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High-precision mass measurements in the realm of the deformed shell clos-
ure N=152:

The nuclear masses reflect the sum of all interactions inside a nucleus. Their precise
knowledge can be used to benchmark nuclear mass models and to gain nuclear structure
information. Penning-trap mass spectrometers have proven their potential to obtain
lowest uncertainties. Uniquely located at a nuclear reactor, the double Penning-trap
mass spectrometer TRIGA-TRAP is dedicated to measurements in the neutron-rich
region. For a gain in sensitivity a non-destructive detection system for single ion mass
measurements was adopted. This includes the implementation of a narrow band-pass
filter tuned to the heavy ion cyclotron frequency as well as a cryogenic low-noise ampli-
fier. For off-line mass measurements, the laser ablation ion source was equipped with
a newly developed miniature radiofrequency quadrupole trap in order to improve the
extraction efficiency. A more economic use of the radioactive material enabled mass
measurements using only 10! atoms of target material. New mass measurements were
performed within this work in the realm of the deformed shell closure N=152. Their
implementation into the atomic-mass evaluation improved the uncertainty of more
than 80 nuclides in the heavy mass region and simultaneously shifted the absolute
mass of two « decay chains.

Hochprizisionsmassenmessungen nahe des deformierten Schalenabschlus-
ses bei N=152:

Die Masse eines Atomkerns spiegelt alle Wechselwirkungen in seinem Inneren wider.
Es ist moglich, sie zum Test von Kernmassenmodellen zu benutzen und dariiber hinaus
mit ihrer Hilfe Informationen iiber die Kernstruktur zu erhalten. Penningfallen-Mas-
senspektrometer haben in der Vergangenheit ihr Potential zum Erreichen hochster
Prézision herausgestellt. Durch seine einzigartige Lage an einem Forschungsreaktor,
wurde das Doppel-Penningfallen-Massenspektrometer TRIGA-TRAP eingerichtet, um
Massenmessungen an neutronenreichen Nukliden durzufiithren. Zur Erh6hung der Sen-
sitivitdt wurde ein zerstorungsfreies lonennachweissystem zur Durchfithrung von Mas-
senmessungen an einzelnen lonen implementiert. Dies umfasst den Aufbau eines schmal-
bandigen Filters, der auf die Zyklotronfrequenz schwerer Ionen angepasst ist, sowie
eines rauscharmen kryogenen Verstiarkers. Auflerdem wurde die Effizienz der Laserab-
lationsionenquelle durch den Einbau eines neuentwickelten kleinen Radiofrequenzqua-
drupols deutlich erhoht. Diese effizientere Nutzung des radioaktiven Materials erlaubt
nun Massenmessungen mit nur 10'® Teilchen Ausgangsmaterial. Im Rahmen dieser Ar-
beit wurden Massenmessungen nahe des deformierten Schalenabschlusses bei N = 152
durchgefiihrt. Thre Einbindung in die Atomic-Mass Evaluation verbesserte den Fehler
von mehr als 80 Nukliden und verschob die absolute Masse von zwei a-Zerfallsketten.







Ei, die derffe doch gar nemmer gespalt wern.
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Chapter 1

Introduction

Since Einstein it is known, that mass and energy are equivalent, reflected by the formula
E = mc®. Thus, the binding energy of the nuclide and thereby its mass is the result of
all present interactions. Using this, high-precision mass measurements open up the possi-
bility to gain a unique insight into nuclear effects. For example the shell structure of the
nucleus can be illustrated by the calculation of nucleon separation energies. From this,
shell closures in the spherical and the deformed regime are visible. These stabilizing shell
effects explain the existence of the superheavy elements, which are being searched and
investigated by several collaborations worldwide.

These nuclear properties are also part of nuclear mass models, which manage to describe
known nuclides rather well, but are not very reliable in making predictions outside the
well-known regime. The bane is, that away from stability the majority of nuclide masses
is linked via « or  decay chains to absolutely measured masses. As the models rely on
this data it is desired to provide more directly measured nuclide masses away from stabil-
ity as anchor points. These are usually relatively short-lived and do not exist in nature.
Thus, they are made available for experimental research at radioactive ion beam facili-
ties [Bla03b|. Longer-lived radionuclides exist especially in the heavy ion regime. Above
plutonium, they are produced in specialized breeding reactors, from which they are made
available as pure samples for off-line research or industrial applications.

Nowadays, many different experimental approaches allow mass measurements on the atomic
scale. In general highest precisions can be reached with techniques based on frequency mea-
surements. Among these, Penning trap experiments yield the highest precision. One of
the mass spectrometer experiments is TRIGA-TRAP as part of the TRIGA-SPEC col-
laboration, located at the research reactor TRIGA Mainz. It is a double Penning-trap
mass spectrometer where the mass measurement of the nuclide of interest is based on the
determination of the cyclotron frequency v, of the stored ion: v, = ¢B/(2mrm). The goal of
TRIGA-TRAP is the investigation of neutron-rich radionuclides. Their directly measured
masses serve the improvement of nuclear mass models and push the border of well-known
nuclides further towards the expected r-process part. Since in particular the production
rates far away from stability are fairly low, non-destructive detection techniques have to be
adopted for these measurements, requiring only one ion for an entire mass measurement.



2 CHAPTER 1. INTRODUCTION

After an introduction to this technique in Sect. [3.4.2] the results of the commissioning are
presented in Chap. [f

In this work a laser ablation ion source has been equipped with a miniature buffer-gas
filled radio-frequency quadrupole trap, allowing for in-situ ion cooling and a rough mass
selection. This upgrade was necessary to increase the ion production efficiency in order
to perform mass measurements on isotopes with limited availability or limited sample size
due to radioactivity.

An order of magnitude in the ion production efficiency could be gained using the upgraded
laser ablation ion source. This enabled mass measurements of long-lived nuclides in the
transuranium region, opening up the possibility to study shell structure effects in this
region with TRIGA-TRAP. The actual mass measurement was carried out with the de-
structive time of flight-ion cyclotron resonance technique. The experimental setup of the
entire TRIGA-SPEC experiment is introduced in Chap. |4| along with the commissioning
of the new laser ablation ion source.

First off-line mass measurements using the new ion source were performed, harvesting
mass data of transuranium elements. This makes TRIGA-TRAP the second experiment,
being able to perform mass measurements in this region. Nevertheless it is unique with the
ability to perform an entire mass measurement of such nuclei with relative uncertainties as
low as 5 x 1072 with a sample size of 10'® atoms. The mass data is implemented into the
Atomic-Mass Evaluation (AME) [Wan12], claiming to be the most complete collection of
available mass data.

In total four nuclides of plutonium, americium and californium were directly measured
for the first time, extending the knowledge on the deformed shell closure at N = 152. A
discussion of the results as well as the implementation into the AME2012 is provided in
Chap. [0} finalized with a closer look on the N = 152 deformed neutron shell gap as function
of the proton number Z.



Chapter 2

The Nuclear mass

The mass is a fundamental property of an atom. About 90 years ago it was revealed that
the mass of the atomic nucleus differs from the total mass of its constituents, referred to as
packing fractions [Ast27]. Due to the equivalence of mass and energy, this is known today
as the binding energy, which is essential for nuclear stability. Thus, the binding energy is
an important measure since it reflects all interactions acting in the nucleus. In fact the
total binding energy

B(N,Z) = [Nm, + Zm, + Zm, — M(N, Z)] ¢* (2.1)
- Bnucl<N7 Z) +Belec(N7 Z) (22)

is accessible by means of mass measurements via the mass M (N, Z) of an atom with N
neutrons, Z protons and Z electrons having the masses m,, m, and m., respectively.
B(N, Z) is the sum of the nuclear binding energy B, (N, Z) and the total binding energy
of the electrons Bej.(N, Z). With this knowledge, changes of nucleon-nucleon interactions
should be represented by binding energy differences. However, experimental data displayed
an odd-even staggering in the binding energy being related to the number of protons and
neutrons. This was addressed later by the very successful liquid drop model with the
Bethe-Weizsécker mass formula [Wei3b|. Since low-energy effects would not be visible in
single nucleon separation energies due to the odd-even staggering, the two-neutron as well
as two-proton separation energies

Son(N, Z) = B(Z,N) — B(N — 2, 2) (2.3)
Sop(N, Z) = B(Z,N) — B(N, Z — 2) (2.4)

are well-suited to derive inner-nuclear changes.

Within almost all nuclei the nucleons are bound with an energy of 7 to 9 MeV as
displayed in Fig. . The experimental data [Wanl2] shows a strong increase of the
binding energy per nucleon B(N, Z)/A with A = N + Z towards a maximum around *®Fe.
In addition smaller maxima are visible at *°Ce and 2°®Pb as well as at lighter nuclei.
This is a hint for shell closures of either neutrons or protons in analogy to the electron
shells. Displaying S, (N, Z) and Sy, (N, Z) using experimental data reveal shell closures

3
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Figure 2.1: Binding energy per nucleon B(N, Z)/A over the complete chart of nuclides. The
2D plot (a) shows that the nucleons in light nuclei are bound weakly, while in the majority
the binding energy is between 7 and 9 MeV. The black line marks the nuclides with the
strongest bound nucleons for each A. Their binding energy per nucleon is displayed in (b)
with an additional focus on the nuclei with the strongest binding.



represented by a sudden decrease of the separation energy at which the nuclei experience
higher stability. This happens at the so-called magic numbers N = 2,8, 20, 28, 50, 82, 126
and Z = 2,8,20,28,50,82. A proton shell closure at Z = 126 could not be confirmed
yet due to the lack of experimental data. However, various models predict one around
Z=114. Additionally to these magic numbers a deformed neutron shell closure at N = 152
is confirmed [Raml2]. It is also possible to describe the shell closures directly with the
so-called shell gap parameters

Aon(N, Z) = Sou(N, Z) — Sau(N +2, 2) .
A2p(N7 Z) = S2p(Na Z) _S2p(Naz+2) ) (26)

with the separation energies from Eqs. and , where pairing effects already cancel
out. Thus, with the advent of high-precision mass measurements, it became very useful to
perform nuclear structure studies with the help of nuclear masses.

All these features being visible just by the experimental determination of nuclear masses
awoke the curiosity as well as the urge to create theoretical models, being capable to
explain the masses of existing nuclides. For example the upcoming hunt for elements
with higher Z required a prediction of nuclear masses and lifetimes in not yet accessible
regions of the chart of nuclides. The mass models which were created with the intention
to describe the entire nuclide chart can be categorized into macroscopic-microscopic (mic-
mac) (see Sect. and purely microscopic (see Sect. approaches. The mic-mac
models are enhancements of the macroscopic liquid-drop model, which creates an analogy
between the nucleus and a drop of incompressible liquid, being described by the Weizsacker
mass formula [Wei35]. Although it describes global trends very well, the introduction of
corrections [Mol88] was required to compensate its incapabilities like the description of
shell-closures. Also the sheer existence of very heavy nuclides can not be explained by
the liquid drop model since the high Coulomb repulsion of the protons would result in a
disruption of the nucleus [Boh39,[Mye66].

Purely microscopic mass models attempt the description of the nucleus based on a solution
of the Schrodinger equation. The complexity of many-body systems requires the use of
effective potentials treating the nucleons as independent particles. This approach does not
allow calculations on heavy nuclei but only up to '2C [Nav00]. However, certain parameters
are adopted from experimental results as input data [Lun03].

Both types of mass models have in common that their free parameters are adjusted to
the experimental data to reach maximum agreement. Other approaches, like the Garvey-
Kelson relations |[Gar66| are purely phenomenological and account only for local trends
fixed by experimental data of neighboring nuclei. Their predictions are in general more
precise than global mass models but only reliable close to regions of very well-known
masses. Lately it was demonstrated that they can be used as well for the prediction of
nuclear charge radii [Piel0]. In the following sections different mass models are introduced
based on the more detailed discussion in [Lun03].
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2.1 Macroscopic mass models and their microscopic
extension

From the constant nuclear density, manifested by measurements of nuclear radii and the
relatively constant binding energy per nucleon, the concept of the saturation of nuclear
forces arose. This implies that nucleons only interact with their next neighbors due to
a short-range force, which is accounted for by a contribution to the binding energy, pro-
portional to A. However, a correction proportional to the liquid drop surface and thus to
A%/ has to be introduced since the nucleons being at the surface of the liquid drop have
less neighbors than the inner ones. Due to the proton charge, a repulsive Coulomb force
reduces the binding energy as well. With the assumption that the Z protons with charge
e are uniformly distributed in the nucleus with the radius roA'/? one gets

1 3e?
Z2ATYE 2.7
4meqg Bro (2.7)

Here ry denotes the charge-radius constant. In addition the fermion nature of both,
protons and neutrons has to be taken into account. Therefore, each quantum state in the
nucleus can only be populated once. Since the Fermi energy is defined by the last proton
and neutron, a lowest order series expansion results in a proportionality to (N — Z)?/A.
This implies a binding energy reduction for asymmetric nuclei with N # Z. Such a
correction has to be introduced as well for the nucleons at the surface [Mye66| leading to
the Weizsicker formula [Lun03|:

1 3e?
BIN.Z) = ayy A+ a, A3 + = 2% 72 4-1/3
(N, 2) = ava A + asy +47r5057"0

N —Z)?
+ (asymA + assAz/g)%

— da,AV? (2.8)
The last term, although being part of Weizsidckers original concept, is not mentioned
in [Lun03| since it is not a purely macroscopic part but was picked up in [Mye66]. It takes
into account an empirically determined dependance on even and odd Z and N, resulting

Parameter Value
Aol 15.37 MeV
asf -17.77 MeV
Asym -26.46 MeV
Qs 17.7 MeV
ap 11.2 MeV
ro 1.2185 fm

Table 2.1: Parameters used in the Weizsicker mass formula in Eq. (2.8). The values are
taken from |[Mye66] and [Lun03] .
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Figure 2.2: Plot of the difference between experimentally determined binding energies
Be.p [Wanl2] and the binding energies calculated from Eq. (2.8)) Byei» with the parameters
given in Tab. Strong deviations are visible at doubly magic nuclei.

in the so-called staggering. Thus, d is 41 for nuclei with even numbers of protons and neu-
trons, -1 for nuclei with odd numbers of protons and neutrons and otherwise 0. Together
with the surface symmetry correction this term is the first step towards the mac-mic mass
models.

Fig. displays the difference of the binding energy B.,,, which was determined exper-
imentally and calculated with the Weizsicker mass formula Eq. with the parameter
values given in Tab. 2.1 In the region of doubly magic nuclei the liquid-drop model tremen-
dously underestimates the actual binding energy, in some cases by more than 15 MeV. The
reason is that the consideration of shell effects is not implemented in this model. Also the
effects of deformation are not accounted for, resulting in an overestimation of the binding
energy. It also shows that this mass formula already calculates bound nuclei in the region
of superheavy elements.

Nevertheless, to improve the model, mic-mac approaches were introduced, including mi-
croscopic shell corrections as they are used in the finite range droplet model (FRDM). For
a better understanding the macroscopic term is represented as a sum of volume, surface
and Coulomb energies, being similar to Eq. . First the volume energy is modified by
an additional term displaying the compressibility of the nucleus with the parameter K.
This is, analogous to a liquid drop, a squeezing of the nucleus due to its surface tension
while it is enlarged due to the repulsive Coulomb interactions between the protons. The
modified surface term takes into account a certain surface stiffness Q5 [Mye69| as well
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as a possible separation of protons and neutrons. Thus, their surfaces are treated inde-
pendently. Expanding this result in powers of A~/? two purely phenomenological terms
A A3 and agA° are added. Nevertheless, their coefficients were equal to 0 [M&195]. This
results in the expression for the macroscopic energy |[Lun03]:

1
Erae = — <avol + CLsym52 - _Kvoléz) A

2
9a?
_ 5 sym 52 A2/3
(a f+ 10, )
— A, AY? — g A° (2.9)
— 3_622_21471/3
57"0 471'80
9¢t  Z*

- A
400r2Q, 167eg

The parameters 0 and € are determined by minimizing F,,,. and only hold for an equilib-
rium state. For the limit of large A it should be noted that Eq. takes the form of the
modified Weizsacker formula given in Eq. . In addition to the already mentioned cor-
rections, Eq. was generalized to account for deformations: This was considered by the
multiplication of correction factors to every term except the ones scaling with A [Mye74].
Furthermore, the surface correction was modified with an additional factor, which consid-
ers now the effect of the finite range of the nucleon-nucleon interactions [Mol81]. Finally
an exponential correction was implemented, motivated by the tendency of the model to
overestimate the calculated binding energies.

These corrections, either macroscopic in nature or purely phenomenological, may improve
the overall theoretical modeling of the nuclear masses but they still do not have the ability
to describe the binding energies properly around magic numbers.

One of the first attempts for their implementation was the approach of Strutinsky, propos-
ing doubly humped fission barriers [Str67,[Str68]. His approach was the introduction of
microscopic effects to the macroscopic liquid drop model by simply adding a sum of cor-
rection energies to the binding energy, which originate from shell (F;) and pairing effects
(E,). Here, the shell corrections are calculated as the difference between a realistic nuclear
level-scheme with discrete energy levels

Es = anfi (2.10)

with occupation numbers n; of the energy eigenvalues ¢; of the single particle Schrodinger
equation, and a smoothed level distribution being represented by

B - /_ T o) (2.11)

[e.9]
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The smoothing function is chosen as a normalized Gaussian-like function

_ (e=c)®

1 - 2
g(é)zm;nie A (2.12)

which has a maximum at a properly defined value for e. The smoothing parameter v has to
fulfill the conditions to be as large as the difference between the major shells. In addition
it is chosen so that F is stable against variations in . These requirements can only be
fulfilled for nuclei close to the valley of stability.

The development of the pairing corrections F, is carried out by the Bardeen-Cooper-
Schrieffer (BCS) model and addressed in more detail in Sect. [2.2]

In the FRDM model by Myers and Swiatecki first a single-particle field ® needs to be
specified, which fulfills the single-particle Schrodinger equation with eigenvalues ¢;. In the
implementation of Strutinsky’s approach the single-particle field is the sum of a spin inde-
pendent nuclear part ®;, a spin-orbit and a Coulomb contribution ®,, and ®,,; expressed
as

P=P, +D,, + DProws - (2.13)

The term describing the spin-independent part is a volume integral over a sphere with
sharp radius R, written as

Vq —lr—r'|/apot
P = ——20 / < 43 (2.14)

_47mgot |r — 7|/ apot

with the potential V and the potential well a,, being fitted parameters for protons and
neutrons (¢ = p,n). The spin-orbit part of the single particle field is given as

Oy, (r,p) = =\ GV (r) x p (2.15)

AM?2c?
where A\ = k,A + [, is purely consisting of fit parameters except for the nucleon number
A.

The Coulomb part of the field is also expressed as a volume integral over a solid sphere.
Its radius rq is the same as in the macroscopic part of the FRDM model. It is written as

Z262 d37“/

(I)cou - .
i(r) 16/3m2egr3 A ) |r — 1|

(2.16)

The implementation of these shell corrections as well as pairing as function of N and Z and
charge-asymmetry effects being proportional to (Z — N) are discussed in detail in [M6195].
Finally the so-called Wigner term is introduced describing the already experimentally found
effects due to odd or even N, Z. Tt adds an selective binding for neutrons/protons in the
same shell orbital.
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Figure 2.3: Plot of the difference between experimentally determined binding energies
Be.p [Wanl2| and the binding energies from the FRDM Bpgpy as published in [M6195].

As displayed in Fig. for the liquid drop model, the deviation of the binding energy ob-
tained from the FRDM [Mol95] from the experimental data [Wan12] is displayed in Fig.
As a result from the introduced shell-corrections the FRDM reproduces the experimentally
determined binding energies around doubly magic nuclei significantly better. Additionally
the overall deviation from the AME2012 is also smaller compared to the liquid drop model.
Also in comparison to other variations of the mic-mac approaches the FRDM is still the
most accurate model.

Apart from these, other models, like the Extended Thomas Fermi plus Strutinsky Integral
(ETFSI) [Gor00], which is related to the Hartree-Fock method due to its use of an effec-
tive force, as well as the Thomas-Fermi-Finite Range Droplet Model [Mye66| have to be
mentioned for completeness as representatives of the mic-mac models.

2.2 Microscopic mass models

All mass models introduced in Sect. were based on the macroscopic liquid-drop model.
Another class of models, the purely microscopic ones, are discussed within this section.
They all have in common to treat the nucleus as a many-body system of nucleons each of
which is described by a single particle wave function. Then all interactions in the nucleus
are described by the Schrodinger equation

HV = EV (2.17)
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with the non-relativistic Hamiltonian containing the interactions between all nucleons:

h
H:—%ZV%ZWJ*ZW@H'” . (2.18)

i>j i>j>k

The potentials V' represent in this approach the two, three and more nucleon interactions.
This many-body problems in combination with the short range of the strong interaction
make it challenging to solve the Schrodinger equation since ordinary perturbation theory
can not be applied in a practical way. Thus, it is not surprising that these ab initio calcu-
lations are not feasible to describe the entire nuclear chart. However, this changes, when
the realistic nucleon-nucleon interaction is abandoned and replaced by an effective force,
the so-called Hartree-Fock technique. Input for this model could also be phenomeno-
logical parameters [Lun03]. In general the Hartree-Fock methods can be classified into
two different parametrization: One that uses a Gogny force |Dec80] and one that uses
Skyrme forces [Vau72]. Although the Gogny forces are explicitly of finite range, and re-
garded as more realistic |Lun03|, most calculations were performed employing the Skyrme
parametrization, which is also discussed here.

For the introduction of an effective force, the Hamiltonian is changed to

1eft _% SV YV (2.19)

with the effective force fo 7. Tt does not necessarily have to be in agreement with the data
obtained from nucleon-nucleon scattering. With the introduction of this effective potential
the interactions between nucleons are not explicitly considered any more. For practical
reasons this description implies that the single particles interact with the effective field
created by the other particles, which can be now regarded to be independent.

The multi particle wave function from Eq. remains unknown. It is replaced by a trial
wave function ® = det [¢;(z;)], which is a completely antisymmetric product of normalized
single particle wave functions ¢;(z;). The only drawback is that ® can not be identical
with ¥ of Eq. . This has the effect that

E = (U|H|U) < (D|H|P) . (2.20)

Hence, with the effective Hamiltonian and the single-particle wave functions the relation
between the total energy and the energy density functional £ is given by

Eyp = (®|HY|0) = /d3r5(?") : (2.21)

For reasons of consistency the energy is required to be stable under variations of individual
single particle states ¢;, which is taken into account by the relation

0 Enp — Zei/d3r]¢i(r)|2] =0. (2.22)

0;
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With this knowledge Fypr can be determined in several iterations by variations of ¢; in the
single particle Schrodinger equation with the goal to find a minimum energy. The effective
interaction used for these calculations is written with ten parameters [Ben03,Lun03\Vau72]:

S i S "
vij =to(1+ o Py)3(7y) + o2 (1 + 21 Fy) [P?ﬁ(ﬂj) +p3§5(7°¢j)]

2h? .
2 (U PR + T WolG+ ) B x Sy (2.23)
+ %3(1 4 23P,)o (i) (%) |
Here, p;; denotes the momentum of the particles at location 7j; and P, = H‘Z—I@ the

spin-exchange operator. Hence, the terms with ¢ ; » describe the two-particle interactions.
The term with t3 describes a three-nucleon interaction, which is reduced to a two-nucleon
interaction being in fact only valid for nuclei with even Z, N [Vau72|. Thus, it is a function
of the local nucleon density p = p, + p, being the sum of the local proton p, and neutron
pn densities. The remaining term is describing a two-body spin-orbit interaction with the
amplitude Wj.

With Eq. the single particle Schrodinger equation is changed to

2
(~F 5+ U+ Vi) = W) 9 6 )by =g (220
for ¢ denoting protons (p) or neutrons (n) and 7 all their quantum numbers. Furthermore,
M (7) denotes the mass as function of the nucleon density. The parametrization from
Eq. determines the single-particle field U,(7), which is in general deformed and non-
local. V(fo“l(F) describes the Coulomb interaction and the last term is a description of the
single-particle spin-orbit potential. Finally, it requires a rearrangement term, which has to
be added to the ¢; for the calculation of the nuclear ground-state properties like binding
energies, being due to the density dependence of the interaction [Vau72|:

Bp=—2 [ Erpu(py()olr) (2.25)
All calculations up to now do only treat the nucleons as single particles within a field.
However, it is known that pairing effects have to be considered with the formation of
p —p and n — n pairs. Such pairing mechanisms were examined first in the theory of
superconductors by Bardeen, Cooper and Schrieffer [Bar57]. An additional pairing term
of the form

E,=—-G [Z N ni)] (2.26)

1>0

is added to the total energy [Vau73|. It is determined by the pairing strength G and
the probability n; that a certain eigenstate ¢; is occupied by the nucleons. However, the
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results are only acceptable for nucleons close to stability but not close to the neutron
drip line, which is due to the pairing matrix elements being treated as constants [Dob84].
In the Bogolyubov method this is avoided since single-particle as well as pairing effects
are treated simultaneously [Ben03}|Lun03|. According to the technique being used for the
pairing treatment, the models are named either Hartree-Fock Bardeen-Cooper-Schrieffer
(HF-BCS) or Hartree-Fock-Bogolyubov (HEFB).

With this treatment, it was found that the Hartree-Fock models underbind the nuclei with
N — Z systematically. Thus, the Wigner term, proposed for mic-mac models [Mye66| is
integrated into this models as well.

Limitations of the Hartree-Fock models lie in the regions around doubly magic nuclei.
There, they fail to reproduce the well-established data of the shell gaps, which is called
mutually enhanced magicity.

2.3 The Duflo-Zuker mass formula

The approach by Duflo and Zuker [Duf94) Duf95| Zuk94| sticks out of the variety of mass
models since it is able to reproduce the masses of the existing nuclei with the highest
precision (for a comparison to other models, see Sect. and it is very powerful in the
prediction of unknown masses [Men0O§|. It is a functional of orbital occupation [Zuk0§],
based on the assumption that smooth pseudopotentials exist within the nucleus allowing
Hartree-Fock calculations. This allows to split the Hamiltonian Hp into a monopole H,,
and a multipole term H); [Lun03]:

Hp = H, + Hy . (2.27)

The monopole term can be regarded as the Hartree-Fock part of the model, as it is taking
care of single-particle properties and saturation effects while the multipole term, acting
as a residual interaction, is fully determined by nucleon-nucleon potentials. Thus, it is
parameter-free [Duf95]. However, it is not given explicitly in the calculations. H,, is
treated phenomenologically given explicitly as

3m
H, = Z agrmy(m; — Or) + by (Tk S — Tk5kz) (2.28)
k1

containing only quadratic terms of the number m;, and the isospin operators Tj. Its dom-
inant terms were identified due to geometric parallels to realistic forces but also scaling
of amplitudes was required. The first result was a set of 28 parameters in the first ver-
sion [Duf95]. Recently, two standard versions exist, a 31 parameter variant and a 10 param-
eter version |Zuk08]. The model exists also with an extension to 33 parameters [Men0g].

Fits to the Atomic Nass Evaluation from 2003 [Aud03] show a very good agreement with
the data and demonstrate the reproduction of the shell gaps. Only around N = 50 the
Duflo-Zuker model does not agree with the experimental data. Further tests of this model
performed in [Men08| were carried out by fits to several subsets of the AME2003 ranging
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from 1 < A <160 to 1 < A < 200 and prediction of the remaining nuclides above this
threshold. Remarkably, the deviations of the predicted nuclides from the experimental
data was the largest for the fit to A < 200 nuclides although no extreme deviations were
observed in the fit errors for all different subsets. However, even with the largest error the
prediction of the Duflo-Zuker mass model is superior to all other global mass models in
the heavy region of the nuclide chart.

2.4 Local mass formulas

All mass models introduced up to now had in common that they tried to reproduce the
entire nuclide chart with a global approach. With the treatment of the mass as a three-
dimensional surface as function of N, Z, the so-called mass-surface, it is observed that local
trends are relatively smooth. Excluded from this statement are trends in the vicinity of
magic and especially doubly magic nuclei. This behavior is easily visible by the calculation
of derivatives of the mass surface along constant N, Z, A, (N — Z) being equal to, two-
neutron and two-proton separation energies as well as ()g and (), energies. Nevertheless,
dents in the derivatives are also present in neighboring chains. They vanish only in some
cases in the Sy, and Sy, which is known as the so-called shell-quenching.

These properties are used in the AME for the extrapolation to nuclides which are not
discovered yet. In order to keep the mass surface as smooth as possible, known separation
energies of neighboring nuclide pairs are considered. Interpolations are performed with the
same technique [Aud12b|. Previous issues of the AME demonstrated a very high predictive
power of this procedure |[Lun03].

Clear algebraic relations between neighboring nuclides were introduced by Garvey and
Kelson. They proposed that, as long as it is not possible to determine the exact form of
the Hamiltonian and calculate M (Z, N), at least mass differences of neighboring nuclides
could be understood. This includes the assumption that the single-particle energies as well
as the effective interactions vary smoothly and slowly with A. The general form of their
approach

> CiM(N;, Z;) =0 (2.29)
=1

with |C;| = 1 is chosen so that in a linear combination the interactions between nucleons
would vanish in first order. Thus, « is required to be an even integer, as then all neutron-
neutron and proton-proton interactions cancel out. The vanishing of the neutron-proton
interaction is secured by the additional constraint

> CiNiZi=0. (2.30)
=1
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Figure 2.4: Illustration of the most simple Garvey-Kelson relations listed in Eqgs. (2.31)) (a)
and (2.32))(b). The masses of nuclides are summed with the sign given in the bottom right
corner of each box.

The simplest choice for such an equation is obviously with a = 6 yielding two different
equations:

M(N+2,Z—-2)— M(N,Z)
+M(N,Z —1)— M(N +1,Z —2) (2.31)
+M(N+1,2Z2)—M(N+2,Z-1)=0,

M(N +2,Z) — M(N,Z —2)
FM(N+1,Z-2)— M(N+2,7Z—1) (2.32)
FM(N,Z—-1)—M(N+1,2)=0.

While Eq. (2.31)) was already mentioned in [Gar66], Eq. (2.32) was discovered a few years

later with this further developed approach. An illustration of both equations is shown
in Fig. [2.4] The masses of nuclides are summed with the sign given in the bottom right
corner of each box. A closer look reveals in Eq. that three nuclide pairs with the
mass numbers A — 1, A; A 4+ 1 are involved with the pair members differing in the isospin
projection o< (N — Z) and vice versa in Eq. (2.32). The former equation is more interesting
as it provides the possibility to predict a mass for nuclides further away from stability
calculating the mass of the nuclide with (N +2, Z —2) on the neutron-rich and with (N, Z)
on the neutron-deficient side, respectively.
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This approach was developed further by the interpretation of Eq. (2.31]) as a third-order
partial difference equation with the most general solution [Jan8§]

M(N, Z) = Gy(N) + Go(Z) + G5(N + Z) . (2.33)

The point functions G; are determined by a fit to a subset of experimental data. Here, it
was important to use relatively small subsets, which are limited to either neutron-rich or
neutron-deficient nuclides to avoid long-range extrapolations.

For completeness it should be mentioned that the isobaric-multiplet mass equation (IMME)
was developed in a different approach with the result that the mass of nuclides in an isospin
multiplet follow the parabolic relation [Wei59,Gar69)

m(T,T.) = o+ BT, +~T? (2.34)

with the coefficients «, 3, v being unique for each multiplet with isospin 7" and its pro-
jection T,. This requires the assumption that in first order the nuclear interactions are
charge-independent within an isospin multiplet. The charge dependence is treated as a
perturbation linked to two-body interactions being responsible for the separation of the
members of the multiplet.

2.5 Quality tests of mass models

After the description of several different types of mass models the question arises, how
precisely they reproduce the experimentally determined data including the experimental
values to which they were fitted. General comparability is usually reached by the determi-
nation of the root-mean-square (rms) error

1 - €T, €eo
Orms = NZ(Mz' P _ Mtheo)? (2.35)

=1

returning a mean deviation of model-based masses M!"*° from experimental values M;"?
for N nuclides. A slightly different approach takes the uncertainties of the experimental

Mass Model 0,5 /MeV  Publication
Liquid drop 2.97 [Lun03] |
FRDM95 0.676 NGIO5|
FRDM12 0.570 [MG112]
HFB2 0.702 [Cun03]
HFB25 0.58 [Gor13)
DZ 0.297-0.372  [Men08§]

Table 2.2: Overview of the root mean square error o,., of fits of several global mass models
to the AME2003 [Aud03].
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data into account as well. By applying the method of maximum likelihood &,.,,s is modified
to a model standard deviation

N
1
Omod = sz : W [(Miexp — M;heo)2i| — 0'1-2 (236)
=1
with the weighting factors
! (2.37)
W = ——5— :
(0722 + O-En,od)2

introduced in [MOI88| requiring several iterations. ,,,q was determined for the 382 nuclides
appearing in the AME2003 version for the first time. However, since both, ¢,,,s and ,,4,
usually don’t differ more than 10 % only the former is reported here. An overview of .,
obtained by fits of several global mass models is given in Tab. 2.2 As demonstrated in
Fig. the liquid drop model is not able to reproduce nuclide masses in the vicinity of
doubly magic nuclei as it does not account for shell effects. This is represented by a .,
of 2.97 MeV |Lun03] being about one order of magnitude larger than the rms error of the
modern models.The FRDM from [Mol95] already reproduces the data a lot better with
Orms = 0.676 MeV. The latest version, also fitted to |[Aud03] was improved significantly
(0rms = 0.570 MeV) [Mo112]. Slightly larger errors were obtained from the HFB approaches
in 2003 (0,ms = 0.702MeV) [Lun03] but were improved significantly (o,,s = 0.580 MeV
with respect to the AME2003 and o,,,s = 0.54 MeV with respect to the AME2012) [Gor13].
Nevertheless, the global approach reproducing the experimental data with the smallest er-
ror is the model developed by Duflo and Zuker (o,,,s = 0.373 MeV). Investigations from
2008 yielded an rms error, between 0.372 MeV and 0.297 MeV depending on the fit range.
It was also observed that the predictive power decreases with an increased set of input
data: In the cases where the fit was only limited to nuclides with A < 200, the errors in
the prediction of the remaining nuclides were larger than 1.3 MeV [Men0§].

Local mass formulas used to be unbeatable as they are of course only applicable to limited
regions, like the one from Garvey and Kelson. Applied at only small areas of the nu-
clide chart they could reproduce 242 of the nuclides added to the AME2003 with an error
less than 0.232 MeV. They were also employed for tests in which rms deviations between
0.1 MeV and 0.2 MeV could be obtained, depending on the mass regime. In the case that
the nuclide can be predicted by the maximum number of twelve different relations, the
rms deviation is around 87 keV [Bar0§|. Further improvements might be possible since a
systematic deviation of Egs. and from 0 were found, which could be taken
into account for further optimizations of predictions [Hel3|. The isobaric-multiplet mass
equation (see Eq. ) is more limited in its application. Its predictive power was tested
intensively in [Bla03a] where deviations of less than 500 eV between theory and experiment
were reported.
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Figure 2.5: Sketch of the sum of Coulomb and surface energy of the liquid drop model with
(red) and without (black) shell corrections as function of the quadrupolar deformation .
Due to the shell corrections a saddle point is introduced, enhancing the fission barrier with
0 Fsqqqie- This also results in a deformed ground state.

2.6 Shell effects for heavy and superheavy elements

In the previous sections it was already depicted that all mass models fail to reproduce
the nuclear masses with the experimentally reached precision. Nevertheless, they are an
important factor in the general understanding of heavy and the sheer existence of super-
heavy elements. Moreover, the global models can also help to make predictions about the
positions of the next magic numbers for higher Z and N.

Especially experiments on superheavy elements are nowadays performed with great effort
due to very low production rates in the required reaction channels. However, elements up
to Z = 117 and 118 have been observed and identified by a-decay chains linking them
to well-known nuclei [Ogal2]. The existence of such heavy nuclides can not be explained
at all with the pure liquid drop model approach since in a certain region the repulsive
effect of the Coulomb energy is dominating over the attractive surface term. As a rule of
thumb, Z%/A > 41 nuclides can not exist in the liquid drop model [Boh39]. Thus, it is not
surprising that the liquid drop model is also not very successful in the prediction of masses
in the transuranium region. Only the introduction of shell effects explains the existence
of higher Z elements. Their influence is pointed out in Fig. [2.5] This sketch demonstrates
the changes of the sum of Coulomb and surface energy as function of quadrupolar defor-
mation awg (black line). Bpp marks the fission barrier in the liquid drop model. Due to
the influence of the Coulomb energy it falls below 0 for nuclides with Z?/A > 41. The red
line denotes the potential created by the mic-mac models. The microscopic contributions
change the potential significantly as function of ayy creating a potential minimum for a
deformed nucleus. More important is the saddle point, being higher than the liquid drop
fission barrier. This allows the existence of nuclei beyond Z?/A = 41, which are stable
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Figure 2.6: Calculated quadrupole deformation asg from the FRDM in the realm of heavy
and superheavy elements |Mol95|. The four white circles mark the four transuranium nu-

clides measured at TRIGA-TRAP. Nuclides with positive/negative g are prolate/oblate,
respectively. Around doubly magic numbers the nuclei are spherical.

against spontaneous fission. The potential shown in Fig. [2.5]is characteristic for a prolate
nucleus. For an oblate shape the ay is negative. Exemplarily the deformation from the
FRDM is shown in Fig. for the vicinity of the heavy elements. The white
circles in the plot are the four transuranium nuclides investigated within this thesis at
TRIGA-TRAP.

Due to the shell effects it was found that apart from the spherical doubly magic nuclei
like 2°®Pb, regions of enhanced stability at Z = 100 and N = 152 exist being referred to
as deformed shell closure. More deformed shell-closures are predicted for N = 162 and
Z = 108 [Mo194, Mcl95). No consensus could be reached up to now on the position of
the next magic numbers, while mic-mac models are favoring Z = 114, N = 184, Skyrme-
Hartree-Fock models predict them further out at Z = 124, N = 184. Other approaches
even prefer Z = 120, N = 172 [Ben03].

The impact of the microscopic corrections in the strongly deformed transuranium region,
being mainly due to shell corrections, is displayed in Fig. Around the deformed shell-
gap the binding is enhanced by a few MeV. It should also be noted that the magic numbers
in Fig. differ slightly from the predictions of up-to-date mic-mac approaches. Apart
from the nuclides investigated within this work, further mass measurements are planned
at TRIGA-TRAP to help mapping the shell gap at N = 152 for a better understanding of
the models. In addition direct mass measurements of No and Lr were already performed at
SHIPTRAP, GSI [Dwo09,Blo10,|Dwol0,Ram12|. The main binding energy contributions
in this region originate from shell-effects, providing stability against spontaneous fission.
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Figure 2.7: Calculated microscopic corrections from the FRDM in the realm of heavy and
superheavy elements. The large energy corrections illustrate the impact of the microscopic
model with respect to the finite range liquid droplet model [M6l95]. In the region of the
TRIGA-TRAP measurements (white dots), the microscopic effects enhance the binding by
a few MeV.

However, other nuclear transitions, here mainly « decays, limit their lifetime. Since these
transitions are always a function of their ()-value, mass models allow predictions on nuclear
lifetimes as well.



Chapter 3

Mass measurements with Penning
traps

The first mass spectrometric experiments, beginning with Thomson and the discovery of
two neon isotopes [Thol3| and continuing with Aston and Dempster, were based on the
precise knowledge of electric and magnetic fields. However, the observable that can be
measured with highest precision is nowadays a frequency. Thus, mass measurements have
been converted into frequency measurements, for example into the comparison of rotational
frequencies in a magnetic field of a Penning trap. Ions are stored in a superposition of a
strong homogeneous magnetic field for radial and a weak electrostatic quadrupole potential
for axial confinement. For the development of the ion trap technique the Nobel Prize in
physics was partially awarded to Dehmelt [Deh90] being inspired by the previous work of
Penning [Pen36] and Pierce [Pie49|. Instead of storage inside a magnetic field, an oscillat-
ing electric field can be used. For this concept of the Paul trap Paul received the Nobel
Prize as well [Pau90)].

The ion motion is well understood including analytically solved equations of motion. This
is described briefly in Sect. [3.1] While ions with large mass difference do not even reach
the trap due to time-of-flight selection by a beam gate, isobaric contaminants have to be
cleaned away by other techniques. Presently reachable precisions ‘57” of 107? for stable as
well as exotic species at experiments like TRIGA-TRAP demand a careful preparation of
the ions in the trap. Thus, the motional amplitudes should be small to minimize the effect
of electric or magnetic field imperfections. Since imperfections can not be vanished entirely
their effects are discussed in Sect. [3.2l The possibilities of ion motion manipulation are
discussed in Sect. [3.3] For further information beyond this chapter the reader is referred
to [Bro86|, Maj05, Kre07].

The actual mass measurement is performed by exciting certain ion motions and a sub-
sequent ion detection, which can be non-destructive while the ion is kept inside the trap
or destructive, requiring an ejection to a detector outside the magnetic field. These tech-
niques are described in detail in Sect. focusing on the detection methods used at
TRIGA-TRAP.

Today several Penning traps are set up around the world providing high-precision mass

21
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Figure 3.1: Electrode configuration of a Penning trap with hyperbolic (a) or cylindrical (b)
shape. Particles are trapped by applying an electric voltage U, between the ring electrode
and end caps depending on the sign of the ion charge.

data on almost the entire nuclear chart [Bla06]. Apart from masses other fundamental
properties like g-factors can be determined with Penning traps, which can even be used to
derive fundamental constants like the electron mass [Stul3].

3.1 The ideal Penning trap

When a particle with charge ¢ and mass m enters a homogeneous magnetic field B = Be,
with a velocity 0 = (v,, vy, v,) it is deflected with a force perpendicular to the field lines,
the Lorentz force Fy = qU X B. By equating Lorentz and centrifugal forces, one obtains
the free cyclotron frequency
q

We = mB (3.1)
for the helical motion around the magnetic field lines. This illustrates that a magnetic field
provides only a confinement in two dimensions. Storage inside a finite three-dimensional
volume is achieved by adding a weak electric quadrupole potential.

Fig. displays the configuration of a Penning trap. The equipotential surfaces of an
ideal quadrupole potential are hyperboloids, being approached by the hyperbolic Penning
trap (see Fig. |3.1a)). However, the drawback in experimental reality is the very closed
structure, which is avoided by cylindrical electrodes (Fig. [3.1(b)). Depending on the sign
of the particle charge a voltage U, is applied between the ring electrode and end caps.
With the z-axis being defined by the direction of the magnetic field and the origin in the
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modified cyclotron
motion

magnetron motion

Figure 3.2: Sketch of the ion motion in a Penning trap with the magnetic field being
aligned to the z-axis (not to scale). The ion motion can be resolved into three independent
eigenmotions: Modified cyclotron (green), magnetron (red) and axial motion (blue). The
black line displays the superposition of all three eigenmotions.

center of the trap one obtains the electric potential

U(z,r) = 2%02 (z2 . %) . (3.2)

Here, d is the so-called trap parameter determined by the minimal distance between the
center of the trap to the ring electrode py, and to the end caps zy (see Fig. [3.1)):

1 o
d? = 3 (zg + 50) : (3.3)

From the force a particle experiences in this superposition of electric and magnetic fields
mp=—qVU +qpx B , (3.4)

the equations of motion are easily transformed to Cartesian coordinates indicating three
independent eigenmotions |Kre91|
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Nuclide mass /u v,/ kHz vy /kHz wv,/kHz v_ /kHz
THT 1 107492.83 107489.68 822.30 3.15
2o+ 12 8957.74 8954.59 237.38 3.15
2Cy 96 1119.72 1116.56 83.93 3.15
2¢f 180 597.18 594.02 61.29 3.16

AT 241 446.03 442.86 52.97 3.17

290190+ 265 405.63 402.46 50.51 3.17

Table 3.1: Calculated free cyclotron frequency and eigenfrequencies v; = w;/(27) for some
nuclides of interest in the precision trap of TRIGA-TRAP (see Sect. using the exper-
imental parameters d = 5.03 mm, B = 7 T, Uy = 7 V. The magnetron frequency v_ is
almost mass independent.

2
w
I=—=x+w.By

2

W2
j= ?Zy — w.Bi (3.5)
zZ= —w%z

with the cyclotron frequency w,. and the axial frequency

qU
w, =1/ m—d‘; . (3.6)

The radial motion is characterized by a repulsive electrostatic and a restraining magnetic
force. It can be treated easier with the complex ansatz uw = x + 4y, which yields the

differential equation
w2
i+ fw.l — Tzu =0. (3.7)

Using the exponential representation of a complex number u = uge~** one obtains the

relation
2

w? — wew + % =0 (3.8)

with the eigenfrequencies of the radial motion

1
Wi =g (wc + \/w? — 2w§> : (3.9)
where w, is the reduced cyclotron frequency and w_ the magnetron frequency. Fig. (3.2
illustrates the ion motion in the trap composed of the three eigenmotions. Typical eigenfre-

quencies as well as the cyclotron frequency of certain singly charged ions at TRIGA-TRAP
are presented in Tab. [3.1]
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A series expansion of w4 obtaining
Uy
2d*B

~
~

(3.10)

Uo
2d°B
clearly shows that w_ is in lowest order mass independent while w, is w. modified by the
contribution of the electric and magnetic field.
Egs. and reveal two constraints. Due to the decoupling of the motion in z-
direction (see Eq. ) it is obvious that the sign of the particle charge and the polarity
of the potential difference have to be identical for axial confinement. The requirement

Vw? —2w? > 0 from Eq. 1' is more general. By using Egs. 1| and 1' it illustrates

the need of a minimum magnetic field strength to counter the repulsion by the electric
field:

(3.11)

W4 ~ We

o, 40 e
qUp >0 . (3.13)

Furthermore, Eq. reveals the useful relations
Wi +w_ = we (3.14)
Qo yw_ = w? (3.15)

which are routinely used in Penning-trap mass spectrometry |Gab09]. In case of a real
Penning trap where field inhomogeneities, unharmonicities or a tilting angle between trap
axis and magnetic field are present and modify the eigenfrequencies to w,, w_ and w,. For
these modified frequencies the so called invariance theorem [Bro86]

w? =wi +w +w’ (3.16)
=02 + &2 + o7 (3.17)

has to be used.

In order to learn something more about the ions energy inside the trap one needs the

solution of Eq. (3.5) being
£(t) = py cos(ayt + 6) + p_ cos(w_t + 6_)
y(t) = —pysin(wyt + ¢y) — p_sin(w_t + ¢_) (3.18)
2(t) = p, cos(w,t + @) .

From these equations one can easily obtain the instantaneous and finally the time-averaged
kinetic and potential energies (see [Maj05]):

E = Ekin + Epot
1 1
= gm (pLwl + plwl + plwr) + ome(pl — pi — p2)
= (Pt (W] —wiw_) +p> (W —wiw_) + p2 (W2 + wiw_)) . (3.19)

2
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For the last step Eq. was used. Considering wy > w_ the contribution of the
magnetron motion to the total energy is always negative. Therefore, a charged particle
in a Penning trap is asymptotically free as its energy is minimized by an increase of the
magnetron radius, which is relevant for the mass selective buffer gas cooling method, em-
phasized in Sect. [3.3.2]

Apart from this classical description a quantum mechanical Hamiltonian can be introduced.

To this end ladder operators are used to describe the three eigenmotions. This is described
in detail in |Bro86, Kre92].

3.2 Consequences of imperfections of a real Penning
trap

In the previous discussion of the ion motion in a Penning trap, it was assumed that all
conditions are ideal. Deviations from the ideal electric potential originate mainly from the
finiteness of the electrodes, tolerances during the machining procedure and imperfections
in assembling the trap. Furthermore, some electrodes are segmented to manipulate the
ion motion or have holes for ion injection and ejection (see Sect. . In addition the
homogeneity of the magnetic field is not infinite and the overlapping of trap axis and mag-
netic field lines is not perfect. In presence of these imperfections the eigenfrequencies are
shifted. Here only the the most important effects are addressed. More detailed discussions
are given in [Bro86,Bol96, Maj05].

Electric field imperfections

Introducing a multipolar expansion of the quadrupole potential presented in Eq. one
obtains |Gab83, Maj05|

U = U, i Com (g)% P, cos(6) (3.20)
n=0

with the coefficients ¢y, and the Legendre Polynomials P,,. Odd orders are neglected as
it is assumed that they have no effect due to a radial symmetry in the mid-plane of the
trap. The solution of the equations of motion results in a frequency shift as function of the
motional amplitudes. Most interesting for Penning-trap mass spectrometry is the shift of
the free cyclotron frequency, which is available via w, = w; +w_:

3w? 5
A elec _ z 2 2 C “C 2 2 3 2
We 4d2(w+ — w_) (p— p—l—)[ 4t 242 6<p+ + pZ pz)
35
+ g g Os(Ph + 30202 = 8p%p% — 8p% 2 + 6p7)] (3.21)
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With Eq. (3.15)), w, > w_ and

w? w_ Uy

z = NW_R —— 3.22
2wy —w-)  1—w_/jwy “ 2d’°B (322)

it is shown that the frequency shift is almost mass independent. The dependence of the
amplitudes p in Eq. is the result of an increased influence of the electrodes if the
ion is close to them, disappearing in the trap center. Therefore, the shift can be decreased
by using a larger electrode distance or a stronger magnetic field. This frequency shift is
usually minimized by additional correction electrodes to make the potential more harmonic.

Magnetic field imperfections

Magnetic fields with a strength of several Tesla can only be created with a strong current
flowing in superconducting coils. However, the magnetic field strength slowly decreases
due to the flux-creep-effect [And62]. Apart from this effect all materials inside the field,
like trap structures, insulators, vacuum chambers and even the magnet itself, induce inho-
mogeneities due to their non-zero magnetic susceptibility. This effect is minimized by the
use of purified materials like oxygen-free copper. The additional temperature dependance
of the susceptibility requires temperature stabilization of every part inside the magnetic
field.

At TRIGA-TRAP this is realized with two different systems. Since the majority of the
material is located in the magnet bore containing the vacuum chamber for the Penning
trap structure, a temperature stabilization of this is achieved by heating up the trap tube
to 30°C by a constant temperature stabilized air flow using a fuzzy logic algorithm [Mar69]
that achieves a temperature stability of £0.25°C during a day [Smol2,Wag12||Viel3].
The superconducting coils are cooled down by liquid helium. Since a change in the gas
pressure inside the helium reservoir changes the boiling temperature, it has to be stabilized
as well. Due to the environment in the experimental hall this is of special interest as the
air pressure is kept 30 mbar below the atmospheric pressure. Thus, on top of the natural
fluctuations, the experiment is sensitive on pressure drops when doors to the experimental
area are opened. Stabilization is realized by a commercial system using a regulation valve
and a PID controller (MKS 250E-1-D), which reduces the pressure fluctuations to less than
+0.5 mbar [Smol2,Viel3|.

Similar to the electric field the magnetic field can be expressed as a multipolar expan-
sion [Maj05]:

B =B, iﬁ% (g)% Py, cos(8) . (3.23)
n=0

Since the determined frequency in a measurement is the one-period average frequency, the
dipole term vanishes. Thus the frequency shift can be expressed with the quadrupole term
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as

We
Ao = L s +wo)ol +owopl —wip] . (3:24)

2wy —w_
Here the frequency shift is proportional to the cyclotron frequency, which requires to have
the magnetic field as homogeneous as possible. At TRIGA-TRAP the magnetic field inside
the trap has a homogeneity within a volume of 1 cm® of AB/B < 107° [Rep0§|. With
the present stabilization systems the magnetic field decrease is well compensated by the
built-in compensation coils [Viel3] to:

AB 1 B —11
5 A = 5306(6.94) x 1071 /b (3.25)

Misalignment and ellipticity of the trap

It is very important to align the trap very carefully with the magnetic field lines. The
misalignment can be described by a rotation of the magnetic field with respect to the
z-axis [Maj05|, KreO8b]

B = B(sin  cos ¢, sin O sin ¢, cos ) (3.26)

with the two polar angles 0 < ¢ < 27 and 0 < 0 < 7 resulting in a frequency shift.
Additionally the electric potential can be distorted due to imperfections during machining
the electrodes or assembling the trap. In this case the projection of the equipotential lines
on the zy-plane is deformed to an ellipse. As characteristic measure for the distortion the
difference of major and minor axes divided by the length of the major axis is used, called
the ellipticity € [Bro86|. In realistic experiments small tilts and tiny ellipticities can be
assumed, expressed by |sinf < 1] and ¢ < 1. As stressed in the previous sections the
major interest is in the shift of the cyclotron frequency

AwHelP oy sin? 0(3 + € cos(2¢p)) . (3.27)

Even in this situation the invariance theorem Eq. (3.16|) still holds due to the balancing of
the radial frequency shift by the axial frequency [Bro86].

Ion-Ion interaction

So far it was always implicitly assumed that only one single ion is in the trap. If multiple
ions enter the trap they interact via the Coulomb force. In the case of two different species
with similar ¢/A ratios and the resolving power of the Penning trap being high enough,
two separate resonancesﬂ can be observed at two distinct cyclotron frequencies w.; and wes,
which are shifted to lower frequencies. The size of the shift is proportional to the number of
contaminant ions. If the resolving power is too low, the two peaks observed in the previous

LA resonance is the measurement of the flight time of an ion from the trap to a detector as function of
the excitation frequency. This destructive time-of-flight measurement is described in detail in Sect. @
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case merge to one broadened peak at the center-of-mass frequency. When all ions being in
the trap are of the same species, no change in the cyclotron frequency is observable, but
the resonance might broaden due to electric potential changes [Bol92aj.

Ideally, ion-ion interaction is avoided by loading only one ion at a time into the trap for
cyclotron frequency measurements or at least neglect all data points containing more than
one ion at a time.

Relativistic effects occurring for ions with a high ¢/A ratio are not considered here since only
singly-charged heavy ions are in use at TRIGA-TRAP. Also the influence of mirror charges
can be neglected at the present precision level and are not considered [Van89,Por01].

3.3 Ion motion manipulation

As pointed out in Sect. the ion motion in a Penning trap consists of three independent
eigenmotions allowing to determine the ion mass. These motions can be manipulated by
applying an external rf field in resonance with the corresponding eigenfrequency or one of
the sidebands. Nowadays dipolar, quadrupolar and octupolar rf fields are applied in Pen-
ning traps to transfer energy to the eigenmotions, in order to excite them [K6n95,Rin07].
While the latter is only mentioned for completeness, dipolar and quadrupolar excitations
are commonly in use at TRIGA-TRAP. A dipolar rf field affects selectively the eigenmo-
tion in resonance. In contrast, a quadrupolar rf field at the sum of two eigenfrequencies
couples the two corresponding eigenmotions continuously converting energy between them
(see Sect. . Octupolar rf fields provide the possibility to convert energy between ion
motions at twice the sideband frequency increasing the precision of the entire measure-
ment [Rin07,EL11].

Besides excitation, the cooling of motions is very important. Whenever investigations on
ions are performed, large energy spreads of the ion ensemble are unfavored since they
can decrease the measurement precision as well as the transport efficiency. Additionally,
systematic shifts can originate from large motional amplitudes, i.e. frequency shifts in a
Penning trap as discussed in Sect. [3.2] Since most of the known nuclides are short-lived
they are produced in hot reactions with energies of several MeV/u and guided towards
the experiment with transport energies of some keV /u. Their energy spread is removed in
radiofrequency cooler and bunchers being usually on a high voltage platform as well. Most
of the energy of these bunches is removed in pulsed drift tubes and finally minimized in
the Penning trap.

In addition to cooling, the separation of isobaric contamination is challenging and al-
most not achievable with dipole magnets. The mass-selective buffer-gas cooling tech-
nique [Sav91,[Kre08a] (see Sect. [3.3.2)), employed at TRIGA-TRAP, offers both, efficient
cooling and a high resolving power.

Other techniques for Penning-trap mass spectrometry employed at other experiments are:
Evaporative cooling, resistive cooling, electron cooling, laser cooling and sympathetic cool-
ing [Maj05,Bla06].
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Figure 3.3: Illustration of dipolar (a) and quadrupolar (b) excitation. A radiofrequency
with amplitude U, and frequency w, is applied at two (a) or four (b) segments of the ring
electrode. The colors indicate a 180° phase shift between rf signals applied to the according
electrodes.

3.3.1 Effects of dipolar and quadrupolar excitation

For a dipolar excitation a resonant rf frequency with amplitude Uy, frequency wy and a
180° phase shift is applied at two opposite electrode segments as illustrated in Fig. a).
By selecting a proper frequency a certain eigenmotion can be modified individually. Since
w, is mass dependent, unwanted ion species can be cleaned away by exciting their modified
cyclotron motion excessively. The axial motion is modified analogously by application of a
dipolar field between the end cap electrodes. On the contrary, all ions are addressed in case
of a w_ excitation due to its mass independence. Thus, their magnetron radius increases
simultaneously.

The dipolar rf field in z-direction can be expressed as

—

U,
B, =4 cos(wat + vq)€, (3.28)
a

where a is the distance between ion and electrode and wy the excitation frequency. Choosing
a proper phase the motional amplitude increases with the excitation time |Ger90,Bla03b].
If the phase of the excited motion is different from ¢, the radius of the eigenmotion is

affected. For details see |Bla03b].

A quadrupolar rf field can be realized by applying an rf field with frequency w, to
electrode segments as in Fig. [3.3(b). Between neighboring segments the phase is shifted
by 180°. This way, two eigenmotions are coupled if w, is their sum or difference frequency.
Important for mass measurements is the sideband w. = w; +w_ (Eq. (3.14)) corresponding
to a coupling of modified cyclotron and magnetron motions as part of the ToF-ICR method

(see Sect. [3.4.1)) and the mass selective buffer-gas cooling (Sect. [3.3.2)).
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Figure 3.4: Calculated conversion of a pure magnetron to a pure modified cyclotron motion
driven by a quadrupolar field with w, = w.. For better visibility first (a) and second half
(b) of the conversion are drawn separately.

Similar to the dipolar field one can express the quadrupolar rf field as:

- 2U,

Ey = —F cos(wgt + ©4)yes (3.29)
a

~ 20,

E, = = cos(wgt — ) 7€, . (3.30)
a

In the interesting resonance case w, = w,, a full conversion between p_ and p, can be ob-
tained, see Fig.[3.4] If only magnetron motion is present in the beginning, a full conversion
to a pure modified cyclotron motion is achieved after

202t m B
—(w, —w_ ) ~2na®>—= 3.31
T ) (3:31)

Tconv =
U,

using the relations w; ~ w, and wy; > w_. The latter indicates together with p_(t =
0) = pi(t = Teony) that the total ion energy is higher after conversion due to the faster
motion |[Kon95].

3.3.2 Cooling of the ion motion

In the mass-selective buffer-gas cooling technique the ion motion is reduced by collision
with gas, usually helium, leaking into the trap. This is described effectively by a viscous
drag force |[Kon95|

F = —omv (3.32)
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(@) Y (b) y

Figure 3.5: Hllustration of the time development of the radial ion motions under the influ-
ence of buffer gas. Without any excitation (a) the reduced cyclotron motion is cooled very
fast while the magnetron radius increases slowly. Supplementary quadrupolar excitation
at w. (b) couples both motions. Thus, both motions are cooled and the ion is centered in
the trap. The dashed line symbolizes the initial magnetron radius. For details see text.

with the momentum mv and the damping parameter

_ q 1 p/pN

MK —T/TN . (3.33)

Here Kj,, denotes the reduced ion mobility in the buffer gas with pressure p and tem-
perature 7' in units of normal pressure py and temperature Ty. While the axial motion
behaves like an ordinary damped oscillator, including exponential damping and frequency
shift [Kre08a], the equations of motions are more complex for the radial motions and an
exponential behavior is found:

p+(t) = ps(0)e™" (3.34)

with the damping constant [Kon95]:

ap=+i—2 (3.35)
Wi —wW_

The frequency shifts are negligible keeping the relation w. = w, + w_ invariant [Kre08a].
Eqgs. and show an exponential decrease of the reduced cyclotron radius and an
increase of the magnetron radius, which is a consequence of its negative energy contribu-
tion. The relation oy /o = —w, /w_ considering w; > w_ illustrates that the amplitude
of the modified cyclotron motion is cooled faster than the slowly increasing magnetron
radius (see Fig [3.5(a)).

It is possible to cool all three motions with buffer gas with the sequence implemented at
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TRIGA-TRAP: First a dipolar excitation with w_ is applied, increasing the magnetron
radius of all ions due to its mass independence. After excitation it is secured that the
magnetron radius is larger than the radius of an aperture at the trap exit. Subsequently
magnetron motion is coupled to the modified cyclotron motion with a quadrupolar rf field
of sufficient strength at frequency w.. In consequence of the mass dependence of this ex-
citation the centering showed in Fig (b) only happens to ions of a certain q/A. Aside
of this resonance the coupling is too weak to counteract the increasing magnetron motion.
Finally the centered ions can be ejected to a second trap for the mass measurement. All
unwanted ions are blocked at the aperture.

Usually the high ionization potential of helium does not favor charge exchange when work-
ing with singly charged ions. However, cooling of highly charged ions is beyond the limits of
buffer gas cooling since charge exchange effects dominate. Some other applications as well
disfavor the presence of gas due to damping effects. In these cases other cooling techniques
have to be implemented [Bla06, Maj05|.

3.4 Cyclotron frequency measurement techniques

In Penning-trap mass spectrometry a mass measurement can be carried out by the deter-
mination of an eigenfrequency or the free cyclotron frequency (see Egs. , , )
Basically two types are foreseen at TRIGA-TRAP: destructive, where the ions are sent
to an external detector, and non-destructive, where the ions are stored in the trap for
repeated measurement cycles.

At TRIGA-TRAP, at the moment only the Time of Flight-Ion Cyclotron Resonance (ToF-
ICR) technique |Gra80| is in use for high-precision mass measurements. It is based on the
measurement of the flight time of an ion ejected from the trap to a detector as function of
a quadrupolar excitation frequency. If this frequency matches the free cyclotron frequency
of an ion, the flight time has a minimum (Sect. [3.4.1)).

Another technique being under development is the non-destructive measurement of image
currents between ring electrode segments induced by the ion oscillation. In principle it is
possible to obtain all eigenfrequencies and perform a mass measurement by using a single

ion (Sect. [3.4.2)).

3.4.1 Destructive time-of-flight measurement

Analogous to a current oscillating in a circle, a charged oscillating particle has a magnetic
moment. Here, the axial magnetic moment of an ion with charge ¢ and mass m oscillating
around the magnetic field lines with frequency 1ff| at a radius p is described by

1 1 1 1 P
fi = —qump’e, = —équQ ce, = —§mw2p2%a e, = —émwzpz%;ez ) (3.36)

2w = 2nv
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Figure 3.6: Principle of the Time-of-flight Ion-Cyclotron Resonance technique. Inside
the trap the ions are prepared with a pure magnetron motion. They are excited with
a quadrupolar rf field with a frequency which is varied around v. and subsequently sent
through the magnetic field gradient to a detector. The calculated mean time of flight as
function of the detuning of the frequency shows a minimum for v = v..

The relations wy > w_ and w; ~ w, show that the major contributor to the magnetic
moment is the modified cyclotron motion. Thus, using Eq. (3.19)), the magnetic moment
a charged particle in a trap can be approximated with

i=——¢ (3.37)

where FE, is the radial energy. After the conversion the ions are ejected from the Penning

trap to a detector located at position zp outside the magnetic field. Since the potential
energy inside the magnetic field is Ep,s = —ﬁé , the force the particle experiences when
passing through the magnetic field gradient is

_O0B E. 0B
- — — ___ez
Haz B 0z
accelerating the particle depending on its magnetic moment. In the non-resonant case
vy # V. the conversion is not completed and the radial energy will be smaller compared to

the case when v, = v,. For an initially pure magnetron motion one obtains [Kon95,Kre07]

o Sin2(w1§Tq/2)
YR

ﬁmag = _vEmag = (338)

E, (3.39)

with the Rabi frequency wg = 1/02 + (7/T,)” where § is the frequency detuning param-
eter 0 = w — w,. Tj denotes the conversion tine from an initially pure magnetron to a
pure modified cyclotron motion. Thus, the flight time to the detector, which depends on
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Figure 3.7: Illustration of continuous (a) and Ramsey (c) excitation with the corresponding
time-of-flight spectrum (b,d). For the Ramsey excitation (lower panel), the sidebands are
more pronounced and the linewidth is decreased, resulting in a higher precision. In (a) and
(c) the product of U, and the total excitation time is kept constant. For details, see text.

the amplitudes of the radial eigenmotions, is a measure for the radial ion energy and the
modified cyclotron radius.

This correlation is used in a ToF-ICR measurement (see Fig. . An ideally mono-isotopic
ion bunch coming from the purification trap with completely cooled radial and axial mo-
tions is trapped and its magnetron radius p_ subsequently increased by a dipolar excitation.
Then the modified cyclotron and magnetron motions are coupled by a quadrupolar rf field.
The excitation amplitude U, and time 7} are chosen so that the conversion is completed
for the resonant excitation frequency v, = v.. Now v, is detuned in steps around v, and
the flight time from the trap at position zy to the detector at zp is given by [K6n95|

21 m

T(v,x) = / \/ dz 3.40
0= [ 3T~ V() — il XBG) — Bl (340

with the total initial ion energy Ej, the electric field V' (z) and the magnetic field B(z).

This adds up to the resonance shape shown in Fig. [3.7(b).

Clearly, a certain number of ions is needed to record a time-of-flight resonance spectrum

and to obtain the cyclotron frequency from a fit of Eq. (3.40)) to the measurement data.
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The statistical uncertainty of this fit is given by [Kel03]

(Vo) o 1 1
S\ Ve —_—
\/Nion Tq

with the number of detected ions Nj,, and the total conversion time from magnetron to
modified cyclotron motion, 7,. Thus, a longer excitation time is desired. The lentgh of
the excitation is limited mainly by the pressure inside the trap, since a longer storage time
increases the probability of collisions with residual gas atoms. As consequence the modified
cyclotron motion is damped decreasing the time of flight difference between excited and
non-excited ions and by that the overall uncertainty. For radioactive ions the half-life
Ty /5 limits the time it is available for investigations. In addition the maximum time for the
measurement is limited by the uncertainty due to magnetic field fluctuations [Ket10blViel3]
limiting the product v/ NionT5.

Apart from the continuous excitation, other rf patterns can be applied as well, like the
Ramsey excitation [Bol92b]. Fig. [3.7] illustrates the differences between continuous and
Ramsey excitation. Thereby, the excitation time is split into two pulses with a waiting
time in between and the total cycle time being kept constant. A full conversion in resonance
is secured by keeping the integral of the excitation constant. Introduction of the Ramsey
scheme decreases the linewidth and pronounces the sidebands. Therefore, the uncertainty
of the frequency measurement is decreased, gaining up to a factor of three in precision
[Kre07},Geo07].

Using the two-pulse Ramsey excitation the conversion depends additionally on the phase
applied between both excitation pulses:

(3.41)

44* WRT .
Fconv(& T0, 71, 9, X) = ig {COS < }; ° + %) Sln(wRTl)
WR

0 . (WRTY | X ’
+ w—Rsm< 5 +§> [cos(wRTl)—l]} , (3.42)

with the frequency detuning 6 = w — w,, the Rabi-frequency wr = /6% 4+ 4¢? and the
conversion factor ¢ = 7/(4m). x denotes the phase shift of the second excitation pulse
relative to the first one [Kre07]. According to Eq. , the phase y affects the conversion
probability F.,, and therefore the magnetic moment of the ions. Thus, the fringes of the
TOF spectrum move with the phase shift. The time of flight is minimal at the cyclotron
frequency v, if the phase shift is 0 or an even multiple of 7 and maximal with odd multiples
of m, whereas with a phase shift of odd multiples of 7/2 the resonant frequency is at an
inflection point of the spectrum [Eib10b].

At TRIGA-TRAP the Ramsey excitation scheme shown in Fig. [3.7(c) was applied to
record the data presented in Chap. [6] with a pulse length 71 = 0.2s and waiting time
To = 1.6s.

Eq. shows that after the measurement of v, the magnetic field B is still unknown.
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Since NMR Probes are too imprecise this is done by measuring the cyclotron frequency
Veref Of a reference ion of well-known mass. Then the atomic mass of a nuclide is

Ve ref (

Matom =

Myef — me) + me (343)
where m.r denotes the mass of a singly charged reference ion and m, the electron mass.
As already pointed out the electric field imperfections (Eq. (3.21])) and trap misalignment
in the magnetic field (Eq. (3.27))) induce a mass independent frequency shift. Including a
shift into Eq. (3.43]) one obtains for small frequency shifts Av, with

:7¥(mreffme)
C,r A c /_C —
Amatom = %(mref - me) +  Me — Matom
AVC(VC - Vc,ref)
= ORAD (Myer — Me) (3.44)
Av,

= m(mref - matom)

the relative mass shift

ATnatorn ~ AVC
~ (mref - matom)
Matom MatomVe

X (mref - matorn) ) (345)

which is proportional to the difference of the reference mass and the mass of the ion of
interest [Bol96]. Thus, it is generally favorable to measure the frequency ratio of mass
doublets [Lin91]. Recently carbon clusters '*C,,n € N became available at TRIGA-TRAP
using a laser ablation ion source [Smo08] being the ideal reference since the atomic mass is
defined by 1/12" of the mass of 2C. Moreover, carbon clusters are available as reference
mass all over the nuclide chart providing a reference every 12 mass units [Bla02].

Since carbon clusters provide a comb of well-known masses, systematic uncertainties can
be investigated by measuring their frequency ratios. The proportional constant from
Eq. can be determined enabling a consideration of the relative mass-shift as func-
tion of the mass difference of reference ion and ion of interest. Applying the method from
ISOLTRAP [Kel03] this was extensively studied at TRIGA-TRAP [Ket10b| and will be
briefly addressed in Chap. [6]

3.4.2 Non-destructive image current measurement

As already mentioned an ion oscillating inside a Penning trap induces image currents in
the surfaces of the electrodes. This perturbes the electric field additionally to the effects
discussed in Sect. [3.2] In general they should be considered [Van89}|Gro91|Xia93]. How-
ever, at TRIGA-TRAP this effect is negligible since it the trap is comparably large and
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Figure 3.8: Simplified description of an coherently oscillating ion cloud in the trap whose
segments are approximated as parallel plates (a). The superposition of electric potentials
allows the decomposition into a dipole (b) and two monopoles (c). For further details see
text.

additionally only singly charged ions are available. The approach of [Com78| is briefly
discussed here.

It is assumed that NV ions carrying charge ¢ rotate in the Penning trap with the ring
electrode segments being approximated as parallel plates having the surface A separated
by distance d. In Fig. the magnetic field is directed out of the plain so that positive ions
oscillate clockwise. Due to the superposition of electric potentials, it is possible to substi-
tute the rotating monopole in Fig. [3.8(a) by one dipole, Fig. [3.8(b), and two monopoles,
Fig.[3.8(c). The latter does not have any differential effect on the plates since their signals
cancel each other. The electric dipole is represented by an electric dipole moment normal
to the plates

i, = Nqrcos@ . (3.46)

Since the ions are oscillating with 0(t) = 2wvt+¢, where v denotes the oscillation frequency
and ¢ the phase, the charge density ¢ on the top plate is given by

o(t) = —% - _N% cos (2mvt + ) . (3.47)

The negative sign indicates a negative image charge. This obviously leads to the total
charge on the top plate

Q) =cA= —ng cos (2mvt + @) (3.48)
and further to the image current

I(t) = Q(t) = QWVNQC% sin (27vt + @) (3.49)
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with the effective value
r
Ig = \/iqua : (3.50)
The frequency of the ion can now be accessed from Eq. (3.49) as function of ¢, N and
r/d by Fourier transformation. Analogous to hyperbolic and cylindrical Penning traps, the
spacing parameter d has to be modified for image current calculations using ring shaped
electrodes.
Since the magnetron frequency is not mass-dependent the mass has to be determined via
the modified cyclotron frequency. Thus its amplitude is increased by a dipolar excitation
at v,. Looking at Eq. (3.9) it is clear that two parameters, Uy and B, hidden in w, and
w,, have to be calibrated, requiring two reference nuclides of different masses. Some simple
transformations return
v
4= (3.51)
m  avy —b
with @ = By/(27) and b = Uy/(87%d?). Analogous to Eq. (3.43) one obtains the atomic
mass as function of two reference ions with masses mj yer, Mo er and their corresponding
calibration frequencies vy 4,5 4 [Ket10a]:

V22,+(V1,+ — V)

vi(vig —vay)

V12,+<V+ - V2,+)

vi(vig — 1o4)

Matom = (ml,ref - me) + (mz,ref - me) + me . (352)

Principle of single ion detection

Ideally Penning-trap mass spectrometry requires only one single ion in the trap. The main
reason is to completely avoid ion-ion interaction and resulting frequency shifts as discussed
in Sect. as well as minimizing the influence of the image charges.

If the ion oscillates in the trap a voltage drop could be measured at a resistor in the
connection between two opposing trap segments. According to Ohm’s law U = RI a high
resistance could make the voltage drop measurable with regular multimeters. However,
capacitances C' limit the total impedance to (wC)~'. This limitation can be canceled out
by a compensation with a well-chosen inductance creating a tank circuit with the trap.
Real inductances usually have a finite resistance Ry in series with L. This can be easily
transformed to its parallel equivalent 12, via the parallel and serial impedances with Z, =
Zs by comparison of their real and imaginary parts

Zy = Ry +iwLg , (3.53)
Z;' =R+ (iwLp) ™" (3.54)

R, = R, (1 + (“’RL:Y) (3.55)
L, =L, (1 + (MRL:)Q) . (3.56)

to
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All coils used in narrow-band FT-ICR detection systems are designed to have a very high

2
wlg
Rs

the quality factor of the coil,

inductance. Therefore, ( > 1 is assumed from here on. Thus, with the definition of

Q= (3.57)

and Eqs. (3.55) and (3.56) it is found that Ly = L, = L and the coils equivalent parallel
resistance is simplified to

Ry=Q-wlL . (3.58)

The tank circuit, consisting of the coil and the trap, is tuned to the revolution frequency
of the ion. Then the resulting total impedance is

Z(w) = [Rip +i (wwt - wiL)r | (3.59)

Where C},; is the capacitance of the detection system determined by the capacitance of the
trap Cp, parasitic capacitances C), and the input capacitance of the amplifier Cl,,, being
coupled to the tank circuit by Ceoypi:

Cam
Ciot = O + Cp + ¢ P (3.60)
with the coupling parameter
CCOU Cam
¢ =yt T Comp (3.61)

Cvcoupl

Here, v denotes the winding ratio where the first amplifier is coupled to the inductance.
At the resonance frequency

1
wLe = V LCtot

capacitive and inductive contributions vanish leaving R, as the only contributor to the
total impedance. Simple calculations involving Eq. (3.58)) and (3.62)) yield the absolute
value of the impedance and the resonant parallel resistance

Q

wrcChot

(3.62)

Ry = QuicL = (3.63)

QwL

o)

|1Z(w)| =

(3.64)
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Figure 3.9: Principle of narrow-band FT-ICR detection at TRIGA-TRAP. The oscillating
ion induces an image current between two ring electrode segments (red). The tank cir-
cuit is tuned to the revolution frequency of the ion acting as a band pass filter for noise
suppression. The parasitic capacitance |, and resistance R, are no concrete parts. They
just exist due to the trap and the coil with inductance L. Additional noise sources are
current noise from thermal effects and the first amplifier as well as voltage noise from both
amplifiers. Thermal noise is reduced by cooling the trap and the detection circuit to 77 K
and 4 K, respectively.

For large ) the width of the resonance Aw within which the voltage across the tank circuit
drops to 1/ /2 of the maximum is

Aw = % (3.65)

These equations illustrate that a high quality factor of the coil as well as an overall small
capacitance are favored to reach high parallel resistances leading to high amplification fac-
tors. Noise suppression is especially supported by a high ) resulting in narrow resonances.

The principle of narrow-band FT-ICR detection is displayed in Fig. |3.9. The voltage
signal is guided to the first, cryogenic amplifier via a galvanic coupling to the coil (coil
tap).

Furthermore, the prior considerations allow an estimation of the signal-to-noise ratio.
The voltage drop at the parallel resistance R, and the effective image current I (see

Eq. (3.50)):
U= Ryl (3.66)

manifests as a peak on top of the noise spectrum of the tank circuit. The total noise
after amplification is determined by the thermal noise |Joh28,Nyq28]| e, voltage eamp and
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current noise i,mp of the amplifier [Kral2):

Crot = €ih T Camp T lamp ¢ (3.67)

with
e = V/4kgT R(? (3.68)

where kg denotes the Boltzmann constant and 7" the temperature. Since the current noise
is damped by ¢ due to the coupling between tank circuit and amplifier, the last summand
is neglected, yielding

Chor = € + Comp - (3.69)

This results in the signal-to-noise ratio

E ’ — (RPIGH<2>2 (3 70)
N) — 4kBTRC?+eZ,, '

Due to the Johnson noise the signal-to-noise ratio can be increased by working at lower
temperatures, which is realized at TRIGA-TRAP by cooling the amplifier and the trap
down with liquid helium and liquid nitrogen, respectively. At TRIGA-TRAP the effect
of the temperature is even stronger than Eq. implies. Since a superconducting
coil is used, the serial resistance decreases and thereby the ()-Value increases significantly
when the transition temperature is reached. The effective ion current hides a proportional
behavior as function of the ion amplitude. However, an increase of the ion motion is
performed at expense of precision since the ion experiences more field imperfections. In
addition it is important that the first amplifier provides a high gain combined with a low
voltage noise to suppress additional noise sources.

Nevertheless, the here presented signal-to-noise ratio is only an upper limit. Noise created
by voltage sources providing the trap potentials can be extremely disturbing and hamper
the entire measurement. Equally disturbing are unchielded cables acting as antennas which
could couple unwanted signals into the detection systems. Further details on the FT-ICR
system as well as latest developments are presented in Sect. and Chap.



Chapter 4

The double Penning-trap mass
spectrometer TRIGA-TRAP

The double Penning-trap mass spectrometer TRIGA-TRAP was put into operation in
2008 as part of the TRIGA-SPEC experiment, dedicated to the measurements of nuclear
ground-state properties of actinoides and short-lived neutron-rich nuclides [Ket08]. They
are provided by the research reactor TRIGA Mainz, being produced by thermal neutron-
induced fission of actinoid material placed close to the reactor core. Their extraction from
the reactor, ionization, mass-separation and bunching is discussed in Sect. [£.1 Subse-
quently, the ions are guided either to TRIGA-TRAP or to the collinear laser spectroscopy
beamline TRIGA-LASER. A detailed floorplan of TRIGA-SPEC is shown in Fig. [4.1]

At TRIGA-LASER the ion beam is overlapped collinearly or anticollinearly with a laser
beam. The ions have typically energies of 30 keV. Due to the quadratic scaling of the en-
ergy as function of the ion velocity, the velocity spread is compressed at higher energies as
the energy spread is conserved. This concept provides the possibility to use fixed-frequency
lasers and tune the accelerating voltage to vary the Doppler shift. Thereby ion transitions
are tuned to resonance with the laser light. If transitions in the ionic spectrum are dis-
advantageous, the ions are neutralized in an alkali vapour to perform laser spectroscopy
on neutral atoms. The properties that can be studied are nuclear spin, magnetic moment,
spectroscopic quadrupolar moment, and the difference of mean-square nuclear charge radii
between isotopes, which are available via isotope shifts and hyperfine structure measure-
ments [Ott89, Klu03}|Ket08].

At TRIGA-TRAP mass measurements of ions in a Penning trap can be performed with
relative uncertainties of typically 1078 (see Chap. [3| and Sect. . Two different tech-
niques with different limitations enable mass measurements of either short-lived or rarely
produced species [Ket08|, Ket09a].

Additionally TRIGA-TRAP as well as TRIGA-LASER serve as test benches of MATS and
LaSPEC within NUSTAR at FAIR [Rod10], where the border of available radionuclides
will be pushed further away from the valley of stability.

43
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Figure 4.1: TRIGA-SPEC layout. Neutron-rich nuclides are produced close to the reactor
core by thermal neutron-induced fission. After ionization, e.g. on a hot surface, they are
mass-separated and subsequently cooled and bunched. These bunches are either trans-
ported to the mass spectrometer TRIGA-TRAP or to the collinear spectroscopy beamline
TRIGA-LASER.
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Figure 4.2: Production rates at TRIGA-SPEC. With the experimentally determined
fission yields [Eng94, LBN| and the conditions at the TRIGA reactor (300ug 23U,
1.8 x 10''n/(cm?s)) the production rate is calculated. To illustrate possible contributions
of TRIGA-TRAP the border beyond which the mass uncertainty is larger than 10 keV

is plotted [Wanl2]. However, the expected r-process path is only very limited within
reach [Pfell].

4.1 On-line ion production and beam preparation

The short-lived radionuclides studied at TRIGA-SPEC are produced at the research reactor
TRIGA Mainz. Its fuel material uranium, which is enriched to about 20% 23°U, is embed-
ded in a ZrH matrix. Here, the majority of neutrons are slowed down by the hydrogen
in the fuel elements, having a decreasing moderation ability with increasing temperature.
This enables the nifty feature of overcritical operation: When the control rods are removed
rapidly the suddenly increased amount of neutrons starts a chain reaction of promptly
emitted and moderated neutrons. This is only stopped due to the temperature increase of
the fuel elements, stopping the reaction within milliseconds. In these so-called pulsed mode
the maximum reachable thermal power is 250 MW with a pulse FWHM of 30 ms, whereas
steady state operation provides maximum 100 kW thermal power [Ebe00, Ham06]. Beam
tubes in the biological shield of the reactor provide access to a region with high neutron
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Figure 4.3: Sketch of the target chamber. A carrier gas seeded with aerosol particles is
continuously flushed through the target chamber. Fission products are thermalized by the
gas. Their mean free path is controlled by the gas pessure. Afterwards the radionuclides
attach to the aerosol particles which are flushed out of the chamber.

flux. At beam port B, being reserved for TRIGA-SPEC (see Fig. a neutron ﬂux[| of
about ®, = 1.8 - 10! n/(cm?s) is available in steady state and approximately a factor of
2500 more in pulsed operation.

At TRIGA-SPEC usually a sample of 2°U, 239Pu or 24°Cf is irradiated. The individual fis-
sion yields taken from [Eng94,|LBN]| lead to the production rates I'(Z, N) of radionuclides.
Assuming 300 pg material the results presented in Fig. are obtained by

I'(Z,N) = 0P, Niarget&i(Z, N) . (4.1)

Here Niarget denotes the number of fissionable atoms with the fission cross section oy and
the individual production probability of each nuclide &(Z, N) [Eng94, LBN]. It will be
possible for TRIGA-TRAP to provide improved mass data in the neutron-rich regime, in-
dicated by the dark red line beyond which no mass is known with an uncertainty below
10 keV [Wanl2|. Even the expected r-process path is reachable around the magic num-
bers [Pfell]. Obviously the mass distribution is assymmetric for thermal neutron-induced
fission [New61|. For the here presented case, the production maxima are around A = 100
and A = 138, which is around the magic numbers Z = 50 and N = 82. Fission yields
demonstrate that the light fission branch shift towards heavier masses for heavier feed ma-
terial, while the heavy branch remains in position until symmetric fission is dominating for
28Fm |[Eng94).

Extraction of fission products is carried out by a gas-jet system whose principle was well-
characterized in radiochemistry experiments [Mac69|: First a carrier gas, typically He, Ar
or Ny, is seeded with aerosol particles. Different materials have been investigated so far,
whereas carbon and KCI aerosols are commonly in use at TRIGA-SPEC [Eib09,Smo12].
First tests for fission product extraction were performed with carbon aerosol particles.
Their production takes place when the carrier gas is guided through a chamber where a

'From now on this number is alway used, when TRIGA-TRAP specific neutron fluxes are required.
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Figure 4.4: Principle of the TRIGA-SPEC on-line ion source. Aerosol particles with at-
tached fission products are separated from the carrier gas by a skimmer. Afterwards they
touch a hot tungsten surface where ionization takes place for alkali ions.

voltage of typically 1.5 kV is applied between two graphite tips. The actual formation of
carbon aerosol particles with a lognormal size distribution around 100 nm takes place in a
spark discharge between the tips. For a more detailed discussion see [Eib(9).

Salt aerosol particles, e.g. KCl, are also commonly produced guaranteeing a reliable extrac-
tion from the reactor |[Giin93| as already used in Mainz at the HELIOS experiment [Maz80].
The salt is heated inside a furnace to about 660 °C, about 100 °C below the melting point.
When the carrier gas is guided through the furnace KCI sublimates from the surface clus-
tering to particles with a lognormal distribution around 200 nm by condensation and co-
agulation |Gin93|.

The radionuclide production takes place inside a gas-filled recoil chamber displayed in
Fig. [£.3] Its shape has been optimized for a maximum extraction ending up with a coni-
cal shape [Brii83]. To be available for extraction the fission products, being created with
approximately 100 MeV kinetic energy, have to be thermalized within this small volume.
Stopping powers of different gases in the target chamber were studied in [Zud86]. At
TRIGA-SPEC, 2.7 bar He and 2 bar Ar or Ny absolute pressure were used together with
the target being covered with a 13 um thick Al foil, which slows down the light fission
branch and completely blocks the heavy one [Fin51].

In a test setup the extraction time, defined as the time between the pulse and the arrival
of half of the maximum activity to a y-detector, was determined in pulsed operation mode
to be (390 + 90) ms [Eib10a]. Since the pressure in the target chamber depends on length
and diameter of the capillary, which change its flow resistance, the extraction time might
vary under experimental conditions. This limits mass measurements on radionuclides with
half-lives down to 200 ms by the ToF-ICR technique depending on their production rate.
Since the FT-ICR technique is anyhow limited to nuclear half-lives of several seconds. It



48 CHAPTER 4. THE MASS SPECTROMETER TRIGA-TRAP

buffer gas ..

Figure 4.5: Principle of an RFQ cooler and buncher. Ions enter the trapping region, where
radial confinement is achieved by an rf potential. The ions are axially trapped by a dc
potential guiding the ions to a potential well at the end of the electrode structure, while
they loose energy by collisions with the buffer gas. The cooled ions are ejected in a bunch
by switching the rear electrodes.

is more crucial to obtain high extraction efficiencies to be able to detect even the least
produced nuclides. Here, transport efficiencies between 50 and 80 % were determined with
carbon and salt aerosol particles in different gases |Brii79, Bri83,Eib09]. This has been
realized by the comparison of specific y-lines of certain nuclides, which were collected on
a filter placed inside the target chamber, and in a subsequent measurement behind the
capillary.
The gas-jet is guided from the target chamber directly to a skimmer in front of the
ion source, where the heavy aerosol particles are separated from the carrier gas, which
is pumped away by a roots pump. When the gas-jet enters the vacuum, it expands
rapidly, forming a Mach cone. Inside this the interaction-free so-called zone of silence
is formed containing the aerosol particles |Sco89]. A conical skimmer, being placed in-
side the zone of silence, allows transmission of the aerosol particles while gas atoms are
suppressed |[Cam84,/Smol2]. At TRIGA-SPEC skimmer efficiencies of about 20 % were
obtained. Better transmission is expected by using an aerodynamic lens in front of the
skimmer for better preparation [Liu95a,Liu95b,|Gruld].

lonization takes place immediately behind the skimmer in an ion source (see Fig. ,
which is a further development of the one used at the HELIOS separator [Bri85,Renl4]. A
tungsten tube, thermally isolated from the skimmer by a boron nitrite insulator, is heated
indirectly by electron bombardment with a power of about 800 W to about 3000 K. All
atoms, with a sufficiently low ionization potential ®;, which come in contact with the hot
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Figure 4.6: Sketch of the TRIGASPEC switchyard taken from [Smol2]. Ion bunches
arriving from the buncher at (1) are either bent to TRIGA-LASER (3, yellow) with 30 keV
or guided straight towards TRIGA-TRAP (2) with 30 keV (red) or 1.1 keV (blue). Bending
towards TRIGA-LASER is achieved by plain (4) and subsequent curved parallel plate
deflectors (5). For TRIGA-TRAP the ion beam can be pulsed down to 1.1 keV using a
pulsed drift tube (8) preceded by one deflector (9) and drift tube (10).

surface are ionized with a probability p;. Positive ionization is described by the Langmuir-
Saha equation |Lan25|

n; Ja ed; — Ws) !
= =(1+2 i s 4.2
i ( + ieXp{ T D , (4.2)

where n; and n, denote the number of ions and atoms leaving the surface at temperature
T. The parameters g; and g, are the degeneracy of the ionic and atomic state given by
2J + 1. Preferable for the hot surface is tungsten due to its high work function of about
W, = 4.6eV and the high melting point. However, an ionization efficiency close
to 100 % can only be reached for alkali elements, while all other elements are not ionized
very efficiently. Also too high temperatures are not favored since the atoms won’t reach
a thermal equilibrium with the surface before evaporation, thus lowering the efficiency as
well. To this end, a second source based on plasma ionization is under development at
TRIGA-SPEC [Sch15]. Both ionization techniques provide separation of aerosol particles
and fission products.

According to Fig. ionization takes place on a high potential platform of typically
30 kV. The created ions are extracted in a continuous beam towards ground potential and
mass separated in a 90° bending magnet. Its maximum field strength B = 1.12T and
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bending radius of 0.5 m allow for isotopic separation with the help of slits in the focal
plane resulting in a resolving power of m/Am = 200. Subsequently, the ions are stored
in a radiofrequency cooler and buncher (for the RFQ principle, see Fig. , which was
previously in use at MISTRAL [Lun09]. Since the ions have kinetic energies of several keV
the RFQ is on the same potential as the ion source. Thus, they are completely stopped
inside the potential well loosing energy due to interaction with the background gas and
are finally stored in an axial potential minimum. Radial confinement is realized by an
rf-potential. After sufficient accumulation the ions are released in bunches of 250 ns width
by fast switching of the rear electrodes [Her03|.

The cooled ion bunches from the RFQ are ejected to the switchyard displayed in Fig.
Here horizontal deflectors allow guiding the beam either to TRIGA-LASER located at the
right port or to TRIGA-TRAP in straight direction. The left port is dedicated to future
experiments, e.g. a tape station for decay spectroscopy measurements. While high kinetic
energies are favorable for collinear laser spectroscopy, Penning-trap mass spectrometers
require slow ions for efficient trapping. Several possibilities were realized at different ex-
periments. For example at SMILETRAP only the preparation trap was floated at high
potential to slow down the ions and afterwards pulsed down [Ber02|. Since this is more
challenging for higher potentials the entire magnet and detection units can be kept on high
potential like at JYFLTRAP [Erol2]. A different approach is followed at TRIGA-TRAP,
where the ions are already slowed down in a pulsed drift tube (PDT) and the traps are
close to ground potential. The PDT is kept on high potential being only a bit lower than
the ion source potential to remove almost the entire kinetic energy and subsequently pulsed
down to the transport potential of -1.1 keV [Smo12].

4.2 Off-line ion production at TRIGA-TRAP

Apart from the on-line ion source introduced in Sect. several off-line, in majority surface
ion sources are included into the TRIGA-SPEC setup. They are mainly used for calibration
and test purposes. In the following section the laser ablation ion source at TRIGA-TRAP
is introduced. It is used for the production of carbon cluster ions as mass reference but
offers as well the possibility to produce ions of various other elements. Recent upgrading
improved the ion pulse quality so that it allowed mass measurements on nuclides which
were not accessible up to now. Its functionality is described in this section and the results
of the measurements in Chap. [0

For the production of e.g. carbon cluster ions as mass reference, a laser ablation ion
source was developed at TRIGA-TRAP [Smo08],[Smo09]. Although it was originally only
designed for the production of carbon cluster ions, several other species can be ionized as
well.

The principle of the further developed laser ablation ion source is shown in Fig. [£.7] for an
overview of the old version the reader is referred to [Smo09]. A Nd:YAG laser (Continuum
Minilite), which is frequency doubled to a wavelength of 532 nm with a pulse width of
5 ns carrying maximum 50 mJ energy, is used for ablation. By a motorized polarizing
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Figure 4.7: 3D sketch of the laser ablation ion source. A frequency doubled Nd:YAG
laser pulse at A = 532nm is focused on a target inside the vacuum chamber. The off-axis
position of the target allows access to a complete circle on the surface. After production the
ions are stored inside a miniature RF(Q for about 5 ms where their motions are cooled by
collisions with helium. Afterwards the ions are ejected and guided towards the experiment.
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Figure 4.8: Time-of-flight spectrum of carbon cluster ions from the laser ablation ion source
to a detector in front of the magnet without cooling.
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Figure 4.9: Time-of-flight spectrum of carbon cluster ions from the laser ablation ion source
to a detector in front of the superconducting magnet with cooling in the mini RFQ. When
Uye is kept the same for all four rods, the transmission of the heavy clusters is suppressed
(a). A potential difference at neighboring rods, while opposing rods are kept on the same
potential favors transmission of heavy clusters (b).

beam splitter (Thorlabs PRM1Z8) the beam energy is reliably controllable. The actual
energy measurement is done by a pyroelectric sensor (Thorlabs ES111C) to which 11 %
of the laser beam are directed by a beam splitter. With a motorized lens having a focal
length of 450 mm in front of the vacuum chamber the remaining laser beam is focused onto
the target, reaching maximum power densities of 1.9 x 10 W/cm?. A few microseconds
after the ionization, the back plate as well as the target potential are increased from 47 V
to 90 V to confine the ions inside the miniature radiofrequency quadrupole (mini RFQ).
Here, rear and front electrodes have only a DC potential for axial confinement, whereas
the non-segmented rods are set to a superposition of 60 V4. and 800 V¢, potentials for
radial Conﬁnememﬂ During the 5 ms the ions are stored inside the Mini RFQ their energy
spread is reduced by collisions with helium atoms at gas pressures of about 10~ mbar. For
extraction, the front plate of the Mini RFQ is pulsed down to -20 V. The bunch is extracted
by an electrode in Pierce geometry and subsequently focused and centered on the
90° deflector, guiding the beam towards the ion traps.

With the old ion source concept it was not possible to distinguish different carbon clusters
based on their time of flight to an MCP detector in front of the superconducting magnet,
about 2 m downstream (see Fig. . The resolution was tremendously improved by the
installation of the Mini RF(Q demonstrated in Fig. [4.91 Depending on the dc voltage ap-
plied at the rods, different mass regimes are stored. Applying the same voltage at all four
rods favors the storage of cluster ions C; with 8 < n < 20 (Fig. |4.9(a)). Heavier cluster
ions can be stored when a potential difference between neighboring rods is introduced,

2The phase of U, s on neighboring rods is shifted by 180°.
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while opposing rods are kept at the same potential. This increases the maximum storable
mass and simultaneously suppresses the storage of light ions (Fig.[4.9(b)). The heaviest ion
which is clearly distinguishable in the time-of-flight spectrum is CJ,, whereas even heavier
cluster ions are hidden in the continuous part of the spectrum at 80 us and above b).
The implementation of the Mini RFQ enables the clear selection of one carbon cluster ion
species with C with 8< n < 27 already before they reach the trap by a beam gate. This is
important for the resolving power of the purification trap, depending on the total number
of ions in the trap.

Presently the carbon cluster ions are produced from a Sigradurﬁ plate, a glassy carbon.
Usually Sigradur is favored due to its good electric conductance, which defines the ion
energy during its creation.

Analogously, foils of the elements Pd, Cd, Sm, Gd, W, Au were already used [Ket10a,
Smol2|, where the atomic as well as the molecular oxide ions were observed. Latter are
created due to the oxidization of the foil surface. With a different approach a few mg of
powder are sufficient as for measurements on enriched *°W and '*4Os. The target is then
produced by mixing the enriched sample with silver powder, using its adhesive force to
create mechanically stable targets, and pressing the mixture to a pellet with a pressure of
about 35kg/mm? [Smo12].

Even smaller amounts of a sample require a more efficient use of the material. In case of
transuranium elements the usual limit of available material is about 10'® atoms or less.
Gadolinium, being the chemical homologue of transuranium elements, has been used for
several tests. Here, the sample was solved in 0.1 molar nitric acid in different concentra-
tions. This solution was placed on a Sigradur backing in a drop of 10 ul and subsequently
dried. Then only the solved material remains on the surface and ions of the deposited
material were produced using laser intensities around 400 pJ. This was already done with
samples of Gd, Eu, Lu and Hf where it was determined that at least 10'® atoms are required
to determine a cyclotron frequency containing a few hundred events with the ToF-ICR tech-
niqud] Also 2! Am was tested, but no mass measurement was performed [Ket10al[Smo12].
Since the sample material is directly deposited on the Sigradur, carbon cluster ions are
always present and have to be cleaned away in the purification trap by mass-selective buffer
gas cooling.

This method was also used for the mass measurement performed within this work, using
concentrations of 10* atoms per pl. Thanks to the Mini RFQ the material was used more
efficiently since the ions are captured and cooled in situ, in contrast to the previous setup.
As benefit of the cooling, not more than one neighboring carbon cluster ion specimen
reaches the trap while the others are blocked by the beam gate. Additionally it is secured
that all sample ions are captured in the purification trap due to their lower energy spread.
In summary it was possible to perform an entire mass measurement with the TOF-ICR
technique, consisting of 15 to 23 recorded cyclotron resonances of the ion of interest con-
taining each at least 500 ions, with only 10*® atoms on the target.

3Trademark of HTW Hochtemperatur Werkstoffe GmbH
4Remarkably, only oxide ions were detected so far with this method.
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Figure 4.10: Radiographic image of an unused (a) and a used (b) target. The blue circle
represents the circumference of the target, while the dashed line is the laser track. Each
of the spots contains 10'® atoms of ?4°Cf. The color is a measure for the radioactivity,
ranging from red representing high activity to blue where no activity was detected.

Drying a drop on a surface with contact angles below 90° always results in creation of rings
in which the majority of the solved material is deposited in a circular [But03] as shown
in Fig. [4.10 These images were obtained by irradiation of a photo-plate by the radiation
from the the radioactive material and subsequent analysis using a position sensitive imager
(Fujifilm FLA 7000). The circle represents the circumference of the Sigradur plate, the
dashed line is the laser path on the target. Obviously most of the radioactive material
is presently not reachable with the laser. Analysis showed that more than 90 % of the
material remains on the target.

By minimizing the size of the wetted region and simultaneously eliminating the ring, the
material can be used more efficiently. The outward flow which occurs during the evap-
oration process as well as the wetting depend on the angle between liquid and backing
material, the so-called contact angle. Increasing the angle to more than 150° decreases the
wetted surface and simultaneously eliminates the ring . Tests on several backing
materials were already performed showing an increased yield . Further mass mea-
surements on transuranium nuclides with comparably short half-life and less abundance
will require the application of this method.

4.3 Ion transport

Ions, either produced in one of the off-line ion sources or coming from the on-line ion source,
are transported by an ion optical system to the superconducting magnet. As indicated
in Figs. and the laser ablation as well as the surface ion source are mounted
perpendicular to the beam line. Their ion beams are bent into the beam line towards
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the Penning traps by electrostatic 90°-deflectors. Due to these ion source positions it is
impossible for neutral atoms to reach the Penning trap, being very important in case of
the laser ablation ion source. The exit of bender 2 is simultaneously an ion gate. It is used
to either chop the continuous beam coming from the surface ion source for trapping or to
block unwanted ions coming from the laser ion source. This is realized by a simple ion
gate: A metallic grid is switched between 600 V to block the ions and 0 V for transmission.
In order to achieve proper selection it is kept at high potential and pulsed down and up
again very fast to allow only transmission of in principle one ion species [Ket10a)Smo12].
However, its present position is too close to the ion source, not allowing for the separation
of neighboring isotopes.

Deflectors behind each ion source are used to correct possible misalignment. Afterwards,
a parallel beam is prepared and focused into the magnetic field by the last einzel lens
(lens 3.1, deflector 5, lens 3.3). Inside the magnetic field, the ions are slowed down by
three drift tubes (P-Drift 1, 2, 3) from about 1 keV kinetic energy to about 100 eV, which
allows trapping the ions in the purification trap. The subsequent precision trap is separated
by a funnel with an inner diameter of 1.5 mm, which limits buffer gas atoms diffusing to
it.

Behind the precision trap an additional drift section is installed, which is only necessary
for the ToF-ICR technique. With the drift tubes inside the magnetic field gradient (1, 2,
3a, 3b) the ions are transported slowly. Especially the ion velocity at the position of Drift
3a has to be as low as possible to promote the adiabatic conversion from radial to axial
motion. The actual detection is done by an MCP detector at the end of the beam line.

4.4 The double Penning-trap system

The heart of the TRIGA-TRAP experiment is the double Penning trap system inside the
superconducting magnet. Being designed in [Web04], they are dedicated to TRIGA-TRAP
since 2007 [Ket08]. The first trap, used for mass selective buffer gas cooling [Sav9l] (see
Sect. [3.3.2)), has a cylindrical shape to achieve a high pumping cross section. It is also
equipped with a low noise amplifier for broad band FT-ICR detection [Rep08,|[Knu09].
The second trap has a hyperbolical shape. This minimizes electric field imperfections at
large radii, which is important for the narrow-band FT-ICR detection taking place here.
Additionally the ions can be prepared in this trap for the TOF-ICR mass measurement
technique.

Both Penning traps as well as a few ion optical elements in front and behind of them are
mounted inside a vacuum tube, which can be cooled down to 77 K. Therefore, the tube is
tripple-walled with the inner tube being surrounded by a liquid nitrogen reservoir. Both
are decoupled from the outer tube by an isolation vacuum. This is usually used to improve
the pressure in the traps, required for the narrow-band FT-ICR detection to decrease the
thermal difference between resonator and trap. The electrodes inside the magnetic field
from P-Drift 2 up to Drift 5 were manufactured out of oxygen free high purity copper
(OFHC) with a purity of 99.99 %. Due to its high thermal and electric conductance as
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Figure 4.12: 3D sketch of the Penning traps at TRIGA-TRAP. The ions enter the cylindri-
cal purification trap, consisting of seven partly segmented electrodes, from the left. While
the actual trap potential is at 70 V the electrodes left and right of the end caps are ad-
ditionally put on 200 V for a higher energy acceptance. All ions that are not centered
by buffer gas cooling hit the funnel, whereas the desired ion species passes the pumping
barrier. Inside the hyperbolic seven-pole trap the actual cyclotron frequency measurement
is performed.

well as low magnetic susceptibility this material was considered to be perfect for the high
magnetic field strength as well as thermal variations of more than 200 K inside the mag-
net.The electrodes, separated by aluminum oxide insulators, are mounted into two stacks
for better alignment, which are separated by the pumping barrier in the center of the
magnet. For the measurements presented in this work the trap tube was kept at room
temperature.

As already mentioned the strong magnetic field needed for the Penning traps is cre-

ated by a superconducting magnet, of a type being already in use at SHIPTRAP [Dil00],
JYFLTRAP and MLL-TRAP [Kol08]. The traps are located 20 cm apart in ho-
mogeneous field regions with a strength around 7 T. Small inhomogeneities were detected
here using an NMR probe with By, = 1.05(6) x 10~° T/cm® at the purification trap and
B, = 5.3(2.0) x 1079 T /cm® at the precision trap position .
Additional correction coils are implemented for enhanced temporal stability of the B-field
by compensating the flux creep effect [And62]. After stabilization of magnet bore temper-
ature and gas pressure in the liquid helium dewar the temporal stability improved
to —5.36(6.94) x 10~ /h. This was determined from cyclotron frequency measurements of
12031722’23 over a complete month. Usually the correction coils are discharged every month
resulting in a field jump of about 1.5 — 2 yT. This allows to calculate the magnetic field
change without compensation of —57.1(1.6) nT/d [Viel3]. For actual mass measurements
this does not have a significant contribution to the uncertainty as they take place on a
scale of hours.
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Fig. shows a detailed 3D drawing of the two Penning traps. The first one is the purifi-
cation trap used to capture and cool an ion bunch including cleaning away unwanted ion
species. It consists of a ring electrode and two end cap electrodes. For the improvement of
the harmonicity of the electric potential additional correction electrodes are used.The ring
electrode is fourfold segmented in two pieces covering 40° and two pieces covering 140°.
The smaller segments are used for ion motion manipulation using dipolar and quadrupolar
excitations while the larger segments are reserved for the narrow-band FT-ICR detec-
tion [Knu09, Ket10a]. In total the trap has a length of 212.5 mm with an inner diameter
of 32 mm.

For the use of mass selective buffer gas cooling one of the end caps is equipped with a
connector for a gas pipe. Through this pipe helium with rates of 107> mbarl/s is being
leaked into the trap. Only the desired ion species is centered in the trap (for the principle
see Sect. while the remaining contaminants are kept at a large magnetron radius.
After cooling, the whole ion cloud is ejected towards the precision trap. While ions with a
too large magnetron radius are lost at the funnel, the cooled ions pass the pumping barrier
and are captured in the precision trap. The second purpose of the pumping barrier, which
has a length of 50 mm and an inner diameter of 1.5 mm, is the reduction of helium flow to
the precision trap providing optimum conditions for mass measurements |[Nei08|. Lateral
helium flow is prevented by a TURCON Variseal, a PTFE ring around a metal spring.
Contrary to the purification trap, the precision trap has a hyperbolical shape. It was de-
signed with minimal Cjy, Cg, ... to ensure a high electric field harmonicity at large radii.
This is a consequence from the FT-ICR signal-to-noise ratio, increasing linearly with the
ion motion radius [Web04]. However, the absolute size had to be kept small to ensure that
the ions are always kept inside the homogeneous magnetic field region. Additionally the
optimum ratio pg/zp &~ 1.16 was chosen to create a trap, in which the eigenfrequencies
are almost independent from their amplitudes [Gab83, Web04| Ket10a], being in particular
important for FT-ICR detection.

Within these constrains the precision trap was designed, characterized by ro = 6.38 mm
and zp = 5.5mm. The ring electrode is cut like in the purification trap in two 40° and
two 140° segments, serving the same purposes. For ion injection and ejection holes with
1.8 mm diameter are drilled in the end caps.

4.5 Ion detection systems

Mass measurements are always carried out by the measurement of an observable. At
TRIGA-TRAP in principle two different frequencies can be determined: the free cyclotron
frequency from the conversion of magnetron into modified cyclotron motion, being used
in the ToF-ICR technique, and the reduced cyclotron frequency used in the FT-ICR tech-
nique. While the principles of these techniques were discussed in Sect. [3.4] the technical
details will be addressed in this section.
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Destructive ion detection

The ToF-ICR technique requires time-of-flight measurements of ions to a detector after
ejection from the precision trap as function of the quadrupolar excitation frequency (see
Sect. [3.4.1). At TRIGA-TRAP single ion detection for the stop signal is carried out with
two different electron multipliers: a microchannel plate detector (MCP)E] and a Channel-
tron |[Ket09a].

An MCP is composed of about 10° channels of typically a few pum diameter. During op-
eration a potential difference of about 1 kV is applied across the channels. Thus, the
impact of a particle releases an avalanche of secondary electrons with a gain of 10° — 10%.
Even higher gains are achieved by adding a second plate rotated by 90° in the so-called
Chevron configuration. They achieve usually ion detection efficiencies of 30-50 % with a
time resolution of down to 100 ps for kinetic energies of 2 keV [Fer07]. Moreover, MCP
detectors are not only used for time-of-flight measurements, but also for beam monitoring
at several positions of the whole TRIGA-SPEC beam line. While the MCPs in the high
energy part as well as the in TRIGA-LASER beam line are all equipped with additional
phosphor screens for position sensitive detection the ones in the TRIGA-TRAP beamline
miss this feature.

Although MCPs are widely in use, a more efficient ion detection may be desired for rarely
produced nuclides in on-line beam facilities. This problem can be solved using a Channel-
tron detector. Here the ions are guided to a conversion dynode being mounted off-axis.
Due to the ion impact electrons are emitted to a horn-shaped electron multiplier on the
opposite side. This technique improves the overall efficiency to > 90 %.

Nevertheless, an MCP detector is commonly used at TRIGA-TRAP due to its 12.6 cm?
active area, which is ten times larger than the one of a Channeltron. The large area is
required since it is difficult to optimize the ion optics simultaneously for excited and non-
excited ions. Additionally the ToF section is comparably long at TRIGA-TRAP due to
the space needed for FT-ICR detection, which had to be placed sufficiently outside the
magnetic field, resulting in an additional increase of the beam spot at the MCP.

Image current detection

Both Penning traps at TRIGA-TRAP are equipped with non-destructive detection elec-
tronics, allowing to read out the signals at both 140° ring electrode segments.

The purification trap will feature a system for broad band image current detection. This
allows an analysis of the composition of the captured ion cloud and subsequent cleaning
by increasing the motional amplitude of unwanted ion species using excitation of the mod-
ified cyclotron motion. For pre-amplification a cryogenic amplifier was adopted from the
g-factor experiment in Mainz [Stull]. It is attached directly to the trap to ensure short
cables and lower parasitic capacitances, thus increasing the signal-to-noise ratio. Its usual

5The position sensitive delay line detector, mentioned in [Smo12], was removed.
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Figure 4.13: Sketch of the narrow-band FT-ICR detection circuit. The 140° ring electrode
segments form a tank circuit together with the superconducting coil tuned to the modified
ion-cyclotron frequency. Further processing of the signal is done by a cryogenic amplifier
followed by two room temperature amplifiers. The last one provides additional filters for
signal processing prior to the Fast Fourier Transformation.

operating temperature is 77 K with a second amplifier (NF SA-220F5) at room tempera-
ture. Further information on the installation of the system are given in [Knu09, Rep08].

The development of the second image current detection system started in [Ket06]. While
the brad band detection system aims is designed for the detection of multiple ions, the
system at the precision trap aims for the detection of single ions. This is achieved by
increasing the effective parallel resistance (see Sect. [3.4.2). At TRIGA-TRAP this is re-
alized using a helical resonator with a high quality factor forming a tank circuit with
the trap. The coil is prepared in a way that the resonance frequency of the tank circuit
fits exactly to the modified cyclotron frequency of the ion. Fig. shows the detection
scheme. The tank circuit consisting of trap and resonator is partly on 77 K and 4 K.
Biasing of the ring segments is done via the center tap at the coil. In order to tune the
resonance frequency exactly to the desired frequency a DC-voltage between 0 V and 10 V
can be applied at LC Tuning 1,2 changing the capacitance of the two capacitive diodes
and lowering the resonance frequency. Functionality of the tank circuit can be verified by
excitation at the proper frequency using LC excitation. The signal is extracted at a tap,
located a few turns away from the center, amplified in the cryogenic low-noise amplifier
supplying the NF SA-220F5 amplifier for further amplification. Afterwards the signal is
processed by a heterodyning amplifier from Stahl electronics, which reduces noise with a
free configurable band-pass filter and mixes the signal down. A low-pass filter secures that
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no signals with higher frequency are transmitted to the FFT analyzer. The Fast Fourier
Transformation itself is performed by a Stanford research system SR760FFT, providing two
inputs at maximum 102.4 kHz. A broader frequency range can be covered by replacing
the heterodyning amplifier and SR760FFT with an Agilent Spectrum Analyzer NI1996A.
Further information on resonator and cryogenic amplifier design is provided in Chap.






Chapter 5

Further development of the FT-ICR
ion detection technique

The principle of the Fourier transform-ion cyclotron resonance (FT-ICR) technique was
described in Sect. as the detection of the image current induced in the ring electrode
segments by ideally one single ion. The detection system as a whole, shown in Sect.
consists of a tank circuit composed of coil and trap electrodes, followed by a cryogenic
amplifier and some filter stages (see Fig. . A similar installation was already used in a
test setup, which was tuned to the cyclotron frequency of ®Rb* [Ket09a]. Several high-Q
resonators were tested using superconducting NbTi as well as normal conducting cop-
per wires [Ket06,Ket09b]. The following chapter summarizes further developments made
within this work pointing out the differences to the formerly tested approaches including
the cryogenic amplifier and displays their characteristic behavior.

5.1 The high-() resonator

Image current detection is routinely used in FT-ICR spectrometers in analytical chemistry
for the simultaneous detection of many ions employing a broadband amplifier [Com74]. In
comparison it is more challenging to detect the image current of one singly charged ion,
requiring an elaborate system for noise suppression and low-noise amplification. Similar
systems are routinely used at other Penning-trap experiments, e.g. THe-TRAP, g-factor
HCI, etc.. Since the tank circuit depicted in Fig. acts as a band-pass filter, one key
component of such a detection system is an inductance with a high quality factor. Accord-
ing to Eq. this guarantees a high noise suppression at other frequencies than the
reduced cyclotron frequency of the ion. Since the goal at TRIGA-TRAP is the implemen-
tation of an FT-ICR system to measure the mass of actinoide ions, a high inductance L is
desired to obtain a resonance frequency around 500 kHz. (See Tab. [3.1] and Eq. (3.62)).

This is achieved with a coil of 220 turns of 40 um thick NbTi wire, insulated with FORM-
VAR, wound around a hollow PTFE core having an outer diameter of 42 mm and a wall
thickness of 1.5 mm. One tap at 110 turns is used to bias the ring electrode segments with

63



64 CHAPTER 5. DEVELOPMENT OF THE FT-ICR ION DETECTION TECHNIQUE

Coil

N

PTFE
Support

10 mm

Figure 5.1: Photo of the superconducting coil during the manufacturing process. The
40 um thick FORMVAR insulated wire is wound in 220 turns around a hollow PTFE
cylinder. Connections between normally and superconducting wire are made with regular
soldered connections.

-10 V and one at 75 turns to couple the signal to the cryogenic amplifier. A photo of the
coil is shown in Fig. 5.1} Adopted from radio communications [Mac59], the coil is mounted
inside a polished NbTi shield in a polished helical resonator geometry to increase the @
value further.

The properties of the so produced coil were determined in a test setup attached to a 4-K
cryocooler. A well-known capacitor and the coil were connected to a tank circuit, which
was excited with white noise. Via an antenna placed inside the resonator the signal of the
tank circuit was picked up and its resonance frequency was determined. The result of one
measurement is shown in Fig. 5.2l Here, the signal strength was obtained as function of
the frequency. The resonance frequency as well as the () value were obtained from a fit of
Eq. to the data. By repeating the measurement with a second capacitor of different
value, the intrinsic capacitance as well as the inductance of the coil were determined using
the equation system

1 -
v, = withi=1,2. (5.1)
\/Lcoil(ccoil + Cz)

This includes the assumption that additional inductances are negligible. With the two
capacitors | = 10pF and C; = 15pF and the respective resonance frequencies vy =
597992.1(6) Hz and v, = 544297.3(3.4) Hz the coil properties were determined to be
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Figure 5.2: Resonance spectrum of the superconducting helical resonator. The unloaded
quality factor Q = 27(2) x 10 as well as the resonance frequency v c = 597992.1(6) Hz
were obtained from a fit (red) using Eq. resulting in a 3 db width of 22 Hz. The
data points are connected to guide the eye.

Lcoil = 29(5) mH (52)
Ccoil = 141(46) pF . (53)

The @ value of the unloaded tank circuit obtained from the measurements is Q) = 27(2) x
103. This can be regarded as an upper limit since the @) value will be further limited due
to the connected trap electrode.

On the basis of the here obtained values, the serial resistance of the superconducting res-
onator can be calculated with Eq. yielding Ry = 0.404(76) €2, resulting in a specific
resistance of 1.75(33) x 10 Qm. In this calculation the skin effect as well as the errors of
cable length and diameter were neglected. Contributions from the short copper connec-
tions were not considered as well.

This value for the specific resistance is in the same order of magnitude as a value obtained
from a susceptibility measurement but two orders of magnitude higher than the one ob-
tained from a ()-value measurement with a similar resonator [Ket06]. This is likely due to
an optimized coil production procedure.

5.2 The new TRIGA-TRAP cryogenic amplifier

Ultimately high signal-to-noise ratios require low temperatures as pointed out in Eq. (3.70)).
Thus, an amplifier, originally designed for the g-factor experiment and optimized for oper-
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Figure 5.3: Schematics (a) of the cryogenic amplifier [Stull] and photo of the final board
(b), which includes also the electronics shown in Fig. [4.13, On the backside of the Cu disc,
the superconducting resonator is attached.
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S

Ugate 1 —0.95V
UGate 2 —-0.4V
UGate 3 —0.2V
Ubrain 4.0V

Table 5.1: Settings for one working point of the cryogenic amplifier. With these settings
an amplification of 7.8(3) is reached at 7' = 4.2 K.

ation at liquid helium temperature [Stull], was adopted at TRIGA-TRAP as the second
key part of a single ion detection system. For the operation at TRIGA-TRAP especially
the frequency response and the noise at frequencies below 1 MHz are important, as oper-
ation in this regime was not foreseen in the original design [Stull].

In order to minimize the overall cable length before the signal is amplified, the amplifier
is mounted on the backside of the resonator, which is anyhow cooled down to T' = 4.2 K.
Fig. [5.3| shows the connection diagram of the amplifier (a) and a photograph of the final
device (b). The working point with the gate and drain voltages listed in Tab. was
chosen for all further tests. It provides an amplification factor of 7.8(3) at liquid helium
temperature. The error is defined as the standard deviation of several measurements.

TRIGA-TRAP attempts for mass measurements ranging from iron to californium. On
top of that the actinoides are routinely produced as singly charged monoxides while it is ex-
pected that the new on-line ion source makes doubly charged ions available |[Sch15|. Thus,
ions with ¢/m ratios ranging over almost one order of magnitude resulting in cyclotron
frequencies between 400 kHz and 3.6 MHz are created at TRIGA-TRAP. Therefore, it is
important that the frequency response of the amplifier is frequency independent in a broad
range.
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Figure 5.4: Frequency response of the cryogenic amplifier at 7' = 4.2 K and at room
temperature. Even at room temperature the amplification as function of the frequency of
the signal is constant between 1 kHz and 10 MHz.

The frequency response was measured at room temperature and at T" = 4.2 K. The
result of this test, displayed in Fig. [5.4] shows that the amplification as function of the
frequency is constant in the desired range from 400 kHz to 3.6 MHz and even beyond at
both. At liquid helium temperature, the amplification is about twice as high as at room
temperature using the same working point.

The second important parameter is the voltage noise created by the amplifier itself.
It has to be extremely low since it has an important influence on the signal-to-noise ratio
as pointed out by Eq. (3.70]). Thus, the intrinsic noise of the cryogenic amplifier determines
the upper limit of the overall sensitivity of the FT-ICR detection system. Noise measure-
ments of devices with a very low intrinsic noise require special low noise equipment with
a precisely known voltage noise level. It was performed by first measuring the intrinsic
voltage noise of the Agilent N1996A-506 spectrum analyzer with a short to ground at the
input to prohibit external signals from coupling into the device. Since its white noise is
at a level of about 25nV/ VHz the room temperature amplifier NF SA-220F5 is used as
intermediate stage for the actual noise measurement of the cryogenic amplifier. For its
complete characterization the reader is referred to [Rep0§|. It shall only be mentioned
that its high gain of G = 200 in combination with a low intrinsic voltage noise density of
0.5nV/ vHz amplifies the expected low noise of the cryogenic amplifier without a signifi-
cant contribution to the total noise. Nevertheless, its intrinsic noise spectrum is recorded
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Figure 5.5: Setup of the voltage noise measurement (a) with shortened input at liquid
helium temperature. The obtained voltage noise density spectrum (b) decreases to less
than 1nV/v/Hz in the white noise regime. For mass measurements on actinide nuclides
the noise at 500 kHz with 1.66(5)nV/v/Hz is important.

routinely before every noise measurement to ensure proper functionality.

With the setup shown in Fig. [5.5(a) the intrinsic noise density spectrum of the cryogenic
amplifier displayed in Fig. [5.5(b) was determined. This requires knowledge of the intrinsic
noise of all used components. Since the noise adds squared and can be amplified one has
to employ

Ceryo = N ) (5.4)

Here, ecryo, enr, €sa and e, denote the noise densities of the cryogenic amplifier, the room
temperature amplifier and the spectrum analyzer as well as the total noise density recorded
at the end of this daisy chain. Gyr and Gy, are the amplification factors of the amplifiers.
While the white noise density level is well below 1nV/v/Hz the noise density at 500 kHz
is at 1.66(5)nV/v/Hz. The latter is especially interesting for mass measurements in the
actinoide region with cyclotron frequencies around 500 kHz.

Moreover, it is desired that the input capacitance of the amplifier is very low since

it adds to the parasitic capacitance of the tank circuit. Its measurement is straight for-

ward using the impedance of a capacitor Z = 1/(iwC'). A comparison of input and output

voltages with an additional input resistance R simplifies to
CON — (5.5)
U. 1+4+iwCR

Introducing the cutoff frequency
1
- 21CR

VG (5.6)
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Figure 5.6: Circuit of the current noise measurement. The resonator is used as large
resistor to detect the current noise. egyo, as well as iqyo, Cc and R are intrinsic properties
of the cryogenic amplifier and no actual parts or devices.

being the frequency at which the voltage drops to 1/4/2 the effective voltage drop is de-
scribed by

S (5.7)

2
1+(%)

Here, a resistor of 47.13(1) k2 was connected in series with the input and white noise
was applied by a function generator. This circuit is basically a low pass. With a fit of
the output voltage from Eq. to the data, the input capacitance was determined to
Cc = 5.93(3) pF. This low value is of special interest for TRIGA-TRAP since the design
of the experiment does not allow the amplifier and the resonator to be placed close to the
trap. This requires cable lengths of several ten cm severely increasing the capacitance and
by that limiting the resonance frequency.

U
Ue

The determination of the in general low current noise requires high resistances R
to realize a measurable voltage drop. With the resonator a tool with a high parallel re-
sistance is available. This requires cooling the entire set-up to liquid helium temperature,
which additionally decreases the contribution of thermal noise. Considering that the ther-
mal voltage noise is already created in the tank circuit the current noise calculated with

Eq. is

2 _ .2
Ctot ““SA _ 2

G2 NF 9
—NE - 4kTR — ¢

G 20 cryo

icryo - R . (58)

Fig.[5.6]displays the setup for the measurement. The resonator as well as the amplifier were
cooled down to 4.2 K. In order not to limit the () value the resonator was decoupled from
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Working point | G €ayo / 0V/VHZ deryo / TA/VHz
I 7.8(3) 1.66(5) 2.5(2.4)
1 8.3(3) 1.60(5) 2.6(2.4)
II 6.8(3) 1.69(5) 2.2(1.9)
v 5.8(4) 1.86(6) 2.3(2.0)
Vv 4.7(5) 1.99(6) 2.3(1.8)

Table 5.2: Working point properties of the cryogenic amplifier. The voltage noise ey, as
well as the current noise iy, for five different working points with different amplification
G as described in Sect. are listed. Working point I has been used for the described
characterization.

the amplifier using a Johnson capacitor with Cy=0.1 pF. This capacitor, in combination
with the input capacitance of the amplifier, can be treated as a voltage divider attenuating
the thermal noise with

Uout Ck
X = = ) 5.9
Thus, expressing the resistance with Eq. (3.58) changes Eq. (5.8)) to
tot ;ESA —e2n
| GNG—C — 8mvkTQLX? — €2, .
feryo = 2nvQL ' (5.10)

The least precisely known parameter in this equation is 7', since it is not possible to install
a temperature sensor at the resonator while the current noise is determined. It is estimated
from a preceding test carried out under identical conditions. However, since the coil be-
came superconducting, it is secured that the temperature was well below 9.2 K. Also the
amplification of the cryogenic amplifier G¢ as well as the coil properties were extracted
from other measurements. While the latter changes only due to mechanical changes, the
temperature has slight effects on the G¢.

With these information and the measurement of a resonance the current noise at the work-
ing point I (see Tab. was calculated to 2.5(24) fA/v/Hz. Despite the contribution of
several uncertainties to the current noise error, it is mainly determined by the uncertainties
of the background noise which is in the range of one percent.

Amplification, voltage and current noises were determined at five different working points
of the amplifier with different settings for gate and drain voltages. The results are pre-
sented in Tab. 5.2 While the amplification can be changed over a wide range, mainly
determined by the drain voltage, ey, does not change by more than 20 % and ¢y, re-
mains the same. Due to a high drain-source current, a stable operation due to heating
effects was almost impossible at working point II. Thus, working point I is considered for
image current detection.

With all the properties of amplifier and resonator determined up to now, it is furthermore
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possible to check whether the winding ratio between the complete coil and position of the
coupling tap was chosen correctly or not. The winding ratio at which the noise minimizes
is given by

N} R,
N} Rop

(5.11)

with the optimum resistance Rop, = €cryo/teryo and the parallel resistance of the resonator
R, [Kra07]. With Eq. (3.58)) the optimum position for the tap is

€
Ny =, [ —2 N, . 5.12
? Z'cryo ' QwL ! ( )

Due to the design frequency of 500 kHz and the coupled () value being limited to about
1500 the ideal position is at Ny = 49(28) turns. Thus, the present position at 75 turns is
not perfect but still within the error, dominated by the current noise error. This leads to
a large uncertainty of the ideal winding ratio. It directly affects the parallel resistance and
thereby the @) value of the loaded tank circuit. In the worst case of Ny = 21 the parallel
resistance is decreased by a factor of 10 compared to the present one. However, the @)
value reached within this work was improved compared to previous work [Ket06,Ket09b].
Nevertheless this result will be considered for the construction of a new coil.

5.3 Characterization of the new tank circuit

With the resonator and cryogenic amplifier being characterized, the detection circuit is set
up as shown in Fig. with one essential difference: The trap is not connected yet but
represented by a 12 pF capacitor limiting the () value in order to keep all connections as
short as possible.

Since measurements with an ordinary tank circuit would be rather limited due to the
fixed resonance frequency, two capacitive diodes are included. Biasing them with a voltage
changes their capacitance and thereby the resonance frequency of the tank circuit. Fig. [5.7]
shows that the frequency can be tuned over a range of about 80 kHz, which corresponds
to a mass range of 149 u to 168 u. Simultaneously with the additional capacitances the @)
value of the resonance gets lower favoring operation with as little bias as possible.

In its final position, shown in Fig. 5.8 the resonator is located at about 1.5 m distance
from the trap requiring long cables contributing to the parasitic capacitance. This limits
the quality of the resonance to values around ¢ = 1400. In addition the resonance fre-
quency dropped to a lower value which can be tuned by the capacitive diodes from 464 kHz
to 492 kHz corresponding to singly charged ions of masses between 231 and 218 amu at
TRIGA-TRAP. Although the addressable ions are lighter than the routinely measured
actinoide oxides (see Chap. [6)), 2Cjy, being produced in the cluster ion source, is avail-
able for first tests. Afterwards, the resonance frequency can be lowered by increasing the
capacitance, e.g. by simply increasing the cable length between resonator and trap.
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Figure 5.7: Influence of the LC' Tuning. As function of the applied voltages the capaci-
tances of the two capacitive diodes MA46H206 can be changed, thus shifting the resonance
to higher frequencies with increasing voltages (blue). Unfortunately this tuning simulta-
neously decreases the @) value (red).

5.4 Determination of environmental noise

The non-destructive image current detection of a single ion requires a tank circuit coupled
to a low-noise cryogenic amplifier. These components are usually tested and characterized
in an isolated test set up. When the actual detection is implemented it is also important
to find and identify possible noise sources. If necessary, some components have to be
insulated from the remaining set-up or entirely replaced. While these detection systems
are mainly employed at relatively small experiments like the g-factor experiments in Mainz
[Kral2Stul3], TRIGA-TRAP being connected to the remaining TRIGA-SPEC experiment
is comparably large. This enhances the number of possible noise sources.

It was determined that the noise detected at the ring electrode segments of the precision
trap is extremely high. As pointed out in Fig. |5.9(a) the base line is not lower than
50 nV/ VvHz with peak intensities up to almost 10 wV/ VvHz. This is a severe problem
as the ion signal is not expected to be strong enough for detection. Even excitation of
the tank circuit via LC Fxcitation did not reveal a resonance. The noise source was
identified to be the switchable voltage sources (GSI HV-Switch Gen. I) being used at
the precision trap for pulsing the end cap as well as correction electrodes. Thus, a new
power supply was developed, which is very stable and rapidly switchable with a very low
noise level |[Ket09b| Ket14]. The noise contribution of the first prototype is displayed in
Fig. [5.9(b) as the difference between the noise with and without the new voltage source.
It is negligible up to 1.5 MHz. Below 600 kHz some of the noise seems to be short cut by
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Figure 5.8: Schematics of the FT-ICR detection system. The precision trap is connected
to the NbTi coil via long cables. Subsequently, the signal from the tank circuit is coupled
out to the amplifier.
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Figure 5.9: Impact of the switchable voltage sources to the noise density at TRIGA-TRAP.
Presently they dominate the noise at TRIGA-TRAP (a) with peaks up to 10 pV/v/Hz,
which is by far too high for image current detection. The noise contribution of the first
prototype of a newly developed voltage sources is almost negligible (b). Some of the noise
is even short cut resulting in negative values.
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Figure 5.10: Noise spectrum at the ring electrode of the precision trap. With the prototype
of the new switchable voltage source for the Penning traps the tank circuit resonance is
observable with 1 mV external excitation.

the voltage source.

Further tests revealed that after all improvements the overall noise picked up by the
detection circuit is very low as depicted in Fig. [5.10] except a few peaks whose origin
remains unknown. However, already a weak excitation of the tank circuit revealed the
resonance of the tank circuit as well as its first harmonic. Thus, it is very likely that
first tests with ions can be carried out soon when the final version of the voltage source is
produced.



Chapter 6

Results of first mass measurements of
transuranium nuclides at

TRIGA-TRAP

The main goal of the TRIGA-TRAP experiment (Chap. [4]) is to perform mass measure-
ments on neutron-rich nuclides. However, off-line mass measurements, have already been
performed on several stable nuclides in the rare earth region |[Ketl0a,Smol2]. Within
this work, after intensive studies of their chemical homologues, the first off-line mass mea-
surements have been carried out on transuranium nuclides, using the newly implemented
miniature RFQ upgrade of the laser ablation ion source (see Sect. . This upgrade
enabled a more economic use of the target material, allowing a high-precision mass mea-
surement with only 10'® atoms target material. The actual measurements were performed
employing the TOF-ICR technique (Sect. [3.4.1]).

Besides SHIPTRAP, where direct mass measurements on nobelium and lawrencium iso-
topes have been performed |Blo10,[Dwol0, Ram12], TRIGA-TRAP is the only mass spec-
trometer worldwide performing direct mass measurements in the transuranium region.
Nevertheless, providing such anchor points is important as no direct mass data exists in
this region. Therefore the masses are mainly based on « decay spectroscopy, linking them
to lighter nuclides.

Within this chapter the measurement as well as the evaluation procedure will be addressed
(Sect. and the impact of the new data in the transuranium region will be discussed

(Sect. [6.2).

6.1 Measurement and evaluation procedure

The mass M (N, Z) of an atom is measured at TRIGA-TRAP by the comparison of its
cyclotron frequency to the cyclotron frequency of a reference ion of well-known mass. This

is done by consecutive cyclotron frequency measurements of both species. The principle of
this procedure is described in detail in [Kel03| with its actual application at TRIGA-TRAP

75
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6) Dipolar magnetron excitation
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Figure 6.1: Measurement cycle for all measurements performed within this work. All
approximate times scale with the mass of each ion specimen assuming ¢ = 1. During
a cyclotron frequency measurement, only the frequency of the excitation (11) is changed
after each iteration. The length of the different time spans is not to scale.
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Figure 6.2: Ramsey time-of-flight ion cyclotron resonance of '2Cj; using an excitation
pattern of 200 ms-1600 ms-200 ms. The mean time of flight is displayed as function of
the quadrupolar excitation frequency in the precision trap driving the conversion from
magnetron to modified cyclotron motion. The red line is the fit of the theoretical function
[Kre07] to the data.

described in [Ket10b}|Ket10a,|Smol2].
The time frame of one measurement cycle from the ion production until its time-of-flight
measurement is shown in Fig. [6.1 Here, it is assumed that the ions are produced in the
laser ablation ion source (Sect. as this was essential for the mass measurement dis-
cussed within this chapter. The ion production begins with a laser pulse of about 5 ns
width (1). Shortly after this, when the ionization is finished and the ions are in the center
of the mini RFQ), the potential of its back plate as well as the target is raised to ensure
storage for the next 5 ms (2), during which the ion motions are cooled by interactions
with the helium buffer gas. During this time either light or heavy ions can be selected by
varying the dc-potential applied to the rods, already providing a very rough selection.
After cooling, the ions are extracted from the mini RFQ (3) by lowering the potential of
its front electrode, and reach the purification trap after a flight time of about 60 us. The
trap is opened for 10 us by lowering the potential of the left end cap and the corresponding
correction electrode (4). In a first step, the ion cloud is just stored inside the trap without
any active motion manipulation for 100 ms while the axial and modified cyclotron mo-
tions are cooled (5). Afterwards, the buffer gas cooling technique (Sect. is employed
starting with a 10 ms long simultaneous increase of the magnetron radius of all ion species
by a dipolar excitation (6). One specific ion species is centered in the purification trap
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by conversion of its magnetron motion to the reduced cyclotron motion, which is cooled
very fast, applying a quadrupolar excitation (Sect. for 1 s (7). In a final step, their
remaining cyclotron excitation is cooled without any conversion (8) and they are subse-
quently ejected by lowering the potential of the right end cap and correction electrodes for
50 ms (9).

About 60 us later the ions reach the precision trap and are captured again (10). A 10 ms
long excitation of the magnetron motion (11) is followed by the conversion from mag-
netron to reduced cyclotron motion (12). For the measurements presented here, the two
pulse Ramsey scheme was applied with 0.2 s long excitation pulses and 1.6 s waiting time
in between. Practically reasonable times of the total Ramsey scheme can be applied be-
tween 100 ms and 4 s. For longer storage times damping due to residual gas limits the
achievable precision. Finally, the ions are ejected from the precision trap (13) and guided
to a detector (14), where the time difference between ejection and detection is measured.
This cycle is repeated multiple times, varying the excitation frequency in (12) around the
free cyclotron frequency v, of the trapped ion species. At TRIGA-TRAP, the frequency
is changed in 41 steps around the expected value for v., with the typical step size of one
tenth of the inverse storage time, which was here 0.05 Hz. One iteration of 41 cycles is
referred to as a scan.

A typical time-of-flight resonance of the carbon cluster ion *CJ; with 22 scans containing
in total 566 ions is displayed in Fig. 6.2l The mean time of flights are calculated for all
ions recorded at the same frequency values. Then the theoretical line shape (red solid
line) [Kre07| is fitted to the data with a least-squares determination, from which the cy-
clotron frequency at the time-of-flight minimum is obtained including its uncertainty. The
cyclotron frequency is here determined to 389471.846(7) Hz. The theoretical background
of the TOF-ICR technique is discussed in detail in Sect. [3.4.1]

For the consideration of contaminant ions an evaluation procedure dividing the time-of-
flight resonance in count rate classes is well established [Kel03]. This would require a total
ion number of a few thousand. Therefore, it could not be applied here. Instead the num-
ber of ions considered in the evaluation was limited to maximum triple ion events since no
frequency shifts could be observed compared to single ion events with this restriction.

As given in Eq. , the mass of an atom is calculated from the cyclotron frequency ratio
of the ion of interest and a reference mass. With the ToF-ICR technique it is not possible to
measure two cyclotron frequencies simultaneously. This is compensated by linearly interpo-
lating the reference frequency to the center time of the measurement of the ion of interest,
which is used to calculate the frequency ratio r;. Additional non-linear fluctuations of the
magnetic field were investigated in |[Ket10b] and are considered by quadratically adding
the uncertainty of 6(2) - 10" /minx At to the statistical uncertainties of the frequency
ratios with the time difference between the two reference measurements At, being referred
to as 0;. The mean frequency ratio r is then calculated as the error weighted mean with
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Cluster ion Reference cluster r Ar /107 AME / keV  x*
20T e 1.0476101447(56) _ 6.6(5.6) 1.6(1.3) 0.47
1205 12¢y, 1.0454546446(64)  -4.7(6.4) 1.2(1.6) 0.81
120 120 1.0952383114(73)  -8.9(7.3) 2.1(1.7) 1.16

Table 6.1: Calibration measurements of carbon cluster ions. The deviation Ar of the
measured cyclotron frequency ratio r from the theoretical value was determined. For
clarity the mass excess, which is in theory zero, is given, as well as the y? of the data
distribution.

the internal and external errors o;,; and geg:

Eﬁ
i o2

' :Zi 0;2 o
1
Oipp =——— (6.2)
Zi Ui_2
1 (r; —r)?
Oext = N —1 ; 0_52 *Oint - (63)

The external error accounts for errors beyond the statistical fluctuations, represented by
a reduced x? > 1. To be on the safe side, the maximum of 0;,; and 0., is taken as the
uncertainty or of r.

Effects, like a trap misalignment in the magnetic field may cause small frequency shifts.
These result in a shift in the calculated mass of the ion of interest, depending on the mass
difference to the reference ion as pointed out in Eq. . Although carbon cluster ions
provide a reference having a mass close to every ion of interest, this mass shift can be
noticeable. Thus, carbon cluster ions are well-suited for the investigation of this effect.
This has been done intensively around the heavy mass region in [Ket10b|, but since the
trap alignment was changed in the mean time, these measurements had to be repeated.
As all nuclides investigated within this work populate a very limited mass region, this was
done locally. All three possible frequency ratios between the carbon clusters 12(];1’22723 were
recorded and compared. The determined frequency ratios are shown in Tab. Two of
the recorded frequency ratios deviate slightly from the theoretical value, indicating a small
mass dependent shift. The shift of r was calculated as the weighted mean per mass unit,
obtained from each frequency ratio. This was found to be in agreement with zero:

Esnift = —1.5(2.3) - 1071% /u . (6.4)

Nevertheless, it is still considered in the evaluation process.

Systematic effects due to a non-stabilized trap tube temperature as well as a non-stabilized
pressure in the liquid helium dewar of the superconducting magnet were found in earlier
work. They were eliminated by installing stabilization systems and are not considered here
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Ion r or/r M Egtem MEYm 00y AM E ™
/107° / keV / keV / keV
MAMBOT  0.9736807966(72) 7.4 52936.9(1.8) 52936.2(1.8)  0.7(2.5)
MWAMI6OT  0.9812738087(56) 5.7 57176.2(1.4) 57176.3(2.3)  -0.1(2.7)
MWIPl60+  0.9850723004(72) 7.3 59806.2(1.8)  59807(5)  -0.8(5.3)
MICA6OT  1.0040521207(52) 5.2 69718.1(1.3) 69726.0(2.2)  -7.9(2.5)

Table 6.2: Result of the mass measurements in the actinoide region. The ion chosen for
the mass measurement is given, together with the frequency ratio to the reference ion 2C,
and the relative measurement error dr/r. The mass excesses refer to the atom measured
at TRIGA-TRAP and the value given in the AME2012 [Wanl2| with their differences to
the AME2012 AM E“*™ = M E$™ — M E4Km0015-

to be relevant any longer (See Sect. . For a detailed description of these systems, the
reader is referred to [Smol2).

The final integration into the Atomic-Mass Evaluation is done by [Wan13| and is described
briefly in the next section.

6.2 Evaluation results

All measurements have been performed with the ToF-resonance technique, using a Ramsey
excitation scheme with two 0.2 s pulses and 1.6 s waiting time in between. For all mass
measurements the carbon cluster 2CJ, was used as reference. The ion production took
place in the laser ablation ion source as described in Sect. 4.2l During the entire measure-
ment campaign, the pressure in the liquid helium reservoir as well as the temperature of
the magnet bore were stabilized to £0.25 K and £0.5 mbar, respectively. During this time
no severe deviations from the set values were observed. The result of the measurements
obtained with the evaluation procedure introduced in Sect. is presented in Tab. It
has to be noted, that only oxide ions were obtained from the target (see. Sect.[4.2)). Never-
theless, this does not affect the measurement precision since the molecular binding energy
is sufficiently below the uncertainty of the measurements, more precisely in the range of
eV. Thus, the mass excess of the nuclide of interest could be calculated by subtractions of
the mass excess of oxygen.

The masses of nuclides in this region of the nuclide chart are mainly determined by
self consistent loopsE| with the absolute value being fixed via « decay spectroscopy to an
absolute mass measurement below uranium. Here the dependencies are relatively simple
as depicted in Fig. In general the v decay chains (horizontal) are separate and just
interconnected via nuclear reactions of uranium as well as plutonium isotopes. In most
other cases connections exist, if a nucleus decays with an additional § transition. This

LA loop in the AME network (see Fig. [6.3) is created if two nuclides are connected via at least two
different paths. The mass of all nuclides in a loop is overdetermined.
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Figure 6.4: Frequency ratios measured in the actinoide region within this thesis. Here
the recorded frequency ratios of the four nuclides are presented. In all cases >CJ, was
used as reference. The blue lines indicate the weighted mean with the according standard
deviations (red lines). Note that the values are not corrected by the mass dependent shift.

region was rarely studied with (n,y) or similar reactions.

For the first measurement 2! Am was chosen in order to have a direct comparison to
the measurement from 2010 . At that time the ionization efficiency was very low,
and the mass measurement, performed with a relative uncertainty of dm/m = 2.5 x 1077,
deviated -79(59) keV from the mass published in the AME2003. Another advantage of this
first candidate in the actinoide region is the comparably long half-life of 432.2 y, making it
easy to handle, in combination with the large availability due to its application in industry.
It turned out that the ion production efficiency improved by more than one order of magni-
tude so that it was possible to record 15 resonances with in total 8738 ions of 24! Am'¢0O. In
Fig. |6.4] (a) the measured frequency ratios are presented together with their mean (blue)
and standard deviations (red). The value, corrected by the mass-dependent shift from
Eq. (6.4), is shown in Tab. [6.2] From this the mass excess of M Epr = 52936.9(1.8) keV



6.2. EVALUATION RESULTS 83

245 o 249

Am 5520.4(20) keV Bk
5526.1(10) keV

B 905(5) kev B 1222 kev

125(2) keV

241 o 245 a 249

Pu | 5623(1) keV cm 6296.0(7) keV Cf
20.8(2) keV

|20.7(3) kev

B |21.6(5) kev

241

Am

Figure 6.5: Transitions linked to ?*°Cf including their energies. The energies are taken
from [Wan12].

could be calculated, which is well in agreement with the value M E g = 52936.2(1.8) keV
published in the AME2012 [Wan12].

The mass of 22*Am was determined since it allows to obtain information on the deformed
shell closure at N = 152. It is used as an anchor point providing additional confidence to
the mass measurements of 22! Am and ?*Pu, to which it is connected via four and two links,
respectively. In total 9789 ions were recorded (see Fig. [6.4] (b)). This resulted in a mass
excess of M Eprr = 57176.2(1.4) keV, with a smaller uncertainty than in the AME2012
where M Eapp = 57176.3(2.3) keV was published.

24Py was chosen, as its mass excess with M E4yrp = 59807(5) keV, mainly determined by
the transition 2**Pu(d,t)?*3Pu, is not known very precisely. This comparably large uncer-
tainty dominates the uncertainty of the ?**Pu o decay chain as well as the uncertainty of
the 2*Cm « decay chain. Since both are also crossing N = 152 the improvement of these
chains can also help to understand the deformed shell-closure. In addition ?**Pu is the
nuclide with the largest neutron excess that can be used as target material in superheavy
element research motivating the verification of the absolute mass. Thus, a measurement
series with 26 frequency ratios containing 16299 ions was performed (see Fig. [6.4] (c)),
yielding M Epr = 59806.2(1.8) keV, which is an improvement by more than a factor of 2.5
compared to the literature value.

The fourth investigated nuclide, 2*°Cf, is the closest one to the magic neutron number
N = 152. Here 24 resonances with 13818 ions were recorded (see Fig. [6.4] (d)). A compar-
ison of ME sy p = 69726.0(2.2) keV and the measured M Eppr = 69718.1(1.3) keV shows
a significant deviation of 7.9 keV, i.e. more than 3o. As ?¥9Cf is connected to ' Am via
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Figure 6.6: Illustration of the results from Tabs. [6.1] and The latter are corrected by
the mass dependent shift from Eq. (6.4). The solid red lines mark the 1o error.

three decays, this indicates that either one of the o decay energies or the 5~ decay energy
is wrong. Additionally, the nuclides ?**Cm, 2*Am and ?*Bk create a loop with 2*Cf,
(see Fig. 6.5)) whose consistency is affected as well. A detailed description of the occurring
discrepancies as well as their treatment is given later.

These final results are shown in Fig. [6.6] relative to the values published in the AME2012
[Wan12|. The solid red lines mark the 1o error and the zero line the AME2012 values.

Although a relatively small number of transitions exists in the network displayed in Fig. (6.3
every nuclide, which is part of a loop is overdetermined. This is usually not the case for
heavy nuclides in the « decay chains due to a lack of experimental data. However, all
nuclides examined within this work are part of a loop. Only 2**Pu can be regarded as rela-
tively decoupled since the uncertainties of the transitions connecting its decay chain to the
remaining nuclides are large compared to the measurement performed at TRIGA-TRAP.
All connections are considered in the evaluation by performing a least-squares fit to the
experimentally determined mass data. This is done by representing an overdetermined
system by a set of linear equations

M
Z kl'm, = ¢ £ dq; . (6.5)
pn=1

Here, a number of M different masses m, of the nuclides ; are multiplied with a con-
stant k! of the linking transition. ¢; with the uncertainty d¢; denote the experimental
data [Aud12b]. Computational effort is minimized, as before the evaluation process is
started, all equations with only one parameter are excluded, until each parameter occurs
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at least twice. This is usually applicable for the heavy parts of the o decay chains as
shown partly in Fig. Thus, only the over-determined nuclides remain in the evaluation
process, being called primary nuclides. The other nuclides are called secondary, tertiary,
etc.. Their absolute masses are determined considering their link to a primary, secondary,
etc. nuclide [Aud12b].

6.2.1 Influence on the Atomic Mass Evaluation

Over-determination is obviously not problematic, if the improved mass value and the AME
value agree. However, in the case of ?*Cf this seems to become challenging and may only be
resolved by removing at least one transition within this loop. Nevertheless, in a first eval-
uation approach, the data from TRIGA-TRAP was included regularly into the AME2012
and all measurement data was trusted equally. This resulted in the mass shifts as displayed
in Fig. (a). The mass difference of **?Cf caused a shift of the mass of 234 nuclides,
mostly in the range of -2 keV to -3 keV. Two « decay chains (red boxes) including 2*9Cf
are shifted by -5 keV. This is already not acceptable, since the absolute mass of ?*°Cf in
the new AME2012*F| disagrees with the mass measured at TRIGA-TRAP. In addition the
x? of the loop formed by 2Cm, **Am, 2Bk and 2*Cf (see Fig. increased by 26
compared to the AME2012 [Wan13].

Finding the origin of this discrepancy is rather challenging. Since the mass of **'!Am
was confirmed within this work and the S~ decay energy of ?*'Pu has been confirmed
by several different groups, also this mass is secured. Now it is questionable, whether
25Cm(a)?Pu is correct or not. If not, it would shift the entire loop. It is astonishing
that for 249Bk(a)?*Am two different decay energies with a significant deviation of 5.7 keV
were measured. In particular, since the group that measured the higher value also deter-
mined the decay energy of 2Cf(a)?*Cm and ***Cm(a)?*"Pu, all three involved « decay
energies should be questioned. Regarding the 3~ energies at least the decay 2*°Cf(37)?4Bk
was confirmed independently by two groups, while 24>Cm(37)?*Am was only investigated
by one group with a comparably large uncertainty of 5 keV [Brob5|.

Since one can not be certain on, which part of this loop is wrong, a second approach is
based on a decoupling of 24Cf from the remaining nuclides. This is achieved by increasing
the uncertainty of the three questionable o decays to 6 keV. The result of a subsequent
mass evaluation is shown in Fig. (b). Now the masses of the nuclides in the two «
decay chains (red) are shifted by 8 keV. Here, including ?*>Am and 2**Cm, the masses of
20 nuclides are changed, while the remaining nuclides are unaffected. Without measuring
more masses within this loop, this approach is favored, since the x? obtained in this eval-
uation keeps unchanged with respect to the AME2012.

In addition the recent mass measurement had an effect on the uncertainty of some nuclides
as depicted in Fig. where the relative change of the mass uncertainty is displayed. In
total the masses of 84 nuclides were improved. Only the uncertainty of 2#*Cm became larger

2The evaluation of the AME2012 including the TRIGA-TRAP data is being referred to as AME2012*
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Figure 6.7: Mass shift of all nuclides influenced by the latest mass measurements at TRIGA-
TRAP during integration into the AME2012 [Wanl2]. Due to a mass deviation found in
the case of 229Cf, two different approaches have been used, with an either equal treatment
of all nuclides (a) or a decoupling of ***Cf from the remaining nuclides. The integration

into the AME was done by [Wan13|.
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Figure 6.8: Relative change in the mass uncertainty by including the recent mass measure-
ment data into the AME2012. Due to the decoupling procedure the uncertainty of 24>Cm
is increased.

by a factor of 1.7 due to the decoupling procedure. The largest improvement was achieved
for all nuclides in the a decay chain of 2*#Pu as well as their strongly coupled neighbors, as
shown in Fig. While the uncertainties of the closest neighbors are changed by at least
a factor of 0.4, the decrease propagates up to 2°’Fm. Although, the mass measurements
on 241283Am did not have a tremendously better uncertainty than the AME2012, their
contribution influenced several nuclides with respect to their error bars.

The implementation of this new data changed the links in the AME2012*, as shown in
Fig. . Compared to the links in the AME2012 (see Fig. new connections between
the measured nuclides and '2C were established (blue) with a relative influence between
35% and 98%. This also changed the contribution of at least 45 other links, of which 17
were changed by more than 20 percentage points .

6.2.2 Discussion of the new mass values

A comparison of the masses of the investigated nuclides and the predictions of three
mass models is provided in Fig. [6.10, The mass excesses obtained from the finite range
droplet model (FRDM95) [M6l95], the Duflo-Zuker mass model (DUZU95) and
the Hartree-Fock-Bogoliubov model HFB-21 were used. The model by Duflo and

Zuker predicts the mass data excellently with an 0,.,,s below 100 keV for these four masses.



CHAPTER 6. RESULTS

88

N-Z

—— Changes in AME
—— Contributions of TRIGA-TRAP

P

100%

Sea\gl/r\r : e\I/.
s e\.ul/.\! : ﬁl/.

100 % 100 %

cf

251

c ﬁl/.

100 %

Es

251

>
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Figure 6.11: Two-neutron separation energy S, as function of the neutron number N in
the realm of the deformed shell closure N = 152. The nuclides measured at TRIGA-TRAP
are marked in green. The Sy, calculation is based on the AME2012*.
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Figure 6.12: Shell gap parameter A,, calculated from Eq. (2.5). Together with the exper-
imental data from AME2012*(black) A,, obtained from several mass models is displayed.

FRDMO95 as well as HFB-21 have a significantly less precise predictive power for these four
nuclides. In general both overestimate the mass excess.

The results from the Bethe-Weizséacker mass formula are not displayed here, as it underes-
timates the first three nuclides by 3 MeV to 5 MeV and completely fails for 249CHf.
Precise knowledge of nuclear masses can provide information about nuclear structure. Here,
the calculation of the two-neutron separation energies Ss, employing Eq. is used to
display the shell closure at the magic neutron number N = 152. S5, is shown in Fig.|6.11]as
function of the neutron number, with the latest mass measurements performed at TRIGA-
TRAP marked in green. The shell closure manifests as a drop in S,, at N = 152 being
clearly visible for higher Z elements. This effect seems to vanish for lower Z and to blend
into the global linear trend apart the shell closure.

Such effects can be displayed easier using the shell gap parameter A,, introduced in
Eq. . Shell closures are here reproduced as a pronounced maximum. In Fig. this
is shown for the Cm, Bk, Cf and Fm isotopic chains since their mass value was affected most
by the latest TRIGA-TRAP mass measurements. The experimental values (black) were
taken from the AME2012 including the TRIGA-TRAP data (referred to as AME2012*).
It shows a global maximum at N = 152 for all four elements, which increases only for Fm
above 1.3 MeV. Surprisingly, the shell gap parameter features a second maximum for the
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Figure 6.13: Shell gap parameter Ay, calculated from Eq. (2.5) of experimental and theo-
retical data at N=152 as function of the proton number. Due to the lack of experimental
mass data, the shell gap parameters are partly based on extrapolations.

remaining three elements at N = 149 and is less pronounced for the lower Z elements as

indicated in Fig. [6.11]
For comparison the shell gap parameters obtained from model calculations from the FRDM95

(red) [Mol95], the DUZU95 (blue) [Duf95], the HFB-21 (green) |Gorl0] as well as the
Bethe-Weizsécker mass formula WBO03 (orange) are calculated. DUZU95 and WB03 do
not reproduce the shell gap at all. HFB-21 predicts the global maximum with an offset at
N = 153 next to a very strong global minimum at N = 151. Nevertheless, it is the only
mass model from these examples being capable to reproduce the second maximum, which
is shifted in the model by one neutron number down to N = 148. The FRDM95 is the
only model from the selection, which predicts the global maximum at the correct neutron
number, except for Bk. Fig. shows that not only the absolute prediction of nuclear
masses but also their difference is not perfect. Moreover, the actual existing deformed shell
gap is not reproduced at the correct neutron number. This is most likely due to intrinsic
assumptions of the models that also causes their predictions for the next spherical shell
closure to deviate.

It is also expected that the two-neutron separation energies as well as other nuclear prop-
erties change as function of the proton number Z. The properties of the deformed shell
gap at N = 152 are not understood, especially at lower Z [Mak07]. This is indicated in
Fig. for Ay, as function of the proton number. The experimental mass data, partly
based on extrapolations, features a maximum of A,, at Z = 101. The FRDM95 model
reproduces a somewhat similar trend, while the other two models fail completely. For a
detailed understanding, more experimental data as well as theoretical work are required.






Chapter 7

Conclusions and Outlook

Within this work, shell structure effect studies were initiated in the heavy element region
with the Penning-trap mass spectrometer TRIGA-TRAP. The masses of four transuranium
nuclides have been directly measured relative to 12C for the first time. This was enabled by
an improvement of the existing laser ablation ion source. The second part of this work was
the implementation of a non-destructive ion detection, employing the Fourier transform
ion cyclotron resonance (FT-ICR) technique for mass measurements with ultimately a sin-
gle ion. A low-noise amplifier, operating at liquid helium temperatures, has been adapted
to the needs of the TRIGA-TRAP experiment. Its capability to equally amplify signals
between 1 kHz and 10 MHz was demonstrated. This covers the entire cyclotron frequency
range from 400 kHz to 3.6 MHz resulting from the large ¢/m range being studied at TRIGA
TRAP. It has been demonstrated that even at low frequencies the voltage noise density
remains low, i.e. 1.66(5) nV/vHz at 500 kHz, while it does not exceed 1 nV/v/Hz in the
white noise regime. The current noise of the amplifier was determined to 2.5(2.4) fA /v/Hz.
This is sufficient for the amplification of a voltage signal, from a tank circuit of high qual-
ity formed of two trap electrode segments and a resonator together acting as a band-pass
filter. The high-@) resonator was built, and tuned for cyclotron frequency measurements
in the transuranium region. In an unloaded set up, it provides a Q-value of 27(2) x 103.
However, when it is connected to the trap, this drops to values between 1500 and 3000. The
resonance frequency can be shifted over a range of about 80 kHz using capacitive diodes.
Thereby almost all transuranium ions available off-line would be reachable for FT-ICR
mass measurements. However, it turned out that the noise caused by switchable voltage
sources for the trap electrodes is several orders of magnitude higher than the induced ion
signals. To this end, a new voltage source was developed [Ket14], whose prototype deliv-
ered promising data.

Furthermore, the existing laser ablation ion source was improved by the development and
set up of a miniature RFQ. The ions are produced on the target surface inside the RFQ
where they are subsequently stored and buffer-gas cooled before sending them to the trap.
This development enabled mass measurements with only 10'° atoms target material, which,
solved in nitric acid, is placed on a roughened Sigradur surface, where the solvent is dried,
yielding mainly the oxide ions. Compared to earlier work this is an efficiency increase of
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more than an order of magnitude. This enabled TRIGA-TRAP to extend its area of reach-
able nuclides into the transuranium region in which so far only SHIPTRAP had performed
direct mass measurements.

The masses of the radioactive nuclides ?41?*3Am, ?**Pu and ?*°Cf with half-lives between
432.2 years and 8107 years were measured employing the time-of-flight ion-cyclotron-
resonance (ToF-ICR) technique. Mass uncertainties as low as 2 keV/c? have been demon-
strated allowing for an improvement of the ?*Pu mass error by more than a factor of
2.5. While the masses of the Am isotopes were found to be in good agreement with the
AME2012, the mass of **?Cf deviates by 7.9(2.5) keV. The implementation into the exist-
ing AME2012 data for this nuclide was only possible by decoupling it from the remaining
nuclides. Thus, only the masses of 20 nuclides comprised in two a decay chains were shifted
by 8 keV, while the mass uncertainty of 84 nuclides was improved due to the remaining
three mass measurements. Additionally, the influence of 45 connections among the nuclides
were changed.

These measurements demonstrated that in the realm of the deformed shell closure at
N = 152 the absolute masses of several nuclides have to be questioned and re-investigated.
It is indicated by the existing mass data that the effect of the shell-closure is weaker for
lower Z. For a detailed understanding of the Z-dependance new mass measurements in this
region are necessary. It is planned that the deformed shell closure is mapped at TRIGA-
TRAP for curium (Z = 96), berkelium (Z = 97) as well as californium (Z = 99), similar
to the measurements performed for nobelium (Z = 102) and lawrencium (Z = 103), in
order to address this question.

The main goal of the TRIGA-SPEC experiment is its coupling to the research reactor to
measure the masses of neutron-rich nuclides, which can be used to test the predictive power
of mass models used for r-process nucleosynthesis studies. The radionuclides, produced in
thermal neutron-induced fission, are guided to a skimmer system on a high-voltage plat-
form by an aerosol gas-jet, where the carrier gas is removed. The efficiency of this process
is going to be improved by the use of an aerodynamic lens, where the aerosol particles are
focused at the skimmer opening [Grul4]. The ions are then ionized in a hot surface ion
source [Renl4], delivering radioactive alkali metal ions. This is going to be replaced in
the future by a plasma ion source in order to access the entire spectrum of fission prod-
ucts [Sch15].

This is all part of a long-lasting preparation phase to develop techniques, which are going to
be used at the FAIR facility. TRIGA-TRAP is embedded in the MATS experiment serving
now as a test bench. Although the new facilities are supposed to provide ion beams with
higher yields than at any other facility, especially techniques like the FT-ICR detection are
desired to push the limit of well-known ions further towards the r-process path.
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