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ARTICLE INFO ABSTRACT

Keywords: In this article we report laser Resonance Ionization Spectroscopy (RIS) experiments on "*Sm with the assistance

RIS of a ToF-gated ion detection. This detection scheme enabled measurements of a given atomic transition for

Laser spectroscopy each isotope simultaneously without the need for isotopically enriched samples. Using this approach, multiple

i:};RFIFS FMS different excitation schemes were developed and specific mass and field shifts and the hyperfine parameter A of
-10.

the transitions were determined. Furthermore this setup was used to commission a MR-ToF MS, which shall be
integrated in the in-gas-Jet Resonance Ionization Spectroscopy (JetRIS) setup at GSI to enhance its capabilities
for on-line measurements. This upgrade will enable on-line laser spectroscopy experiments on neutron-deficient
samarium isotopes and heavy nuclides independent of their decay mode with a suitable half-life time, that are
inaccessible with present techniques, such as 2>*Md.

1. Introduction

Laser spectroscopy is a tool for studying the structure of the electron
shell of an atom and its nucleus. A particular interest arises in the
region of the heaviest elements where the experimental knowledge
of atomic and nuclear properties is scarce. The existence of these
heavy nuclides is due to nuclear shell structure effects, stabilizing them
against spontaneous fission [1-3]. Laser spectroscopy gives access to
atomic levels, atomic state lifetimes and the ionization potential, for
example. Such properties are affected by strong relativistic effects in
the heaviest elements. Furthermore, electron correlations and quantum
electrodynamics effects that are challenging theoretical calculations,
play an important role. Also, laser spectroscopy enables determining
nuclear properties such as spins and electromagnetic moments for
probing the nuclear shell structure and the evolution of deformation.
Isotopes of the heaviest elements can only be produced in minute quan-
tities hampering experimental investigations. To enable detailed optical
studies, the in-gas-jet Resonance Ionization Spectroscopy (JetRIS) tech-
nique has been developed at GSI, Darmstadt, Germany [4]. Presently,

JetRIS relies on radiation detection which enabled the measurement
of an atomic transition of 2>4No with improved spectral resolution [5]
utilizing the a-decay detection of laser ions to achieve a low back-
ground measurement. In the future, such measurements are foreseen
to be extended to additional heavy nuclei. For example the element
mendelevium (Md, Z = 101), yet unstudied by laser spectroscopy, is of
interest. It can be accessed producing the isotope 2°4Md via the electron
capture decay of 2>4No. So far, no atomic levels of the element mendele-
vium have been reported and only theoretical predictions exist [6].
Laser spectroscopy can reveal these electronic levels [7]. This isotope,
only decays via electron capture [8], complicating a decay-based de-
tection. For this purpose, a Multiple-Reflection Time-of-Flight Mass
Spectrometer (MR-ToF MS) [9] will be integrated in the JetRIS setup.
This enables mass selected direct ion detection with high sensitivity
making a low background measurement possible. Another advantage
of the MR-ToF MS arises from additional beam purification during
the measurement, utilizing in-trap deflector electrodes. Offline studies
revealed that the heated filament in JetRIS despite the applied repulsive
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Fig. 1. Schematic of the MR-ToF MS with the laser ion source used in the experiment. The laser ion source consists of a filament (F), a filament channel (Ch)
and three apertures (A1-3). The coloured circle shows the overlap region of the lasers. The MR-ToF MS is symmetrical with respect to its middle. Starting from
the outside going inwards, there is an einzel lens (EL) consisting of three electrodes, followed by the stack of mirror electrodes (M) 1-6. Further inside there is

a slitted deflector electrode (D) followed by an in-trap-lift-tube (ITLT).

potential can still yield ionic background affecting the identification of
so far unknown species [10].

To investigate the potential of ToF-assisted laser spectroscopy and
characterize the MR-ToF MS, two-step Resonant Ionization
Spectroscopy (RIS) on ™tSm has been performed. Atomic transitions to
excited atomic states in the range between 29 69530801 cm™! were in-
vestigated utilizing mass-selected ion detection, which will be discussed
in Sec. 2.4. Isotope shifts for stable Sm isotopes were obtained and the
hyperfine structure of the odd-mass stable isotopes was determined.
Since no samarium isotope with a mass number below A = 138 has
been measured via laser spectroscopy so far [11], the development
of laser excitation schemes is a prerequisite for future online studies.
The most neutron-deficient samarium isotope experimentally known is
1299m, even though the isotope with A = 130 has not been observed
yet [8].

The samarium isotopes from A = 129 to A = 137 can be produced via
fusion-evaporation reactions and feature lifetimes which are suitable
for laser spectroscopy with JetRIS. Samarium isotopes of interest could
be produced by a reaction of a sulphur beam on palladium [12]. For
example, 132Sm could be produced, using naturally occurring isotopes
328 4 102p( in the 2 n evaporation channel. Samarium-isotopes until
the drip line are expected to be accessible through the reaction of °Ca
+ 92Mo, which offers the potential to produce all remaining samarium
isotopes below A = 138 when utilizing the many naturally occurring
stable calcium and molybdenum isotopes.

To expand measurements with JetRIS to be independent on the
decay, the setup will be extended, with a cooler buncher, followed by a
pulsed drift tube and the MR-ToF MS, with an ion detector at the end,
as discussed in Section 3. The design of the cooler buncher has been
finalized and the expected performance will be discussed in Section 3.1.
As JetRIS was used during online beamtime at GSI, Darmstadt with the
decay assisted detection, the MR-ToF MS was commissioned indepen-
dently within this work. The measured performance of the MR-ToF MS
was compared to ion trajectory simulations using SIMION 8.1 [13,14],
for validation of their predictive power. These results will be discussed
in Section 3.2 together with the expected performance of the MR-ToF
MS in combination with the cooler buncher and the pulsed drift tube.

2. Experimental setup

In this work the MR-ToF MS has been tested in stand-alone mode
with a dedicated laser ion source utilizing the filament technique of
JetRIS. The schematic overview of this setup is shown in Fig. 1. It
consists of the laser ion source, the MR-ToF MS and the detector setup
with two metal grids in front where the one closer to the detector
can be set on an electric potential to measure the longitudinal energy
distribution of the ions. To detect the ions, a commercial ion detector
(MagneToF mini, ETP ion detect) is used. The readout of the detector
signal to acquire ToF spectra was done using a time-to-digital converter
(MCS8 A, FASTComTech). The MagneToF mini produces an analog
signal with a negative voltage and the threshold for the discriminator
of the MCS8 A was set to —7 mV. For the timing pattern, a 9520 Pulse
Delay Generator (Quantum Composers) was used. The pressure in the
system was typically p = 5 - 108 mbar, leading to a mean free path of
roughly 1.2km.

2.1. MR-ToF MS

The MR-ToF MS used within this study was designed at the Techni-
cal University of Darmstadt in the frame of the ‘DA’s MR-ToF collabora-
tion’. The design of the MR-ToF MS is described in detail in Ref. [9]. In
the following, a brief overview of the setup will be given. The MR-ToF
MS, as shown in Fig. 1, is axially symmetric with respect to its middle
point and consists of four main parts. On both ends an einzel lens (EL)
is placed, where the outer most electrode consists of four equal pieces
to allow for steering of the ion beam. Next to the einzel lens is the
mirror-electrode stack, consisting of 6 cylindrical electrodes (M1-M6)
which can be biased individually. Going further inwards is the in-trap-
deflector electrode, another cylindrical electrode cut into four equal
pieces to be able to deflect ions while trapped for beam purification.
In the middle of the setup is the in-trap-lift tube (ITLT) which allows
adjusting the kinetic energy of the ions to trap and eject them without
pulsing the mirror electrodes [15]. The voltages applied to the MR-ToF
MS electrodes are given in Table 1. For measurements in which the ions
were trapped, the in-trap lift tube was pulsed from the value in Table
1 down to 0V for the trapping procedure and from this back to the
original value for the ejection.

2.2. Laser ion source

A schematic drawing of the laser ion source setup is shown in Fig.
1. It consists of a 25 um thick tantalum strip, called the filament (F),
which can be resistively heated and biased to an electric potential.
The strip was folded in a way that a quadratic piece of samarium
foil could be inserted, which is passively heated by the tantalum strip
due to the physical contact. The filament is placed inside a cylindrical
channel (Ch) with a central hole of 3 mm diameter in the endcap. This
is followed by three parallel circular metal plates with a central hole
of 1 mm diameter for the first two plates and 3 mm diameter for the
last one. These plates are used to define the electric field gradient and
to cut parts of the beam to reduce angular spread, therefore calling
them acceleration aperture (A) 1, 2, and 3 in order of their proximity
to the filament. When the filament is heated, the samarium foil releases
neutral samarium atoms, as well as Sm* and electrons due to surface
ionization. The channel including its endcap and the last acceleration
aperture are grounded, the filament and the first two acceleration
apertures are biased. The applied potentials can be found in Table
1. In this configuration, the emitted electrons are deflected between
channel and filament and the surface ionized samarium is deflected
between the channel endcap and the first acceleration aperture, leaving
only the samarium atoms after the first acceleration aperture. In the
centre between the first and second acceleration aperture, two laser
beams are overlapped for two-step RIS. Due to the setup only having
windows on one axis, the lasers could not be overlapped in a cross-
beam geometry but had to be overlapped collinearly in a shallow angle
of 1.4° between both beam paths. This results in a cylindrical ionization
volume perpendicular to the extraction direction, with a diameter of
about 2mm and a length of several centimetres, where samarium is
ionized. The laser system is described in detail in Section 2.3.
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Table 1
Voltages applied to the setup electrodes. The names in the electrode row refer to the names shown in Fig. 1.
electrode Ch F Al A2 A3 EL1 EL2 EL3 M1 M2 M3 M4 M5 M6 D ITLT
u/v 0 25 3090 3000 0 0 3000 0 —4430 916 714 2090 2575 3066 0 1110
2.3. Laser system channels with a time resolution of 800ps. The mass numbers of the
natural isotopes of samarium are A = 144,147, 148, 149, 150, 152 and
For two-step RIS, two tunable lasers are required. For the first 154, all of which were studied in this work. All ions are extracted with
excitation step, which is used for spectroscopy, a narrowband laser is the same electric potentials of a maximum of U = 3090V. With the
required, while a broadband laser was used for the second, ionizing velocity being described by v = 1/22Y the lightest isotope,44Sm has
transition. The narrowband laser system is comprised of a pulsed the shortest flight time to the detectgr, and the peaks were assigned to
dye amplifier (PDA, Sirah Lasertechnik) pumped by a high-power the individual isotopes in ascending order of their mass number. This
single-mode, pulsed, frequency-doubled Nd:YAG laser (PXn300-2-GF- assignment is supported from the arrival times following the square
SLM, Edgewave). The PDA was seeded using a tunable, single-mode root of the mass-to-charge ratio. The ToF spectrum does not, however,
continuous-wave (cw) dye laser (Matisse, Sirah Lasertechnik) pumped reflect the relative natural abundance of the isotopes, which is due to
by a cw, frequency-doubled Nd:YAG laser (Millenia, Spectra Physics). the fact that the odd A isotopes have a nuclear spin of I = 7/2 giving
The light of the PDA was frequency-doubled using a single-pass second- rise to hyperfine structure and due to fluctuation of the ion source. For
harmonic generation (SHG) unit utilizing a f-barium borate (BBO) laser spectroscopy, the counts in a time-of-flight interval corresponding
crystal. To obtain the laser light around 330 nm for the first excitation to an individual Sm isotope, indicated by shaded areas in Fig. 3, were
step of samarium, the lasers were operated with 4-Dicyanomethylene- summed for a given wavenumber of the first excitation step. Preparing
2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) in dimethyl sulfox- for laser spectroscopy, suitable autoionizing (AI) resonances were iden-
ide (DMSO) for the PDA and DCM in a 1:1 mixture of phenoxyethanol tified for each first excitation step to ensure efficient laser ionization.
(EPH) and ethylene glycol (EG) for the cw laser. The single-mode The width of the Al states was experimentally measured to range from
operation of the pump laser was required to avoid unwanted excitation 30 to 90 GHz. Plotting the summed counts against the laser excitation
caused by side modes [16]. The narrowband system achieved a spectral energy for a transition results in the spectra for different isotopes as
linewidth of 6f,;, = 139(13) MHz after SHG, measured using a Fabry— shown in Fig. 4 exemplary for the transition of scheme 3 of Fig. 2.
Pérot interferometer (FSR 1 GHz, Toptica) and a pulse width of 5ns at The achieved spectral resolution amounts to a FWHM of 175(5) MHz.
full-width half-maximum. The broadband laser system is comprised of The spectra were fitted by least-square minimization with the SATLAS
a pulsed dye laser (Credo, Sirah Lasertechnik) pumped by a frequency- package [17] in Python. The peaks were modelled as Voigt profiles. The
doubled Nd:YAG laser (InnoSlab IS400-2-L, Edgewave). The dye used Gaussian and Lorentzian contributions were treated as free parameters
for the Credo was DCM in Ethanol to produce laser light around 640 nm without constraints. With this approach, the Lorentzian contribution
for the resonant ionization of samarium. The broadband laser system is was found to be negligible, so that the FWHM is dominated by the
specified with a linewidth of §f,,, = 1.8 GHz according to the manual Gaussian contribution. The main factor for the Gaussian contribution
of the company. The pulse width was measured to be 8 ns at full-width is the laser bandwidth with 139(13) MHz. The other contribution is
half-maximum. A typical spot size for both lasers has a diameter of due to Doppler broadening, arising from the thermal energy of the

roughly 2 mm and a pulse energy of 8 pJ for the PDA after SHG and 1 mJ samarium with the spot size for the ionization. The Doppler broadening
for the CREDO. The combination of laser ionization with a MR-ToF MS was determined to be 36(14) MHz. The nuclear spin I [18], the total

based detection without the use of a cooler buncher requires the laser angular momentum quantum number J [19-21] of ground and excited
to be synchronized with the MR-ToF MS cycle. The pump lasers can atomic states and the hyperfine parameters of the ground states A,
provide repetition rates from 10kHz down to single shots. They were and B;, summarized in Table 2, were taken as fixed parameters from
triggered and synchronized from the same delay generator that controls literature [22]. The odd mass isotopes have a nuclear spin of I = 7/2
the MR-ToF and according to the number of revolutions in the MR- and the even mass ones have I = 0. From this fitted hyperfine structure,
ToF MS, the repetition rate of both pulsed pump lasers could be freely the centroid of the transition and the hyperfine parameter of the upper
adjusted. The wavelength of the lasers during the experiment was mea- state A, were determined as shown in Table 3. For both isotopes
sured using a commercial wavemeter (WS7-30, HighFinesse) which was with T # 0, '¥Sm and '*Sm, the ratios of the hyperfine parameters
regularly calibrated using a frequency-stabilized helium-neon (HeNe, were determined as a consistency check. They are consistent with the
SIOS) laser. ratio obtained from the literature values of the ground states. Slight
deviations up to 0.6% can be attributed to hyperfine anomaly. Since
2.4. RIS on "atSm not all hyperfine lines were resolved and the isotopes feature small
nuclear deformations [23,24], the hyperfine parameter B, is expected
Laser spectroscopy on "Sm was performed to demonstrate the to be small and could not be determined with the achieved resolution,
operation of ToF-assisted laser spectroscopy and to develop and charac- but is in agreement with being neglectable. For the determination
terize ionization schemes for application on exotic, short-lived isotopes. of the uncertainty of the hyperfine parameter A, the response to a
In total, six different first-step transitions ¥, were investigated as sum- ~ value comparable to the ground state contribution was also evaluated.
marized in Fig. 2. All of these transitions start from thermally excited Two excited levels at 30823.44(2)cm™! and at 31185.11(1)cm~! were
levels within the ground state fine structure. Due to the angular mo- investigated each with two different transitions and the results for their
mentum being J = 0 for the ground state, these excited levels feature hyperfine parameters show an excellent agreement (c.f. Table 3).
a hlgher population at the evaporation temperature of 1000°C used From the centroids of the individual resonances of an isotope with
during the experiment. The mass spectrum from laser ionized "Sm atomic mass number A, the isotope shift was determined relative to the
is shown in Fig. 3, where the ion count rate as a function of the resonance of '%Sm in the same transition by
ToF relative to the laser trigger pulse is plotted. Here, seven different
peaks can be clearly distinguished, each of which can be assigned SUISHA _ A _ 154 a
unambiguously to a different isotope of samarium. The ToF spectrum
is given in terms of the registered count rate as counts per second Here again, a similar isotope shift for transitions to the same excited
(cps) versus the time of flight. The multiscaler has 4096 individual level is observed. This behaviour is expected, as the ground state fine
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Fig. 2. Level scheme of the measured transitions in samarium. The value
of the ionization potential (IP) was taken from [25]. The values of the
thermally excited ground states were taken from [26] and the J-values of
the levels from [19-21]. They correspond to the electronic configuration of
4f%6s2. The values of the excited states were determined for >*Sm from
adding the wavenumber of the first excitation step (FES) transition 71154 and
the wavenumber of the second excitation step (SES) transition V2154 to the
literature value of the ground state. The individual values were converted to
a wavelength and are given as the wavelength A of the transition.
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Fig. 3. Sum of all ToF spectra of the samarium isotopes from the measure-
ments of the transition shown in Fig. 4. The shaded areas were used as gates for
the respective isotope in the analysis of the laser spectroscopy. The individual
peaks show a ToF width (FWHM) of 40 ns.
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Fig. 4. Optical spectrum of the FES transition of scheme 3 in Fig. 2 for all
naturally occurring samarium isotopes. The points show the measured data,
while the lines are fits to the data using voigt peak shapes.
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Table 2

J-values for the thermally excited ground state levels [19-21], as well as
Hyperfine parameters of thermally excited atomic states used in the fit of
the spectral data taken from literature [22]. The nuclear spin was taken as
I =7/2 for ¥71499Sm and as I = 0 for the other natural isotopes [18]. The
weighted averages of the ratios are A, 147/A) 149 = 1.21305(2) and B, 14;/8B, 149 =
—3.4601(6).

E/cm™! A, 147/MHz A, 149/MHz B, 147/MHz B, 149/MHz J
292.58 —33.493(2) -27.610(1) —58.688(6) 16.963(3) 1
811.92 —41.186(2) -33.952(2) —62.229(13) 17.990(13) 2
1489.55 —50.243(2) —41.418(2) —33.668(40) 9.746(40) 3
~11500
154, 1
154,152 ovi°™
% 1
~12000
— —12500 1
3
T —13000«5\)%54443 154 147
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=
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Fig. 5. Kingplot of the samarium isotopes relative to '>*Sm for the FES
transition of scheme 3 with v = 30373.194(1) cm™!. Uncertainties on the charge
radii only take the relative uncertainty given in Ref. [27], while the systematic
uncertainty on the absolute charge radii is not included.

structure multiplet is built from the same electron orbitals resulting
in a very similar change in electron density within the nucleus when
exciting to the same upper level. With these isotope shifts and the
relative mean-square charge radii 6 < 2> AN [27], taken from
literature, a Kingplot analysis [28] was performed according to

oSN = K4 F, o o<t >AA )

where u is the reduced mass given by
- MaMy 3)
M, — M,

With these relations, the mass shift K and the field shift F; were
determined for the respective transition. The results are summarized in
Table 3. One exemplary Kingplot can be seen in Fig. 5. To determine
changes in nuclear mean-square charge radii, excitation schemes 1
and 2 will be the most suitable since they provide the largest isotope
shift, making them the most sensitive to changes in nuclear size. These
schemes, leading to the same first excited level, feature also the largest
HFS splitting and sensitivity to nuclear magnetic dipole moments. The
spectral resolution was insufficient to be sensitive to small contribu-
tions related to a non-zero spectroscopic quadrupole moment Q.. For
simultaneous production of a wide range of isotopes, excitation scheme
5 can be used since it has the smallest isotope shift.

"

3. The JetRIS system and future extensions

The schematic layout of the JetRIS setup with the future integration
of the MR-ToF MS is shown in Fig. 6. The nuclides of interest are
produced in fusion-evaporation reactions and separated from the high
intensity primary beam using the Seperator for Heavy Ion reaction
Products (SHIP) [29,30]. Recoil ions with different charge states enter
the gas cell through a thin entrance window where they are stopped
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Table 3
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Results of the spectroscopy of "*Sm. The FES of schemes 1 and 2, as well as 3 and 4 result in the same atomic level, which gives them the same SES.

Scheme  ¥!%/cm™! sV MHz vt/ MHz sy MY/MHz 6v/MHz syt MHZ svHH/MHz A, /MHZ A, /MHZ A0/ A K/(GHzW)  F/(GHz/fm?)  ¥/cm™!
1 30530.852(1)  1268(42) 3454(42) 453342) 5043(42) 5858(42) 7852(42) ~158.1(5) -193.4(4) 1.223(3) —2125247)  -4.70(7) 15676.10(1)
15656.84(8)
2 30011.536(1)  1262(42) 3445(42) 4536(42) 5052(42) 5870(42) 7861(42) -158.4(8) -192.7(5) 1.217(4) ~1945(108) —4.75(3)
3 30373.194(1)  995(42) 2551(42) 3331(42) 3762(42) 4386(42) 5984(42) -787(2)  -96.1(2)  1.221(3) ~3046(65)  —2.85(2) 15156.25(8)
15 168.22(6)
4 29695.557(1)  995(42) 2569(42) 3367(42) 3798(42) 4446(42) 6017(42) -79.7(16)  -96.0(13)  1.20(2) ~3608(144)  —2.98(4) 15927.7(7)
5 30003.823(1)  651(42) 1559(42) 2003(42) 2302(42) 2689(42) 3750(42) -107.42) -1301(2 1.211(2) —4234(111)  -1.25(3) 15492.26(3)
15439.56(9)
6 30800.159(1)  1100(42) 2908(42) 3810(42) 4293(42) 5001(42) 6793(42) —114.9(4)  -140.3(3)  1.221(4) —3193(168) —3.61(5) 15752.4(2)
15508.41(1)
,_Dete—ctor_l investigated in detail [32,33]. Within the gas jet region two laser beams
Metal mesh ’ are overlapped in cross-beam geometry, where the FES)’ is anticollinear
etal meshes to the gas jet and the SES is in perpendicular configuration, performing
Einzel lens | HO two-step RIS. The conditions inside the gas jet feature a negligible
EL1-EL . . .
3 é pressure broadening and a low Doppler broadening enabling spectral
Mirror electrodes 11new1dth.s of 21 1(35.) MHz [33] under optlrnall COl:ldlthl‘lS. Nevertheless,
M1 - M6 — the velocity of the ions from the gas expansion is about 550 m/s [34].
|:||:I With the interaction region being 60 mm long, a laser repetition rate
e Recoilions E_ of 10kHz is required for efficient laser interaction. The produced laser
480 /s ions are transported via a 90° bend radio frequency quadrupole (RFQ)
e Neutrals In-trap lift tube > structure into the next vacuum chamber. Presently, a silicon detector
- is used in high vacuum conditions for alpha-decay detection [5]. This
°  Laserions ] configuration is suitable for a-decaying nuclides with half-lives of more
®  lonbunch I:IJZI_ than 0.2s. Measurements of long half-lives in the range of hours are
on bunc . . .
. — possible but time consuming.
Mirror electrodes —
[  Cylindrical electrode M1 - M6 —
% 3.1. Design characteristics of the JetRIS cooler buncher
OO0 Deflector electrode Einzel lens E
EL1-EL3 | mm For the integration of the MR-ToF MS into JetRIS, as seen in Fig.
Steering lens ] 6, a radio frequency cooler buncher is required to collect and bunch
480 I/s . sps . s sre
Pulse drift tube |:| the laser ions. In addition, the buncher ensures well-defined initial
> conditions for longitudinal and transversal emittance of the ion beam,
Steering lenses = which is mandatory for a high mass resolving power, while maintaining
] high efficiency. The layout of the cooler buncher was inspired by the
? 330 Is design used at GANIL for the S3-LEB setup [35], along with a pulsed
RFQ cooler buncher | g > drift section to accelerate the ion bunches to the kinetic energy of
"(az'f:;;‘::')“ ° 3keV needed to enter the MR-ToF MS, and is schematically shown
. id . . . .
Filament— in Fig. 6. The cooler buncher consists of a linear, 345 mm long RFQ,
Entrance *_ DC Cage  DC Funnel Ll in which 4 times 20 plate electrodes are inserted in between the
window I RFQ rods in order to create a DC-potential well to trap the ions,
_ RFQ ',' ° 'H forming 20 segments along the RFQ. The first 12 segments with a
I . . . . . .
A [: T, S0 linear potential gradient of the cooling section are 19 mm long, while
T L]
from SHIP ‘ % --:" N the remaining eight segments, forming the actual potential well are
L aser beam| . . . .
de Laval (1st step) 9mm long to achieve a well-defined location of the ion bunch at the
nozzle second last electrode. The last four electrodes from the buncher can
Offline t Gas cell (Py) Jet chamber (Pgg) be switched in potential to eject the ions towards the MR-ToF MS.
recoil source 16001s | W | | v [1300 s The following pulsed drift section will be in high vacuum by means

Fig. 6. Schematic overview of the envisioned full setup of JetRIS with the
addition of the cooler buncher, pulsed drift tube and MR-ToF MS. The length
of the setup along the JetRIS is 0.7 m, the side to the MR-ToF is 2.2m.

and thermalized in argon buffer gas at 80 mbar of pressure. Most of
the recoil ions remain in a singly charged state. Multiple electrodes
surrounding this stopping volume guide the ions via an electric field
towards a 125 pm thin tantalum wire, referred to as a filament, which is
resistively heated to approximately 1200 °C, depending on the element
under investigation [31]. The contact with the filament neutralizes and
adsorbs the ions and the heat ensures desorption from the filament.
After evaporation, the atoms are transported by gas flow through a de-
Laval type nozzle towards the low pressure jet cell. This nozzle forms
a low-pressure, low-temperature, hypersonic gas jet. The jet shape
and the appropriate background pressures in the jet cell have been

of an orifice acting as pumping barrier. It is composed of an einzel
lens, the drift tube and an electrode at ground potential at its exit. The
middle electrode of the einzel lens is azimuthally 4-fold segmented,
serving as a deflector, allowing for correction of the ion trajectories.
As JetRIS is operated with argon buffer gas, the cooler buncher was
investigated for operation with argon as well. Ion trajectory simulations
with SIMION 8.1 have been conducted to estimate the performance and
properties of the cooler buncher. The electrodes were modelled with a
0.2mm grid size. The interaction with the argon buffer gas atoms in
the bunching section were modelled as elastic hard sphere collisions
using the collision_hsl library of SIMION. To determine an optimal
argon gas pressure, simulations were conducted from 5.0 - 10~ mbar
to 4.0 - 1073 mbar, for 10 and 100 ms storage time. Both storage times
show similar behaviour for the pressure dependence, while the longer
storage time is slightly better in efficiency as shown in Fig. 7. The
best transmission efficiency of ¢ = 0.79(5) was found at a pressure
of p = 1.0 - 1073 mbar for 100ms storage time. Further analysis also
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Fig. 7. Upper left: Simulated Transmission efficiency e of the cooler buncher
in bunching mode and the pulsed drift tube as a function of the residual gas
pressure in the cooler buncher for two storage times of 10 ms (black) and 100 ms
(red). Upper right: Simulated transversal emittance of the ions from the cooler
buncher, after the pulsed drift tube. The emittance is the same in both axis
due to the symmetry of the setup. Lower figures: Simulated distributions of
kinetic energy (left) and ToF (right) after the pulsed drift tube for a pressure
of p=1.0-1073 mbar and 100 ms storage time. The data points were fitted using
skewed gaussian distributions (red line) [36].

highlights this value as optimal in terms of kinetic-energy and time-of-
flight distributions which are shown in the lower panels of Fig. 7. Here,
an energy spread of AE;, = 5.0(4)eV and a ToF width of Ar = 172(14) ns
were determined.

3.2. Ion-source characterization

Since the performance of the MR-ToF MS depends on the quality
of the injected ion beam, it is also necessary to characterize the ion
beam produced by the source and its ion-optical components. The
mean longitudinal kinetic energy E,;,, the energy spread 4E,;, and the
ToF width were determined and optimized experimentally, while the
transversal emittance was estimated from simulations using SIMION
8.1. During the optimization of the ion-source parameters, ions were
only transmitted through the MR-ToF MS and not trapped. For the
kinetic energy measurement, the potential applied to the metallic mesh
in front of the detector was varied close to the kinetic energy of the ions
acting as an energy filter. The mean energy of the ions was determined
as Ey, = 3063.4(2)eV which is in agreement with the ionization
region being located between A1(3000V) and A2(3090 V). Assuming
a Gaussian distribution of the kinetic energies an energy spread of
AE;, = 25(1)eV was determined. In the simulations, the distribution
was assumed to be evenly distributed inside the starting volume of
the ions. Measured ToF spectra are shown in the top left panels of
Fig. 8 (black data points), for an increasing number of revolutions.
The left peak in the upper panel was fitted using a Gaussian giving a
ToF distribution of 121(1) ns. The second peak can be attributed to ions
generated from the same isotope, but with a slower extraction from
the ionization volume due to their position on the outer edge of the
volume. Simulations are also shown from which it becomes apparent
that the existence of multiple ToF peaks is inherent to the design of this
source. This is attributed to the large, cylindrical, ionization volume, in
which ions further away from the central axis are transported slower
towards the accelerating potential. The simulations were done with
a 0.1mm grid size and are based on a cylindrical starting volume of
the ions with a diameter of 2mm and a length of 5mm orthogonal
to the central axis of the setup. This resembles the conditions of the

Nuclear Inst. and Methods in Physics Research, B 569 (2025) 165884

100

200
80
" 100
+— el
c 60 8
9 40 H{ g 0
&) | =
” x
-100
0 —-200
315 320 325 330 °To =5 0 5 10
ToF/us x/mm
100 200
80 100
0
T 60 E
=]
© 4 M g 0
O =
x
LX) -100
Qo5 710 715 720 135 —20075 =5 i) 5 10
ToF/us x/mm
200
150
100
2 ©
gloo ©
S £
*
50 WM ! ~100
Lt b, .
01170 1112 1114 1116 1118 —20075 5 i) 5 10
ToF/us x/mm
200
30
0 100
g 3
3 —_
o g 0
O =
X
10 ~100
0 _
6 20910 -5 0 5 10

3 4 5
ToF/us x/mm

Fig. 8. Simulated and measured ToF spectra in transmission (first), after one
revolution (second), two revolutions (third) and 900 revolutions (bottom) with
a plot of the corresponding transversal emittance for the simulations. The black
data points are from measured data, the blue from simulations with the laser
ion source and the red from simulations using the cooler buncher ions. The
data points of the simulations were taken at a position corresponding to the
location of the detector in the measurements. The ion species simulated were
singular positively charged ions with a mass of 154 u. For visibility purposes
the simulated spectra were moved on the ToF axis.

experimental ionization volume resulting from the overlapping laser
beams. The mass of the ions was set to be 154 u. The ions were given a
starting kinetic energy of 190 meV, based on a temperature of 1200 °C,
with a cone distribution in the direction of the MR-ToF MS with a
half angle of 5°. Simulations for a point-like ionization volume never
showed the behaviour of multiple peaks in the ToF spectrum. Fig. 8
shows in addition the transversal emittance for increasing number of
turns in the MR-ToF. The time structure changes significantly, thus
pointing towards the need for better defined emittance of the beam
entering the MR-ToF. The experimental results shown in this article
were acquired over a span of several months. The performance of the
ion-source depends strongly on the laser beam positions and diameters.
Changes in these may have led to the situation that a second peak
from the same isotope in the ToF spectrum was not present in every
experiment.

3.3. MR-ToF MS characterization

In addition to the time structure, the behaviour with respect to the
relative efficiency ¢ and mass resolving power R was investigated. For



D. Miinzberg et al.

this purpose, the ions were trapped for different numbers of revolutions
and the ToF signal after ejection was evaluated. For the efficiency
determination, the number of ions reaching the detector is analysed
as a function of the number of revolutions. The efficiency for every
dataset is normalized to the respective efficiency in transmission mode.
As can be seen in Fig. 9, the measured relative efficiency e drops in all
cases quite steeply in the first few revolutions and begins to settle after
about 100 revolutions. The experimental results show the largest drop
and settle at about 20%, while the simulations with the laser ion source
settle to about 35%. The difference can be attributed to deviations of
the ion beam from the central axis. This assumption is supported from
the observation of some periodic staggering in the obtained efficiency
for more than 200 revolutions indicating spatial oscillations of the ion
trajectory within the MR-ToF MS. This staggering effect is known in
the collaboration and arises from the path of the ions not being a
perfectly closed trajectory inside the MR-ToF MS but it moving slowly
over the number of revolutions originating different trajectories of
ions while exiting the MR-ToF MS. When comparing the emittances in
Fig. 8, the loss of efficiency visible in the top part of Fig. 9 can be
generally explained by a too large transversal emittance of the injected
ion beam. This was cross checked in another simulation for ions with
a Gaussian ToF and energy distribution. This follows the measured
distribution (c.f. Section 3.2), while transversal emittance was set to
zero. This simulation was done up until 100 revolutions showing no ion
loss. As seen in Fig. 8 the ToF spectrum with one revolution features
multiple peaks. For an increasing number of revolutions the intensity
ratio between the ToF peak with the highest intensity and the other
ones shifts in favour of the former. This indicates that from the multiple
existing ToF components there is one favoured due to it having the
lowest transversal emittance. Since this is the only ToF components
persisting, it can be assumed that most, if not all, of the losses can be
attributed to these other higher-emittance ToF components.

The emittance figures in Fig. 8 were all taken at the same position,
which is the location of the detector in the real setup. The emittance
from the simulated laser ion source reveals multiple different patterns
within itself over the course of the revolutions. After 900 revolutions
there is only one pattern visible. The evolution of the emittance shows
a change in shape for both the ions from the laser ion source (blue),
as well as the ones from the cooler buncher (red). This shows that
there are some changes in ion trajectory and therefore the path and
angle at which they get ejected out of the MR-ToF MS over the course
of multiple revolutions. For the red emittance, the overall volume
remains nearly constant throughout its evolution, whereas the volume
of the blue emittance shrinks significantly until the end. After 900
revolutions, which is already beyond the point of ion losses, both
emittances look similar in shape, albeit being rotated with respect to
one another.

From the ToF spectra, the mass resolving power R was determined
as a function of the number of revolutions as shown in the lower part
of Fig. 9. It is defined as R = ﬁ = i. Due to the appearance of
multiple peaks, the standard deviation o,z of the obtained ToF was
calculated. For the mass resolving power, 4t = 2v/2-In2 - o,z Was
assumed. The highest experimentally achieved mass resolving power
was approximately 25000, which was limited due to a broadening of
the peaks and an asymmetric peak shape, which was also observed
in the simulations. The simulations with ions from the cooler buncher
resulted in well-defined singular peaks visible in each ToF spectrum,
corresponding to a mass resolving power of 100000 with a maximum
at 4000 revolutions For a species with a mass of 154 u, this would lead
to a total ToF of 157.5ms.

Fig. 10 illustrates the possibility of in-trap beam purification via
the in-trap deflector electrodes. Here, the laser for the FES was set to
30373.1280cm™! at which the isotopes 147Sm, 148Sm and 4°Sm have
been ionized simultaneously. A mixed ion sample containing these
isotopes was injected into the MR-ToF MS and trapped. The timing
for the in-trap lift for the ejection was set so that 148Sm was ejected
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Fig. 9. Top: Efficiency e relative to the number of transmitted ions without
trapping of the MR-ToF MS for different number of revolutions. Bottom: Mass
resolving power R of the MR-ToF MS against the number of revolutions. The
experimental data (black) is compared to the simulated ion source (blue) and
the expected behaviour with the cooler buncher (red). The given errorbars
are statistical uncertainties from the measured counts or the number of
investigated ions, respectively.

after 300 revolutions, which in turn led 47Sm being ejected after 301
revolutions and 149Sm after 299 revolutions, as shown in the left panel
of Fig. 10 with all isotopes visible in the ToF window. After 57.833 s
in the MR-ToF, which is half of the full trapping time, 48Sm finished
an integer number of revolutions, while the other two isotopes finished
half a revolution, leading to a maximum spacial separation between the
even mass isotope and the odd mass ones. At this time, the top segment
of deflector electrode at the side of the odd mass isotopes was pulsed
from OV to 100V for 1ps. This leads to the result shown in the right
panel of Fig. 10 where only the peak of 148Sm is visible, while the other
two peaks are removed.

4. Conclusion

Using ToF-assisted resonance ionization laser spectroscopy, multiple
laser excitation schemes of samarium were developed and investigated.
Here, the mass and field shift constants were determined as well as
the hyperfine parameter A for the excited states in the odd mass
numbered isotopes. This provides a basis for on-line laser spectroscopy
experiments on neutron-deficient samarium isotopes using the JetRIS
technique. Furthermore, first characterizations of an MR-ToF MS for
JetRIS were done utilizing a pulsed laser ion source, showing the
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Fig. 10. Measured ToF spectra using the deflector electrodes for beam pu-
rification. The left figure shows three peaks which were attributed to 47Sm,
148Sm and “°Sm from left to right. The right figure shows the same spectrum
while ¥7Sm and '#°Sm were deflected during the trapping time. The change
in intensity of #8Sm in both figures is attributed to a change in intensity of
the ion source.

potential of combining these two techniques. While this combination
still showed caveats in the performance regarding achieved efficiencies
and ToF structure, and thus on the mass resolving power, a clear path
towards the final integration of the MR-ToF into the JetRIS setup is
given with the usage of a cooler buncher for which the design is
reported in this work. This upgraded setup will extend the reach of
on-line laser spectroscopy experiments to heavy nuclei independent of
their decay mode and give access to long-lived nuclides. An interesting
nuclide that will become accessible with this setup is 25*Md as well as
the aforementioned neutron-deficient samarium isotopes.
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