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Zusammenfassung

Das TRIGA-TRAP Experiment ist ein Penningfallen-Massenspektrometer, das
am Forschungsreaktor TRIGA Mainz angesiedelt wurde. Neben der Untersuchung
von Basiseigenschaften exotischer Nuklide wie Spaltprodukte konnen auch lan-
glebige Aktinide untersucht werden. Da in der Vergangenheit Unstimmigkeiten
bei frither an TRIGA-TRAP durchgefiihrten Massenmessungen von Transuranen
aufgetreten sind, wurden bereits im Vorfeld dieser Arbeit ein paar Veranderungen
im Experimentaufbau durchgefiihrt. Im Rahmen dieser Arbeit wurde eine neue
Messfalle entworfen, eingebaut und charakterisiert. Nachdem diese Charakte-
risierung abgeschlossen war, wurden Massenmessungen an elf verschiedenen Ak-
tinidisotopen durchgefiihrt. Neben den vier Isotopen, welche 2013 bereits an
TRIGA-TRAP gemessen wurden, wurden sieben neue Isotope gemessen. Nach
der Datenanalyse der Massenmessungen sollten die Massen bei der Atomic Mass
Evaluation (AME) aufgenommen werden. Dabei wurde festgestellt, dass die neuen
Massenmessungen von TRIGA-TRAP die Masse des als Referenz verwendeten
208Ph verschieben. Dies hitte zur Folge, dass die im Vorfeld bestimmten TRIGA-
TRAP-spezifischen Korrekturterme nicht mehr angewendet werden kénnen, da
diese auch mit 2°*Pb bestimmt wurden. Erst nachdem mit dem PENTATRAP
Massenspektrometer in Heidelberg eine unabhangige préazisere Massenbestimmung
fiir 2°8Pb durchgefithrt wurde, konnten alle fiir diese Arbeit erhaltenen Daten ein
weiteres Mal evaluiert werden. Auch diese Ergebnisse wurden anschliefend an die
AME tibermittelt. Diese daraus resultierenden Ergebnisse zeigen, dass im Bereich
der Aktinide noch viele interessante Moglichkeiten fiir die Massenspektrometrie

mit Penningfallen vorhanden sind.






Abstract

The TRIGA-TRAP experiment is a Penning trap mass spectrometer located at
the research reactor TRIGA Mainz. In addition to the investigation of basic prop-
erties of exotic nuclides such as fission products, long-lived actinides can also be
studied. ince inconsistencies in the mass measurements of transuranium elements
carried out at TRIGA-TRAP have occurred in the past, changes in the experi-
mental setup were were already carried out before the start of this work. As part
of this work, a new measurement trap was designed, installed, and characterized.
After this characterization was completed, mass measurements were performed
on eleven different actinide isotopes. In addition to the four isotopes that were
already measured at TRIGA-TRAP in 2013, seven new isotopes were measured.
After the evaluation of the mass measurements, the masses were submitted for
integration into the Atomic Mass Evaluation (AME). It was found that the new
mass measurements from TRIGA-TRAP shifted the mass of 2°Pb used as a refer-
ence. This means that the TRIGA-TRAP-specific correction terms determined in
the evaluation could no longer be applied, since these were also determined with
208Ph. Only after the PENTATRAP mass spectrometer in Heidelberg determined
the mass of Pb-208 independently and with higher precision, all data obtained
within this work could be evaluated a second time and also these results were
subsequently submitted to the AME. These results show that there are still many
interesting possibilities for mass spectrometry with Penning traps in the actinide

region.






1 Introduction

The masses of atoms play a very important role in nuclear physics and the nuclear
mass is a unique fingerprint of an atomic nucleus [1]. With the help of Einstein’s
well-known formula

E =mc (1.1)

the relation between the energy F and the mass m was established. From this it
is clear that the mass of an atomic nucleus also represents the binding energy and
thus all interactions taking place there as well. In 1907, the first mass spectrograph
was built by Joseph John Thomson. In 1913 he made the discovery, which was very
important for nuclear physics, that the element neon consists of two species with
different masses, A = 20 and 22. Thus, he was the first to directly observe two
different nuclear species of the same element and who has shown that elements can
consist of different isotopes [2]. Jeffrey Dempster built the first mass spectrometer,
with a low resolving power of R = 100. In 1919, his student Francis William Aston
improved the instrument, which was now able to focus the ions, regardless of their
velocity (energy focussing) [3]. The resolving power was raised to R = 130. During
the following years he developed this instrument further, to a machine with higher
resolving power (R = 600). The work of several researchers led in the 1930’s to
the construction of highly resolving machines (R = 3000, 6000, 10000). This was
the basis for the development of the first double focusing device by A. O. Nier in
the late 1940’s [4]. This again was the starting point for the development during

the next thirty years, which resulted in the first Penning trap mass spectrometer
[5].
In order to be able to make, evaluate, and compare mass measurements, units had

to be defined as well. The most widely used system of units is the International
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System of Units (Systéme international d'unités). Since May 20, 2019, SI units
have been defined using physical constants. Thus, since then, there is also a
new definition for the kilogram and for the mole. This is important for mass
spectrometry as well. In atomic mass spectrometry, the mass is usually given in
atomic mass units. This is given as 1/12 of the mass of the 2C atom in the ground
state. Since the mole used to be defined as the number of 2C atoms in 0.012 kg,
the molar mass of 2C was exactly 0.012k8/mol. Because of the new definition of
the mole, this is no longer valid. Now 2C has a mass of 0.012kg/mol with a relative
uncertainty of 4.5 - 1071° [6]. Applying Eq. 1.1 the mass can also be expressed in

energy. By using the following conversion
1u =931494.10242(28) keV (1.2)

it is now easy to convert between the units [7]. Another possibility to express the

atomic mass is via the mass excess AME(A, Z)
AM(A, Z)=M(A,Z)— A (1.3)

where AM (A, Z) is the mass excess of the nuclide with mass number A and Z
protons, and M(A,Z) is the mass of the nuclide in u. Nuclear transformations
have an influence on the binding energy and through this on the mass of nuclei
involved. This change can be expressed in the Q-value. The Q-value describes the
reaction energy of a nuclear reaction, analogous to the reaction enthalpy AH in a
chemical reaction. It can be determined from the mass difference of the reactants
involved in the nuclear reaction. The advantage of using the mass excess shall be

shown, as an example, by the determination of @, of the v decay of 242Pu.

m(*He) = 4.00260325413u  AM (*He) = 2424.91587 keV
m(**?Pu) = 242.058740979u  AM (***Pu) = 54716.876 keV
m(**U) = 238.050786936u  AM (**®U) = 47307.732 keV
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Qo = [M(**Pu) — (m(**U) + m(*He))] - ¢ = AM(***Pu) — (AM(***U) + AM (*He))
= [242.058740979 u — (238.050786936 u + 4.00260325413 ] - ¢* = 0.00535078887 u - ¢
= 54716.876 keV — (47307.732 keV + 2424.91587keV) = 4984.22813 keV

The values were taken from [8]. It is obvious that working with the last expression

is much more convenient, than working with the one with the quadratic term.

1.1 The nuclear mass

The great interest in nuclear masses arises from the fact that the mass of an atomic
nucleus M (N, Z) consisting of Z protons and N neutrons is smaller than the sum
of the masses of the individual Z protons and N neutrons. This mass difference
can be expressed as the binding energy B(N, Z) of the nucleons in the atomic
nucleus, thanks to Albert Einstein’s world-famous formula (Eq. 1.1). This effect
was already discovered in 1920 by Aston [9] and is called “mass defect”. Because
of this relation between the nuclear mass and the binding energy of the atomic
nucleus, the atomic mass is a fundamental parameter in physics. Since then, the
number of known nuclides has increased drastically. There are at present 118 ele-
ments with more then 3200 different nuclides known (excluding isomers) [10], but
only 244 of them are stable [11]. All other nuclides are radioactive and undergo
a decay. The lifetimes of nuclides vary from ~ 10'? years to picoseconds. To ex-
plain the stability of the nuclides, models were developed. The Liquid Drop Model
(LDM) was a very early and quite simple model, which though works surprisingly
well. However, the elements from rutherfordium (Z = 104) onwards to higher
proton numbers would decay immediately by spontaneous fission (SF) according
to this model [12]. The elements with Z > 104, the so-called SuperHeavy Ele-
ments (SHE), do not decay immediately by SF due to nuclear shell stabilization,
the effects of which are not included in the LDM.



CHAPTER 1. INTRODUCTION

1.1.1 Liquid Drop Model

The LDM is a theoretical model presented by Gamov in 1930. It assumes that
the nucleus consists of an incompressible ionic liquid with homogeneous density.
The surface tension holds the nucleus together, whereas the Coulomb forces be-
tween the protons in the nucleus act in the opposite direction. To gain a better
understanding of the stability of nuclei, the binding energy of the nucleus is very
important. In order to determine the binding energy per nucleon, Carl-Friedrich
von Weizacker developed in 1935 a semi-empirical formula on the basis of the
droplet model of an atomic nucleus presented by Gamow [13]. Bethe and Bacher
[14] modified the formula in 1936 and obtained what is still known as the Bethe-

Weizacker formula today

Z(Z-1)  (A-22)?

_ _ 23 _ _
B(Z,A) =ayA—asA Q75 Qg Y

+6. (1.4)

Here Z is the proton number, A the mass number (A = Z + N) and ay, as, a. as
well as a, are empirically determined constants. The equation consists of several
terms. Here ay A is the volume term, it describes the strong nuclear force which
acts on all nucleons in the same way and therefore does not depend on Z. Since
the nucleons at the surface of the nucleus have fewer neighboring nucleons, the

binding energy must be corrected by the surface term a;A”*. The Coulomb term

Z(Z-1)
Q=475
asymmetry term is a quantum mechanical contribution that considers the different

accounts for the Coulomb repulsion of the protons in the nucleus. The

binding energies of nuclei with N = Z and N # Z. A classical set of parameters
is listed in Tab. 1.1. § is the pairing term, which takes into account the special
stability of fully paired nucleons in an even-even nucleus and, in contrast, the low

stability of odd-odd nuclei. Therefore this term is parametrized as follows

+11/A"2, for even-even nuclei

0 =10, for even-odd and odd-even nuclei (1.5)

—11/A"?,  odd-odd nuclei
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Table 1.1: Parameters used in the Bethe-Weizicker mass formula (BWMF) in
Eq. 1.4. Values taken from [15].

Parameter values
ay 14.1 MeV
Qg 13.1 MeV
Qe 0.585 MeV
g 19.4 MeV

1.1.2 Nuclear shell model

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Proton Number Z

Mexo - Mawur / MeV

h o o

-10
-15

200 40 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Neutron Number N

Figure 1.1: Comparison of the ground-state masses in MeV between experimentally
observed data, and LDM calculations. Pronounced deviations are observed at
nucleon numbers 28, 50, 82 and 126: the so-called magic numbers. The figure is
adapted from [16].

The LDM shows good agreement with the masses and binding energies. However,
if the differences of the experimentally determined and the calculated LDM masses
are plotted against the proton number Z or the neutron number N, systematic
deviations appear at certain proton and neutron numbers (Fig. 1.1). This effect is
clearly visible at the numbers 28, 50, 82, and 126, showing that the experimentally
determined mass is lighter at these numbers and therefore the nucleus has more

binding energy than predicted by the LDM. This energy gain is in the order of
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10 MeV. It is not that obvious at the numbers 2, 8, and 20 as these are light
compared to systems properly approximated by a liquid droplet, but again there
is extra stability. Since this stability could not be explained, the proton and
neutron numbers 2, 8, 20, 28, 50, 82, and 126 were called “magic numbers”. This
particular stability of nuclei with magic numbers however can be described by
the nuclear shell model. In this model, the shells of protons and neutrons must
be considered independently of each other. Here, each nucleon occupies a single-
particle orbit in the nucleus analogous to the electron shell model. The magic
numbers can be explained up to 20, using a square-well and harmonic-oscillator
potential for the calculation of the energies of these orbits [17, 18]. To explain

magic numbers larger than 20, a spin-orbit-coupling should be considered as well
(19, 20].

Shell closure become visible when plotting the experimental two-neutron separa-

tion energy

or the two-proton separation energy

Sop(N,Z) = B(N,Z) — B(N,Z — 2). (1.7)

This is because, analogous to the electron shell model, the last nucleon in a full
shell is bound more strongly than nucleons which are added later. So a reduction of
the separation energy after shell closures can be observed. To avoid the odd-even
staggering of the binding energy due to pairing, the two neutron, respectively two
proton separation energy is used, because this effect cancels out there. If now, e.g.,
the two-neutron separation energy is plotted against the number of neutrons N
as shown in Fig. 1.2, one can clearly observe a stronger decrease of the separation

energy after the neutron number N = 126.
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Figure 1.2: Two-neutron separation energies N = 122 to 145 for the elements from
Pt to Fm. The red mark shows N = 126. Figure is adapted from [8].

The shell model is only capable to describe spherical nuclei, because the effect of
the deformation of the nuclei is not taken into account. This is valid for magic
numbers up to Z = 82 and N = 126, because these correspond to spherical nuclei.
For N = 152, 162 respectively Z = 100 these magic numbers appear in deformed
nuclei [21, 22], which can be described by the Nilsson-model [23].

1.1.3 The Atomic Mass Evaluation (AME)

The knowledge of atoms and atomic nuclei has increased exorbitantly in the first
half of the last century and it soon became clear that the properties of nuclides
had to be compiled. Livingston and Bethe in 1937 first summarized data from
mass spectrometry, nuclear reactions and radioactive decays in tables [24]. Over

time, more and more data were published and it became apparent that the mass



CHAPTER 1. INTRODUCTION

of many nuclides was overdetermined. The Dutch physicist Aaldert H. Wapstra
introduced the least squares method in the 1950s as a solution to the problem of
overdetermination and so the consistency of different results could be checked [5].
The first tables containing an overview of atomic masses determined in this way
were published by Wapstra [25, 26] and Huizenga [27]. Since that time Wapstra
continued the evaluation of experimental atomic masses and in 1971 he published
“The 1971 atomic mass evaluation” It contained atomic masses obtained by least
squares fit from experimental data for all nuclides for which data were available
and estimations for other nuclides obtained from systematics [28, 29, 30, 31]. It
should not go unmentioned that Wapstra was also involved in the definition of
the unified atomic mass unit [32]. The last atomic mass evaluation (AME) was
published in 2021, the AME2020 [33, 8]. Here, 2550 atomic masses have been eval-
uated from experimental data. This variety of experimentally determined masses
helped increasing not only the understanding of nuclear structure, but also of phe-
nomena in other areas of physics. There are mainly two different methods used
for atomic mass measurements. First, there is the mass-spectroscopic method,
which is often called the direct method. The mass is determined by a trajectory,
the cyclotron frequency, or phase of an ion in a magnetic field, or by the time of
flight. The other, so-called indirect method uses reaction energies to determine
the difference between two or more masses based on specific nuclear reactions or
decays. It does not matter which method is used, the relation between the atomic
masses is always determined experimentally. An attempt is always made to use
the primary experimental information in the data analysis rather than the abso-
lutely determined masses. This has the advantage that in later recalibrations the

masses are automatically adjusted.

1.2 Penning-trap facilities

For high-precision mass measurements, Penning-trap mass spectrometry should
be chosen as the most accurate method so far [33]. LIONTRAP in Mainz [34],
FSU/MIT-TRAP in Florida [35] and PENTATRAP in Heidelberg [36] have re-

cently published results with ultra-high precision (107'1). However, such measure-
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ments can only be performed on stable or very long-lived and often light nuclides.
Currently, there are seven Penning-trap experiments which study radioactive nu-
clides: CPT in Argonne, USA [37], ISOLTRAP at CERN, Geneva, Switzerland
[38], JYFLTRAP in Jyvéskyla, Finland [39], LEBIT in East-Lansing, USA [40],
SHIPTRAP in Darmstadt, Germany [41], TITAN in Vancouver, Canada [42], and
TRIGA-TRAP in Mainz, Germany [43]. There are three methods to produce the
required radioactive nuclides [1]. 1. Heavy-ion collisions, where the energy of the
projectiles is near the Coulomb barrier. CPT and SHIPTRAP make use of this
method. 2. if the energy of the projectiles is over the Fermi domain, the nuclides
are obtained by fragmentation. This method is used by LEBIT. 3. Medium-
mass neutron-rich nuclei are produced by fission. In this way the production of
radioactive ions is done for ISOLTRAP, JYFLTRAP, TITAN and TRIGA-TRAP.

An international center for high-energy ion and antiproton beams is currently be-
ing built in Darmstadt at the GSI Helmholtzzentrum fiir Schwerionenforschung
[44]. This center is called FAIR (Facility for Antiproton and Ion Research). Sev-
eral experimental setups are planned there. One of these planned experiments
is MATS (Precision Measurement of very short-lived nuclei using an Advanced
Trapping System for highly-charged ions). MATS will be installed in the low-
energy branch of the Super-Fragment Separator (S-FRS) at FAIR. The MATS
Collaboration consists of groups around the world with a wealth of experience
in Penning-trap mass spectrometry [45]. TRIGA-TRAP is one of the devel-
opment platforms for MATS and will become part of the future MATS setup.
The TRIGA-TRAP experiment is a double Penning-trap mass spectrometer used
to perform high-precision mass measurements of long-lived transuranium iso-
topes and short-lived fission-products at the research reactor TRIGA (Training,
Research, Isotopes, General Atomics) Mainz. In 2014, Eibach et al. reported
the first measurement of the masses of 24243 Am, 24Py, and *°Cf with TRIGA-
TRAP [46]. Since the results of the measurement campaign at that time could
not be reproduced, the TRIGA-TRAP experiment was modified. Several upgrades
were introduced: the MCP detector behind the Penning traps was replaced by a
position-sensitive delay-line detector [47] that enables to use the PI-ICR method.

The offline ion source was modified by introducing a mini-RFQ to improve the
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efficiency of the ion production for rare isotopes [48]. Lastly, the hyperbolic mea-
surement trap was replaced by a cylindrical measurement trap with improved
design to minimize inhomogeneities of the electrostatic trapping potential. After
this new measurement trap was characterized, the masses of eleven actinide nu-
clides were determined (See Fig. 1.3). This characterization and the measurements

are presented in this work.
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Figure 1.3: Section of the chart of nuclides around the deformed shell closure at
N = 152 (black outline). Isotopes were marked where direct mass measurements
were performed at SHIPTRAP (purple) [49, 50, 51] and TRIGA-TRAP (black
and red) [46]. The measurements of nuclides measured at TRIGA-TRAP in 2013
were repeated in 2021. The results of the 2021 measurements are presented as
part of this thesis.
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1.2. PENNING-TRAP FACILITIES

In Fig. 1.4 the nuclides are shown whose mass values have been improved in
AME2020 compared to AME2016, or where new experimental masses became
available. A range of Z = 90 — 100 and N = 140 — 155 is marked and enlarged.
In the enlargement the nuclides, which were measured in the context of this work,
are additionally shown (black squares). It can be seen that there are no new
experimental data obtained for any of the nuclides measured and reported in this
thesis, since AME2016.
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Figure 1.4: Ratios of mass uncertainties in AME2016 and AME2020 for nu-
clides whose mass precision has been improved. The new experimental masses
in AME2020 are shown as the black frames. In the enlarged area, additionally
the nuclides whose masses were measured as part of this work were also indicated
with black squares. Figure is adapted from [33].
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2 Fundamentals of a Penning

trap

In this chapter, the most important basics of the Penning trap are covered. To
perform high-precision mass measurements, the usage of Penning trap mass spec-
trometers is a state-of-the-art method, as it allows the most accurate mass mea-
surement to date. The Penning trap was named after the Dutch physicist Frans
Michel Penning. He developed the principle for storing charged particles in an ar-
rangement of an electrostatic and a magnetic dipole field in 1936 [52]. Hans Georg
Dehmelt refined this technique. Together with Wolfgang Paul he was awarded the
Nobel Prize in Physics in 1989 “for the development of the ion trap technique”
[53]. For a detailed description of the physics of Penning traps, reference is made
to the articles by Brown and Gabrielse [54] and Blaum [1].

2.1 The ideal Penning trap

An ion with mass m and charge ¢ performs a circular motion in a homogeneous

magnetic field B with the cyclotron frequency

_ 4B
_m

(2.1)

We

perpendicular to the magnetic field axis. Thus, the ion is already radially confined,

nevertheless it can still move freely along the magnetic field axis. To trap the ion

13
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sl el

Uo

Figure 2.1: Possible electrode arrangement for Penning traps. The hyperbolic
Penning trap (left) and the cylindrical Penning trap (right), with the ring electrode
(orange) and the two end cap electrodes (blue).

along the magnetic field axis as well, an additional electric quadrupole potential

_ U (o Ly 2)
®(r.y.2) = 5 (= 5 ( +v7) 22)

has to be applied. Here d., is a characteristic dimension and Uy is a voltage
difference, which will both be explained later. Thus, one can consider an ideal
Penning trap as a superposition of a homogeneous magnetic field B = BZ and a
quadrupole potential ®(p, z) coaxial to the magnetic field. In this way, charged
particles can be stored in a defined volume and the exact description of the par-
ticle motion is possible. The electrostatic quadrupole field can be generated by
electrode arrangements as shown in Fig. 2.1. The potential difference U, between

the end cap and ring electrodes generate the quadrupole potential

Ulp,z) = MZO <22 - p2> : (2.3)

char

where p is the radial distance, z is the axial distance of the stored particle to the

trap centre and d.p,, is the characteristic trap dimension, given by
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2.1. THE IDEAL PENNING TRAP

1 P2
dghar = 5 (Z[Q) + 20> ) (24)

with pg as the inner radius of the ring electrode and zy the minimum distance
between the centre of the trap and the end cap. In an ideal Penning trap, the
following coupled equations of motion apply to an ion of mass m and charge ¢
(see Fig. 2.2)

. qUo qB .
= R 2.
T T (2.5)
. qUy qB .
= y— = 2.
V=g, Y (2.6)
. qUy
Z=— (2.7)
mdghar

The equation of motion (Eq. 2.7) for z is that of an undamped harmonic oscillator

qUo
W, =4/ : (2.8)
mdzhar

if gUy > 0. Otherwise the ion will escape to z = +00. By substitution u = = + iy

with the angular frequency

the differential equations Eq. 2.5 and Eq. 2.6 can be combined to the following

equation

1
u+mm—§&u:0 (2.9)

z

With the ansatz u = e~ one finally obtains the characteristic polynomial

1
w—wc~w+§wz:() (2.10)

resulting in the radial motions

1
Wi =g (wc + /w2 — 2w§) : (2.11)
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AZ
axial and

magnetron
motion

modified cyclotron

motion
magnetron
P+ motion

Figure 2.2: The ion motions in an ideal Penning trap. The magnetron motion with
amplitude p_ is shown in green, the modified cyclotron motion with amplitude
p+ in blue and the axial motion with amplitude p, combined with the magnetron
motion in red. The black trajectory of the ion motion results from superposition
of the three eigenmotions. The amplitudes are arbitrarily chosen and are for
illustrative purposes only.

Here w, is the modified cyclotron frequency and w_ the magnetron frequency.
Fig. 2.2 shows the motion of an ion in a Penning trap, which is a combination of
the three eigenmotions. Through a series expansion of the radial eigenfrequencies

one obtains

Uo

R~ 2.12
< 2dzha'rB ( )
and
Uo
Wy ~We — m. (213)

The magnetron frequency w_ is in first approximation mass-independent, as can
be seen from Eq. 2.12. The following relationships are valid between the cyclotron

frequency and the three eigenfrequencies:
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2.2. THE REAL PENNING TRAP

We = Wy + w_ (2.14)
w, =2 wiw- (2.15)
w? = wi +w?+uw? (2.16)

where w, > w; < w, < w_. Eq. 2.16 is the so-called invariance theorem by
which the true cyclotron frequency can be calculated from the three measurable
frequencies [54]. Eq. 2.14 is used for mass measurements of short-lived radionu-
clides. Here the Penning trap is assumed to be ideal within the framework of the
achievable resolution and thus the true cyclotron frequency is determined only via

the sum of the magnetron frequency w_ and the modified cyclotron frequency w, .

2.2 The real Penning trap

The real Penning trap differs from the ideal Penning trap described above in
many respects. Field inhomogeneities, deviations from the ideal geometry, or
misalignments of the trap axis with respect to the magnetic field can occur [55]. All
these deviations from the ideal Penning trap lead to a shift of the eigenfrequencies
and a broadening of the measured resonance. This results in a reduced resolving
power and a systematic error in the mass determination. The most important

effects are considered in more detail below.

Electric field imperfections: Deviations from the pure quadrupole field de-
scribed in Eq. 2.3 are caused by geometrical imperfections of the trap construction,
holes in the end caps for ion transport, and the finite extension of the electrodes.
As a consequence, higher order terms of the electric field will occur. The electric
potential U in the vicinity of the center of the Penning trap can be expanded in

Legendre polynomials:

1

V=3

0 2n
Us " Ca (2) Py cos (6) (2.17)
n=0
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where Uy is the trapping potential, d the characteristic trap dimension (Eq. 2.4),
Cy,, are the coefficients and P, are the Legendre polynomials [56]. These higher
order terms of the electric field cause amplitude-dependent frequency shifts. They
can be reduced or even completely compensated by correction electrodes, applying
the correction voltage U,,, calculated with the so-called tuningratio: TR = U./Uy.
This tuningratio is obtained by electric field simulations of the trap. Furthermore,
frequency shifts can be reduced by using a Penning trap with a large characteristic

dimension d and by choosing the trap potential Uy very low [54].

Magnetic field imperfections: Magnetic field inhomogeneities and fluctuations
are one of the major limitations in high-precision Penning-trap mass spectrometry.
There are several different factors that cause a change in the magnetic flux density
of a superconducting magnet. There is the fluz-creep-effect [57] which causes the
current of the superconducting coils of the magnet to decrease steadily and thus
the magnetic field strength to change continuously. Also, if ferro-magnetic or
paramagnetic objects are brought close to the magnet, they influence the magnetic
field because of their temperature-dependent magnetic susceptibility. Already the
experimental setup itself with the traps and the vacuum chambers influences the
magnetic field. To minimize this effect, all the electrodes in the magnet bore
are made of oxygen-free copper. Other important factors are the temperature
and pressure fluctuations in the liquid helium and liquid nitrogen vessels of the
superconducting magnet. The superconducting coils are cooled with liquid helium.
As soon as the pressure in the helium vessel changes, the boiling temperature of the

helium also changes. To avoid this, the pressure in the helium tank is stabilized.

Misalignment and ellipticity of the trap: A lot of attention must be paid to
the careful alignment of the trap to the magnetic field. Any resulting misalignment

can be described as a rotation of the magnetic field to the z axis [54, 58]
B = B(sin 0 cos ¢, sin # sin ¢, cos f) (2.18)

with the polar angles 0 < ¢ < 27 and 0 < # < 7. In addition, the electrical
potential in the trap can be distorted. This can happen, for example, due to

imperfections in the manufacturing of the electrodes. Thus, the equipotential
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2.3. MANIPULATION OF IONS IN A PENNING TRAP

lines projected into the xy-plane are distorted into an ellipse. The characteristic
measure of this distortion is the ellipticity € [54]. For any real experiment, it can
be assumed that tiny tilts or ellipticities will be present, but these can usually be
minimized to fulfill the conditions, [sinf| < 1 and € < 1. The main interest lies

in the shift of the cyclotron frequency which can be described as follows [59]

1
A0, 0, €] ~ o (292 — 28) : (2.19)

resulting in the measured cyclotron frequency
e[, 0, €] = we + Aw [, o, €]. (2.20)

But even in this case the invariance theorem [54] Eq. 2.16 retains its validity [59].

Ion-ion interaction: Ideally, only a single ion should be stored in high-precision
trap experiments, since the Coulomb interaction with other ions in the trap affects
the ion motion and thus the cyclotron frequency. If the stored ions are of the same
species, only a line broadening of the resonance frequency occurs [60]. However, if
the stored ions are not identical, then this is shown by the occurrence of frequency
shifts. The cyclotron frequency shift to smaller values and the line broadening
also occurs here. Therefore, for high-precision measurements with Penning traps,

a preceding ion selection is very important [61].

2.3 Manipulation of ions in a Penning trap

So far, it has only been described how the ions can be stored in a Penning trap.
However, in order to be able to carry out high-precision measurements with the
ions, the ion motion in the Penning trap, which was described in Sect. 2.1, must
be specifically manipulated. In the following, the manipulations required for a
mass measurement are discussed. The first step is the targeted excitation and

then the cooling of ions in a Penning trap.
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CHAPTER 2. FUNDAMENTALS OF A PENNING TRAP

2.3.1 Dipolar and quadrupolar excitation of the ion

motion in a Penning trap

The three independent eigenmotions of an ion stored in a Penning trap can be
regarded as harmonic oscillators. Therefore, the total energy (without taking spin

into account) can be described as follows:

1 1 1
E = hwy <n+ + 2) + hw, (nz + 2) — hw_ (n + 2) . (2.21)

w., w, and w_ are the angular frequencies of the eigenmotions, n,, n, and n_ are
the quantum numbers of the eigenmotions and A is the reduced Planck constant.
Fig. 2.3 shows the energy levels of a charged particle in a Penning trap, they are
also called Landau levels. It should be noted that an increase in the quantum
number n_, which corresponds to an increase in the magnetron radius, leads to
a decrease in energy. With a dipolar excitation with one of the eigenfrequencies,
the corresponding eigenmotion can be manipulated. If the magnetron motion w_
is excited, all ions in the trap are excited because this is in first order not mass
dependent. In contrast, when the cyclotron or the axial motion is excited, only
ions with a certain mass-to-charge ratio are excited. To excite a radial ion mo-
tion, an alternating electric field of frequency wy must be applied. To excite one
of the radial eigenmotions, a segmented ring electrode is needed. In Fig. 2.4(a) it
is shown how the alternating field of amplitude U, and frequency wy is applied to
opposite segments in a fourfold segmented ring electrode. For example, the mag-
netron motion can be addressed individually. For the excitation of the magnetron
motion, the phase difference A¢_ = ¢4 — ¢_ between the phases of the initial ion
magnetron motion ¢_ and the irradiated dipole field ¢4, has a strong influence on
the magnetron radius p_. Fig. 2.5 shows for three phase differences the effect on
the final magnetron radius [1]. In Fig. 2.4(b), one sees how the same phase of the
radio frequency wy is applied to two opposite segments of the ring electrode in each
case for a quadrupolar excitation. If this frequency corresponds to the sum of two
eigenfrequencies, these motions are coupled and a periodic conversion of the mo-
tions takes place. If w, = w. = w4 4+ w_ is chosen, the two radii of motion p; and

p— are converted into each other. Fig. 2.6 shows a conversion of a pure magnetron
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Figure 2.3: Energy levels without taking into account the spin of a charged particle
in an ideal Penning trap. The total energy is obtained by summing the energies
of the three independent eigenmotions. Here w, is the angular frequency and n,
the quantum number of the modified cyclotron motion, the angular frequency w,
and n, the quantum number of the axial motion, w_ the angular frequency and
n_ the quantum number of the magnetron motion.

motion into the modified cyclotron motion in case of a quadrupole excitation with
w.. Initially, there is a pure magnetron motion with radius p_. Due to the exci-
tation, the amplitude of the modified cyclotron motion grows and the amplitude
of the magnetron motion shrinks. After a certain time T¢,,, (depending on the

excitation amplitude U;) a complete conversion is achieved

Ta’m wa’
BR— —w_ )~ —B. 2.22
e oy —a) (2.22)

TConv =
Here a is an effective distance corresponding to py at first order. This means
that the magnetron motion has been completely transformed into the modified
cyclotron motion, with the resulting radius p; corresponding to the initial ra-

dius p_ (see Fig. 2.6). The radial kinetic energy E, is propotional to the orbital
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Figure 2.4: Schematic of a dipolar (a) and a quadrupolar (b) excitation, with
a fourfold segmented ring electrode. In the case of dipolar excitation, a radio
frequency (rf) with amplitude U, and frequency wy is applied to two electrodes.
In the case of quadrupolar excitation, a radio frequency with the amplitude U,
and the frequency w, is applied to four electrodes. The colours indicate a 180°
phase shift of the applied rf between the corresponding electrodes.

frequency of the stored ion and therefore

B, oc w2 pa (1)’ — w? p_(1)? ~ wps (1)’ (2.23)

where p, and p_ are the radii of the modified cyclotron and magnetron motion.
The approximation is valid for w, < w_. So, with resonant coupling of these
two motions, one obtains an increase in the radial kinetic energy by converting
the magnetron motion into the modified cyclotron motion. With non-resonant

excitation (w, # w.), the conversion is not complete.

2.3.2 Buffer-gas cooling of ions in a Penning trap

A common method to cool singly-charged ions stored in ion traps is the so-called
buffer-gas cooling combined with radio frequency excitation at the true cyclotron
frequency w,.. The effect of the buffer gas on the ion motion can be described as

a kind of Stokes friction, with a velocity-dependent frictional force

F = —émv, (2.24)
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Figure 2.5: Evolution of the magnetron radius p_ as a function of the dipole
excitation T, for the phase differences A¢p_ = 0,7/2and37/2. For A¢_ = 0, the
amplitude p_ grows slowly at first and then increases linearly with excitation
time. For A¢_ = 7/2 the linear increase already starts at the beginning of the
excitation. For A¢_ = 37/2 the magnetron radius first decreases linearly to 0 and
then increases again at the same rate [1].

experienced by an ion of mass m and velocity v, where § is the damping parameter.

This damping parameter can be described as follows:

_g 1 p/PN
B mKionT/TN

(2.25)

Here ¢ is the charge of the ion, m is the mass of the ion, p and T" are the pressure
and temperature of the gas in units of normal pressure py and normal temperature
Ty and K, is the reduced mobility of the ions in the buffer gas [1, 64]. Usually,
noble gases are used as buffer gas because of their high ionisation potential to
minimize charge-exchange reactions and molecule formation. This cooling causes
a decrease in the amplitudes of the modified cyclotron as well as the axial motion,
but the amplitudes of the magnetron motion of all ions in the trap grow because
of the negative sign in Eq. 2.21. The magnetron radius grows much more slowly

than the radius of the modified cyclotron motion shrinks because w, > w_. By
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Figure 2.6: The conversion of a pure magnetron motion into pure modified cy-
clotron motion. For sake of clarity, the conversion is divided into two parts and
the time course is marked in colour. (a) The first half of the conversion. (b) The
second half of the conversion [62].

coupling the two radial motions with the quadrupole excitation at w,, the increase
of the magnetron radius can be counteracted by conversion and thus a loss of ions
can be prevented. With a suitable choice of pressure, excitation amplitude U,
and excitation duration Tj, both amplitudes of the radial motion are reduced.
However, since w,. depends on the mass, only an ion with one desired mass can
thus be centered in the Penning trap (see Fig. 2.7). After ejection from the trap

through a diaphragm, the centered ions are separated from the other ions.

2.4 Frequency-measurement techniques

To perform a mass measurement with Penning-trap mass spectrometers, the free
cyclotron frequency w,. must be determined. Direct measurement of w. is not

possible, due to the fact that it is not an eigenfrequency. Three different meth-
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Figure 2.7: The radial motion of the ions in a Penning trap when a buffer gas is
present. (a) Since the cooling is velocity-dependent, the radius of the modified
cyclotron motion decreases very rapidly; in comparison, the magnetron radius
increases slowly. (b) By applying an external quadrupole field with w, =w,, the
two radial motions are coupled, so the decrease of the radius of the modified
cyclotron motion occurs slowly with a simultaneous decrease of the magnetron
radius. Since w,. is mass-dependent, mass-selective centering takes place [63].

ods are available to do so. A distinction is made between destructive methods,
in which the ions are ejected from the trap and detected with an external de-
tector and non-destructive methods, in which the measurements are repeated,
while the ion remains in the trap. At the moment, only the Time-of-Flight Ion-
Cyclotron-Resonance (ToF-ICR) method [65] is used at TRIGA-TRAP for high-
precision mass measurements. Here, the change in the time of flight of the ions is
measured as function of the excitation frequency around the expected cyclotron
frequency. The non-destructive Fourier-Transform Ion-Cyclotron-Resonance (FT-
ICR) method, in which the mirror currents of the oscillating ion are measured,
is still under development for the use at TRIGA-TRAP [66]. In the future, the
Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR) technique [67], which is even
more precise than the ToF-ICR technique, will also be implemented at TRIGA-
TRAP. Here, the phases of the ion’s radial motion are determined from an image

on a position-sensitive detector.
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2.4.1 Time-of-Flight Ion-Cyclotron-Resonance (ToF-ICR)

Technique

In the Time-of-Flight Ion-Cyclotron-Resonance (ToF-ICR) technique, the ions
are first set to a defined radius of magnetron motion in the measurement trap by
means of a dipolar excitation. With a resonant quadrupolar excitation with the
correctly chosen amplitude U, as well as excitation duration 7j, the magnetron
motion is completely converted into the modified cyclotron motion (Sect. 2.3),
whereby the radius does not change. After the conversion, the potential of one of
the end cap electrodes is reduced so that the ions are ejected along the symmetry
axis of the magnetic field with a low axial velocity. The ions pass through the
magnetic field gradient and undergo an acceleration due to the interaction of their
magnetic moment ji and the field gradient (see Fig. 2.8). The force is proportional

to the magnetic moment and thus also to the radial energy FE,.:

F=—ji(VB) = —%‘252 (2.26)
Since the radial energy of the ions is at its maximum in the resonance case due
to the higher value of the modified cyclotron frequency compared to the mag-
netron frequency, resonantly excited ions are accelerated more strongly than non-
resonantly excited ions. To determine the time of flight, the ejection of the ions
from the trap is chosen as the start signal and the impact of the ions on the surface
of the detector as the stop signal. The time that the ions need to travel from the
centre of the trap (z = zg) to the detector (z = zp) at a given radial energy E,

can be calculated by means of

Tror(e) = | T =T g (220

Here Ej is the initial axial energy of the ion, U(z) the electric potential and
B(z) the magnetic field strength. The variation of the frequency w, leads to
the characteristic time-of-flight cyclotron resonance curve. The shape of such a

resonance curve is shown in Fig. 2.9b. For the ToF-ICR technique, it is important
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Ba
Z >z
Penning trap drift tube detector

(quadrupolar excitation)

Figure 2.8: Concept of the Time-of-Flight Ion-Cyclotron-Resonance technique. In
the trap the ions are put on a pure magnetron motion. Then a quadrupolar rf
puls is applied which is varied around v.. After the rf pulse the ions are ejected
towards a detector. On their way to the detector, the ions cross the magnetic field
gradient.

that sufficient time is available for the conversion from radial to axial energy. This
means that the ions should stay as long as possible in the area of the magnetic
field gradient to support an adiabatic conversion [68, 69]. In order to obtain a
time-of-flight resonance from which the cyclotron frequency can be obtained, a
minimum number of ions and scans are required so that a meaningful fit can be

used. The statistical uncertainty of the fit

1
V Nion : Tq

depends on the number of detected ions N, and the excitation time 7j. From

s(we) (2.28)

this it can be seen that a longer quadrupolar excitation time would be preferable.
To store ions longer in the trap, the vacuum in the trap must be as good as
possible to minimize the probability of collisions with the residual gas. These
collisions could lead to the loss of the ion, or the modified cyclotron motion could
be damped (as described in Sect. 2.3.2). This would increase the time of flight of

the excited ions and thus weaken the minimum in the ToF spectrum. If radioactive
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ions are investigated, the half-life of the ions also puts a limit on the storage time
in the trap. Besides the continuous quadrupolar excitation, other rf excitation
patterns can be used [70, 71]. For example, the excitation pulse can be split into
two equal pulses with a defined waiting time in between, keeping the total time
and the integral of the excitation pulses equal (Fig. 2.9a and c¢). In this way, a
complete conversion is also performed in this excitation scheme. This method is
called Ramsey excitation. In this case, in contrast to the continuous excitation the
sidebands are emphasized more, but at the same time the line width is reduced
(Fig. 2.9d), which can improve the precision by up to a factor of three for the

same excitation time [69, 72].
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Figure 2.9: Illustration of a continuous excitation (a) with the corresponding time-of-flight spectrum (b). (c)

illustrates a Ramsey excitation scheme with the corresponding time-of-flight spectrum (d).

With the Ramsey

excitation, one can see that the sidebands are more pronounced and the linewidth becomes smaller. See text, for
more details.
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CHAPTER 2. FUNDAMENTALS OF A PENNING TRAP

2.4.2 Fourier-Transform-Ion Cyclotron Resonance
(FT-ICR) Technique

Another way to determine the cyclotron frequency is the Fourier-transform ion-
cyclotron-resonance technique [73]. In this non-destructive method, the image
current induced by the oscillating ion is measured in the trap electrodes. With
this method, a single ion can be sufficient for a complete frequency measurement.
This depends on the pressure conditions in the trap and the half-life of the ion
of interest. This method opens up the possibility of investigating ions with very
low production rates. The challenge here is to obtain a high signal to noise ratio,
since the amplitude of the mirror current to be measured is only a few fA. Further
details on the development of FT-ICR at TRIGA-TRAP can be found in the
PhD-thesis by Lohse [74].

2.4.3 Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR)

Technique

The phase-imaging ion-cyclotron-resonance method is a technique that can be
used to determine the modified cyclotron frequency and the magnetron frequency.
In this process, the radial motion of the ion is projected onto a position sensitive
detector (delay-line MCP detector) installed on the axis of the trajectory. There
are two ways to determine the cyclotron frequency. First, there is the single-
pattern scheme, in which w, and w_ are determined independently of each other,
and since Eq. 2.14 applies here as well, the true cyclotron frequency is obtained.
Since the measurement procedure for w; and w_ is the same, the indices (+) and
(-) are used in the following to distinguish between them, otherwise we will speak
of the radial motion. The principle for determining the radial motion frequency
is shown in Fig. 2.10. First, ions without radial motion are ejected from the
measurement trap. The half-width of the spatial distribution of these ions on
the detector (position 1 in Fig. 2.10, center) depends on the temperature of the
ions. This is followed by bringing the ions to a radius R by applying a dipolar

excitation at the radial motion frequency with a certain initial phase (position 2
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Figure 2.10: Concept of the PI-ICR method [75]. For more details see text.

in Fig. 2.10, reference phase). The ions can now move on the circular path for
the time t, after which they have the accumulated phase ¢ + 2mn = wt (position
3 in Fig. 2.10, final phase). ¢ is the angle between positions 2 and 3 of the ion,
n is the number of revolutions the ion makes during time ¢ and w is the angular
frequency of the radial motion. Thus, at known n, the frequency determination
is reduced to a determination of the angle ¢. To enable the determination of the
modified cyclotron frequency w, in this way, the modified cyclotron motion is
converted into magnetron motion. Applying a uniformly voltage to the electrodes
of the drift section behind the trap assures that the ion motion is not distorted
during transport towards the detector [75]. A second possibility to measure the
cyclotron frequency would be the so-called double-pattern scheme. In this case, the
cyclotron frequency is determined directly instead of summing the two measured
frequencies w, and w_. The excitation scheme consists of two patterns in this
case. These differ only in one step. One takes the pattern that is also used in
the single pattern scheme to determine the modified cyclotron frequency. The
reference phase is not determined, as it does not change for either pattern. The
only difference between the patterns is the time of the quadrupole excitation, i.e.,
the conversion of the reduced cyclotron motion into magnetron motion, which is
performed directly before the accumulation time ¢; in the first pattern and directly
after the accumulation time ¢, in the second pattern. Thus, the accumulated
phase ¢_ + 27n_ = w_t; is obtained in the first step and ¢, + 27mn, = w,its

in the second step. Advantage is taken from the fact that with a quadrupolar
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CHAPTER 2. FUNDAMENTALS OF A PENNING TRAP

excitation the phase of the ion is mirrored and thus the sign changes. Therefore,
if t; = t9 = 4, the following equation applies

We = ¢+27T (TL, +n+) — (ﬁ* _¢+ +2m (n* +n+>. (229)

tacc tacc

Compared to the ToF method, the PI-ICR method can achieve a 40-fold im-
provement in resolving power and a factor of ten improvement in accuracy, or the

measurement time can be reduced by an order of magnitude [67].

2.4.4 Magnetic field calibration

From the cyclotron frequency, the mass of the measured ion can be determined
with the help of Eq. 2.1. To obtain the desired mass precision < 1078 for the
ion of interest, the magnetic field B needs to be known (at least) with this same
precision. As already mentioned in Sect. 2.2, there are magnetic field fluctuations.
This makes a continuous measurement of the magnetic field necessary. However
this would influence the frequency measurement as well, so before and after the
measurement of the cyclotron frequency w, of the ion of interest with atomic mass
Matom and charge ¢, the cyclotron frequency we e of a reference ion with the very
well-known atomic mass m,.; and charge g,y is measured. A linear interpolation
between these two measurements is performed to obtain the cyclotron frequency
of the reference ion w ,.s at the time the cyclotron frequency of the ion of interest
w, is measured. With this procedure, the magnetic field strength drops out of the

equation and one obtains the frequency ratio:

r— Weref _ Matom — 4~ Me Qref (230)
We Myef — Qref *Me
Weref 4
Matom = qu ; (mref — Qref - me) +q-me (2‘31)

If only singly charged ions are used, as is the case at TRIGA-TRAP, Eq. 2.31 can

be simplified to

Matom = wi’;ef (Myef — Me) + Me. (2.32)

C
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Ions of the alkali metals are popular as reference ions, since they are easily ionized,
and have also been measured with high precision. The mass of, e.g., 133Cs is
known with a relative precision of 6.8-107! [8]. To avoid having to consider some
systematics, one would ideally have to record frequency ratios of mass doublets.
However, this becomes rather difficult in the transuranium region, because in this
mass range > 230 amu the mass of only a few isotopes have been measured directly
so far and there is no sufficiently well-known nuclide to act as an ideal reference
to perform a measurement with a relative precision in the range of 1078 — 107°.
In this case, ¥3Cs* is already more than 100 mass units away. Carbon clusters
12C,, n € N were also used as reference [76, 77|, because 1/12 of the mass of the
120 atom is the definition of the atomic mass unit. If carbon clusters are used as
reference ion, theoretically the whole chart of nuclides can be covered in steps of
twelve atomic mass units. So the mass difference of the reference ion and the ion

of interest is a maximum of six atomic mass units.
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3 Experimental setup of the mass
spectrometer TRIGA-TRAP

The TRIGA-TRAP mass spectrometer was commissioned in 2008 as part of the
TRIGA-SPEC experiment. The aim was to investigate nuclear ground-state prop-
erties of long-lived transuranium elements and short-lived neutron-rich nuclei [43].
The short-lived neutron-rich nuclei are produced by neutron-induced fission of, for
example, 25U using thermal neutrons from the research reactor TRIGA Mainz.
However, in this work the masses of long-lived actinides were in the focus. Ions of
these isotopes are produced in the mini-RFQ ion source, see the article by Grund
et al. [78]. There, the first online measurement with TRIGA-TRAP is described.
In the next part, the so-called “off-line part” of TRIGA-TRAP will be presented
in more detail. The schematic structure of TRIGA-TRAP is shown in Fig. 3.1.
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Figure 3.1: Schematic illustration of the TRIGA-TRAP experiment.
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3.1. THE MINI-RFQ
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Figure 3.2: 3D model of the laser ablation ion source with laser stabilization and

mini-RFQ.

3.1 The Mini-RFQ

A miniature radio frequency quadrupole (mini-RFQ) ion source was developed
for TRIGA-TRAP [48], which serves as a source for reference ions as well as
transuranium ions, and is shown in Fig. 3.2. A pulsed frequency-doubled Nd:YAG
laser with a wavelength of A = 532nm, a pulse length of 3 — 5ns and a pulse
energy up to 25 mJ is used for laser ablation. The laser beam is directed to a
target by a rotatable polariser to adjust the required energy, by mirrors and the
Aligna® system (TEM Messtechnik GmbH, Hannover). The Aligna® system is an

automated laser beam alignment and stabilization system. It consists of active
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CHAPTER 3. EXPERIMENTAL SETUP

mirrors and a combined angle and position detector. The target tip is mounted
slightly offset from the laser beam. Since the target holder can be rotated, different
positions of the target can be shot at [46]. Another major advantage of the
stabilization system is that the area on the target that can be reached with the
laser has also been increased (see Fig. 3.3). The target tip has been revised and
is now completely made of titanium. The new design allows an easier handling
of the target tip. It can be replaced in a very short time, which is an enormous
advantage, especially when dealing with radioactive substances. By the laser
pulse, ions are generated in the mini-RFQ and stored there with the help of two
end-cap electrodes and an rf field applied to the rods (50 V, 1.077 MHz). Here, the
energy distribution of the ions is reduced in about 5 ms by collision with helium
atoms at a pressure of about 1073 mbar at room temperature, thus increasing
the number of ions that can be used for a mass measurement. After this cooling
process, the ion bundle is ejected by switching the mini-RFQ’s front plate and
from there it is directed to a 90° electrostatic bender. This brings the ions into
the main beam path and thus in the direction of the Penning traps. Between
the 90° bender and the Penning traps, lenses and deflectors are installed which
enable corrections of the direction of the beam so that it can be shot straight
into the first Penning trap. 30.5cm in front of the magnet, a manipulator was
installed, allowing a microchannelplate detector (MCP1) for diagnostic purposes

to be moved into the beamline.

3.2 The double Penning trap system

The two Penning traps from TRIGA-TRAP (see Fig. 3.4) are embedded in the
bore of a superconducting magnet, manufactured by MAGNEX SCIENTIFIC
LTD. This is a 7T magnet with a 160 mm room-temperature bore, identical in
construction to the magnets used at SHIPTRAP [79] and JYFLTRAP [80]. The
magnet is actively shielded, which means that the operation of turbomolecular
pumps in the immediate vicinity of the magnet is not a problem. In TRIGA-
TRAP, as in many other Penning trap experiments for high-precision mass mea-

surement, two Penning traps were installed. The first trap is the so-called purifi-
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(@) (b)

(c) (d)

Figure 3.3: Comparison of the ranges on the targets, which are achievable by the
laser beam. The top row shows radiographic images of Sigradur targets as used
in the past. In a) an unused target is shown where 2 radioactive samples were
applied. In b) a used Sigradur target is shown. The dashed circle indicates the
area that could be reached with the laser. In the bottom row, a current target
with a new design is shown. In c), the trace of the laser on the surface can be
seen. For clarification, the laser trajectory is highlighted in color in d). The red
circle shows the area reached by the laser now, which was also possible with the
old system. The new Aligna® system allows enlarging the area, as indicated in
green. In addition, the area where the trajectory of the laser can be seen in c) is
marked in orange. The radiographic images are taken from [46].

39



CHAPTER 3. EXPERIMENTAL SETUP
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Figure 3.4: 3D model of the two TRIGA-TRAP Penning traps. On the left, the
purification trap, consisting of seven electrodes is shown. The ring and ring cor-
rection electrodes are segmented. All ions that are not centered in the purification
trap due to the buffer-gas cooling hit the funnel, whereas ions of interest are able
to pass the pumping barrier and can be investigated in the measurement trap.
The measurement trap consists of five electrodes and the cyclotron frequency is
measured there.

cation trap. It is used to prepare the ion cloud, i.e., to cool the ions and separate
them according to their mass up to the separation of isobars. The second trap
is the measurement trap, which is used to measure the mass via the cyclotron
frequency. The purification trap is a cylindrical seven-electrode Penning trap [81]
with an inner diameter of 2py = 32 mm and a total length of 212.5 mm. It consists
of a total of seven electrodes: two end caps, two end cap correction electrodes, two
ring correction electrodes and the ring electrode. The ring electrode is fourfold
segmented. It is divided into two 40° and two 140° segments. A funnel electrode
with combined pumping barrier is attached to the ejection side of the purifica-
tion trap. In the purification trap, the ions are cooled and centered with helium
via resonant buffer-gas cooling at a pressure of 107* mbar (see Sect. 2.3.2). The
unwanted species are stopped by the funnel electrode during ejection. A high
buffer-gas pressure in the purification trap is needed for fast cooling the ions, but
in the measurement trap the pressure should be as low as possible, because there
collisions of the ions with the residual gas will damp the motion and thus reduce

the accuracy of the mass measurement. A pumping barrier with a diameter of

40



3.3. DRIFT SECTION AND DETECTOR

2mm between the two traps serves as the diaphragm for separation. This is a
50-mm long tube with a diameter of 2 mm placed between the two traps. A 5-mm
thick disc has been placed additionally on the injection side of the measurement
trap which has a 10 mm long tube with a diameter of 3 mm in the middle as a
further pumping barrier. This ensures that the pressure on the measurement trap
side is much lower than in the purification trap. In the past a hyperbolic mea-
surement trap was used, it was replaced by a cylindrical Penning trap. It consists
of five electrodes with an inner diameter of 2py = 24 mm and a total length of
145mm. The trap consists of two end caps and two correction electrodes with a
length of [, = 9.45mm and a ring electrode with a length of [, = 3.53mm. The
correction electrodes are segmented (2x 180°), and can be used for the excitation
of the ions, e.g. for active damping of the initial axial motion. The ring electrode
consists of eight 45° segments which enables applying external rf fields, e.g. for an
octupolar excitation in future [71]. The characterization of the new measurement
trap is described in Chap. 4. Both traps are made of oxygen-free copper and

coated with a protective gold layer.

3.3 The drift section and the position-sensitive

detector

The so-called drift section begins behind the measurement trap. This is an area
consisting of eleven cylindrical electrodes that serve as drift tubes. Fig. 3.5 shows a
drawing of the drift section with all electrodes and the position-sensitive delay-line

detector. The electrodes have an inner diameter of d = 45 mm and are identified

Drift1  Drift3 Drift5 Drift7 Drift9 Drift11 detector

‘oo ¢
- T

mea t
tr:p SUCME™ Drifte  Driftd  Drifte Drift8 Drift10 miesh

Figure 3.5: Model of the drift section and the delay-line detector.
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as Drift 1 - Drift 11. In Tab. 3.1 the operating voltages used for the ToF-ICR
measurements are listed. A mesh was installed at electrode Drift 11 to obtain a ho-
mogeneous electric field between the last electrode Drift 11 and the microchannel
plate (MCP) of the delay-line detector. The position-sensitive detector installed
behind the drift electrodes is a delay-line detector DLD40 (RoentDek Handels
GmbH, Kelkheim). The detector can be used to detect charged particles with
high position resolution (< 0.1mm). The detector consists of a microchannel
plate detector with a delay-line anode. Fig. 3.6 shows the schematic structure of
the detector. A microchannel plate is an arrangement, usually made of lead glass,
of many parallel channels that serve as electron multipliers. A channel typically
has a diameter of 10 — 100 pm and a length-to-diameter ratio (L/D) between 40
and 100. The channels are either perpendicular or inclined at a small angle (~ 8°)

to the normal of the entrance surface.

Table 3.1: Operating voltages of the time-of-flight section. For ToF-ICR mea-
surements, the electrodes Drift 4-6 are set to —3V to enable a slow adiabatic
conversion and Drift 9 is set to —120V to focus the ions on the detector.

Name Voltage | Length
Drift 1 -50 V 32.4 mm
Drift 2 -50 V| 59.0 mm
Drift 3 -50 V| 59.0 mm
Drift 4 -3V 59.0 mm
Drift 5 -3V 59.0 mm
Drift 6 -3V 59.0 mm
Drift 7 -50 V| 59.0 mm
Drift 8 -50 V| 138.4 mm
Drift 9 | -120 V | 138.4 mm
Drift 10 | -50 V| 138.4 mm
Drift 11 | -50 V| 125.0 mm

A voltage is applied between the front and back of the channels. When a particle
hits the surface of the channel, this generates a primary electron and due to the
potential difference along the channel, the electron experiences an acceleration and

5

triggers a cascade of 103 —10° secondary electrons. When the MCP’s are arranged

in the 'chevron’ configuration, where the relative angle between the pores of the
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/
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Figure 3.6: The delay-line detector consists of two MCP’s held and insulated by
ceramic rings, a holding plate and the delay-line anode. Only a few delay-line
wires have been drawn in for sake of recognizably [82].

two plates is maximized [83], an electron multiplication of > 107 can be achieved,
resulting in a signal that can be registered by the delay-line anode. Furthermore,
the ion-feedback phenomenon is suppressed in this configuration. The delay-line
anode consists of two pairs of wires that are helically wound on a ceramic core
and rotated by 90° relative to each other (see Fig. 3.7). The position of the
detected particle is obtained by the difference of the arrival times of the signals
at both ends of the parallel-pair delay line, independent for x- and y-direction.
Since the signal velocity along the delay line is of the order of the speed of light,
a perpendicular signal velocity v, is defined. This describes the signal velocity
transverse to the wire direction, i.e. it corresponds to the distance between two
wire loops (typically 1 mm) divided by the full transit time along one wire loop.
For illustration purposes, the geometry of one of the two delay lines is shown in
Fig. 3.8. Let t; and ¢, be the time it takes for the signal to reach one of the ends
of the wire, T" = t; 4t be the sum of the travel times and v,, be the propagation

speed of the signal in the x-direction. Then the position x can be determined via

=u, (n- €> (3.1)

or

T =y, <t2 - g) . (3.2)

These lead to:

1
r = §’U$L (tl — tQ) . (33)
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Figure 3.7: The avalanche of electrons created in the MCP’s hits the delay-line
wires. The generated signals propagate in opposite directions. The time it takes
for the signals to reach the respective end of the wire is measured by using a
Time-to-Digital Converter card (TDC) [82].

o

t

Figure 3.8: Geometry of the delay-line-wire. At Tj, the electron avalanche hits the
delay-line-wire and the signals propagate in the x-direction with the velocity v, .
The signals need the time ¢; or ¢y to reach the end of the wire.
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These travel times t; and ¢ can be determined and thus, according to Eq. 3.3,
also the position of the event. The same applies to the y-direction. This results

in a two-dimensional position resolution [84].

before harmonization  after harmonization

center of motion @

final phase image

Figure 3.9: Effect on magnetron spot with increasing magnetron radii when first
the Penning trap has non-quadratic potential before harmonization (left) and after
harmonization with a quadratic potential. With the non-quadratic potential, the
spot becomes more distorted the larger the radius becomes [67]

Besides the PI-ICR method planned for the near future, where the delay-line
detector is mandatory, it is also a very useful tool in trap optimization. For
example, as described by Eliseev et al. in [67], the harmonicity of the trapping
potential can be tested. This involves recording the magnetron phase with a fixed
reference phase as well as a constant accumulation time with different excitation
amplitudes resulting in different magnetron radii r_. If the potential in the trap is
not quadratic, a distortion of the magnetron spot occurs which becomes stronger
the larger the magnetron radius r_ is (see Fig. 3.9). This method is called the
magnetron line method. The detector is also an important tool for selecting
the condition in which the species to be studied should be. With the help of the
detector it can be checked whether the measurement trap contains only the species
to be investigated or if there are any additional contaminants in the measurement
trap as well. To investigate this, the reduced cyclotron motion of the ions of
interest is excited by a dipolar excitation and then all ions are released from the
trap. If only ions of the species of interest are in the trap, the reduced cyclotron

motion is imaged as a smeared circle on the detector (Fig. 3.10a). However, if
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there are contaminants in the measurement trap for whatever reason, they will
not be excited and will remain in the center of the trap. In this case, when
the ions are ejected, the smeared out ring of excited ions is obtained as well as
a spot of unexcited contaminants in the center as shown in Fig. 3.10b. Such
contamination check was carried out in this work before each measurement of the

actinide isotopes.
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Figure 3.10: Contamination check using ?*?Pu as an example.  Thereby
it was investigated which species is more suitable for a mass measure-
ment.  For a), 2?PuOj was chosen as the species.  No unexcited

ions are seen after dipolar excitation at the modified cyclotron frequency
Vi diozide With an excitationamplitude 0.3V and an excitationtime 10 ps, indicat-
ing that this species is suitable for mass measurement. For b), 22PuO™ was used.
Here, after dipolar excitation with v ;on0side, Unexcited ions are clearly seen in
the center. These unexcited ions would interfere with a mass measurement. There-
fore, the choice for the species to be studied falls on 22PuOJ .

3.4 Measurement and evaluation procedure

To perform a mass measurement at TRIGA-TRAP, the cyclotron frequency of
the ion of interest and the reference ion are measured alternately as described
in Sect. 2.4.4. In Fig. 3.11 the time sequence of a measurement cycle is shown
graphically and described below. A measurement cycle starts with the production

of the ions. A 5ns laser pulse (1.) is used to produce the ions in the mini-
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1.) Laser pulse | 5ns
2.) Mini-RFQ cooling I 5 ms
3.) Mini-RFQ Ejection j 50 ms
i 88 us
4.) Capture in purification trap I 12 ps
5.) Passiv cooling 1 _- 250 ms
6.) Dipolar magnetron excitation . 50 ms
7.) Quadrupolar cyclotron excitation J 300 ms
8.) Passiv cooling 2 I 20 ms
9.) Ejection purification trap - 50 ms
10.) Capture in measurement trap 42 s
5ms
11.) Dipolar magnetron excitation 10 ms
100 ms 100 ms
12.) Quadrupolar Ramsey excitation 800 ms
{1635 s
13.) Ejection measurement trap - 2ms
| 1= 150-300 ps

14.) lon detection

Figure 3.11: The measurement cycle of a time-of-flight measurement with a Ram-
sey excitation scheme as used in this work, starting with the laser pulse to generate
the ions until they hit the detector. Waiting times were written in gray italic. The
length of the drawn time intervals is not to scale.

RFQ. In the mini-RFQ the ions are stored for 5ms (2.) to cool the ion ensemble.
Subsequently, the voltage of the front end cap electrode is set to —20V for 50 ms
(3.) in order to release the ions from the mini-RFQ. After about 88 pus the ions
reach the first trap. The voltage of the end caps and correction electrodes on the
input side of the purification traps are set down for 12 us to allow the ions to
enter the trap (4.). In the purification trap, the ions are first stored for 250 ms
(5.) while the initial axial and the initial cylcotron motion by buffer-gas collisions
are damped. Then a dipolar excitation (6.) at the magnetron frequency v_ for
50ms and a quadrupolar excitation (7.) at the cyclotron frequency v, of the

studied ion for 300 ms are started simultaneously. With the dipolar excitation the
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ions are brought to a magnetron radius, the simultaneous quadrupolar excitation
immediately converts the magnetron motion into reduced cyclotron motion for
the ion of interest (mass resolution: 1 — 1.5 - 10%). After the completion of both
excitations, the ions remain in the purification trap (8.) for another 20 ms to cool
any remaining cyclotron motion. Now the centered ions can be ejected from the
purification trap by lowering the electrode voltage on the ejection side of the trap
for 50ms (9.). At the same time, the injection side of the measurement trap is
opened for 42 us (10.) to trap the ions. After a waiting time of 5ms, the actual
frequency measurement is performed as described in Sect. 2.4.1. Here, the ions
are first brought to a defined magnetron radius by means of a dipolar excitation
for 10ms (11.). Then the conversion of the magnetron to the modified cyclotron
motion with quadrupolar excitation is performed for one second. The Ramsey
excitation pattern is used, in this case the two excitation pulses of 100 ms each are
separated by a waiting time of 800ms (12.) . After the excitation is finished, the
ions are ejected from the measurement trap towards the delay-line detector (13.).
The ions move through the drift section to the detector and hit it after about
200 — 300 us. Now this measurement cycle is repeated and in the next step the
excitation frequency for the conversion v, in the measurement trap is increased
by 150mHz. One scan consists of 29 measurement cycles, which means that a
frequency range of 4.2 Hz is investigated. In order to detect enough ions to later
perform a z-class analysis [85], 40 scans were performed. This corresponds to a
measurement time of about 40 minutes. To control this measurement sequence
the software program “MMS8” was used [86]. To obtain the cyclotron frequency
from the spectra with the help of fits and the z-class analysis the program “EVA
8.3.0.5” was used [87]. In the z-class analysis the data are divided into different
count-rate classes. In other words, the subdivision is done on the basis of the
number of particles registered on the detector after the ejection. The classes are
divided so that each class has the same number of ions and the cyclotron frequency
is determined by a fit [88]. By linear extrapolation of the cyclotron frequency of
each class, the cyclotron frequency is determined corresponding to one trapped ion
at an assumed detector efficiency of 30 %. For further evaluation the frequency
ratio r = Veres/v. of the cyclotron frequencies of the reference ion and the ion

of interest is needed. Since the cyclotron frequencies of the ion of interest and
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the reference ion cannot be measured simultaneously, they are always measured
alternately. Before and after the frequency measurement of the ion of interest,
the reference ion is measured. From the two measured frequencies of the reference
ion, the reference frequency v, ,.r is determined by linear extrapolation to the time
of the measurement of the ion of interest. The time of a measurement is always
taken as the middle of the time interval in which the measurement took place. As
already described in Sect. 2.2, the measured cyclotron frequency v, is shifted by
Av,. Therefore, the true cyclotron frequency v, is calculated with Eq. 2.20. To
obtain the resulting frequency ratio the weighted average of all frequency ratios is

computed

r= (3.4)

The resulting uncertainty is described by:

Or; [ o L : e ’
o; = ( T -(m,ref) + < : ~6ui,m> I e TN usWrep) | At
aVz',ref 8”2’,1’01’ 8AVC Vyef
(3.5)
Here the first term is related to the determination of the cyclotron frequency of
the reference ion, the second to that of the ion of interest, the third term to the

frequency shift and the last term considers nonlinear fluctuations of the magnetic
field, which is discussed in Sect. 4.3.
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4 Commissioning of the new

cylindrical measurement trap

Count rate variations depending on the magnetron phase have been observed in
the past [47]. Possible explanations for this phenomenon were a non-harmonic
potential of the hyperbolic measurement trap, or a mechanical offset or tilt angle
between the purification and measurement trap [89]. Several attempts to overcome
this problem were not successful. After a quench of the superconducting magnet
in 2017, it was decided to replace the hyperbolic measurement trap [81] with a
cylindrical measurement trap. In addition, cylindrical traps have the following
advantages: (1) Cylindrical electrodes can be produced much more easily than
hyperbolic electrodes. (2) Ion transport is much easier [90]. In this chapter,
the new trap itself is presented first. Then the optimization of the electric field

of the measuring trap and finally the investigations of the systematic errors are
described.

4.1 The cylindrical measurement trap

In Fig. 4.1 the 3D model of the new cylindrical measurement trap is shown. It is a
Penning trap consisting of five electrodes. The cylindrical Penning trap described
by F. Koéhler in his PhD-thesis [90] was taken as a basis. Based on this model,
the dimensions were scaled to make it suitable for TRIGA-TRAP. Thus, the inner
diameter was scaled to » = 12mm. With the dimensions obtained by scaling, the
design of the trap was numerically optimized to minimize |Cy|, |Cg| and Dy. This

calculation was performed by F K [91].The dimensions listed in Tab. 4.1
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sapphire ring

dd

NAIRIRY

2
cm endcap  ,rrection endcap

Figure 4.1: Top view of the new measurement trap (left). Cross section of the
measurement trap (right). Electrodes are represented in gold and the insulators
in gray. The correction electrodes are split in two segments and the ring electrode
is split in eight segments.

were calculated for the new cylindrical Penning trap. The ring electrode thus has
a length [, = 3.530mm, to the left and right of the ring come the correction
electrodes of length /. = 9.450 mm and then come the end caps. The distance
between the electrodes dd = 0.336 mm. Eq. 2.4 can now be used to calculate the
characteristic trap dimension depe, = /Y2 (22 +*/2) with zg = I, + dd + . + dd.
The length of the end caps was chosen so that the electric fields, left and right
of the trap do not disturb the electric potential in the centre of the measurement
trap. The tuning ratio: TR = U, /U; is a result of determining the minimum
of higher order terms of the trapping potential, in addition to the quadrupolar
term. That is why it is an important parameter. U] is the voltage applied to the

ring electrode and U} . is the voltage applied to the correction electrode when the

cor

end caps are grounded. At TRIGA-TRAP, the trap potential is shifted by 20V,
in order to have the ring electrode on 0V, a convenient situation to attach the
rf signals for excitation. This gives us the following theoretical values: U, = 0V,

Ueor =239V, U, =20V.

After the superconducting magnet was re-energized, the magnetic field had to
be measured again so that the optimum position of the ring electrode in the
magnetic field could be found. For this purpose, the magnetic field was measured
with a Gauss/Teslameter Modell 7010 (F.W. Bell®) and a PT2025 NMR precision
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4.1. THE CYLINDRICAL MEASUREMENT TRAP

Table 4.1: Trap dimensions and the calculated electric potential coefficients from
the new cylindrical measurement trap.
Electrode dimensions (mm)

r 12.0
L 3.530
le 9.450
dd 0.336

Characteristic trap parameter (mm)

dehar 10.327
coefficient el. potential value
Cy 8.9197-107°
Cs 8.6896 - 1076
D, —4.4297 -107°

Tuning ratio

TRy, 0.88103729

Teslameter (Metrolab Technology SA). This measurement was not only done on
the axis of the bore, but also with different radial offsets » = 5,10, 15 and 20 mm
and different angles ¢ = 0°,45°,90°, 135°, 180°, 225°,270° and 315°. In Fig. 4.2 the
measured magnetic field in the radial center of the bore is shown along the z-axis
with two homogeneous zones in which the centers of the Penning traps should
be located. Thus, the ring electrode of the measuring trap should be positioned
97.5 mm away from the center so that the ions when stored in the trap experience

the magnetic field with the highest homogeneity:.
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Figure 4.2: The magnetic field and the location of the Penning traps
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4.2. OPTIMISATION OF THE ELECTRIC FIELD

4.2 Optimisation of the electric field

To perform a mass measurement with a Penning trap requires an electric field that
should resemble a quadrupolar shape. To obtain an ideal quadrupole potential
in the area of the ring electrode, the voltages of the correction electrodes must
be fine adjusted. This is the only way to minimize contributions from higher
order terms in the quadrupole potential in the trap. For this purpose, the proper
voltage of the correction electrode must be applied. Starting from the voltage
obtained from the theoretical tuning ratio for the correction electrodes, using the
so-called magnetron line method (see Sect. 3.3), a roughly optimized correction
voltage was determined (see Tab. 4.1). For this purpose 2®*Pb™ ions were used. In
Fig. 4.3 a) and b) two recorded magnetron lines are shown, first at the theoretical
voltage U. = 2.379V and at U, = 2.515V. One can clearly see the distortion
of the magnetron line at U. = 2.379V, and the potential in the trap is hence
not optimal. In contrast, the magnetron line is hardly distorted at U. = 2.515V
and almost a straight line. Therefore, the voltage of the correction electrode was
investigated in more detail in the region of U. = 2.515V. The method described
by Beck et al. in [92] was used. In an ideal electric field the ions have the
same modified cyclotron frequency independent from their motional amplitude.
The modified cyclotron frequencies were measured at different voltages of the
correction electrodes. This was repeated for different capture times. The different
capture times lead to different axial amplitudes for the ions in the measurement
trap, allowing them to probe different volumes of the measurement trap. Ideally,
the measured modified cyclotron frequencies should be the same for the different
capture times. Here three different capture times were used. In Fig. 4.4, the
measured modified cyclotron frequencies are plotted against the applied voltage
of the correction electrodes for different capture times t; = 40.55 us, to = 41.8 us,
and t3 = 43.05 ws. The ions in t, have the smallest axial amplitudes and so is this
the optimal capture time. Hence, this frequency was used as a reference frequency
for the further procedure. In Fig. 4.5 the difference Av, of the measured modified
cyclotron frequencies to the reference frequency are plotted now for t; = 40.55 us
and t3 = 43.05 ws at different correction voltages. Both capture times deviate

from the optimal capture times to enlarge the axial amplitude of the ion, because
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Figure 4.3: Four different magnetron lines are shown. In each case the excitation
amplitude was varied from 0 mV to 500 mV in 50 mV steps and after an accumula-
tion time of one second the stored ions were ejected towards the position-sensitive
detector. In a), the voltage obtained from the theoretical tuning ratio for the cor-
rection electrode U, = 2.379 V was used. In b), the used voltage for the correction
electrode was U, = 2.515 V. Magnetron lines with correction voltages U, = 2.525
V (c) and U. = 2.535 3V (d) were finally recorded.
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then the ion experiences the perturbations more strongly.
are present, the modified cyclotron frequencies should be the same.

extrapolation gives a correction voltage V., = 2.525 V.

If no perturbations
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Figure 4.4: Modified cyclotron frequency as a function of the correction voltage for
different capture times ¢; = 40.55 us (black), to = 41.8 us (red), and t3 = 43.05 pus

(green).
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Figure 4.5: Difference between measured modified cyclotron frequencies and the
reference frequency at times t; and t3 at different correction voltages.
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As a check of the correction voltage, the so-called magnetron line (see Sect. 3.3)
was recorded for three different voltages V), = 2.515V, Vo, = 2.525V, and V3 =
2.535V. The result is presented in Fig. 4.3 b)-d). At a voltage of V, = 2.535V
the magnetron line starts to bend in the opposite direction. These measurements
confirm the correction voltage of U. = 2.525V obtained from the linear fit. With
the new correction voltage, the experimental tuning ratio T'R.,, = 0.87385 is ob-
tained. The fact that the experimentally obtained value differs from the predicted
one is probably due to the fact that the segmentation of the electrodes was not

implemented in the simulations.

4.3 Stability of the magnetic field

Due to the fluz-creep-effect described in Sect. 2.2, the magnetic field strength
would decrease steadily logarithmically. To counteract this effect, the magnet is
equipped with auxiliary coils which have to be discharged once a month. In order
to perform high-precision mass measurements on TRIGA-TRAP, the temporal
stability of the magnetic field was further investigated. Therefore the cyclotron
frequency v, of 2°®Pb™ ions was measured over a period of about 140 h with the
ToF-ICR method. The Ramsey excitation scheme with two 100 ms pulses and
a waiting time of 800ms in between was used. In one measurement 40 scans
were recorded, this corresponds to the duration which was also used for the mass
measurements of actinide isotopes. During the entire measurement, the pressure
in the liquid helium vessel was stabilized to 0.5 mbar and the temeprature of
the bore of the magnet was kept constant within an interval of £75mK. The

magnetic field was calculated by

B = Qﬂw7 (4.1)

e
where mpy+ is the mass of the 2°Pb™ ion, and e the charge of the ion. As a result
in Fig. 4.6 the relative deviation of the magnetic field % is plotted versus time.

It is found that the magnetic field strength increases slightly over time. The linear
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4.3. STABILITY OF THE MAGNETIC FIELD

fit gives an increase of
AB

B - At

which is generated by overcompensation of the auxiliary coil. If this result is

=2.5(2)-1071h! (4.2)

compared with earlier measurements performed at TRIGA-TRAP [77], it shows
that the installation of the temperature stabilization of the borehole at 30° C, as
well as the pressure regulation of the liquid helium vessel has improved the long-
term stability of the magnetic field by an order of magnitude [93]. The absolute
value of the long-term drift of the magnetic field has not to be considered in the
data evaluation, since the measurement time (40 minutes) is sufficiently short and

will only serve as a value for the long-term stability of the magnet.
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Figure 4.6: Magnetic field fluctuations in the measurement trap

In addition to the linear change in magnetic field strength, another fluctuation can
be seen in Fig. 4.6, which takes place on a much shorter time scale. Since the refer-
ence ion and the ion of interest are measured alternately in the frequency measure-
ments for a mass measurement, this creates an additional systematic uncertainty

in determining the cyclotron frequency of the reference ion at the time of the fre-
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quency measurement of the ion of interest. In order to take this effect into account
in the subsequent evaluation, we proceed as it was done in the past for other ex-
periments [77, 85]. For this purpose, the same data set is used as shown in Fig. 4.6.
As already described, one measurement consists of 40 scans. The middle of the
time interval in which the measurement took place, is taken as the time of the
measurement. Now one takes two frequency measurements which are separated by
the time At as a reference measurement, interpolates these two frequencies to the
middle of the time interval, and compares the linearly-interpolated frequency v;,,
with the actual frequency measured v,,..s at this time one obtains the frequency
difference. This procedure is performed with different At. In Fig. 4.7, the relative
standard deviation o (Vi — Vineas)/Vint Of the interpolated cyclotron frequency to
the actual cyclotron frequency is plotted for time intervals At. For the linear
fit, the relative standard deviation of a single measurement 6.8 - 1079 is taken as
the fixed intercept. The slope gives the additional uncertainty of the interpolated

cyclotron frequency due to the nonlinear fluctuations of the magnetic field

s (Vreg) _ 5.1(3) - 1072 /min - At. (4.3)
Vref

In addition to the long-term stability, the influence of the stabilized temperature
of the bore on the cyclotron frequency was also investigated. For this purpose, the
target temperature of the temperature stabilization was varied between 28 °C and
34°C. In order for the entire bore to thermalize, one hour was waited and then the
cyclotron frequency of 2°®Pb* was measured using the time-of-flight method with
Ramsey excitation pattern. Measurements were started at 30 °C and the tempera-
ture was then increased in steps of 2 °C up to 34 °C. Subsequently, the temperature
was lowered in 2 °C steps to 28°C and finally, a frequency measurement was taken
one more time at 30 °C. In Tab. 4.2 the measured frequencies at the corresponding
temperatures are listed. In Fig. 4.8 this is represented graphically. The measured
cyclotron frequency obviously increases with increasing temperature. The equa-

tion resulting from the fit is as follows

vo(T) = 0.105(3) - T + 520049.74(9) (4.4)
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Figure 4.7: Relative deviation of the interpolated from the true cyclotron frequency

As a consequence, a change in temperature by 1°C changes the frequency of the
208Ph* ion by about 100 mHz

Table 4.2: Measured cyclotron frequency for different temperatures of the bore.

Temperature measured cyclotron frequency v..

(°C) (Hz)
30.00(3) 520052.873(12)
32.00(3) 520053.087(7)
34.00(4) 520053.298(8)
32.00(4) 520053.111(6)
30.00(3) 520052.878(11)
28.00(3) 520052.665(17)
30.00(4) 520052.889(5)
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Figure 4.8: Measured cyclotron frequency as a function of the temperature of the
magnet bore. With the help of a linear fit, the temperature dependence of the
cyclotron frequency can be determined.

4.4 Mass dependent shift

Another important effect to be investigated in this work is the so-called mass-
dependent shift of the measured cyclotron-frequency ratio. This effect is caused
by the misalignment described in Sect. 2.2. In first approximation, this shift Az,
is not mass dependent and can be described by Eq. 2.20. As already described in
Sect. 2.4.4, mass measurements in Penning trap spectrometer experiments always
measure the frequency ratio between the reference ion and the ion of interest.

Therefore, the required frequency ratio is

c,re, _A_c
_ Leref — ZFe (4.5)

Tcorr —
Vejioi — AVC

where 7.0, is the corrected frequency ratio, . ,.s is the measured cyclotron fre-

quency of the reference ion, 7., is the measured cyclotron frequency of the ion
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of interest and Av, is the frequency shift due to the misalignment. As already
mentioned, at present only singly charged ions can be used at TRIGA-TRAP.
With Eq. 2.32 an equation was already introduced with which the desired atomic
mass can be calculated, applying the correction results in:

Veref — ADC

i (mref - me) + M. (46)

matom,corr —
Vejioi — AVC

With the following conversion

A7natom = matom,corr — Matom

o Veref — ADc . . Veref .
B Vc,ioi - ADC (mTEf me) Vc,ioi (mref me)
(4.7)
ADC (Vc,ioi - Vc,ref)
B (Vc,ioi + ADC) Vc,ioi (mT‘ef a m€) * e
A, ( )
= —FF—F (M —m
Veioi + ADC ref atom
it can be shown that the relative mass shift
Amatom Aﬁc ( )
= — m —m,
Matom Matom (Vc,ioi + AVC) ref atom (48)

X (mref - matom)

is proportional to the mass difference of the reference mass and the desired mass
[94]. To keep this effect as small as possible, the mass difference between reference
and ion of interest should be kept as small as possible. That is why mass measure-
ments of mass doublets are preferable. In the past, carbon clusters ions have been
used as reference ions at TRIGA-TRAP as well as at other Penning trap spec-
trometer experiments [77, 85, 95, 96]. Carbon clusters seemed to be predestined
for mass measurements in the actinide range because there are no suitable refer-

ence masses in the A > 230 amu range that are known with sufficient precision.
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Moreover, the maximum mass difference between the carbon cluster reference and
the species considered can be a maximum of six atomic mass units by choosing the
nearest carbon cluster size. In the current work carbon cluster ions were not used
due to technical difficulties in obtaining a pure cooled ion sample for a specific
carbon-cluster size in the measurement trap. 2°®Pb is one of the heaviest nuclides
for which the mass is known with a relative uncertainty of 5.8 - 1079, 28Pb* ions
can be produced in the laser-ablation ion source and prepared properly in the

purification trap in a straightforward manner.

4.4.1 Frequency shift using the AME2020

The cyclotron frequencies of two of the isotopes mentioned below were alternately
recorded and evaluated, as described in Sect. 3.4. To determine the frequency shift
A, different frequency ratios were recorded with the following isotopes 46Ti, 48T,
133Cs, 197 Au, 206Pb, 207Pb and 2°®Pb and then the frequency shift to the frequency
ratios 7; based on the masses given in the AME2020 [8] was calculated using the

following formula:

— Tt * Vejioi — Veyref
Av = : —, 4.9
v 1 (4.9)

The individual nuclides were produced as follows. For lead and gold, a thin foil
was glued to the targetholder. Caesium was deposited onto the target as a solution
and then evaporated to dryness. An ICP-MS !33Cs-standard solution from SCP
Science containing 1.4 - 10'¢ Cs atoms in a nitric acid matrix was used for this
purpose. Since the target tip itself is made of titanium, the nuclides of interest

were obtained by bombarding the target surface.

64



4.4. MASS DEPENDENT SHIFT

Table 4.3: Calibration measurements of several ion species. Each ion of interest
and the corresponding reference ion with the measured cyclotron-frequency ratio
r are listed. The frequency shift Av, was determined The uncertainty given was
calculated according to the error propagation law.

Ion of interest Reference ion r Av, / mHz
206, 205, 0.9903729935(37)  -160(200)
207py, 206, 1.0048619351(61)  -100(670)
208ph 207Tph 1.0048351382(56)  371(600)
4874 208, 0.2305428148(9)  59.1(3.0)
467 48774 0.9583853480(34)  340(190)
467 206, 0.2230966083(6)  65.4(3.4)
197 Ay 208, 0.9470608483(33)  169(34)
197 Au 207Tph 0.9516400184(43) 148(51)
197 Ay 206, 0.9562668242(42)  99.0(55.0)
197 Ay 4874 4.1079607779(155)  56.9(2.8)
197 Ay 4674 4.2863351823(130)  50.8(2.1)
207py, 4674 4.5041560359(147)  64.4(2.2)
208y, 46T 4.5259342619(128)  65.0(1.9)
206pt, 48T 4.2058311298(128)  56.9(2.0)
207pY, 1874 4.3167171265(128)  64.6(1.8)
1330y 208y, 0.6390393251(26)  58.5(6.3)
133Cs 197 Ay 0.6747605854(27) 58.6(7.0)
197 Ay 208, 0.9470608393(40)  80.0(44.0)
197 Au 208ph 0.9470608384(41)  72.0(43.0)
4874 208, 0.2305428130(8)  54.0(2.4)

In Tab. 4.3 all measurements used to determine the frequency shift are listed. The
table includes the ions used, the reference ion with the measured frequency ratios
Tmeas and the resulting frequency shift Ay;. The weighted mean of the frequency
shifts Ay; listed in Tab. 4.3 gives

AleMEQOQO = 604(14) mHz. (410)
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4.4.2 Frequency shift with a new mass value for ***Pb

As will be shown in Sect. 5.3, the mass of 2*Pb published in AME2020 with
an accuracy of 6 - 107, turned out not to be suitable to be used as a reference.
However, in an independent recent measurement at PENTATRAP [97] of the
frequency ratio of 2%Pb*+ vs. 132Xe20t the 2*Pb mass was determined with a
relative precision of 4.5 - 107!, This value differs by 1.33keV [98] from the value
listed in the AME2020. As a result, the entire calibration for the frequency shift
is no longer correct and must be recalculated using the measured frequency ratio
data. However, the masses of 2°°Pb and 2°"Pb are strongly related to the 2°*Pb
mass and these were not re-measured. Therefore, all measurements available in
Tab. 4.3 where 2°°Pb or 207Pb were used had to be discarded from the calculation.
Thus, a smaller set of data has been evaluated. Therefore, the existing data
were evaluated twice, swapping reference ion and ion of interest for the second
evaluation. Again, Eq. 4.9 is used to determine the frequency shift, but in this
case m (*®®Pb) = 207.976650580(112) u determined at PENTATRAP was used to

calculate r;.

In Tab. 4.4 all measurements used to determine the frequency shift are listed. The
table includes the ions used, the reference ion with the measured frequency ratios
Tmeas, the difference to the theoretical frequency ratio and the resulting frequency
shift Ay;. In Fig. 4.9, Ay, from Tab. 4.4 is plotted as a function of the mass
difference between the reference ion and the ion of interest. The weighted mean

of the frequency shifts Az, listed in Tab. 4.4 gives
AUpey = 55.1(2.1) mHz. (4.11)

In Fig. 4.10, the deviations between the measured mass and the mass from the
AME2020*, in which only new the *®Pb mass value (measured at PENTATRAP)
was exchanged, are shown as a function of the mass difference between reference
ion and ion of interest. The masses obtained from the uncorrected frequency
ratios are shown in black and the masses determined with the frequency ratios
corrected by Ay, are shown in red. The resulting mass correction (Amgiom)

in keV depends sensitively on the mass difference between reference ion and ion
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Table 4.4: Calibration measurements of several ions. Each ion of interest and the
related reference ion with the measured cyclotron-frequency ratio r are listed. The
frequency shift Ay, was determined.

Ion of interest Reference ion r Av, / mHz
T 205, 0.2305428148(9)  54.7(2.7)
208ph 484 4.3375890923(170)  55.5(2.7)
464 48T 0.9583853480(34)  342(189)
48T 46 1.0434216286(35)  305(182)
197 Ay 208, 0.9470608483(33)  103(34)
208, 197 Ay 1.0558983638(30)  101(28)
197 Ay 4875 4.1079607779(155)  56.9(2.8)
18T 197 Ay 0.2434297827(8)  56.6(2.4)
197 Ay 46 4.2863351823(130)  50.8(2.1)
4674 197 Ay 0.2332995344(5)  52.2(1.5)
2031, 4674 4.5259342619(128)  60.5(1.9)
4674 208ph 0.2209488565(5) 60.4(1.6)
1330y 208, 0.6300393251(26)  48.6(5.9)
208ph 133Cs 1.5648489202(69)  51.7(6.3)
1330y 197 Ay 0.6747605854(27)  58.6(7.0)
197 Ay 1330y 1.4820071317(60)  58.9(7.0)
197 Ay 208y, 0.9470608393(40)  10.3(42.0)
208y, 197 Ay 1.0558983743(46)  4.0(43.0)
197 Au 208ph 1.0558983769(42)  -19.8(39.4)
208, 197 Ay 0.9470608388(41)  49.8(42.9)
1874 2031, 0.2305428130(8)  49.5(2.4)
208y, 48 4.3375801243(151)  50.6(2.3)
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Figure 4.9: Individual frequency shifts Av for different mass differences, which
were used to determine the frequency shift for the new setup.
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Figure 4.10: Deviation of the determined mass as a function of the mass difference
between reference ion and ion of interest. The black dots are masses which were
determined without the additional frequency correction and for the red squares
this frequency correction was applied. It can be seen that after the correction the
masses are in the expected range.
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of interest. The correction increases with increasing mass difference. The area
highlighted in gray, shows the region of the mass differences (=70 to —45 amu)
used in the measurements described in Chap. 5. In this region, the resulting
mass correction is between 5-10 keV. This correction is significant to determine
the final mass of the studied atom. Assuming that this frequency shift is caused
purely by the misalignment of the Penning trap electric field to the magnetic field,
then Eq. 2.19 can be used to determine the angle of the tilt. Thus, a frequency
shift of 55.1 mHz and a magnetron frequency of v_ = 1174.2 Hz yields angles of
f ~ 0.26°. This means that the measuring trap with a total length of 145 mm
is tilted by 0.66 mm to the magnetic field. This misalignment could be corrected
using the position sensitive detector. The initial magnetron radius that the ion
has when it is captured in the measuring trap is recorded. Since the magnet is
placed on movable feet, the magnetic field axis can be adjusted relative to the
measurement trap axis. By adjusting the magnet properly, the initial radius can
be minimized. Because of the limited access to the reactor hall due to corona
restrictions, this correction could not take place within the scope of this thesis.

However, a correction could further reduce the frequency shift.
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5 Mass measurements of actinide
nuclides at TRIGA-TRAP

Eibach et al. reported on the last mass measurements of TRIGA-TRAP in the
actinide region in 2014 [46]. At that time, the masses of ?2%3Am, 24Py, and
29Cf were determined. These data show a three sigma deviation of the 2*°Cf mass
compared to the mass published in AME2012 [99]. Special consideration was given
to the mass excess difference of 2! Am and 2*°Cf | since they are linked to each
other via two « decays and one 5~ decay. Thus, using the derived Q values of
the decays, this difference can be determined independently. It was assumed that
there may be an misassignment in one of the transitions as the decay populates
excited states. However, later high-precision a spectroscopy measurements [100]
were performed which could not confirm Eibach’s result (discrepancy 7.2(2.3) keV)
[101]. After the results of Eibach et al. were implemented in AME, they shifted the
absolute masses of 20 nuclides in AME2016 [102] and a total of 84 mass values were
improved. At that time, it was already pointed out that it is important to perform
further direct mass measurements in the actinide region. In the thesis of Renisch
already further investigations were made to examine the discrepancy concerning
the 2*°Cf mass [89]. The measurements revealed some problems, which led to
the idea of installing a new measurement trap. Based on the problems with the
hyperbolic trap, which were discussed in Chap. 4, a new cylindrical measurement
trap was developed, installed, and characterized. After the new measurement
trap was fully characterized, TRIGA-TRAP was again ready for performing mass
measurements. Since this is a completely new system, the mass measurements
already published in 2014 should be repeated with the new setup and more mass

measurements should follow. These measurements are discussed below. It should
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be noted that the data obtained in this thesis are of great importance for the
AME, because except the four nuclides measured by Eibach et al.; all other other

in this mass range originate from energy measurements [103].

At the moment, at least 10'® atoms of the nuclide under investigation are needed
on the target to perform a mass measurement. Therefore only nuclides that are
available in sufficiently large quantities could be used for this work. As will become
apparent in the course of this chapter, further optimizations must be carried out
so that offline mass measurements can also be performed with smaller quantities.
At the Department of Chemistry’s TRIGA site, the nuclides listed in Tab. 5.1 are

currently available for study.

Table 5.1: Nuclides available at Johannes Gutenberg University Mainz. The nu-
clides written in bold were used in this thesis.

Nuclide Amount Purity Half life
33U > 10" atoms pure sample 1.59-10° a
BAU > 10! atoms pure sample 2.46-10° a
235U > 10'" atoms pure sample 7.04-10% a
8Oy 3 - 10'% atoms pure sample 2.34-107 a
238U > 10! atoms pure sample 4.47-10° a
29Pu > 10'7 atoms pure sample 24110 a
20py > 10'7 atoms pure sample 6561 a
242Pu > 10'7 atoms pure sample 3.75-10° a
244Pqy > 107 atoms pure sample 8.13-107 a

241Am > 107 atoms pure sample 432.6 a

43Am > 10'7 atoms pure sample 7364 a

24Cm > 10 atoms pure sample 18.1 a

5Cm 1.3-10' atoms pure sample 8423 a
246Cm  2-10'% atoms 5% 2%Cm & 95% #8Cm 4706 a
248Cm > 107 atoms 5% #Cm & 95% 2*¥Cm  3.48 - 10° a
299Bk > 10! atoms mixed with 249Cf 330 d
249Cf > 10'7 atoms pure sample 351 a
BOCf  1.5-10' atoms mixed Cf sample 13.1 a
BICE  3.9-10'° atoms mixed Cf sample 898 a
B2t 106 atoms mixed Cf sample 2.6 a
g 10 atoms pure sample 275.7 d
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5.1. TARGET PREPARATION

5.1 Target preparation

During this measurement campaign, 11 different nuclides were investigated. For
this purpose, twelve targets in total were produced for the mini-RF(Q ion source.
In addition to lead, which serves as a reference, one to two actinide isotopes were
deposited on a target. Tab. 5.2 lists all the compositions of the targets prepared.
Two different methods were used to deposit the actinides on the target. These

will be described in more detail below.

Table 5.2: Prepared targets.

# Nuclides on the Target
Target-1 natph, 240Cm, 24Cm, 7Au
Target-2 nalph 243 Am 197 Ay
Target-3 natph, 241 Am, 197 Ay
Target-4 natph, 238(J  242py
Target-5 natpp  244py 249Cf
Target-6 natph 2387 248Cm
Target-7 natph, 2387y 249Cf
Target-8 nalpp 2337 2357
Target-9 natpp,  2337J 239py
Target-10 natph 243 Am, 24Py

Target-Pu244 natph, 244py 197Ay
Target-Cf249 natph, 2499Cf, 197 Au

5.1.1 Targets with manually deposited actinides

With the exception of Target-2, Target-3, Target-Pu244 and Target-Cf249, all
targets were produced in the same manner. A piece of 0.25 mm thick natural lead
foil and 0.025 mm thick gold foil from Alfa Aesar were first glued to opposite sides
of the target tip using ACHESON 1451 conductive silver glue (PLANO GmbH,
Wetzlar, Germany). Next, 5 — 10 pl of dilute nitric acid containing 10'® atoms of
the desired actinide is dropped onto the tip and then evaporated to dryness (see
Fig. 5.1). This method of target preparation has been used many times in the
past for TRIGA-TRAP. In this method, the dissolved actinide is deposited on the
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CHAPTER 5. MASS MEASUREMENTS AT TRIGA-TRAP

backing in a circular pattern during the drying [104]. This results in over 90% of
the deposited material remaining unused (see Sect. 3.1. When two actinides are
applied to the target, the second solution is applied after the first has dried. The
gold foil served as a support in case there were problems with the measurements,
so that lead and gold could be measured without removing the targets. After
every change of the target at least 24h must be waited for the vacuum conditions

to normalize again.

5 mm

Figure 5.1: On the left side a target in preparation is shown. The glued gold and
lead foil are visible. On top is the drop of 5 ul diluted nitric acid containing 106
atoms 233U. The same target is shown on the right, this time both deposited drops
have already evaporated to dryness. In the lower region 2 - 10'6 atoms 23°U were
applied. It can be seen that this method produces a kind of ring structure as
described in [46] when the actinides are deposited. The travel range of the laser
is limited by the extraction hole of the mini-RFQ, as a result, the laser can only
reach a small fraction of the atoms.
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5.1.2 Drop-on-Demand technique (DoD) used for target

preparation

As already described in Renisch’s PhD thesis [89], the use of hydrophobic surfaces
would be one way to prevent the ring-shaped deposition of actinides described in
the previous section. However, a new method of target preparation was devel-
oped in our group by Haas et al., the so-called drop-on-demand technique (DoD)
[105]. This method uses the principle of an inkjet printer and can print 5 — 60 nl
large droplets on the surface in freely selectable geometry. With the right printing
pattern, this can ensure a homogeneous distribution of the actinide material on
the surface. Limited by the extraction aperture of the mini-RFQ, the laser can
travel about 3 mm laterally on the target surface. Therefore, the actinide solu-
tion is printed in the form of a 3mm quarter circle segment on the target. In
Fig. 5.2 (left), a photo of the first target obtained in this way is shown. Since
at that time the alignment of the target under the printer was not yet perfect,
the printed area is not properly aligned on the target. Estimations showed that
the laser reaches a part of the printed area. For this reason it was planned to in-
stall the target. Before installation a radiographic image of the target was taken.
This involves irradiating a photographic plate with the radioactive radiation of
the target material and then analyzing it with a position-sensitive imager (Fuji-
film FLA 7000).

Target-2

Figure 5.2: On the left a photograph of the first target produced using the DoD
technique is shown. In the middle, a radiographic image of the target is shown
to indicate the distribution of 2**Am on the target surface before this target was
inserted into the apparatus and used for a mass measurement. After the measure-
ment, the target was removed and another radiographic image was taken to see
which atoms were removed by the laser.
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After the target was used and measurements were completed, a radiograhpic im-
age of the used target was taken again, which proved that the estimations were
correct. In Fig. 5.2 the radiographic images before (center) and after (right) usage
are shown. It can be seen that the DoD method produces a more homogeneous
distribution of actinides on the target surface. This should be an advantage com-
pared to manual application. On the right picture one can see that despite the
poor positioning, the laser has nevertheless ablated part of the ?**Am. In this
measurement 27460 atoms were registered. Since this result exceeded all expecta-
tions, three more targets were prepared using this method a short time later. On
one target 10'® 2! Am atoms (Target-3) were printed on the target. On the other
targets, 10'% 2*Pu atoms (Target-Pu244) and 106 2*9Cf atoms (Target-Cf249)
were printed. In Fig. 5.3 the images and the radiographic images are shown. It
can be seen that the positioning now works very well. Target-3, see Fig. 5.3 a-d,
was still used for one measurement, but only 6234 ions could be registered. After
that no more ions could be detected, although on the radiography the trace of the
laser is clearly visible and also a large part of the activity has been ablated. The
Target-Cf249 again looked very promising, but after installation, the ion produc-
tion was so low that no measurement was possible. However, as the radiographic
image after use showed, the laser was aligned at the correct position. It is easy to
see where the laser ablated the californium. When printing the Target-Pu244, a
strange print pattern occurred as seen in Fig. 5.3 i, j. However, since the main ac-
tivity was at the inner part of the printed area, this target could not be used. One
possible explanation how this pattern came about, is the use of a fan to speed up
drying. However, this problem did not occur with the previously printed targets,

although a fan was used as well.
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Target-3 (**'Am)
a) b) c) d)

Target-Cf249
e) f) g) h)

Target-Pu244
i) i)

Figure 5.3: Overview of other DoD Targets. Top row: Target-3 with 24! Am, middle
row: Target-Cf249 and bottom row: Target-Pu244. A photograph of the target
(a, e, i), a radiographic image of the unused target (b, f, j) and a picture (c, g)
and radiographic image (d, h) of the used target are shown.
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5.2 Mass measurement of 233:235:238J, 239.242.244pyy

241,243Am 246,2480m and 249Cf
’

The targets listed in Tab. 5.2 Target1 - Target10 were used for the measurement
campaign in this work. After the specific target was installed, the ions were
produced by laser ablation in the mini-RF(Q and directed to the Penning traps
as described in Sect. 3.4 and the measurements were performed. Some nuclides
were applied to different targets and also measured multiple times. In Tab. 5.3 all
measured frequency ratios are listed. If a nuclide was measured more than once,
the combined frequency ratio is shown. In addition, the number of detected ions

for the respective measurement is given.

5.3 First evaluation with AME2020 and

influence on mass surface of the AME

5.3.1 Results

The evaluation can now be continued with the measured frequency ratios. For
this, the corrections described in Sect. 4.4 must be included first. The frequency
shift should be inserted as early as possible in the evaluation since the corrected
frequency ratio of reference ion and ion of interest strongly depends on this shift.
Therefore, each single measured frequency v, was corrected according to Eq. 2.20
by AUanrp2020 = 60.4(1.4) mHz (Eq. 4.10), before subsequently the additional un-
certainty due to nonlinear fluctuations was added quadratically to the uncertainty.
The weighted average (Eq. 3.4) is formed from the frequency ratios obtained in
this way. In Tab. 5.4 the corrected frequency ratios are listed. Besides the fre-
quency ratios, the masses of the corresponding nuclides (calculated according to
Eq. 2.32) as well as the resulting mass excesses (ME) and the difference to the

mass excesses published in AME2020 are shown.

78



5.3. FIRST EVALUATION

Mean time of flight / us
N
o
L

210 T 1 T T 1 T T T T [ T T T T ] T T T T ]
(vrf- 409587.62) / Hz

Figure 5.4: Ramsey time-of-flight ion-cyclotron-resonance of 2*Cm™ using an ex-
citation pattern of 100 ms-800 ms-100 ms. The mean time of flight is displayed as
function of the quadrupolar excitation frequency in the measurement trap. The
red line is the fit of the theoretical function [69] to the data.
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Table 5.3: Overview of all measurements. The ions used for the measurement, as
well as the resulting frequency ratio, the number of detected ions and the number
of measured frequency ratios are shown. In case a nuclide was measured more
than once, the results were combined (bold).

Ton T'meas detected ions measured ratios
B3U07 1.2743238609(82) 14705 21
B3U6OS 1.2743238542(62) 22616 22

comb. 233UlﬁO;L 1.2743238567(49) 37321 43
BSUOS 1.2839610062(73) 18368 22
BUOS 1.2984187368(57) 35261 18
B8ULSO5 1.2984187137(73) 16545 18
B8ULSO5 1.2984187235(84) 15567 18

comb. 238UwO;F 1.2984187271(40) 68373 54
BIpuleO+ 1.2263261047(68) 20283 22
242pyl60d 1.3176899469(109) 13089 17
24pyl6QOQ+ 1.2504251652(75) 11875 20
2H4pul607 1.3273326383(87) 17891 20
21 AMO+ 1.2359650089(112) 6234 13
23AM0+ 1.2456034298(55) 27460 16
23AM0OT 1.2456034150(62) 18037 20

comb. ?3Am!%0* 1.2456034229(41) 45497 36
46Cm10+ 1.2600562379(122) 11481 25
248Cm10O+ 1.2696972938(101) 57230 13
28Cm50* 1.2696973108(43) 60452 18

comb. ?#Cm!® 0O+ 1.2696973082(40) 117682 31

29Cf+ 1.1976101846(47) 31689 20
29Cft 1.1976101911(71) 13374 18
comb. 24°Cft 1.1976101866(39) 45063 38
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Table 5.4: Result of the evaluation of the mass measurements with AME2020.

Ton

RCOTT.

SR/R

atom

atom
MEAMEQOQO

AMEatom

AM E2020
/107 (keV) (keV) (keV)
23U0;  1.2743238962(49) 3.9 36922.6(1.7) 36919,1(2.3) 3.5(2.9)
2BUOF  1.2839610486(73) 5.7 40925.4(2.0) 40918.8(1.1) 6.6(2.3)
28U60F  1.2984187721(40) 3.0 47316.3(1.7) 47307.7(1.5) 8.6(2.2)
29puléOt  1.2263261369(68) 5.6  48591.8(1.9) 48588.2(1.1) 3.6(2.2)
M2pulo0f  1.3176899955(109) 8.3  54725.4(2.6) 54716.9(1.2) 8.5(2.9)
Mpul®0f  1.3273326888(87) 6.6 59801.8(2.3) 59806.0(2.3)  -4.2(3.3)
MpuloOt  1.2504252039(78) 6.3 59797.7(2.1) 59806.0(2.3)  -8.3(3.1)
IAMBOT  1.2359650428(112) 9.1 52934.5(2.6) 52934.3(1.1) 0.2(2.8)
M3AMIOT  1.2456034585(41) 3.3 57182.2(1.6) 57175.0(1.4) 7.2(2.1)
H6Cmlo0*T  1.2600562760(122) 9.7  62622.8(2.8) 62616.9(1.5) 5.9(3.2)
MCmI%0*T  1.2696973480(40) 3.2 67385.1(1.6) 67392.7(2.4)  -7.6(2.9)
290fT 1.1976102141(39) 3.3 69726.4(1.6) 69722.7(1.2) 3.6(2.0)

The ions obtained from the target were different species. In cases were not the

atomic ion was measured, but the monoxide or dioxide ion, one has to subtract the

mass excess of one respectively two oxygen atoms, to calculate the mass excess of

the nuclide of interest. The molecular binding energy, in the range of eV, can be

neglected, because this does not affect the measurement precision since it is below

the uncertainty of the measurements. These results are also displayed graphically

in Fig. 5.5.
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Figure 5.5: Tllustration of the results presented in Tab. 5.4. For the purpose of
simplicity, the mass is shown as the difference between the measured mass excess
and the mass excess in the AME2020. The red lines indicate the 1o error. All
masses which were measured during this measurement campaign are schown in
green. All species that were measured as dioxide ions are shown with a circle,
monoxide ions as a square and atomic ions as a diamond. The blue triangle shows
the weighted average of the two 2**Pu measurements using two different species.
The values of AME2012 are plotted in magenta. They were included, because the
values published by Eibach et al. did not influence them.

5.3.2 Discussion

From Tab. 5.4 it can be seen that the masses of ?*Pu and ?*¥Cm are 8.3keV
and 7.6keV respectively, lighter than given in AME2020. The mass of ?*'Am
agrees with the value given in the AME2020, but all other isotopes are 3.5 —
8.6keV heavier than in AME2020. Since the masses of Eibach et al. have had
an impact on the masses of the transuranium elements in the AME2016 and no
new measurement results in this range have influenced the AME2020, the results
are also compared with the AME2012. Note that the mass of 2*?Cf is consistent
with the mass from AME2012. This was taken as an opportunity to provide the

AME results obtained here to see how the new measurement results obtained at
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TRIGA-TRAP fit into the AME mass network. W H
data into the AME. Inserting the data led to the results presented in Tab. 5.5. It
can be seen that the data do not only affect the actinide region but also the mass
of 2%Pb, which we used as reference, and which changes by -3.0(1.4) keV. This is
not a problem for the mass evaluation of the AME. However, in Sect. 4.4.1 the
mass published in AME2020 for 2Pb was used to determine the mass-dependent
frequency shift Avaprgooo0 (Eq. 4.10). As a result, this shift is no longer correct

has inserted the

and thus an incorrect correction has been applied to all of the frequency ratios
transmitted to the AME. A reliable frequency shift determination requires an
accurate reference mass value. Therefore, a new independent high-precision mass

measurement of 2Pb would be the answer to this dilemma.

Table 5.5: Result after implementation of the preliminary data of TRIGA-TRAP
into the AME2020.

N—-Z N Z A Element ME(new) /keV ME(AME2020) / keV
44 126 82 208 Pb -21751.566(0.746) -21748.519(1.148)
49 141 92 233 U 36918.971(1.254) 36919.111(2.254)
o1 143 92 235 U 40920.007(0.985) 40918.782(1.116)
54 146 92 238 U 4T311.312(1.105)  47307.732(1.492)
51 145 94 239  Pu  48580.440(0.979)  48588.220(1.112)
54 148 94 242 Pu  54718.885(1.085)  54716.876(1.245)
o6 150 94 244 Pu 59795.094(1.155) 59806.021(2.346)
51 146 95 241  Am  52035.554(0.981)  52034.335(1.113)
53 148 95 243 Am 57177.611(1.051) 57175.005(1.388)
54 150 96 246 Cm 62618.865(1.333) 62616.912(1.525)
56 152 96 248  Cm  6738L.744(1.144)  67302.748(2.358)
53 151 98 249 Cf 69723.339(0.976) 69722.733(1.182)
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5.4 Final evaluation with new 2*Pb mass

5.4.1 Results

As shown in the previous section, inserting the masses measured in this work
into the AME would change the mass surface in such a way that the mass of
208Ph would also change by about 3 keV, since its mass is not known accurately
enough. At the Max Planck Institute for Nuclear Physics in Heidelberg, the
mass of 2°8Pb was thus measured in 2021 at the PENTATRAP experiment. The
measurement at PENTATRAP gave a deviation from AME2020 of 1.4keV, with
a relative uncertainty of 4.5 - 1071°. As a consequence the calculation of the
frequency shift in Sect. 4.4.1 was performed again. This time the mass measured
at PENTATRAP for 2Pb, mentioned above, was used in the calculations. As
described in Sect. 4.4.2, the frequency shift Av,., = 55.1(2.2) mHz (Eq. 4.11)
was obtained, and the data shown in Tab. 5.3 were reevaluated. In Fig. 5.6 the
resulting frequency ratios are displayed. In Tab. 5.6 the new corrected frequency
ratios are listed as weighted mean value for each nuclide. In addition, the relative
uncertainty, the calculated mass excess, the mass excess of the respective nuclide

published in AME2020 and the difference between the two values are given.

5.4.1.1 #3U

233U was applied to two targets and measured twice. All uranium ions were mea-
sured as uranium dioxide ions. In the first measurement, 21 frequency ratios
were measured and 14705 3UO; ions were detected. During the second mea-
surement, 22 frequency ratios have been recorded and 22616 ions were detected.
For the evaluation all measured frequency ratios were considered as one set of
data. Correction of the measured frequencies gives a corrected frequency ratio
of 1.2743238937(49). Subtractrion of the mass excess of the two oxygen atoms
gives a mass excess for ?*3U of 36920.2(0.9) keV, of which 7.18 keV was due to the
application of the frequency shift Au,.,,.
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Figure 5.6: Corrected frequency ratios determined in this work. All measurements
are shown here. For all measurements 2°Pb* was used as reference ion. For ?*4Pu
the monoxide and the dioxide ion were measured once and the monoxide was
marked with *. The blue line shows the weighted mean of the corrected frequency
ratios and the standard deviation is shown with the red lines.
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5.4.1.2 U

One measurement was performed for ?3°U. In this case the uranium ions were
present as 2°UQ; ions. Twenty-two frequency ratios were recorded and 18369
235U07 ions were detected. Correction of the measured frequency gives a corrected
frequency ratio of 1.2839610449(73). Subtraction of the mass excess of the two
oxygen atoms gives a mass excess for U of 40922.9(1.4) keV, of which 7.48 keV

was due to the application of the frequency shift Av,.,.

5.4.1.3 238U

Three measurements were performed for 28U present as 2¥UQj ions. Eighteen
frequency ratios were recorded each time and 35261, 16545 and 15567 23¥UQO;
ions were detected respectively. Correction of the measuered frequency gives a
corrected frequency ratio of 1.2984187681(40). Subtraction of the mass excess of
the two oxygen atoms gives a mass excess for 23U of 47313.9(0.8) keV, of which
7.95keV was due to the application of the frequency shift A, .

5.4.1.4 3°Pu

One measurement was performed for 23°Pu. In this case the plutonium ions were
present as 2PuO™ ions. Twenty-two frequency ratios were recorded and 20283
29pu0™ ions were detected. Correction of the measured frequency gives a cor-
rected frequency ratio of 1.2263261341(68). Subtraction of the mass excess of the
oxygen atom gives a mass excess for 2?Pu of 48589.6(1.3) keV, of which 5.70 keV

was due to the application of the frequency shift Av,..,.

5.4.1.5 *2Pu

One measurement was performed for 42Pu. In this case the plutonium ions were
present as 2*2PuQj ions. Seventeen frequency ratios were recorded and 13089
22Py0F ions were detected. Correction of the measured frequency gives a cor-
rected frequency ratio of 1.3176899913(109). Subtraction of the mass excess of
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the two oxygen atoms gives a mass excess for 24?Pu of 54722.9(2.1) keV, of which

8.59keV was due to the application of the frequency shift Auv,,.,.

5.4.1.6 *'Pu

In case of 2**Pu two different types of measurements were performed. During
the first measurement only dioxide ions could be observed without contaminants.
In contrary during the second measurement the countrate of the dioxide ions was
that small, prohibiting any measurement. A contamination check of the monoxide
ions showed no contamination. That is the reason the 2**PuO™ ion was used as
ion of interest. In both measurements 20 frequency ratios were measured in which
17891 and 11875 ions were detected. Correction of the measured frequencies gives
a corrected frequency ratio for the 2#*PuQj ion of 1.3273326843(87) and for the
monoxide 1.2504251983(75). This gives a mass excess of ?*Pu in case of the
244Pu0y ion 59799.2(1.7) keV, of which 8.92keV was due to the application of
the frequency shift Av,.,. In case of the monoxide ion the resulting mass excess
of 2#Pu is 59794.9(1.5) keV, of which 6.43keV was due to the application of the
frequency shift Av,,.,,. The weighted mean of both masses results in a mass excess
of 244Pu of 59796.8 keV.

5.4.1.7 ! Am

One measurement was performed for > Am. In this case the americium ions
were present as 2! AmO™ ions. Thirteen frequency ratios were recorded and 6234
2AmO™ ions were detected. Correction of the measured frequency gives a cor-
rected frequency ratio of 1.2359650398(112). Subtraction of the mass excess of the
oxygen atom gives a mass excess for 2! Am of 52932.3(2.1) keV, of which 5.99 keV

was due to the application of the frequency shift Av,,.

5.4.1.8 *3Am

23 Am was measured twice. All americium ions were measured as americium

monoxide ions. In the first measurement, 16 frequency ratios were measured and
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27460 2*AmO™ ions were detected. During the second measurement, 20 frequency
ratios have been recorded and 18037 ions were detected. For the evaluation all
measured frequency ratios were considered as one set of data. Correction of the
measured frequencies gives a corrected frequency ratio of 1.2456034553(41). Sub-
tractrion of the mass excess of the oxygen atom gives a mass excess for 243Am of
57180.0(1.7) keV, of which 6.28keV was due to the application of the frequency
shift Avpeq-

5.4.1.9 *5Cm

One measurement was performed for 24°Cm. In this case the curium ions were
present as 2*CmO™ ions. Twenty-five frequency ratios were recorded and 11481
26CmO™ ions were detected. Correction of the measured frequency gives a cor-
rected frequency ratio of 1.2600562726(122). Subtraction of the mass excess of the
oxygen atom gives a mass excess for 2/°Cm of 62620.4(2.3) keV, of which 6.73 keV

was due to the application of the frequency shift Av,.,.

5.4.1.10 **Cm

248Cm was measured twice. All curium ions were measured as curium monoxide
ions. In the first measurement, 13 frequency ratios were measured and 57230
28CmO™ ions were detected. During the second measurement, 18 frequency ra-
tios have been recorded and 60452 ions were detected. For the evaluation all
measured frequency ratios were considered as one set of data. Correction of the
measured frequencies gives a corrected frequency ratio of 1.2696973445(40). Sub-
tractrion of the mass excess of the oxygen atom gives a mass excess for 24*Cm of
67382.8(0.8) keV, of which 7.03keV was due to the application of the frequency
shift Av,eq-

5.4.1.11 *%Cf

29Cf was measured twice. All californium ions were measured as atomic cali-

fornium ions. In the first measurement, 20 frequency ratios were measured and
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31689 249Cf* ions were detected. During the second measurement, 18 frequency
ratios have been recorded and 13374 ions were detected. For the evaluation all
measured frequency ratios were considered as one set of data. Correction of the
measured frequencies gives a corrected frequency ratio of 1.1976102117(39). The
mass excess for 2%Cf is 69724.3(0.8) keV, of which 4.86keV was due to the appli-

cation of the frequency shift Av,,c,.

Table 5.6: Result of the evaluation of the mass measurements with the new 2%Pb
mass. Listed are the ion of interest as measured, then the corrected frequency ratio
to 28Pb ™, the relative uncertainty, the resulting mass excess (ME), for compari-
son the mass excess of the corresponding nuclide in AME2020 and the difference
between the ME measured at TRIGA-TRAP and the ME of AME2020.

Ton Reorr. OR/R MEZ7™ MES k2020 AMES T ba020
/107 (keV) (keV) (keV)
2BUO;  1.2743238937(49) 3.9 36920.2(0.9) 36919.1(2.3) 1.1(2.4)
2BUBOF  1.2839610449(73) 5.7 40922.9(1.4) 40918.8(1.1) 4.1(1.8)
28UOF  1.2984187681(40) 3.1 47313.9(0.8) 47307.7(1.5) 6.2(1.7)
29pul®Ot  1.2263261341(68) 5.6  48589.6(1.3) 48588.2(1.1) 1.4(1.7)
22puloOf  1.3176899913(109) 8.3  54722.8(2.1) 54716.9(1.2) 5.9(2.5)
MApuloOt  1.2504251983(75) 6.0 59794.9(1.5) 59806.0(2.3)  -11.1(2.8)
Mpul®0f  1.3273326843(87) 6.6 59799.2(1.7) 59806.0(2.3)  -6.8(2.9)
AAMISOT  1.2359650398(112) 9.1 52932.3(2.1) 52934.3(1.1)  -2.0(2.4)
MAMI°0T  1.2456034553(41) 3.3 57180.0(0.8) 57175.0(1.4) 5.0(1.6)
H6CmIo0*T  1.2600562726(122) 9.7 62620.4(2.3) 62616.9(1.5) 3.5(2.8)
MCmIO*T  1.2696973445(40) 3.1 67382.8(0.8) 67392.7(2.4)  -10.1(2.5)
M9t 1.1976102117(39) 3.3 69724.3(0.8) 69722.7(1.2) 1.6(1.4)

5.4.2 Discussion

Since 2**Pu was measured once as a monoxide ion and once as a dioxide ion,
again the respective mass excesses of atomic 2*Pu had to be calculated first
and then the weighted average of these two values is determined, yielding a
ME(**'"Pu) = 59796.8(1.1)keV. Comparing the newly obtained masses with
the values published in AME2020, the results of 233U, #Pu and ?*'!Am agree

within the errors. The masses of 2°U, 28U, 2Py, 43Am, 2*6Cm, and **°Cf are
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Figure 5.7: Illustration of the results reported in Tab. 5.6 the red lines show the
1o error. For comparison, the results of Eibach et al. (orange) and the values of
AME2012 (magenta) are also shown.

all heavier than those reported in AME2020. Here the difference varies between
1.6(1.4) —6.2(1.8) keV. The masses of ?**Pu and 2**Cm, on the other hand, behave
in an opposite manner. Compared to the AME, they are 9.2(2.5) and 10.1(2.5) keV
lighter than indicated in the AME. In Fig. 5.7 the situation is also graphically
presented. The results measured by Eibach et al. and the values published in
AME2012 were also included. This shows that the results, with the exception of
24Py, 22'Am and 2**Cm, are more consistent with the results of AME2012 than
with AME2020. Therefore, the obtained masses were checked for consistency. As
can be seen from Fig. 5.8, there is no nuclide that is not connected to one of the
other nuclides via decay. Thus, 2*¥Cm and ?**Pu are the first decay chain. 246Cm,
242Py and 28U form the second chain, ?*°Cf, 2! Am and ?*3U are in the third
decay chain and the last chain contains ?*3Am, 23°Pu and #*>U. According to the
decay chains shown in Fig. 5.8 the masses of the red dotted nuclides will now be

discussed in detail.
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5.4.2.1 Decay chain ?**Cm-?**Pu

The experimental value of the mass excess of **Cm is 67382.8(0.8) keV, dif-
fering from the value listed in the AME2020 by 10.1keV. As mentioned in
Sect. 5.4.1.6 2**Pu was measured twice, once as monoxide and secondly as diox-
ide. The two measurements resulted in two mass excesses with a mass difference
of 4.3(2.3) keV, which could not be explained. The value of the weighted mean was
taken (59796.8(1.1) keV). The mass excess of “*He is 2424.9159(0.00015) keV. The
ground-state to ground-state Q-value (Q.(GS — GS)) is 5161.81(25) keV [106].

Calculation based on our results for the masses of 2*Cm und ?**Pu gives

248 248 244 4
Q. ( cm) =ME ( cm) - ME( Pu) ~ ME ( He) )
=5161.1(1.4) keV.
So this result is, within the error bars, in good agreement with literature. This
provides confidence in our result, despite the large difference between the values
of the masses of the AME2020 and ours. In the considered region of the nuclear
chart the AME2020 is mainly influenced by data from decay spectroscopy that
usually provides information on mass differences. This may lead to deviations
of the determined ground-state masses based on uncertainties in the mass of the
reference nuclide and if the decay populates excited states whose energies are not

well known. The latter is usually not an issue for alpha decays in even-even nuclei.

5.4.2.2 Decay chain ?*Cm-?"?Pu-?**U

The experimental values of the mass excess are 62620.4(2.3) keV for 46Cm, 54722.8(2.1) keV
for 222Pu and 47313.9(0.8) keV for 3U. The ground-state to ground-state Q-values

(Qa(GS — GS)) from literature for the following transitions are:

246Cm-2*2Pu: 5474.8(1.0) keV [107]

212py 2357]; 4984.7(1.0) keV [108]

For the a decay of 2Cm calculations with our results give :
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Qo (*°Cm) = ME (*°Cm) — ME (**Pu) — ME ("He)

(5.2)
— 5472.7(3.2) keV
and for the o decay of 2*2Pu:
Qo (*?Pu) = ME (*?Pu) — ME (*®U) — ME (*He) 53

— 4984.0(2.3) keV

These results are, within the error bars, in good agreement with literature. This

indicates that the measured values are consistent.

5.4.2.3 Decay chain ?*Cf-2! Am-233U

The experimental value of the mass excess of 2#2Cf is 69724.3(0.8) keV, the mass ex-
cess of M Am is 52932.3(2.1) keV, and the mass excess of 23U is 36920.2(0.9) keV.
The ground-state to ground-state Q-values (Q(GS — G\S)) literature for the fol-
lowing transitions are:

249CL245Cm: 6206.0(0.7) keV [109)

245021 Pu: 5622.0(0.5) keV [110]

2Py 21 Am: 20.78(0.17) keV [110]

241 A1 257 Np: 5637.82(0.12) keV [111]

27N p-258Pa: 4957.3(0.7) keV [112]

283 Pa 2331: 570.3(2.0) keV [112].

The listed ()-values can be calculated as follows:

Qo (*Cf) = ME (**Cf) - ME (**Cm) — ME ("He) (5.4)

Qo (*°Cm) = ME (**Cm) — ME (*'Pu) — ME (*He) (5.5)
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Qs (*"'Pu) = ME (*"'Pu) — ME (*"'Am) (5.6)

Qo (*"Am) = ME (*"Am) — ME (*'Np) — ME (He) (5.7)
Qa (*"Np) = ME (*'Np) — ME (**Pa) — ME (*He) (5.8)
Qs (**Pa) = ME (**Pa) — ME (**U) (5.9)

In the actual decay chain, the single Q-value cannot be determined, because only
the three masses of 24°Cf, 2! Am and 23U in this chain were determined. However,
the mass excess of 2*!Am calculated from the Q values from literature provides
a useful cross check of our mass values. To calculate the mass excess of 2 Am,

starting from 233U, the above equations can be transformed and one gets

ME (*"Am) = ME (**U) + Q5 (**Pa) + Qo (*"Np) + Qu (*"'Am) +2- ME ("He)
= 52935.5(2.3) keV/

(5.10)
This results in a difference of 3.2(3.2) keV with the measured value.
From Eq. 5.10 it follows:
Z Qr= Qs (233Pa) + Q. (237Np) + Q. (241Am>
= ME (*"Am) — ME (**U) - 2- ME (*He) (5.11)

= 11162.3(2.3) keV.

This summed @-value is shown in Fig. 5.8.

94



5.4. FINAL EVALUATION

The same procedure is applied to the calculation of the mass excess of *°Cf

starting from 2*! Am:

ME (*°Ct) = ME (*"Am) + Qs (*'Pu) + Qu (**Cm) + Qo (*°Cf) + 2+ ME (*He)

= 69720.9(2.3) keV
(5.12)

This gives a difference of 3.4(2.4) keV between the measured and calculated value.
From Eq. 5.12 it follows:

Z Qn = Q,@ (241Pu> + Q. (245Cm) + Q. (2490f)
= ME (*Cf) = ME (*"'Am) — 2- ME ("He) (5.13)
= 11942.1(2.3) keV

This summed @-value is shown in Fig. 5.8.

From Fig. 5.7 one can expect that the result of the mass excess calculation of the
transitions from 2#°Cf via 2! Am to ?*3U will cause a deviation between calculated
and measured values, because two concerned mass excess values are higher and
one mass excess value is lower compared with the values taken from AME2020. If

one calculates the mass excess from 2*Cf starting from 233U:

ME (*Cf) = ME (**U) + Qs (*Pa) + Qa (*'Np) + Qu (*'Am)
+ Qs (*"'Pu) + Qu (**Cm) + Qq (*Cf) + 4- ME ("He) (5.14)
= 69724.1(2.5) keV

This result is within 1o in agreement with measured value.
From Eq. 5.14 it follows:

> Qu = Qs (**Pa) + Qa (*'Np) + Qu (*"'Am) + Q; (*'Pu)
+ Qu (**Cm) + Qa (*Cf)
= ME (**Cf) - ME (**U) —4- ME ("He)
= 23104.4(1.2) keV

(5.15)

This summed @-value is shown in Fig. 5.8.
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5.4.2.4 Decay chain ?**Am-23Pu-?*°U

The experimental values of the mass excess are 57180.0(0.8) keV for 243 Am, 48589.6(1.3) keV
for 239Pu and 40922.9(1.4) keV for 23°U. The ground-state to ground-state Q-values

from literature for the following transitions are:

243 A 29N p: 5438.8(1.0) keV [113]
29Np-2*Pu: 722.5(1.0) keV [113]
239Py 2357 5244.5(0.21) keV [114]

Calculation of the Q-value of the transition 2°Pu-2*U with our results give

Q. (239Pu) =ME (239Pu) — ME (235U) — ME (4He)

(5.16)
= 5241.7(1.9) keV..

This gives a difference of 2.8(1.9) keV between the measured value and the value

taken from literature. This is within 1.50.

For the next step, again two transitions are involved. The corresponding ground-

state to ground-state ()-values can be calculated by:

Qo (**Am) = ME (**Am) — ME (**Np) — ME (*He) (5.17)

Qs (**Np) = ME (**Np) — ME (**Pu) (5.18)

Now the calculation of the mass excess of ?*3Am using 23°Pu as starting point is

as follows:

ME (**Am) = ME (**Pu) + Qs (*Np) + Qu (**Am) + ME (*He)

(5.19)
= 57175.8(1.9) keV

Hence the difference between calculated and measured value is 4.2keV with an
error of 2.1keV.
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From Eq. 5.19 it follows:

Z Qv = Qﬁ (239Np) +Q, (243Am)
= ME (**Am) — ME (*°Pu) — ME (*He) (5.20)
= 6165.5(1.5) keV.

This summed @Q-value is shown in Fig. 5.8.

Because the above mentioned difference between calculated and measured value
is 20, the calculation of the mass excess of 2#*Am will be performed, starting from
235U, using the Q-values in between, so the mass excess values of the two nuclides

in between are not needed.

ME (**Am) = ME (**U) + Qq (**Pu) + Qs (*Np) + Qu (***Am) + 2- ME (*He)
= 57178.6(2.0) keV
(5.21)
Within the error bars this result is in agreement with the measured value. This

is as well an indication for consistency of the measured values of ?**Am and *°U.
From Eq. 5.21 it follows:

Z Qv = Q. (239Pu) + Qs (239Np) +Q, (243Am)
= ME (**Am) — ME (**U) - 2- ME ("He) (5.22)
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