
ions. Indeed, such comparisons have been studied at the IGISOL facility
in the past and support this choice of gas for ion survival.

To determine the evacuation time for different starting coordinates
inside the gas cell, voltage pulses were applied to the needle. The source
was connected to a power supply, the output voltage of which could
be programmed by using TTL logic. During a recording cycle, lasting
0.67 s for helium and 1.34 s for argon, the voltage at the needle was
maintained at −30 V, except for short periods of 50 ms or 150 ms
(for helium and argon, respectively) when the voltage was set to 0 V,
thus allowing the release of 219Rn ions into the gas flow. Time profiles
of singly-charged ions extracted from the gas cell were subsequently
recorded using a multi-channel scaler (MCS) for time-resolved counting
of the ion signal from the MCP detector at Detector station 2, located in
the electrostatic switchyard as shown in Fig. 1. A timing card was used
to provide the trigger for the MCS to start recording and to change the
36
Fig. 4. Example of an 𝛼-decay spectrum of 219Rn measured at Detector station 1 for
the needle source in position I and a helium pressure 𝑃0 of 300 mbar. The 219Rn peak
used for extracting the efficiency is denoted in red. The peaks are labeled according
to the alpha decay from the respective isotope, energy of the alpha particle and, for
219Rn, the branching ratio.

voltage at the needle source. To improve the signal-to-noise ratio, time
profiles were accumulated over a number of recording cycles.

3.1. Ion survival and transport efficiency

The ion survival and transport efficiency was measured for all
positions of the needle source as a function of helium gas pressure 𝑃 up
0
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Fig. 5. Efficiency for the needle source in positions I, II, III and IV at different values
of helium pressure 𝑃0. (a) Ion survival and transport efficiency measured at Detector
station 1. The results for position IV are multiplied by a factor of 20. (b) Numerical
calculations of the efficiency of ion survival against diffusion losses.

to 300 mbar, limited by the pressure in the surrounding IGISOL target
chamber. We note that this limitation will be mitigated at MARA-LEB
due to the anticipated use of a nozzle with a smaller diameter of 1 mm
and, therefore, smaller flow rate, for which the pumping capacity for
MARA-LEB has been tailored accordingly. Moving the needle source to
a new position required venting of the target chamber, thus potentially
exposing the gas cell to the ambient air. This could detrimentally
affect the efficiency via potential losses of charged recoils to molecular
adducts. For this reason, after measuring at every needle position the
gas cell was baked overnight using cartridge heaters (𝑇 ≈ 100◦C) and
ubsequently cooled to room temperature with a small flow of helium
𝑃0 ≈ 50 mbar). The efficiency is shown in Fig. 5(a). As the measure-
ents were performed using Detector station 1 there is no separation

f different mass-to-charge (m∕q) values, nor identification of potential
molecular ions. However, Detector station 2 was also used to verify that
no higher charged states or heavier molecular ions were present in the
extracted beam. A maximum efficiency of (12.7 ± 1.3) % was measured
for the source in position I for a pressure 𝑃0 of 300 mbar. We note that
this efficiency includes the transport efficiency from the exit of the gas
cell to the detector station, in addition to the extraction through the
helium gas. The tip of the needle was unfortunately scratched on the
gas-cell surface while moving it from position II to position III, resulting
in a loss of activity compared with what would be expected from the
half-life alone (this was confirmed after the gas-cell measurements).
The results shown in Fig. 5(a) for positions III and IV have therefore
been corrected for this reduction factor of 2.9. Moreover, the results
for position IV in Fig. 5(a) are multiplied by a factor of 20, for better
readability of the measured data.

Numerical calculations were performed using the Computational
Fluid Dynamics (CFD) module of COMSOL Multiphysics software [9].
The velocity of the gas flow inside the gas cell depends on the cross-
sectional area of the gas outflow and therefore the diameter of the
available free jet nozzle was accurately measured to be (1.65±0.07) mm.
The output of the numerical calculations for the velocity of the helium
gas flow and its streamlines is shown in Fig. 6. The calculations only
include the diffusion losses of the simulated atoms to the inner walls
of the gas cell. The losses are defined by the outflow diameter, the
geometry of the gas cell, and the diffusion coefficient of the simulated
atoms in the buffer gas. Due to the absence of a diffusion coefficient
for radon in the literature, the coefficient for mercury (𝐴 ∼ 200) in
helium at normal conditions (273.15 K and 1013 mbar) was used as a
Ref. [23], 𝐷 = 5.32×10−5 m2∕s, and scaled to the value of the helium
37

𝑟𝑒𝑓
pressure 𝑃0. No significant influence on the calculated diffusion losses
is expected. Results of the numerical calculations for the transport
efficiency in the gas are shown in Fig. 5(b).

The notable difference between the absolute values of the measured
and numerically calculated efficiency is anticipated. One factor that
may contribute is that ion losses in the gas cell are determined not
only by diffusion, but also by the presence of impurities in the buffer
gas. Potential losses due to molecular formation were not considered
in the simulation, but are expected to be present in the gas, albeit
at significantly reduced amounts after the gas-cell baking. Impurities
are also involved in other ion-loss mechanisms e.g., neutralization of
ions via three-body recombination involving a free electron, dissocia-
tive recombination and charge-exchange reactions [24]. It has been
shown that an ion survival and transport efficiency of up to 30 %
can be reached for 219Rn ions in gas cells operating with cryogenic
helium at temperatures below 90 K [25,26]. This is due to the ultra-
pure conditions attained by freezing out the impurities. Moreover, the
efficiency depends on the chemical nature of the elements and therefore
will be different for 219Rn ions in, for example, helium and argon gas. A
second factor is the transport efficiency from the gas cell to the silicon
detector that depends on the tuning of the SPIG and mass separator.
The simulations only include the transport through the gas cell.

Despite the discrepancy in the absolute values, it is encouraging
to see that the general trend of the efficiency growth as a function
of helium pressure is reproduced rather well, in particular for needle
source positions I and II, for which the simulations and measurements
show a similar saturation above 250 mbar. In addition, the relative
efficiencies between the source locations are in agreement with ex-
periment, i.e. the highest efficiency is obtained for position I and the
lowest for position IV. The simulated efficiency of the latter position is
most discrepant with the experimental values, perhaps indicating both
an underestimated loss due to diffusion towards the walls of the gas
cell, or other loss mechanisms not accounted for in the simulation and
amplified in regions of slower gas flow close to position IV.

3.2. Evacuation time

Evacuation time profiles of 219Rn+, 20Ne+ and 40Ar+ ions extracted
from the gas cell were recorded and analyzed for all positions of the
needle source with the MCP detector at Detector station 2. In these
measurements, argon and in-house recycled helium buffer gases were
used. The helium included neon as an impurity, not present in the
commercially bought argon [19]. Measurements were performed with
a pressure 𝑃0 of about 200 and 100 mbar in the cases of helium and
argon gas, respectively, with the results shown in Fig. 7. Time profiles
were fitted using the built-in Extreme Peak function from OriginPro
software [27], which allowed the extraction of the peak centroid 𝑡max
nd its full width at half maximum 𝛥𝑡, highlighted in Fig. 7, as well

as the corresponding error bars. The fitting results, shown in Fig. 8,
were then compared with a more sophisticated function analytically
derived for the evacuation time by solving the diffusion–convection
equations [28] and were found to be in good agreement within error
bars, justifying therefore the use of a simpler function. The error bars
of the peak centroids, as well of the widths in helium, are smaller than
the data points shown in Fig. 8.

A higher signal-to-noise ratio was achieved for the 20Ne+ time pro-
files accumulated over a fewer number of recording cycles compared
to 219Rn+. The extracted peak centroids of 219Rn+ and 20Ne+ ions are
in agreement for the needle source in positions I and II and have a
difference of less than 10 % for the needle source in position III. The
evacuation time profile of 219Rn+ for the needle source in position IV
was not recorded due to insufficient statistics. Moreover, peak centroids
of 219Rn+ and 40Ar+ ions are in agreement for the measurements
performed with argon buffer gas. This leads to the conclusion that
ionization of buffer gas and its impurities (20Ne+, in case of helium

buffer gas) takes place within a couple of mm around the needle tip by
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Fig. 6. Output of the numerical calculations of the velocity and flow streamlines inside the MARA-LEB gas cell. The color bar indicates the velocity magnitude with the upper
limit set to 2 m/s to allow visualization of a slower gas flow in the central part of the gas cell. The gas inlet (A) is denoted. The effect of the honeycomb structure (B) used to
achieve a uniform flow condition is clearly visible. The ions exit the gas cell at position (C). Velocity profile maps from different cross-sections of the gas cell are shown at the
corresponding locations.
the 219Rn+ ions, released in the decay of 223Ra with an energy of about
104 keV. On the other hand, the alpha particles released with an energy
of 5.7 MeV, deposit only about 30 keV per 1 cm traveled in 200 mbar
helium buffer gas. Therefore, for the cases when the extracted ion
signal of 219Rn+ is too small, evacuation time profiles of ions of buffer
gas and/or of its impurities can be used to estimate the evacuation
time. Full widths at half-maximum of lighter 20Ne+ and 40Ar+ ions are
larger compared to those of 219Rn+, which can be explained by a larger
diffusion coefficient.

The needle source positions I, II and III are separated by 24 mm, as
indicated in the inset in Fig. 2. The corresponding peak centroids for
20Ne+ ions are delayed by approximately 27 ms for each subsequent
position, allowing the velocity of the helium gas to be estimated
as 0.9 m/s in that section of the gas cell, in good agreement with
numerical calculations of the velocity shown in Fig. 6. Moreover, peak
centroids of 20Ne+ coincide for the source in positions II and IV, thus
illustrating that the gas velocity is rather constant in the coordinate
perpendicular to the flow direction, as the distance between these two
positions is also 24 mm.

The ratio of the measured peak centroids of 219Rn+ ions for the nee-
dle source in position I for argon and helium buffer gas was calculated
to be 2.94 ± 0.02. This value is reasonably close to the estimate of 3.16,
calculated from

√

𝐴Ar∕𝐴He, where 𝐴Ar and 𝐴He are standard atomic
weights of argon and helium gas, respectively. This straightforward
estimate is based on the fact that the speed of sound 𝑎 ∼

√

1∕𝐴 and,
therefore, does not take into account subtle details such as viscous
effects that slightly reduce the effective nozzle diameter, the different
dynamic viscosity of helium and argon, and minor differences in flow
structure e.g., velocity streamlines, between the two gases.

Evacuation time profiles of 219Rn+ ions for the needle source in
helium and argon buffer gas were calculated in the CFD module. Results
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for the calculated centroids agree well with the experimental data for
all positions of the source (see Fig. 8). However, the calculated full
widths at half maximum are considerably larger than the measured val-
ues for helium buffer gas. This may be caused by erroneous assessment
of diffusion in lighter gases and requires more detailed investigation.

3.3. Ion-collector tests

The performance of the ion-collector (IC) electrodes was tested
with the 223Ra 𝛼-recoil source installed in position I. Measurements
were obtained with helium gas at a pressure 𝑃0 of 166 mbar. Mass-
separated 219Rn+ ions were detected as a function of ion-collector
voltage at Detector station 2 with the MCP detector, the results are
shown in Fig. 9. A suppression to less than 2% of the initial amount
was achieved with a voltage of 5 V continuously applied to one of the
ICs, while the other was grounded. In order to verify a pulsed operation
of the ICs, time profiles of mass-separated 219Rn+ and 20Ne+ ions were
accumulated with a −20 V amplitude pulse applied to one electrode for
100 ms (see the inset in Fig. 9).

4. In-gas cell laser ionization of tin

In-gas cell laser ionization of stable tin isotopes was performed
within argon gas at a pressure 𝑃0 of 100 mbar. The isotopes were
produced by resistively heating bronze filaments (91 % copper and
9 % tin, by mass) installed in the gas cell, as shown in Fig. 2. Atomic
vapor, produced in this way, was transported by a high-purity argon
flow towards the free jet nozzle. Two-step broadband (∼ few GHz) laser
ionization was used to selectively ionize tin in a collinear geometry,
in which both laser beams were transported to the interaction region
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Fig. 7. Evacuation time profiles of the mass-separated 219Rn+, 20Ne+ and 40Ar+ ions.
ime profiles of 20Ne+ were accumulated within 400 to 700 recording cycles (higher
tatistics required for the needle source positions with smaller ion counting rates, such
s position IV), while for 219Rn+ about 4 times longer accumulation was used. Blue
olid lines show fitting of measured data (black line) using the Extreme Peak function
iscussed in the text. (a) Voltage pulsed with a release time of 50 ms applied to
he needle source in the gas cell filled with helium buffer gas (𝑃0 = 200 mbar). The
ounting rate of 20Ne+ ions was about an order of magnitude larger than that of 219Rn+.
b) Voltage pulsed with a release time of 150 ms applied to the needle source, using
rgon as buffer gas (𝑃0 = 100 mbar). The counting rate of 40Ar+ was measured to be
pproximately the same as that of 219Rn+.

hrough viewport D1 (see Fig. 2). The geometry was chosen primarily
ue to the ease of optical access via a window on the target chamber.
more versatile optical access that allows for transverse and crossed-

eams geometry, as well as for in-gas jet laser ionization will be
vailable on the target chamber of the MARA-LEB facility.

The laser ionization scheme used in these tests is shown in
ig. 10(a), taken from Ref. [29]. The Sn atoms were promoted from
he ground state 5s25p2 3P (J = 0) to the intermediate level 5p6s 1P
39

0 1
J = 1), using frequency-tripled laser light at 254.73 nm (wavelength in
acuum). This transition was easily saturated with the available aver-
ge laser power of 70 mW measured at the optical table in the FURIOS
aboratory. The excited atoms were then ionized via an autoionizing
tate above the ionization potential, a state that corresponds to the
p7f configuration, using frequency-doubled laser light at 454.9 nm. By
onitoring the count rate of the most abundant isotope, 120Sn, at the
CP of Detector station 2 as a function of the laser power, saturation

ata can be obtained (see Fig. 10(b)). From a saturation profile fit
o the data, a saturation power P𝑠 of 4 mW for the first step was
etermined. We note that all laser power measurements were made on
he optical table, roughly 10 m from the target chamber. Approximately
0% of energy losses are expected for the transport of UV light to the
arget chamber. The second step transition was not saturated with the
vailable average power of about 400 mW.

By independently blocking the first- and second-step lasers, we
erified that the ion signal primarily comes from two-step ionization.
he count rate at the MCP dropped to the noise level when the first-step

aser was blocked. Blocking only the second-step laser led to the signal
ecreasing to less than 10 % from its initial value, indicating only a
mall contribution from any non-resonant ionization processes. Without
eeding to tune the laser frequency, the mass separator can be used to
btain a mass scan of the laser-ionized tin. As can be seen in Fig. 11,
he experimental data is in reasonable agreement with the expected
atural isotopic abundances for all isotopes apart from an unexplained
nderabundance seen at 120Sn. Suppression of laser-ionized 120Sn to

around 40 % of its initial value was achieved with 5 V applied to one
of the ICs. Further suppression to less than 20 % was achieved with the
voltage higher than 20 V. When 5 V were applied to both ICs, the ion
signal dropped only to around 60 % due to a cancellation effect of the
voltages on the ion beam.

Frequency scans were attempted for both transitions in order to
study the effect of the gas pressure on the spectral linewidths and cen-
troids. Unfortunately, the first-step transition was hampered by mode
hopping of the broadband laser, making it impossible to do a smooth
scan over the desired frequency range. In the future this limitation will
be addressed by implementing an injection-locked Ti:Sa laser resonator.
Scanning of the second-step transition was however achieved at argon
pressure 𝑃0 values ranging from 97 mbar to 203 mbar, with the mass
separator tuned to 120Sn. The laser power was reduced to ∼1 mW
nd 300 mW for the first and second steps, respectively, to reduce
he effect of power broadening. The results of the frequency scans are
hown in Fig. 12. It can be seen that the spectral line broadens as the
ressure increases. Notably there is a strong asymmetry in the data.
e surmise that the asymmetry arises due to the geometry of the laser

onization. The laser beams pass through viewport D1 (Fig. 2) and are
radually focused towards the free jet nozzle. Ionization is therefore
ccurring in a collinear geometry both within the gas cell as well as
n the volume around the free jet nozzle. The irradiated gas volume
ontains a convolution of different collisional and Doppler regions. For
xample, in the nozzle region, the Mach number, velocity and density
f gas flow change rapidly over distances as short as a millimeter.
his therefore complicates any analysis of the spectral profiles with
arametric models to extract pressure broadening and shift coefficients
rom the data. A non-parametric method of extracting the width of the
eaks was used, by determining the range of experimental values that
re located above the half maximum of the peak. From this data, an
bserved broadening of the atomic resonances was found to be on the
rder of 240 MHz∕mbar. In future work, a crossed-beam geometry with
well-defined region of laser-beam overlap is preferable in order to
inimize complexities due to convoluting regions of different gas flow.

. Conclusions

The gas cell designed for the MARA-LEB facility has been character-
zed at the Accelerator Laboratory of the University of Jyväskylä using
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Fig. 8. (a) Peak centroids, 𝑡max, and (b) full widths at half maximum, 𝛥𝑡, extracted from 219Rn+, 20Ne+ and 40Ar+ evacuation time profiles, shown in Fig. 7. Overlapping data
points are offset around their X-coordinates for clarity.

Fig. 9. Normalized signal of 219Rn+ ions measured at the MCP detector (Detector station 2) with different voltages applied to one of the ICs. The inset shows time profiles of the
mass-separated 219Rn+ and 20Ne+ ions accumulated in 850 and 130 recording cycles, respectively, each lasting for 0.67 s, with voltage pulses applied to the ion collector (100 ms
long and −20 V amplitude). 𝑃0 = 166 mbar in all measurements.

Fig. 10. (a) Two-step laser resonance ionization scheme for tin. (b) Saturation curve for the first-step transition. The laser power (P) was measured in the FURIOS laboratory. The
data was fitted (red curve) with a conventional saturation function of the form I(P) = I0 + A P∕P𝑠

(1+P∕P𝑠 )
, where I0 is an offset parameter to account for non-resonant photoionization.
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Fig. 11. A scan of the dipole sector magnet of the IGISOL mass separator, showing the
esulting laser-ionized stable isotopes of tin (blue line). The green line is a simulated
ass scan with the expected isotopic abundances. The experimental data is normalized

o the simulated 118Sn peak.

Fig. 12. Normalized ion count rate as a function of the wavenumber of the second-step
transition using mass-separated 120Sn, performed at different values of argon pressure
0. The two-step laser resonance ionization scheme shown in Fig. 10 was used. The
orizontal axis indicates the wavenumber (cm−1) with respect to the value of the

ionization potential (IP), 59236.5 cm−1.

a 223Ra 𝛼-recoil source as well as resonantly-ionized tin isotopes from
a heated filament. The ion survival and transport efficiency have been
measured at Detector position 1 as a function of recoil source position
as well as buffer gas pressure, with a maximum value of ∼12.7%
obtained for the source located closest to the outflow when helium gas
is used. For the same source position and gas type, a corresponding
evacuation time of ∼100 ms has been measured. An ion survival and
transport efficiency of ∼8.5% and an evacuation time of ∼127 ms were
measured for the source positioned in the location at the middle of
the entrance window. It has been shown that ionization of the buffer
gas and its impurities takes place in the immediate vicinity of the
needle tip by the released 219Rn recoils. Numerical calculations of the
time profiles of the extracted ions when the recoil source is operated
in a pulsed-release mode showed good agreement with the measured
data. Suppression of the ion signal of 219Rn was successfully achieved
41
with 5 V applied to one of the ion-collector electrodes, verifying their
potential use for improving the selectivity of the in-gas laser resonant
ionization process in future experiments.

In-gas-cell laser resonance ionization of stable tin isotopes has been
performed and broadening of the atomic resonances with increase of
the gas cell pressure was observed for the second step transition. The
chosen collinear laser-atom geometry, although successfully used for
laser ionization, indicates a strong sensitivity to different regions of gas
flow (both Doppler and collisional effects are convoluting), prohibiting
extraction of pressure broadening and shift coefficients. This supports a
crossed-beams geometry with a well-defined, localized laser ionization
volume within the gas cell, to explore the effect of pressure changes
on the spectral lineshape. The broadening seen highlights the expected
challenges in resolving isotope shifts and hyperfine structure of exotic
radioactive tin isotopes in the future, necessitating the requirement
of performing resonant laser ionization in the low density and low
temperature media of high Mach number gas jets formed downstream
from the de Laval nozzles, rather than within the subsonic gas flow
regime inside the gas cell.
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