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The radiation detection resonance ionization spectroscopy (RADRIS) technique enables laser spectroscopic in-
vestigations of the heaviest elements which are produced in atom-at-a-time quantities from fusion-evaporation
reactions. To achieve a high efficiency, laser spectroscopy is performed in a buffer-gas environment used
to thermalize and stop the high-energy evaporation residues behind the velocity filter SHIP. The required
cyclic measurement procedure in combination with the applied filament collection for neutralization as well

as confinement of the stopped ions and subsequent pulse-heat desorption constrains the applicability of the
technique. Here, some of these limitations and also opportunities that arise from this unique measurement

setup will be evaluated.

1. Introduction

Laser spectroscopy of the heaviest elements is critical to our un-
derstanding of the atomic and nuclear characteristics of nuclides at
the extreme upper end of the nuclear chart [1]. The atomic shells
of such heavy elements are strongly influenced by enhanced electron
correlation and relativistic effects, which alter the level scheme of
the electronic orbitals and ultimately the chemical behaviour of these

elements. In order to benchmark atomic theory calculations that are
used to predict properties up to and beyond the heaviest known ele-
ment oganesson (0g, Z = 118) [2], experimental data of the heaviest
elements are necessary. Laser spectroscopy can be used to identify and
perform a detailed characterization of electronic levels in such systems,
as well as determine their ionization potentials with high precision [3].
This complements efforts focussed on studying the chemical properties
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Fig. 1. Schematic drawing of the RADRIS setup. Recoils transmitted through the
separator SHIP enter the gas cell passing through a thin mylar window and are collected
on a catcher filament. After a half-life-dependent collection period, neutral atoms are
evaporated and probed by resonance ionization spectroscopy. The resulting photo-ions
are guided to the silicon detector and identified by their characteristic alpha decay
energy.

of the heaviest elements, which have been performed up to flerovium
(F1, Z = 114) [4]. With known atomic levels, the subtle differences in
the level energies in the members of an isotopic chain, and the arising
hyperfine splitting for nuclei with a non-vanishing nuclear spin can be
assessed to deduce fundamental nuclear ground-state properties such
as nuclear moments and spins, but also the changes of their size [5,6].
Although the atomic coupling parameters rely on atomic theory pre-
dictions [1], which are progressing towards ever more complex atomic
configurations [7], the obtained nuclear parameters are not dependent
on nuclear models. This is particularly important when studying the
nuclear charge radii of the heaviest actinides, where strong deformation
is present [8,9], leading to sub-shell effects [10].

2. Experimental methods

In this context, the radiation detection resonance ionization spec-
troscopy (RADRIS) technique was developed [11,12], which enabled
successful laser spectroscopy of heavy actinide nuclei produced in
atom-at-a-time amounts with fusion-evaporation reactions. The fusion
products are produced and separated from the intense primary beam
at the velocity filter SHIP at the GSI Helmholtzzentrum fiir Schw-
erionenforschung in Darmstadt [13,14]. In general, the transmitted
evaporation residues feature kinetic energies of about 40 MeV, and
enter the buffer gas cell through a 3.5 pm-thick aluminium-coated mylar
window. Inside the experimental chamber the ions are thermalized by
collisions in 95 mbar of argon gas and collected on a catcher filament by
applying an attractive electrostatic potential. The ions are neutralized
by touching the hafnium strip filament of 1 x 0.025mm?, that is
typically used. Hafnium demonstrated a superior desorption behaviour
during off-line tests with iso-electronic homologues compared to the
previously used tantalum wires [15]. After a suitable collection time,
which is determined by the half-life of the nuclide under investiga-
tion [16], the primary beam is stopped and the atoms are evaporated
during a 0.3 s-long heat pulse which is monitored using a fast infrared
pyrometer (LumaSense, IMPAC IS 6 Advanced). During this desorption
pulse, two laser beams illuminate the region of evaporated atoms
providing a two-step resonant ionization scheme.

Laser-created ions are subsequently guided towards silicon detec-
tors enabling an unambiguous identification of the nuclides by their
characteristic alpha-decay energy, which is continuously recorded. The
experimental setup shown in Fig. 1 enabled laser spectroscopy of the
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Fig. 2. Left: obtained laser resonance spectrum of 2°Fm for the 28 186 cm™! transition
which was first reported for 2>Fm in Ref. [19]. Right: alpha decay energy spectra
obtained for direct guiding of 2>*No to the detector (upper panel) and obtained during
the laser scan of the alpha decay daughter 2°Fm (lower panel).

element nobelium (No, Z=102) [17], the first optically studied trans-
fermium element which is only available in atom-at-a-time quantities.
Recent advancements of the setup for an improved efficiency and
higher versatility are summarized in Ref. [18]. The application of laser
spectroscopy inside the buffer gas stopping volume enables a high
total efficiency, but also introduces limitations on the elements and the
isotopes of a given element that are accessible to the technique. These
limitations but also new opportunities will be discussed in the following
sections.

3. Laser spectroscopy of decay daughter nuclei

The required cyclical collection and measurement procedure of the
RADRIS technique is limited by the lifetime of the investigated nuclei
due to the finite collection time as discussed in Ref. [18]. However, this
mode of operation also offers a unique opportunity to use the collection
cycle to breed decay daughters of the fusion-evaporation products that
are collected on the filament. While the nuclei are located on the
surface of the filament, many of their alpha-decay recoiling daughter
nuclei are released into the buffer gas and thermalized. As they remain
charged, they will be again collected on the filament surface. Losses in
this breeding procedure arise from the efficiency in the applied cycle
due to the lifetime of the mother and daughter nuclei. Other limiting
factors are the branching ratio of the nuclear decay mode, and possible
neutralization of the recoiling ions in the buffer gas. Furthermore, due
to geometry, 50% of the recoils are implanted deeper into the filament
and may not be released during the desorbing heating pulse which adds
to the losses.

250Fm (T, /2=3555) was one of the first isotopes investigated in
this mode of operation. It was produced in the alpha decay of 254No
(T, /,=525) with a branching ratio of b, = 0.9. The production of 2>No
in the 208Pb(*8Ca,2n)?>*No reaction features a relatively high cross
section (2 pb [20]). Also advantageous is the well understood behaviour
of nobelium in a buffer-gas cell and the established atomic energy lev-
els [17,21,22]. For laser spectroscopy of 2°CFm, the collection cycle was
adapted such that within a 30 min collection time not only the 254No
ions are collected, but also the recoil decay daughters 2°0Fm. The spec-
troscopic 100 Hz pulsed dye laser, pumped by an Xe:Cl excimer laser
operated at 308 nm, was tuned to scan across the optical transition from
the atomic ground state to an excited electronic level at 28 150 cm™!,
while an excimer laser operated with Xe:F at 351 nm was used as
second step for non-resonant ionization. This level was first identified
in reactor-bred 25°Fm and reported in Ref. [19]. The left graph in Fig. 2
shows the obtained optical spectrum for this transition. The right graph
in Fig. 2 shows the alpha-decay energy spectrum obtained from direct
collection on the silicon detector with the nobelium being present,
as well as the alpha-decay energy spectrum obtained in spectroscopic
measurements, where the signal of the nobelium mother vanishes. This
new mode of operation will enable further measurements on nuclei
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Fig. 3. Effect of the voltage gradient on the transport efficiency of the laser ions from
the filament to the silicon detector on ground potential.

o 2%5Fm guiding to detector - Ar o 2Fm-RIS in Ar
» 2Fm guiding to detector - He| * Fm-RIS in He 1
I 124 . <101 d
o 3 o
E‘ 104 ) i 8 4
£ g He 3]
= = 6, o
= | = .
3 6] 3
c Ar c !
E 4] £ t e s ]
S . S
z Z 5] T J
2 I ST
.0 * [
0 . . .
28187 28188 28189

Excitation energy [cm™]

Fig. 4. Left: obtained rates for direct detector guiding for helium at 125mbar in
comparison to argon operated at 95mbar. Here two comparable short measurements
were performed for argon, while a long over-night measurement was performed with
helium. Right: comparison for the obtained RIS spectra.

that are hardly available in fusion-evaporation reactions with suitable
yields or beam-target combinations or which require very asymmetric
fusion-evaporation reactions where the low recoil energies complicate
the application of gas-cell techniques.

4. Influence of the voltage gradient and buffer gases

The filament capture technique and the guiding of the laser ions to-
wards the detector relies on a voltage gradient created by the filament,
the surrounding experimental chamber, the transport electrodes, and
finally the silicon detector located on ground potential. Limitations in
the efficiency of the method and the final cycle duration arise from
diffusion and the ion transport time in the gas environment, which
is itself limited by the ion mobility. To investigate the efficiency of
the ion transport, the voltage gradient along the transport electrodes
was varied by scaling the voltage setting in relation to the nominal
settings. The result is shown in Fig. 3 and clearly shows that the relative
efficiency is rather insensitive to the exact values of the gradient. A
reduction to 25% of the nominal value still yields 50% of the maximum
efficiency. Therefore, the ion transport efficiency in the typical opera-
tional conditions with 95 mbar of argon gas is not limited by diffusion
losses.

A shortening of the RADRIS cycle after the filament collection and
before the laser ions reach the detector would enable access to even
shorter-lived nuclei. This could become possible if other inert gases
such as helium or neon are used for which the ion mobility is higher
and thus resulting in a faster ion transport and a shorter overall cycle
period. The transport time for direct guiding to the detector was studied
on-line with short-lived '54Yb (T;,, = 409ms) and determined to be
approximately 330 ms as discussed in Ref. [18]. In addition to changes
in the mobility, the achievable spectral resolution is also affected
by the choice of gas, which could improve the precision for nuclear
properties extracted from the hyperfine spectra. However, due to the
reduced stopping power of the lighter gases and the limited stopping
volume defined by the dimensions of the experimental chamber and
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Fig. 5. Temporal profile of the hafnium filament temperature in (left) helium buffer
gas at 125mbar and (right) argon buffer gas at 95mbar. The peak temperature is
determined by the applied current and thus the heating power provided for the
filament. The difference in the falling edge depends on the buffer gas due to the
different heat capacities.

the extraction electrodes as shown in Fig. 1, the total efficiency might
be reduced. This is problematic for laser spectroscopic investigations in
this region of low recoil rates. Therefore, this effect was studied during
on-line experiments comparing the performance in argon and helium
gas environments.

For these tests, a 4.84MeV/u primary “Ar beam was provided
by the UNILAC at GSI, Darmstadt was used to irradiate a 208PbS
target wheel to produce 2*SFm (T;,, = 4.2s) at SHIP. The first set
of measurements was performed with the typical conditions for the
RADRIS experiment, with argon as the buffer gas at a pressure of
95mbar [12,18]. Initially, the ions were stopped and directly guided
towards the detector as shown in the left graph of Fig. 4. In a second
step, a measurement cycle with collection on a hafnium filament and
laser ionization spectroscopy was performed as depicted in the right-
hand graph of Fig. 4. The buffer gas was then exchanged to helium
and the same two measurement cycles were performed. Here, despite
a higher pressure of 125mbar inside the buffer gas cell, the voltage
gradient settings had to be reduced to avoid discharges at the elec-
trodes. The applicable pressure inside the gas cell is limited by the thin
entrance window. For collection, the central cross piece was set to a
voltage of 420 V compared to the typically 1030 V used for argon [12].
The dependence of the signal intensity on the voltage gradient was not
studied and therefore this voltage setting might not be optimal. The
efficiency for guiding ions to the detector under these conditions was
reduced by about a factor of 2.5 as shown in the left-hand part of Fig. 4.
This observation is in line with the expected larger stopping distribution
and the limited acceptance of the transport electrodes. When applying
the collection and measurement cycle, it was also observed that the
behaviour of the filament during the heating pulse was different in
comparison to the typical argon environment, which is depicted in
Fig. 5. Due to the increased pressure and the higher heat capacity of
helium, the falling edge of the heat pulse is much steeper than in argon.
When performing the laser spectroscopy on an atomic transition as
shown in the right panel of Fig. 4, it becomes obvious that the loss
in efficiency is less pronounced compared to the direct ion guiding,
indicating that the capturing process on the filament is less sensitive
to a larger stopping distribution than the direct ion guiding. Therefore,
also lighter buffer gases can be considered for laser spectroscopy studies
with RADRIS. The influence of the gas type on the ion transport times
as well as on the laser resonance peaks will be further investigated.

5. Limitations in filament desorption

The collection and heat-pulse desorption from a catcher filament
ensures on the one hand an efficient neutralization and in addition a
well-confined atom-light interaction region, which is important for the
required efficiencies for laser spectroscopy of the heaviest elements.
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The low-energy tailing for the gas-cell measurements arises from the direct collection
on the silicon surface. The nuclear data are taken from Ref. [23].

On the other hand, the desorption from the filament poses an addi-
tional experimental challenge, as the required temperature, dictated
by the adsorption enthalpy of the atoms of interest on the surface
material, might not be reached. To test the limitation of the heat-pulse
desorption, on-line produced actinium isotopes and their respective
decay products were investigated with RADRIS. For actinium, well
developed ionization schemes are known, and neutron deficient iso-
topes were investigated by in-gas-cell laser spectroscopy [24,25]. In
addition, actinium features an adsorption enthalpy which is signifi-
cantly higher compared to lawrencium (Lr, Z = 100) and especially
No, and its measurement is therefore an interesting test for the evap-
oration of less volatile species [26]. Actinium was produced in two
tests in the reaction 1°°Tm(*8Ca,5n)?12Ac (4.55MeV/u beam energy)
and 175Lu(*0Ar,3-4n)21-212A¢ (4.21 MeV/u beam energy). The spectra
for the latter reaction obtained in different stages of the investigation
are shown in Fig. 6. Here, graph 6(a) shows the alpha-decay energy
spectrum obtained at the focal plane of SHIP with the directly produced
211212 A¢ isotopes indicated as well as 212Ra, which was produced in
the p2n-evaporation channel. From a primary beam intensity of about
0.34 particlepA of 40Ar3*, a detector efficiency of 55%, and a SHIP
transmission of 30%, a cross section of ¢ ~20 pb for detected events
can be deduced, which is similar to values reported in Ref. [27]. The
pattern obtained from direct guiding to the detector, c.f. Fig. 6(b),
differs only slightly, especially for 211Ac and for 2°%Rn, which is the
decay daughter of ?'2Ra. For 2! Ac, the short half-life of T}, = 210ms
already introduces losses during the process of guiding to the detector,
which was investigated for 1>*Yb in RADRIS [18] and the cryogenic
gas cell at SHIPTRAP [28].2°Rn on the contrary is gaseous at room
temperature and recoils released from the detector surface are therefore
lost and only the fraction of recoils which are implanted into the
detector contributes to the measured alpha-decay events. Applying a
filament collection and heat-desorption cycle as shown in Fig. 6(c,d),
the actinium isotopes as well as the 212Ra vanish. To study the filament
desorption, a short cycle with 2s collection time, laser resonance
ionization with the well-established first excitation step [24,25], and
high-power non-resonant laser light at 355 nm from a Nd:YAG laser for
ionization was applied. In addition, different filament materials such
as Hf and carbon-coated WThO, which are discussed in more detail
in Ref. [15], were studied here. Although temperatures up to 2000 °C
were investigated, at which the filament material did only survive for
some dozens of cycles, no signal neither resonant nor stemming from
surface ionization was observed as shown in Fig. 6(c). Nevertheless, a
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strong signal from the daughter nuclei 2°7298Fr was visible from surface
ionization, which could not be prevented due to the very low ionization
potential of only 4.07 eV [29]. A last set of measurements, shown in
Fig. 6(d), for studying the lifetimes of these isotopes, which is still under
evaluation, was performed with a 300s collection time without any
laser excitation and ionization. Here, the 207Fr decay with a half-life
of T\, = 15s is suppressed due to decay during the collection cycle.
These investigations show that isotopes of elements that are volatile
at room temperature such as radon cannot be collected and are thus
not accessible, while high-temperature stable, refractory elements are
not desorbed from the filament. Nevertheless, in conjunction with the
operation mode of filament breeding as discussed earlier, refractory
elements can be used to efficiently produce and study more volatile
daughter nuclei, which may open up a possibility in the production
of e.g. 2°°No from the electron capture decay of the significantly less
volatile 250Lr.

6. Conclusion and summary

We have investigated the possibilities and limitations associated
with the cyclic operation and the heat-pulse desorption used in the
RADRIS technique for laser spectroscopy of exotic nuclei. The cyclic
collection and measurement operation inherently allows for breeding
of daughter nuclei and thus enables access to nuclei which are difficult
to produce in a direct scheme. The lifetime limitations arising from the
measurement cycle were investigated in Ref. [18]. Our first approach
to overcome this limit was the usage of He as buffer gas. The results
are promising, and encourage further investigations in this direction.
The pulse-heating from the catcher filament adds an additional exper-
imental challenge and hampers the measurement of elements where
high desorption temperatures are required. Nevertheless, the element
selectivity of the desorption process can also assist in the identification
of recoils, as the total efficiency of the entire setup is decreased for
incomplete desorption of elements with a high adsorption enthalpy.
The possibility of studying decay daughters opens new possibilities,
also with respect to the ongoing development of the JetRIS setup [30]
which combines the high resolution of laser spectroscopy in a gas
jet [31] with the filament neutralization from RADRIS. Here, daughter
nuclei of refractory elements can also be studied despite the continuous
operational mode of this in-gas-jet technique.
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