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Abstract

Laser spectroscopy is a versatile tool to study the atomic structure and prop-
erties of exotic nuclei with high efficiency and sensitivity. Electronic states
of atoms can be excited via illumination with monochromatic, resonant laser
light. In this work, the identification of excited atoms is done by either ob-
servation of their fluorescence emitted when relaxing back to an energetically
lower state (light induced fluorescence, LIF), or by ionization of the atom
via multi-step excitation (resonant ionization spectroscopy, RIS). This the-
sis presents some recent developments and applications of the JetRIS setup,
a setup designed for laser spectroscopy in a gas jet. Within the context of
this work, laser spectroscopy was utilized to characterize its spectral resolu-
tion, an atomic transition of 2*No, multiple resonances of "*Sm, hyperfine
components and isotope shifts and to test multiple technical developments
necessary for studying on-line produced nuclides with the JetRIS setup.

A crucial part of the JetRIS setup is the nozzle and the corresponding gas jet
formation. Here, the performance in terms of spectral linewidth was charac-
terized utilizing LIF via laser excitation of Dy I using a 4f196s? — 4f1%6s6p
transition at A = 404.5 nm. The spatially resolved fluorescence in dependence
of the laser excitation frequency was recorded and a maximum average reso-
lution of Av = 212(30) MHz was obtained. JetRIS was then used in on-line
experiments at the GSI facility in Darmstadt, utilizing two-step RIS and
a-decay based detection measuring the 'Sy— P, transition of 2**No. The
centroid of the transition was determined with v = 29 961.480(12) cm ™! while
a resolution of Av = 770(300) MHz was achieved.

The last part of the thesis is dedicated towards RIS of samarium using ToF
based detection utilizing and characterizing a Multiple-Reflection Time-of-
Flight Mass Spectrometer (MR-ToF MS). Here six different First Excitation
Step (FES) transitions were characterized, determining their mass and field
shifts, as well as the hyperfine parameter A for the isotopes **"Sm and *°Sm.
For five FES transitions, two Auto-Ionizing (Al) transitions were identified
each, while for the remaining FES transition, only one Al transition was
found. Utilizing the isotope **Sm, the mass resolving power R, the relative
efficiency € and the capability of in-trap-deflection of the MR-ToF MS was
characterized. The MR-ToF MS will be integrated into the JetRIS setup,
to enhance its detection capabilities for future on-line studies using a linear
Paul trap as a radiofrequency (RF) cooler buncher. The cooler buncher and
merging of both setups are planned for future work.
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Zusammenfassung

Die Laserspektroskopie ist ein vielseitiges Werkzeug, um die atomare Struk-
tur und Eigenschaften exotischer Kerne mit hoher Effizienz und Empfind-
lichkeit zu untersuchen. Elektronische Zustinde von Atomen koénnen durch
Bestrahlung mit monochromatischem, resonantem Laserlicht angeregt wer-
den. In dieser Arbeit erfolgt die Identifizierung angeregter Atome entweder
durch Beobachtung ihrer Fluoreszenz, die beim Zuriickfallen in einen en-
ergetisch niedrigeren Zustand emittiert wird (lichtinduzierte Fluoreszenz,
LIF), oder durch Ionisierung des Atoms mittels mehrstufiger Anregung (res-
onante Ionisationsspektroskopie, RIS). Diese Arbeit stellt einige Neuerun-
gen und Anwendungen des JetRIS vor, eines Versuchsaufbaus, welcher fiir
die Laserspektroskopie in einem (Gasstrahl entwickelt wurde. Im Rahmen
dieser Arbeit wurde die Laserspektroskopie genutzt, um seine spektrale Au-
flésung, einen atomaren Ubergang von 2**No, mehrere Resonanzen von "*Sm,
Hyperfeinkomponenten und Isotopieverschiebungen zu charakterisieren und
mehrere technische Entwicklungen zu testen, die fiir die Untersuchung von
beschleunigerproduzierten Nukliden mit dem JetRIS-Aufbau erforderlich sind.
Ein wesentlicher Bestandteil des JetRIS ist die Diise und die entsprechende
Gasstrahlbildung. Hier wurde die Leistung in Bezug auf die spektrale Lin-
ienbreite unter Verwendung von LIF durch Laseranregung von Dy I eines
410652 — 4f1°6s6p Ubergangs bei A = 404.5 nm charakterisiert. Die riumlich
aufgeloste Fluoreszenz wurde in Abhéngigkeit der Laseranregungsfrequenz
aufgezeichnet und eine maximale durchschnittliche Auflésung von Av =
212(30) MHz erzielt. Anschlieflend wurde JetRIS in Beschleunigerexperi-
menten an der GSI in Darmstadt eingesetzt, um zweistufige RIS in Kom-
bination mit a Zerfall Detektion verwendet wurde, um den Ubergang von
1S,— Py in %*No zu messen. Der Schwerpunkt des Ubergangs wurde
mit v = 29961.480(12) cm™! bestimmt, wihrend eine Auflssung von Av =
770(300) MHz erreicht wurde.

Der letzte Teil der Arbeit widmet sich der RIS von Samarium unter Ver-
wendung einer ToF basierten Detektion unter Einsatz und Charakterisierung
eines Mehrfachreflexionsflugzeitmassenspektrometers (MR-ToF MS). Hier wur-
den sechs verschiedene erste Anregunsschritte (FES) charakterisiert und ihre
Masse- und Feldverschiebungen sowie der Hyperfeinparameter A fiir die Iso-
tope *"Sm und '*°Sm bestimmt. Bei fiinf FES wurden jeweils zwei Au-
toionisationsiibergénge (AI) identifiziert, wihrend bei dem verbleibenden
FES nur ein AT gefunden wurde. Mit Hilfe des Isotops **Sm wurden das
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Massenauflosungsvermégen R, die relative Effizienz € und die Féahigkeit zur
in-trap-Ablenkung des MR-ToF-MS charakterisiert. Das MR-ToF MS wird
in den JetRIS-Aufbau integriert, um dessen Detektionsfihigkeiten fiir zukiin-
ftige Experimente unter Verwendung einer linearen Paulfalle als Radiofre-
quenz (RF) cooler buncher zu verbessern. Der cooler buncher und die Kom-
binierung beider Aufbauten sind Teile zukiinftiger Arbeiten.
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List of included articles

This cumulative dissertation is based on three different publications [1} [2} [3].
These articles were chosen to represent the core aspects of this work. The
author has made significant contribution to each of these articles, which are
pointed out in detail in an introduction before each article shown in this the-
sis. A complete list of all publications of the author can be found in the [Ap
Publication [1| describes the characterization of supersonic gas jets formed
by de-Laval type nozzles in the JetRIS setup utilizing LIF in dysprosium.
Publication [2] describes on-line two-step RIS measurements of ?*!No using
the JetRIS setup at the GSI facility.

Publication [3] shows ToF-assisted two-step RIS of "®*Sm for laser ionization
scheme development and determination of the isotope shifts, as well as the
hyperfine parameter A for the I #0 isotopes. It furthermore shows a charac-
terization of the mass resolving power and relative efficiency of the MR-ToF
which shall be an addition to JetRIS.
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1 Introduction

The curious desire for an intricate understanding of fundamental properties
and connections is one of the main driving factors of natural sciences. When
searching for fundamental understanding, one might look to the smallest of
things and study it intensively. One type of object whose behaviour is worth
studying in this regard is the atom itself, with its properties determined
by the electron shell, and its nucleus. Due to their often times connected
behaviour, one can learn a lot by precisely studying the atomic shell and
deriving properties of the nucleus from it. Due to relativistic effects, heavy
elements (Z > 100) are hard to describe theoretically. Since they also have no
natural abundance, studying their properties is quite a challenging task. In
recent, years, many experiments were conducted to shine light on these prop-
erties. One particularly interesting observable is the nuclear mean-square
charge radii to identify nuclear shell gaps, like N = 40 [1], N=98 [2]|, Z=
60 [3] the combination of N=152 at Z=100 [4, 5] (c.f. Fig. [I)) and N=162
at Z=110 [6]. Other interesting cases for research on nuclear structure are
conducting experiments on nuclear isomers, like the 2°*No K™ = 8~ nuclear
isomer whose structure could not be unambiguously determined via ~v-ray
spectroscopy [7] and is an interesting case for nuclear theory [8] and the
study of nuclear deformation through, e.g. laser spectroscopy [9).

Early descriptions of atomic nuclei were based on the liquid drop model
(LDM). Here the nucleus is described as a spherical, incompressible homoge-
nous object comprised of protons and neutrons which are held together by
the strong force [10]. Even though this model describes a quantum object via
a macroscopic analogon, that of a water droplet, it holds quite well in terms
of delivering a qualitative understanding of nuclei and some of their parame-
ters like the binding energy per nucleon. This analogon approach works well
due to the short-ranged nature of the strong force. One major limitation
of this model is its inability to predict and explain effects that arise due to
substructure inside the nucleus. One example of this are the so-called magic
numbers. These are specific amounts of protons (2, 8, 20, 28, 50, 82) and/or
neutrons (2, 8, 20, 28, 50, 82, 126) which exhibit a particularly high stability
[11]. Due to this, the nuclear shell model (NSM) was developed [12,13]. This
model is an analogon to the model for atomic orbitals and describes nucleons
in an atomic nucleus via discrete states for each nucleon. The existence of
nuclear shell effects is essential for the existence of elements with Z > 104
|14} |15, for which the LDM predicts a fission barrier so small that they be-
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Figure 1: Top: E(27%) excitation energies for the heavy actinide even-even
nuclides showing a deformation maximum in ??Fm. Bottom: Cutout of the
nuclear chart for the heavy actinide region around the neutron nuclear shell
gap at N=152. The figure was adapted from .

come unobservable 17]. At the time of this work, the element with the
highest Z that has been experimentally observed is Og with Z = 118
. Even though deformation of nuclei must not neccessarily be coupled to
shell effects, it is often a consequence of it. Nuclear deformation influences
the energy of a nuclear level, leading to large energy gaps between levels
which would be different in a spherical nucleus. These gaps qualitatively
exhibit the same behaviour as nuclear shell gaps, at the magic numbers, only
being smaller in magnitude. They are usually referred to as deformed shell
gaps. The influence of deformation on nuclear levels can be described via the
Nilsson model . The NSM also explains the existence of nuclear isomeric
states |11} [21].

The element plutonium is the heaviest element that is present in nature.
With the exception of Neptunium, all elements up to plutonium have at
least one naturally occuring isotope [22]. Therefore, neptunium and all ele-



ments with Z > 94 must be produced artificially. In principle, elements with
a higher Z can be produced via neutron capture reactions and subsequent
f~-decays [11]. This principle can be observed in nuclear reactors where
elements with a Z higher than the one for the element used as nuclear fuel
are produced. These reactors are most commonly used with 23U or 23U
with the goal of neutron-induced fission, which subsequently releases more
neutrons leading to a self-sustaining chain reaction. However, not all neu-
tron capture reactions lead to induced nuclear fission, enabling the breeding
of increasingly heavier elements. The upper limit of this breeding process
is determined by the neutron flux available and therefore the reachability
of isotopes with an excess of neutrons that primarily decay via a S~ -decay.
In nuclear reactors this limits the breeding process to the element fermium
with Z = 100, since this is the first element with no yet known g~ -decaying
isotope [22|. Elements with Z > 100 can, so far, only be produced via mult-
inucleon transfer reactions (MNT) and fusion-evaporation reactions. Both
types of reactions need a projectile with high kinetic energy to overcome
the Coulomb barrier between both nuclei and are therefore carried out at
accelerator facilities, like GSI Darmstadt. Fusion-evaporation reactions are
explained in more detail in Sec.

One reliable, albeit indirect way, of studying nuclear structure lies in study-
ing the electron shell of an atom via optical spectroscopy. An efficient and
precise way of doing optical spectroscopy is utilizing laser light and probing
for energy resonances in the absorption of electromagnetic radiation. This
can be done, for example, via multi-step excitation, which allows probing
transitions into an excited state (ES) ultimately leading to a detachment of
the excited electron, ionizing the sample atom. This is called resonance ion-
ization spectroscopy (RIS) [23, 24, 25]. When measuring the same atomic
transition in multiple different isotopes of the same element, the occuring
isotope shift can be deconstructed into two different components, the mass
and the field shift. Since the field shift scales with the nuclear mean-square
charge radius (r?), this property can be determined via laser spectroscopy
[26]. The evolution of (r?) across changing neutron or proton numbers yields
information on nuclear structure. In cases were a nuclear shell is being filled,
without reaching a fully closed shell, this evolution is linear. In some cases it
was found that Kingplots exhibit a kink in their evolution. These kinks in the
trend can, e.g., indicate nuclear shell gaps, as well as changes in deformation
of a nucleus |27, 28|, |29] [30]. Furthermore it is possible to probe the structure
of the nucleus via measuring the hyperfine structure (HFS) |31, 32, 9|. From
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this interaction between the nuclear spin I and total angular momentum of
the electron shell J, the magnetic dipole moment p; and spectroscopic elec-
tric quadrupole moment Qs can be determined [33] |34]. The spectroscopic
quadrupole moment (g is dependent on the intrinsic quadrupole moment ()
which reflects nuclear deformation.

Most isotopes of superheavy elements have never been accessible for laser
spectroscopy experiments, leaving their atomic and often times nuclear struc-
ture to be experimentally largely unknown. While there are approaches to
model their atomic structure, the increasing relevance of relativistic effects
makes their accurate prediction challenging, or in some cases outright im-
possible [9]. Through the measuring of observables via laser spectroscopy
and other methods, this structure can be investigated leading to a better
understanding and modeling of nuclear and atomic behaviour as a whole.
To accurately measure observables relevant for the description of atomic
and nuclear behaviour precise measurements with sufficient statistical weight
must be conducted. For laser spectroscopy experiments, dealing with very
limited quantities of the atoms of interest, high efficiency and spectral res-
olution are paramount. To achieve this, the in-gas-jet resonance ionization
spectroscopy (JetRIS) technique was developed |35]. This technique aims to
combine the high efficiency of the filament technique in a buffer gas filled cell,
that has been successfully employed in RADRIS [36], with the high spectral
resolution of laser spectroscopy in a supersonic gas jet [37] and is described
in more detail in sec. 3.2l In this work, the JetRIS was characterized and
developed to the point of successfully measuring a !So—!'P; ground state
transition of 2**No with a linewidth of 770 MHz. This involved determining
the best conditions for spectral resolution and efficiency in off-line tests for
the JetRIS setup. For the spectral resolution different de-Laval type super-
sonic nozzles were tested under different stagnation pressures and background
pressures measuring the light-induced fluorescence (LIF) of '*Dy in the gas
jet. Here, optimal conditions were found resulting in a best-case resolution of
212(30) MHz. The details of these measurements can be found in
To determine the efficiency of the JetRIS setup, a ??*Ra recoil ion source
was utilized to determine the transport efficiency. This ion source releases
the daughter of 22Ra, 2'Rn into its surroundings, due to the recoil of the
a-decay. Since the activity of this source can be measured, the release rate
can be determined to enable measurements of the transport efficiency of the
JetRIS setup. After characterization and optimization, the setup was used
at the GSI facility in Darmstadt for the aforementioned RIS experiments on
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254No. For the production, the accelerator of GSI was utilized to sustain a
fusion-evaporation reaction of the type ¥¥Ca + 208Pb — 2*'No + 2n with
8Ca as the projectile |[38]. For the separation of the primary beam from the
reaction product the Seperator for Heavy Ion reaction Products (SHIP) was
used [39, 40]. The details of the results of the efficiency measurements and
the spectroscopy on 2**No can be found in [Publication I}

For future improvements a Multiple Reflection Time-of-Flight Mass Spec-
trometer (MR-ToF MS) [41] will be added to the JetRIS in order to allow
for ToF-based ion detection. The MR-ToF MS used here was conceptualized
by M. Schlaich in the context of Darmstadt’s MR-ToF collaboration (Da’s
MR-ToF collaboration) and the design was published in [42]. Within this
collaboration the electrodes of the MR-ToF MS were manufactured jointly
by all collaborating institutes and distributed. The assembly, comissioning
and optimization of this device were done by the author of this work. The
final comissioning included tests of the mass resolving power and efficiency
of the MR-ToF MS using a self-built laser ion source utilizing two-step RIS
on "Sm. The comissioning was coupled with laser excitaion scheme devel-
opment for samarium which included determining the hyperfine parameter
A on Sm isotopes with I #£0 and determining the mass and field shift from
the isotope shift via Kingplot analysis for all measured transitions [26]. The
results of these measurements can be found in [Publication TT1]




2 Theoretical background

This section provides a brief overview of background information to guide
the reader through the topics covered in this thesis and to provide some
necessary background information. In cases where the fundamentals of the
theory are already well established in detail in the literature (e.g. textbooks,
review articles), this section will be intentionally brief and rather provide
references to these sources than rewrite them without added benefit.

2.1 Laser spectroscopy

Laser spectroscopy refers to optical spectroscopy in which the source of the
electromagnetic radiation used is a laser [23, [31]. Laser is an acronym for
light amplification via stimulated emission of radiation [43, 44, |45]. Its ben-
efits for optical spectroscopy are that lasers produce highly coherent light
with a spectral bandwith that, depending on the laser, can range between a
few millihertz and multiple gigahertz. There are tunable lasers, in which the
wavelength of the emitted light can be varied by 10s or 100s of nanometers
and lasers with a static wavelength. The former are usually used for optical
spectroscopy, while the latter are used as a reference for the wavelength or for
pumping an optical medium of a tunable laser. Laser spectroscopy in general
probes atomic structure through resonantly exciting electronic levels. To ob-
tain a signal in a measurement whether, or to which probability the atom
has successfully been excited, there are two ways relevant to this thesis which
are well established. These are Light-Induced Fluorescence (LIF)[46| 47| and
Resonance Ionization Spectroscopy (RIS) [24, 25, 48] 49, 50]. When an atom
is in an electronically excited state, it can spontaneously relax to the ground
state through the emission of electromagnetic radiation [43, 34]. This radia-
tion is emitted in a random direction, so that the sum of many emissions is a
uniform distribution in 47. The lifetime of excited atomic states ranges from
the order of nanoseconds to seconds. In this work we focus on electric dipole
transitions, where the lifetime ranges from nanoseconds to microseconds. For
RIS, usually multiple excitation steps are necessary. Usually two steps are
used, being called the first excitation step (FES) and second excitation step
(SES). The first excitation step is always done resonantly from the ground
state, or a thermally excited state. The second step, used for ionization, can
be done resonantly through Rydberg states or auto ionizing (Al) states, or
non-resonantly. Rydberg states are bound, excited electronic states close to,



but below the ionization potential (IP), which can be ionized via collisions
or electric fields. Al states result from multi-electron excitations. Here, the
total energy is higher than the IP, so that the system can decay to the ionic
ground state by transfering its energy onto one, unbound electron. These
types of SES have different interaction cross sections o and therefore differ-
ent power requirements for saturation. Rydberg states have the highest o,
which is approximately 10 times as large as the o of Al states and 10000 as
large as the o of non-resonant ionization [51]. Albeit Rydberg states typi-
cally have a rather narrow spectral profile, which is for doppler broadened
ensembles not ideal. Als and Rydberg states are not always known for the
heaviest elements, especially when searching for first excited levels [19]. An
example of an excitation scheme can be found in Fig.
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Figure 2: Exemplary level scheme showing the FES through A, fluorescence
through A\p, Rydberg excitation via Ag, auto ionizing states via Ax; and non-
resonant ionization through A,,.. Adapted from [51].



2.1.1 Spectral resolution

When atoms are resonantly excited the lines that are measured are not in-
finitely sharp d-functions, but show a usually symmetric distribution of signal
around a centroid value [23]. The width of this distribution is known as spec-
tral resolution or spectral linewidth and is usually characterized by the value
of the Full Width Half Maximum (FWHM). This value is influenced by
multiple broadening mechanisms and the lowest achievable linewidth is the
so called natural linewidth. Due to the Heisenberg uncertainty principle [52]
the errors in energy and time are connected to one another and their prod-
uct has a lower absolute limit. Due to this the lifetime of an excited state
influences the minimum achievable spectral linewidth with a shorter lifetime
leading to a larger spectral linewidth according to

o= 277’ (1)
with dv being the spectral linewidth and 7 being the lifetime of the excited
state [34]. In any experiment the spectral linewidth is determined by a com-
bination of all broadening mechanisms. In the context of this work these are
the natural linewidth, pressure broadening, Doppler broadening and satura-
tion broadening and the spectral bandwith of the laser system |23, [31} [34].
Contributions to the overall spectral linewidth of an experiment which stem
from the lifetime of the excited state exhibit a Lorentzian shaped profile [23].
The pressure broadening exhibits the same profile. It stems from the colli-
sion between atoms. This can lead to a depopulation of an excited electronic
state via collisional energy transfer, leading to a decreased effective lifetime
of that state. In cases where the collision does not lead to a deexcitation it
can still influence the phase relationship between the excited atomic dipole
and the laser light, broadening the spectroscopic line. This mechanism is
dependent on the pressure. The Doppler broadening contributes via a Gaus-
sian shaped profile and is dependent on the temperature. It stems from the
fact that the thermal kinetic energy of an ensemble of particles follows the
Boltzmann distribution, instead of being a uniform value for every particle
[53, 54]. This energy is also undirected, so that it shows a random distri-
bution in 47. With these properties an ensemble of particles always has
atoms moving perpendicular to an incoming laser beam, meaning they are
not Doppler shifted [55] and distributions of velocities and angles that either
red- or blueshift a particular particle, leading overall to a broadening of the
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resonance. The spectral bandwith of the laser that is used contributes to
the measured spectral linewidth with the shape of the bandwith, which is
the Boltzmann distribution of velocities in one direction. Spectra that are
not dominated by one type of lineshape, but are a combination of Gaus-
sian and Lorentzian shapes can be described by a Voigt profile, which is
the mathematical convolution of both [56]. In a Voigt profile the individ-
ual contributions of both lineshapes can still be identified and analysed (c.f.
Fig. [3). Power broadening contributes with a Lorentzian lineshape. In any
experiment there is a finite amount of particles that can be excited. The
probability of excitation is dependent on the power and excitation cross sec-
tion. At some photon density all available particles will be excited at the
resonance frequency, with the signal decreasing if the laser is detuned. If the
photon density gets increased further the signal can’t increase anymore at
the resonance frequency, while still increasing at the detuned position leading
to a plateau like structure in the center of the transition.



2.1.2 Isotope shift

The resonance energies of the same electronic transitions between two iso-
topes of the same element are not identical. This behaviour is referred to as
isotope shift sp4A" [57, 23, [58]. It is a result of the difference in the center-
of-mass motion of the nucleus-electron system for different nuclear masses,
as well as different nuclear volumes for different isotopes. The isotope shift
is also specific to the electronic transition, since different electronic orbitals
have different probabilities for an electron to be inside the nucleus. It can be
written as

pAA AN = K By 5(r?) A 2)

with K being the mass shift, Fj, being the field shift, 6(r>)**" being the
nuclear mean-square charge radius and p**" is the reduced mass which is
given by

i = Malla 3)

MA — MA/ ’

My is the mass of the reference isotope. K and Fj can be determined via a
King plot, where - 644" is plotted as a function of p - §(r?)*4" |59, 58, 26]
if the charge radii are known from independent measurements. One expects
a linear trend with the y-intercept being equal to K, while the slope is equal
to Fy. If the nuclear mean square charge radius is not known, one can use
a Kingplot as a consistency check for the data, plotting p - sv**" of one
transition against the same parameter of another transition from the same
isotopes. If the field shift can be determined via spectroscopy or atomic
theory calculations it can be used to determine the relative charge radii
for isotopes of the same element, as was done in the past for the elements
fermium and nobelium [60, 61]. If the data is consistent it needs to exhibit
a linear trend. Kingplot analysis was used in [Publication I1I. A schematic
representation of the isotope shift can be seen in Figfd]

2.1.3 Hyperfine structure

Hyperfine structure is a splitting of an atomic level due to a coupling between
the nuclear spin I and the total angular momentum J of the electron [63]. A
nucleus with a spin of I # 0 features a nuclear magnetic dipole moment ;.
In that case the magnetic field from the electron shell at the nucleus B.(0)
with J # 0 leads to an orientation-dependent energy splitting according to
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Figure 4: Schematic illustration of the dependency of isotope shift and hy-
perfine splitting to the physical properties of an atomic nucleus. The transi-
tion centroid differs between different isotopes due to the isotope shift (cyan
arrow), while the lower plot shows a hyperfine splitting due to a non-zero
nuclear sping and total angular momentum of the electrons. Figure adapted
from [62].

the Zeeman effect [34]. The magnetic hyperfine energy splitting Avp,, can
be described by

Al/mag:;l~0 (4)
with
C=FF+1)-JJ+1)—-1(I+1) (5)
and
o N'I'Be(o)
A= h-I-J° (©)

F' is the atomic total angular momentum with F' = J + [.

For non-spherical nuclei the charge distribution leads to an intrinsic nuclear
electric quadrupole moment @), with () < 0 for oblate and @) > 0 for prolate
deformation. Its interaction with the electric field gradient from the electron

i
0z2

r=0
to the Stark effect [58]. The electric hyperfine energy splitting Av, can be
described as

shell at the nucleus

gives rise to an additional splitting in analogy

_SC(CH ) —I(I+1)J(J+1)
Ave = B e T IR — 1)

(7)
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with

e Qs 0%V g
h 822 r=0. ( )
Q) is the spectroscopic quadrupole moment, which can be linked to the in-
trinsic quadrupole moment over the nuclear spin I and its projection upon
the symmetry axis of the nucleus K via the following equation:

B:

(I+1)(2I+3)

O i) @ (9)

Hyperfine analysis was done in [Publication [11}
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2.2 In-gas-jet spectroscopy

The power of spectroscopic methods is typically defined by their spectral
resolution and their efficiency. To achieve a high spectral resolution the
broadening mechanisms explained in sec. must be adressed. This can
be achieved by creating a low-temperature, low-pressure environment, while
tuning laser power density to the atomic transition and using a laser with a
low bandwidth. To achieve high efficiency the atomic/ionic path must be well
defined and sufficient laser power density must be available to saturate the
transition. In-gas-jet spectroscopy is a technique that utilizes gas-expansion
from a high-pressure region, to a low-pressure region through a de-Laval type
nozzle, to achieve a well-collimated, hypersonic gas jet |37, 64]. The pressure
difference through the nozzle leads to a conversion of undirected thermal
energy to a directed kinetic flow of the gas. This expansion process results
in a reduction in relative movement of the gas molecules between each other,
i.e. a low temperature, which follows a Maxwell-Boltzmann distribution.
The converging-diverging shape of the de-Laval nozzle is important for the
formation of a well-colimated gas jet and the nozzle shape has to be adapted
for each operation condition [37]. Since the environment inside a hypersonic
gas jet is low-temperature and low-density by nature, as well as it having a
well-defined geometry it is a technique that is well suited to supplement and
improve gas-cell techniques. This method was applied in the which
was utilized in [Publication [jand [Publication [I. A picture of the gas jet from

can be found in Fig.

Figure 5: Picture of fluorescence-light of *Dy in the gas jet of JetRIS at
404.5 nm.
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2.3 Mass spectrometry

Mass spectrometry is a general term for techniques that seek to measure the
mass of an object, or identify and discriminate an analyte via its mass. If
measured precisely enough, mass spectrometry is a powerful tool with a lot
of applications for analytical purposes and fundamental physics. It features
high sensitivity and can analyze multiple species that are together in the same
sample [65]. This work focuses on Time-of-Flight (ToF) mass spectrometry,
which is a subset of mass spectrometry that utilizes the connection between
kinetic energy FEiy;, with the velocity v and mass m of an object, given by

the following equation:
1
Eyin, = Emv2

(10)

This technique uses electric fields for ion manipulation, which leads to dis-
crimination of different species due to their mass-to-charge ratio (m/q) ac-
cording to the following equations |66, |67]:

Ekin = qU (11)

t= /27Ud (12)

U is the difference in potential between the start- and endpoint of the ac-
celeration, t is the flighttime of the ion and d is the distance travelled. This
gives the possibility of measuring charge-state distributions of analytes from
ionization methods, but can also result in unwanted interference between
species, making unambiguous identification more difficult without sufficient
mass resolving power. The mass resolving power R is a quality criterion of
mass spectrometry. It is defined as

m t

T Am 2At

with Am being the width of the mass peak and At the width in time of flight
respectively [68]. With this definition two ToF /mass peaks are resolved if
they overlap within at most one FWHM or are further apart. An example
of this can be seen in Fig. [6] The more similar the masses are, the higher the
mass resolving power is needed for clear separation. In applications, cases
can range from separation of isotopes which require a few ten to hundred
mass resolving power, to isobaric separation which can require R = 10° — 10°

R (13)

14



P TN —— contribution m;
—— contribution m,
---- full spectrum

Amplitude

t

Figure 6: Exemplary ToF-spectrum of two species with different masses my
and my with identical abundance separated by one FWHM (black, dashed
line) with their individual contributions (red and blue curves).

in mass resolving power and beyond. This is the current limit of what can
be reliably achieved in sophisticated ToF devices [69]. For measurements
of smaller mass differences, e.g. nuclear isomers, other methods, usually
Penning traps, are used. The predicted necessary values of R are only valid
in cases where the abundance ratio of the different species is close to one [68].
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2.4 Fusion-evaporation reactions

Fusion-evaporation reactions are nuclear reactions that are often used to
produce heavier nuclei, even superheavy nuclei, from lighter, more abundant
nuclei |11} 70, [71]. Two nuclei are brought into close contact with each other,
resulting in nuclear fusion. To get sufficient proximity of the reactands, the
Coloumb barrier needs to be overcome. Due to the introduced energy, this
compound nucleus is in a highly excited state. Since the Coloumb force
scales with the product of both particle charges, asymmetric reactions are
often preferred for a higher fusion probability, even though they lead to a
higher excitation energy of the compound nucleus [70]. These reactions are
done with the lighter reactand being accelerated to the necessary kinetic
energy, usually on the order of MeV per nucleon, e.g. at the UNILAC ac-
celerator at GSI, Darmstadt and being used as a projectile on a fixed, thin
target made of or containing the heavier reactand. The compound nucleus
carries a lot of the momentum that the projectile provided and flies out of
the target material. The compound nucleus evaporates nucleons depending
on its exitation energy, yielding the reaction product, often referred to as
evaporation residue. These products are usually radioactive and neutron de-
ficient, as the ratio of neutrons to protons for maximum stability increases for
heavier nuclei [11]. The product nuclei are often times in an excited state,
making this technique viable for research on nuclear isomers [22]. Fusion
evaporation reactions have been used in [Publication II] for the production of
24No via a 2n channel. A sketch of this process can be found in Fig. [7]

n n
o o

o- @ — —

Projectile Target Compound Product
(e.g. *Ca) (e.g. **Pb) Nucleus (***No*) (3No)

Figure 7: Sketch of the production of **No via a 2Pb(*®*Ca,2n) fusion-
evaporation reaction.

The reaction of 2Ph(*¥Ca,2n)?**No has been chosen, since it has previously
been found to be optimal for the production of 2**No, as shown in Fig.

In principle, the fusion cross section scales positively with the projectile en-
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ergy. This also leads to a higher excitation energy of the nucleus, leading
to different yields and ratios of different evaporation channels and nuclear
fission. Therefore there is an optimal projectile energy for which the yield of
a particular isotope is maximized.
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Figure 8: a) Excitation functions of fusion evaporation reactions between dif-
ferent isotopes of Pb targets with a 4Ca projectiles. b) Excitation functions
for different evaporation channels of the reaction between 2°Pb and *¥Ca.
Figure adapted from [60).
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3 Experimental techniques

3.1 SHIP

The Separator for Heavy Ion reaction Products (SHIP) is a velocity filter,
built for the separation of nuclear reaction products from the primary beam
39]. A schematic overview of this setup is shown in Fig. [9] SHIP was

Fusion Products

Electric Deflector JetRIS

Beam Stop

Primary Beam

Dipole Magnet

‘ Quadrupole Lens

Target Wheel

Figure 9: Schematic drawing of SHIP. The primary beam (red) hits the
rotating target wheel, producing recoil ions (yellow) from fusion-evaporation
reactions. The primary beam is separated from the rest via a superposition
of electric and magnetic fields and the reaction products are transported to
JetRIS. Figure adapted from [72].

used for the on-line production of ?*No through the 2°°Ph(*Ca, 2n) fusion-
evaporation reaction in [Publication [l In SHIP, the target consists of a thin
foil made out of the target material or, in case of actinide targets the tar-
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get material is deposited on a thin Ti backing foil. Eight foils are placed
on a wheel that rotates synchronized with the pulsed primary beam. This
distributes the accruing heat from the energy loss. Such target foils have a
typical areal density of 0.5 %. For the nobelium production the primary
beam consists of ¥Ca'%", accelerated to a kinetic energy of 4.55MeV per
nucleon with a beam intensity of roughly 5- 1012228l 73] After the target
wheel a quadrupole triplet lens is placed to focus the diverging beam con-
sisting of the primary beam and the reaction products to minimize losses.
Behind this lens are multiple static electric and magnetic deflectors which
form a velocity filter [74]. The Lorentz force from the magnetic field and
the electric force cancel each other for a certain velocity v, depending on the
electric field strength E and the magnetic field B according to

V=g (14)
These values are tuned that the fusion-evaporation product with a kinetic
energy of 41 MeV in the case of 2*No can pass the filter, while the primary
beam is deflected. After the velocity filter, another quadrupole lens refocuses
the beam, followed by another dipole magnet, to further deflect scattered
primary beam particles. The fusion evaporation reaction products fly further
towards a measurement setup, in this case where they are used for
experiments. For identification of these reaction products, a ToF-detector
and a 16-strip silicon detector can be inserted at the end of SHIP. SHIP
reduces the background intensity of the primary beam from the initial 5 -
1012partides 6 poughly 1Rettice |75,

19



3.2 JetRIS

The in-gas-Jet Resonance Ionization Spectroscopy (JetRIS) is a setup for
on-line laser spectroscopy experiments utilizing fusion-evaporation reactions
and a hypersonic gas jet. It has been built by a former PhD student, Steven
Nothhelfer [35] and conceptual papers have been published on this [76]. Dur-
ing the current work, the performance of the JetRIS has been characterized
by LIF measurements on %Dy, summarized in [Publication Il Tt has been
utilized in on-line measurements on 2**No, summarized in [Publication ITjand
upgraded over the course of this thesis. It was inspired by the RADRIS
technique, employed by our group at GSI |77, 78| and the IGLIS technique,
developed by collaboration partners at KU Leuven [37]. A schematic draw-
ing of JetRIS can be seen in Fig. [10]
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Figure 10: Schematic drawing of the JetRIS setup. Recoil ions (green points),
incoming from SHIP, are stopped in the 80 mbar argon buffer gas in the gas
cell. They are transported via static electric fields to the hot filament, where
they are neutralized. The neutralized atoms (grey points) follow the gas flow
through the de Laval nozzle into the Jet chamber, where they are ionized via
two-step RIS (red points, blue arrows). The ions are transported via a 90°
bend RFQ to an a-detector. Figure adapted from [79).

It consists of two central cells for varying pressure regimes, called the gas
cell and the jet chamber. The gas cell is filled with a stagnation pressure of
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Py = 80 mbar of argon gas. Both chambers are connected via a hole with a
diameter of 1 mm on top of which a de-Laval type nozzle is mounted. The
jet chamber is evacuated to a background pressure of P = 7.0 x 1073 mbar.
With the pressure difference a gas flow from the gas cell to the jet cham-
ber is achieved, which is formed into a collimated hypersonic gas jet by the
nozzle. Inside the gas cell there are 6 cylindrical electrodes forming the DC
cage, followed by 5 electrodes with successively decreasing diameter, being
the DC funnel, followed by a thin tantalum metal wire, called the filament.
Following the filament, there is the channel electrode. In on-line experi-
ments there is a thin entrance window made of titanium at the first channel
electrode which allows high-energy, high-charge recoil ions made from fusion
evaporation reactions, separated by the Seperator for Heavy Ion reaction
Products (SHIP) to enter the gas cell. In the gas cell these ions are ther-
malized as singly charged ions due to collisions with the argon buffer gas.
Electric potentials are applied to the electrodes, so that the filament is at
the lowest potential, being the most attractive point for cations. This electric
field gradient drags the ions in the gas cell towards the filament where they
get neutralized and adsorbed via direct contact. The filament is resistively
heated to a typical temperature between 1000 °C and 1400 °C, depending on
the produced element. Due to this temperature, the now neutralized atoms
of interest are released into the gas phase, where they are now guided by the
gas-flow through the hole into the jet chamber. As this atom is now inside
the hypersonic gas jet it experiences its low-temperature, low-pressure condi-
tions. Inside this hypersonic gas jet two laser beams are overlapped spacially
and temporally, for two-step RIS. The FES is introduced in an anti-collinear
geometry to maximize power density and ensure efficient excitation. Since
the SES is usually done non-resonantly due to a lack of available data on
atomic states, it is introduced via a perpendicular geometry to avoid shining
the high power laser onto the nozzle and damaging it in the process. A Radio
Frequency Quadrupole (RFQ) structure is placed 6 cm after the end of the
nozzle. This RF(Q features a 90° bend to effectively guide the ions around
a curve to separate them from the neutral charged atoms towards a silicon
detector for o detection. Because of the continuous release process and the
6 cm gap between nozzle and RFQ used for the ionization process, a high
repetition rate laser system is necessary for efficient ionization. Since the
terminal velocity of a hypersonic argon gas jet with a stagnation tempera-
ture of ~ 300 K is 558 =+ a laser repetition rate of at least 9.3 kHz is necessary
to ensure that every atom has seen at least one laser pulse. This velocity
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would be reached for an ideal gas jet, where all of the kinetic energy is di-
rected through the nozzle. During the thermalization process every recoil ion
produces millions of argon ions, which are also guided towards the nozzle by
the electric field gradient, and persist in the form of Ar* and Arj. A portion
of these ions will not be neutralized by the filament. The remaining ions can
be transported through the nozzle and bender RFQ, reaching the detector
and producing a large background signal, making direct ion detection not
a viable option without a reliable method to discriminate signal ions from
background ions. Due to this inherent background of stable ions, the JetRIS
method has relied on measurements of a-decay detection, limiting the po-
tential of this technique drastically. A reliable way for discrimination can be
found in Time-of-Flight Mass Spectrometry (ToF-MS). For this purpose, a
Multiple-Reflection Time-of-Flight Mass Spectrometer (MR-ToF MS) was
acquired and comissioned. With the implementation of discriminated direct
ion detection nuclides which do not decay via an a-decay channel, including
long-lived and stable nuclei, could be measured. The device itself will be
explained in detail in sec. [3.5] while its results are part of [Publication ITI]
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3.3 Laser system

Two different types of laser systems have been used throughout this thesis.
For the LIF measurements in a continuous-wave (CW) diode
laser has been used. This laser used a 405nm diode (Thorlabs L405P20)
with an external cavity in Littrow configuration. This cavity has been
built by a neighbouring group and was available through a collaboration.
This laser featured a sub-MHz linewidth with a maximum power of 12mW.
For the two-step RIS measurements described in [Publication TI] and [Publi
[cation ITI| the laser system shown in Fig. [I1] was used. For [Publication II| a
frequency-tripled Nd:YAG was used for the SES instead of the Credo laser.

3.3.1 Narrowband Laser System (used for FES in [Publication II|
and [Publication III)):

A narrowband laser setup was employed, consisting of a pulsed dye ampli-
fier (PDA, Sirah Lasertechnik) pumped by a high-power, single-mode, pulsed,
frequency-doubled Nd:YAG laser (PXn300-2-GFSLM, Edgewave). The PDA
was seeded by a tunable, single-mode CW dye laser (Matisse, Sirah Lasertech-
nik), which itself was pumped by a CW, frequency-doubled Nd:YAG laser
(Millenia, Spectra Physics). Frequency doubling of the PDA output was
performed using a single-pass second-harmonic generation (SHG) unit with
a O-barium borate (BBO) crystal. Single-mode operation of the pump laser
was essential to suppress unwanted excitation from side modes [80]. The re-
sulting narrowband output had a spectral linewidth of § f, = 139(13) MHz
after SHG, measured using a Fabry-Pérot interferometer (FSR = 1GHz,
Toptica), and a pulse width of 5ns (FWHM).

3.3.2 Broadband Laser System (used for SES in [Publication III)):

The broadband system consisted of a pulsed dye laser (Credo, Sirah Lasertech-
nik) pumped by a frequency-doubled Nd:YAG laser (InnoSlab IS400-2-L,
Edgewave). According to manufacturer specifications, this system has a
spectral linewidth of §f,, = 1.8 GHz. The measured pulse width was 8ns
(FWHM). Both pump lasers support repetition rates ranging from 10kHz
down to single-shot operation.
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Figure 11: Schematic drawing of the laser system applied in [Publication III
The FES was applied using a tunable CW dye laser, pumped by a frequency
doubled CW-Nd:YAG laser that was used for seeding a pulsed dye amplifier,
pumped by a pulsed, frequency doubled Nd:YAG. The output was frequency
doubled and moved to the experiment. The SES was done by a tunable dye
laser, pumped by a pulsed, frequency doubled Nd:YAG laser. For[Publication]|
a frequency tripled Nd:YAG was used for the SES instead.
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3.4 Laser ion source

For comissioning tests of the MR-ToF MS the planned cooler buncher was
not yet available, making a coupling with JetRIS not expedient at the time.
This lead to the necessity of the development of an ion source usable for ToF
mass spectrometry. Over the course of this thesis two designs were iterated
and used. The first one being a chopped continuous ion source, which was
used in the early comissioning stages. This ion source was not used for the
results in any of the publications present in this thesis. Its performance and
design are described in detail in the masters thesis of Christian Helmel [81].
The other ion source built by the author, is a laser ion source, utilizing the
JetRIS filament technique and relying on pulsed lasers for resonant ionization.
Timing and beam properties were therefore mostly determined by the laser.
This source was used for the ToF-assisted laser spectroscopy experiments and
performance characterization of the MR-ToF MS shown in [Publication ITI} A
schematic  drawing of it can be seen in Fig.
The laser ion source consists of 5 electrodes. At the beginning there is a

12
110 mm

Figure 12: Schematic drawing of the self-built laser ion source. F is the
filament, Ch the channel electrode, A1-3 the apertures used for acceleration.
The coloured spot between Al and A2 indicates the overlapped laser beams
used for ionization.

Ch A A A
3

N

filament (F) made out of a thin strip of tantalum metal foil that can be re-
sistively heated and which is folded to contain a pocket in which a piece of
the element to be studied can be inserted. In the case of the aforementioned
publication this element was samarium with a natural isotope composition.
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Around this filament, a cylindrical channel (Ch) is mounted with a central
hole of 3mm in the end cap acting as an aperture. Along the flight path
there are three more apertures (A1-3). The first two have a central hole with
1 mm diameter and a distance of 1 cm to the aperture in front of it and the
last one has a central hole with 3mm diameter and a distance of 6cm to
A2. This design allows for a suppresion of cations and electrons coming from
glow emission with electric fields. The laser ions are created by resonant laser
ionization between Al and A2 in a low electric field gradient (minimizing of
ToF width and energy spread) and are accelerated to the final desired ki-
netic energy between A2 and A3. For the MR-ToF MS, an injection energy
of approximately 3keV is desirable. For the results in [Publication III| F was
set to 25V, Ch to 0V, Al to 3090V, A2 to 3000V and A3 to 0V. In this
configuration, the electron emission is deflected between F and Ch and the
cation emission is deflected between Ch and Al, leaving only neutral atoms
after Al. The gradient between Al and A2 is 90 V/em. This gradient was
chosen as it was found to be the point of time focus on the detector leading
to a minimal ToF width. ToF width and energy spread are correlated by
the electric field gradient and the spacial and temporal overlap volume be-
tween both lasers between the electrodes. Due to a non-zero spacial volume,
different ions start at different points in the electric field and therefore get
accelerated to a different kinetic energy. Because of the temporal width of the
SES laser pulse of 8ns (FWHM), not all ions are created at the same time,
leading to an initial ToF distribution. The energy spread scales linearly with
the potential gradient and the radial area of the ionization volume. The ToF
distribution is less straightforward. In principle, it is inversely correlated to
the potential gradient and directly correlated to the radial area of the ion-
ization volume and the temporal distribution of the ionizing step, assuming
the FES and SES are not overlapping temporally. However, the ions starting
closer to Al, which have a longer path and therefore a longer flight time,
are also provided with higher kinetic energy. The resulting higher velocity
leads to the behaviour that the ToF width is changing along the flight path
with a temporal focus at a distance dependent on the potential gradient and
the ionization area. When using this ion source at different energies or for
different applications this needs to be considered making an optimization of
AT and A2 necessary. A typical achievable ToF spectrum with this laser ion
source after optimization is shown in Fig. The set potential values were
the same as described above.
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Figure 13: Typical ToF spectrum with the laser ion source using a sample of
"2*Sm and scanning the FES laser using two step RIS, so that every isotope
is visible. This figure was taken from |[Publication 111}
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3.5 MR-ToF MS

A Multiple-Reflection Time-of-Flight Mass Spectrometer (MR-ToF MS)
is a device which is used for ToF mass spectrometry utilizing a close-fold
trajectory. This is achieved via two stacks of cylindrical electrodes, called
mirror electrodes which reflect ions between them using static electric po-
tentials, that need to be tuned to the kinetic energy of the ions. In between
the mirror electrodes is a field-free-drift region, in which the ToF separation
between species with different mass-to-charge ratios happens. This principle
can be seen in Fig. A benefit of the close-fold trajectory is that the
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Figure 14: Schematic drawing of the MR-ToF MS and the ToF principle. It
consists of an Einzel lens with steerers on both ends (EL1-3), two stacks of 6
mirror electrodes each (M1-6), two deflector electrodes (D) and an in-trap-lift
tube (ITLT). A mixed bunch of two ionic species (cyan curve) gets injected
from the left side and gets trapped for a number of revolutions. After ejection
the species are separated in time of flight (blue and green curves).

system stays compact while the length of the flight path can be extended
to multiple kilometers. Due to abberation effects and fluctuations in elec-
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trode potentials, the mass resolving power scales linearly with the traveled
distance only up to a certain point, reaching saturation eventually at typical
values of R = 100000 to 500000. A drawback of the close-fold trajectory is
the potential of different m /g values lapping each other in the setup, leading
to unwanted interferences for specific revolution numbers depending on the
species to be separated. The design of the MR-ToF MS used in this thesis
was a work of Moritz Schlaich and Frank Wienholtz from TU Darmstadt
and was acquired in the prospect of Darmstadt’s MR-ToF (DA’s MR-ToF)
collaboration [42|. A schematic drawing of this setup can be found in Fig.
[14] This MR-ToF MS is axially symmetric to its center and consists of 4
types of parts: Einzel lenses on both sides, consisting of three electrodes
each (EL1-3). ELI has a cylindrical insert that is cut into four symmet-
rical pieces, to allow for steering of the ion beam. These einzel lenses are
followed by the mirror electrode stack (M1-6). Going further inward, there
are deflector electrodes on each side (D), which are cylindrical electrodes cut
into four pieces, analog to the steerer in EL1. In the middle of the MR-ToF
sits the in-trap lift tube (ITLT), which is a long, hollow, cylindrical elec-
trode. The einzel lens with steerer inset is used to correct trajectory and
focus of the incoming beam. The MR-ToF MS performance is heavily de-
pendent on the starting conditions of the ions, which can be summarized by
their longitudinal and transversal emittance. The largest emittance that an
MR-ToF MS can reliably use is called its acceptance. Since the acceptance
is a fixed parameter, that depends on the geometry of the MR-ToF MS and
the specific potentials applied to its mirror electrodes, the emittance of the
incoming beam has to be matched to the acceptance making bunching and
shaping of a beam essential for optimal performance. For a full trajectory
correction, meaning a correction of offset from the MR-ToF MS central axis,
as well as the incoming angle, two sets of steerers are necessary. Since the
MR-ToF MS design only provides one, a second set needs to be installed as
a part of the finalized JetRIS system. The potential sets for the mirror elec-
trodes are another important factor for successfully operating an MR-ToF
MS. Only very specific potential sets for the mirror electrodes allow for ion
trapping, making simulations mandatory for finding those potential sets and
making tuning at the setup necessary for optimal performance albeit tedious.
Tons that are to be captured need to have a kinetic energy low enough to not
be able to surpass the potential barrier of the mirror electrodes, but still need
to be able to get into the MR-ToF MS. This can be achieved via a switchable
potential on the in-trap lift tube (ITLT). In this scenario ions can get injected
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with a kinetic energy sufficient to overcome the potential barrier of the mir-
ror electrodes. The I'TLT is set to a positive potential, making it repulsive to
incoming cations, slowing them down while entering it. Such an electrode is
field-free inside its own volume, with the exception of some field penetration
at the cylinder bases. After the incoming ions have been slowed down by the
electric field while entering the ITLT its potential can be switched off, leading
to a permanent reduction of their kinetic energy, making them unable to sur-
pass the potential barriers provided by the mirror electrode stacks. Through
this technique the mean energy of the ion beam can be tuned, making it a
less critical parameter for optimization of the ion source. After the ions were
trapped for the desired number of revolutions, this process can be applied in
reverse to eject the ions out of the system for detection. The MR-ToF MS
was characterized and used for ToF-assisted RIS in [Publication Tl There its
future implementation into the JetRIS is outlined, as well as its performance
characterized using a self-built laser ion source. The performance was com-
pared to simulations using SIMION 8.1, including performance projections
using simulations of a cooler buncher designed by Alexandre Brizard, a joint
PhD student between GANIL, France and GSI, Darmstadt. With this work
the MR-ToF MS stands now tested and ready for the final integration into
the JetRIS setup utilizing the aforementioned cooler buncher.
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4 Conclusion and Outlook

In this work laser spectroscopy results on ?*No using the JetRIS technique
have been achieved in its first successful beamtime [79]. The 'Sy— 'P; tran-
sition of No at the transition energy of v = 29961.480(12) cm ™! was mea-
sured with a resolution of Av = 770(300) MHz. This was possible by neces-
sary advancements and characterization of the setup to gain a high spectral
resolution and sufficient efficiency for on-line measurements. The on-line
achieved spectral resolution of 770(300) MHz is a five-fold improvement com-
pared to the previously used RADRIS technique [36]. This value is still
limited by saturation broadening. Under offline conditions lower linewidths
have been observed using JetRIS as stated below. There is some discrep-
ancy in the determined centroids of the nobelium resonance between both
methods which so far remains unsolved. Nonetheless, recently, the same res-
onance for the nuclear K = 8 -Isomer of ?**No mentioned in [Publication Il
has been successfully measured using the JetRIS technique, proving it to be
a powerful and reliable method for on-line laser spectroscopy. This experi-
ment would not have been possible with RADRIS due to the transport time
of roughly 330 ms, the cyclic collection and measurent procedure 36|, with
the half-life of said isomer of T = 265(2) ms [82]. The average transport
time with JetRIS was determined as 200 ms, making the detection of this
short-lived isomer possible. As of now the data analysis for this transition is
still ongoing.

The JetRIS setup has been rigorously tested and characterized in off-line
experiments. The first part of this was to determine the best achievable
spectral resolution, testing different stagnation pressures in the gas cell and
background pressures in the jet chamber. This was done via LIF on '**Dy us-
ing a 4f196s? — 4f'19%6s6p transition at A\ = 404.5 nm resulting in a minimum
spectral linewidth of 212(30) MHz. The aforementioned resolution during
on-line conditions, which is worse by a factor of 3 to 4, can be explained by
the possibility of power broadening. The second part that has been char-
acterized was a part of the efficiency. The total efficiency of JetRIS is put
together by the stopping efficiency, the collection efficiency of stopped ions in
the gas cell, that are collected on the filament, the laser ionization efficiency,
the ion transport efficiency and the detection efficiency. A sum of the collec-
tion efficiency and the ion transport efficiency was determined by utilizing a
223Ra recoil ion source, which had a known activity and recoil release rate.
The efficiency was measured placing the source at different positions in the
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gas cell, showing an efficiency between 1% and 5%, with a lower value for
a longer travel distance of the ions. The change in measured efficiency is
due to the collection efficiency being dependent on the ion starting position.
This efficiency, while not optimal, was already sufficient for on-line measure-
ments. The collection efficiency has since been improved by redesigning the
filament channel and changing the position of the filament. The online effi-
ciency evaluation can be derived from the dataset of the nobelium nuclear
isomer and is done by F. Ivandikov and A. Brizard and beyond the scope
of this thesis. The last critical value for the JetRIS performance was the
transport time. Even with the recoil ion position at the furthest distance
from the nozzle, a full transport time, meaning the time after which all ions,
have been either transported or lost, of less than 200 ms was observed, which
is an approximate 5-fold improvement over the RADRIS technique, showing
the capabilities of JetRIS to access even shorter-lived nuclides of interest.

For future cases a further extension to the JetRIS setup, a MR-ToF MS, has
been developed. For its characterization, a laser ion source was built which
led to the characterization of its performance with a current mass resolving
power of R = 25000 with a relative efficiency of 20 %, both acquired after
900 revolutions in the MR-ToF MS. Since the initial number of ions was not
known, the countrate in transmission was taken as a reference, meaning 20 %
of the ions able to be transported through the system could be trapped for up
to 900 revolutions. These results were cross checked with simulations using
SIMION 8.0. For coupling with the JetRIS setup well-defined ion bunches
are necessary, which can be achieved with an implementation of a cooler
buncher. This cooler buncher was designed by A. Brizard during his thesis
and the results were used to make compelling predictions of the future per-
formance of the MR-ToF MS. Here, a maximum of R = 100000 after 4000
revolutions with a relative efficiency of 80 % is predicted. This would im-
prove the JetRIS measurement capabilities by exchanging an a-decay based
detection with a direct ion detection while also maintaining or even gaining
efficiency, due to the high detection efficiency of direct ion detection, in con-
trast to the 50 % for a-detection. With this improvement, the JetRIS setup
will be suitable for measuring transitions in every nuclide which is stable or
has a half-life of at least 200 ms. It will therefore also improve the analytical
capabilities of JetRIS in terms of identification of other, potentially disturb-
ing ionic species, to guide further improvements regarding the gas purity and
the applied filament technique. When heating a new filament while using
direct ion detection a time and temperature dependent background can be
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observed. With the possibilities in ion identification via their mass-to-charge
ratio, this can be analyzed, leading to a better understanding of the filament
technique. During beamtime it was observed in RADRIS that the filament
position, geometry and other not yet known factors exhibit a high influence
on setup performance. The dependence on the position and geometry could
also be shown in JetRIS by fluid-dynamics simulations done by F. Ivandikov.
Gaining a better understanding of the filament technique will be a crucial
step for improving both setups in terms of reliability and reproducibility.
With the new self-built laser ion source it was also possible to test the ca-
pabilities of ToF-assisted resonant ionization spectroscopy. It was possible
to acquire spectra which showed no Lorentzian contribution with a gaussian
linewidth of 175(5) MHz with a laser bandwith of 139(13) MHz. This resolu-
tion was therefore mainly limited by the laser bandwidth and showing that
this source is suitable for measurements with negligible contributions from
Doppler broadening, leading to the possibility of achieving natural linewidth
for a wide range of transitions. The ToF-assisted spectroscopy was done via
developing multiple laser excitation schemes in "'Sm, measuring the isotope
shift for every naturally abundant isotope and determining the hyperfine pa-
rameter A for the I # 0 isotopes. With the input of mean-square nuclear
charge radii from literature, the isotope shift could be deconvoluted into the
mass shift and the field shift for every transition using a Kingplot analysis.
These measurements lay the foundation for future on-line measurements of
neutron-deficient samarium isotopes up until the drip line using JetRIS, uti-
lizing fusion-evaporation reactions. For the samarium isotopes from A = 129,
which is the last one before the dripline to and including A = 137, presently
no information coming from laser spectroscopy is available [9]. All of these
isotopes have a suitable half-life time for JetRIS. The half-life time of 3°Sm
is still to this day not known reliably with overall information on this isotope
being sparse and determined indirectly from the proton decay of *'Eu [83].
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5 Publications

5.1 Publication 1

The following article "Resolution Characterizations of JetRIS in Mainz Using
164Dy’ was published in Atoms, 2022, 10, 57. by D. Miinzberg et al. This
work characterized and compared the achievable spectroscopic resolution of
the JetRIS using different nozzles and pressure regimes using LIF on '%‘Dy
utilizing a diode laser and a CMOS camera. This was done with the goal
of a resolution of at least 400 MHz for the purpose of resolving hyperfine
components in a known transition of 2>*No. It was found that all three nozzles
tested were able to perform within the targeted resolution, if used under the
right conditions, with the low-stagnation-pressure nozzle showing the best
performance for spectral resolution with a value of 212(35) MHz. With the
acquired data the jets were characterized regarding their homogeneity and
their mach number.

5.1.1 Author contributions

The author contributed to this work with setting up and executing the mea-
surements as well as data analysis in a joint effort with the co-author J.
Lantis. The author was directly involved in every step, including setup of
experimental devices and data acquisition and iteratively improving the mea-
surement setup until consistent, reproducible data could be collected. The
author is the first author to this article, has written the draft and revised it
with the input of the co-authors.
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Abstract: Laser spectroscopic studies of elements in the heavy actinide and transactinide region help
understand the nuclear ground state properties of these heavy systems. Pioneering experiments at
GSI, Darmstadt identified the first atomic transitions in the element nobelium. For the purpose of
determining nuclear properties in nobelium isotopes with higher precision, a new apparatus for high-
resolution laser spectroscopy in a gas-jet called JetRIS is under development. To determine the spectral
resolution and the homogeneity of the gas-jet, the laser-induced fluorescence of 1%*Dy atoms seeded in
the jet was studied. Different hypersonic nozzles were investigated for their performance in spectral
resolution and efficiency. Under optimal conditions, a spectral linewidth of about 200-250 MHz full
width at half maximum and a Mach number of about 7 was achieved, which was evaluated in context
of the density profile of the atoms in the gas-jet.

Keywords: JetRIS; fluorescence spectroscopy; gas-jet; de Laval nozzle; nobelium

1. Introduction

The measurement of atomic transitions via laser spectroscopy is a versatile method for
determining fundamental nuclear and atomic properties [1-4]. At the GSI Helmholtzzen-
trum fur Schwerionenforschung, Darmstadt, Germany, laser spectroscopy is used at the
Separator for Heavy Ion reaction Products (SHIP) [5,6] with a focus on the heavy actinide
and transactinide region [4,7,8]. The low production rates and short half-lives of these nu-
clides pose difficult experimental challenges and require highly sensitive techniques. Recent
laser spectroscopic measurements were conducted successfully at GSI on nobelium iso-
topes produced through fusion-evaporation reactions at SHIP using the Radiation Detected
Resonance Ionization Spectroscopy (RADRIS) technique [7,9], where reaction products are
thermalized in an argon filled gas cell and collected on a tantalum filament. The ions are
neutralized by collection on a metallic filament, which is subsequently heated to produce an
atomic vapor for resonance ionization spectroscopy (RIS). Due to the pressure and tempera-
ture conditions in the gas cell, the spectral resolution is limited to about 3 GHz. This is often
insufficient to resolve all individual hyperfine components of the studied optical transition,
as, e.g., in the case of 253N [10]. Additionally, species with half-lives of less than approxi-
mately one second are inaccessible to the RADRIS technique due to decay losses during
recoil ion collection. To overcome both of these limitations, JetRIS has been constructed
for high-resolution resonance ionization spectroscopy in a hypersonic gas-jet [10]. JetRIS
combines the high resolution of the in-gas-jet laser spectroscopy technique developed at
KU Leuven [11-13] with the sensitivity of the ion collection and neutral desorption from
a heated filament used in the RADRIS technique [14,15]. In the new approach presented
here, after neutralization, the atoms are carried through a hypersonic nozzle to form a
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low-temperature and low-density gas-jet, reducing the Doppler and collisional broadening
effects and thus increasing the spectral resolution by an order of magnitude. The ability to
transport neutral species makes it possible to run the system in a continuous mode instead
of in cycles as is happening in RADRIS. The negative potential on the filament can be
applied at all times in addition to heating, minimizing the before-mentioned decay losses.
JetRIS is designed to achieve a spectral resolution of at least 400 MHz for the heaviest ele-
ments, allowing for a more precise determination of the nuclear moments. To understand
the performance of different nozzles, we present here the characteristics of these in terms
of Mach number, spectral resolution and homogeneity of the produced jet.

2. Experimental Procedure
2.1. A Technical Overview of JetRIS

JetRIS consists of a high-pressure gas cell (stagnation pressure Py of 80-125 mbar
argon) used to stop and thermalize recoil ions from fusion-evaporation reactions after
separation from the primary beam by SHIP and a lower pressure jet cell (background
pressure P of 5 x 1073 mbar-2 x 10~2 mbar), which is used for laser spectroscopy. Inside
the gas cell, the thermalized ions are transported via an electric field created by a set of
cylindrical electrodes toward a filament located at the front of the nozzle, as sketched
in Figure 1. This filament, typically made of tantalum, is resistively heated, allowing
for neutralization and desorption of atoms, which are subsequently transported by a gas
flow into the jet cell through the de Laval nozzle, forming a well-collimated hypersonic
gas-jet. This gas-jet features a low temperature and a low pressure, thus reducing the
spectral linewidth while the collimation of the gas-jet is crucial to maintain the highest
efficiency. Two laser beams are used in a cross-beam geometry to interact with the gas-jet,
performing two-step resonance ionization spectroscopy. The laser for the first excitation
step is propagating anticollinearly relative to the gas-jet, while the second step proceeds in
a perpendicular configuration. While the perpendicular configuration reduces the power
density of the laser light, it helps in avoiding ionization in the gas cell. The photo-ions are
then guided around a 90° curve via a radio frequency quadrupole (RFQ) to a detector cell,
where a channel electron multiplier (CEM) or silicon detector is located. A more detailed
description of JetRIS can be found in [10]. In this technique, the nozzle determines the
achievable resolution and the total efficiency from the collimation. Therefore, a thorough
characterization is essential in understanding the performance of the setup. At KU Leuven,
such nozzles are studied in detail using Laser Induced Fluorescence (LIF) in Cu I using
pulsed laser radiation as well as the RIS of neutral Cu atoms [16,17].

In this study, we follow a different path by using LIF of neutral Dy, which is
illuminated by light from a cw-diode laser, propagating anticollinearly to the gas-jet as
sketched in Figure 2. With this technique, three different de Laval type nozzles were
investigated, and they were designed for different operation pressures and differences
in their contour. All of them feature a throat diameter of 1 mm. The first nozzle is
intended for usage at low stagnation pressures of Py = 80 mbar and a background pressure
of P=2.5 x 1072 mbar. The diverging part of this nozzle has a length of about 1 cm
as sketched in Figure 3. From fluid dynamic calculations, a jet of approximately Mach
8 was expected. The second nozzle is optimized for high stagnation pressures around
Py =300 mbar, and here, the diverging part has a length of about 3 cm. This nozzle is
identical to the nozzles investigated recently at KU Leuven [16]. The third nozzle, referred
to as the mid-range nozzle, has a conic contour. Here, the diverging part has a length of
2 cm. This nozzle was a prototype for operation in an intermediate pressure range while
being simple to machine. No simulations were performed to optimize the design of this
nozzle, and its optimal operating conditions were not previously known. To seed the atoms
into the gas-jet for these tests, the tantalum filament in front of the nozzle was replaced
by a tantalum strip that was previously loaded with a sample and resistively heated until
a suitable fluorescence signal was observed, but the temperature of the filament was not



Atoms 2022, 10, 57

3o0f11

(1) Filament inside Filament Channel

measured. It can only be approximated from its color when glowing, with an estimated
temperature of 1200 °C.

pulsed
@ species of interest (positive charge) Laser
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+
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Figure 1. Schematic overview of JetRIS. On the left side are the cage and funnel electrodes. In front
of the nozzle, there is a tantalum filament. After being evaporated from the filament, the atoms
follow the flow of the buffer gas through the nozzle into the gas-jet. Here, two laser beams used in a
cross-beam geometry resonantly ionizes the formerly neutralized species of interest. The ions are
guided around a curve via a 90° bend RFQ and collected on an a-Detector.

2.2. Fluorescence Characterization

During the experiments presented in this work, we used one-step laser excitation in
contrast to the two-step resonant ionization that will be used in online experiments. As no
ions were produced, the RFQ structure was removed (cf. Figure 2) and the fluorescence
of the seeded atoms provided a way to determine the density and homogeneity along the
gas-jet. The atom source was installed next to the nozzle entrance in the gas cell, consisting
of a folded piece of tantalum foil, which contained a piece of a few mg of 1**Dy with an
isotopic purity of about 95%. The usage of an isotopically enriched sample ensured the
investigation of a single atomic line as only minor contributions to the fluorescence signal
from other isotopes are present and the even-even isotope features no hyperfine structure
splitting. The foil was resistively heated with an electric power of 15 W to produce a
dysprosium vapor, which was carried to the nozzle by the gas flow. A self-built laser with
a 405 nm laser diode (Thorlabs L405P20) in an external cavity in Litrow configuration with
approximately 12 mW of laser power and a sub-megahertz linewidth was used to excite
the 4f196s? — 4f1%6s6p transition in Dy I at a wavelength of 404.5 nm and with a transition
strength of 1.92 x 108 s~1 [18]. The laser beam was expanded to form a circle of about
10 mm in diameter and was aligned to propagate anticollinear to the central axis of the gas-
jet. A Complementary Metal-Oxide Semiconductor (CMOS) camera (Zelux® CS 165 MU)
with a quantum efficiency of 50% was used to capture the fluorescence light originating
from the atomic deexcitation. A bandpass filter featuring about 40% transmission at 405 nm
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and a bandwith of 10 nm was installed in front of the camera. Pictures of the fluorescence,
as shown in Figure 4, were taken as a function of gas pressure, wavelength and exposure
time, which did not exceed 26 s due to limitations of the software for the camera.

CMOS camera with optics
and bandpass filter
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Figure 2. Schematic overview of JetRIS. On the left side are the cage and funnel electrodes, which are
necessary for an online experiment but were not in use for the fluorescence measurements. In front of
the nozzle, there is a tantalum filament that contains a piece of %Dy foil. After being evaporated
from the filament, the atoms follow the flow of the buffer gas through the nozzle into the gas-jet.
Here, a cw-diode laser beam at approximately 405 nm wavelength resonantly excites the dysprosium,
and the resulting fluorescence is captured using a CMOS camera. The camera was mounted at a 45°
angle relative to the field of view of this schematic.
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Figure 4. Example picture of the fluorescence acquired with the CMOS camera. Shown is the mid-
range nozzle at the centroid frequency of the transition using a stagnation pressure of 100 mbar and a
background pressure of 6.47 x 1073 mbar. The visible stripes in the jet are a property of the laser
diode used. The red box indicates the region that was considered in the analysis.

The fluorescence intensity was averaged in the radial plane, normal to the flow direc-
tion, in order to obtain information of the performance characteristics along the jet. Due to
averaging, the stripes visible in Figure 4 did not disrupt the analysis.

2.3. Characterization of the Gas-Jet

The recorded fluorescence intensity was used to determine the density of atoms in
the gas-jet, as well as to study the effective spectral broadening and, thus, the temperature
of the jet, while exciting the atoms around the resonance frequency, i.e., performing spec-
troscopy. The intensity was evaluated pixelwise along the length of the gas-jet with the
intensity averaged across the jet for each pixel in x direction. For each pixel, the normalized
fluorescence intensity was plotted as a function of the laser frequency. A Gaussian fit to
the data provided the centroid frequency and the spectral linewidth of the resonance. A
number typically used to describe a gas-jet is the Mach number M, which is defined as the
quotient of the stream velocity and the local speed of sound. It gives us an easy-to-compare
variable that convolutes the speed of the jet and the temperature. The Mach number M is
calculated with the following [11].

_ |2 (T
M= 7_1(T 1). 1)

Here, 7 is the ratio of the specific heat capacities of the gas, which is 5/3 for a
monoatomic gas, T is the temperature of the jet and T is the initial temperature of the gas
before it reaches the nozzle.

The temperature T of the jet was determined from the measured linewidth by using

the following relation.
Vo1 2kT
Avp = 24/In(2)—/ —. 2
vp = 24/In(2)= 74/ = 2

Here, Avp is the contribution to the full width at half maximum (FWHM) of the
Doppler broadening, vy is the transition frequency, c is the speed of light, k is the Boltzmann
constant and m is the mass of 1%4Dy. As the measured resonance features a Voigt profile,
the Doppler broadening can be determined by using the following approximate relation.

Av = 0.5346 Avp 4+ 1/0.2166 Avg 2 + Avp?2. 3)

Here, Av is the FWHM of the measured Voigt profile, and Avy, describes the Lorentzian
part of the overall resolution, which contains the natural linewidth and the pressure
broadening. Any contribution from power broadening is neglected.
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To obtain an estimate of the temperature Ty, the connection between T and the stream
velocity was used [11].

’)’kToM2
m(1+ (0)m2)

u =

(4)

where m is the mass of the buffer gas, and u is the stream velocity of the jet, which can
be obtained from the recorded centroid using the optical Doppler shift from the literature
value for the transition of vy, = 24,708.97 cm~! [19]. The stated reference did not mention
the isotope of dysprosium for the recorded value. Therefore, the transition was measured
with JetRIS by shining a laser beam perpendicular to the flow direction of the gas-jet, which
yields a value free from Doppler shift. The measured value was in agreement with the
literature value reported in [19].

Above Mach 5, the stream velocity reaches 95% of its maximum. Since the Mach
number was expected to be around 5-8, the mean value of these (M = 6.5) was taken as
an approximation for Ty. The deviation of the temperatures obtained with M = 5 and
M =8 from the value at M = 6.5 is around 3% and was considered when determining the
uncertainty of the experimentally determined Mach number. A typical value of Tj obtained
from the fitting of the data is 380 K, indicating some heating of the gas from the hot filament,
a fact that was already observed in previous investigations in Leuven [16].

To determine the quality of the gas-jet, a new metric was established and will be
referred to as the homogeneity factor H. The photon density of the fluorescence light was
used to evaluate the homogeneity of the sample atom density across the full length of the
jet and was compared to a hypothetical, perfectly homogenous jet of constant light intensity.
For this new factor, two different integrals have been calculated. A normalized integral
of the hypothetical perfect jet f Imax, where the intensity should be constant over the
entire length of the jet and the intensity integral over the experimental intensity values f I,
resulting in the following equation.

H= J1 . ®)
f Imax

The boundaries of both integrals are the same and are determined by the length of the
real jet. The homogeneity factor provides a simple value between 0 and 1, where 0 would
mean no observed fluorescence, meaning no formation of a jet, and 1 would mean that we
would observe a perfectly homogenous jet.

For an overall view on the performance of a nozzle, the spectral resolution and M were
multiplied by the relative intensity, summed up and divided by the sum of the relative
intensities, therefore making an intensity-weighted average. The uncertainty of these
parameters was determined as the standard deviation of the individual numbers.

3. Results
3.1. Resolution

The low-stagnation-pressure nozzle is a de-Laval nozzle and was designed for a
stagnation pressure of Py = 80 mbar and a background pressure of P = 2.5 x 10~2 mbar [20].
However, while investigating the resolution as a function of the background pressure, as
shown in Figure 5a for the low stagnation pressure nozzle, a lower background pressure
was found to provide the best resolution. This general trend that the resolution is improving
as the background pressure drops was observed for all three nozzles. It has to be noted
that the available pressure ranges are limited by the capacity of the JetRIS pumping system.
At optimal parameters, the best achievable resolution was 212 + 4 MHz for the low-
stagnation-pressure nozzle, 239 £ 13 MHz for the mid-range nozzle and 311 + 15 MHz for
the high-stagnation-pressure nozzle. These values are all intensity-weighted averages of
the individual values for each pixel slice along the gas-jet. It was verified whether analyzing
the jet as a whole has an impact on the values relative to the pixel-by-pixel analysis, and
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both methods are in agreement with one another. The optimal stagnation pressure of
300 mbar for the high-stagnation-pressure nozzle could not be reached, again limited by
the pumping system [16]. Under the available conditions, the low-stagnation-pressure and
mid-range nozzle outperformed the high-stagnation-pressure nozzle with regards to the
obtained resolution. All of the obtained spectral linewidths are smaller than the stated
goal of 400 MHz [10]. The individual parameters for the measurements are summarized
in Table 1.
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Figure 5. (a) Intensity-weighted averages of the resolution for the low-stagnation-pressure nozzle.
The resolution generally improves as the background pressure is reduced. (b) Resolution along the
jet for different parameters of the low-stagnation-pressure nozzle. (c) Example Gaussian fit of the
intensity as a function of the laser frequency for the low-stagnation-pressure nozzle at Py = 80.6 mbar
and P = 5.6 x 1073 mbar. In both pictures, the parameters are as follows: black: Py = 80.6 mbar
and P =5.6 x 1073 mbar; red: Py = 80.6 mbar and P = 7.0 x 10~3 mbar; green: Py = 80.0 mbar and
P =8.5 x 1073 mbar; blue: Py = 82.2 mbar and P = 10.4 x 10~3 mbar.

Table 1. Intensity weighted averages of M, Av and H for the three different nozzles.

Nozzle Py/mbar P/10—3 mbar M Av/IMHz H
80.6 5.6 72+10 212430 0.40
Low-stagnation- 80.6 7.0 74410  211+35 0.26

pressure

nozzle 80.0 8.5 50+£05 296433 0.43

822 10.4 51+£07  316+45 0.61
100 6.47 67+09 250432 0.60
Mid-range nozzle 125 7.35 724+1.0 239 + 33 0.67
149 10.0 6.6+£09 259 +33 0.69
High-stagnation- 125 9.3 42405 335431 0.84
pressure 131 8.5 38+03 352+ 30 0.79
nozzle 154 12.2 46+05  311+34 0.78
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3.2. Mach Number

The jet was evaluated for its Mach number as described in Section 2.3. For the
determination of the gas-jet temperature from the linewidth, the spectral profiles were
fitted with Gaussian profiles. The calculated linewidths were taken as the values for
the overall resolution, since the fit was in good agreement with the data, as shown in
Figure 5c. The natural linewidth can be calculated to be 30.5 MHz from the transition
strength. The pressure broadening could not be determined; however, in the case of Cul
studied at Leuven, it was found to be approximately 3 MHz [16]. Power broadening has
been neglected due to the low laser power used in the experiment. The two factors were
added to a Lorentzian contribution to the linewidth of 33.5 MHz and the temperature-
dependent part of the resolution was calculated according to Equation (3). With this, the
Mach numbers were calculated as M = 7.2 £ 1.0 for the low-stagnation-pressure nozzle,
M =7.2 4+ 1.0 for the mid-range nozzle and M = 4.6 & 0.5 for the high-stagnation-pressure
nozzle in the best case, respectively. The Mach numbers of the high stagnation pressure
nozzle are significantly lower than M = 8, expected from fluid-dynamics calculations and
from observations at KU Leuven [16]. This was most likely due to the fact that the nozzle
was used outside of its desired pressure range [21]. In this investigation, some small
uncertainties in the evaluation remain, concerning the determination of the stagnation
temperature T and the frequency instability of the laser diode while measuring, which are
expected to be reflected in the uncertainties. The presented values agree very well with
the observations from previous studies at KU Leuven, albeit it has to be noted that the
measurements were taken under different conditions. On one hand, the investigations
in Leuven for the low-stagnation-pressure nozzle were performed using only the central
1 mm diameter of the gas-jet core with collinear illumination, while in this work the entire
jet is illuminated anticollinearly, adding the jet boundary layer of the jet in the evaluation.
Furthermore, the 1®*Dy atoms used in this study are heavier than the ®*Cu atoms used in
Leuven, which is a much lighter system that is closer to the carrier gas (“OAr).

3.3. Homogeneity Factor

Finally, the homogeneity as defined in Equation (5) was evaluated, which shows a quite
different behavior of the nozzles. With the best possible parameters, a value of H = 0.33 was
achieved for the low-stagnation-pressure nozzle, compared to values of H = 0.63 for the
mid-range nozzle and H = 0.76 for the high-stagnation-pressure nozzle. The corresponding
intensity distributions along the jet for the three nozzles are shown in Figure 6.

Clearly, none of the investigated nozzles provide an ideal jet with a perfectly ho-
mogenous density profile and some losses from diffusion into the background gas are
unavoidable. Furthermore, the intensity profile at the spectral maximum was compared
with the intensity profile averaged over the spectral profile. The latter corresponds to
the total density of the jet independent of the velocity distribution and shows a better
homogeneity. Nevertheless, the profile at the maximum excitation frequency corresponds
to the accessible fraction of the density and, thus, provides a better estimate on the expected
efficiency. It shall be noted that the pulsed laser for the intended resonant ionization
application features a significantly larger bandwidth of about 100 MHz compared to the
sub-megahertz bandwidth of the cw diode laser used in this work [22]. This will enable
addressing more atoms of the ensemble in the gas-jet and, thus, the effective homogeneity
will be in between the two curves in the upper and lower panels of Figure 6, respectively.

The homogeneity factor provides a good impression about the achievable efficiency
from the atom density along the gas-jet, but it does not yet provide conclusive information
about the overall efficiency of JetRIS. Further measurements are planned, including the
transport efficiency of atoms evaporated from the filament and transported through the
nozzle to the detector at online-like conditions. For this, a radioactive recoil source will
be used, since it releases ions at a known rate, allowing for a quantitative measurement,
independent from ionization efficiency when using lasers.
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Figure 6. Intensity distribution at the centroid frequency (upper) and average over all frequen-
cies (lower) for the best parameters of the low-stagnation-pressure nozzle (black, Py = 80.6 mbar,
P =5.6 x 1073 mbar), mid-range nozzle (red, Py = 125 mbar, P = 7.35 X 103 mbar) and high-
stagnation-pressure nozzle (green, Py = 125 mbar, P = 9.3 x 1073 mbar).

4. Summary and Outlook

To enable high-resolution laser spectroscopy of the heaviest elements at GSI, Darm-
stadt JetRIS is under development. For an online experiment, efficiency is of paramount
importance while maintaining a high spectral resolution. Therefore, fluorescence spec-
troscopy was performed to characterize three hypersonic nozzles in terms of spectral
resolution, Mach number and homogeneity. These nozzles were designed for operation
at different stagnation pressures. For each nozzle, gas pressures were identified resulting
in a resolution sufficient for determining the hyperfine structure of 2*No, for example.
The highest spectral resolution was found for the low-stagnation-pressure and the mid-
range nozzle with linewidths of 211 MHz and 239 MHz, respectively, for the investigated
ground-state transition at 404.5 nm in '**Dy. In contrast, the high-stagnation pressure
nozzle provided a linewidth of 335 MHz at the intended operation pressures of up to
125 mbar. The larger mass of 2*No compared to **Dy should allow achieving a higher
resolution, but since the transition used for nobelium has a wavelength of 333 nm [7]
compared to 405 nm for dysprosium, the resolution can be expected to be the similar in
both cases. The low- and mid-range nozzle show a similar performance in terms of the
Mach number as well. In terms of jet homogeneity, the high-stagnation-pressure nozzle
showed the best performance. The mid-range nozzle seems to be the best overall choice,
since its resolution and homogeneity are both close to the optimal values found for the
other two nozzles. According to investigations at KU Leuven, the high-stagnation pressure
nozzle would greatly benefit from operation at a higher stagnation pressure [16]. Neverthe-
less, our obtained resolution is already close to the value of 170 MHz projected in [16] for
laser spectroscopy in the actinide region. Further studies will be performed offline with
radioactive sources and resonance ionization spectroscopy to determine the efficiency of
JetRIS before measuring online isotopes of nobelium at GSI, Darmstadt.
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5.2 Publication II

The following article ‘In-gas-jet laser spectroscopy of 2**No with JetRIS was
published in Physical Review Research, 6, 023318 (2024) by J. Lantis et
al. It shows a measurement of a 'Sy <+' P;-transition in #*No, which was
directly produced via a fusion-evaporation reaction of 2°*Pb(*8Ca, 2n). These
results showcase the first successful on-line experiment using the JetRIS.
The measured transition was a line previously measured in RADRIS but
with an improved sub-GHz linewidth of 770(330) MHz. Unfortunately there
are discrepancies between the centroid of this transition form JetRIS and
RADRIS which are discussed in the publication to be on the order of 1.60,
even with a rigorous investigation and analysis of statistical and systematic
errors. This paper also highlights the efficiency of JetRIS comparing results
from a 2?*Ra recoil ion source and the on-line nobelium measurements. The
efficiency with the ion source lies between 1 and 5% depending on its position
inside the gas cell, showing a potential loss channel. The on-line efficiency
was investigated as a combination of ionization-, transport- and detection
efficiency and was found to be 0.010(3)%. The paper also showcases the
transport time measurements for JetRIS using the same recoil ion source
showing a collective transport time of less than 200 ms, making the JetRIS
a viable technique for short-lived species such as the 2>*No K = 8~ nuclear
isomer with a half-life of 265(2) ms [82].

5.2.1 Author contributions

The author contributed to this work by comissioning and improving the
JetRIS in the months before the beamtime, taking part in the efficiency
and transport time measurements using the recoil ion source, transport and
setup of JetRIS and the laser system at GSI, taking measurements during
the beamtime, as well as analyzing parts of the on-line data and conducting
measurements for consistency and the evaluation of systematic errors for the
wavemeters. All of this was done in tandem with J. Lantis and from beam-
time to data evaluation with A. Claessens as well. J. Lantis has written the
first draft of the paper, making him the corresponding author, while the first
three authors mentioned, J. Lantis, A. Claessens and D. Miinzberg are viewed
as equally contributing shared main authors of this publication.
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Here we report online results with the in-gas-Jet Resonance Ionization Spectroscopy (JetRIS) apparatus.
The 'Sy <> 'P; transition of »*No was successfully measured with sub-GHz resolution, marking a fivefold
improvement over previous measurements. Recent developments in laser spectroscopy have allowed access
to more exotic nuclei, but measurements of the heavy actinide region have been limited by line broadening
mechanisms, limiting the precision with which nuclear properties can be deduced from the hyperfine spectrum.
JetRIS provides a method to measure the heavy actinide region with a high level of sensitivity and higher
resolution than previous experiments. The offline and online characterizations of the system are reported, and

future perspectives are presented.

DOI: 10.1103/PhysRevResearch.6.023318

I. INTRODUCTION

Laser-spectroscopic methods provide a tool to study the
fundamental properties of the atom and its nucleus. Atomic
transition energies and their strengths can be determined, pro-
viding information about the electronic structure, and accurate
determination of ionization potentials is possible. Through the
interaction between the atomic electrons and the nucleus, in-
formation about the spin, size, and deformation of the ground
and isomeric nuclear states can be obtained. Independent of
nuclear models, these measurements provide information that
is essential to understand the structure of the nucleus. A vari-
ety of techniques have been developed to study exotic nuclides
at a wide range of masses, and this research has been the topic
of multiple reviews in recent years [1-5].
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Obtaining atomic and nuclear information in the actinide
region is crucial for understanding the fundamental princi-
ples of nuclear existence, but it is particularly challenging as
these nuclides are located at the regions of the largest proton
numbers Z. Among the heavy actinides, most nuclides can
only be produced in fusion-evaporation reactions, typically
at rates of one per second or lower. These low production
rates limit vital information about the electronic structure
that is generally determined with stable isotopes for lighter
elements. Historically, in-gas-cell laser spectroscopy has been
the technique of choice to study short-lived isotopes in this
region. Pioneering work was performed on the fission isomers
of 2022 Am (Z = 95) [6] demonstrating the ability to measure
species with rates as low as 10 s~!, followed by the first
determination of atomic levels in Fm (Z = 100) [7]. More
recent examples include the measurement of the chain of
212-215 A ¢ [8], which revealed the influence of the unpaired
7T hg > proton on the nuclear structure of the region. Even with
these developments, the frans-fermium region remained out of
reach for existing in-gas-cell laser spectroscopy facilities until
advances were made using the RAdioactive Decay detected
Resonance Ionization Spectroscopy technique [9,10,12]. The
RADRIS technique was used to determine the first atomic
transition in No (Z = 102) [11], providing an avenue to
probe relativistic effects in the atomic structure of this region.

Published by the American Physical Society
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Further experiments provided the first precision measurement
of the ionization potential of nobelium [14], and determi-
nation of the ground-state nuclear properties of a chain of
nobelium isotopes [13].

Although highly sensitive, the RADRIS technique has lim-
itations that restrict the elements and isotopes that can be
studied. One limiting factor is the lifetime of the species of
interest, as time-consuming steps between the collection and
subsequent measurement reduce the overall efficiency of the
technique for short-lived isotopes (77, < 1 s). Recent work
has been performed to minimize these delays, as described
in Ref. [15]. The second limiting factor, and the focus of this
work, is the achievable spectral resolution. As in-gas-cell laser
spectroscopy is performed in a high-pressure environment at
room temperature, pressure and Doppler broadening of the
spectral lines lead to a spectral resolution of about 4 GHz,
in turn limiting access to nuclear properties and the precision
with which they can be extracted from hyperfine spectra.

Developments at the Leuven Isotope Separator On Line
(LISOL) facility resulted in the first online experiment of laser
spectroscopy in a supersonic gas jet [16—18]. The supersonic
gas-jet was formed using a convergent-divergent (de Laval)
nozzle, where the gas traveling through the nozzle progresses
from subsonic velocities to supersonic as the gas expands
in the downstream divergent section of the nozzle. The gas
moves uniformly in the jet and can be characterized by the
Mach number (M), defined as the ratio of the stream velocity
(u) to the local speed of sound (a), which are dependent on the
choice of buffer gas and the conditions in the gas cell, as can
be seen in Egs. (1) and (2) below,

a= 2L, ()
m
)/]CT()]W2
= [— 2
G ) @

where y is the adiabatic index, or the ratio of the heat capacity
at constant pressure to heat capacity at constant volume, of
the buffer gas, and is equal to 5/3 for monatomic gases like
argon. k is the Boltzmann constant, m is the mass of the buffer
gas atom, T is the temperature in the gas jet, and Ty is the
stagnation temperature, or the temperature of the buffer gas
in the cell before expansion. As the Mach number increases,
it quickly and asymptotically approaches a maximum stream
velocity, approximately 558 m/s in the case of argon, as the
local speed of sound continues to drop. The temperature and
density of the gas-jet are inversely related to the square of the
Mach number, as can be seen in Egs. (3) and (4),
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At M =7, the temperature in the gas-jet is reduced to 17 K
and the pressure and density reach 5% of the stagnation
conditions. This large reduction allows for a large gain in
the spectral resolution over the in-gas-cell laser spectroscopy
method, where Doppler and pressure broadening effects dom-
inate the spectral line shape. Critically the developments at

the LISOL facility demonstrated that the in-gas-jet laser spec-
troscopy technique could maintain the total efficiency of the
in-gas-cell method while achieving an order of magnitude
improvement in the spectral resolution. This presents in-gas-
jet laser spectroscopy as a powerful tool for studying rare
nuclei with production rates that prevent their study by other
techniques such as collinear laser spectroscopy.

The concept of the JetRIS apparatus was introduced in
Ref. [19] as a method to study the heaviest elements with the
in-gas-jet laser spectroscopy method. JetRIS combines the use
of filament neutralization from RADRIS with the in-gas-jet
ionization technique to achieve both a high efficiency and
high spectral resolution. This article presents the status of the
JetRIS apparatus, including offline studies for characteriza-
tion, online results, and the outlook for future measurements.
These comprise the design and characterization of a hy-
personic nozzle by resonance ionization spectroscopy flow
mapping of copper isotopes seeded in an argon gas jet, and
by laser-induced fluorescence measurements of stable dys-
prosium samples [20]. Radioactive recoil-ion sources were
also used to determine the overall efficiency of the sys-
tem. These offline measurements resulted in improvements
in performance that allowed successful laser spectroscopy
measurements of 2>*No.

II. EXPERIMENT
A. JetRIS apparatus

The concept of the JetRIS apparatus was presented in
Ref. [19]. Here we briefly repeat its concept and main char-
acteristics. The JetRIS apparatus consists of three sections,
shown in schematic form in Fig. 1. First, an argon gas cell
(80 mbar) is used to thermalize reaction products for online
experiments, or as a cell for the production of atoms and ions
from offline sources. In online experiments, the isotopes of
interest are produced through fusion-evaporation reactions,
with the separator for heavy ion products (SHIP) [21,22]
used to separate the primary beam from the reaction prod-
ucts. Within the gas cell, a series of dc electrodes is used
to guide ions to a thin tantalum filament that is biased to a
negative potential. The ions are collected and neutralized on
the filament. The ions first are transported through a cylindric
electrode structure (dc cage with a field gradient of about
4.2 V/cm) leading to a second set of concentric electrodes
with decreasing diameter (dc funnel with a field gradient
of 18.5 V/cm) to efficiently guide the ions to the filament,
which was held at a potential of —150 V. The filament is
resistively heated, producing an atomic vapor that is carried
by the laminar flow of the argon buffer gas through a de Laval
nozzle into a lower pressure (7 x 10~3 mbar) jet chamber,
where the expanding gas forms a collimated, low-temperature
rarefied gas jet (see Sec. Il B). After laser resonant ionization
within the gas jet, the resulting photo ions enter a 90° bent
radiofrequency quadrupole (RFQ) ion guide, where they are
separated from the remaining atoms and transported through
a differential pumping barrier to the detector. Detection can
be performed with either a light-insensitive silicon detector
for online measurements, as discussed later in Sec. IID, or a
channel electron multiplier detector for ion detection of stable
isotopes.

023318-2
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FIG. 1. Schematic layout of the JetRIS apparatus. An 80-mbar high-pressure gas cell is used to thermalize fusion-evaporation reaction
products from SHIP, which are transported to and adsorbed onto a heated filament and neutralized for subsequent laser ionization spectroscopy

measurements in a gas jet.

B. Hypersonic low-P, de Laval nozzle

The in-gas-jet laser ionization and spectroscopy technique
relies on a convergent-divergent (de Laval) nozzle to deliver
a gas jet with a high Mach number M (i.e., low temperature
T) and high flow uniformity (i.e., jet collimation). These
properties depend critically on the stagnation pressure Py in-
side the JetRIS gas cell and the background pressure Psg
of the environment where the jet forms, referred to hence-
forth as the jet chamber. A previous design operated at high
stagnation pressures (Pp = 300 mbar), suited for gas cells
relying on only-gas-flow transportation, was reported in [23]
and provided a cold (17 K), highly collimated, and uniform
gas jet with a Mach number of 8.1 and a length of 62 mm.
For this high-Py nozzle it was observed that below a stag-
nation pressure of 100 mbar the jet formation was inhibited
due to a significant thickening of the boundary layer on the
nozzle walls [24]. Following the same design prospects, a
de Laval nozzle, operational at lower stagnation conditions
(Py < 100 mbar) and suited for gas cell ion transport using
dc fields, was developed for JetRIS.

Contour design and computational fluid dynamics (CFD)
calculations of the low Py nozzle were performed at the Von
Karman Institute for Fluid Dynamics (VKI), Sint-Genesius-
Rode, Belgium. Starting from the same inviscid contour as
the high-Py nozzle, a viscous correction based on the JetRIS
operating conditions was applied leading to three significant
adjustments. The throat diameter was slightly increased from
1.029 to 1.067 mm for a higher mass flow. The opening angle
of the diverging nozzle part was increased from w = 16.6° to
28.2°, and the nozzle was shortened from 37.5 to 18.0 mm.

According to the numerical calculations, this design re-
sults in the formation of a 60-mm-long gas jet with a core
diameter of about 5 mm (cf. Fig. 2), but the simulations also
indicate that the hypersonic gas jet is highly sensitive to weak
variations in the background pressure. Finally, two low-Py
nozzles were CNC-machined out of brass (MS58) to within
a contour error of less than 5 um and a surface roughness
of 0.1 um. The nozzle as well as the contour deviation of
the divergent nozzle part are shown in Fig. 3. The surface

roughness was measured at three different positions by first
casting a negative replica and then measuring with an optical
profilometer (Sensofar Neox). For all three points, roughness
is found to be between 90 and 110 nm. Initial character-
ization measurements to gauge the gas jet properties were
performed at the IGLIS laboratory [16] at KU Leuven using
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FIG. 2. 2D plot of the Mach number, temperature, and mass den-
sity distributions as calculated by the VKI HYPNOZE design code.
The pumping capacity of JetRIS allows only for nozzle throat diame-
ters of about 1 mm using stagnation conditions of Py = 80 mbar and
To = 300 K.
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FIG. 3. Picture of the brass low-P, nozzle (right) with a 3D-
visualization of the contour error (left). The error is the contour
deviation between machined and calculated contour and is measured
with a Werth HA 400 CMM machine in combination with a Fiber-
Probe for more than 55 000 points.

planar laser-induced fluorescence (PLIF) measurements [25]
on 3Cu. Surprisingly, a poor flow uniformity was observed at
the designed background pressure of 2.5 x 10~2 mbar. Low-
ering the background pressure hinted towards an improved
uniformity, but this could not be ascertained by PLIF. These
investigations were complemented by PLIF measurements of
164Dy using the second contoured nozzle, for which the results
are discussed in [20]. To address the uncertainty in the unifor-
mity of the gas jet, additional characterization was performed
using resonance ionization spectroscopy (RIS) flow mapping
at the gas-jet core with %3Cu, as described in [23]. RIS flow
mapping is achieved by high-resolution laser spectroscopy
where a narrowband scanning laser is aligned along the axis
of the gas jet, and the ionization laser is aligned in a trans-
verse manner, such that photoions are only produced in the
well-defined region where the lasers overlap. The ionization
laser was moved to across the gas jet, allowing regions to
be investigated separately. A partial scan of the hyperfine
structure (the low-energy doublet) of ®*Cu was then mea-
sured and the spectra were fitted using x? minimization of
a Voigt profile containing two peaks. The Doppler shift of
the centroid and the Gaussian width at half-maximum of the
peaks are extracted from the spectra, from which the stag-
nation temperature of the gas inside the gas cell 7p and the
local gas jet temperature 7 are determined. These measure-
ments were conducted at four different background pressures
starting from the designed conditions (2.5 x 1072 mbar) to
the lowest achievable pressure (5.9 x 1073 mbar) in order to
obtain the ideal flow match conditions. The resulting Mach
numbers and densities are shown in Fig. 4.

A significant deviation is found between the calculated be-
havior of the Mach number and the RIS flow mapping results.
A high-Mach-number core was observed in the gas jet with
flow-matching conditions at much lower background pres-
sures than initially anticipated, with a background pressure
of 7 x 1073 mbar, and subsequently the operational vacuum
conditions for our measurements were fixed to this value.

The need for a lower background pressure to obtain a
homogeneous gas jet with a high Mach number points to an
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FIG. 4. The measured Mach number distribution (top) and den-
sity distribution (bottom) along the jet core for Py = 80 mbar and
different background pressures. The calculated Mach number along
the gas jet is shown as a dashed line.

overestimation of the static pressure (the pressure inside the
jet) in the CFD calculations. A mismatch in static pressure
at the exit plane (Pg) and background pressure leads to a
radial velocity component after crossing the nozzle exit plane,
resulting in expansion-contraction cycles in the gas jet that
inhibit proper jet formation. The boundary layer between the
nozzle and jet core is of critical importance in hypersonic flow,
and disturbances here propagate through the entire core. Due
to the large mean free path in rarefied gasses, it is possible
that the boundary condition of v = 0 is no longer met. The
resulting slip flow regime leads to higher average velocities in
the boundary layer, reducing the exit static pressure (P.). This
deviation from the Navier-Stokes equation is not accounted
for in the CFD calculations.

C. Online laser system

The in-gas-jet method requires a state-of-the-art laser sys-
tem to provide high power and short (~10 ns) pulses at
a high-repetition rate to maximize the laser ionization ef-
ficiency, while also providing narrow-bandwidth light for
high-resolution laser spectroscopy in the cold gas jet. A pulse
repetition rate of 15 kHz is ideal to irradiate every atom at
least once within the first 40 mm of the gas jet, as the flow
velocity is about 550 ms~! at Ty = 300 K.

As a two-step ionization scheme was used, multiple lasers
were used in this experiment. These can be grouped into
a narrowband and a broadband system. A schematic draw-
ing of the systems can be seen in Fig. 1. The narrowband
laser system is comprised of a pulse dye amplifier system
(PDA) seeded by a tunable, single-mode continuous-wave
(CW) dye laser, which was used for the first excitation step,
and the direct light from a high-power Nd: YAG laser provided
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the nonresonant ionization step. To maximize ionization effi-
ciency in these experiments, the scanning laser should have
sufficient bandwidth to cover the full thermal distribution of
nobelium atoms in the gas jet. For this particular nozzle,
this would imply a bandwidth of 160 MHz (7, = 330 K).
The two-stage PDA is seeded by a wavelength tunable CW
dye laser (Matisse, Sirah Lasertechnik) and optically pumped
by a state-of-the-art single longitudinal mode Nd:YAG laser
(Edgewave, PXn300-2-GF-SLM). This laser can provide up to
60 W of 532 nm light in Fourier-limited pulses of about 8 ns at
repetition rates of 15 kHz. Single-mode operation of the laser
was used to avoid resonances caused by additional modes
that are typically present in high-repetition-rate PDA pumped
Nd:YAG lasers [26]. The resulting pulses from the PDA when
equipped with the laser dye 4-Dicyanomethylene-2-methyl-
6-p-dimethylaminostyryl-4H-pyran (DCM) in a mixture of
dimethyl sulfoxide (DMSO) and ethanol (75% and 25%) give
a pulse width of about 4.5 ns and a bandwidth of 95 MHz in
fundamental light. By frequency doubling with a single-pass
second-harmonic generation (SHG) unit using a B-barium
borate (BBO) crystal, the pulses are shortened to about 3 ns
resulting in a spectral bandwidth of 150 MHz. A detailed
characterization of the narrowband PDA using a prototype
Nd:YAG at repetition rates of 10 kHz is reported in Ref. [26].

In addition, a broadband laser system was used during
preparatory online studies using >>Yb to ensure gas jet for-
mation and good operation of the JetRIS apparatus. The laser
light for the first excitation step was produced with a pulsed
dye laser (Sirah Lasertechnik, Credo) pumped by a multimode
Nd:YAG laser (Edgewave, InnoSlab 1S400-2-L) for which
the repetition rate is limited to 10 kHz and the bandwidth is
limited by the laser grating to approximately 1.8 GHz.

The ionization step of both laser schemes was realized with
the third harmonic of a high-power Nd: YAG laser (Edgewave,
InnoSlab IS400-2-L) operated at 10 or 15 kHz for ytterbium
or nobelium ionization, providing up to 30 W of UV light.

D. Detector setup

In the online operation of the JetRIS setup, different
radioactive isotopes are distinguished by measuring their
specific «-decay energy. The decay was measured with

a light-insensitive silicon (Mirion PIPS®) detector in an
independently-pumped vacuum chamber, separated from the
jet chamber by a 2.6-mm-diam pinhole to maintain ultrahigh
vacuum. This allows the detector to be set on a potential of
—2 kV relative to the nozzle. The acceleration of the ions
causes them to be implanted a few nm into the protective layer
of the detector and prevents volatile species from desorbing
from the surface before decay.

A schematic of the electronics used for the detector is
shown in Fig. 5. To maintain a low noise and high resolution
a-energy measurement while on high voltage, the —2 kV
potential was applied to the entire signal processing chain.
The measurement system consists of the previously men-
tioned silicon detector with 600 mm? sensitive surface area,
40 V detector-bias power supply, a preamplifier, and a Red-
Pitaya STEMIlab 125-14 for digitization. The different supply
voltages were generated by a self-designed small-form-factor
toroidal transformer to protect the measurement electronics
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FIG. 5. Schematic of the detector setup to measure the character-
istic a-decay of volatile recoil ions. The details are described in the
text.

Database

from high-frequency noise of switching power supplies. An
isolating transformer was used to decouple the main voltage
from the ground potential, and a LAN-to-fiber converter was
used to write the single-event decay energy with an 8 ns pre-
cision time stamp to a database. Correlation of the measured
decays to the laser wavelength was done with the time stamp.

The detector was used through the online experiment to
identify various nuclei produced in the production and decay
chains of Yb, *No, as well as 2!°Ra emitted from a recoil
source of 2*Ra, with a resolution of approximately 80 keV;
cf. Fig. 6.

III. OFFLINE CHARACTERIZATION

Characterization of the JetRIS apparatus in offline mea-
surements was carried out to optimize its operation. Offline
measurements were performed with radioactive >*’Ra recoil
sources to characterize the transport of ions through JetRIS,
similar to the studies for the cryogenic gas cell used at SHIP-
TRAP [27]. The overall transport efficiency and speed were
measured using these methods.

A. Transport efficiency

The transport efficiency from the gas stopping cell to the
detector was investigated as one component of the overall
efficiency. A recoil ion source was mounted on a movable
rod within the gas cell, and the transport efficiency was de-
termined through the ratio of w-decays detected in the PIPS
detector to the known rate of daughter nuclei emitted from
the source. Two short-lived species can be observed in the
223Ra decay chain, 29Rn (11 = 3.94 s) itself as well as 2'°Po
( 1= 1.78 ms), and the overall transport efficiency was calcu-
lated from the observed decays of both species. Based on the
geometry of the detector, it was assumed that the detection
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FIG. 6. Alpha spectrum of the nuclei observed during the online
experiment using the silicon detector at high voltage as described in
the text. The decay chains of 155Yb, *No, and *’Ra are shown. The
red shading indicates the energy gate used for cutting the data on
254N

efficiency of the implanted recoil ions was 50% with a further
50% reduction in the detected 2'>Po from recoiled ions leaving
the surface of the detector. The rate of recoils from the source
was determined by measuring the activity in vacuum with the
source positioned at different distances from the detector. The
transport efficiency of the ions as a function of distance from
the nozzle is shown in Fig. 7.

The source was mounted to a thin tantalum disk used to
shield the recoils from the grounded rear flange of the gas cell.
The potential of the recoil source and the disk was matched to
the potentials applied to the surrounding electrodes. A sharp
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FIG. 7. Offline transport efficiency of the 2'’Rn and '*Po daugh-
ters of a *’Ra recoil source as a function of source distance from
the nozzle. The recoil source was mounted on an adjustable rod
following the central axis of the JetRIS gas cell.

decrease in transport efficiency was observed when varying
the applied voltage away from the local potential. The recoil
source was moved along the central axis of the gas cell,
providing a map of the transport efficiency for ions that were
stopped in different regions of the gas cell. The transport
efficiency fell as the recoil source was pulled farther from the
de Laval nozzle, as shown in Fig. 7, indicating that significant
losses occur in the transport through the cell.

The initial design of JetRIS featured a gas cell pressure
of 30 mbar. Simulations of the distribution of heavy ions in
the gas cell at 30 mbar were performed and described in [19].
The most probable stopping distance was located 21 cm from
the nozzle. As the gas cell was operated at a higher pressure
of 80 mbar during these measurements, it is assumed that the
actual stopping distance was located further from the nozzle.
Comparing the simulated most probable stopping distance to
the measured transport efficiency along the central axis, a
transport efficiency of approximately 1.5% can be expected
for online measurements.

It should be noted that most transport losses occur within
the gas cell, including the transport through the nozzle. The
transport efficiencies through the bent RFQ and into the
detector cell were investigated by measuring the current of
photoions in an offline setting. Here, the investigated electrode
was negatively biased by a battery box with 45 V, while
the positive terminal was connected to a picoamperemeter
(Keithley 6485). A natural ytterbium atom source was re-
sistively heated next to the nozzle, producing a vapor. Two
lasers propagating through the nozzle were used to resonantly
ionize the atoms, which were carried into the gas jet and to the
bent RFQ. Ions impinging on the RFQ rods, connected to the
picoamperemeter, led to a measurable current of 20 pA. After-
wards the negative terminal was connected to both transport
electrodes inside the detector cell and the measurement was
repeated. In this configuration, a current of 15 pA was mea-
sured. As a result, a transport efficiency through the bent RFQ
and the differential pumping barrier to the detector chamber
of 75% was derived.

B. Transport time

Furthermore, the recoil ion source was used to investigate
the transport time of ions through the JetRIS apparatus. Cyclic
measurements were performed with a period of 500 ms. The
floating potential used to prevent the recoil daughters from
being attracted back to the source after thermalization and the
RF frequency applied to the ion guide to transport ions from
the jet to the detection region were pulsed for a short duration
(50 ms) with a variable time delay, AT, between the pulses.
Ions that did not travel from the source to the bent RFQ within
this time delay would not be transported to the detector. The
count rate as a function of the delay between the pulses of
the floating potential and the RFQ was measured and fit to
a Gaussian function to determine the mean transport time at
different distances from the nozzle in the gas cell, as can be
seen in Fig. 8.

Even at the furthest distance of 22.5cm, a transport time
of less than 200 ms was observed. This short time provides
access to short-lived species that are currently out of reach
for measurements with the RADRIS technique, which even
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FIG. 8. Effective transport time of recoil ions from the JetRIS
gas cell to the detector as a function of distance from the nozzle. The
time delay shown is the difference in the rising edges of the potential
pulses applied to the recoil source and the bent RFQ.

with recent advancements is limited to species with life-
times greater than approximately 500 ms [15]. Additionally, a
plateau in the transport time was observed as the recoil source
approached the nozzle, towards a minimum of approximately
50 ms. Further work is being performed to understand this
transport in order to improve the efficiency and to minimize
decay losses during transport.

IV. ONLINE EXPERIMENT

The first online experiment using the JetRIS apparatus was
performed at the GSI Helmholtzzentrum fiir Schwerionen-
forschung in Darmstadt, Germany, targeting >>*No and '>°Yb.
234No ions were produced through the 2**Pb(**Ca, 2n) >**No
fusion-evaporation reaction, with a cross section of 2 ub [28]
at a beam energy of approximately 217 MeV, and '3Yb ions
were produced through the 112Sn(48Ca, 2n)155Yb reaction,
with a cross section of 7.5mb [12] at a beam energy of ap-
proximately 218 MeV. A beam of **Ca was accelerated using
the UNILAC linear accelerator with average beam currents
of up to 0.7 particle -pA (4 x 10'? particles per second) and
impacted on a thin target of approximately 440 ug/cm?. The
target wheel consisted of eight segments. Each segment con-
sisted of about 95% 2**Pb and 5% ''2Sn, which enables the
production of >Yb and 2**No with the same target wheel.
155Yb has been previously used as a diagnostic and calibration
measurement with the RADRIS technique, as the overall pro-
duction rate was approximately 70 times greater than >*No,
although the production cross section is more than 1000 times
greater [12]. The fusion-evaporation products were separated
in flight from the primary beam using SHIP [21,22]. Approx-
imately four ions of »*No per second are available at the
entrance of the gas cell with a primary beam intensity of 0.7

particle -pA. Significant portions of the experiment were con-
ducted in a parasitic mode of operation, where SHIP received
a smaller portion of the available beam, approximately 10%.
The reaction products entered the JetRIS apparatus through a
3.2 um titanium foil. The highly charged fusion-evaporation
products were stopped in the gas and converted to +1 ions
through interactions with the argon buffer gas before being
transported to the heated filament, where they were neutral-
ized and carried through the de Laval nozzle for subsequent
laser spectroscopy in the gas jet.

A two-step laser ionization scheme was used to produce
photoions for transport to the silicon detector, with the laser
pulses temporally overlapped. The first step was tuned to
333.761 nm to excite the ground state 'Sy <> Py transition
[12]. The light was transported to the JetRIS apparatus via
optical fiber, and a spherical telescope was used to create a
round beam spot with a diameter of approximately 10 mm,
antipropagating with the gas jet. This laser was kept at 30 mW
with a 15 kHz repetition rate, resulting in an average energy of
2w per pulse. The second step was a nonresonant ionization
step provided by the third harmonic of a 15 kHz repetition
rate Nd:YAG laser at 355 nm. The second step laser power
was kept at 30 W, resulting in an average energy of 2 mJ
per pulse. A set of cylindrical telescopes was used to shape
the beam into a stripe of 40 mm in width and 4 mm in
height, which was injected in a transverse geometry to the
jet. The dimensions of the ionization laser beam were chosen
based on the repetition rate of the laser and the speed of the
gas jet, so that each atom would be irradiated at least once.
This specific geometric configuration was chosen to avoid
shining the high-power ionization laser through the nozzle
and into the gas cell. Heating of the nozzle could change
its performance, and the light could potentially damage the
thin entrance window separating the gas cell from SHIP. o
decays were measured with the PIPS detector as a function
of the first step wavelength, with a gate on the known energy
of the *No « decay to avoid any increase in background
from long-lived daughters of previously measured isotopes.
In addition to the laser spectroscopic measurements, this also
provided the first online results for the overall experimental
and transport efficiencies, which could be compared to the
previously discussed offline studies.

A. Experimental efficiencies

The overall experimental efficiency from the production
target to the PIPS detector can be calculated based on the dif-
ferent measurements performed during the experiment. As the
overall production and transmission of 2>*No at SHIP is well
known, the transport efficiency from the gas cell to the detec-
tor was calculated using “flushing” measurements, where no
attracting potential was applied to the neutralizing filament,
allowing ions to be transported through the nozzle, captured
by the bent RFQ, and implanted on the PIPS detector where
the characteristic «-decay was detected. The flushing count
rate provides information about the efficiency of the transport
of ions through the system, but cannot provide information
about the processes in which losses occur, such as neutral-
ization through collisions with the buffer gas, collection and
evaporation of neutrals, or their transport through the exit
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TABLE I. Experimental efficiencies of the JetRIS apparatus.

Type Efficiency (%)
Tonization 8.4(2.8)
Transport 0.24(2)
Detection 50
Overall 0.010(3)

channel and the nozzle. The production of 2*No is linearly
proportional to the primary beam intensity delivered by the
UNILAC. Due to changes in the operation of the accelerator,
this intensity fluctuated throughout the experiment and was
constantly monitored. For a valid comparison of measure-
ments performed at different times throughout the experiment,
the count rate was normalized to the integrated primary beam
intensity and is reported as a standard Coulomb counter (scc)
which is proportional to the beam integral. The flushing
measurements were performed intermittently throughout the
experiment to monitor the operation of JetRIS. Flushing rates
of 1045(25) and 98(20) ions/scc were observed for 135yp
and >*No, respectively. Previous experiments at SHIP have
established approximately four 2*No ions per second entering
the gas cell with a beam intensity of 0.7 particle -uA, corre-
sponding to a transport efficiency of 0.24(2)% for >*No.

In addition to the flushing measurements, diagnostic laser
spectroscopy measurements were performed with '3Yb to
check the operation of JetRIS and to determine the ionization
efficiency, with the assumption that the behavior of ytterbium
and nobelium would be similar as they are chemical homo-
logues with similar atomic transition strengths [12,29]. The
laser spectroscopy measurements of '>>Yb were performed
with a broadband laser to excite the atoms, and only com-
pleted once during the online experiment.

The detected ion rate of the laser spectroscopy mea-
surements was compared to the flushing ion rate and used
to determine the experimental efficiency of the system. A
flushing rate of 1045(25) ions/scc was observed, while the
maximum count rate during laser spectroscopy was 45(16)
ions/scc. Based on the ratio of the ions observed in the flush-
ing mode of operation to photoions measured during laser
spectroscopy, an ionization efficiency of 4(1)% was deter-
mined. A similar procedure can be applied to the flushing and
maximum count rates from the nobelium measurement, albeit
with a larger statistical error. Here the flushing rate of 98(20)
ions/scc can be compared to a maximum of the spectrum
of 8.4(2.8) ions/scc, resulting in an ionization efficiency of
8.5(3.0)%, agreeing well with the data of Yb and supporting
the assumption that the two species have similar behaviors. In
sum, the overall efficiency from the above values equates to
a 0.010(3)% laser spectroscopy efficiency, shown in compari-
son with the corresponding contributions in Table I.

Although the experimental efficiency of JetRIS was two
orders of magnitude lower than what is typically achieved
with RADRIS, there is no inherent reason for the efficiency to
be significantly small. New COMSOL simulations are guiding a
redesign of the gas cell with the aim of improving the transport
efficiency to the 5-10 % level. Initial results indicate that most
ions are lost in the transfer from the funnel electrodes to the
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FIG. 9. Measured spectrum of **No in JetRIS with previous
data from RADRIS [11]. The achievable resolution with JetRIS is
improved fivefold compared to RADRIS.

nozzle. Other work is ongoing to improve the reproducibility
of the system, such as a new mounting system for the RFQ to
prevent misalignment with the gas jet.

B. *No laser spectroscopy

The main goal of the JetRIS beamtime was the measure-
ment of the 'Sy <> ! Py transition of the 2**No nuclear ground
state as a proof of principle that JetRIS is capable of high-
resolution measurements of very low production rate nuclides.

The targeted transition of »*No was successfully mea-
sured, and is shown in comparison to a previous measurement
from the RADRIS experiment [11] in Fig. 9. 2*No has nuclear
spin I = 0, featuring no hyperfine splitting of the transition
and thus only one peak was expected.

The spectrum was fit to the data shown in Fig. 9 using
most likelihood estimation (MLE) due to the low statistics of
the experiment. The fit was performed with raw counts before
normalization, while the fit function was scaled per data point
according to the relative beam intensity scaling. The fit was
performed with an assumption of zero background, with the
data gated on « decays within an energy range of 7.93-8.24
MeV. Surface ionization of species from the heated filament
has been previously studied at RADRIS [30,31] and is known
to be negligible. The centroid resonance frequency of the
spectrum was determined to be 29 951.480(2)(10) cm™!,
with the statistical and systematic uncertainties shown, re-
spectively. The statistical and systematic contributions to the
uncertainty are given separately and will be described in more
detail. It is noted that although the overall efficiency of JetRIS
is significantly lower than that of RADRIS, the enhancement
in precision allows for the extraction of the centroid with a
similar statistical uncertainty. The fit resulted in a full width
at half-maximum (FWHM) of 770 4+ 300 MHz with a G-test
score of 0.82. The previously reported measurement of 2*No
from RADRIS featured a spectral resolution of approximately
3900 MHz [11], demonstrating a factor of 5 improvement in
JetRIS.
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TABLE II. Contributions to the uncertainty in the centroid fre-
quency of the 'Sy <> 'P; transition of *No with JetRIS and
RADRIS.

Uncertainty RADRIS (MHz) JetRIS (MHz)
Fit 125 60
Wavemeter 150 60

Ne Lamp/HeNe calibration 150 150
Pressure shift 1025

Doppler shift 150
Total 1350 370

Previous offline measurements of Dy [20] and Cu iso-
topes achieved a higher resolution, and based on the mass
dependence of the Doppler broadening within the gas jet, we
expect a spectral resolution of down to 200 MHz for 2**No.
We believe that our measurement was significantly affected
by power broadening. The saturation photon flux for this
transition is 2.5 x 10'? photons pulse™' cm~2 [11], whereas
this measurement used 4.3 x 10'> photons pulse™! cm~2,
almost twice the saturation flux. Additionally, previous mea-
surements with Cu isotopes at KU Leuven have shown that
saturation conditions in the gas jet are significantly different
from those in the gas cell environment, with a tenfold reduc-
tion in the saturation flux in the gas jet [24]. Improvements
in the overall efficiency of the system will allow lower laser
power to be used for the first-step laser excitation, reducing
the effect of this broadening.

C. Centroid discrepancy with RADRIS measurements

The centroid of the 'S, < !P; transition was determined
to be 29 961.480(2)(12) cm™!, with a shift of approximately
+700 MHz in relation to the previously reported measurement
in RADRIS [11]. However, the JetRIS measurement is red
Doppler-shifted due to the antipropagating geometry of the
first-step laser in relation to the hypersonic flow direction,
contributing a shift of 1725(150) MHz. The stagnation tem-
perature, Ty, was assumed to be room temperature as both
simulations [19] and offline measurements have established
that the stagnation temperature is consistent with room tem-
perature. The uncertainty in the stagnation temperature was
conservatively assigned using an upper limit on the temper-
ature established in Ref. [20] using the JetRIS apparatus. In
that measurement, a large resistively heated atom source was
placed in the mouth of the nozzle, and it is assumed that it
induces more heating of the surrounding gas than the thin
filament used in the current measurements. After correcting
for the Doppler shift, a discrepancy of 2400 MHz is found
between the JetRIS and RADRIS data.

The uncertainties considered in this analysis can be seen
in Table II. The most significant source of uncertainty re-
sults from the unknown pressure shift in the RADRIS data,
which was conservatively estimated at —10 MHz/mbar based
on previous measurements in thallium [9]. Recent systematic
measurements with the wavemeters used in both experiments
have revealed further systematic uncertainties. Two different
wavemeters of the same model were used for the experi-
ments, both WS7 (HighFinesse) wavemeters, although with

separate calibration methods. The JetRIS experiment utilized
a frequency-stabilized helium-neon (HeNe) laser for calibra-
tion. This HeNe laser features a 150 MHz uncertainty in its
wavelength, while the wavemeter boasts a 30 MHz uncer-
tainty in its accuracy. The RADRIS wavemeter relied on an
internal neon lamp for calibration, with a 150 MHz uncer-
tainty, although it is possible to calibrate it with an external
HeNe laser. Both wavemeters were compared to search for a
possible source of the discrepancy in the data by measuring
the fundamental and doubled UV light of the pulsed dye
amplifier described above. The laser light was coupled to a
single-mode fiber with two outputs, allowing for simultaneous
measurement of the laser light. The use of a single-mode fiber
introduced an additional 30 MHz uncertainty in the measure-
ment of the fundamental light, and subsequently a 60 MHz
uncertainty for the doubled laser light. A small difference of
150 MHz was observed between the two wavemeters when
using different calibration sources, but this was eliminated by
calibration of both wavemeters with the same HeNe laser.

The overall uncertainty in the centroid for each measure-
ment was determined summing in quadrature the statistical
error of the fit and the systematic uncertainty introduced
by the wavemeters and further summing the systematic un-
certainties introduced by the Doppler and pressure shifts.
The significance of the discrepancy between the JetRIS and
RADRIS centroids rises to the 1.6 o level. Future mea-
surements are planned to improve our understanding of the
systematic uncertainties of both the JetRIS and RADRIS
experiments and to resolve this discrepancy. Although chal-
lenging in practice, a different geometrical configuration of
the lasers, with both propagating transverse to the gas jet,
could avoid the Doppler shift and reduce the possible sources
of uncertainty in the measurement. It is worth noting that a
centroid shift in the JetRIS data stemming from the slip effect,
where the seeded heavy mass atoms in the gas jet have a lower
velocity in comparison to that of the carrier gas, can be ruled
out. Recent measurements were performed at KU Leuven with
232Th atoms seeded in an argon flow to form a gas jet with
an identical nozzle and very similar experimental conditions.
The results show that >Th moves in the hypersonic jet at
a similar speed to the argon carrier gas [32]. We believe
that significant fluctuations in the room temperature of the
laser room due to the weather conditions and operation of the
laser systems could have introduced a systematic drift in the
wavemeter calibration. Additionally, as the pressure shift in
the RADRIS data is currently the largest source of the error,
future measurements are planned at GSI to measure the >*No
spectrum at a range of pressures, allowing for experimental
determination of the pressure shift.

V. OUTLOOK

These results are a promising first step towards high-
resolution laser spectroscopy measurements of the heavy
actinides, allowing for more precise determination of nuclear
properties from hyperfine spectra. Current work is focused on
improving the experimental efficiency. Additionally, a mul-
tireflection time-of-flight (MR-TOF) mass spectrometer is
being commissioned for use with JetRIS. The incorporation
of the MR-TOF will allow for detection methods beyond

023318-9



JEREMY LANTIS et al.

PHYSICAL REVIEW RESEARCH 6, 023318 (2024)

— 9/27[734], @ 7/2*[613],
— 9/27[734], @ 7/2"[624],
— 9/2+[624], @ 7/27[514]

Rate (arb. units)

—100 =75 —50 0 75 100

QL L
Frequency (GHz)

FIG. 10. Hyperfine splitting of the K = 8~ isomer in **No
compared to the nuclear ground state. Three possibilities of the nu-
cleonic configuration are shown, calculated from g, values provided
in Ref. [37], and result in substantially different splittings. The res-
olution shown here is based on the demonstrated spectral resolution
of 770 MHz.

alpha decay, providing access to isotopes or elements with
unfavorable decay modes and/or longer half-lives.

With these upgrades, future measurements with the JetRIS
apparatus are planned at GSI aiming at nuclides and isomers
that feature hyperfine splitting, providing important informa-
tion about the nuclear structure with higher precision than
what is available with the RADRIS technique. Of particular
interest is the K = 8~ isomer of **No, which is populated
in approximately 1/3 of the produced **No nuclei [33]. This
high angular momentum isomer was observed in decay spec-
troscopy studies [33-36], however the configuration of the
two-quasiparticle state on which the isomer is based could
not be established unambiguously. This isomer has remained
out of reach of RADRIS due to its short lifetime (77,2 ~ 250
ms). Due to the short lifetime of the isomer in relation to
the nuclear ground state, the a-decay energy cannot be used
to distinguish the two. However, due to the nonzero nuclear
spin, and as each of the possible configurations is predicted to
have different g -factors, the hyperfine splitting of each con-
figuration would be sufficiently different that high-resolution
laser spectroscopy could both separate the isomer from the
nuclear ground state and determine which of the possible con-
figurations is correct. The predicted spectra of the three likely
candidates for the configuration in the K = 8~ isomer are
shown in Fig. 10 with the demonstrated spectral resolution of
JetRIS. The hyperfine spectra were calculated using g, values
predicted from Ref. [37]. It is noted that there is a possible
overlap between the resonance of the K = 8~ isomer and
the nuclear ground state, meaning that a contribution by the
K = 8~ isomer to the spectral broadening and discrepancy in
the centroid frequency discussed is possible. However, based
on the production rate of the isomer and the transport time
through the JetRIS apparatus, the contribution would be rather
small. Additionally, the above calculations do not account for

the isomer shift between the ground state and the K = 8~
isomer, which, based on other isomers in heavy nuclei, could
rise to the level of hundreds of MHz [38,39]. However, we
cannot fully exclude the possibility of the presence of the
isomer in our measurements, and future measurements will
clarify the situation.

VI. CONCLUSION

An apparatus utilizing the in-gas-jet laser ionization spec-
troscopy technique was successfully characterized offline and
commissioned for online studies of heavy actinides at GSI.
This apparatus combines the efficient RADRIS technique of
heated filament neutralization with the in-gas-jet resonant
ionization spectroscopy technique to provide high sensitivity
with high resolution. Offline characterization was performed
with stable and radioactive sources to understand the ca-
pabilities of the system as well as the optimal operating
parameters. An online experiment was performed at GSI,
where a sub-GHz laser spectroscopic measurement of *>*No
was performed, with a fivefold improvement in the resolution
over existing measurements. This improvement in the spectral
resolution opens the door for high-resolution measurements
in the heavy actinide region, providing information on the
nuclear structure with high precision, which is critical for
benchmarking nuclear theory. New technical improvements
are being incorporated to improve the performance of JetRIS,
such as a multireflection time-of-flight mass spectrometer and
changes in the design of the gas cell to improve the efficiency.
This work will open opportunities to access new elements,
isotopes, and isomers in the heavy actinide region.
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5.3 Publication 111

The following article "Multiple-reflection time-of-flight mass spectrometer as-
sisted laser spectroscopy of ™*Sm’ was published in Nuclear Instruments and
Methods in Physics Research Section B, 569, 165884 (2025) by D. Miinzberg
et al. It reports on ToF-assisted resonance ionization spectroscopy on **Sm.
Six different laser schemes were developed and characterized with all natu-
rally occuring isotopes being measured. Here the isotope shifts were deter-
mined and through mean square nuclear charge radii-values from literature
and Kingplots the individual mass shift and field shift contributions were
calculated. In the cases of I # 0 hyperfine structure was observed and the
hyperfine parameter A could be determined. In this publication the laser
ions were also utilized for the characterization of the MR-ToF MS which is
outlined as a future addition to the JetRIS to improve its capabilities for
measuring stable and long-lived isotopes via direct ion detection. A mass-
resolving power dependent on the number of revolutions with a maximum of
25000 for the experimental conditions using the laser ion source without a
cooler buncher was determined. These results were cross checked via simu-
lations using SIMION 8.0. These measurements showed a relative efficiency
of 20%, meaning 80% of the ions were lost during the trapping within the
MR-ToF MS. These results were compared with tandem simulations of ions
from a cooler buncher designed by A. Brizard injected into the MR-ToF MS.
These simulations showed that the cooler buncher ions have a greatly low-
ered transversal and slightly lowered longitudinal emittance which lead to a
predicted improvement in relative efficiency to 80% with a maximum mass
resolving power of 100000 after 4000 revolutions.

5.3.1 Author contributions

The author contributed to this work by assembly of the MR-ToF MS, con-
ducting first comissioning experiments to get the system operational, design-
ing the ion source for it, as well as the laser ion source, setting up the laser
for spectroscopy, conducting the spectroscopy measurements, as well as data
analysis, including the simulations of the laser ion source, the MR-ToF MS,
as well as the tandem simulations using the ions from the cooler buncher sim-
ulations. The author is the main author of the publication and has written
its draft and refined it with input from the co-authors.
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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
JetRIS
MR-ToF MS

each isotope simultaneously without the need for isotopically enriched samples. Using this approach, multiple
different excitation schemes were developed and specific mass and field shifts and the hyperfine parameter .4 of

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>*No 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 "@Sm has been performed. Atomic transitions to
excited atomic states in the range between 29 695—30801 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
32g 4 102p(d in the 2 n evaporation channel. Samarium-isotopes until
the drip line are expected to be accessible through the reaction of 4°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 - 1078 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 25pum 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.



D. Miinzberg et al.

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

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

For two-step RIS, two tunable lasers are required. For the first
excitation step, which is used for spectroscopy, a narrowband laser is
required, while a broadband laser was used for the second, ionizing
transition. The narrowband laser system is comprised of a pulsed
dye amplifier (PDA, Sirah Lasertechnik) pumped by a high-power
single-mode, pulsed, frequency-doubled Nd:YAG laser (PXn300-2-GF-
SLM, Edgewave). The PDA was seeded using a tunable, single-mode
continuous-wave (cw) dye laser (Matisse, Sirah Lasertechnik) pumped
by a cw, frequency-doubled Nd:YAG laser (Millenia, Spectra Physics).
The light of the PDA was frequency-doubled using a single-pass second-
harmonic generation (SHG) unit utilizing a g-barium borate (BBO)
crystal. To obtain the laser light around 330 nm for the first excitation
step of samarium, the lasers were operated with 4-Dicyanomethylene-
2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM) in dimethyl sulfox-
ide (DMSO) for the PDA and DCM in a 1:1 mixture of phenoxyethanol
(EPH) and ethylene glycol (EG) for the cw laser. The single-mode
operation of the pump laser was required to avoid unwanted excitation
caused by side modes [16]. The narrowband system achieved a spectral
linewidth of 6f,;, = 139(13) MHz after SHG, measured using a Fabry—
Pérot interferometer (FSR 1 GHz, Toptica) and a pulse width of 5ns at
full-width half-maximum. The broadband laser system is comprised of
a pulsed dye laser (Credo, Sirah Lasertechnik) pumped by a frequency-
doubled Nd:YAG laser (InnoSlab 1S400-2-L, Edgewave). The dye used
for the Credo was DCM in Ethanol to produce laser light around 640 nm
for the resonant ionization of samarium. The broadband laser system is
specified with a linewidth of éf,,, = 1.8 GHz according to the manual
of the company. The pulse width was measured to be 8ns at full-width
half-maximum. A typical spot size for both lasers has a diameter of
roughly 2mm and a pulse energy of 8 pJ for the PDA after SHG and 1 mJ
for the CREDO. The combination of laser ionization with a MR-ToF MS
based detection without the use of a cooler buncher requires the laser
to be synchronized with the MR-ToF MS cycle. The pump lasers can
provide repetition rates from 10kHz down to single shots. They were
triggered and synchronized from the same delay generator that controls
the MR-ToF and according to the number of revolutions in the MR-
ToF MS, the repetition rate of both pulsed pump lasers could be freely
adjusted. The wavelength of the lasers during the experiment was mea-
sured using a commercial wavemeter (WS7-30, HighFinesse) which was
regularly calibrated using a frequency-stabilized helium-neon (HeNe,
SIOS) laser.

2.4. RIS on "Sm

Laser spectroscopy on "¥Sm was performed to demonstrate the
operation of ToF-assisted laser spectroscopy and to develop and charac-
terize ionization schemes for application on exotic, short-lived isotopes.
In total, six different first-step transitions v, were investigated as sum-
marized in Fig. 2. All of these transitions start from thermally excited
levels within the ground state fine structure. Due to the angular mo-
mentum being J = 0 for the ground state, these excited levels feature
a higher population at the evaporation temperature of 1000°C used
during the experiment. The mass spectrum from laser ionized "*Sm
is shown in Fig. 3, where the ion count rate as a function of the
ToF relative to the laser trigger pulse is plotted. Here, seven different
peaks can be clearly distinguished, each of which can be assigned
unambiguously to a different isotope of samarium. The ToF spectrum
is given in terms of the registered count rate as counts per second
(cps) versus the time of flight. The multiscaler has 4096 individual

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
154, all of which were studied in this work. All ions are extracted with
the same electric potentials of a maximum of U = 3090 V. With the
velocity being described by v = %, the lightest isotope,!44Sm has
the shortest flight time to the detector, and the peaks were assigned to
the individual isotopes in ascending order of their mass number. This
assignment is supported from the arrival times following the square
root of the mass-to-charge ratio. The ToF spectrum does not, however,
reflect the relative natural abundance of the isotopes, which is due to
the fact that the odd A isotopes have a nuclear spin of I = 7/2 giving
rise to hyperfine structure and due to fluctuation of the ion source. For
laser spectroscopy, the counts in a time-of-flight interval corresponding
to an individual Sm isotope, indicated by shaded areas in Fig. 3, were
summed for a given wavenumber of the first excitation step. Preparing
for laser spectroscopy, suitable autoionizing (AI) resonances were iden-
tified for each first excitation step to ensure efficient laser ionization.
The width of the Al states was experimentally measured to range from
30 to 90 GHz. Plotting the summed counts against the laser excitation
energy for a transition results in the spectra for different isotopes as
shown in Fig. 4 exemplary for the transition of scheme 3 of Fig. 2.
The achieved spectral resolution amounts to a FWHM of 175(5) MHz.
The spectra were fitted by least-square minimization with the SATLAS
package [17] in Python. The peaks were modelled as Voigt profiles. The
Gaussian and Lorentzian contributions were treated as free parameters
without constraints. With this approach, the Lorentzian contribution
was found to be negligible, so that the FWHM is dominated by the
Gaussian contribution. The main factor for the Gaussian contribution
is the laser bandwidth with 139(13) MHz. The other contribution is
due to Doppler broadening, arising from the thermal energy of the
samarium with the spot size for the ionization. The Doppler broadening
was determined to be 36(14) MHz. The nuclear spin I [18], the total
angular momentum quantum number J [19-21] of ground and excited
atomic states and the hyperfine parameters of the ground states A4,
and 53, summarized in Table 2, were taken as fixed parameters from
literature [22]. The odd mass isotopes have a nuclear spin of I = 7/2
and the even mass ones have I = 0. From this fitted hyperfine structure,
the centroid of the transition and the hyperfine parameter of the upper
state A, were determined as shown in Table 3. For both isotopes
with T # 0, '¥7Sm and '**Sm, the ratios of the hyperfine parameters
were determined as a consistency check. They are consistent with the
ratio obtained from the literature values of the ground states. Slight
deviations up to 0.6% can be attributed to hyperfine anomaly. Since
not all hyperfine lines were resolved and the isotopes feature small
nuclear deformations [23,24], the hyperfine parameter B, is expected
to be small and could not be determined with the achieved resolution,
but is in agreement with being neglectable. For the determination
of the uncertainty of the hyperfine parameter A, the response to a
value comparable to the ground state contribution was also evaluated.
Two excited levels at 30823.44(2)cm~! and at 31185.11(1)cm~! were
investigated each with two different transitions and the results for their
hyperfine parameters show an excellent agreement (c.f. Table 3).

From the centroids of the individual resonances of an isotope with
atomic mass number A, the isotope shift was determined relative to the
resonance of '3*Sm in the same transition by

SyIShA — A

v —V154.

(€Y

Here again, a similar isotope shift for transitions to the same excited
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
4f56s2. 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 72’54 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 ¥714993m and as I = 0 for the other natural isotopes [18]. The
weighted averages of the ratios are A, 147/A) 140 = 1.21305(2) and By 1,7/ B, 149 =
~3.4601(6).

E/cm™! A, 147/MHz A, 140/MHz B, 147/MHz B, 120/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
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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 < r2 > AA" [27], taken from
literature, a Kingplot analysis [28] was performed according to

p VAN =K+ F o s<?>AA @

where y is the reduced mass given by

y= M_ 3)
My — My

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
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! s MHz  svM/MHz 6 /MHz vt MHz  svMY/MEz 6V /MHZ A, 0/MHZ A, /MHz A,/ A K/(GHzu)  F/(GHz/fm?)  ¥,/cm™!
1 30530.852(1)  1268(42) 3454(42) 4533(42) 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) 9612  1.221(3) ~3046(65)  —2.85(2) 15156.25(8)
15168.22(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) -130.1(2)  1.211(2) —4234(111)  -1.25(3) 15492.26(3)
15439.56(9)
6 30800.159(1)  1100(42) 2008(42) 3810(42) 4293(42) 5001(42) 6793(42) -1149(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
’, are overlapped in cross-beam geometry, where the FES)’ is anticollinear
Metal meshes (70000 . P . . . .
to the gas jet and the SES is in perpendicular configuration, performing
Einzel lens % two-step RIS. The conditions inside the gas jet feature a negligible
EL1-EL3 é pressure broadening and a low Doppler broadening enabling spectral
Mirror electrodes 11new1dth.s of 21 1(35.)MHz [33] under optlma.l COl’.ldltlonS. 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
«  Recoil ions 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 aia] configuration is suitable for a-decaying nuclides with half-lives of more
i than 0.2s. Measurements of long half-lives in the range of hours are
%  lonbunch — . . .
" — possible but time consuming.
Mirror electrodes | ——
[ Cylindrical electrode M1 - M6 —/1
.E.:I 3.1. Design characteristics of the JetRIS cooler buncher
OO0  Deflector electrode Einzel lens E
EL1-EL3 | OO 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
Pulse drift tube |:| 480 s 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 I/s design used at GANIL for the S3-LEB setup [35], along with a pulsed
[Argon | RFQ cooler buncher | g > drift section to accelerate the ion bunches to the kinetic energy of
s '-(a;‘:i’;‘::';‘ ° 3keV needed to enter the MR-ToF MS, and is schematically shown
. i . . . .
2y 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 ',' ° '! forming 20 segments along the RFQ. The first 12 segments with a
b
L [: =T e D0 linear potential gradient of the cooling section are 19 mm long, while
i d O . . . .
from SHIP ‘ -T = the remaining eight segments, forming the actual potential well are
b Laser 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
t Gas cell (Py) Jet chamber (Pg) be switched in potential to eject the ions towards the MR-ToF MS.
offine The following pulsed drift section will be in high b
recoil source 1600s | WV | | W [1300 s e 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 100ms 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 - 103 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 AE,;, 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
AEy;, = 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 0.1 mm 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
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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 154u. 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
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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 = = = -L. Due to the appearance of
multiple peaks, the standard deviation o, of the obtained ToF was
calculated. For the mass resolving power, A4t = 24/2-1n2 - 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 147Sm 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 ps
in the MR-ToF, which is half of the full trapping time, !*Sm 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



D. Miinzberg et al.

x10- x10-

16 Sm-147, 301 rev 16 Sm-148, 300 rev
4 Sm-148, 300 rev 4
) Sm-149, 299 rev )
T 12 o 12
> Ha >
[CET o O 1o
= - = :
Los = Los 18
Iy = @0 £
S = 5] =
~ oa 1 = oa =
. = oz =
g = 4 s s
0ol eSS == ol des mime  wiuwed eime wde
55 60 65 70 715 o 85 55 60 65 70 75 o 85
ToF/us +1.167 x 10 ToF/us +1.167 x 10

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 4°Sm from left to right. The right figure shows the same spectrum
while ¥Sm and '4°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 254Md as well as
the aforementioned neutron-deficient samarium isotopes.
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