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Motivation and goals

One of the main questions of modern nuclear astrophysics is the origin of the chemical
elements heavier than iron. There is strong evidence that these elements are mainly
produced in three astrophysical nucleosynthesis processes: s-, p-, and r-processes
[Hliadis, 2015]. Whereas the s- and p-processes are relatively well investigated and
understood, the r-process is still a hot topic of experimental and theoretical studies.
In order to improve the understanding of the r-process, the physical conditions and
astronomical sites have to be accurately identified. They are studied by means of
astronomical observations and modeling of stellar processes and explosions. A partic-
ular example is the observation of the neutron-star merger event in 2017, GW170817,
which has triggered a lot of progress [Abbott et al., 2017, Pian et al., 2017]. In ad-
dition, accurate knowledge of nuclear properties of very exotic neutron-rich nuclei is
required. Masses, half-lives, and decay branching ratios of these nuclei are an es-
sential input to the complex astrophysical models. However, as the r-process path
lies far away from the valley of stability, the desired nuclei are very challenging to
access experimentally due to their short half-lives and low production cross sections.
Experimental data are scarce, especially for the decay branching ratios. There is a
need for new complementary measurement techniques, which pave the way towards a
better understanding of the origin of the matter in the Universe.

The main goal of this work is to develop, implement and use a novel method for
the measurement of half-lives and decay branching ratios of exotic nuclei at the FRS
Ion Catcher experiment [Plal et al., 2013a] located at the GSI accelerator facility
in Darmstadt, Germany. The method comprises the first ever use of a gas-filled
cryogenic stopping cell (CSC) |[Ranjan et al., 2011, [Reiter, 2015, Ranjan et al., 2015|
as an ion trap for controllable storage of the ions of interest and retrapping of their
decay recoils. The mother and daughter nuclides are simultaneously extracted out of
the CSC, measured, identified, and counted with a multiple-reflection time-of-flight
mass spectrometer (MR-TOF-MS) [Plafi et al., 2008a; |Dickel, 2010|, [Dickel et al.,
2015b]. From the measured abundances, the half-life and decay branching ratios of
the mother nuclide are deduced. A unique combination of performance characteristics
of the fragment separator (FRS) [Geissel et al., 1992a] used for in-flight production
and separation of exotic nuclei, of the CSC and of the MR-TOF-MS results in a fast,
efficient and universal measurement technique. Its important advantage is that, unlike
the conventional methods, it does not rely on the detection of light particles emitted
in decay, which gives rise to significant systematic uncertainties, but on the detection
of the produced daughter nuclides.

The goals of this doctoral thesis are to implement the mentioned method at the FRS
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Ion Catcher and to perform systematic investigations and pilot measurements. This
requires additional technical upgrades of the existing setup and detailed characteri-
zation of the system performance. Therefore, this work also addresses such aspects
as improvement of the total efficiency of the FRS Ion Catcher, enhancement of the
selectivity of ion transport, and implementation of new calibrant ion sources. The
cleanliness of the CSC, optimal and efficient stopping, extraction, and delivery of ions
for high-resolution mass measurements with the MR-TOF-MS are as well among the
subjects investigated within the frames of this thesis. These upgrades and investi-
gations are essential for the preparation of the FRS Ion Catcher for the upcoming
experiments in the FAIR Phase-0 campaign in 2019 and 2020.



1 Experiments with exotic nuclei

The ordinary matter in our Universe consists of atoms. Atoms are composed of a
positively-charged nucleus built from protons and neutrons and negatively-charged
electrons revolving around it. A neutral atom contains the same number of electrons
and protons. This number is called the atomic number Z and it defines the chemical
properties of the atom. Atoms that have the same number of protons Z but a different
number of neutrons N are called isotopes of the chemical element X and are denoted
as 42X, where A = Z + N is the mass number.

All isotopes of all chemical elements, measured and predicted to exist, are plotted on
the so-called nuclide chart shown in Fig. The isotopes that have already been
measured are plotted in yellow, whereas the predicted ones are depicted in green.
Depending on the number of protons and neutrons contained in a nucleus, the isotopes
can be stable or unstable. Stable isotopes are plotted in Fig. in black. This region
of the nuclide chart is called the valley of stability. For higher atomic masses, the
valley of stability shifts towards larger N/Z due to the increasing Coulomb repulsion
between protons in the atomic nucleus. Unstable isotopes undergo radioactive decay
in order to obtain a more stable configuration. Neutron and proton drip lines are
shown on the nuclide chart as dashed lines. They indicate the boundaries of positive
one-nucleon separation energies .S,, and S, correspondingly. Beyond the drip lines, S,
and S, values are negative, and the nuclides decay by nucleon emission. Nuclei with
a very unusual N/Z ratio, lying far away from the valley of stability, are called the
exotic nuclei. They are of particular scientific interest due to their novel properties
like new modes of radioactive decay or peculiar nuclear structure effects. Exotic nuclei
are very short-lived, they do not exist on Earth and are produced in laboratories or
stars, star explosions, and neutron star mergers.

The origin of matter in the Universe is still one of the most important questions
for nuclear astrophysics. Chemical elements up to iron can be forged in exothermic
fusion reactions occurring in the stars. There is strong evidence that elements above
iron mainly produced in three astrophysical nucleosynthesis processes: s-process (slow
neutron capture), r-process (rapid neutron capture), and p-process (proton capture)
[Miadis, 2015].
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Figure 1.1: Chart of the nuclides with schematically depicted s-, r-, and p- nucle-
osynthesis processes. Measured isotopes are plotted in yellow; isotopes
predicted to exist — in green; stable isotopes — in black. Drip lines are
shown as dashed lines.

1.1 Role of exotic nuclei

As can be seen from Fig. [[.I the s- and p-processes are going along the valley of
stability or in its proximity. They can be studied from the properties of stable and
close-to-stable nuclei and, therefore, are relatively well understood. On the other
hand, the r-process path lies far away from the valley of stability close to the neutron
drip line. For a better understanding of the r-process, accurate knowledge of nuclear
properties of very exotic nuclei is required.

In the r-process, nuclei rapidly capture free neutrons until the equilibrium between
the neutron capture (n, ) and photodisintegration (v, n) reactions is reached and
then undergo S~-decay moving to higher Z. The equilibrium point depends on the
stellar environment and the neutron separation energy S,,, which can be calculated
from the masses of the isotope of interest 42X and its neighbor g"lX . In the regions
of enhanced stability, e.g. the closed neutron shells at N = 50, 82, and 126, a buildup
of the nuclei occurs. In the late stage of the process, all exotic nuclei distributed
along the nucleosynthesis path decay towards the stability valley by f~-decay and
[-delayed neutron emission. In order to calculate the resulting abundances of stable
isotopes produced in the r-process, it is necessary to know half-lives of exotic nuclei
determining the abundances distribution along the nucleosynthesis path and their
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1.2 Production and separation of exotic nuclides

decay branching ratios. Branching between 5~ -decay and -delayed neutron emission
not only determines the decay path of nuclei towards the stability but also affects the
nucleosynthesis process dynamics by supplying additional free neutrons.

In order to improve the understanding of the r-process, network calculation models
are developed, which use masses, half-lives, decay branching ratios, and fission barriers
as input parameters. However, experimental data are scarce, as exotic nuclei are very
challenging to study due to their short half-lives and low production cross sections.
Therefore, there is a need for novel, fast, efficient, accurate, and precise measurement
techniques to provide the essential input for the theoretical calculations.

1.2 Production and separation of exotic nuclides

Exotic nuclei do not exist on Earth and, therefore, have to be produced at accelerator
facilities. They are produced in nuclear reactions occurring when an accelerated pri-
mary beam impinges on a target. Depending on the energy of the primary beam and
the impact parameter value, different nuclear reactions may occur, such as fusion, fis-
sion, and fragmentation. Production cross sections are defined by the type of nuclear
reaction and by the selected combination of projectile and target nuclides. After the
exotic nuclei have been produced, they have to be separated and delivered to different
experiments. The challenge of this task lies in small production cross sections and
short half-lives of the nuclides of interest. There are two main approaches used at
accelerator laboratories around the world for production and separation of exotic nu-
clei: the isotope separation on-line (ISOL) method and the in-flight method |Geissel
et al., 1995, Blumenfeld et al., 2013]. They are discussed in details in the following
subsections.

1.2.1 Isotope separation on-line method

At an ISOL facility, the exotic nuclei are produced in target fission and fragmentation
(also called spallation) reactions. The outline of this method is shown in Fig. A
proton beam of high energy (up to 1 GeV) and intensity (up to 100 p#A) impinges on
a thick target. The nuclei produced by spallation diffuse out of the hot target and get
ionized by an ion source. Then, they are accelerated to energies of 10-100 keV, sepa-
rated in an electromagnetic separator and delivered to low-energy experiments. After
the separation, the ions can also be further accelerated and used for the production
of exotic nuclei in a secondary target.

The ISOL method has certain advantages and disadvantages compared to the in-flight
method. Proton primary beams can be produced with high intensities, which results
in high production rates of the exotic nuclei. Besides, the ions of interest are extracted
out of the target at low energies and, therefore, are available for high-accuracy low-

11
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Figure 1.2: Schematic figure of the isotope separation on-line (ISOL) method |Geissel
et al., 1995].

energy experiments. On the other hand, the diffusion process is slow (ions extraction
out of the target might take up to 1 s) and element-dependent. Only the isotopes
of non-refractory elements with half-lives longer than ~ 10 ms may be extracted and
delivered to the experiments. An example of production yields at the ISOL facility is
shown in the top part of Fig. [Reiter, 2015]. Here, the isotope production yields
experimentally measured at ISOLDE, CERN are depicted [[SOLDE, 2015]. Also, due
to the low energy of the ions, the electromagnetic separator has a mass resolving
power of ~ 2000 only. This complicates particle identification of the ion beam and
may lead to severe isobaric contamination of the ions of interest.

1.2.2 In-flight method

The in-flight method is complementary to the ISOL method. At an in-flight facility,
primary heavy-ion beams of high kinetic energies bombard a thin target producing
exotic nuclei in projectile fusion, fission and fragmentation reactions. The products
emerge from the target with high kinetic energies and can be further guided and
separated by electric and magnetic fields. A schematic figure of the in-flight method
is shown in Fig. |1.4

Primary beams of energies close to the Coulomb barrier (~ 5 MeV /u) are used to
produce exotic nuclei in a fusion reaction. The projectile and target nuclei fuse and
form a compound nucleus, which de-excites by evaporating a few nucleons. The
products can be separated from the primary beam by electric and magnetic fields,
e.g. by a velocity filter, and then are transported towards the experiments.

Heavy-ion beams accelerated to relativistic energies of up to 1-1.5 GeV/u are used
for the production of exotic nuclei in projectile fragmentation or projectile fission
reactions. These reactions are shown schematically in Fig. [I.5] In the fragmentation
reaction (Fig.|1.5p), a part of a projectile nucleus is abrased on a light nucleus of the
target material, e.g. beryllium. The rest part de-excites by evaporating a few nucleons
(the process, which is also called ablation) and emitting gamma rays resulting in a
fragmentation product. If the excitation energy of the nucleus is too high, it may
undergo fission reaction after the abrasion (Fig.[1.5pb). Fission of the projectile nucleus

12



1.2 Production and separation of exotic nuclides

75
—
65
__ 551
N
(]
c
S 45
<
o
35}

1e+04
1e+03
1e+02

1e+00

1e-02
1e-03

10 30 50 70 90 110 130
Neutrons (N)
AR
85| s
11
- HHHHH
. Il
75 i
| I
I
65| .
HHH
_55F
N
7]
c T
g 451 IHEE
S T
o H
T
I I
35 T s
25}
1e+04
1e+03
15} 1e+02
[ 1e+00
5k 1e-02
1e-03
10 30 50 70 90 110 130

Neutrons (N)

Figure 1.3: Charts of the nuclides illustrating the qualitative difference in isotope
production by the ISOL and the in-flight methods [Reiter, 2015]. The
isotope production yields are plotted in the color code described at the
bottom right of each figure. Top part shows production yields measured
at ISOLDE facility [ISOLDE, 2015]; bottom part — simulated production
yields for the Super-FRS at FAIR [Pietri, 2015|. Presented yields of two
production methods are not to be compared quantitatively between each
other.
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Figure 1.4: Schematic figure of the in-flight method ﬂGeissel et al., 1995“.
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Figure 1.5: Schematic figure of: a) fragmentation reaction; b) abrasion-fission reac-
tion; ¢) Coulomb-fission reaction.
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1.2 Production and separation of exotic nuclides

can be also triggered by the excitation due to the exchange of virtual photon with the
target nucleus, typically with a high atomic number Z (Fig. [1.5¢). This reaction is
called the Coulomb fission. Produced nuclei are stripped of their electrons in a thin
metal foil, separated in-flight in a magnetic separator, and delivered to high-energy
experiments, such as storage rings. The produced secondary beam can be also used
for the production of even more exotic nuclei in a secondary target.

In-flight separation of relativistic ions is done with magnetic fields and an element-
specific energy loss in matter. In the first stage of a magnetic separator, the ions are
spatially separated by their magnetic rigidity Bp, which is proportional to the mass-
to-charge ratio, or A/Z in case of fully ionized nuclei. The range of A/Z corresponding
to the ions of interest is selected by slits at the dispersive intermediate focal plane. The
ions pass through a thick wedge-shaped aluminum degrader, where they lose energy
AFE proportional to their Z2. Afterwards, they fly through another Bp separation
stage. The combination of these steps results in an isotopically separated beam at
the final focal plane of the separator. This method of the in-flight separation is called
Bp— AE — Bp method |Geissel et al., 1992a]. An example of it being employed at the
fragment separator (FRS) at GSI is shown in Fig. |Geissel et al., 2013|. Simulation
of production and in-flight separation of the “®Ni isotope is demonstrated. The nuclei
are produced in the projectile reaction of ®6Kr at the energy of 500 MeV /u. After the
first magnetic separation stage, the ion species with A/Z ~ 78/28 are selected. Then,
they pass through the energy degrader and the second separation stage. At the final
focal plane, the ions are isotopically separated and the “®Ni isotope is selected.

Production TargetI zoom F
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A Y
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\)\\u /
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CLf{
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Figure 1.6: Simulation of the "®Ni isotope production and separation in the FRS [Geis-
sel et al., 1992a]. Separation is performed by Bp — AE — Bp method.
Calculated envelopes are shown. Secondary beam compositions at the
intermediate and final focal planes are shown in the two insets.
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1 Experiments with exotic nuclei

Compared to the ISOL method, the in-flight method is chemistry-independent and
fast. The exotic nuclei of all chemical elements can be produced and delivered to
the experiments in less than a microsecond, which gives access to a very broad range
of nuclides with half-lives down to ~ 100 ns. Simulated production yields for the
Super-FRS [Geissel et al., 2003] at FAIR are shown in the bottom part of Fig.
[Reiter, 2015]. For the beams produced at relativistic energies, good particle iden-
tification is possible with a sensitivity to single ions, which makes this method a
very powerful technique for the search for new isotopes [Thoennessen, 2013|. An-
other feature of the in-flight method is that the ions produced at relativistic energies
have a broad angular and momenta spread. Therefore, for some of the high-accuracy
experiments, a cooling of ions is required.

1.2.3 Hybrid method

In order to enable low-energy experiments with ions produced at relativistic energies,
a hybrid method was introduced. A schematic representation of this method is shown
in Fig. [[.7 In-flight produced and separated ions are slowed down and thermalized
in a gas-filled stopping cell [Wada, 2013], extracted, reaccelerated to energies of eV
to keV, and delivered to high-accuracy low-energy experiments. This combination of
experimental techniques provides the advantages of both the ISOL and the in-flight
methods. The stopping cell can provide fast (down to few ms) and efficient stopping
and extraction of ions, thus making also very short-lived exotic nuclei accessible. An
example of the hybrid system is the FRS Ion Catcher experiment [Plafl et al., 2013a]
at GSI, which is described in detail in Section [2.2]

Production Post
Target lon Trap Accelerator

Q Electromagnetic ~ Stopping Oﬁ

Separator Source
lon(H)y  ~g/cm? Cell
Acger?e{rat)ion : <1us Secondary
~ev Target
0.1-1GeV arge

Figure 1.7: Schematic figure of the hybrid method [Geissel et al., 1995].
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1.3 Ion motion in fields and matter

1.3 lon motion in fields and matter

At a hybrid facility, ion beams are produced at relativistic energies and then converted
to energies of a few eV to keV. The ions lose most of their energy in specially-shaped
degraders installed in the beamline. When flying through matter, ions experience
atomic and nuclear interactions, which lead to the energy loss, but also to a broadening
of the energy distribution (energy straggling), change of the direction of ion flight and
even of their charge state [Geissel et al., 2002]. Once the ions are thermalized in a
gas-filled stopping cell, they are extracted out of the stopping gas and directed to
experimental stations. Understanding of all these processes is of crucial importance
for the experiments. Corresponding physical aspects are addressed in the following
subsections.

1.3.1 Slowing down and stopping of relativistic ion beams

Energy loss and energy loss straggling

According to the classical description by Nils Bohr [Bohr, 1913], ions lose energy when
passing through matter in multiple inelastic collisions with atomic electrons. The
mean energy loss (AE) of a projectile ion passing through matter with a thickness of
Ax and an atomic density of n is given by

(AE) =nAz Y o/T;, (1.1)

where T; is the kinetic energy loss in the ’th collision with the collision cross section
of 0;. Using the classical approach, Bohr derived the following formula for the energy
loss dE per distance dzx, that the ion passes in matter [Bohr, 1913]:

E  AnZ?Zonet 1.12 3
dE  4nZiZyme -ln( 3mev) (1.2)

Cdr . ma? Ze2v
where e is the elementary charge, Zie and Zse are the charges of the projectile ion
and the target nucleus, correspondingly, v is the velocity of the projectile ion, m, is
the mass of the electron, and v is the mean electron frequency. The quantity dE/dz
is also called the stopping power.

Bohr’s classical formula contains all the essential features of electronic collision loss by
charged particles, but it does not take into account quantum effects. Hans Bethe ap-
proached the same problem with quantum mechanical perturbation theory
[Bethe, 1932]. He used the first-order Born approximation and obtained the following
expression for relativistic ions:

dE  4wZiZyme
dr  mec23?

L (1.3)

17



1 Experiments with exotic nuclei

with the so-called stopping number L, which is, according to Bethe, given by:

mee’ f7” 272) -2, (1.4)

LBethe =In ( Ji

where [ is the mean ionization potential of the target atoms, ¢ is the speed of light,
~v is the Lorentz factor, and § = v/c.

With further development of the theory, additional corrections were implemented to
the stopping number expression in order to better describe experimental data:

e The density effect (—9/2): originates from the fact that the electric field of
the projectile ion polarizes the target atoms, which results in a screening effect
for the electrons located further away from the ion path. Because of this, these
distant electrons contribute less to the total energy loss. The density effect was
first calculated by Enrico Fermi [Fermi, 1940] and then extended by Sternheimer
and Peierls [Sternheimer and Peierls, 1971].

e The Bloch correction (ALgj): addresses the differences between classical
and quantum mechanical treatments, especially for the cases of small impact
parameters [Bloch, 1933].

e The Mott correction (ALy): corrects the stopping cross sections for ex-
act solutions of the Dirac equation for the atomic electrons of target material
[Mott, 1929]. It has the highest impact at high Z; and g of the projectile ion.

e Other corrections (Barcas effect, shell correction, etc.), which are not
significant for the energy loss of heavy relativistic ions in matter.

First experimental studies of stopping powers for relativistic heavy ions with the
FRS were conducted in [Scheidenberger et al., 1994]. Later, Lindhard and Sgrenson
[Lindhard et al., 1996] calculated the stopping cross sections using the exact solutions
of the Dirac equation and taking into account the charge distribution of the projectile
ion, not treating it as a point-like charge. Their calculations (ALps) included the
Bloch (ALgeen) and Mott (ALyjo) corrections and demonstrated good agreement
with experimental results [Scheidenberger et al., 1996]. Therefore, the formula for the
stopping power of heavy relativistic ions in matter can be rewritten as

dE  4nZ3iZyme <

dx mec? 32

)
Lpethe + ALrs — 5) . (1.5)

Besides the general energy reduction of the ion beam passing through matter, the
width of the ions energy distribution is broadened. This broadening is called the
energy loss straggling 25 and it is calculated as the standard deviation of the energy
loss:

Q3 = ((AE — (AE))?). (1.6)

18



1.3 Ion motion in fields and matter

The energy straggling occurs due to the statistical nature of the collisions that the ions
undergo when passing through matter. The higher the initial energy of the projectile
ions and the longer the path in matter they have traveled, the larger is the collisional
energy loss straggling. Another effect, which can strongly contribute to the energy
straggling is the charge exchange. The charge change of the projectile ion can occur
as the result of an electron capture or an ionization process and it strongly affects the
stopping power. It has been shown that the charge-exchange energy straggling can
significantly increase the width of the energy distribution of the ions [Weick et al.,
2000].

Range and range straggling

As ions lose their energy when passing through matter, there will be a certain mo-
ment when they will be stopped. The amount of matter required to stop the ion
beam is called the stopping range. The range distribution of ions is of special inter-
est for experiments with gas-filled stopping cells used for the beam thermalization.
Analytically, the mean range of heavy ions in matter R can be calculated within the
continuous-slowing-down model [Ziegler and Biersack, 1985 as the definite integral
from the initial energy of the projectile ions Ej to the thermal energy of the stopping

medium FEliy:
Eo rqp\ !
R= —_— dE. 1.7
[ (dx) (17)

Deviations in momenta of the projectile ions and the energy loss straggling result
in the broadening of the range distribution or the so-called range straggling. The
range straggling Qg can be described by the following analytical expression |Lindhard,
1964]:

02

2 Fo d.
0% = /Em (@)3dE. (1.8)

dx

An example of the range and the range straggling is shown in Fig. [Reiter, 2015]
for an ion beam of 32Sn with an initial kinetic energy of 500 MeV /u. The black curve
represents the fraction of ions left in the ion beam after passing a certain range in
helium gas. Blue and red curves reflect the range straggling for a monoenergetic beam
and for a beam with a relative momentum spread of d,0 = 0.1 %, respectively. The
mean of the range distributions corresponds to the point where half of the projectile
ions are stopped in the helium gas. Calculations of the range and the range straggling
were done with the ATIMA [Weick et al., 2018] software. As can be seen from the plot,
even the presence of a very small momentum spread results in a significant increase
in the range straggling. In experiments at hybrid facilities, the ions pass most of
their range in aluminum degraders, and only the final part, determined by the range
straggling, in the buffer gas of the stopping cell. In order to thermalize all projectile
ions, the thickness of the stopping volume of the gas cell must be larger than the
range straggling value. A technical advantage of the use of monoenergetic beams for
such experiments is evident.
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Figure 1.8: Calculated range and range straggling of the !32Sn ions with an initial
kinetic energy of 500 MeV/u in helium gas |Reiter, 2015]. Calculations
were done with the ATIMA [Weick et al., 2018| software. Black curve
represents the number of ions left in the beam at certain helium range;
blue and red curves — the range distributions for the ion beams with the
momentum spread d,0 of 0 % and 0.1 % respectively.

As it has already been mentioned, slowing down of the projectile ions from a high
initial kinetic energy will result in a broad energy and, therefore, also broad range
distributions. At the existing GSI and future FAIR facilities, exotic nuclei are pro-
duced at relativistic energies of 1-1.5 GeV/u. A calculation of the amount of helium
gas required to stop the ion beams produced at these energies was done in ATIMA
[Weick et al., 2018]. Results of the calculations for the 32Sn ions are plotted in Fig.
[Winfield et al., 2013]. The left vertical axis indicates the range of ions in units of
helium areal density, whereas the right vertical axis gives the range value in meters of
a stopping helium gas at 100 mbar and 300 K — the typical operating conditions for
conventional gas-filled stopping cells. In black color, the mean range is plotted. Red
and blue curves represent the range straggling for an ion beam with the relative mo-
mentum spread 0,0 = 2.5 % and for a monoenergetic beam, respectively. The results
show that for the ion beams produced at 1 GeV/u, the mean range of ions exceeds
10 km of helium gas. Even if the biggest part of the range can be substituted by the
equivalent thickness of a degrader, the stopping volume of the gas cell has to cover
a reasonable part of the range straggling. It can be seen that only the range strag-
gling of the monoenergetic beam allows the use of a stopping cell with a technically
reasonable length for the efficient thermalization of ions. Nevertheless, even for the
monoenergetic beam, the areal density of the stopping gas of more than 30 mg/cm?
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Figure 1.9: Range and range straggling of the '32Sn ions in helium gas calculated
with the ATIMA [Weick et al., 2018] software for different initial kinetic
energies of the beam [Winfield et al., 2013]. Black line represents the mean
range of ions; red and blue lines — the range straggling components for the
ion beams with the momentum spread d,0 of 2.5 % and 0 % respectively.
Values of range straggling are given as standard deviation.

is required in order to cover the part of the range distribution corresponding to two
standard deviations.

1.3.2 lon motion in gas and electric fields

Once ions are thermalized in the stopping volume of the gas-filled cell, they continue
to move in a viscous gas medium and applied electric field. Pressures of the stopping
gas reach hundreds of millibar, therefore, the ions collide mostly with neutral atoms of
the gas and not with each other. The number of injected ions is very small compared
to the density of the stopping gas, so the Coulomb interaction between them can be
also neglected. The ion motion is then described in terms of collisions with the gas
atoms, diffusion, and the presence of an external electric field E. For any charged
particles, the corresponding equation of fluid motion [Batchelor, 1967 can be written
as

dv o .
mn- = mn (E+(U~V)v)

= iqnﬁ — Vp —mnfu,

(1.9)
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where m, +q, n, and ¢ are respectively the mass, the charge, the density, and the
velocity of the charged particles, Vp is the pressure gradient, and f is the collision
frequency.

If the motion of the fluid is significantly slower than the time between particles col-
lisions, the steady state can be assumed. The left part of Eq. (1.9)) is then equal to
zero and the equation can be rewritten as

0= j:qnﬁ — Vp —mnfu. (1.10)

This equation solved with respect to the velocity v gives

U= anf (iqnﬁ — Vp) : (1.11)

For the isothermal conditions, Eq. (1.11)) can be modified to

1 _,
U= —7" <:|:an — kBTVn>

mn.f
L0 T )
mf mf n

where kg is the Boltzmann constant and 7" is the temperature of the gas medium. This
expression shows that the ion motion is influenced by the electric field and the gas
density gradient. The coefficients in front of E and Vn /n are called the ion mobility
K and the diffusion coefficient D:

q kT

K = mf [em?/(V -s)], D= g [cm?/s]. (1.13)
These coefficients are connected by the Nernst-Einstein relation:
qD
K=—. 1.14
T (1.14)

If there is no electric field applied, Eq. (1.12) can be transformed into the Fick’s law
of diffusion [Fick, 1855]. In the case of a homogeneous gas medium, the ions will have
a drift velocity defined by the electric field E.

The ion mobility K is inversely proportional to the gas density. Therefore, usually
the value of the reduced mobility Ky under the normal conditions (py = 1.013 bar
and Ty = 273.15 K) is reported and used:

K = Ky—=2. (1.15)

1.3.3 lon motion at RF carpet

For the extraction of ions out of the stopping cell, different methods are used. In
some stopping cells, ions are extracted with a gas flow. An example of such a device
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1.3 Ion motion in fields and matter

is employed in the IGISOL technique [Dendooven, 1997]. Other stopping cells use the
combination of the gas flow and electric fields. Applications of the radio-frequency
electric fields in the viscous medium were first studied in |[Masuda and Fujibayashi,
1970] and were later adopted for the fast ion extraction out of gas-filled stopping cells
[Wada, 2013]. In this work, the RF carpet was used to repel the ions, preventing them
from hitting the electrodes and to guide them towards the extraction nozzle. The RF
carpet has a number of concentric electrode rings on the flat printed circuit board, to
which a radio-frequency signal of a few megahertz is applied. The neighboring rings
have the 180° phase-shifted RF voltage, which results in an inhomogeneous RF field
that repels the ions. More details on the technical design of the RF carpet are given
in Subsection 2.2.1]

In order to analytically describe the ion motion at the RF carpet, the concept of
a pseudopotential [Dehmelt, 1967] is used. In this concept, the RF electric field
is averaged over a cycle in order to estimate the effective electric field that affects
the ions. The effective electric field E.g of an RF structure calculated from the
pseudopotential approach by [Tolmachev et al., 1997, Wada et al., 2003| can be written

as
qVir r 7

Eg = = 1.16

of 2mry \ro) 1+ Q%72 (1.16)

where m and ¢ are the mass and the charge of the ions, Vgr and €2/27 are the
amplitude and the frequency of the applied RF voltage, and rq is the half of the
electrode pitch size (the distance between centers of neighboring electrodes). The
parameter 7 is called the velocity relaxation time. It characterizes the time that ions
need to lose the velocity they gained by the electric field in the collisions with atoms of
the stopping gas. It is the reciprocal of the collision frequency f and can be calculated

from Eq. (1.13):

In the high-pressure environment of the stopping cell, the collision frequency f is very

high, which results in Q%72 < 1. In this case, Eq. (1.16)) can be modified to

9Viir "\ 2
BE.g = L
T o !

_ Vi (L) M
2rg T q

Substitution of Eq. (1.15) gives

1 1 /r T po “m
Eg=-VZ = |—) [ K== —=. 1.19
TR (7”0)( OTOP) q (1.19)

Equation ((1.19) describes the effective repelling field of the RF carpet. It also demon-
strates a complex interplay of many operating parameters, which have to be set up
correctly for efficient extraction of ions out of the stopping cell.

(1.18)
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1.3.4 lon motion in RFQ

After ions are extracted out of the gas-filled stopping cell, they are transported to
downstream experiments. For the transport of the low-energy ions, radio-frequency
quadrupoles (RFQs) can be used. A quadrupole consists of four round or hyperbol-
ically shaped parallel rods, to which a radio-frequency voltage is applied. Opposite
rods of the RFQ are electrically connected and supplied with an RF voltage, which is
180 degrees phase-shifted compared to the other pair of rods. The RF field confines
ions radially inside of the RFQ.

According to [Dawson, 1976|, the electric potential ® inside of the RF(Q can be ex-
pressed as

-7 (1.20)

where 7y is the half of the distance between opposite electrodes and ®, is the po-
tential difference between the two pairs of rods. In the case of an applied constant
quadrupolar voltage U and a radio-frequency quadrupolar voltage V with the angular
frequency €, the expression for ®; can be calculated as

Oy = U + V cos Qt. (1.21)

Therefore, the equations of motion for the ions with the mass m and the charge ¢
inside of the RFQ are

2
2
md—f = ——g (U +V cosQlt) x,
dt "o (1.22)
*y 2

2q
Moy = 2 (U + VcosQt)y.

By expressing time in terms of the parameter £ = Qt/2, the equations of motion can
be modified to

d*x 8q
@@ = _W(U—i—Vcost)x, o
d’y 8 ’
_d§2 = O (U 4V cos2) y.
Here, the Mathieu stability parameters a,, and ¢,, can be introduced:
8qU
Ay = —Qy = m, (124)
4qV
= —(y = ——. 1.25
? ty m2rd (1.25)
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1.3 Ion motion in fields and matter

The equations of motion can be then rewritten in a general form:

d*u

) + (ay — 2q, cos 28) u = 0, (1.26)

where u is either = or y.

This equation describes the ion motion inside of the RFQ in terms of stability. Only
for the combinations of a, and ¢, parameters, which result in real (not complex)
solutions of the equation, the ion motion in the RFQ is stable. The ranges of the
Mathieu parameters corresponding to the stable ion motion are shown in the top
panel of Fig. [1.1I0] Filled areas represent the stable motion of ions in either z- or
y-direction. The intersections of these areas are called the stability regions. Only if
both a, and ¢, parameters values lie within the stability region, the ion motion in the
RFQ is stable.

For practical reasons, most often RFQs are operated in the first region of stability
closest to the point of ¢, = a, = 0. This stability region is shown in detail in the
bottom panel of Fig. . For fixed operating parameters of the RFQ (rg, V, €,
U), the Mathieu parameters depend only on the mass m and the charge ¢ of the ion.
From the Egs. and (1.25), it can be seen that all masses lie on the line with a
slope a,/q, = 2U/V. This line is called the mass-scan line. Only the ions with masses
lying on this line inside of the stability region are transported through the RFQ), the
rest become unstable and are lost on the RFQ rods.

If the RFQ is operated without a constant quadrupolar voltage U (a, = 0), it works
as an ion guide transmitting the ions of a broad range of masses. Only the ions with
a Mathieu parameter g, higher than 0.908 are not transmitted. This threshold is
called the low-mass cut-off. If a constant quadrupolar voltage U is applied (a, # 0),
the RFQ works in a mass-filtering mode |[Paul and Steinwedel, 1953]. An example is
shown in the bottom panel of Fig. [I.I0] The mass scan line nearly crosses the apex
of the stability region (a, ~ 0.237, ¢, ~ 0.706). Only the masses in a very narrow
mass window around the mass ms are transported through the RFQ mass filter and
all the higher masses (e.g. m;) and the lower masses (e.g. ms) are filtered out.

In order to transport the ions in a longitudinal direction, different methods are used.
An additional z-component of the electric field can be created: a) by segmenting
the RFQ rods and applying different DC potentials to the segments |Javahery and
Thomson, 1997, Dodonov et al., 1997]; b) by introducing additional DC electrodes
mounted in between the RFQ rods and tilted in longitudinal direction, the solution
called LINAC RFQ rods |[Loboda et al., 2000]; ¢) by building the RFQ rods out of
resistive material, so the DC gradient can be applied along the electrodes [Takamine
et al., 2007, Simon, 200§].
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Figure 1.10: Top panel: stability diagram of a radio-frequency quadrupole [Yavor,
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2009]. Filled areas correspond to the Mathieu parameters a, and g,
which allow the stable ion motion in z- and y-direction. The ions are
transmitted by the RFQ if a, and ¢, values are in the intersections of
these areas. Bottom panel: first stability region of the stability diagram.
Only the ions with masses lying on the mass scan line inside of the sta-
bility region (my) are transported through the RFQ, whereas the higher
(mq) and the lower (mg3) masses are filtered out.



1.4 Experimental techniques for measurements of half-lives and branching ratios

1.4 Experimental techniques for measurements of
half-lives and branching ratios

Half-lives are characteristic properties of nuclei. They are an essential input to the
astrophysical nucleosynthesis models required for the understanding of the origin and
the abundance of chemical elements beyond iron [Iliadis, 2015]. The half-lives of
exotic nuclei lying far away from the valley of stability are of the most interest.
Exotic nuclei undergo different types of radioactive decay in order to obtain a more
stable configuration. Three main decay types are a-, -, and y-decays. In addition,
the nuclei can undergo single and multiple nucleon emission (e.g. p- and 2p-decays),
[-delayed nucleon emission (e.g. fn- and Sp-decays) and spontaneous fission [Pfutzner
et al., 2012]. Some of the unstable nuclides have a probability to undergo not just one
type of decay, but several. The relative probabilities for the different types of decay
are called the decay branching ratios and they reflect the nuclear structure features
of the mother nuclide. Branching ratios can significantly affect the astrophysical
nucleosynthesis processes and have to be included in the models’ calculations.

A broad variety of experimental techniques can be used for simultaneous measure-
ments of half-lives and branching ratios. They all can be divided into three main
groups:

1. Implantation — the most widely used method. This method is based on the
most commonly used technique, where the mother nuclei are implanted into a
position-sensitive detector and undergo decay. This decay is identified and mea-
sured by coincidental detection of emitted light particles («, £, nucleons) and
characteristic v-lines of the daughter nuclei. Examples of measurements using
the classical method for different decay types performed in different accelera-
tor laboratories all over the world are given in [Mukha et al., 2006, Dillmann
and Tarifeno-Saldivia, 2018, Nieto et al., 2009, Lorusso et al., 2012]. However,
typically, the bottleneck to the application of this technique is the detection ef-
ficiency. The efficiency is decreased due to the geometrical factor (only a part of
the solid angle is covered by the detectors) and due to the detection sensitivity,
which for some of the emitted particles, like neutrons, can be energy-dependent
and small.

2. In-trap decay without retrapping of recoils — the mother nuclei are stored
in a trapping device confined in a small volume and undergo decay. The decay
is identified and measured by the detection of emitted light particles inside
[Aysto and Jokinen, 2003, Weber et al., 2013] or outside of the trap [Weissman
et al., 2002, Rissanen et al., 2007, Brunner et al., 2013]. The recoiling daughter
nuclei are not retrapped, though they can be measured by time-of-flight [Yee
et al., 2013| or retardation [Kozlov et al., 2008 spectrometers. Half-lives can
be determined by the decrease in the number of the mother nuclei with time
[Wolf et al., 2016] or by the temporal behavior of the number of detected light
particles.
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3. In-trap decay with retrapping of recoils — the mother nuclei are stored
in a trapping device (e.g. Penning trap or storage ring) and undergo decay.
The daughter nuclei produced in the decay are retrapped and also stored in
the trap. The decay is identified and measured by the decrease in the number
of the mother nuclei with time and detection of the daughter nuclei [Franzke
et al., 2008, [Herlert et al., 2012]. The advantage of this method is its relative
simplicity, as no additional light-particle detectors and coincidence spectroscopy
are required. Therefore, these methods are less prone to systematic uncertainties
and yield higher efficiency.

In the course of this work, the third group of methods is applied and discussed in
detail. To perform the half-life and branching ratio measurements using the in-trap
decay with retrapping of recoils, it is necessary to trap and store the mother nuclei,
to retrap the produced daughter nuclei and to identify and count the mother and
daughter nuclei after the storage time is over. The identification of ions can be
performed by various techniques. For example, in [Jung et al., 1992] and [Bosch
et al., 1996], the daughter nuclei were identified by the change in their magnetic
rigidity Bp and deflection in the dipole stage of the experimental storage ring [Franzke,
1987 at GSI. However, the identification of ions by direct mass measurement is the
most advantageous technique. In addition to half-life and branching ratios, direct
mass measurements give information about the @-value of the decay, not mentioning
the masses themselves and deducible nucleon separation energies. Different technical
solutions for the in-trap decay with retrapping of recoils and identification by direct
mass measurement are discussed in the following subsections.

1.4.1 Traps for storage and retrapping of decay recoils

Ion traps of various types and working principles are nowadays successfully used
for nuclear physics experiments [Eronen et al., 2016]. For the in-trap decay with
retrapping of produced recoils, not all types of these ion traps can be utilized. In
radioactive decay, a light particle is emitted from the mother nucleus. The light
particle and the daughter nucleus recoil in opposite directions with the energies defined
by the law of momentum conservation. In Table [I.1, the orders of magnitude of
the recoil energies for different decay types are given. The recoil energy has to be
compensated by the trapping device in order to recapture the daughter nuclei. A
capability of recapturing the recoiling daughter nucleus, i.e. a retrapping efficiency,
is one of the most crucial characteristics of the trapping device. In the following, a
few examples of the devices, which were successfully used or proposed for the in-trap
decay studies with retrapping of recoils, are presented.
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Type of decay Approximate recoil energy, eV

v 10
3 102
p, n, fn, Bp 10%
Q 10°

Table 1.1: Orders of magnitude of the recoil energy for different decay types.

Penning trap

Penning traps [Brown and Gabrielse, 1986 are devices that use a combination of a
homogeneous magnetic field and a quadrupolar electrostatic potential to trap ions. If
only a magnetic field B is present, ions with a mass m and a charge ¢ are confined
in the radial direction perpendicular to the magnetic field lines and move with a
cyclotron frequency w,:

_ 4B

o (1.27)

wC
The quadrupolar electrostatic potential is used to restrict the axial motion of the
ions along the magnetic field lines. A schematic view of a Penning trap is shown
in Fig. [[.L1Th. The quadrupolar electrostatic potential is created by a ring electrode
located in the middle of the trap and two endcap electrodes. Typically, the electrodes
have hyperbolic (as shown in Fig. [1.11h) or cylindrical shape.

The combination of homogeneous magnetic and quadrupolar electrostatic fields results
in the ion motion consisting out of three components — axial motion w,, magnetron
motion w_, and reduced cyclotron motion w,. The ion motion in the Penning trap
is shown in Fig. [I.11p with all its components labeled. The frequencies of motion
components can be expressed by the following formulas:

qUy

L= Lo 1.28

w md>? ( )
We w? w2

= =44/ -2 1.29

W4 9 4 9 ) ( )

where Uy is the trapping potential and d is the characteristic trap dimension.

At radioactive ion beam facilities, often a system of two Penning traps is utilized
for mass measurements. The first Penning trap is needed for the isobaric separa-
tion of ions of interest by buffer-gas-assisted mass-selective centering |[Savard et al.,
1991], whereas the second trap performs ultrahigh-accuracy mass measurements (see
Subsection . It was also demonstrated that the gas-filled Penning trap can be
used for storage of 5-decaying nuclei and retrapping of their daughters [Herlert et al.,
2005, Herlert et al., 2012]. However, the main focus of these experiments was to per-
form the mass spectrometry of the nuclides, that could not be produced by the ISOL
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Figure 1.11: Schematic view of a) a hyperbolic Penning trap; b) the ion motion inside
a Penning trap [Kozlov, 2006]. Ions are confined by a homogeneous
magnetic field and a quadrupolar electrostatic field created by a ring
electrode located in the middle of the trap and two endcap electrodes.

method and thus were produced by in-trap decays. The half-life of the mother isotope
was measured only by the corresponding decrease in the number of trapped mother
nuclei with storage time. The reason for this is the limited retrapping efficiency.

The recoil energy in 7- or f~-decay is on the order of a few hundreds of electronvolts
(see Table . If the daughter nucleus recoils in the radial direction in the strong
magnetic field of a few Tesla, this recoil energy results in a cyclotron radius of a few
millimeters. The size of most Penning traps allows accommodation of such cyclotron
motion. In the environment of 1-10~% mbar of helium buffer gas, the fast cyclotron
motion is efficiently cooled down to its thermal amplitudes. At the same time, in
the axial direction, the ions are trapped by the quadrupolar electrostatic potential,
which has a typical depth of about 100 V. If the daughter nucleus recoiling in the
axial direction has its energy-to-charge ratio larger than the potential depth, then this
nucleus is lost. In other words, for all decay types except for y-decay, only the daughter
nuclei recoiling at large angles to the magnetic field lines are retrapped. Accurate
calculation of the retrapping efficiency is complicated because of the broad energy
distribution of the recoils and the dependency on the recoil direction. Additional
uncertainty is brought by different charge states of the daughter nuclei and by charge-
exchange processes with the buffer gas atoms. It is also evident that retrapping of
more energetic recoils produced by decays with larger recoil energy (e.g. a-decay,
nucleon emission) would not be possible.

Storage ring

Storage rings are large and complex devices used for accumulation, storage and high-
accuracy measurements of exotic nuclei. An example of the storage ring is the ex-
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perimental storage ring (ESR) [Franzke, 1987] at GSI. Its schematic view is shown in
Fig.[.12] It has a circumference of 108 m and consists of two magnetic arcs with the
maximum bending power of 10 Tm and two long straight sections. Dipole magnets
are used for bending the ion beam, whereas quadrupole magnets are used for focusing.
In the straight sections, an electron cooler [Steck et al., 1996] and particle detectors
are installed. The whole storage ring is pumped down to an ultra-high vacuum of
10~ — 1072 mbar in order to preserve the charge state of the circulating ions. The
ESR has a large momentum acceptance of Ap/p ~ £2 %, which allows storing multi-
component beams with different magnetic rigidities Bp. With the maximum magnetic
rigidity of 10 Tm, it is possible to store ions of chemical elements ranging from helium
(Z = 2) to uranium (Z = 92) with kinetic energies of up to 560 MeV/u. At these
high kinetic energies, also the heaviest fragments emerge from the production target
as bare, H-, He-, and Li-like ions. This opens up perspectives for decay studies with
radioactive highly-charged ions.

In the ESR, different types of nuclear decays were successfully studied. The retrap-
ping and identification of the produced daughter nuclei have been demonstrated for
internal transition, nuclear electron capture decay, and bound-state S-decay, which
was discovered in the ESR [Franzke et al., 2008]. Retrapping efficiency limitations
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Figure 1.12: Schematic view of the experimental storage ring (ESR) [Franzke, 1987
at GSI. The main components are labeled. Mass measurements of cir-
culating ions are performed with Schottky noise pickups (Schottky mass
spectrometry) or with a time-of-flight detector (isochronous mass spec-
trometry).
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of the storage ring originate not only from the recoil energies, but also from its mag-
netic rigidity Bp and momentum acceptance. In some nuclear decays, the mass-to-
charge ratio m/q of the stored ions can change significantly, which results in the
kick-off of the produced ion in the next dispersive section. This was used for the
identification of daughter nuclei with a position-sensitive detector placed in a mov-
able socket behind a dipole magnet |[Jung et al., 1992, |Bosch et al., 1996]. A few
experiments were proposed to study a-decays [Patyk et al., 2008, Musumarra et al.,
2009, [Nociforo et al., 2012] and beta-delayed neutron emission [Evdokimov et al.,
2012] in the storage ring. However, detailed systematic investigations on retrapping
efficiencies for these cases still have to be conducted.

Gas-filled stopping cell

A novel approach for storage and retrapping of decay recoils, which is pursued in the
context of this thesis, is to utilize a gas-filled stopping cell [Wada, 2013]. The idea is
to retrap ions not by electric or magnetic fields but by dense buffer gas.

This technique can be implemented in the following way. The mother nuclei are
injected into the cell and thermalized in collisions with the buffer gas atoms. They
undergo decay and produce daughter nuclei that are also thermalized in the buffer
gas. a-decay recoils can be stopped within ~ 50 pg/cm? of gas. For conventional
stopping cells filled with about 100 mbar of helium at room temperature, this areal
density transforms into a few centimeters of stopping range. Therefore, the retrapping
of daughter nuclei produced in the decays presented in Table with full retrapping
efficiency is technically feasible. A successful example was demonstrated in |[Plafl
et al., 2013a), where the nuclide *'Po was produced by a-decay of the projectile
fragment 2'Rn in the helium buffer gas during the extraction out of the stopping cell.
Thermalization of fission recoils with energies of up to 1 MeV/u is more challenging
and requires an order of magnitude higher areal density.

Depending on the cleanliness of the buffer gas, the nuclei can be thermalized in an
ionic state or as neutral atoms. Having the isotopes of interest stopped in an ionic
state allows their fast extraction out of the stopping cell after the storage. The high
density of the buffer gas is also required in order to ensure a low diffusion rate of the
thermalized ions. The diffusion rate limits the maximum storage time that ions can
be contained in the buffer gas before they are neutralized on the walls of the stopping
cell. From these requirements, it is evident that a cryogenic stopping cell [Ranjan
et al., 2011, Reiter, 2015, Ranjan et al., 2015] would be an ideal device for the task.
Details on the design and characteristics of the cryogenic stopping cell are given in

Subsection 2.2.1]

As mentioned above, a gas-filled stopping cell can provide full retrapping efficiency
and is thus a possible universal tool for all types of decays. It is also relatively simple
from a technical point of view, assuming that requirements to the cleanliness of the
buffer gas are met. However, one of the major disadvantages of this technique is
that it is not mass-selective. The incoming sample of ions has to be purified down to
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the mother nuclei of interest prior to the injection into the stopping cell for the in-
trap decay study. Otherwise, the presence of other nuclides may result in a harmful
background hindering an unambiguous measurement. An example of utilizing the
stopping cell for in-trap decay studies was proposed in |[Miyatake et al., 201§]. It
was suggested to solve the problem of beam purification by using two sequential sets
consisting of a stopping cell and a multiple-reflection time-of-flight mass spectrometer
[Wollnik and Przewloka, 1990, Plafl et al., 2013b]. The first pair of devices would
perform the preliminary purification of the ion beam provided from the production
target, whereas the second pair would be used for the in-trap decay studies of the
purified and reaccelerated sample of the mother nuclei.

An alternative solution to this problem has been used within the frames of this thesis
[Mardor et al., 2017, Miskun et al., 2019]. The preliminary purification of the ion
beam has been performed by the fragment separator [Geissel et al., 1992a). Required
level of beam purification in the FRS can be reached due to the high energies of
heavy-ion primary beams (up to 1 GeV/u for ?*3U), which are worldwide unique for
the GSI accelerator facility. A novel method for the measurement of half-lives and
decay branching ratios of exotic nuclei utilizing the cryogenic stopping cell for ion
storage and the FRS for the beam purification is described in detail in Chapter [5]

1.4.2 Direct mass measurement techniques

Nowadays, high-accuracy direct measurements of atomic nuclei are performed mainly
with Penning traps, storage rings and multiple-reflection time-of-flight mass spec-
trometers. The measurement techniques utilizing these devices have different ranges
of their application. They differ in precision, accuracy, time and number of detected
ions required for mass determination.

Penning trap

There are three different measurement techniques, which were implemented in Penning
traps for accurate mass determination. This is a short overview of the Penning trap
measurement techniques:

1. Time-of-flight ICR (TOF-ICR) — the conventional technique, with which
most of the high-accuracy mass measurements of exotic nuclei with Penning
traps were done |Graff et al., 1980, |Konig et al., 1995, |[Eronen et al., 2016]. It
uses the ion-cyclotron resonance (ICR). By applying the quadrupolar electric RF
field with the frequency equal to the cyclotron frequency of ion motion w,, it is
possible to excite ions and to completely convert their reduced cyclotron motion
into the magnetron one. When ions are ejected from the trap, their radial energy
is converted into the axial energy in the gradient of the magnetic field. The
time-of-flight of the ions ejected out of the trap to the detector is measured for
different frequencies of the quadrupolar electric field. At the resonant frequency,
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1 Experiments with exotic nuclei

ions have the highest axial energy, which results in the shortest time of flight.
From the measured resonant frequency, the mass of the ion can be calculated.
A boost in accuracy of the frequency determination can be reached by using a
pulsed RF signal for excitation instead of the constant one. This technique is
called the Ramsey’s excitation [Bollen et al., 1992]. With TOF-ICR, the mass
resolving power R (R =m/Am) of ~ 1-2-10° can be reached in a few hundreds
of milliseconds measurement time. However, due to the scanning nature of the
technique, it is possible to measure only one ion species at a time and at least
an order of a hundred of ions is required for a precise mass measurement.

2. Fourier transform ICR (FT-ICR) — a technique based on the measure-
ment of a signal on pick-up electrodes, which is induced by the ion motion in
the trap |[Marshall et al., 1998]. The measured signal is Fourier transformed
and the frequency spectrum is obtained. FT-ICR is a standard technique in
analytical mass spectrometry and is currently under development for nuclear
physics measurements. As this is a non-destructive technique, the mass mea-
surement can be performed with only one ion giving access to the exotic nuclei
with extremely low production rates. However, for the measurements of single
ions, this technique is limited to a very narrow-band operation due to the high
noise sensitivity.

3. Phase-imaging ICR (PI-ICR) — a powerful technique developed recently,
which allows mass measurements with 40 times higher resolving power than
TOF-ICR in a factor of 25 faster measurement times [Eliseev et al., 2013} [Eliseev
et al., 2014]. PI-ICR is based on the measurement of the total phase of the
radial motion by projecting the ion motion in the trap onto a high-resolution
position-sensitive detector. From the measured phase, the cyclotron frequency
can be calculated. This non-scanning technique has enormous potential for
the ultrahigh-accuracy mass measurements of exotic nuclei. Disadvantages of
PI-ICR are that it is a narrow-band technique not capable of measuring multiple
isobars at the same time and that the ions have to be extremely well prepared
before the measurement, which typically requires a few hundreds of milliseconds.

Storage ring

In storage rings, the differential dependence of the revolution frequency f of stored
ions on their velocity v and mass-to-charge ratio m/q is described by the following
equation:

1- L= (1.30)
i) v

Af _ 1 (Am/q)
2 (mlq) *(

f
where Awv is the velocity spread of ions and 7 is the relativistic Lorentz factor. -,
is the so-called transition point, an ion optical characteristic of the storage ring. In
order to reach a high mass resolution, the second term of Eq. (1.30) must be as small

as possible. This can be reached by two different ways corresponding to two different
measurement techniques:

72) Av
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1.4 Experimental techniques for measurements of half-lives and branching ratios

1. Schottky mass spectrometry (SMS) — by using a combination of stochastic
[Nolden et al., 2000] and electron [Poth, 1990] cooling, the relative velocity
spread Av/v is reduced down to the level of ~ 1077, The revolution frequency
of the ions is measured by the beam noise pick-up with Schottky electrodes
[Geissel et al., 1992b]. The non-destructive nature of this technique allows mass
measurement with only one ion of interest trapped in the storage ring. The
mass resolving power of up to 7-10° can be reached [Litvinov et al., 2005]. SMS
is a broadband technique and can be used with multi-component ion beams.
The main disadvantage of SMS is that the cooling process takes a few seconds,
which results in a corresponding half-life limitation for investigated nuclei.

2. Isochronous mass spectrometry (IMS) — with IMS, the storage ring is
operated at the transition point (y = =), such that the revolution frequency
of ions does not depend on their velocity spread Av [Hausmann et al., 2000].
This helps to spare the time required for the ion cooling. The revolution time
is measured by a TOF detector [Trotscher et al., 1992]. Ions pass through a
thin carbon foil at each turn. Electrons created in the foil are directed by a
combination of electric and magnetic fields to a channel-plate detector. One full
turn in the storage ring ESR takes about 500 ns for the ions with an energy of
400 MeV /u. The mass value of the circulating ions can be obtained after a few
turns meaning that the measurement times down to tens of microseconds are
achievable. Therefore, measurements with very short-lived exotic nuclei can be
performed.

Multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS)

In recent years, MR-TOF-MS are more and more often utilized for high-accuracy
mass measurements of short-lived nuclei. The working principle of time-of-flight mass
spectrometry is described in [Cameron and Eggers, 1948|. Short bunches of ions are
injected into a field-free drift region with the same kinetic energy Ejy given by an
accelerating potential U. Tons with different mass-to-charge ratios m/q fly a certain
distance [ in different times . Analytically, it can be expressed in the following way:

) m m
t=—=1-y|—=1-,]/— 1.31
v \/ 2F% \ 2U¢’ (1.31)

where v is the ion velocity. Lighter ions have a higher velocity for the same kinetic
energy and, therefore, reach a detector positioned at the energy-time focus plane
faster. The mass of the ion of interest (IOI) can be determined by measuring the
TOF of the I0I and of the calibration ion, for which the mass is well known.

The main limitation of the mass resolving power R of the TOF technique is the limited
path length [. To overcome this limitation, the multiple-reflection TOF technique
[Wollnik and Przewloka, 1990] was developed. The ion path is extended by folding
the ion trajectory in a relatively small volume with multiple reflections. The part of
the mass spectrometer including the drift region and mirrors or reflectors is called the
analyzer.
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1 Experiments with exotic nuclei

Another important limitation to the mass resolving power is the energy and angu-
lar distributions of ions before their injection into the analyzer. The MR-TOF tech-
nique requires well-prepared bunches of ions with minimal spatial, energy and angular
spreads. The differences in starting position and initial energy of ions result in the
broadening of the peaks in a TOF spectrum and worsen the resolution. Solutions to
this problem are elaborated injection systems, where ions are cooled and bunched.

MR-TOF-MS is a very powerful and universal technique. It is broadband and non-
scanning, so the multi-component ion beams can be investigated. A mass resolving
power of 10° is achieved routinely in most MR-TOF-MS, however, it has been demon-
strated that a mass resolving power of up to 10° can be reached within a measurement
time of 40 ms [Will, 2019]. For precise measurement of the mass value of the I0],
only ~ 10 detected ions are needed [Ayet San Andrés et al., 2019]. This technique is,
therefore, well suited for the high-accuracy measurements of short-lived nuclei with
low production rates.

36



2 Experimental setup

This chapter describes the FRS Ion Catcher (FRS-IC) experiment [Pla8 et al., 2013a].
It is an example of a hybrid system (see Subsection and a very powerful ex-
perimental setup for the studies of exotic nuclei. The FRS-IC is a test facility for
the Low-Energy Branch (LEB) of the Super-FRS |Geissel et al., 2003, Winfield et al.,
2013] at FAIR. It is installed at the final focal plane of the fragment separator [Geissel
et al., 1992a] at GSI and consists of three major parts: the gas-filled cryogenic stopping
cell (CSC) |[Ranjan et al., 2011}, Reiter, 2015, Ranjan et al., 2015, the RFQ beam-
line |Reiter, 2015, Hornung, 2018] and the MR-TOF-MS [Pla8 et al., 2008a, Dickel,
2010, Dickel et al., 2015b|. The exotic nuclei are produced, separated in-flight, and
range bunched in the FRS, slowed down in degraders, thermalized in the CSC, ex-
tracted into the RFQ beamline and transported to the MR-TOF-MS. There, high-
resolution mass measurements are performed. Due to this combination of fast and
efficient production, separation and measurement techniques, the FRS Ion Catcher is
well suited for the measurements of very exotic and short-lived nuclei. The details of
experimental setup and conditions are discussed in the following sections.

2.1 Fragment separator

The FRS is a high-resolution magnetic spectrometer/separator |Geissel et al., 1992a].
It is located in the GSI Helmholtz Center for Heavy Ion Research (Fig. [2.1]). At GSI,
accelerated ion beams of the elements ranging from hydrogen to uranium are used
for experimental investigations in many scientific fields and applications. The ions
are produced, accelerated to energies of up to ~ 11.4 MeV /u in the universal linear
accelerator (UNILAC) |Angert and Schmelzer, 1969|, transferred to the heavy-ion
synchrotron (SIS-18) [Blasche and Franczak, 1992], further accelerated to energies of
up to 1-1.5 GeV/u, and injected into the FRS. In the FRS, the relativistic ion beam
bombards a production target producing exotic nuclei in projectile fragmentation
and fission reactions. The secondary beam is then separated in-flight and delivered
to different experiments (e.g. the ESR [Franzke, 1987, [Franzke et al., 2008], R*B
experiment |[Aumann, 2007|, the FRS Ion Catcher, etc.).

A schematic view of the FRS and the FRS Ion Catcher is shown in Fig.[2.2 The FRS
consists of two magnetic separation stages. Each stage has two dipole magnets for
magnetic rigidity analysis and a set of quadrupole and sextupole magnets for focusing
of the beam and ion optical corrections. At the central focal plane of the FRS, a vari-
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Figure 2.1: Schematic layout of the high-energy part of the GSI facility. It consists
of the heavy-ion synchrotron SIS18, the fragment separator FRS and the
experimental storage ring ESR. The FRS Ion Catcher is positioned at the
final focal plane of the FRS.

able degrader system is installed. The in-flight separation is done with the so-called
Bp — AE — Bp method (see Subsection [1.2.2). For selection of the secondary beam
the horizontal x- and vertical y-slits are used. The degrader system consists of two
wedges, two identical counter-rotating wedge-shaped discs, and a set of homogeneous
slabs of different thickness, all made out of aluminum. The combination of these
aluminum blocks allows a precise and flexible set up of the resulting degrader shape
and thickness. The degrader can be set up for an achromatic mode, where maximum
spatial isotopic separation is reached, or for a monoenergetic mode providing optimum
energy bunching [Geissel et al., 1989]. For the experiments with the FRS Ton Catcher,
the monoenergetic mode is favorable. The areal density of the buffer gas inside of the
CSC is small compared to the range distribution of the incoming ions. Therefore,

a compressed range distribution leads to a larger amount of ions being stopped and
measured in the FRS-1C.

The FRS is equipped with a number of detectors for in-flight particle identification
(PID) and intensity monitoring. The intensity of a primary beam is measured with
a secondary electron transmission monitor (SEETRAM). In the central and in the
final focal planes, plastic scintillator detectors (SCI) and time projection chambers
(TPC) [Janik et al., 2011] are installed for the time-of-flight and magnetic rigidity

measurements  Multiple sampling ionization chambers (MTTQTP\ prﬁ’m‘npr ef_al_
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Figure 2.2: Schematic view of the fragment separator (FRS) and the FRS Ion Catcher.
The color scale on top of the picture indicates the energy of the ion beam
passing through the experimental setup. Particle identification detectors
of the FRS are labeled. Exotic nuclei are produced at relativistic energies,
separated in-flight, energy bunched in the FRS, and delivered to the FRS
Ion Catcher. There, the ions are thermalized in the cryogenic stopping cell,
extracted into the RFQ beamline and measured with the MR-TOF-MS.
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1994} [Stolz et al., 1999] are used for measurements of the energy deposition. All these
detectors provide event-by-event identification of the transmitted ions.

In addition, a homogeneous degrader and a MUSIC are positioned directly in front of
the stopping cell. They are used for adjusting the final energy of the ions in order to
maximize the number of ions stopped in the CSC.

2.2 The FRS lon Catcher

The FRS-1C was developed and successfully commissioned during a series of experi-
ments with ion beams at GSI. It allows mass measurements of short-lived exotic nuclei
with high accuracy and resolving power and can also be used for reactions and decays
studies. Masses of the exotic nuclei can be determined at a resolving power of up to
10% in only ~ 50 ms after their production [Will, 2019|. High efficiency of the setup
allows measurements of nuclei with sub-pgbarn production cross sections in only a few
hours of operation. In this section, the components of the FRS-IC are described in
detail.

2.2.1 Cryogenic stopping cell

The cryogenic stopping cell incorporates a number of novel concepts and techniques
[Purushothaman et al., 2013, [Ranjan et al., 2015, Reiter, 2015]. It was the first gas-
filled cell in the world designed for the stopping of relativistic ion beams produced at
1000 MeV /u, which was operated at high buffer gas densities at cryogenic tempera-
tures and used an RF structure for ion extraction. A combination of its performance
parameters makes it a state-of-the-art device with superior characteristics compared
to similar devices. Technical details on instrumentation and operation parameters of
the CSC are discussed in the following.

Challenges and solutions

In hybrid facilities (see Subsection [1.2.3)), gas-filled stopping cells are used for the final
slowing down and thermalization of ions. In order to make efficient use of a secondary

beam, the stopping cell must have high total efficiency. The total efficiency can be
described by

€total = €Estop X €ext, (21)

where €40p, is the stopping efficiency and €.y is the extraction efficiency. The stopping
efficiency is the fraction of the incoming beam, which is thermalized in the stopping
cell. The extraction efficiency reflects losses during the extraction process.
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2.2 The FRS Ion Catcher

Beams of exotic nuclei are produced in the fragment separator at GSI accelerator
facility at relativistic energies of up to 1000 MeV /u. In order to efficiently convert
them into low-energy beams, a stopping cell with a high areal density of buffer gas of
more than a few mg/cm? is required (see Subsection [1.3.1]). For the fast extraction of
thermalized nuclei out of the high-density stopping cell, electric fields are used. This
requires the nuclei to be stopped in an ionic state. In this case, the total efficiency
(Eq. ) includes an additional component, the ion survival efficiency €g,,, which
reflects ion losses due to neutralization and chemical reactions in the buffer gas.

During the thermalization and extraction processes, ions do multiple collisions with
the buffer gas atoms and undergo charge-exchange reactions. If a collision occurs
with an atom, which has a lower ionization potential than the incoming ion, then the
ion can capture an electron and be neutralized. In this regard, helium is an ideal
buffer gas because of its high first ionization potential. In helium gas, isotopes of
about ~ 60 % of all chemical elements will be thermalized as doubly-charged ions.
Isotopes of other elements will be extracted as triply- (~ 30 %) and singly-charged
(~ 10 %) ions. The situation changes drastically if some contaminants are present in
the system. In collisions with a contaminant molecule, which has a lower ionization
potential, the ions of interest are neutralized and lost for the measurement. The
cleanliness requirements are much more challenging for high-density stopping cells
because there the ions undergo more collisions during their extraction and have a
higher probability to be neutralized for the same purity of the buffer gas. For the
stopping cell with an areal density of a few mg/cm?, a buffer gas purity on the level
of sub-ppb is required in order to prevent ion losses due to neutralization [Reiter,
2015].

To reach such a level of purity of the buffer gas, many important steps have to be
taken. Cool-down of the stopping cell to the cryogenic temperatures helps in removing
most of the contaminants out of the system. In this case, the stopping cell works as
a big cryopump [Bentley, 1980], where contaminant molecules freeze-out on the walls
of the device. As can be seen from Fig. [2.3] already at the temperatures of 70 K
many unwanted impurities are reduced to partial pressures at the level of less than
10~8 mbar. However, the pumping speed of the cryopump is significantly reduced
once a first monolayer is absorbed. Therefore, it is important to keep the amounts of
residual gas in the system before cooling down as low as possible. For this purpose,
before the cool-down procedure, the system has to be baked and pumped. Another
source of contamination is the buffer gas itself. Helium of sub-ppb purity is not
available commercially. It still contains different impurities, above all noble gases, in
trace amounts. These contaminants also have to be removed or strongly suppressed.

The efficient and fast extraction of ions out of the high-density stopping cell is another
challenge. First of all, the technical design of the device has to allow the use of
strong extraction electric fields. This, in turn, requires a very fine RF structure for
the efficient extraction of ions, as it is indicated by Eq. . In addition, the
extraction efficiency of the stopping cell can be also limited by space charge effects.
During the thermalization, one incoming ion produces multiple helium ion-electron
pairs. Electrons, due to their high mobility, are removed with electric fields out of
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Figure 2.3: Vapor pressure of different gases at different temperatures [Bentley, 1980].
Picture modified from |[Pohjalainen, 2018].

the stopping volume very fast, compared to the positive helium ions, which form
at cryogenic temperatures Hej clusters and have velocity similar to the one of the
stopped ion of interest. At high rates of the incoming beam, this can lead to a build-up
of a positive charge inside the stopping volume of the stopping cell. Significant space
charge can distort the electric fields and cause additional ion losses. High strength of
extraction electric field helps to faster remove the produced charge from the stopping
volume and to reduce the space charge effects.

Based on these technical requirements, the cryogenic stopping cell for the FRS Ion
Catcher was designed, built and commissioned |[Ranjan et al., 2015, [Reiter, 2015].

Technical design

Figure shows a schematic view of the CSC. It is a double-chamber vacuum vessel.
The outer chamber provides an insulating vacuum for the inner one, which is filled
with helium gas at cryogenic temperatures of ~ 70 — 80 K. Both chambers have thin
metal windows installed in the position of the incoming ion beam. The windows
are made of stainless steel and have a thickness of 100 pm. Ions enter the stopping
cell through the beam windows, lose their residual energy in multiple collisions with
helium buffer gas atoms and stop inside the inner chamber.

As the next step, the stopped ions are transported towards the extraction nozzle by
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Figure 2.4: Schematic figure of the cryogenic stopping cell (CSC) in a sectional view.
Ions are thermalized in the inner chamber of the CSC, guided by electric
fields towards the extraction nozzle and extracted with a gas flow into the
RFQ beamline.

electric fields. A DC field, which pushes the ions to the exit side of stopping cell
(DC push field), is created by 36 overlapping concentric ring electrodes. These elec-
trodes form a cage structure (DC cage) with a diameter of 25 cm and a length of
105 cm, defining the effective stopping volume of the device. At the exit side of the
inner chamber, a PCB-based RF electrode structure called the radio-frequency carpet
is installed. There, by a combination of RF and radial DC electric fields, the ions are
guided towards the extraction nozzle. Once the ions reach the vicinity of the nozzle,
they are extracted with the gas flow into the RFQ beamline.

In the inner chamber of the CSC, two ion sources are installed: a ??8Th recoil source
and a discharge ion source. Ions produced by these sources are used for off-line
investigations and tests. All steps of system operation from stopping and extracting
of the ions to high-resolution mass measurements with the MR-TOF-MS can be tested.
Installation and characterization of these sources were conducted in the frames of this

thesis. The details are given in Sections [3.1] and

One of the crucial components of the CSC is the RF carpet. It prevents the ions
from hitting the chamber wall and being neutralized and focuses them radially. It
has a diameter of 25 cm and consists of five conductive layers separated by insulating
material (Rogers RO4003/R0O4350). A schematic drawing of the RF carpet is shown
in Fig. [2.5. The outer layer has 500 concentric ring electrodes, which have a height of
30 pm and a width of 100 gm. The distance between the neighboring rings is 150 pm.
The electrode density is 4 electrodes per mm. To the electrodes, two types of voltages
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Figure 2.5: Schematic drawing of the RF carpet |[Reiter, 2015]. All layers are shown

in a sectional view. Conductive elements are shown in orange; insulation
material — in gray. Green arrows indicate the DC electric fields; red arrows
— RF electric field; blue arrow — the direction of the gas flow.

are applied: (i) RF voltages, shifted by 180° between neighboring electrodes; and
(ii) DC voltages. The RF voltages create an effective repelling field, which counteracts
the DC push field and prevents the ions from hitting the electrodes. The ions are kept
at a distance of ~ 100 um above the RF carpet surface. The DC voltages applied to
the ring electrodes create an additional DC field to guide the ions in the direction of
the extraction nozzle (DC focusing field).

The second conductive layer of the RF carpet is called inner layer 1. It is segmented
into 10 ring electrodes and used for the reduction of field penetration effects. Such
effects may lead to the formation of potential pockets and disturbances of the ion
motion along the RF carpet. The inner layer 1 provides fine control of the DC field
in front of the outer layer and allows the RF carpet to be operated at any offset
potentials.

The third layer (inner layer 2) is grounded and used for electric shielding of the fourth
layer, where the electric components are mounted. The last, fifth layer shields the
ion pathway behind the RF carpet. In the center of the RF carpet, the extraction
nozzle is positioned. It has a cylindrical shape and a diameter of 0.6 mm. The total
thickness of the RF carpet is 1315 um.

In order to reach high ion survival efficiency of the CSC, high cleanliness of the
system has to be ensured. As it was mentioned before, the stopping cell is operated at
cryogenic temperatures of ~ 70—80 K, but this is only one of the required technological
steps. To reduce the amounts of residual gas inside the CSC, the inner chamber is first
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baked at a temperature of about 400 K and constantly pumped by a turbomolecular
pump for a few days. For baking, a special PTFE-coated copper wire is used, which
is wound around the walls of the inner chamber. After the baking, the inner chamber
is separated from a pump, and the cooling is started.

To reach cryogenic temperatures, a custom-made cooling system is used [Ranjan et al.,
2015]. The cooling system is mounted in a dedicated valve box and consists of a cold
head and a cryofan. The coolant (helium gas at pressures of up to 10 bars) is cooled
down by the cold head and circulated in a closed circuit by the cryofan. The lines of
the cooling circuit are connected via cryogenic feedthroughs to two cooling channels
wound around the inner chamber of the CSC. The valve box provides an insulating
vacuum for the cooling circuit and also has an incorporated dewar filled with liquid
nitrogen LN;y. At the beginning of the cooling-down procedure, the helium gas can
be precooled in the internal dewar, which significantly reduces the time required for
reaching cryogenic temperatures. A typical time of the cooldown is about 24 hours.
After a few days of cooling, temperatures reach as low as 60 K for the inner chamber
walls and 75 K for the helium buffer gas.

The helium buffer gas is supplied into the inner chamber through a separate gas line.
In order to remove the contaminants contained in the buffer gas, a MicroTorr helium
purification getter is installed in the gas line. In addition, before entering the CSC, the
helium gas passes through a heat exchanger coupled to the cooling circuit. The heat
exchanger has a temperature of 55 K and, therefore, acts like a cold trap purifying the
buffer gas even further. It also precools the He gas, which helps to decrease the heat
input into the cryogenic environment. In order to reduce the amounts of noble gases
contained in the buffer gas, in the inner chamber of the CSC, a small container filled
with activated charcoal is installed. The activated charcoal has a huge surface area of
about 1000 m?/g and can be used as a very efficient adsorption material at cryogenic
temperatures. In combination, all mentioned steps result in a high cleanliness of the
CSC, which is ideal for ion survival.

Performance parameters

Performance characteristics of the CSC were investigated experimentally with ion
beams at GSI. In the beam time in 2014, total efficiencies € Of up to ~ 22 % were
measured [Reiter, 2015]. The total efficiency was calculated from the ratio of the
measured number of extracted and detected ions to the number of ions entering the
CSC. The number of incoming ions was determined accurately by the particle iden-
tification detectors of the FRS. The stopping efficiency €, was calculated from the
measured range distribution of ions and known areal density of the buffer gas. Max-
imum egop of ~ 27 % was reached. The combined survival and extraction efficiency
Esurtext = Esur X €oxt Can be deduced from Eq. (2.1]). For the ions of different elements
produced by in-flight fragmentation of 28U at 1 GeV /U, €gytexe Of more than ~ 60 %
was reached |[Plaf et al., 2019]. The obtained efficiencies values are unprecedented for
the thermalization of fragments produced at relativistic energies with the gas-filled
stopping cells.
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Within the frames of this thesis, a few improvements and upgrades have been imple-
mented in the system in order to further increase the efficiency. The CSC can now
be operated with areal densities of the buffer gas almost factor of two higher than
in the past. The safe long-term operation of the device with areal densities of up to
~ 10 mg/cm? (150 mbar of helium gas at 75 K) was demonstrated (see Section
for details). The increase in the buffer gas areal density leads to the corresponding
increase in the stopping efficiency. The cleanliness of the device has also been im-
proved. Therefore, the higher total efficiency of the CSC is expected and has to be
justified in the FAIR Phase-0 experiments.

A mean extraction time (i.e. the time required for ion extraction from the center of
the CSC) of ~ 25 ms was demonstrated [Purushothaman et al., 2013, Reiter, 2015|.
It was also shown that the extraction time is constant for different values of the
buffer gas areal density, as for the higher densities the higher DC electric fields can
be applied. The fast extraction time gives access to very short-lived exotic nuclei.
This feature of the FRS Ion Catcher was used in the past years to perform first direct
mass measurements of short-lived nuclei in the region of the nuclide chart below 2°*Pb
[Ayet San Andrés et al., 2019].

The rate capability of the CSC was investigated experimentally and in simulations
performed with SIMION |[Manura and Dahl, 2006 software. The results demonstrated
that the CSC can be operated with rates of incoming ions of up to 10* ions/s without
efficiency losses |Reiter et al., 2016]. Complementary studies have been conducted as
a part of this doctoral thesis in a beam time in 2016 and are discussed in detail in

Section (.11

2.2.2 RFQ beamline

Behind the cryogenic stopping cell, the low-energy RF(Q beamline is installed. A
design and operation capabilities of the RFQ beamline are based on several novel
concepts |[PlaB et al., 2007}, [Petrick et al., 2008, Petrick, 2008, Reiter, 2015, Haettner
et al., 2018|. It is a compact, multi-purpose ion transport system allowing for cooling,
bunching and mass separation of ions. The RFQ beamline is also used as a differential
pumping stage separating the high-density CSC and the MR-TOF-MS, which requires
low pressures of less than 10~¢ mbar for operation. In addition, different tools for beam
diagnostics and transport optimization are implemented into the beamline.

The rods of RFQs are built from resistive carbon-filled PEEK material [Takamine
et al., 2005, Simon, 2008]. They have a diameter of 11 mm and are positioned in
a radial distance of 10 mm away from each other. A combination of RF and DC
voltages is applied to the rods in order to constrain the ions radially and transport
them in a longitudinal direction.

Figure [2.6| shows a schematic drawing of the RF(Q beamline. The extraction RF(Q is
followed by the diagnostics unit 1 (DII1) and the diagnostics unit 2 (DU2) [Hornung
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Figure 2.6: Schematic drawing of the RFQ beamline. The main components are la-
beled. Ions are extracted out of the CSC into the RFQ beamline and trans-
ported to the MR-TOF-MS. Green arrows indicate the DC electric fields;
black arrows — possible directions for mechanical movement. Channel-
tron (Ch) and (Si) detectors, as well as a laser ablation carbon cluster ion
source (LACCI), a three-line alpha source (3«), thermal alkaline sources
(Cs), and an electron impact ion source (EIS) are shown schematically.

et al., 2018]. Directly behind the extraction RFQ, a dipolar deflector is positioned. Tt
can be used for defining the time structure of the extracted beam or for reducing the
count rate if the ions come at too high rates.

In the DU1, a movable sled is installed. The sled is moved in direction perpendicular
to the beamline by in-vacuum motors and a gear system. On the sled, apart from an
RFQ segment, a channeltron detector (Photonis 5901 Magnum Electron Multiplier)
and two silicon surface barrier detectors (Ortec Ultra BU-016-150-100 bakeable) are
installed. At a distance of 5 mm in front of each silicon detector, aluminum foils are
installed. These foils have a thickness of 50 ug/cm? and are operated at the high
negative potential for the collection of radioactive nuclei [Reiter, 2015]. In less than
a minute, the detectors can be moved into the beamline for ion counting or alpha-
spectroscopy measurements. Next to the RFQ beamline, a three-line alpha source
(a mixture of alpha-decaying °Pu, 2! Am, and 2**Cm isotopes) is installed in such
way that the detectors can be moved in front of it for commissioning and calibra-
tion. In combination with the extraction RFQ operated as a mass filter [Miskun,
2015, Miskun et al., 2015], the detectors provide a broad range of possible applica-
tions, such as investigations of extracted beam composition, charge state identification
and improvement of the beam quality for the following mass measurement with the
MR-TOF-MS. Operated in the mass-filtering mode, the extraction RFQ can reach
mass resolving power of up to ~ 150. More details on the performance of the mass
filter and its contribution to the selectivity of the setup are given in Subsection|3.4.1]

47



2 Experimental setup

If the detector sled is moved out of the beamline completely, it is possible to retract
the RFQ segment in the direction of the MR-TOF-MS and separate the CSC from
the downstream system by a gate valve |Reiter, 2011]. This gives the advantage of
independent maintenance of one part of the system without the need of breaking the
vacuum in another. In particular, quick checks in the vented beamline can be done
while the stopping cell is kept at cryogenic temperatures and constantly pumped.

The DU2 consists of an RFQ switchyard [Greiner, 2013, [Plafl et al., 2015], a dedicated
mass filter and a laser ablation carbon cluster ion source (LACCI) [Grof, 2017, Hor-
nung, 2018|. The switchyard is a novel device, which consists of 8 cubic electrodes.
It effectively acts like six perpendicular radio-frequency quadrupoles and can be used
for transporting ion beams, bending them by 90 degrees, splitting and merging the
beams coming from different directions. It allows feeding of calibrants ions into the
beam of ions extracted out of the CSC for their simultaneous measurement in the
MR-TOF-MS. An identical switchyard is also installed at the end of the RFQ beam-
line on the top of the MR-TOF-MS. On the RFQ switchyards, additional channeltron
and silicon detectors are mounted for the ion transport optimization.

Calibrants required for the mass measurements and transmission optimization are
produced in the RFQ beamline with various sources. Thermal alkaline sources are
mounted on the RFQ switchyards and on the movable sled of the DU1. Tons produced
by these sources are also used for the commissioning of the RFQ beamline and the
MR-TOF-MS independently of the operation of the CSC. LACCI produces ions of
carbon clusters containing different isotopes of carbon and, therefore, provides iso-
baric calibrants for high-accuracy mass measurements over a very broad mass range.
Targets made from other materials (e.g. gold, silver, copper, etc.) can be also used
for the production of calibrants. The calibrants ions are produced with the same
repetition rate as the MR-TOF-MS (50 — 100 Hz) and with controllable rates, which
are stable over a couple of days. The dedicated mass filter is used in order to remove
the ions of unwanted masses, to reduce the background and to increase the cleanli-
ness of measured spectra. In addition, on the second RFQ switchyard, an electron
impact ion source is installed. By operating the electron impact source with differ-
ent gases (e.g. SFg, Xe or C3Fy), ions covering a broad mass range can be produced
[Ebert, 2016]. These ions then are also used as the calibrants for high-accuracy mass
measurements.

The DU2 provides an additional differential pumping stage further separating pres-
sures in the CSC and in the MR-TOF-MS. In addition, the vacuum system has been
upgraded within the frames of this thesis. This has lead to an increase of a factor
of five in the pumping speed of the prevacuum lines. These two improvements - the
additional differential pumping stage and the vacuum system upgrade - resulted in
a higher possible areal density of the buffer gas inside the CSC (see Section for
details).
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2.2 The FRS Ion Catcher

2.2.3 Multiple-reflection time-of-flight mass spectrometer

The RFQ beamline is followed by the MR-TOF-MS. This is a universal and very
powerful tool for ultra-high-resolution measurements of exotic nuclei [Ayet San Andrés
et al., 2019], which can also be used as an isobar [Plaf et al., 2008a] or even an isomer
[Dickel et al., 2015a] separator. The MR-TOF-MS is extensively described in [Dickel,
2010, Dickel et al., 2015b; [Pla88 et al., 2015| [Yavor et al., 2015]. It is a broad-band,
fast, and non-scanning mass spectrometer yielding very high resolving power (up to
10% [Will, 2019]) and sensitive to single ions. As part of the FRS Ion Catcher, the
MR-TOF-MS was successfully used for the particle identification in the FRS as a mass
tagger [Reiter, 2015] and for direct mass measurements [Hornung, 2018]. It is a very
effective tool for the new isotopes and isomers search.

Figure shows a schematic drawing of the MR-TOF-MS. From the RFQ switch-
yard ions are transported to a triple-stage injection trap system [Jesch, 2008], where
they are accumulated, cooled and bunched. Then, the ions are injected as a bunch
into the time-of-flight analyzer, where they fly a controllable amount of turns. The
analyzer consists of a field-free drift tube and two reflecting electrostatic mirrors.
In the center of the analyzer, the mass-range selector (MRS) is installed. This is a
quadrupolar deflector, which can be pulsed in order to deflect the unwanted ions and
purify the measured spectra. With the MRS, the ion selection down to window size
of 1 u/e can be achieved. Once the ions are ejected from the analyzer, they pass
through a time-focus shift reflector [Yavor et al., 2015 Dickel et al., 2017 and reach
the movable sled. On the sled, an isochronous secondary electron multiplier (SEM)
(ETP MagneTOF DM 167 from SGE Analytical Science Pty Ltd.), a silicon surface
barrier detector (Ortec Ultra BU-016-150-100 bakeable), and a Bradbury-Nielson ion
gate (BNG) [Bradbury and Nielsen, 1936] are mounted. An additional silicon detector
is positioned behind the BNG. The BNG is a fast electrical switch, which can be set
to deflect the unwanted ions to the gate detectors and to transmit only the ions of
interest. The movable sled allows fast switchover between the different detectors.

The MR-TOF-MS can be operated in three different modes:

1. Time-focus shift (TFS) mode — the ions fly through the analyzer just
once, no reflections are done. The time-of-flight spectrum is measured by the
MagneTOF detector and converted to the mass spectrum later. An analog
signal on the detector is digitized with the Fast ComTec MC6SA Time-to-Digital
Converter (TDC). A broadband mass spectrum with a mass-to-charge window
of ~ 70 u/e and the mass resolving power of up to 4000 is measured |Dickel
et al., 2015b].

2. High-resolution mass measurement mode — the ions make multiple turns
in the analyzer, which results in a better time-of-flight separation. The time-of-
flight spectrum is measured by the MagneTOF detector and converted to the
mass spectrum later. An analog signal on the detector is digitized with the
TDC. The mass resolving power of up to 10% can be reached [Will, 2019).
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Figure 2.7: Schematic drawing of the multiple-reflection time-of-flight mass spectrom-
eter (MR-TOF-MS). The main components of the system are shown and
labeled. Ions are accumulated, cooled and bunched in the trap system,
separated after multiple turns in the analyzer and reflected towards the
detectors.
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3. Isobar/isomer separation mode — the ions make multiple turns in the an-
alyzer, which results in a better time-of-flight separation. The ions of interest
are transmitted by the BNG, whereas other ions are deflected. Isobarically and
isomerically clean beams can be produced [Dickel et al., 2015a].

2.3 Data analysis procedure

The data measured with the MR-TOF-MS are analyzed with an elaborated analysis
procedure. The challenge of the analysis lies in the fact that it is necessary not only
to perform accurate and robust determination of the mass and abundance of each
measured ion species but also to be able to treat low-statistics cases and overlapping
distributions of different ion species, which sometimes have abundances that are dif-
ferent by orders of magnitude. Details of the data analysis procedure are described in
[Ebert, 2016|, |Jesch, 2016, /Ayet San Andrés, 2018, Hornung, 2018, |Ayet San Andrés
et al., 2019]. In this section, only the main steps are presented.

For the data analysis, two software packages are used: the mass acquisition software
MAc [Bergmann, 2020] and the software for statistical computing and graphics R
[R Core Team, 2018]. The analysis procedure is shown schematically in Fig. .
It consists of the following steps:

Calibrant Peak Shape
| Determination
TOF Time - Mass Mass =
Histogram | |  Time-resolved "’ Spectrum
Calibration
Peak
MAc Shape
ol Fitof IOl | [ Final
Error Calculation m*Am
R

Figure 2.8: A schematic view of the main steps of the analysis procedure performed
with the data measured by the MR-TOF-MS. Picture modified from [Ayet
San Andrés, 2018].

1. A TOF spectrum of calibrant ions and the IOI is recorded with the MAc soft-
ware. For this, the digitized signals from the MagneTOF detector are accumu-
lated over a certain number of measurement cycles and displayed in the software
as TOF histograms. A typical number of accumulation is 50 cycles, which, at
a repetition rate of the MR-TOF-MS of 50 Hz, corresponds to 1 spectrum per
second.
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2 Experimental setup

2. The TOF spectrum is converted into a mass-to-charge spectrum. Required
calibration parameters are deduced from the calibrant ions. At this step, also
the so-called time-resolved calibration (TRC) can be performed. TRC allows to
correct drifts of the peak positions in time. Such drifts are caused by voltage
fluctuations of power supplies or by contraction and expansion of the mass
analyzer due to the temperature change.

3. The resulting mass spectrum is exported from MAc as a list mode data. To
convert the histogram into list mode, each measured event is randomized uni-
formly within its bin. The exported unbinned data are used in the R software
for further analysis.

4. In the R software, the peak shape determination is performed. A Hyper-EMG
function [Purushothaman et al., 2017a] is fitted to the most abundant calibrant
peak measured simultaneously with the IOI. The Hyper-EMG (exponentially
modified Gaussian) is a Gaussian function convoluted with one or several expo-
nential functions. The peak shape parameters and their uncertainties are de-
termined by a least square (LS) minimization using the Levenberg-Marquardt
iteration algorithm |[Moré, 1978]. The results are validated with a number of
statistical indicators. Accurate knowledge of the peak shape parameters is of
great advantage in cases where the peak of the IOl overlaps with another ion
peak. Once the peak shape parameters are obtained, the calibrant peak is fitted
with the Hyper-EMG function, where only the centroid parameter is free, using
a weighted maximum likelihood estimation (WMLE). For the weighting function
of the wMLE, the natural logarithm of the determined Hyper-EMG function
is used. The obtained centroid, or the mass-to-charge value, of the calibrant
is used to scale the peak shape parameters for the fitting of the IOI and to
calculate the peak shape error.

5. The peak of the IOl is fitted with the scaled Hyper-EMG function using the
wMLE. The abundance of the peak and its centroid, i.e. the mass-to-charge of
the 101, are determined. The total mass uncertainty including multiple con-
tributions of different errors (e.g. the statistical error, the peak shape error,
the calibrant error, the TRC error, etc.) is calculated. For details on different
contributions to the total uncertainty, see [Ayet San Andrés et al., 2019].

2.4 Experimental conditions and operating parameters
during the GSI beam time of 2016

As it was mentioned before, the FRS Ton Catcher was successfully commissioned
during the series of experiments with ion beams at GSI in 2011-2016. Apart from the
characterization of the setup, it was also possible to perform first mass measurements
of the exotic nuclei [Dickel et al., 2015a, Ayet San Andrés et al., 2019] and obtain
physics results. In this thesis, the results of selected measurements performed during
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the beam time of 2016 will be discussed.

In the beam time of 2016, two measurement campaigns with different primary beams
of different energies and intensities were done. In the first measurement block, a
300 MeV/u 23U beam was focused on a beryllium target with an areal density of
0.27 g/cm?. The intensity of the primary beam was up to 2.5 - 10% ions/spill with
a spill length of 1 s. Neutron-deficient exotic nuclei were produced by projectile
fragmentation reaction. In the second block, the exotic nuclei were produced in the
fragmentation of a ?*Xe primary beam at an energy of 600 MeV /u on a 1.622 g/cm?
Be target. The intensity of the ?*Xe primary beam was up to 1-10? ions/spill with
a shorter spill length of 0.5 s.

Due to the low energies of the primary beams, not all of the FRS beamline components
described in Section could be used. In the central focal plane, the horizontal
z- and vertical y-slits were installed, followed by the scintillator (SCI) and the variable
degrader system. For the degrader, only two counter-rotating wedge-shaped aluminum
discs were used in order to minimize the amount of matter in the way of the beam. In
the final focal plane the following sets of the beamline components and PID detectors
were used: a) for ?*®U primary beam: TPC — gas degrader |[Purushothaman et al.,
2017b] — TPC — z-slits — SCI — homogeneous degrader — MUSIC; b) for '**Xe primary
beam: TPC — GEM-TPC |Garcia et al., 2017 / MUSIC — TPC — MUSIC — z-slits —
SCI — homogeneous degrader — MUSIC.

The FRS Ion Catcher was operated in a configuration shown in Fig. The RFQ
beamline extension described in Subsection was implemented to the system later
in 2018. The operating parameters of the FRS Ion Catcher are given in Table[2.1] This
set of parameters is a default setting, which was used in the measurements described
in this thesis, if not stated otherwise. The isolation-dissociation-isolation technique
(see Subsection was used for the measurements of ions produced in the FRS.

During the beam time of 2016, there was a problem with the RF carpet operation.
One of the DC voltage connections of the RF carpet was broken, which resulted in
slower ion transport along the RF carpet surface. The time of ion extraction out of the
CSC was, therefore, increased. Measurements of the extraction time showed that after
the ions reached the RF carpet surface they were stored there for an additional time
ranging from 0 to 170 ms. The rate of the extracted ions was uniformly distributed
within this time range. The resulting increase and uncertainty of the extraction time
were not crucial for the measurements discussed in this work. Corresponding cor-
rections and uncertainties were taken into account and are discussed in the following
chapters.

23



2 Experimental setup
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Figure 2.9: Photograph of the FRS Ton Catcher setup in the configuration used in the
GSI beam times of 2014 and 2016. The main components of the setup are

labeled.

Parameters Value

DC push field towards the RF carpet 17 V/cm

DC focusing field along the RF carpet 5 V/cm

Frequency of the RF carpet 5.93 MHz
CSC Voltage of the RF carpet 100 Vpeak—peak

Pressure of the helium buffer gas 65 — 75 mbar

Temperature of the helium buffer gas 80 K

Areal density of the helium buffer gas 4.2 — 4.6 mg/cm?
RFQ Beamline Pressure in the RFQs of the DU1 1-1072 mbar

Repetition rate 50 Hz
MR-TOF-MS  Kinetic energy of ions 1300 eV

Number of turns up to 560

Table 2.1: Default operating parameters of the FRS-IC during the GSI beam time of

2016.
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3 New experimental concepts and
improvements

Within the context of this doctoral thesis, several technical upgrades have been im-
plemented in the FRS Ion Catcher setup in order to improve its performance char-
acteristics and its reliability of operation, and to introduce new functional features.
New internal ion sources have been installed and characterized. The vacuum system
has been upgraded, which, in combination with the extended RFQ beamline [Hornung
et al., 2018, results in improved differential pumping. The maximum areal density
of the CSC has been increased to 10 mg/cm?. New techniques for enhancing the
selectivity of the ion transport based on ion mobility and by dissociation of molecular
contaminants have been developed. The results of the first measurements with the
improved system are shown and discussed in this chapter.

3.1 228Th recoil source

In the frames of this work, a new ?**Th radioactive ion source |Alfonso et al., 2015]
has been installed in the CSC and characterized. The ?**Th source is mounted on the
entrance side of the stopping region. 2?*Th undergoes alpha decay and produces a
chain of isotopes of different elements. The decay chain of 2?®Th is shown in Fig.
[Greiner, 2017|. The decay products leave the source and either stop in the buffer
gas or, in case if there is no buffer gas present, impinge on the inner part of the
DC cage ring electrodes. During the CSC operation, the recoils are produced by the
decays in the source itself and by the decays of long-lived decay products accumulated
on the DC cage electrodes. The decay products are stopped in the buffer gas and
can be extracted with electric fields. However, only the recoils that were produced
in alpha decay are extracted out of the CSC. The extraction of less-energetic beta
recoils was not observed, possibly due to the cryogenic temperatures of operation. It
is important to note that ion extraction out of the #2Th source can be switched off
electrically without harming the CSC operation. If an electric potential smaller than
the potential of the first DC cage electrode is applied to the source, then the recoils
stopped in the buffer gas are dragged back towards the source by the electric field. The
extraction of the decay recoils produced by the long-lived nuclides on the electrodes
can not be switched off. This results in small amounts of the nuclides ?*°Rn, 2!%Po,
212pY, 208Ph, and 2%8T1 being constantly extracted out of the CSC regardless of the
electric potential of the source.
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Figure 3.1: Decay scheme of 22 Th. Short-lived alpha-decaying products of the 2?*Th
decay chain allow commissioning and optimization of the system using al-
pha spectroscopy. Alpha-decaying nuclei are colored yellow; beta-decaying
nuclei — blue; stable nuclei — gray. Energies of dominant alpha lines are

Figure 3.2: Measured alpha decay spectrum of ions produced by the 228Th recoil
source. The measurement was done with a silicon surface barrier detector
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3.1 228Th recoil source

The ?**Th recoil source is mainly used for the commissioning and optimization of ion
transport through the system. Short-lived alpha-decaying products allow measure-
ments of extraction and transmission efficiencies by alpha spectroscopy with silicon
detectors. For these purposes, multiple silicon surface barrier detectors are installed
in different parts of the beamline. In Figure |3.2] a measured alpha decay spectrum of
extracted ions produced by the 2?2 Th source is presented. The measurement was done
by the silicon detector positioned in the RFQ beamline behind the extraction RFQ.
The ions were implanted on a thin aluminum foil in front of the detector. The energies
of the emitted alpha particles were measured. All alpha decays of 22*Th products were
identified. The relative abundances of the peaks corresponding to ?**Ra and 2!2Bi de-
cays are lower than the ones of 2°Rn and ?'®Po because of their long half-lives. The
212Po peak has also smaller abundance, because this isotope is not extracted out of
the CSC due to the short half-life (0.229 us) and is populated only by the S-decay of
relatively long-lived 2!2Bi implanted on the foil in front of the detector. The tail-like
structure of the 2'2Po alpha decay peak occurs due to the fast alpha decay following
the 3-decay of 2'2Bi, which results in an additional energy distribution. Similar mea-
surements with the silicon detectors in the downstream beamline allow step-by-step
optimization of the ion transport and are necessary in order to achieve maximum
transmission efficiency.

One of the most important features of the 2?Th source is its half-life
(T1/2 = 1.91 years). Previously, 223Ra recoil sources were used for system commission-
ing and optimization [Ranjan et al., 2011]. ***Ra has a half-life of T}, = 11.4 days.
Maximum activities of these sources were limited by the production mechanism and
reached a few kBq only. After two months of operation (approximately, 5-6 half-lives),
the activity of the source was too small for fast and accurate off-line investigations.
Therefore, every two months a new source had to be installed in the stopping cell. The
time required for the source exchange was about 10 working days. By switching over
to the 3.7 kBq #28Th source, effectively two months of work per year were spared.

Besides commissioning and optimization of the ion transport with the silicon detectors,
the ions produced by the ?8Th source can be used for other purposes:

e As the source can be electrically switched off, it is possible to pulse it and to
measure accurately the time required for the extraction of ions out of the CSC
[Purushothaman et al., 2013].

e Radium and lead isotopes are mostly extracted as doubly-charged ions because
of their low second ionization potential (see Section [4.2)). As the ion motion in
electric fields is defined by the mass-to-charge ratio, the products of 22*Th can
be used for beamline optimization for two different mass-to-charge ratio regions
—around 110 u/e and 220 u/e. All extracted ions can be also used as calibrants
for mass measurements with the MR-TOF-MS.
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e Among the extracted products of ??®Th, there are two isobars — 2%*Pb and 2%*T1.

They have a mass difference of 5 MeV. To resolve these isobars a mass resolving
power of 40,000 is needed. They can be thus used to tune the MR-TOF-MS
for high resolution. Figure|3.3[shows the measured mass spectrum, where 2°Pb
and 2%®T1 isotopes are resolved and identified with 256 isochronous turns in the
MR-TOF-MS, corresponding to a mass resolving power of ~ 200, 000.

In addition, the abundance ratio of the peaks of 2%Pb and 2%TI indicates the
cleanliness of the buffer gas. The second ionization potential of lead is very
close to the ionization potential of Ny (see Section [.2). Therefore, the charge
state of lead ions extracted out of the CSC is very sensitive to the amount of
contaminants in the helium buffer gas. From the decay branching ratios of 2'2Bi,
208Ph should be populated in the amounts approximately twice as high as 2°°T1.
By measuring the abundance ratio of singly-charged 2°*Pb and 28T1 (?°*T1 is
extracted only as singly-charged ions), it is possible to deduce the ratio of singly-
and doubly-charged 2°*Pb ions. An increased fraction of singly-charged lead ions
indicates a higher contamination of the CSC.
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Figure 3.3: Measured mass spectrum of two isobaric nuclei 2*Po and 2°8T1 produced
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by #28Th source. The mass difference of the isobars corresponds to 5 MeV.
The measurement was done with 256 isochronous turns in the MR-TOF-
MS at a mass resolving power of ~ 200, 000.



3.2 Discharge source

3.2 Discharge source

Another internal ion source installed in the CSC is the discharge source. It was
designed in |Greiner, 2013a] and has been characterized and used for cleanliness in-
vestigations of the CSC in the frames of this work. The discharge source is mounted
on one of the DC cage rings at a distance of about 30 cm away from the RF carpet.
The construction of the source is shown in Fig. It consists of a holding structure
made out of insulating PEEK (polyetheretherketone) material and two metal elec-
trodes — a needle and a plate. The tip of the needle electrode is positioned ~ 0.5 mm
away from the plate electrode. This configuration and positioning is chosen in order
to maximize the electric field between the electrodes. When a voltage difference of
a few hundreds of volts is applied to the electrodes, an electric discharge is ignited.
The discharge ionizes atoms of the buffer gas and of the contaminants contained in
the buffer gas. The produced ions can then be extracted out of the CSC with electric
fields and measured by the downstream detectors. The amount of ionization can be
regulated by changing the voltage difference between the electrodes.

Figure (3.5 shows the mass spectrum of the ions produced by the discharge source
and extracted out of the CSC. The measurement was done by doing a scan with the
extraction RFQ operated as a mass filter and detecting the ions with
the channeltron detector installed in the RFQ beamline behind the extraction RFQ.
The mass filter was operated with a resolving power of ~ 10. Only the ions in the
set mass window were transmitted and detected. The window was moved over the
broad mass range resulting in the plotted spectrum. The broad peak in the high mass
region at around 200 u/e corresponds to the unresolved products of ?*Ra radioactive
source. The abundant peaks at lower masses are the ionized contaminants.

Plate Needle
electrode | electrode

Figure 3.4: CAD drawing of the discharge source mounted on the DC cage ring. The
source consists of the PEEK holding structure and two metal electrodes —
a needle and a plate. The ignited discharge ionizes the buffer gas and the

contaminants atoms. Picture modified from |Rink, 2017].
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Figure 3.5: Measured mass spectrum of the ions produced by the discharge source
plotted in logarithmic scale [Miskun, 2015]. The measurement was done
with the extraction RFQ operated as a mass filter with the resolving power
of ~ 10 and the channeltron detector. Peaks on the left side of the spec-
trum are the ionized contaminants contained in the helium buffer gas; the
broad peak on the right side corresponds to unresolved products of ?2)Ra
source. Total measurement time was 7 minutes.

As shown in Figure [3.5] the discharge source can be used for investigations of the
buffer gas cleanliness, one of the most crucial characteristics of the CSC. It produces
a huge, but controllable ionization. Therefore, it also allows studies of the stopping
cell operation under space charge effects. Besides, the ions produced by the discharge
source cover a large mass range and can be used for mass-dependent transport in-
vestigations. However, the polyatomic ions are not ideal for a pilot beam because of
possible fragmentation in the RFQ beamline.

The application of the discharge source was demonstrated during the beam time in
2016. The mass spectra of ions produced in the CSC were investigated. In one mea-
surement, the ionization was induced by the ?*Xe primary beam passing through
the CSC. In another measurement, the buffer gas and its contaminants were ion-
ized by the discharge source. The mass spectra measured with the MR-TOF-MS are
shown in Fig. [3.60 The measurements were done with the TFS mode of the MR-TOF-
MS [Dickel et al., 2015b], as the goal was not to identify each measured mass line,
but rather to compare the ionization patterns. As can be seen from the results, the
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Figure 3.6: Measured mass spectra of ions extracted from the CSC produced as the
result of ionization a) by '?*Xe primary beam passing through the CSC;
b) by the discharge source inside the CSC. Ionization patterns in both
cases are similar. The measurement was done with the MR-TOF-MS in
TFS mode (no reflections in the analyzer) at a mass resolving power of
~ 1000, which does not enable unambiguous particle identification.
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ionization patterns produced by the discharge source and by the primary beam hitting
the CSC look very similar. The relative abundances of the peaks are not absolutely
the same, as the measurement times, the ion rates, and the corresponding dead-time
effects of the data acquisition system were different. Nevertheless, the ions of the
same masses are produced in both cases. This fact is of great importance, as it gives
a possibility to use the discharge source for the preparation of the system for the
measurement of the ion of interest under beam-like conditions. The ion transport can
be set up such that the transmission efficiency for the ion of interest is optimal but all
harmful contaminants are strongly suppressed or removed from the spectrum. This
experiment preparation can be done off-line, which also leads to more efficient use of
expensive and limited beam time.

3.3 High-density operation of the CSC

As it was already mentioned in the paragraph ”Challenges and solutions” of
Subsection [2.2.1] the total efficiency of stopping cells is given by the product of the
stopping efficiency and the ion survival and extraction efficiency. Advances in the
cleanliness of the CSC resulted in an ion survival and extraction efficiency value of
50-100 % [Reiter, 2015]. The stopping efficiency, on the other hand, is a bottleneck
to the better performance of the setup. Exotic nuclei produced at relativistic energies
of 1 GeV/u have a very broad range distribution at the final focal plane. Therefore,
a higher density of the buffer gas inside the CSC is required in order to maximize the
stopping efficiency.

However, a high-density operation of the CSC is a very challenging task. The buffer
gas density is limited by the allowable pressures in the downstream beamline. One
technical limitation comes from the pressure range of the operation of the turbomolec-
ular pumps. If the gas pressure in the RF(Q beamline or in the prevacuum lines is
too high, the turbomolecular pumps loose pumping efficiency, overheat and switch
off. Another limitation is the gas pressure in the analyzer of the MR-TOF-MS. High
pressures in the analyzer may cause ion transmission losses in the MR-TOF-MS.

In Figure the improvement of the differential pumping of the CSC over time
is shown. Measured values of the gas pressure in the RFQ beamline for different
areal densities of the helium buffer gas in the CSC are plotted. During the measure-
ments, no electric fields were applied inside of the CSC. In 2012, the RFQ beam-
line was pumped by two Agilent Turbo-V 1001 Navigator turbomolecular pumps
with an overall pumping speed of ~ 1800 1/s for helium. In 2014, the vacuum
system was upgraded with two Oerlikon Leybold TURBOVAC MAG 1700 turbo-
molecular pumps, which together with one Agilent Turbo-V 1001 Navigator provided
~ 3900 1/s pumping speed. As can be seen from the plot, this upgrade significantly
improved the differential pumping of the system. Higher areal densities of the buffer
gas inside the CSC for the same pressures in the RFQ beamline became available.
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Figure 3.7: Improvement of the differential pumping of the CSC over the years. Pres-
sure in the RFQ beamline was measured for different areal densities of
the helium buffer gas inside the CSC. The slope changes at a pressure of
~ 8-107% mbar due to the reduced efficiency of the turbomolecular pumps
and when the pressure in the prevacuum lines is too high for their normal
operation (measurement points depicted in open symbols). After the last
upgrade, safe and long-term operation of the system with areal densities
of up to 10 mg/cm? was demonstrated.

At 3.5 mg/cm?, the slope of characteristic curve changes due to the reduced efficiency
of the turbomolecular pumps for the pressures above ~ 8 - 1072 mbar. The last two
points were measured on the edge of system performance, with the prevacuum pressure
too high for long-term operation of the turbomolecular pumps. The areal density of
3.5 mg/cm? was chosen to be standard for long-term operation and the densities
of up to 6.2 mg/cm? could be used for short-term measurements |Reiter, 2015]. In
2018, the system was upgraded further. A third Oerlikon Leybold TURBOVAC MAG
1700 pump was installed instead of the Agilent Turbo-V 1001 Navigator, and a new
multi-stage dry vacuum pump (EBARA EV-S100) was installed in the prevacuum
line. The total pumping speed of all turbomolecular pumps resulted in ~ 4500 1/s,
whereas the pumping speed of the prevacuum lines was increased by almost a factor
of five (from 130 m?3/h to 600 m?/h). In addition, the RFQ beamline was extended by
the second diagnostics unit (DU2) |[Hornung, 2018], which introduced an additional
differential pumping stage between the CSC and the MR-TOF-MS. This helped to
further separate the high-density environment of the CSC and the low-pressure region
of the MR-TOF-MS analyzer. Thus, even higher pressures of the buffer gas inside
the CSC became possible. The stopping volume of the CSC was shortened by two
DC cage rings in order to allow for higher DC push fields. This reduced the areal
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density by ~ 6 %. The characteristic curve for the measurements done in 2018 has the
same shape as in 2014. First, the slope changes at a pressure in the RFQ beamline of
~ 8-107% mbar. Second, the slope changes again when the pressure in the prevacuum
lines is too high for the proper operation of the turbomolecular pumps. The safe
long-term system operation with areal densities of up to ~ 10 mg/cm? (150 mbar
of helium gas at 75 K) was demonstrated. This is an unprecedented areal density
value, which is at least a factor of five higher than for any other cryogenic stopping
cell with RF structure used for the thermalization of relativistic ions in the world. It
is important to mention that even for 10 mg/cm? of helium gas inside the CSC, the
pressure in the analyzer of the MR-TOF-MS was below the level of 5- 1078 mbar.

Apart from the limitations given by the differential pumping, the densities of the buffer
gas can be limited by the RF carpet performance. As indicated by Eq. , the
effective repelling field of the RF carpet is inversely proportional to the areal density
of the buffer gas. Therefore, it was crucial to investigate the extraction efficiency of
the CSC at high areal densities. Such tests were done with the ions produced by
the ?Th source. For different values of the helium buffer gas areal density inside
the CSC, the RF voltage was scanned, and the count rate of 2**Th products was
measured by the silicon detector in the DU1. For the count rate measurement, the
peak corresponding to the 21Po alpha decay was used. Ions of ?2°Rn also contributed
to the measured count rate, because the measurement time was long enough for them
to decay into 2'®Po and undergo another alpha decay. To minimize the influence of
this effect, the same measurement time was used for all measurement points. After
each measurement, the ion transmission to the silicon detector was blocked for a few
minutes in order to clean the detector from most of the accumulated ?2°Rn and 2'%Po
nuclei. The DC push field was scaled for each value of the areal density such that
the mean extraction time was kept the same (~ 55 ms). These field strengths were
a factor of two lower than the ones that are typically used because of a temporal
technical problem.

The results of these investigations are shown in Fig. 3.8 The relative extraction
efficiency of the CSC is plotted as a function of the RF carpet voltage for four dif-
ferent areal density values. All data points were normalized to the highest measured
count rate, corresponding to the measurement at an areal density of 3.5 mg/cm? and
62 Vpeak—peak applied to the RF carpet. At low voltages, the effective RF repelling field
is not strong enough to compensate the DC push field. Therefore, the ions are lost on
the electrodes of the RF carpet. With increasing RF voltage, the effective repelling
field becomes stronger, and, at a certain value, the onset of ion extraction appears.
Once the full extraction efficiency is reached, it stays on a plateau for all higher RF
voltages. The high amplitudes of the RF voltage were reached by stacking two am-
plifiers. The obtained results show that, even for an areal density of 9.6 mg/cm?, the
maximum extraction efficiency is reached for heavy ions with m/q ~ 220 u/e and a
DC push field corresponding to a mean extraction time of ~ 55 ms. From the thermal
limitations, maximum RF voltages of ~ 180 Vyeak—peax could be applied to the RF
carpet. It is evident that this operation regime is already close to the technical limits
of the device. In order to reach the maximum extraction efficiency for ions of lower
masses at the same areal density of the buffer gas, the DC push field has to be lowered
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Figure 3.8: Measured relative extraction efficiency of the CSC as a function of the
RF carpet voltage for different values of the buffer gas areal density. The
measurement was done with a silicon surface barrier detector installed in
the RFQ beamline. For the determination of the efficiency, the measured
count rates of the 2'Po* and 2°Rn* ions were used. Normalization of
all data points is done to the highest measured count rate corresponding
to the measurement at an areal density of 3.7 mg/ cm? and 62 V peak—peak
applied to the RF carpet. Even for an areal density of ~ 10 mg/cm?, the
maximum extraction efficiency is reached.

further. In the same way, faster extraction at these conditions is only possible with
heavier ions. The interplay of these parameters is defined by Eq. (1.19).

The shortest possible extraction time of ions out of the high-density CSC was de-
termined by measuring the maximum possible DC push field strength. The strength
of the DC push field is limited by the electrical discharges occurring inside the inner
chamber of the CSC. It is very important to mention that the areal density values used
for the CSC operation correspond to the rising part of the Paschen curve |Paschen,
1889]. The Paschen curve represents the dependency of a breakdown voltage between
two electrodes positioned in gas on the product of the distance between the electrodes
and the density of the gas. At higher values of the density-distance product, the
breakdown voltage is almost proportional to the pressure of the buffer gas, as the
temperature and the distance between the closest electrodes are kept the same. This
gives an important advantage because, for the higher densities of the buffer gas inside
the CSC, a higher DC push fields can be applied. As it was shown in previous inves-
tigations, this effect results in a constant extraction time, which is not dependent on
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the areal density of the buffer gas [Reiter, 2015]. For the high-density operation of
the CSC, the maximum possible DC push field strengths were measured. At a helium
areal density of 10 mg/cm?, DC push fields of ~ 50 V/cm could be applied. From
ion mobility calculations, this field strength corresponds to a mean extraction time of
~ 30 ms for most singly- or doubly-charged atomic ions [Viehland, 2012], which is in
good agreement with previous results [Purushothaman et al., 2013| [Reiter, 2015].

3.4 Enhanced selectivity of ion transport

In the implementation of the CSC, many different technological steps were taken to
provide high cleanliness of the buffer gas. Yet, some contaminants are still present in
the system. Some are desorbed from the surface of the inner chamber when the ion
beam passes through, some are introduced with the helium buffer gas itself. Mostly,
the latter are the noble gases, which do not harm ion survival. During the slow-
down and extraction processes, incoming ions do multiple collisions with atoms of the
buffer gas and ionize them. Contaminant atoms contained in the buffer gas can be
also ionized in charge-exchange reactions and extracted out of the CSC together with
the ions of interest. At cryogenic temperatures, the ionized contaminants can form
adducts with mass-to-charge ratios over a very broad range. Some of them might
have a mass-to-charge ratio very similar to the one of the IOI and might spoil high-
accuracy mass measurement. Therefore, special techniques had to be developed in
order to remove the contaminants selectively. They are described in the following
subsections.

3.4.1 Isolation-dissociation-isolation method

One of the very effective tools for removal of molecular contaminants is collision-
induced dissociation (CID) |[McLuckey, 1992, [Schury et al., 2006]. During the CID
process, the molecules are excited in multiple collisions with the buffer gas atoms.
This excitation can lead to their break-up into two or more lighter fragments. At
the FRS-IC, CID can be performed in the gas-filled RFQs of the DU1, which are
operated at 1-1072 mbar of helium. Under normal conditions, the ions are transported
through the RFQ beamline with a kinetic energy of a few electronvolts. In order to
increase the collisional energy transfer and to enhance the dissociation of contaminant
molecules, the kinetic energy of the ions can be increased to a few tens of electronvolts
by applying a higher DC gradient along the RFQ rods or a higher DC voltage step
between the RFQ segments. This can be efficiently used to remove the unwanted
molecular contaminants from the mass-to-charge range of interest. However, heavier
molecules can be also fragmented, and their fragments might overlap with the IOI. In
this way, the molecular contamination in the mass range of interest is changed, but
not removed.
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To solve this problem, isolation of the mass-to-charge range of interest can be done
prior to the dissociation. In this case, there are no heavier molecules, which can
possibly result in new contamination. Lighter fragments that are produced by CID
can be removed from the spectrum with another isolation step. The consecutive steps
of isolation, dissociation, and isolation for the removal of molecular contaminants are
referred to as the isolation-dissociation-isolation (IDI) method |Greiner, 2017, |Greiner|
. The concept of this method is shown schematically in Fig. 3.9,

At the FRS Ion Catcher, the first isolation step is performed with the extraction
RFQ operated as a mass filter [Miskun et al., 2015]. The normalized transmission
efficiency of the mass filter plotted as a function of its resolving power is shown in
Fig. With increasing mass resolving power, the transmission efficiency drops.
Despite the high buffer gas pressure of operation and low mechanical accuracy of the
extraction RFQ, resolving powers of up to 150 can be reached. Depending on the
experimental goals and conditions, the optimal combination of mass resolving power
and transmission efficiency can be chosen. For the IDI method, the mass filter is
operated with a resolving power of about 10, which allows isolation of the mass-to-
charge region of interest without significant transmission losses.

The second isolation step is done by the first RFQ of the MR-TOF-MS. The RFQ
is operated at an increased RF voltage amplitude, resulting in instability of motion
for all ions with a mass-to-charge ratio lower than a certain value (the low-mass
cut-off). This threshold corresponds to the Mathieu stability parameter g, of 0.908
(see Subsection [1.3.3). The RF voltage amplitude is set such that the IOI are trans-
ported by the RFQ, but lighter molecules produced by CID are filtered out.

Isolation Dissociation Isolation

Figure 3.9: Molecular contamination removal by the IDI (isolation-dissociation-
isolation) method |Greiner et al., 2019]. Colors indicate the mass-to-charge
ratio of ions: green — mass-to-charge ratio of the ion of interest; blue —
lower mass-to-charge ratio; red — higher mass-to-charge ratio. During
the first isolation step, ions of lower and higher mass-to-charge ratios are
removed. Remaining molecular contaminants are fragmented by dissocia-
tion. During the second isolation step, produced in dissociation fragments
are removed.
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Figure 3.10: Normalized measured transmission efficiency of the extraction RFQ op-
erated as a mass filter plotted as a function of its resolving power [Miskun
et al., 2015]. The measurement was done for a buffer gas areal density
in the CSC of 4 mg/cm? and a residual gas pressure of 8.4 1073 mbar in

the RFQ beamline.

The IDI method was implemented and first tested with the internal 22Th recoil source.
Results of these investigations are shown in Fig. 3.11] In the high mass-to-charge re-
gion (190-240 u/e), singly-charged decay products of 22 Th are extracted together with
molecular contaminant ions and measured with the MR-TOF-MS in TFS mode. The
top panel of Fig. shows the mass spectrum of extracted ions. The contaminant
ions are generated from the surface of the ?®Th source and are not observed when the
source is switched off. To remove the molecular contamination, CID was done in the
RFQ beamline by introducing a 60 V step between the RFQs of the diagnostics unit.
The resulting mass spectrum is shown in the middle panel of Fig.[3.11] As can be seen
from the spectrum, the mass lines around 230 u/e disappeared, but new mass lines
in the lower mass-to-charge region were introduced. The break-up of heavy molecules
by CID resulted in the production of lighter fragments, some of which appeared in
the region of the IOI. Therefore, as discussed above, it is not sufficient to use only
CID to remove the molecular contamination. However, by introducing isolation steps
before and after CID, it was possible to obtain a contaminant-free mass spectrum of
the 2°Th products (the bottom panel of Fig. [3.11)). For the first isolation step, the
mass filter was operated with U/V = 0.12 (mass resolving power m/Am ~ 10), where
U is the DC and V is the AC amplitude of the quadrupolar field.
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Figure 3.11: Mass spectra of the ions produced by the ?2*Th recoil source measured
with the MR-TOF-MS in TFS mode |Greiner et al., 2019]. Apart from
the singly-charged products of ?2®Th, molecular contaminants are ex-
tracted and detected. Top panel: the IDI method is not applied. Middle
panel: CID is applied; heavy contaminant molecules break up introduc-
ing lighter fragments to the spectrum. Bottom panel: the IDI method is
applied; all molecular contaminants are removed from the spectrum.

Once proven to be a very powerful technique for the contamination suppression, the
IDI method was also used in experiments with relativistic ions. An example is shown
in Fig. [3.12] **Xe primary beam with an energy of 600 MeV /u was slowed down and
thermalized in the CSC. '**Xe* ions were extracted together with ionized adducts
and measured in the MR-TOF-MS. The top panel of Fig. shows the measured
time-of-flight spectrum for no IDI applied. The spectrum is dominated by adducts
of krypton, which is contained in the helium buffer gas in trace amounts. One of
these adducts, ®°Kr!'2C1®0, ™, has only a mass-to-charge difference of 300 keV/(c%e) to
124Xe*. To fully separate the IOI and the contaminant adduct (baseline separation), a
mass resolving power of more than one million is necessary. In this measurement, the
MR-TOF-MS was operated with a resolving power of ~ 150, 000. When applying IDI,
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Figure 3.12: Time-of-flight spectra of the ions extracted out of the CSC during the
experiment with 12#Xe primary beam measured with the MR-TOF-MS
[Greiner et al., 2019]. Resolving power is ~ 150, 000. Ions from different
mass numbers appear in the time-of-flight spectrum, because they do
different number of turns in the MR-TOF-MS. Top panel: IDI is not ap-
plied; the spectrum is dominated by the molecular contaminants; 24Xe*
(red) is not resolved in the spectrum because of the abundant overlapping
peak of 3Kr'2C%0,*. Bottom panel: IDI is applied; the measurement
time is four times longer; the molecular contaminants are suppressed by
more than four orders of magnitude.

most of the molecular contaminants were removed from the spectrum, as can be seen
in the bottom panel of Fig. [3.12] The overlapping adduct were no longer present and
124Xe* ions could be clearly identified. The measurement time for this spectrum is
four times longer than that for the spectrum in the top panel. For the most abundant
contaminant peak, a suppression by more than four orders of magnitude is reached,
whereas the transmission efficiency for the IOI was measured to be unchanged.

The IDI method is universal and can be adapted at other facilities, where the issue of
molecular contamination exists. Isolation steps can be done with different techniques
and equipment, e.g. dipole magnets [Moore et al., 2010] and RF mass filters [Haettner
et al., 2018] for DC beams and a Bradbury-Nielsen gate [Brunner et al., 2012 for
pulsed beams of ions. At the FRS-IC, IDI is currently used as a standard tool for the
molecular background suppression. For future experiments, it is planned to improve
this method by adding an additional CID step in the extension of the RF(Q beamline
[Hornung et al., 2018]. This will allow the ion transport with yet higher kinetic
energies in order to increase the suppression of strongly-bound molecules.
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3.4.2 Separation by ion mobility at the RF carpet

The effective repelling field E.g of the RF carpet depends on different parameters,
as described by Eq. . One of these parameters is the ion mass m. This makes
the RF carpet operation mass-selective. For the ions with masses lower than the
certain threshold value, which is defined by other parameters from the equation, the
effective repelling field is not strong enough to compensate the DC push field. These
ions are not repelled by the RF carpet and are lost on the electrodes. It is of great
importance as it helps to prevent the extraction of low-mass ionization products (above
all, Hej trimers) out of the CSC. The effective repelling field also depends on the ion
mobility K. A new selection technique utilizing this dependence for the suppression of
molecular background in the mass region of the IOI has been developed at the FRS-IC.
This technique is based on the separation of the IOI and the molecular contaminants
by ion mobility with the RF carpet. The fact that the contaminant ions are filtered
out already in the CSC is an important advantage of this technique because it helps
to avoid space charge effects at the RF carpet and in the RFQ beamline.

Separation by ion mobility at the RF carpet works in the following way. Atomic
positively-charged ions over a broad mass-to-charge range have a reduced mobility
in helium gas of about 17.5 cm?/(Vs) [Viehland, 2012]. Molecules and adducts have
lower mobility value, due to their larger size. This means that, according to Eq. ,
for the same operating conditions, the molecular ions feel a weaker effective repelling
field than the atomic ions. Thus, with the correct setting of the RF carpet operation,
it is possible to find a regime, where the atomic ions are repelled and extracted out
of the CSC, and the molecular ions are lost on the electrodes of the RF carpet.

From Equation (|1.19)), it is possible to deduce the dependence of the relative change
in the effective repelling field of the RF carpet AFEeg/Eeog on relative changes in the
mass and the mobility of the ion:

AEg  Am N IAK
Eg m K

: (3.1)

where K is defined by Eq. (1.14)). As can be seen from this equation, the effective re-
pelling field is more sensitive to the change in the ion mobility, which allows molecular
suppression without losses for atomic ions of the same mass. Therefore, the separation
by ion mobility at the RF carpet can be also used to remove strongly-bound molecules
and adducts overlapping with the IOI that cannot be dissociated in the RFQ beamline
in collisions with buffer gas atoms.

This method was investigated during the experiments at GSI in 2016. The '**Xe
primary beam passed through the CSC and produced ionization of the buffer gas and
its contaminants. Extracted ionization products were measured with the MR-TOF-
MS in TFS mode at a mass resolving power of ~ 1000. Results are shown in Fig. [3.13]
In all measurements, the mass filter transmitted the mass-to-charge window from 70
u/e to 95 u/e. The rate of the incoming ion beam was ~ 5,000 ions/s. In Figure[3.13h,
the measured mass-to-charge spectrum of ionization products is shown. IDI was not
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applied, the RE carpet was operated at 5.92 MHz and 68 Vi eak—peak- Most of the
peaks in the spectrum correspond to the ionized stable isotopes of krypton, which was
introduced to the CSC together with the helium buffer gas. It is important to note that
because of the high rate the data acquisition of the MR-TOF-MS had strong dead-
time effects and the relative abundances of the krypton isotopes do not correspond
to the literature values completely. In addition, the measurement time for all spectra
was different, therefore, in order to simplify visual comparison, measured counts in
each spectrum were normalized to the same peak height of the ®3Kr isotope, the well-
identified peak of the stable isotopes with least dead-time effect. As can be seen from
the spectrum, one isotope of krypton, 8°Kr, overlaps with a close-lying high-abundant
contaminant, which hinders its proper identification. Besides molecules at the mass-
to-charge lines of 80 u/e and 81 u/e, there is no significant molecular background over
a broad range of 25 u/e. This result demonstrates the good cleanliness of the CSC.

As the next step, IDI was applied to remove the contaminant molecules. The resulting
mass spectrum is shown in Fig. [3.13b. The 81 u/e peak has disappeared, but the
contaminant at mass-to-charge 80 u/e is still present in the spectrum. IDI was not
enough to break it up and remove it from the spectrum. Then, the RF voltage of
the RF carpet was lowered from 68 Vpeak—peak t0 48 Vipeak—peak, Which brought no
difference and resulted in an identical spectrum (Fig. [3.13c). Afterwards, the RF
voltage was further decreased down to 42 Veak—peax- The spectrum for this setting is
shown in Fig.[3.13d. The molecular contaminant at the mass line 80 u/e was removed
leaving the 8°Kr isotope peak. This threshold behavior corresponds to the RF carpet
operation regime when the effective repelling field is strong enough to repel the atomic
ions, but not the molecular ones with lower ion mobility. The transition from the full
transmission of the molecular contaminant to its full suppression is rather sharp for
a small change in the RF voltage. This indicates that the separation by ion mobility
is a very well-defined suppression method.

Further decrease of the repelling RF voltage to 36 Vpeak—peax l€ad to the suppression
of ™Kr and 8°Kr isotopes peaks, as shown in Fig. [3.13p. This effect occurs due to the
mass dependence of the effective repelling field of the RF carpet. The ions of lower
masses feel a weaker effective repelling field. At this value of the RF voltage, the
effective repelling field was not enough to compensate the DC push field for krypton
isotopes of lower masses.

In Figure [3.14] the spectra for 68 Vieak—peak and 42 Vieak—pear Of the RE carpet
repelling voltage (Fig. and Fig. [3.13() are shown again in logarithmic scale
without normalization. The logarithmic scale reveals also low-abundant molecular
contaminants, which could not be seen in the linear scale. From these spectra, it
can be clearly seen that the separation by ion mobility at the RF carpet works over
a very broad mass-to-charge range. Both very abundant and low-abundant molecu-
lar contaminants are essentially completely removed from the spectrum. Therefore,
this technique can be used as a standard and very powerful tool for the molecular
background suppression already at the stage of ions extraction out of the CSC. In ad-
dition, neutralization of molecular ions at the RF carpet surface significantly reduces
the space charge effects at the extraction nozzle and in the RFQ beamline.
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Figure 3.13: Mass spectra of ionization products extracted out of the CSC measured
with the MR-TOF-MS in TFS mode at a mass resolving power of ~ 1000.
Stable isotopes of krypton and molecular contaminants are present. All
spectra are normalized to the same height of ®3Kr peak. a) IDI is not
applied, RF carpet at 68 Vjeak—peak, molecular contaminants at 80 u/e
and 81 u/e; b) IDI is applied, RF carpet at 68 Vpeak—peak, cOntaminant
at 81 u/e disappeared, but molecule at 80 u/e was not removed; ¢) IDI
is applied, RF carpet at 48 Vcak—peak, N0 changes despite 30 % lower
RF repelling voltage; d) IDI is applied, RF carpet at 42 Vpeak—peak, the
molecule at 80 u/e is removed, °Kr can be clearly identified; e) IDI is
applied, RF carpet at 36 Vpeak_peak, CKr and °Kr peaks are suppressed.
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Figure 3.14: Measured mass spectra of ionization products extracted out of the CSC
plotted in logarithmic scale. a) IDI is applied, RF carpet at 68 Veak—peak
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4 Characterization of the system
performance

An extended characterization of the CSC and the FRS Ion Catcher was done in
[Reiter, 2015]. However, in the last years, complementary studies were conducted
in order to complete the detailed understanding of the system and to build up pro-
found experience for future experiments. In this chapter, the results of the latest
characterization measurements are discussed.

4.1 RF carpet operation at high ionization rates

The rate capability of the cryogenic stopping cell was studied experimentally during
the beam times at GSI in 2012 and 2014 [Reiter et al., 2016, [Rink, 2017]. The measure-
ments were done with two different fragments produced by projectile fragmentation of
238U on a beryllium target at 1 GeV/u: 2'3Fr and ?*! Ac. Tons were separated in-flight
in the FRS and stopped in the CSC of the FRS Ion Catcher. Short spills of 4 to 6 ms
were used. The extracted ions were measured either by alpha spectroscopy with sili-
con detectors or by direct mass measurement with the MR-TOF-MS. The dependence
of the extraction efficiency on the rate of the incoming ions was investigated.

To complement the experimental studies, simulations of thermalization and extrac-
tion of the ions were done [Heile, 2015]. In the simulations, the ions of the nuclides
23Fr and 22! Ac were used. The spatial distributions of the ions stopped in the CSC
and of the ionization produced in the thermalization process were calculated with
the MOCADI [Iwasa et al., 1997] and SRIM [Ziegler et al., 2010] simulation pack-
ages. The obtained distributions were used in the simulations of ions trajectories in
SIMION [Manura and Dahl, 2006| software. There, a model with the actual geometry
and experimental conditions of the stopping cell was created. In simulations of the
ion motion, the DC electric fields created by the electrodes of the CSC, the space
charge effects created by He; trimers (see paragraph ”Challenges and solutions” of
Subsection 7 and diffusion processes were considered. Examples of these simula-
tions are shown in Fig. The stopping volume of the CSC is shown in a sectional
view. The ions enter the stopping cell from the left, ionize multiple helium atoms
during the stopping process, are thermalized and transported towards the RF carpet
with electric fields. In blue color, the equipotential lines of the electric fields are plot-
ted. Black and red lines represent the trajectories of stopped ions and Hej trimers
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RF éérpet

RF carpet

Figure 4.1: SIMION [Manura and Dahl, 2006] simulations of the CSC operation at
different rates of the incoming ion beam [Reiter et al., 2016]. In the sim-
ulations, the ions of the nuclides ?3Fr and **'Ac were used. Stopping
volume of the CSC is shown in a sectional view. In blue color, the equipo-
tential lines of electric fields are plotted; in black — trajectories of the
stopped ions; in red — trajectories of the Hej trimers. Tons enter the CSC
from the left, are stopped and transported towards the RF carpet. a)
beam rate of ~ 10% ions/s results in ionization rate of ~ 10'' Hej /s, all
ions are transported to the RF carpet; b) beam rate of ~ 10° ions/s re-
sults in ionization rate of ~ 102 Hej /s, part of the ions is deflected by
the space charge and lost on the electrodes of the DC cage.

correspondingly. The upper part (a) of the figure shows the simulation, where the ion
beam with a rate of ~ 10* ions/s hits the CSC and produces the ionization with a
rate of ~ 10" He; /s. The lower part (b) represents the case, where the incoming ion
beam has a rate of ~ 10° ions/s, which results in the ionization rate of ~ 10'? Hej /s.
At lower ionization rates (a), the ion trajectories are not affected significantly by the
space charge and all the stopped ions reach the RF carpet. In the case of a higher
intensity of the incoming beam (b), a significant build-up of a positive charge leads to
distortion of the electric fields and ion trajectories. The ions are deflected and partly
lost on the electrodes of the DC cage. The repelling RF field of the RF carpet and
the gas flow through the extraction nozzle were not included in the simulations. The
ions that reached the RF carpet surface were considered to be extracted.

In the simulations, the space charge was produced by the DC beam, whereas in the
performed experiments ion spills of 4-6 ms were used. Therefore, a correction factor
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4.1 RF carpet operation at high ionization rates

had to be determined from the simulations in order to be able to compare the obtained
results quantitatively [Heifle, 2015]. The results of experimental measurements and
simulations were proved to be in good agreement [Reiter et al., 2016, Rink, 2017].

However, in order to complete the detailed understanding and to fully validate the
simulation model, it was crucial to perform the measurements with the DC beam
injected into the CSC and to investigate the RF carpet operation at high intensities
of the incoming beam. The extraction efficiency of the CSC €. could be described
as the function of the intensity of the incoming beam I and the repelling RF voltage
of the RF carpet Vgp:

€ext — f(], VRF) (41)

The dependence of the RF carpet operation on the intensity of the incoming beam [
was not studied in the previous measurements. Such investigations were conducted
during the GSI beam time of 2016. The extraction efficiencies were determined for
different rates of the ?*®U primary beam. Uranium ions were thermalized in the
CSC, extracted and measured with the MR-TOF-MS. As uranium is one of the most
reactive elements, it tends to form molecules from residual contaminants contained in
the buffer gas. The extraction efficiencies were calculated from the combined count
rates of U2+, UO?*", UOH?**, and UO3" extracted out of the CSC, identified and
measured with the MR-TOF-MS [Ayet San Andrés, 2018]. Measurements were done
for three different values of the repelling RF voltage of the RF carpet. Experimental
conditions were similar to the ones in measurement campaigns of 2012 and 2014. The
CSC was operated with the helium areal density of 4.2 mg/cm? and a DC push field
of ~ 20 V/cm. The spill length of the 23U primary beam was 1 s, in contrast to the
very short spills of 4 to 6 ms used in previous measurements. In addition, in the beam
time of 2016, there was a problem with the RF carpet operation, described in detail
in Section 2.4l Due to this problem, ions spent a longer time at the RF carpet surface,
which made the investigations of the RF carpet performance even more sensitive.

Figure shows a compilation of the results of past investigations [Reiter et al.,
2016] and the measurements performed in 2016. In 2016, three different values of the
repelling RF voltage were used: 94 Vpeak—peak, 40 Vpeak—peak and 28 Vjeak—peak; Which
corresponded to 100 %, 100 % and 40 % transmission efficiency of the RF carpet
respectively. Normalization of all data points measured with 23¥U primary beam was
done to the extraction efficiency corresponding to a beam intensity of 2.5 - 10® ions/s
and 94 Vyeak—peak applied to the RF carpet. As it can be seen from the figure, the data
points measured for the RF carpet operated at 40 Veak—peax agree within the error
bars with the experimental and simulation results of the former rate capability studies.
The measured points for the applied repelling voltage of 28 Vpeak—peak €xhibit similar
intensity dependence with the extraction efficiency reduced by a factor corresponding
to the drop in the transmission efficiency of the RF carpet. The fact that these two
data sets have the same slope of the efficiency decrease with the increasing beam rate
indicates that the operation of the RF carpet is, therefore, not affected significantly
by the presence of the space charge in the stopping volume of the CSC. The analytical
expression for the extraction efficiency can be then rewritten as

€ext = f(I) - g(Vrr). (4.2)
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Figure 4.2: Extraction efficiencies of the ions stopped in the CSC for different rates
of the incoming beam. Results of experimental measurements are rep-
resented in solid symbols; results of the simulations — in open symbols.
Green — RF carpet is operated at 94 Vi eak—peak; blue — RF carpet is oper-
ated at 40 Vpeak—peak; Ted — RE' carpet is operated at 28 Veak—peak- Data
series measured with 2'3Fr and 22! Ac was normalized independently to a
maximum extraction efficiency of unity. All data points measured with
2381 were normalized to the extraction efficiency corresponding to a beam
intensity of 2.5 - 10® ions/s and 94 Vpeak—peak applied to the RE carpet.

The Hej ions are not repelled and transported by the RF carpet, they hit the elec-
trodes of the RF carpet and are neutralized. Therefore, the space charge in the vicinity
of the RF carpet is smaller than in the stopping cell bulk and the main channel for
ion losses are the losses on the DC cage electrodes, just as it was assumed in the sim-
ulations. The third data set measured for the RF carpet at 94 Vi cak—peak is another
proof of this statement. There is no change in the extraction efficiency at high rates
of the incoming beam even for repelling RF voltages that differ by more than a factor
of two.

The good agreement between the experimental measurements with short and long
spills is an additional verification for the chosen correction factor and for the simula-
tion model in general. The new results not only provide additional confirmation to
the rate capability studies but also complete the validation of the simulation model
and justify its use for the CSC of the Super-FRS at FAIR [Dickel et al., 2016, Rink,
2017, Plaf et al., 2018].
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4.2 Charge states of extracted ions

During the slowing-down process in the CSC, ions do multiple collisions with atoms
of the buffer gas and undergo charge-exchange reactions. This process is explained in
details in the paragraph ”Challenges and solutions” of Subsection 2.2.1] If a collision
occurs with a contaminant, which has a lower ionization potential than the ion of
interest, then the ion can pick up an electron and be neutralized. Neutralized ions
can not be extracted and guided with electric fields and are lost to the experiment.
The charge state of the ion also affects the effective repelling field of the RF carpet,
as can be seen from Eq. . Therefore, the ion survival and extraction efficiencies
of the stopping cell are sensitive to the presence of contaminants. Levels of different
impurities contained in the buffer gas were studied in [Reiter, 2015]. As a result, the
assumption was made that charge-exchange processes in the CSC are governed by
the ionization potential of Ny molecules. N, is expected to be the most abundant
(~ 100 ppb) contaminant with the first ionization potential lower than the one of
helium (15.6 €V against 24.6 eV).

To validate this assumption, the charge states of extracted ions of 26 chemical ele-
ments were investigated. The measurements were conducted off-line with the inter-
nal sources and with ion beams during the beam times at GSI. The charge states
were determined either by using the extraction RF(Q as a mass filter in combination
with a channeltron or silicon detector, or by high-resolution measurement with the
MR-TOF-MS. The results are shown in Fig. [Miskun et al., 2017]. For each chem-
ical element, the predicted charge state (the upper half of the box) and the measured
one (the lower half of the box) are presented in color code. As can be seen from the re-
sults, for 25 out of 26 investigated elements the predicted and measured charge states
coincide, which indicates that the assumption of Ny being the dominating contami-
nant in the helium buffer gas is correct. For the Sn isotopes, the ions were extracted
in a lower charge state due to a non-optimal cleanliness of the CSC in that partic-
ular measurement. Nevertheless, the results demonstrate the general cleanliness of
the CSC and the absence of such contaminants as O,, HyO, complex carbohydrates,
etc. These contaminants have lower ionization potentials than Ny and their presence
would be indicated by lower charge states and even neutralization of thermalized ions
of the investigated chemical elements.

However, further improvements on the cleanliness of the system and the buffer gas
purification may lead to the survival of higher charge states of the stopped ions. Ac-
cording to Eq. (1.19), the effective repelling field of the RF carpet is proportional to
the mass-to-charge ratio. Higher charge states of the ions can result in ion losses at
the RF carpet and reduced extraction efficiency of the CSC. In this case, to compen-
sate for the ion loss it would be necessary to decrease the areal density of the buffer
gas or the strength of the DC push field. Therefore, for future operation, it is pro-
posed to use trace gases in order to control the charge states of the thermalized ions
[Dickel et al., 2016, Plafl et al., 2018].
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Figure 4.3: Periodic table of elements reflecting the charge states of ions extracted
out of the CSC [Miskun et al., 2017]. For each element, the color of the
upper half of the box indicates the predicted charge state; the color of the
lower half — the charge state measured experimentally. The prediction was
made based on the assumption of Ny being the dominating contaminant
in the helium buffer gas of the CSC. Charge states are plotted in the color
code described at the bottom left of the figure. The values of ionization
energies were taken from the NIST database ﬂKramida et al., 2019“.
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4.3 Homogeneity of the matter in the FRS

At hybrid facilities (see Subsection [I.2.3), the stopping efficiency of the gas-filled
cell is the crucial parameter for the efficient use of a secondary beam. In order to
stop all incoming ions, the areal density of the stopping cell has to be larger than
the range distribution of the beam. This is a particular challenge for the ion beams
produced at relativistic energies, as it was shown in Fig. [1.9] In this case, in order
to minimize the range distribution of ions, the ion beam is energy bunched in the
electromagnetic separator. To the standard deviation of the final range distribution
or, different effects are contributing. Among those are the collisional range straggling
Ocoll, the charge-exchange range straggling ou.ex [Weick et al., 2002], and the thickness
variation of the matter in the beamline os,:

O = Teont + Tohex + 525 (4.3)
One of the most probable sources for the thickness variation of the matter in the
beamline of the FRS is the surface roughness of aluminum degraders. The homogene-
ity of the matter in the FRS, i.e. the thickness variations dx, was investigated with the
FRS Ion Catcher during the experiments at GSI in 2016. 238U primary beam at an
energy of 300 MeV /u was used for the investigations. The beam spot of the primary
beam at the final focal plane of the FRS had a diameter of 1 mm. Therefore, the
contribution of the thickness variation to the range straggling os, was negligible. The
relatively low energy of the primary beam also resulted in a relatively small collisional
range straggling. o.. of the range distribution in aluminum estimated by ATIMA
[Weick et al., 2018] calculations is oarna ~ 1.5 mg/cm?. Experimentally, the range
distributions were measured with the FRS Ion Catcher. For this, the amount of mat-
ter in the beamline was changed by varying the thickness of a homogeneous aluminum
degrader positioned in front of the CSC and the rate of stopped and extracted ions
was measured. Similar to the measurement described in Section the ions of U?*,
UO%*, UOH2*, and UO3" were used in the investigations.

The schematic representation of all PID detectors, degraders, and other elements that
were inserted in the beamline is shown in Fig. 4.4l Due to the low beam energy, only
the necessary minimum of the PID detectors was used. Apart from the standard FRS
equipment, the prototype of a gas degrader (GD) [Purushothaman et al., 2017b] was
positioned at the final focal plane in front of the homogeneous aluminum degrader.
The gas degrader is a stainless steel chamber filled with dry nitrogen gas at the set
pressure. For its beam entrance and exit windows, 100 pum thick Kapton foils coated
with a thin layer of carbon are used. Carbon coating is done to prevent beam-induced
charging up and possible electrical discharges. The beam windows have dimensions
of 200 mm x 100 mm and contribute 2 x 20 mg/cm? to the total areal density of
the gas degrader. The areal density of the degrading nitrogen gas can be set from
0 to 160 mg/cm? with +0.2 % accuracy. The gas degrader has a smaller minimum
thickness than the aluminum degraders and, therefore, can be used for slowing down
of low-energy ion beams. It is proposed to be used at the Low-Energy Branch (LEB)
of the Super-FRS at FAIR [Geissel et al., 2003, Winfield et al., 2013| and was first
commissioned with the FRS Ion Catcher setup.
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Figure 4.4: Schematic view of elements inserted in the beamline during the measure-
ments of the homogeneity of matter in the FRS. See Section [2.4]for details.
Dipole stages (DS1..DS4) and focal planes (F1..F4) of the FRS are labeled.

Results of the range distribution measurements are shown in Fig. [£.5] The range
distributions were measured for three different beam positions at the final focal plane:
on axis, 3.2 cm off axis, and 8.8 cm off axis along the horizontal axis perpendicular
to the beam direction. For the beam positioned on axis, the measurements were done
for two values of areal densities of dry nitrogen in the gas degrader — 85 mg/cm? and
129 mg/cm?. All data points were normalized to the maximum measured ion rate
within each individual data set. Measured rates for the beam positioned off axis were,
in addition, normalized to the incoming beam intensity measured by the scintillator
SC41. Error bars reflect the statistical uncertainties. For the measurements at the
beam on-axis position, there was no data for normalization from the scintillator.
Therefore, an additional uncertainty was added to the statistical uncertainties for
both measurements at the beam on-axis position in order to compensate for the beam
intensity fluctuations. The fluctuation of beam intensities was estimated from the
logged extraction currents of the SIS18. The measured distributions were fitted with
Gaussian functions. For the beam on-axis position and 85 mg/cm? areal density of
the gas degrader, the scatter of the measured data points was too large to perform a
free fit with the Gaussian. Therefore, for this data set, the standard deviation of the
distribution ¢ was fixed to the weighted average of the standard deviations obtained
from the other measurements. As the mean range of ions in all four data sets was
not changed drastically, the range straggling contribution and the width of the range
distributions should be practically the same. In Table the obtained parameters
of the range distributions are shown. The measured standard deviations o,,e.s had to
be corrected for the thickness of the CSC in order to obtain the real values o, of the
range distributions. For this, an FWHM of the CSC of 4.2 mg/cm? was subtracted
from the results quadratically.

The results show that the weighted average of the measured standard deviations
of the range distributions in aluminum ({o¢y,) = 7.8 £ 0.4 mg/cm?) is more than
a factor of five larger than the theoretically predicted collisional range straggling
(oatmua ~ 1.5 mg/cm?). Due to the small beam spot, the contribution of the thickness
variation could also not be significant. This means that the range distribution of the
ions for these experimental conditions is dominated by the charge-exchange straggling
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Figure 4.5: Range distributions of 238U primary beam measured with the FRS Ion
Catcher for different beam positions. Normalized rate of stopped and ex-
tracted ions is plotted for different values of homogeneous aluminum de-
grader thickness. Range distributions are fitted with Gaussian functions.
Obtained peak parameters for all data sets are presented in Table .

[Weick et al., 2002]. The shift in the mean of the range distributions X, for the beam
position scan represents the homogeneity of the matter. The areal density of the gas
degrader of 85 mg/cm? used in the position scan corresponded to 525 mbar pressure
of the degrading nitrogen gas. Due to the difference to the atmospheric pressure, the
Kapton windows of the gas degrader had a concave shape. This deformation of the
beam windows resulted in different effective lengths of the degrader and, therefore,
different amounts of degrading gas for beam on-axis and off-axis positions. However,
only a small shift of ~ 2 mg/cm? is expected from the curvature radius of the concave
windows, whereas the measured shift is more than 8 mg/cm?. This areal density
corresponds to the thickness variation of ~ 20 — 30 pm of aluminum, which is a

reasonable value for the surface roughness of the aluminum degrader [Weick, 2019].

The measured range distributions for two different areal density values of the degrad-
ing nitrogen gas validate the concept of the gas degrader. A change of 44 mg/cm?
in the areal density of the gas degrader resulted in a corresponding change in the
required thickness of the aluminum degrader within the estimated uncertainties.

The conditions chosen for this experiment are similar to the ones, which are going to
be used at the Low-Energy Branch of the Super-FRS at FAIR. The obtained results
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Omeas / Ocorr / Xc /

Data set (mg/ch) (mg/cm2) (mg/Cm2)

Beam on axis

GD at 129 mg/cm? 7.6+0.6 7.5£0.6 1095.7£1.1

Beam on axis

GD at 85 mg/em? 0 (fixed o) 7.8 (fixed o) 11453419

Beam 3.2 cm off axis

GD at 85 mg/cm? 8.3£1.0 8.24+1.0 1144.94+1.7

Beam 8.8 cm off axis

GD at 85 mg/cm? 8.0+0.6 7.9£0.6 1137.1£1.2

Table 4.1: Peak parameters of measured range distributions for different positions of
the beam and different areal density values of the gas degrader (GD). For
the data set corresponding to the beam on-axis position and GD at 85
mg/cm?; the standard deviation value was fixed to the weighted average of
the standard deviations obtained from the other data sets. The measured
standard deviations op,eas are corrected for the thickness of the CSC in
order to obtain the real values of the standard deviations of the range
distributions ocgr.

indicate that a stopping cell with a higher areal density of buffer gas is required in
order to achieve a stopping efficiency close to unity. This requirement will be met in
the next-generation cryogenic stopping cell for the LEB of the Super-FRS, which will
be operated at an areal density of ~ 30 mg/cm? for heavy fragments thermalization
and extraction [Dickel et al., 2016, Plafl et al., 2018, /Amanbayev et al., 2018]. For
the range distribution with a standard deviation of 8 mg/cm?, this areal density
corresponds to the stopping efficiency of ~ 95 %.
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5 A novel method for the
measurement of half-lives and
decay branching ratios of exotic
nuclei

As discussed in Chapter [1 half-lives and decay branching ratios are important prop-
erties of exotic nuclei. They are crucial for the improvement and further develop-
ment of nuclear structure models and understanding of astrophysical nucleosynthesis
processes [lliadis, 2015]. At the FRS Ion Catcher, a novel method for the measure-
ment of half-lives and branching ratios has been developed [Miskun et al., 2019].
It allows simultaneous measurement of masses, ()-values, isomer excitation energies,
half-lives and decay branching ratios of exotic nuclei. The method is based on using
the cryogenic stopping cell of the FRS-IC as an ion trap for controllable storage of
mother and daughter nuclides for a variable duration and their subsequent measure-
ment with the multiple-reflection time-of-flight mass spectrometer. The novel method
is independent and complementary to the existing measurement techniques. It com-
bines the advantages of using a gas-filled cell for storage and retrapping of decay
recoils and identifying them by direct mass measurement with the MR-TOF-MS (see
Section . A detailed description of the method, first off-line and on-line results,
as well as possible future applications, are discussed in this chapter.

5.1 Description of the concept

The developed method has been implemented in the FRS Ion Catcher at the FRS at
GSI. It uses the combination of unique performance characteristics of the heavy-ion
synchrotron SIS-18,; the fragment separator, and the FRS-IC.

The concept of this method is shown schematically in Fig. 5.1} The pulsed primary
beam is accelerated to relativistic energies of up to 1 GeV /u in the SIS-18 synchrotron
and focused on the target for projectile fission or fragmentation. The fragments are
separated in-flight, energy bunched and slowed down in the FRS and delivered to
the FRS-IC. The ensemble of ions consisting mainly of the mother nuclide of interest
is thermalized in the stopping cell and stored there for a controllable duration. The
mother nuclei undergo decay, populating the daughter nuclides, which are also stopped
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Figure 5.1: Scheme of the novel method for half-lives and decay branching ratios mea-
surements with the FRS Ion Catcher. In blue color the degrading material
is shown; in orange — the active stopping volume of the CSC. The internal
228Th recoil source, which was used for the off-line measurements, is also
shown. See text for details.

in the buffer gas of the CSC. It is the first time for a gas-filled stopping cell to be
used as an ion trap for controllable storage of ions. After a certain storage time,
all ions are simultaneously extracted towards the MR-TOF-MS. In the MR-TOF-
MS, identification, counting and high-resolution mass measurement of mother and
daughter nuclides are done. From the measured abundances, the half-life of the mother
nuclide and its decay branching ratios can be deduced. In addition, masses and,
therefore, ()-values and isomer excitation energies are measured with high accuracy.
Only very general prior knowledge of nuclear properties of the nuclei to be investigated
is required, as most of them are measured during the experiment. The measurements
are done for different storage times in order to reduce systematic uncertainties.

The described method is only possible with the FRS and the FRS Ion Catcher setup
at GSI. High energies of a primary beam (up to 1 GeV/u for *8U) provided by the
SIS-18 result in high energies of the fragments, which are necessary for the required
clean separation of the fragments in the FRS. Otherwise, it would not be possible to
obtain a pure sample of mother nuclei stopped in the CSC. The presence of other
nuclides in the sample might spoil the measurement, as discussed in detail in the next
subsection. In addition, the pulsed time structure of a primary beam, as provided by
the synchrotron, is required for accurate control of the storage time. The ion ensemble
is injected into the CSC as a short pulse, stored and extracted before the next ensemble
arrives. At other in-flight radioactive ion beam facilities, where cyclotrons are used
for ion acceleration, continuous primary beams of lower energies are produced. For
example, at RIKEN the energy of a primary beam reaches 345 MeV/u. At this
energy, the required clean separation is not possible. It was shown that different
isotones cannot be separated [Kubo, 2003]. To implement there the method discussed
in this work, additional instrumentation is needed for pulsing and purification of the
fragment beam. As it was already discussed in Subsection [1.4.1], it was proposed in
[Miyatake et al., 2018] to use a series of gas-filled stopping cells and MR-TOF-MSs
as a possible solution.
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5.1.1 Production of a pure sample of mother nuclei

One of the most important requirements of the method is to obtain a relatively pure
sample of mother nuclei stopped in the CSC. The presence of other nuclei, which decay
into the mother nuclide of interest or some of its daughters, will harm the abundance
measurement and may make a deduction of half-lives and branching ratios impossible.
An example of unwanted nuclides for [S-delayed neutron emission measurement is
shown in Fig. m The mother nuclide of interest (N, Z) marked green undergoes (-,
Bn- and B2n-decays. All the isotopes highlighted with red color will contribute to the
background, populating either the mother nuclide or its daughters. Their presence in
the stopped ensemble of ions is critical for the measurement. The presence of daughter
nuclides themselves (yellow) in the initial ensemble is also unwanted, however, it can
be easily corrected for by measuring the background at a very short storage time
and subtracting it from the results. Isotopes marked white will not contribute to the
problematic background and, therefore, can be tolerated. In a similar way, unwanted
isotopes can be identified for any type of decay.
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Figure 5.2: Visualization of nuclides that hinder the measurement of half-life and de-
cay branching ratios for the case of [-delayed neutron emission. The
mother nuclide of interest (N, Z) is in green. In yellow are the daughter
nuclides that are produced in §-, fn- and f2n-decays. In red are the nu-
clides that will contribute to the problematic background by populating
the mother or the daughter nuclides. In white are the nuclides that will
not affect the measurement and can be tolerated.
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At the fragment separator at GSI, produced beams of exotic nuclei can be purified
to the required level due to the high energy of the fragments. Obtaining a sam-
ple of ions containing mainly the mother nuclide of interest is possible by operating
the FRS in an achromatic mode and using slits to remove the unwanted isotopes
[Geissel et al., 1992a] (see Subsection [[.2.2)). Another way is to operate the FRS
in a monochromatic mode and use the differences in range distributions of different
nuclides and the relatively small stopping thickness of the CSC [Hornung, 2018|. To
demonstrate the latter approach, simulations were done with LISE++|Tarasov and
Bazin, 2008] and MOCADI [Iwasa et al., 1997] software packages. '3"Sb was chosen
as the mother nuclide of interest. In the simulations, fragments were produced using
a 238U primary beam with an energy of 800 MeV /u and intensity of 2 - 10° ions/s and
a lead target with a thickness of 2,600 mg/cm?. Yields of 137Sb and all neighboring
nuclides (according to Fig. for different range in helium were calculated for the
monochromatic operation mode of the FRS. Results of the simulations are plotted in
Fig. 5.3 The number of stopped ions can be calculated by the definite integral of
the range distribution of the nuclides over the thickness of the CSC. The shaded area
represents the 10 mg/cm? thickness of the stopping cell. In order to obtain a clean
sample of 137Sb isotope, the CSC should cover a part of the range distribution between
1180 and 1190 mg/cm?, as shown in Fig. . In practice, the first 1180 mg/cm? of
helium are replaced by the equivalent amount of aluminum degrading material. In
this setting, the most abundant harmful contaminant, which is also thermalized in
the stopping cell, is the ¥"Te isotope, a 3-decay daughter nuclide of '3"Sb, with a
relative abundance of 1072, This abundance can be measured at short storage times
and subtracted from the results. *®Te is stopped in amounts similar to 3"Sh, but
does not harm the measurement, as it is one of the ”white” isotopes from Fig. [5.2]
From other "yellow” and "red” nuclides, *%Sn and '3"Sn are stopped in the CSC with
relative abundances at a level of 107°. All other nuclides are practically not present.
From the results of the simulations, it was suggested to set a lower limit of 10~* for
the measurable branching ratios for such decays of neutron-rich isotopes. This limit
will be different for different mother nuclides and decay channels, depending on the
region of the chart of the nuclides and each particular case.

It is also important to mention that for investigations of y-decaying nuclides there
will always be non-zero contamination, because isomeric states will not be separated
in the FRS. However, in this case, the ground state of the nuclide will be the ”yellow”
isotope from Fig. and the results can be corrected for its initial amount measured
at small storage times.
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Figure 5.3: Calculated yields of !37Sb and its neighboring nuclides (according to
Fig. per range in helium [Miskun et al., 2019|. Calculations were
done with LISE++ software. Main simulation settings are: 23U primary
beam with an initial energy of 800 MeV /u and intensity of 2 - 10% ions/s,
Pb target with a thickness of 2.6 g/cm?, monochromatic operation mode
of the FRS, monoenergetic degrader with a thickness of 7 g/cm? corre-
sponding to d/R=0.54 of the range of the fragments in aluminum. The
energy of the 137Sb nuclei after the monoenergetic degrader is 420 MeV /u.
The shaded area corresponds to the 10 mg/cm? thick CSC positioned for

the optimum thermalization of the 37Sb mother nuclei.
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5.1.2 Retrapping of daughter nuclides

After the ion sample containing the mother nuclide of interest is stopped in the CSC,
it is stored there for a controllable duration. The mother nuclides undergo decay
and produce the daughter nuclides, which have to be thermalized or, in other words,
recaptured in the helium buffer gas. Depending on the type of decay, decay products
have different energies and, therefore, different stopping ranges (see Subsection.
To estimate the stopping ranges of daughter nuclides in the CSC for different decay
types, simulations were done with SRIM (Stopping and Range of Tons in Matter)
software [Ziegler et al., 2010]. A helium gas density of 40 ug/cm?, which corresponds
to the typical areal density of the CSC of 4.2 mg/cm?, was used in the simulations.
In y-decay, the daughter nuclide obtains kinetic energy of a few tens of electronvolts,
which results in a stopping range distribution of a few tens of micrometers. In S-decay,
the recoil has an order of magnitude higher kinetic energy and a range distribution of
0.05 — 0.2 mm. In case of -delayed or direct nucleon emission, the daughter nuclide
has a kinetic energy of a few tens of kiloelectronvolts and a corresponding stopping
range of 0.5 — 2.0 mm. Finally, in a-decay, the recoils have the largest kinetic energies
of 100 — 200 keV and their range distribution reaches up to 10 mm.

The active stopping volume of the CSC has a diameter of 25 cm and a length of
105 cm, as described in Subsection As long as decays occur in the bulk of the
helium buffer gas, there is no risk of losing the produced daughter nuclides. However,
the first off-line and on-line measurements with this method (Sections and
were done by storing the ions at the surface of the RF carpet close to the extraction
nozzle. In these studies, nuclides undergoing a- and y-decays were investigated. The
RF carpet has an electrode pitch of 0.25 mm, and the repelled ions are kept at the
distance approximately equal to a half of the pitch size, that is ~ 0.125 mm [Ranjan
et al., 2011). Therefore, half of the daughter nuclides produced in a-decay at the
RF carpet surface will be lost on the electrodes. The other half will recoil in the
direction away from the RF carpet into the helium bulk, will be stopped, extracted and
measured with the MR-TOF-MS. Corresponding corrections have to be introduced to
the measured counts in order to compensate for the lost ions. In case of y-decaying
nuclides, such corrections are not needed, because the stopping range of the daughter
nuclides is very small and no ions will hit the RF carpet surface and be lost for the
measurement.

For (-decays and (-delayed or direct nucleon emission, the stopping range distribu-
tions of recoils are of the same order of magnitude as the distance to the RF carpet.
In these cases, it is hard to accurately estimate the number of lost ions and to correct
for it. To solve this problem, a dynamic storage of the ions inside the CSC can be
done. This allows the storage of ions mostly in the bulk of the helium buffer gas,
where the products of decays of all types are recaptured. This technique has been
investigated in simulations and is discussed in detail in Section
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5.1.3 Measurement of masses and abundances

After the ions are extracted out of the CSC, they are transported to the
MR-TOF-MS, where high-resolution mass measurements and isotope counting are
done. Performance characteristics of the MR-TOF-MS are another essential pillar
of the discussed method. The broadband and non-scanning measurement technique
allows simultaneous measurement of the mother nuclide and all of its daughters. It
makes the use of beam time more efficient and leads to a reduction of systematic
errors, which might occur during sequential measurements. High resolution is needed
to separate and identify all nuclei of interest. The short measurement time of a few
milliseconds ensures that no additional uncertainty arises due to decays, which occur

in the MR-TOF-MS instead of the CSC.

Accurate determination of masses and abundances is done with the elaborated anal-
ysis procedure [Ayet San Andrés et al., 2019] described in Section [2.3] As mentioned
earlier, the procedure is capable of handling overlapping peaks, also of strongly differ-
ent relative abundances, and very low-statistics peaks (down to ~ 10 counts), which
is of great importance for the discussed method. Even very weak decay branches can
thus be identified and measured.

5.1.4 Measurement of half-life and branching ratios

The storage time of ions can be varied from the CSC extraction time value
(~ 50 ms) to the duration of up to 10 s, as demonstrated in Subsection . Within
these storage times, half-lives of a very wide range of exotic nuclei and their isomers
can be measured. Decay branching ratios are calculated as the ratios between the
abundances of each particular daughter nuclide and the sum of abundances of all
daughter nuclides.

The analysis of the obtained data is done in the following way [Miskun et al., 2019].
Measured counts of the mother (P(t)) and daughter (R;(t)) nuclides are fitted to the
well-known solutions of Bateman equations [Bateman, 1910]:

P(t)= A, e, (5.1)

Ap

Rit) = yoi - e ! 4
(t) = yoi - € +)\Ri_)\P

Ny Ay (e — ety (5.2)
where A, is the initial amount of mother nuclei in the ion sample, A\p and \g; are the
decay constants of the mother and daughter nuclides, yy; is an initial background of
the i’th daughter nuclide, and n,; is the i’th decay branching ratio. Decay constants
are related to the half-lives by A = In2/T; /5. The sum of n,; is equal to unity.

For the cases when the half-lives of the daughter nuclides are much longer than the
half-life of the mother nuclide and the storage times, it is possible to assume Agr; — 0
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and to simplify Eq. (5.2) to
Ri(t) = yoi + mpi - Ay - (L —e 7). (5.3)

In order to reduce statistical and systematic uncertainties, all sets of data of the
mother and daughter nuclides are fitted with one global fit. The fit uses Eq.
for the mother nuclide data and Eq. or Eq. for the daughter nuclides
data, enforcing a shared parameter A\p for all data sets. This gives an advantage of
constant statistics for all storage time values, whereas if the mother nuclide decay is
fitted separately, the statistics decreases with the storage time as less and less mother
nuclide counts are detected. Apart from that, in the global fit, all branching ratios
(n,4), initial backgrounds (yo;) and the initial amount of the mother nuclide (A4,) are
constrained to be non-negative. The sum of all n,; is constrained to be equal to 1.

The half-life and decay branching ratios can be also extracted from a single measure-
ment at a fixed storage time in the case, if the initial backgrounds y; of the daughter
nuclides are negligible or known, and if the half-lives of the daughter nuclides are
relatively long (Ag; — 0). For the case when yo; = 0, the formula for half-life calcula-

tion can be derived by the division of Eq. (5.1)) by sums of Eq. (5.3)) for all daughter
nuclides and subsequent algebraic manipulations:

1+D]‘1

T1/2 =Iln2- ts : |:h’l (54)
where D = P/R and t, is the storage time. The decay branching ratios can be
calculated by:

_ Ri(t)
~ XRi(ts)
The statistical uncertainties of the half-lives and branching ratios depend on the
uncertainties of the measured counts, which are given by the MR-TOF-MS analysis

procedure (see Section [2.3). They include statistical errors of the measured counts
and the peak shape error of the fitting routine.

. (5.5)

Mg

One of the possible contributions to the systematic uncertainties is a loss of ions
due to charge-exchange reactions or molecule formation in the CSC. These processes,
in principle, are element dependent and might drastically affect the measurement of
branching ratios. However, it has been shown in previous investigations [Plaf et al.,
2019] that the ion survival and extraction efficiency of the CSC is almost element
independent. As a part of these studies, the efficiencies were compared for one of the
least reactive chemical elements (Rn, noble gas) and one of the most reactive ones
(Th). Results presented in this work (Subsection also support the statement
about the negligibility of the non-nuclear-decay losses.

As it was discussed in Section 4.2}, isotopes of different chemical elements are extracted
out of the CSC in different charge states. In cases of different charge states of the
mother and daughter nuclides, both mass-to-charge regions have to be measured with
the MR-TOF-MS. For newly-investigated chemical elements, the temporal behavior
and the charge states distributions can be studied using stable or near-stable isotopes
of these elements.
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5.2 First off-line tests and proof of principle

The method was first tested and investigated in a series of off-line measurements
[Miskun et al., 2019]. For these investigations, the ions from the internal ?** Th a-recoil
source (see Section were used. The storage of ions inside the CSC was reached by
applying a high blocking potential to the extraction nozzle for an adjustable duration.
In order to extract stored ions, the nozzle potential was pulsed low to its nominal
voltage for a few milliseconds. The CSC was operated with 33 mbar of helium buffer
gas at a temperature of 74 K, which corresponds to an areal density of 2.3 mg/cm?.
Results are discussed in the following sub-sections.

5.2.1 Transport time measurement

As the very first step of the method development, it was important to clarify that,
after the storage in the CSC, the ions can be extracted and transported to the detector
as a single bunch within a reasonably small time. If this would not be the case, it
would mean that the ions are trapped either at the extraction nozzle or in the RFQ
beamline, which would add additional uncertainty to the measurement.

For this test, the 228Th source was pulsed, delivering a bunch of ions to the stopping
volume of the CSC. The ions were thermalized, transported to the RF carpet, and
accumulated at the extraction nozzle, which was on a high potential to block the ion
extraction. The nozzle potential was then pulsed down to its nominal value, allowing
extraction of ions into the RF(Q beamline. Lowering of the nozzle potential triggered
the time-to-digital converter (TDC) used for the data acquisition, and the number
of ions arrived at the detector at different MR-TOF-MS cycles was measured. The
MR-TOF-MS was operated at a repetition rate of 50 Hz. For the measurement, the
220Rn* ions were used, because all the ions of this nuclide were extracted singly-
charged, and its half-life (55.6 s) is long enough compared to the transport time in
order to not take into account the ion losses due to the nuclear decay.

Results of this test are shown in Fig. [5.4 ?°Rn™ ions were measured at each MR-
TOF-MS cycle after the nozzle opening and normalized to their total amount. As can
be seen from the plot, most of the ions from the original bunch (more than 90 %) arrive
at the detector at the very first MR-TOF-MS cycle of 20 ms. A smaller fraction of a
few percents misses the first cycle and makes it to the detector during the second one.
However, only ~ 0.3 % of ions are scattered and arrive at the detector in later cycles.
From this, it is possible to conclude that, for the nuclides with half-lives of hundred
milliseconds and larger, the transport time will not bring any significant contribution
to the systematic uncertainties.
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Figure 5.4: Measured counts of the ??Rn™ ions at different MR-TOF-MS cycles after
releasing the ion bunch from the extraction nozzle of the CSC. The MR-
TOF-MS was operated at a repetition rate of 50 Hz. Normalization is done
to the total amount of measured 2?Rn* ions. Most of the ions arrive at
the detector as a single bunch during the first MR-TOF-MS cycle of 20

1msS.

5.2.2 lon storage in the CSC

One of the most important steps in the development of the discussed method was
to demonstrate that the ion storage inside the CSC is possible without significant
non-decay losses occurring, for example, due to the neutralization of ions in collisions
with contaminant atoms or electrodes of the CSC. For this, stable and relatively long-
lived products of the ?**Th source were used. A bunch of ions was released from the
pulsed source, transported to the RF carpet, focused at the extraction nozzle, and
stored there for a certain time. Afterwards, the ions were extracted out of the CSC
and measured with the MR-TOF-MS. The measurement was repeated for different
storage times.

In these investigations, the MR-TOF-MS was operated in TFS mode. The singly-
charged ions of the nuclides *®*Pb (stable), 2®*T1 (T3, = 3.053 min), and **°Rn
(T2 = 55.6 s) were measured. The storage times varied from 0.2 to 9 s. Due to the
low resolving power, the ions of the nuclides 2°*Pb and 2°8T1 were not resolved in mea-
sured mass spectra. These nuclides were treated as a single ion species because their
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expected temporal behavior on the scale of investigated storage times is practically
the same.

Results are shown in Fig. [5.5] The solid curves represent the expected temporal
behavior of the data: an exponential decay curve with a fixed T}/, of 55.6 s for the
220Rn isotope and a constant line for the combination of the nuclides 2°*Pb and 2"TI.
For both data sets, measured data points are in good agreement with the expected
behavior.

The non-nuclear-decay losses were estimated by implementing an additional expo-
nential decay component to the fitted functions. The half-lives of the nuclear decays
were fixed to the literature values, and the half-lives of the non-nuclear decays were
obtained from the fit results. The values obtained for the non-nuclear-decay half-
lives are in the order of a few hundreds of seconds, which proves that such losses are
negligible for the storage times of up to 10 s used in this work.
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Figure 5.5: Measured ion counts of the nuclide ?**Rn and the sum of the nuclides 2*Pb
and 208T1 as the function of the CSC storage time. Solid curves represent
fitted expected temporal behavior: 22°Rn* counts are fitted with an ex-
ponential decay curve with a fixed half-life of 55.6 s; the summed counts
of 28Pb* and 2%TI" are fitted with a constant line. Results indicate
negligible non-nuclear-decay losses for the investigated range of storage
times.
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These results also demonstrate the good cleanliness of the CSC. Assuming that colli-
sions of the ions are dominated by the polarization of the buffer gas [Dehmelt, 1967],
the ion collision rate with the helium atoms for the given experimental conditions can
be estimated to be ~ 3 GHz. The half-life of the non-nuclear losses of a few hun-
dreds of seconds corresponds to the rate of collisions with the contaminant ions, in
which the ions are lost, of a few millihertz. This indicates that the relative amount of
harmful impurities with a low ionization potential in the buffer gas must be lower than
107, which is in good agreement with previous measurements of the CSC cleanliness
[Ranjan et al., 2015].

5.2.3 Measurement of half-life of 2Po

To test the method for the measurement of half-lives, the nuclide ?'®Po was used.
216Pg is produced by the internal ??*Th source. It undergoes a-decay to 2'2Pb and
has the literature half-life of (145 4 2) ms. Alpha decay to '?Pb is the only decay
channel of 21Po, which has a positive Q-value. A mass spectrum of the nuclides 2!Po
and 2'2Pb measured with the MR-TOF-MS in TFS mode is shown in Fig.[5.6] The red
curve represents the overall fit to both peaks obtained using the analysis procedure
described in Section 2.3l Small amounts of molecular contaminants produced by
ionization can be also seen in the spectrum. The contaminants were not included in
the fitting procedure. Similar spectra were measured for different storage times in the
CSC and were analyzed in order to extract the abundances of measured nuclides.

The idea of the measurement was to store the ion bunches produced by the pulsed
228Th source in the CSC for different durations, to demonstrate simultaneous decay
of the mother nuclide 2'Po and corresponding growth of the daughter nuclide 2!2Pb,
and to measure the half-life of 2'Po. Storage times of up to 1 s were used. Here,
the storage time is defined as the time difference between the temporal midpoint of
the ion bunch emitted from the ?2Th source and the pulsing down of the extraction
nozzle to allow ion extraction. 2'?Pb has a half-life of 10.64 h, which is relatively long
compared to the investigated storage times. Therefore, for the global fit of the data,

Eq. (5.3) was used instead of Eq. (5.2)) (see Subsection [5.1.4)).

To the measured counts, certain corrections had to be applied. First, as discussed in
Subsection [5.1.2] for alpha decays that occurred at the RF carpet, the efficiency of
the recapturing of recoils is only 50 %. Therefore, ?'?Pb counts had to be corrected
accordingly for the fraction of the storage time that ions spent at the RF carpet
surface. This time was calculated by subtracting the time that ions needed to reach the
RF carpet (defined from ion mobility) from the storage time used in the measurement.
The second correction originated from the problems with the RF carpet operation
and the increased extraction time uncertainty discussed in Section For storage
times bellow 200 ms, a certain fraction of the ions was not extracted in the correct
measurement cycle and was effectively stored in the CSC for an additional second.
This lead to a decreased amount of 2°Po counts and increased amount of 212Pb counts.
In addition, dead-time effects in the DAQ had to be taken into account, as the off-line
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Figure 5.6: Mass spectrum of the nuclides 2°Po and ?'?Pb measured with the MR-
TOF-MS in TFS mode. The nuclei were produced by the #8Th recoil
source installed inside the CSC. The red curve represents the overall fit
of both peaks. Molecular contaminants of smaller abundances are not
included in the fitting procedure. The un-binned data are shown below
the baseline of the spectrum.

source was generating a significant amount of ions that were extracted and detected
in one MR-TOF-MS cycle. All mentioned corrections were estimated and applied to
the measured data together with the corresponding uncertainties.

Results of the measurement are shown in Fig. . 216Pg and 2'2Pb counts are plotted
normalized to their sum. Data points were fitted with the global fit using Eq.
and Eq. . It can be clearly seen that the trends of the two data sets correspond
to the decay of the mother nuclide and the growth of the daughter nuclide. From the
global fit, a half-life value for 2'Po of (145 4 11) ms is obtained, which agrees well
with the literature value of (145 £ 2) ms [Audi et al., 2017].

In order to estimate the uncertainty improvement brought by the global fit, normalized
216po data points were also fitted to Eq. independently. The half-life value
obtained from the fit results is (158 & 15) ms. It is consistent with the value obtained
from the global fit, but has a larger uncertainty. An independent fitting was also done
to the non-normalized counts of 2'°Po. This gave a consistent result with a similar
uncertainty. The advantage of using the global fit, which improves the statistics by
taking into account both, mother and daughter nuclides, is evident.
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Figure 5.7: Measured counts of the nuclides 2!Po and 22Pb for different storage times
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in the CSC. Normalization of counts is done to their sum. The lines
represent a global fit to both data sets using Eq. and Eq. .
From the global fit, a half-life for 2!Po of (1454 11) ms is obtained, which
agrees well with the literature value of (145 £ 2) ms.



5.3 Measurement of 'Sb and its isomer

5.3 Measurement of '“Sb and its isomer

The method was also tested during the beam time at GSI in 2016 for the measure-
ment of a half-life and decay branching ratios of the '¥"2Sbh isomer |[Miskun et al.,
2019]. The measurement was done during the first experimental block with fragments
produced by 23U primary beam impinging on a beryllium target. Experimental con-
ditions were as described in Section with the only difference of shorter ion spills of
200 ms. Short spills coming from the SIS-18 were separated by relatively long breaks
(~ 10 s) in order to allow long storage times in the CSC. Due to the low energy of
the primary beam, the separation of fragments in the FRS was not optimal, which
resulted in increased statistical uncertainties. Rates of the fragments stopped in the
CSC were in the order of 10 ions per second, which is, according to Section , well
below the rate threshold corresponding to the onset of space charge effects and to a
drop in extraction efficiency of the CSC.

5.3.1 First direct mass measurements and spin assignment for
the 19"2Sb isomer

For the 9"2Sh isomer, it is energetically possible to undergo different decays. It can
decay by BT-decay to the nuclide '*"Sn, by B~ -decay to the nuclide **Te, and by
y-decay to the ground state '%9Sb. Due to the non-optimal fragment separation in
the FRS, all these nuclides and states were produced and transported to the FRS Ion
Catcher, stopped in the CSC and measured with the MR-TOF-MS. In Figure 5.8, a
measured mass-to-charge spectrum of stopped and extracted fragments is shown. Both
nuclides "?Te and ™?Sn have long-lived isomeric states (9"Te with an excitation
energy of 260.96 keV and a half-life of 4.7 days; ''"Sn with an excitation energy
of 89.531 keV and a half-life of 293.1 days) [Audi et al., 2017]. These isomers were
not resolved during the measurement, because of the resolving power limitations for
19mQn and because of the low accumulated statistics for 1" Te. Therefore, the counts
of 198n and ''9Te were fitted with single peaks assuming that only their ground states
were populated.

The MR-TOF-MS was operated with a mass resolving power of 290,000. As it can
be seen from the spectrum, the peaks of 'Sn and '!'%9Sb are not fully separated,
just as the peaks of 1'9Te and ''2Sb. The mass value and abundance of each peak
were determined by using the Hyper-EMG function [Purushothaman et al., 2017a]
obtained from the calibrant peak. The fits to each separate peak are shown in Fig.
in different colors, whereas the overall fit is represented by the red curve. The use of
the Hyper-EMG proved to be crucial for the analysis, because with its help also the
abundances of strongly-overlapping peaks could be measured very accurately.

As it was already discussed in the outline of the method, one of its important ad-

vantages is that during the measurement of half-life and decay branching ratios also
the masses of mother and daughter nuclides are measured. From mass values, it is

99



5 A novel method for the meas. of T}y and decay branching ratios of exotic nuclei

(€3]
o
|

119G h*

N
o
]

119m23 b+

Counts / (84 pu/e)

|'|' L1 TR
118.904 118.906

Mass-to-charge ratio / (u/e)

Figure 5.8: Mass spectrum of the nuclides 1*2Sb, 1199Sh, 1198n  and '9Te measured
with the MR-TOF-MS. The nuclides were produced in the FRS at an
energy of 300 MeV/u. The mass resolving power of the MR-TOF-MS
was 290,000. The red curve represents the overall fit of all peaks; the
green, blue, orange, and pink curves represent fits to the peaks of the
individual nuclides. The un-binned data are shown below the baseline of
the spectrum.
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5.3 Measurement of 'Sb and its isomer

possible to deduce isomers excitation energies, (J-values of nuclear reactions, one- and
two-nucleon separation energies, etc.

In this work, the masses of the nuclides 192Sb, 199Sh 119G and '”Te have been
measured. The mass of the nuclide '%Sb and the excitation energy of the 1972Sh
isomer have been measured directly for the first time. The results are compiled in Ta-
ble B.1l The measurement was done with 560 isochronous turns in the
MR-TOF-MS, which correspond to the total time-of-flight of ions of 18.9 ms. For
the calibration, the ion 2Co!"FF (A = 119) was used. The measured masses of the
nuclides 11%9Sb, 119Sn, and '°Te are in good agreement with the literature values pub-
lished in the Atomic Mass Evaluation (AME2016) [Wang et al., 2017]. The measured
excitation energy of the 9m2Sh isomer is smaller than the one given in the Atlas of
nuclear isomers |Jain et al., 2015]. The detailed discussion on this result follows in
the next paragraphs.

119m28} - the second isomeric state of ''9Sb with a half-life of (850 4 90) ms, was
first discovered in 1979 [Shroy et al., 1979]. However, its excitation energy and spin
assignment are still not clearly identified. Several gamma spectroscopy experiments
[Shroy et al., 1979, Lunardi et al., 1987, Porquet et al., 2005, [Moon et al., 2011]
indicated different results. Possible reasons for this are the complexity of a gamma
spectrum, multiple y-rays at almost the same energy, and the existence of another
isomeric state with the excitation energy of (2553.6 + 0.3) keV. The Atlas of nuclear
isomers |Jain et al., 2015] and the Evaluated Nuclear Structure Data File (ENSDF)
[Symochko et al., 2009], give the following adopted values for '¥"2Sh: excitation
energy of (2841.7+0.44x) keV, where z is to be determined; spin and parity of 27/2%.
For the 2841.7 keV level, the adopted spin assignment is ™ = 21/2~ [Symochko et al.,
2009].

In this work, the excitation energy of 19"2Sh has been measured directly for the first
time. The obtained value of (2799 & 30) keV (see Table is 1.4 o lower than the
adopted value of (2841.7 + 0.4 + x) keV. This result indicates that the unknown x
parameter must be consistent with 0 and that the 2841.7 keV level itself is the long-
lived isomeric state, as it was originally proposed in [Lunardi et al., 1987] and later
adopted in [Porquet et al., 2005]. Both of these gamma-spectroscopy experiments
assigned I™ = 25/2% to the 2841.7 keV level based on the conversion coefficient
value of the 288.2 keV transition depopulating the isomer. Therefore, the results
obtained in this work confirm the "9"2Sb isomeric state designation of [Lunardi et al.,
1987] and |Porquet et al., 2005] and contradict the adopted assignment [Jain et al.,
2015, Symochko et al., 2009].

101



5 A novel method for the meas. of T}y and decay branching ratios of exotic nuclei

"S99R1S OLIDWOSI PUR PUNOIS POAJOSOIUN 97} I0J SJUDAD JO IOQUINU [RI0], .

"TOALS OIR SON[RA POINSBOW PUR dINJRINI[ Yl0¢

"$9JRYS PUNOIS I19Y) I0J USALS

OI® 9T 4; PUR UG, SOPIONU O} JO SON[RA DINJRIOI OYJ, "UOALS ST X977 ATIOUO UOIYRJIOXO ) ‘93RS OLIOWOST (S zy5q7 OUI 105
‘UOAIS oIe (HN) SS0X0 SSBUW JO SonfeA 9] ‘SOPI[ONU dY) JO S9je)s PUNoI3 104 (1707 ‘T8 10 Suep\| (6007 T8 10 OYUDOWAS
{cT0Z ‘e 20 urer| (1107 e 30 Ipny| WOl UoYe) oIv SonfeA 9INJRINNT AJUIRIISOUN [RJUSWILIDAXD [R)0) o1} 1D0Pol Son[eA

PaINSeOW Y} JO SOIUTIRLISOUN OY, "|GT0F "B 10 UNSIA| Ioydje)) uo] Y oY} Je pouriojiod SJUOUWLINSBIUL SSRUI JO SIMNSOY :T°G 9[R],
«+9C LLT F+ 6¢1- 8 F I8TLS- LLT F+ OT€LS- 7(50°0 F S0°91) 9Ler1
«xLEC 9¢€ + g¢- L0+ 0°99006-  9¢ + 00106~ olqe3s USert
- . . LSu (18T F 9L)) = OI—sud e/1f

L9¥ 0¢ F €¥ X+ F70FLIFG  0€ F 66.LC sw (06 F 0cg) = M F/1f 4Szwert
LG8 61 + 8- 8 F VLV68- LT F C8V68— 1 (20 F 61°8¢) 9Ss611

pamsesut A/ A/ A/

SJURAQ JO !l du@m - DI—s44d dxmm !l Foxmm OI—S4d Foxmm

Iaquuny @Hm2<mz - OHlmﬁmm:\/H @Hm:\ﬁxm:\é OHlmmmm:Z N\Hrﬁ opIPNN

102



5.3 Measurement of 'Sb and its isomer

5.3.2 Half-life and decay branching ratios of '*?Sh

For the measurement of half-life and decay branching ratios, the ions were stored for a
duration of up to 1.5 s. Here, the storage time is defined as the time difference between
the temporal midpoint of the beam spill entering the CSC and the pulsing down of
the extraction nozzle to allow ion extraction. The results are shown in Fig. The
counts of all nuclides are plotted normalized to their sum. All possible daughters of
H9m2G}h have half-lives much longer than the half-life of the mother nuclide and the
maximum investigated storage duration: T}/, (199Sb) = (39.1940.22) h, T} 2 (**?Sn)
= stable , Ty/o (*Te) = (16.05 £ 0.05) h. Therefore, the global fit using Eq. (5.1)
for the mother nuclide and Eq. for all possible daughters was applied to the
data. The results of the global fit are given in Table 5.2l The half-life obtained for
the 1192Sh isomer is (784 4+ 203) ms, which is consistent with the literature value of
(850490) ms. The results indicate that 11%Sb is the only daughter nuclide populated
from the mother nuclide decay. The decay branching ratios of - and 3~ -decays
are consistent with 0, which results in a constant temporal behavior of '°Te and
1980 counts. This is the first experimental proof that the 112Sh isomer decays only
via internal transition. In y-spectroscopy experiments, the transitions indicating 8-
and S~ -decays were not observed, whereas, in the results of this work, it is positively
shown that there is no population of 57- and 5~ -decay daughter nuclides. In addition,
from the results of the global fit, the isomer-to-ground ratio (I R) can be calculated
as IR = yg1/Ap. For the 19Sb fragments, the obtained IR is equal to 0.7 4 0.3.

The global fit applied to the counts of all measured nuclides is not optimal for the
determination of the half-life of 1972Sb. As it is shown above, the nuclides '*?Sn
and "Te have no physical connection to the decay of 1972Sb. Therefore, their
contribution to the global fit not only does not reduce the uncertainties but also
results in additional noise and increased errors of the fitted parameters. In order to
obtain the measured half-life of the mother nuclide with the smallest uncertainty, only
the counts of actual daughter nuclides with a finite branching ratio should be included
in the global fit. If using only the data sets of 119"2Sb and 1%9Sh, the global fit gives
a half-life value for the ''9"2Sh isomer of (776 4 181) ms, which is still consistent with
the literature value, but has a smaller uncertainty than the value given in Table[5.2]

Ap 0.48 £ 0.08

119m2
Sb T/ /ms 784 £ 203
199G} Yo1 0.33 £ 0.12
Ty 0.99 4+ 0.51

119Gy, Yo2 0.19 £ 0.12
(%) 0.00 = 0.45

1197, Yo3 0.00 £ 0.02

Ny3 0.01 = 0.08

Table 5.2: Results of the global fit to the 972Sb isomer decay and its all possible
daughter nuclides population. In the fit, Eq. (5.1 and Eq. (5.3 were used.

103



5 A novel method for the meas. of T}y and decay branching ratios of exotic nuclei

Normalized counts

0 400 800 1200 1600
Storage time / ms

Figure 5.9: Measured counts of the nuclides 12Sb, 19%8h, 198n and "9Te for dif-
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ferent storage times in the CSC. Normalization of counts is done to their
sum. The lines represent a global fit to all data sets using Eq. and
Eq. (5.3). From the global fit, a half-life for 11*"2Sh of (784 & 203) ms is
obtained, which agrees well with the literature value of (850 4 90) ms.



5.4 Dynamic storage of ions in the bulk of the stopping cell

5.4 Dynamic storage of ions in the bulk of the
stopping cell

As it was demonstrated in the previous sections, the developed method is very pow-
erful for the determination of half-lives and decay branching ratios of exotic nuclei.
Implemented at the FRS Ton Catcher, it yields a great potential for future experi-
ments with exotic nuclei. In this section, further improvement of the measurement
technique is discussed.

Simultaneous retrapping and measurement of all decay products together with the
mother nuclide is one of the most important advantages of the developed method.
However, for the reasons explained in Subsection [5.1.2} in order to efficiently recapture
the recoils of all decay types, it is important to ensure that the decays happen in the
bulk of the stopping gas, away from the electrodes of the CSC. For this, a new concept
of dynamic storage of ions inside the CSC has been developed. The idea of this concept
is to minimize the time that the ions spend close to the electrodes of the CSC (rings
of the DC cage, the RF carpet) by actively switching the DC push field and guiding
the ions into the bulk of the stopping gas and away from the electrodes.

The dynamic storage of ions is done in three steps. In the first step, a short ion spill
of a few milliseconds is thermalized in the CSC, transported to the RF carpet within
the full extraction time (~ 50 ms) and bunched near to the extraction nozzle, which
is pulsed to high potential in order to block the extraction of the ions. In the second
step, the DC push field is switched to a small negative value, which drags the ions
away from the RF carpet surface into the bulk of the helium stopping gas. In less
than 10 ms, the ions are already at a distance of about a centimeter away from the
electrodes and are safe to undergo decay with full efficiency for the recapture of recoils.
The ions then diffuse and drift in the weak electric field in the stopping volume of the
CSC for a controllable duration. In the third step, the DC push field is switched back
to a large positive value, the ions are transported to the RF carpet and extracted out

of the CSC.

This concept was tested in simulations performed with the software packages SIMION
[Dahl, 2000, Manura and Dahl, 2006] and ITSIM [Pla, 2001, Wu et al., 2006} Plaf}
et al., 2008b]. Electric potential distributions for the electrode geometry resembling
the real system were calculated in SIMION. These distributions were then imported
in the I'TSIM software, where ion trajectories were calculated taking into account
the electric fields and the interaction of the ions with the buffer gas. The following
experimental conditions were used in the simulations: helium buffer gas of 155 mbar
at 80 K, corresponding to a density of 100 pg/cm?; the RF carpet was operated with a
repelling RF voltage of 120 Vpeak—peax at 6 MHz and 4 V /cm focusing DC field; the DC
push field was switched between 10 V/cm and —0.5 V/cm. Ions with a mass-to-charge
ratio of 219 u/e were used. The simulations were done using a macroscopic collision
model, which describes the ion motion in a gas medium in terms of ion mobility and
diffusion. The reduced ion mobility of 17.5 cm?/(V-s) was used [Viehland, 2012]. The
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Figure 5.10: Ion trajectories during the dynamic storage in the CSC simulated with
ITSIM. The RF carpet is shown as a hash in black; ion trajectories are
plotted in red; arrows indicate the direction of ion motion. Ions are
thermalized, transported to the RF carpet and bunched at the nozzle as
the first step. The switched DC push field drags the ions away from the
RF carpet into the bulk of the stopping gas in the second step. Left panel
— 8 ms into the second step; middle panel — 100 ms into the second step;
right panel — 600 ms into the second step. At 8 ms into the second step,
the ions are already at a distance of ~ 1 cm away from the RF carpet
surface.

model and simulation parameters were validated with experimental results [Reiter,
2015, Rink, 2017].

Simulated ion trajectories are shown in Fig. |5.10 Each panel represents the down-
stream section of the CSC. The vertical axis z corresponds to the longitudinal di-
mension of the CSC (105 c¢m long) with the RF carpet positioned at z = 0. The
horizontal axis  corresponds to the radial dimension of the CSC (25 cm in diameter)
with the extraction nozzle positioned at x = 0. The RF carpet is shown as a hash,
its dimensions, as well as the dimensions of the extraction nozzle, are not to scale.
The trajectories are plotted in red and the arrows indicate the direction of ion mo-
tion. The trajectories of ions coming towards the RF carpet and away from it were
separated in the simulations for better visual representation. The first panel shows
the ion trajectories during the end of the first step and the beginning of the second
step. After 8 ms from the moment of switched DC push field, the ions are already at
a distance of ~ 1 cm away from the RF carpet surface. The second and third panels
show the trajectories at 100 ms and 600 ms into the second step. As can be seen from
the simulations results, the ions slowly drift and diffuse in the dense stopping gas and
weak electric field. However, after a certain time (~ 1 s), the ions might reach the
walls of the inner chamber, so if longer storage times are required the first and the
second steps can be repeated. Results indicate that the dynamic storage of the ions
allows keeping them away from the electrodes for the largest part of the duty cycle,
such that the recoils of all decay types are retrapped with full efficiency.
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Summary

In this doctoral work, a novel method for simultaneous measurement of masses, isomer
excitation energies, half-lives, and decay branching ratios of exotic nuclei has been
developed, implemented, and used at the FRS Ion Catcher (FRS-IC) experiment
[Pla et al., 2013a] located at the GSI accelerator facility in Darmstadt, Germany.
The method utilizes the advantages of in-flight production and separation of exotic
nuclei at relativistic energies in the fragment separator (FRS) [Geissel et al., 1992a],
controllable storage of the ions of interest and retrapping of their decay recoils in a
gas-filled cryogenic stopping cell (CSC) [Ranjan et al., 2011} Reiter, 2015], and fast,
accurate and broadband measurement with a multiple reflection time-of-flight mass
spectrometer (MR-TOF-MS) [Plaf§ et al., 2008a/, [Dickel, 2010, Dickel et al., 2015b].

The feasibility of the method has been demonstrated in pilot measurements with
the FRS Ion Catcher [Miskun et al., 2019]. The measurements have been performed
with the nuclide 2!Po produced by an internal a-recoil source and with the nuclide
H98h and its isomer produced by fragmentation of #*U primary beam at an energy of
300 MeV /u. It has been shown that the ions can be stored in the CSC for controllable
durations of up to 10 seconds without non-nuclear-decay losses. The a-decay of 21°Po
and the internal transition of the 9m2Sh isomer produced in the FRS have been
investigated by observing simultaneous decay of the mother nuclides and growth of the
daughter nuclides. The measured half-life value for '°Po of (145+11) ms is consistent
with the literature value of (145 + 2) ms; and the measured half-life of '9"2Sh of
(7764181) ms is consistent with the literature value of (8504£90) ms. For the 1*9"2Sh
isomer, for which it is energetically possible to undergo three different types of decay,
the decay branching ratios have been measured directly for the first time. It has been
experimentally confirmed that the isomer decays by internal transition, whereas the
probabilities for 57- and S~ -decays are consistent with 0. The masses of the ground
and isomeric states of 1°Sb have been measured directly for the first time, as well.
Previously, the excitation energy and the spin assignment of the 1!"2Sb isomer had
not been unambiguously established. The results of y-ray spectroscopy experiments
contradicted each other. In this work, it has been confirmed that the '92Sb isomeric
state has an energy level of 2841.7 keV, which supports the results reported in [Lunardi
et al., 1987, Porquet et al., 2005, where the suggested spin assignment for this isomer
is I™ = 25/2%. The obtained results indicate that the adopted assignment [Jain et al.,
2015, |[Symochko et al., 2009] for the excitation energy and the spin of 19™2Sb is not
correct.

In addition, within the frame of this thesis, a number of technical improvements and
upgrades have been introduced to the FRS Ion Catcher setup. (i) A new calibration

107



Summary

228T'h recoil ion source has been installed inside the CSC. This source and a discharge
source [Greiner, 2013a] have been extensively characterized. Ions produced by the
internal sources can be used not only as calibrants for mass measurements with the
MR-TOF-MS but also for off-line investigations and tests with the system, such as
ion transport optimization, cleanliness tests, tuning of the high-resolution operation
modes of the MR-TOF-MS, etc. (ii) The vacuum system has been upgraded, which,
in combination with the extended RFQ beamline [Hornung et al., 2018], has resulted
in higher possible areal densities of the CSC operation. The safe long-term operation
of the CSC at areal densities of helium buffer gas of up to 10 mg/cm? has been
demonstrated, which is almost a factor of two higher than in the past. The increase
in the buffer gas areal density leads to the corresponding increase in the stopping
efficiency of the CSC. (iii) In order to increase the selectivity of ion transport, two
new techniques have been developed and implemented: the isolation-dissociation-
isolation (IDI) method in the RFQ beamline |Greiner et al., 2019] and the separation
by ion mobility at the RF carpet. These techniques are powerful tools for suppression
of molecular contaminants, removal of unnecessary space charge from the transport
beamline, and enhancing the cleanliness of measured spectra. The technical upgrades
implemented to the FRS Ion Catcher in this work are an essential part of preparations
for the upcoming experiments in the FAIR Phase-0 campaign [Plafl et al., 2019].

Also, in this work, characterization studies have been conducted. (i) The cleanliness
of the CSC and the charge states of the thermalized and extracted ions have been
investigated. It has been confirmed from the measurements of ions of more than
25 different chemical elements that the charge states are governed by the ionization
potential of Ny molecules, which are the dominant contaminant of the helium buffer
gas in the present setup [Miskun et al., 2017]. (ii) Complementary to the work in
[Reiter et al., 2016] rate capability studies of the CSC have been conducted. The
obtained results are in good agreement with the former investigations. They also
verify the simulation model used for calculation of the space charge effects in the
CSC [Heifle, 2015] and show that their influence on the RF carpet performance in
the present setup is negligible. (iii) In addition, the homogeneity of the matter in the
beamline of the FRS has been studied with the FRS Ion Catcher. It has been observed
that, for 2¥U primary beam with an initial energy of 300 MeV /u, the measured width
of the range distribution of the ions o = (7.8 4 0.4) mg/cm? is more than a factor of
five larger than the calculated collisional straggling. The results indicate that the the
range distribution of the ions for these experimental conditions is dominated by the
contribution of the charge-exchange range straggling [Weick et al., 2002|. A thickness
variation of the matter in the beamline of the FRS corresponding to ~ 20 — 30 pm of
aluminum has also been measured.
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As it has been shown in this work, an important advantage of the novel method for the
measurements of half-lives and decay branching ratios is that the nuclide identification
and counting are done by direct mass measurement. This can provide independent
and complementary information to the results of measurements performed by indirect
methods, such as gamma spectroscopy. It can also be used for resolving debates
about the spin assignment of excited states in complex cases, as it was demonstrated
for the 19"2Sh isomer. According to the Atlas of nuclear isomers |Jain et al., 2015],
there are at least 20 other isomeric states in nuclides ranging from Co to Ra, for
which excitation energies and spin assignments are still not defined unambiguously,
and which are accessible, from their half-lives and excitation energies values, for the
measurements with the FRS-IC.

A significant contribution of the developed method can be also expected for the mea-
surements of [-delayed neutron emitters because, unlike the conventional methods,
the method developed in this work does not rely on the detection of emitted neu-
trons, which gives rise to significant systematic uncertainties. This advantage is most
prominent for the measurements of multi-neutron emission probabilities P, (x is the
number of emitted neutrons, z > 1), where there is a strong need for new complemen-
tary measurement methods. The first experiment utilizing the novel method for the
measurements of [-delayed neutron emission probabilities will be conducted in the
FAIR Phase-0 campaign [Mardor et al., 2017, |Plafl et al., 2019|. In addition, efficient
recapturing of recoils of different decay types in the dense gas of a stopping cell allows
high-accuracy studies of nuclides with multiple decay channels. An interesting exam-
ple for possible investigations is the isomeric state of **Ag with an excitation energy of
(6490+500) keV (217, Ty /5 = 400 ms), which can undergo one-proton and two-proton
emission [Mukha et al., 2006], 5*-decay, and S-delayed one- and two-proton emission.
At last, the concept of recapturing the decay recoils in the CSC and performing direct
mass measurements with them can be extended to the production of exotic nuclei
by fission |[Balabanski et al., 2016, Mardor et al., 2018 Mardor et al., 2019] and by
nuclear reactions [Dickel et al., 2018|, which take place inside of the stopping cell.

In general, the method developed in this work is a powerful tool for investigations
of nuclear properties of the numerous exotic nuclides with half-lives ranging from a
few tens of milliseconds to a few tens of seconds. Further performance improvements
of the FRS Ion Catcher and implementation of newly developed high-resolution and
high transmission modes of the FRS [Haettner et al., 2019] will increase the reach of
exotic nuclei towards smaller production cross sections. Together with the developed
dynamic storage concept, it will enhance the potential of the novel method for the
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measurements of half-lives and decay branching ratios with the FRS Ion Catcher.
The method also opens up new possibilities for the investigations of the exotic nuclei
contributing to the r-process at the future FAIR facility.

The characterization studies conducted in this work probe the technical limits of
the existing stopping cell. The maximum extraction efficiency for the operation of
the CSC at an areal density of the helium buffer gas of 10 mg/cm? is possible for
heavy ions with a mass-to-charge ratio of ~ 220 u/e at a mean extraction time of
~ 55 ms. For lighter ions or for faster extraction times, the maximum extraction
efficiency can be achieved at lower areal densities. At the same time, the measurements
of the range distributions of the ions under the conditions similar to the ones which
are going to be used at the future Low-Energy Branch of the Super-FRS at FAIR
|Geissel et al., 2003, Winfield et al., 2013] indicate that even higher areal densities
of the buffer gas are required for efficient stopping of the slowed-down relativistic
ion beams. The results show that, even though the present CSC has the highest
areal density world-wide among similar devices, there is a need for a new-generation
stopping cell with even better performance characteristics. The design of the new
CSC is already under development and has been reported in [Dickel et al., 2016, Plafl
et al., 2018, |Amanbayev et al., 2018]. The future setup will incorporate a number of
novel concepts, which will allow operation at areal densities of up to ~ 40 mg/cm?,
extraction times down to ~ 10 ms and will be able to operate efficiently with rates
of the incoming beams that are three orders of magnitude higher than possible with
the existing setup. The next-generation CSC will meet the technical requirements
of the Low-Energy Branch and enable measurements of even more exotic nuclei with
MATS (precision measurements of very short-lived nuclei using an advanced trapping
system for highly-charged ions) and LaSpec (laser spectroscopy of short-lived nuclei)
[Rodriguez et al., 2010].
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Zusammenfassung

Im Rahmen dieser Doktorarbeit wurde eine neuartige Methode zur gleichzeitigen Mes-
sung von Massen, [somerenanregungsenergien, Halbwertszeiten und Zerfalls-Verzwei-
gungsverhaltnissen exotischer Kerne entwickelt, implementiert und eingesetzt am FRS
Ion Catcher-Experiment an der GSI-Beschleunigeranlage in Darmstadt, Deutschland.
Diese Methode nutzt die Vorteile der Produktion und Trennung exotischer Kerne bei
relativistischen Energien im Fragmentseparator (FRS), die kontrollierte Speicherung
der Ionen von Interesse und des Einfangs ihrer Tochterkerne in einer gasgefiillten
kryogenen Stoppzelle (cryogenic stopping cell, CSC) und die schnelle, genaue und
breitbandige Messung mit einem Multireflexions-Flugzeitmassenspektrometer (multi-
ple reflection time-of-flight mass spectrometer, MR-TOF-MS).

Die Machbarkeit der Methode wurde in Pilotmessungen mit dem FRS-Ion-Catcher
demonstriert. Diese Messungen wurden mit dem Nuklid 2!Po durchgefiihrt, das von
einer internen Quelle erzeugt wurde, und mit dem Nuklid 1?Sb und seinem Isomer,
die durch Fragmentation eines ?*3U Primarstrahls bei einer Energie von 300 MeV /u
erzeugt wurden. Es konnte gezeigt werden, dass die Ionen fiir eine wahlbare Zeitdauer
von bis zu 10 Sekunden in der CSC gespeichert werden kénnen, ohne dass Verluste,
abgesehen von radioaktiven Zerfillen, auftreten. Der a-Zerfall von ?'°Po und die
innere Konversion des im FRS produzierten 9"2Sh-Isomers wurden durch die gle-
ichzeitige Beobachtung des Zerfalls der Mutterkerne und des Wachstums der Tochterk-
erne untersucht . Der gemessene Wert der Halbwertszeit fiir 2'Po von (145 4 11) ms
stimmt mit dem Literaturwert von (1454 2) ms tiberein; und die gemessene Halbwert-
szeit von M9"2Sb von (7764 181) ms stimmt mit dem Literaturwert von (850490) ms
iberein. Fiir das Isomer "9m2Sb, fiir das drei verschiedene Zerfallsarten energetisch
moglich sind, wurden die Zerfalls-Verzweigungsverhaltnisse erstmals direkt gemessen.
Es wurde experimentell bestatigt, dass das Isomer durch innere Konversion zerfillt,
wahrend die Wahrscheinlichkeiten fiir 57- und 3~-Zerfalle mit 0 iibereinstimmen. Die
Massen des Grundzustands und des Isomers von °Sb wurden ebenfalls zum ersten
Mal direkt gemessen. Bisher waren die Anregungsenergie und die Spinzuordnung
des 119m2Sh-Tsomers nicht eindeutig bestimmt worden. Die Ergebnisse von mehreren
Gammaspektroskopie-Experimente widersprachen sich. In Rahmen dieser Doktorar-
beit wurde bestitigt, dass das Isomer 97"2Sb eine Anregungsenergie von 2841.7 keV
hat, was die in |[Lunardi et al., 1987, [Porquet et al., 2005] angegebenen Ergebnisse
unterstiitzt, in denen fiir dieses Isomer die Spinzuordnung I™ = 25/27% vorgeschlagen
wird. Die in [Jain et al., 2015 Symochko et al., 2009] angenommene Zuordnung fiir
die Anregungsenergie und den Spin von ''*2Sb ist hingegen nicht korrekt.

Dariiber hinaus wurden im Rahmen dieser Arbeit einige technische Verbesserun-
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gen und Erweiterungen des FRS-Ion-Catcher-Exoeriments vorgenommen. (i) Im der
CSC wurde eine neue 2?®Th-Kalibrationsionenquelle installiert. Diese Quelle und
eine Entladungsquelle wurden ausfiihrlich untersucht und charakterisiert. (i) Das
Vakuumsystem wurde aufgeriistet, was in Kombination mit der erweiterten RFQ-
Strahlfithrung zu einer hoheren maximalen Flachendichte der CSC ermdglicht. Es
wurde der sichere Langzeitbetrieb der CSC bei Flachendichten des Helium-Puffergases
von bis zu 10 mg/cm? gezeigt; diese Flachendichte betragt das zweifache des bisher
erreichten Wertes. Die Erhohung der Flachendichte fiihrt zu einer entsprechenden
Erhohung der Stoppeffizienz der CSC. (iii) Um die Selektivitét des Ionentransports
zu erhohen, wurden zwei neue Techniken entwickelt und implementiert: die Isolations-
Dissoziations-Isolations (IDI) Methode in der RFQ-Strahlfithrung und die Ionensepa-
ration am RF-Carpet durch die Tonenmobilitat. Diese Techniken sind leistungsstarke
Werkzeuge zur Unterdriickung molekularer Verunreinigungen, zum Entfernen unno-
tiger Raumladung aus der Strahlfithrung und zur Verbesserung der Sauberkeit der
Massenspektren. Die durchgefiithrten Erweiterungen sind ein wesentlicher Teil der
technischen Vorbereitungen fiir die anstehenden Experimente in der FAIR-Phase-0.

Die Sauberkeit der CSC und die Ladungszustande der thermalisierten und extrahierten
Ionen von mehr als 25 verschiedenen chemischen Elementen wurden untersucht. Der
Einfluss der Raumladung auf die Leistungsfahigkeit des RF-Carpets wurde unter-
sucht und als vernachlassigbar gefunden. Dariiber hinaus wurde die Homogenitat der
Materie im FRS mit dem FRS-Ion-Catcher untersucht.

Die in dieser Arbeit entwickelte neue Methode zur Messung von Halbwertszeiten
und Zerfalls-Verzweigungsverhaltnissen ist ein leistungsfahiges Instrument zur Un-
tersuchung der Kerneigenschaften von zahlreichen exotischen Nukliden mit Halbwert-
szeiten zwischen einigen zehn Millisekunden und einigen zehn Sekunden. Das erste
wissenschaftliche Experiment, das diese Methode fiir die Messung von Wahrschein-
lichkeiten fiir S-verzogerte Neutronenemission verwendet, wird in FAIR-Phase-0 durch-
gefithrt werden. Die neue Methode eroffnet auch neue Moglichkeiten in der zukiinfti-
gen FAIR-Beschleunigeranlage fiir die Untersuchung von exotischen Kernen, die am
r-Prozess beteiligt sind.
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