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Abstrakt

Philosophiae Doctor

Rozpadova spektroskopia neutronovo deficitnych

izotopov 'Hg a '""Au

Mgr. Andrej Spacek

Alfa rozpad je vynikajuici ndstroj na Studium exotickych jadier, a to aj d’aleko od linie beta
stability. Okrem toho jemna Struktira alfa premeny umoziuje Stddium nizkoenergetickych
vzbudenych stavov v takychto jadrach, ktorych produkcia je komplikovand kvoli nizkym
ucinnym prierezom. Tato prica prezentuje vysledky Stidia jemnej Struktdry alfa rozpadu
dvoch neutrénovo deficitnych jadier !”Hg and '""Au. Déta boli namerané pocas dvoch
experimentov s kédovym oznacenim S17 a JR115 v urychl’ ovacovom laboratériu Univerzity
v Jyviskyld, Finsko. Aparatita oboch experimentov bola zloZena z pol’'a detektorov Jurogam
2, Ritu separdtora a GREAT spektrometra. Po prvy krat bola pozorované jemna Struktira alfa
rozpadu v '""Hg. Na zéklade experimentdlne uréeného konverzného koeficientu 131,3 keV
prechodu mu bola priradend M 1 multipolarita. Tak isto bola identifikovana jemn4 Struktira
v alfa rozpade 177 Au. Tri nové prechody s energiou 156,1keV, 215,1keV a 134,5keV, boli
priradené !"3Ir. TaktieZ bola vykonan4 analyza zvy$nych promptnych aj oneskorenych alfa -

gama koincidencii.






Comenius University in Bratislava

Faculty of Mathematics, Physics and Informatics

Abstract

Philosophiae Doctor

Decay spectroscopy of neutron-deficient

isotopes '""Hg and '""Au

Mgr. Andrej Spadek

The « decay is a powerful tool to study exotic nuclei, including far from the [ stability line.
Moreover, the a-decay fine structure allows the study of low-lying excited states in these
nuclei that are dificult to populate due to low reaction cross-section. This thesis presents
the results of a-decay study of two neutron-deficient nuclei *"”Hg and " Au. Data were
acquired during two experiments performed at the Accelerator Laboratory of the University
of Jyviskyld, Finland. Both experiments comprised of Jurogam 2 array, the RITU separator
and GREAT spectrometer. The fine-structure in the o decay of '"Hg was observed for the
first time. The M1 multipolarity was assigned to the 131.3keV transition based on the ex-
perimentally deduced conversion coeficient. Additionally, the fine structure of the !"” Au was
identified. Three new transitions with energies of 156.1keV, 215.1 keV and 134.5keV were
assigned to the '"Ir. Finally, the analysis of the other prompt and delayed a-v coincidences

was performed.
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Introduction

The general goal of nuclear physicists is to understand the atomic nucleus. For this
purpose it is necessary to develop a model that will explain different processes in nuclei and
will be able to predict their behaviour. Nowadays, experimental physicists study many differ-
ent phenomena (e.g. shell evolution, nuclear deformations and shape coexistence). Various
macroscopic and microscopic models of the atomic nucleus are currently available. How-
ever, each of those models is applicable to only a certain mass region of the chart of nuclei
or to a specific feature of the atomic nucleus. Developing a universal model that will be able
to explain all observed phenomena requires a systematic study of isotopes.

The study of o decays provides helpful insights to the underlying nuclear structure [1-3]
and nuclear deformations [-6]. Coupled with hindrace factors (HF), they form powerful
tool for the identification of low-lying states in very neutron-deficient nuclei. Moreover,
direct information on the excitation energy and configuration of the observed states can be
obtained. In order to study heavy neutron-deficient nuclei, efficient and selective techniques
must be deployed due to the extremely small production cross section and short half-lifes.
In-flight separator combined with efficient decay spectrometer is one of the commonly used
techniques.

The work presented here is focused mainly on the study of a-decay fine structure in
1"Hg and '""Au. Both isotopes are extremely-neutron deficient since they are 17 and 20
neutrons away from the closest stable isotope. The study of the a-decay fine structure is a
powerful tool to study properties of low-lying excited states, which are difficult to populate
this far from the [ stability line. The studied isotopes were produced during two experiments
with code names S17 and JR115. Both experiments took place at the Accelerator Laboratory
of the University of Jyviskyld (JYFL), Finland. The products of fusion evaporation reaction
were separated with the RITU separator [[Z]. The focal plane data were measured with the

GREAT spectrometer [8]. the Total Data Readout system (TDR) was used to collect data.
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Events of interest were separated with standard tagging techniques [9, TO].

The focus of the data analysis from the S15 experiment is the study of '""Hg o decay
based on recent results in the @ decay of Pt [IT]. A new a-decay branch was observed
in 1™Hg. Alpha-decay characteristics of the newly observed branch were extracted from
the experimental data. Owing to the presence of Kz x rays in the focal plane detectors,
it was possible to extract the multipolarity of 131.3keV ~-ray transition depopulating the
newly observed « decay branch in 1"Hg. To confirm our findings a Geant4 simulation was
performed. The goal of data analysis from the second experiment, JR115, was the focal-
plane decay spectroscopy. There, the o decay fine structure of 7“Au is presented. A new
a-decay branch along with new « transitions from excited states populated by different «
decays are discussed. Analyses of other prompt and delayed a7y coincidences observed in

focal plane of the RITU separator are presented.



Chapter 1

Theoretical background

1.1 Nuclear models

The nucleus is an example of the finite many-body quantum system. It is composed of N
neutrons and Z protons, bound together to form the mass number A. The nucleons in atomic
nucleus are subjected to the strong nuclear interaction and Coulomb interaction. Multiple
models of atomic nucleus have been developed. They all share the same goal, which is to be
able to describe and explain nuclear forces and features of nuclei. In this chapter, the most
commonly used models will be introduced. In these models, nucleons will be considered to
be point particles. This means that their internal structure will be neglected along with the

phenomena associated with it.

1.1.1 Liquid drop model

One of the first models considered was the liquid drop model, invented by George
Gamow in years 1928-1931 and later refined by Carl Friedrich von Weizsédcker in 1935 [172].
This model takes the nucleus as a drop of uniform liquid and regards the nucleons on the
surface as if subjected to different forces than those in the interior, similarly to the surface
tension of the liquid drop. The volume of this drop is proportional to the mass of the nucleus
A. The greatest contribution of this model is the Bethe-Weizsédcker semi-empirical formula

for calculating the binding energy of the nucleus:

2 7Z* A—-27 —1)Z + (=1)N
B(A, Z) = avA — a5A3 — CLCE — ap A +CLP(( ) QAé( ) ) (11)




4 CHAPTER 1. THEORETICAL BACKGROUND

where the first term is called the volume term and it is calculating the short-distance strong
nuclear force, in a sense that one nucleon can be only bounded by the nucleons around it.
The second (surface) term plays a role of a correction to the volume term, meaning nucleons
at the surface have fewer neighbours, and it also creates a mechanism similar to surface
tension. The third (coulomb) term takes into account the repulsions of the protons. The
fourth (asymmetry) term comes from Pauli exclusion principle as it allows only two protons
or neutrons with different spins on the same level. When the number of neutrons and protons
is not equal, higher energy levels are filled by one particle, while the lower energy levels are
vacant for the other type of particles. The last (pairing) term considers spin coupling, and
it creates greater binding energy (more stable nucleus) when the nucleus has even number
of nucleons with even number of neutrons, and lower binding energy when the nucleus has
even number of nucleons with odd number of neutrons. The advantages of the liquid drop
model are: it explains the spherical shape of most nuclei, it gives a good approximation
for atomic masses and it gives basis for understanding fission. However, it fails to predict
greater binding energy at certain numbers of protons/neutrons (magic numbers), the effect

of nucleon pairing or the properties of deformed nuclei [13].

1.1.2 Nuclear mean-field theory

Since most nuclei are composed of larger number of nucleons and the A-nucleon Schrédinger
equation cannot be solved exactly in such cases, it is necessary to use another method, such
as mean-field approximation. In this method, the strongly interacting system is replaced
with weakly interacting quasiparticles (a physical concept, which treats collection of quan-
tum characteristics among particles, like a hole after the emission of an electron in atomic
physics, as particles). For this transformation, mean-field quasiparticles are introduced. The
Hamiltonian / is composed of kinetic energy 7" and potential energy V. In many-body

system it is written as:

A A A 72 A
H=T+V =) tr)+ Y. vlr,r)=>_ —5 Vit > wu(r,ry), (1.2
i=1 i=1,j=1 i—1 41N i=1,j=1
i<j i<j

where my represents the mass of a nucleon, whereby protons and neutrons have the same

mass and 7; represents the coordinates of the i’th nucleon. If the single particle potential
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energy is summed, it will change into:

A A
H = lT—I—Z’U(n)] —+ [V—ZU(TZ)‘| EHMF+VRES; (13)
i=1 =1

7

where H,r is the nuclear mean-field Hamiltonian and Vg gg is the mean-residual interaction,

which is weaker compared to the original interaction V. They are expressed as:

A A A

Hyp =T+ ;U(ﬂ') =T+ Vur = ;[f(ﬁ) +o(ry)] = ;h(ri)
. 4 . . (1.4)
Vres =V — ;U(Ti) = ‘_IZ_IUCFZ'?Tj) - ;U(Ti)

While using mean-field approximation it is assumed that A-/ nucleons create an external
field through which a nucleon is moving. In this case the V), is considered as time average
of interaction between the nucleon and its neighbours, which are described by non-correlated
single-particle wave functions (for fermions, these are arranged in a Slater determinant). This
method is therefore capable of reducing the strongly-interacting many-fermion system into a
system of non-interacting quasi-particles placed in external potential v(r). In this approach,
the use of Schrodinger equation results in single-particle wave function as if calculating
Schrodinger equation for one nucleon in an external field. The only problem is that the
optimal field, with minimalized residual interaction between quasiparticles needs to be de-
termined. The goal is to obtain optimal set of { ¢, ()}, which can be done by minimizing the
ground-state energy of the nucleus and using method of Lagrange undetermined multipliers.

This will lead to Hartree(-Fock) equation:

—h?
DT V20u (1) + Vi) (¢i(1:) da(r) = €adal(r); s)

1=1,2,.., A, a=1,2 .. 00.

which resembles Schrodinger equation, except that the potential V'(r) is replaced with a
functional Vj(p) with unknown wave functions (¢;(r)). However this mean-field potential
depends mainly on radius of the nucleus r charge Z and mass number A. The formula 3 is
usually used with only one particular type of potential. The most common types of potentials

are discussed in the section below.
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1.1.3 Spherical shell model

The nuclear shell model belongs to the most developed and understood models of the
nucleus. It is based on the Pauli exclusion principle and it describes the nuclear structure
in the form of energy levels analogous to the atomic orbit. The model explains energy gaps
(an effect when the nucleus needs more excitation energy for a nucleon to go into a higher
shell). These energy gaps occur with certain number of protons or neutrons, the so-called
magic numbers (specifically 2, 8, 20, 28, 50, 82, 126) and the shell model explains them
as fully occupied shells or closed shells. Evidence for the closed shells comes, e.g., from
observation of energy gaps in two-neutron (two-proton) separation energies, see Fig 1.10 in
[T4]. The shell model is based on principle that it is possible to write the nuclear Hamiltonian

as a sum of independent-particle Hamiltonian plus the residual interaction Vypgg,

H= Z[pz U(r;) ] + Vaps (1.6)

where p; represents the momentum of i’th nucleon, M represents the mass of the nucleus, r;
is the position vector for i’th nucleon and U represents the potential for the central single-
particle field. Since the atomic nucleus does not have a well-defined centre, it is necessary
to select a right single-particle potential. The nuclear forces are very attractive but only at
a very short distance (= 1fm). In greater distances this attraction drops exponentially, so
the first potential to consider is the infinite square-well potential (equation 7). The sec-
ond considered potential, is the harmonic oscillator (equation [C¥), but these two potentials
are unrealistic, for they have infinite walls and they give wrong magic numbers. More re-
alistic single-particle potential can be calculated from the Wood-Saxon potential (equation
[9). This single-particle potential is based on a mean single-particle field, which follows
a nucleon density distribution in an experimentally determined nucleus. Unfortunately the
disadvantage of the third potential is that it can not be solved analytically. The equation for

infinite square potential is:

-V ifr<R
Ur) = (1.7)

oo ifr>R



1.1. NUCLEAR MODELS 7

The harmonic oscillator potential is defined as:

2

Ur) = -V [1 - ;2] (1.8)

and the equation used to calculate Wood-Saxon potential is:

Ulr) = —%{1 +exp <T—aR) }_1 (1.9)

For these equations, V[ represents the depth of the potential well, a is the surface thickness,
r represents the distance from the centre and R represents the radius of the nucleus. Even
at this point, the shell model still fails in the correct reproduction of the experimentally
observed magic numbers. To overcome this problem, in 1963 Maria Geoppert Mayer [[I5]
and J. H. D. Jensen [I6] have recieved the Nobel Price for the discovery of strong spin-orbit
interaction present for each nucleon. This was finally found to be a missing term, which
helped physicists to reproduce the correct magic numbers. The spin-orbit term is expressed
as follows:

N —
Heo=¢1.7%, (1.10)

where £ is an empirical parameter (usually negative), [ represents the orbital angular mo-
mentum and 5 is the intrinsic spin of the nucleon. The whole influence of these calculations

can be seen in Fig. [Tl
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Figure 1.1: Representation of energy levels for the linear harmonic oscillator (l.h.o.), and
Wood-Saxon (W.S.) potential without and with spin-orbit interaction (s.o0.). Positive parity
levels are marked by blue colour and negative parity levels are identified by red colour.
Figure taken from [I7].

In this figure, N is the main quantum number, [ is orbital angular momentum and j is
total angular momentum, which can be calculated as j=l+s. The number in circle shows
correct magic numbers. When the number of nucleons in a nucleus forms a closed shell and
one nucleon is added or removed, a single-particle behaviour can be assumed. This can be
tested on nuclei with doubly-closed shells, such as 3He, 50, 3)Ca, 35Ca, 53Ni, '22Sn and
298P, with odd-mass nuclei in their close proximity. However the disadvantage of the shell
model is that it breaks down when an excited nucleon pairs with another nucleon in higher

shell. The formation of such pair which will in turn lower the energy of the state due to

pairing correlations. Such effect may cause an intrusion of excited states across the closed
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shell. An example of the intruder state according to the shell model calculation is the 1 f7
state in 3°Ca and K, see Fig. 2. Nonetheless it is an exceptional model when some of the

nucleons can be characterized as the core plus independent particles [[18].

+
i i % 5.19
1o 2 5.60 5/2
5/2 -
5.21

5 4,49
2* : ¥ 3.94
3.90 2.,
3 3.74 % 3.47
5 2p|/2 —
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= p—— =
2, 23, 1 15" 2.69
1/2 3% 2.47 - . .
'Id:/z %_ 72“‘0 ;dill :;i_ ‘DO:
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»* 0.0 %" 0.0 o* 0.0 % 0.0 % 0.0
1d3/2— 1d1'1/2— 1f'//Z 1f7/2—
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56Ca1g 15K 20 20Caz0 215C20 50Caz

Figure 1.2: Single-hole and single-particle states in neighboring *°Ca isotopes. Figure taken
from [[I4].

1.1.4 Deformed nuclei

The shell model discussed above is useful when the nuclei are spherical or near-spherical.
When the nucleus starts to be deformed (nuclei far from closed shells), it fails to predict its
behaviour, because the forces between valence nucleons will result in collective motions.
The most common type of deformation observed in nuclei is the quadrupole deformation.
There are two types of quadrupole deformation: when nucleus is prolate (nucleus is in the
form of rugby ball), and oblate (nucleus is in the form of a disk), see Fig. 3. The deforma-
tion of nuclei can be determined by measuring the intrinsic quadrupole moment )y, where
(2o =0 suggests a spherical nucleus and (), >0, )y <0 suggests prolate and oblate shape of
nucleus, respectively. In even-even nuclei the first excited state is the 27 state, which will de-
excite to 0T state, and the quadrupole moment is related to the reduced transition probability

B(E2) as:

167 B(E2)e2b?]?
b B(E2)e ] (1.11)

5 e2

o-|
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This reduced transition probability B(£2) includes information about the structure of the
nucleus complementary to our knowledge of low-lying levels in nuclides. According to
the Global Best Fit systematic, the reduced transition probability B(E2)1 in e?b? can be
calculated as [19]:

B(E2) 1= 2.6E"172A7%/? (1.12)

where E~! is the excitation energy in keV. The advantage is, that B(E2)1 values are inde-
pendent on nuclear models. The shape of axially symmetric nucleus can be described by

quadrupole deformation parameter 3; and it is related to the quadrupole moment as:

By = %OZ;; (1.13)
where R is the radius of the nucleus expressed as:
R=12AY" (1.14)

p<0 p=0 p>0

< ¢ ¢

Figure 1.3: Examples of axially-symmetric deformations: (left) oblate shape, (center) sphere
and (right) prolate shape. Arrows on prolate and oblate shape denote symmetry axis. Figure
taken from [20].

1.1.5 Nilsson model

In 1953, S.G. Nilsson developed a new version of the single-particle shell model, the
so-called Nilsson model [21]. As an extension of the deformed shell model, it gives descrip-
tion of new experimental observations on single-particle levels in deformed nuclei, such as

ground state spins and parities of a large number of nuclei. The Wood-Saxon potential is
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replaced by spheroidal potential, which can be expressed, e.g., in a form:

m(wi (22 + y?) + wiz?)

V= 9

~ khwol2T - F + pl?] (1.15)

where w | :w0(1+§e), W, :w0(1+§e), wyp is the spherical oscillator frequency, parameters
and p adjust strength of I-s and [? terms, and ¢ represents Nilsson deformation parameter.
The parameter € >0 suggests prolate and € <0 oblate ellipsoid, respectively. The relation

between e and the parameter of quadrupole deformation 3, can be expressed as:

AR 3 /b
~ — 228 =094 1.1
€ R 1 FB 0.9464 (1.16)

where AR is the difference between major (R,) and minor (R,) axis of ellipsoid and Ry is
the radius of a sphere with the same volume as the ellipsoid. The quantum numbers acquired
from the spherical shell model are not good quantum numbers anymore, and a new set of
quantum numbers needs to be defined. The reason is that deformed nuclei have three distinct
symmetry and rotational axes, contrary to spherical nuclei. Nilsson therefore introduced
new quantum numbers, such as n,, K along with projections of original quantum numbers
onto the symmetry axis, such as A, X2, {2, where n, is the number of oscillator quanta along
the direction of symmetry axis, K is the projection of the total angular momentum J of the
nucleus onto the symmetry axis and A is the projection of orbital angular momentum 1, 3
is the projection of the intrinsic spin s and (2 is the projection of total angular momentum
of the odd particle j. The scheme of these quantum numbers in deformed nucleus is shown
in Fig. 4. The effect of splitting the single-particle energy levels as a result of change in
deformation parameter is depicted in Nilsson diagrams, as shown in Figs. [3, [CA. In the
Nilsson diagram, single-particle energy levels are characterized by a set of four quantum

numbers: 2[Nn,A], where N is the total oscillator shell quantum number.
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jeroqery ;

~

SIX¥/|AI0

Symmetry axis

Figure 1.4: Graphic representation of asymptotic quantum numbers valid for deformed nu-
clei. Here quantum numbers M, K represent projections of the total angular momentum J
of the nucleus onto laboratory (axis of rotation) and symmetry axis. R denotes total angular
momentum of the core (collective rotations), while A, ¥ and €2 are projection of the orbital
angular momentum I, intrinsic spin s, and total angular momentum of the odd particle j [22].

1.2 Nuclear decay modes

Whenever the nucleus is in the excited state or lies off the -stability line, it is subjected
to radioactive decay. Radioactivity or radioactive decay is a statistical process, governed by
an exponential law. The law defines the number of remaining radioactive nuclei present in

the sample at time ¢ as:

N(t) = Noe Mt (1.17)

where N is the number of radioactive nuclei at time zero and )\, is the so-called decay

constant. The activity A of the sample at time ¢ can be then defined as:
At) = Age ! (1.18)

The activity is given in the Becquerel unit, which is defined as one decay per second, and is

related to the number of radioactive atoms as:

A(t) = AN (t) (1.19)
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Figure 1.5: Splitting of energy levels as a function of deformation parameter for neutrons.
The figure is taken from [273].
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Figure 1.6: Splitting of energy levels as a function of deformation parameter for protons.

The figure is taken from [23].
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The most common term in nuclear physics is half-life, which determines time required for

half of the sample to decay. The relation between half-life and decay constant is:

In(2)

d

For nuclei with multiple decay modes, the branching ratio b; is established and it can be

calculated as:
Adg
— Y

b; (1.21)

where \;; represents partial decay constant. With the branching ratio, a probability of the
specific decay can be calculated.

In the very neutron-deficient nuclei of the present study, o decay is the dominant decay mode.
By studying various types of nuclear decay, physicists can learn a lot about the behaviour

and structure of that particular nucleus.

1.2.1 Alpha decay

In the a-decay process, the parent nucleus emits the so-called « particle. It is composed
of two protons and two neutrons bound together, thus forming a system known as 3 He?"

nucleus. This process can formally be expressed in a form:
SXN = 52N o+ sHe2  + Q. (1.22)

where X represents parent nucleus, Y denotes child nucleus, and @), is the total energy

released in the « decay. The (), value can be calculated from the following equation:

Q. = (mx —my —my)c? (1.23)

This energy is divided between the kinetic energy of the child nucleus and the « particle.

A—4
To=——Qa (1.24)

Equation defines the kinetic energy of the emitted « particle. From theoretical point
of view, the o decay is a quantum tunneling of an « particle through (Coulomb) potential

barrier [24]. It is schematically shown in Fig. 7. When the « particle carries out orbital
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Figure 1.7: Schematic representation for a-decay tunnelling, where the potential between
the child nucleus and « particle V' is a square well with depth —U and heigh being V(. The
« particle has total energy E. Figure adopted from [25].

angular momentum [ > 0, the total potential is given as follows:

1 ZJ(Z-2) RAI+1) 1 2(Z-2) R+ 1)

Vir) = 4eg R * 2ur? " dre Ro(/A — 44 /4) * 2pur?

(1.25)

where R, denotes the radius parameter of the nucleus (usually with value ~ 1.2 fm), the first
term is the Coulomb potential and the second term represents the centrifugal potential, in
which a parameter 1 denotes the reduced mass. The effect of adding the centrifugal potential
to the definition describing the potential barrier can be seen in Fig. [CR.

The barrier penetration probability of an « particle can be expressed as

P ~ exp [— (;) /Od J2m(Vy — E)dr] _ % (1.26)

where d denotes the the width of the barrier and G is called Gamow factor, which (with

considered approximation r < R, and R, being the coordinate where V' (r) drops to value
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Figure 1.8: Schematic representation of barrier composed of only Coulomb potential and
Coulomb coupled with centrifugal potential. Figure taken from [26].

of (),,) is approximated by

2mc?

G =207
Q

[cos™1/Q/Vo — (Q/Vo)(1 — Q/ V), (1.27)

whereby « is the fine-structure constant equal to 1/137, Vj is the barrier height. The final

expression for the probability of the emission of an « particle is:
g = fe ¢, (1.28)

where f is the frequency with which the « particle is hitting the barrier. If the « particle is

moving inside of the nucleus with speed:

2F
= @ 1.29
v i (1.29)
then f can be calculated as:
1 J2E
= — = 1.30
f se\ 37 (1.30)

where F, represents the a-decay energy. The atom of helium is composed of two protons
and two neutrons, therefore its spin equals zero, as both protons and neutrons occupy the 1s
state. Not all of the transitions are permitted in o decay. The selection rules of o decay dictate

which transition is permitted or forbidden. An « particle carries orbital angular momentum
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[, and the parity of a particle is derived from the angular wave function Y},,, therefore the
parity associated with v emission is defined by (-1)=. The selection rules can be written as

follows: if m; =7 then [, must be even and if m; # 7 then [, must be odd. [I&]

1.2.1.1 Alpha-decay fine structure

The atomic nucleus can exists in different energy states. The lowest energy state is called
the ground state and the rest are called excited states. Since the o decay is usually much
slower than v-ray emission, the parent nucleus is usually in the ground state. In case that
an excited state is also long lived (a so called isomeric state in which the y-ray emission is
hindered), the o decay can depopulate an excited state. The a-decay fine-structure results
from the possibility that other than the favoured state is populated by an a decay. An example
of o decay populating several states in child nucleus is shown in Fig. 9. For the odd-A

nuclei the Q-value of an « particle populating an excited state is:

Qi = Qg.s.—)g.s. - EZ*; (131)

where, (); is the Q-value of transition to i'th excited state, (), s._,4.s. Tepresents Q-value of «
decay from ground state to ground state and E; is the energy of i’th excited state in the child
nucleus. Such process leads to observation of several distinguishable peaks in the spectra,
generally called a-decay fine structure. The probability of which final state will be occupied
is compromise between minimal change of the structure in the nucleus and maximal energy
of the « particle []. In o decay we distinguish between unhindered (for example even-even
isotopes connecting 07 states in parent and child nuclei) and hindered decays (the parent and
child nuclei have different configurations, typically found in odd-A nuclei). The hindrance
factor expresses the level of suppression of « decay. It indicates the difference of initial and

final states in parent and child nuclei. The hindrance factor can be calculated as:

T ET
HF = 2.

- )
T1/2 theor

(1.32)

where T3¢, 18 the experimental half-life of particular o decay and 7173 4peor 18 the theoret-
ical half-life, which can be calculated from equations and [20. In general, the value of

hindrance factor can be divided as follows:

* HF < 10: This is a so-called favoured transition. In this case the spin and parity of
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parent nucleus are the same as in the child nucleus.

* 10 < HF < 100: In « decays with in this range of hindrance factor, there is a spin

difference between the parent and child nuclei.

* 100 < HF: transitions with value of the Hindrance factor in this range usually signify

that the parity and spin of parent nucleus is different than in the child nucleus.
Finally the reduced a-decay width 6% can be obtained from the following expression:

ATPR

52
P )

(1.33)

where AP represent experimental o decay constant, % is the Planck’s constant and P is
the probability of barrier penetration according to the Rasmussen method [28]. Numerical

calculations are required in order to obtain values of HF and 62

1.2.2 Electromagnetic decay

In situation, when the excitation energy of the nucleus is not sufficient for evaporation
of particles such as protons, neutrons, « particles, or the nuclear decay does not reach the
ground state of the child nucleus, the nucleus can get rid of its energy excess via emission of

electromagnetic radiation.

1.2.2.1 Gamma-ray emission

The process of de-excitation via y-ray emission can be written as:
Mic® = Moc® + E, + Ty, (1.34)

where Mg‘c2 is the mass of the excited nucleus, Myc? is the mass of the nucleus after specific
~-ray emission, F, denotes energy of the emitted - ray and 7 is the kinetic energy of the
recoiling nucleus. The energy factor, £, plays an important role here, as will be shown later
in the text [29]. In this process, the laws of conservation of angular momentum and parity
dictate the selection rules, which define the electromagnetic character and multipolarity A of

the transition between the initial state with a spin and parity of /; and 7;, and final state, [,
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¢, of the nucleus. These rules can be written as follows:

R(MX) = (—1)M! e
7(EX) = (1) '

where M and F denote magnetic and electric character of the transitions, respectively. It is
obvious that not all multipoles may be emitted in particular transitions. Electric transitions
are usually faster, and they are associated with the change of the charge density inside the
nucleus, while magnetic transitions are mainly due to the current density. For example if
I;= %Jr and /= %i A can take values 3 and 4 and since the parity did not change, the result
multipolarity will be M3 or £4 [BU].

The half-life of an nucleus de-exciting from an initial state ¢, to a final state f is:

In2
Ty = : 1.37
1/2 T (1.37)
where TY; is the transition probability calculated as:
E.IMeV 22+1
TEY = 5.498 % 10°2 () (%) B(EN) [e2fm®1/s, (1.38)

E. [MeV

22+1
T =6.080 % 10°° f(X) < TiER ]> B(ML)[(uy/c)®fm*2)1/s, (1.39)

A1

) = DTSR (1.40)

where B(E)) and B(M ) are reduced transition probabilities for the A\ multipole elec-
tromagnetic transition. Experimental values of B are often given in the Weisskopf single-

particle estimates [31] for reduced transition probabilities (Byy):

122)\ 3 2 20\/3 2 2\
By (E)\) = — — ] A 1.41
wlBN == (A+3> e fm”, (14D
10 2\—2 3 2 (22—2)/3 2 22—2

In tables [l and below are demonstrated relevant numerical expressions, whereas the

second column shows exact values, the third column presents the estimates and the last one
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represents the relation between third and first column. It is necessary to note that By (E)\)

and By (M \) do not provide exact information, only order-of-magnitude approximations.

EX T(EN(s™ B (EN@Efm?) Ty (ENCE)

FE1 1587x 10"ESB(E1)  6.446x 1072423 1.023 x 101 E3 A2/
E2 1223 x 10°B°B(E2) 5.940 x 1072443 7.265 x 107 E° A*/3

E3  5.698 x 10°E" B(E3) 5940 x 107242 3.385x 10'E7 A2

B4 1.694x 107“E°B(E4)  6.285x 1072483 1.065 x 107> E°A%/3
E5 3.451x 1071E"B(E5) 6.928 x 10724103 2,391 x 10712 E11 AL0/3

Table 1.1: E'X\ denotes the type and order of the transition, 7'(F \) represent transition prob-
abilities, By (F\) are Weisskopf single particle estimates and 7y, (£ )\) are transition prob-
abilities per unit time. The energies E are expressed in MeV and the reduced transition
probabilities B(E\) are in efm?*. Table taken from [23].

MX T(ENG) By (MM ((un/e)*tm™ ) Ty (MA)(s™")

M1 1.779x 10BE3B(M1)  1.790 3.184 x 108 E3

M2 1371 x 10"E°B(M?2) 1.65042/3 2.262 x 107 E° A%/3
M3 6.387x 10°E"B(M3) 1.650A44/3 1.054 x 101 E7AY/3
M4 1.899x 10°°E°B(M4)  1.746A2 3316 x 10709 A2
M5 3.868 x 10"BEMB(M5) 1.924A48/3 7.442 x 10713 E11 A3/3

Table 1.2: M )\ denotes the type and order of the transition, 7'(£'\) represent transition prob-
abilities, By, (M \) are Weisskopf single particle estimates and Ty, (M \) are transition prob-
abilities per unit time. The energies E are expressed in MeV and the reduced transition
probabilities B(M \) are in (ux/c)* fm? =2, Table taken from [Z3].

1.2.2.2 Internal conversion

The alternative to de-excitation via y-ray emission is internal conversion. This process
has higher probability with increasing order of multipole, and decreasing energy of ~-ray
transition, and is more probable in heavier nuclei. During internal conversion, the nucleus is
transferring energy to an electron, which resides usually on inner shells of the atomic orbit
(K, L). The internal conversion is unique in a sense that no real photon is emitted, therefore
it is not an internal photon effect. The energy is transported via virtual photons which are
mediating the Coulomb force. The reason why electrons on K shell are usually emitted is

because they have a non-zero probability of entering the nuclear interior, as shown in Fig.
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[CTA [?Y9]. The electron emitted in this way is called conversion electron. Compared to
the spectrum from /3 decay, electrons from internal conversion form a discrete spectrum, as

shown in Fig. [T1.

A

R K -
v%f ——= &
10" cm 108 cm

Figure 1.10: Scheme of different length scales associated with the nuclear (full lines at
107! cm scale) and electronic (dashed lines on a 10~8 cm scale) wave functions. Only the K
(or s-wave) electrons have wave functions with non-vanishing amplitudes at the origin and
will cause electron conversion to occur mainly via K-electron emission. [29].

Internal Conversion Electrons
(Line Spectrum)

Beta electrons
(continuous spectrum)

Electron Counting Rate

Electron Energy

Figure 1.11: Example of spectrum with conversion electrons. Figure taken from [32].
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The energy of emitted electron can be calculated from

T, = AE — B, (1.43)

where AF represents the energy of nuclear transition and B, is the binding energy of elec-
tron. Since the nucleus can de-excite either via internal conversion or ~y-ray emission, the

internal conversion coefficient is established and it is defined as:

o= (1.44)

where \;¢ represents number of conversion electrons from IC and )., represents number of

~-ray transitions. The total decay probability is then defined as:

At = Ay + Ae. (1.45)

Since the binding energy of electrons from each atomic shell is different, the kinetic energy
of conversion electron will be different for electrons that originate from K shell, L shell etc.
Therefore we are able to distinguish between a g, oy, oy etc. The total internal conversion

coefficient can be calculated as:

O./[C:O./K—I—OZL—FO{M—F..‘ (146)

By knowing the internal conversion coefficient, it is possible to determine the multipolarity
of the transition by comparing our measured coefficient with theoretical value, which can be
obtained from dedicated code Brlcc [B3].

The emission of the conversion electron will leave a vacancy in one of the lower atomic
shells. Rapidly after, this vacancy is filled with an electron originating from higher shells.
During this process, one or more characteristic X rays can be emitted. X rays are the same
electromagnetic radiation as ~y rays, but they originate from atomic shell and their energy
is equal to the difference between the initial and final state of the electron that filled the
vacancy. For example, if the electron originated from the L shell and filled a vacancy in the
K shell, then the K, X-ray will be emitted. In the same manner, if the vacancy in K shell will
be filled with an electron from M shell, then the Kz X-ray will be emitted. This will create

a vacancy in higher shells, and therefore L- or M- X-rays will be emitted. Since energy
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Electron binding energy in eV

Element | K L1 L2 L3 Ml M2 M3

Re 71676 12527 11959 10535 2932 2682 2367
Os 73871 12968 12385 10871 3049 2792 2457
Ir 76111 13419 12824 11215 3174 2909 2551
Pt 78395 13880 13272 11564 3296 3027 2645
Au 80725 14353 13734 11919 3425 3148 2743
Hg 83102 14839 14209 12284 3562 3279 2847

Table 1.3: Electron binding energies [34] in eV displayed for several elements.

differences between the atomic shells are different for each element, the emitted X-rays are
called characteristic. The Table T3 shows binding energies of electrons for several elements.
A competitive process to X-ray emission is the Auger effect, which is similar to the internal
conversion. The difference is that during the Auger effect, the emitted electron, called Auger
electron, recieves energy from the excitation energy of the atom. When an electron from
higher shells fills the vacancy in lower shell, instead of emission of characteristic X-rays,
the released energy is transfered to another electron in higher shells, which is then emitted.
This leads to formation of multiple vacancies in the atomic shell. The probability that X-ray
emission will take place instead of Auger effect is called fluorescence yield. Lastly, there
exists also special case of Auger effect, called Coster-Kronig transition. In this case, the
vacancy is filled with an electron from a higher subshell of the same shell. If the energy is
then transferred to an electron from the same shell, this emitted electron is called Coster-

Kronig electron. The complete process for Auger electrons is shown in Fig. I-T2.

L shell e (Auger electron)

7 e (conversion electron)
N .

yray

Figure 1.12: Scheme of internal conversion along with Auger electron emission.
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1.2.3 Nuclear isomers

Isomers are nuclei in excited states which have delayed decay compared to prompt elec-
tromagnetic emission. The minimum half-life of isomers is not exactly defined, therefore,
the main condition is usually the measurability of half-life. The range of isomeric half-lives
is enormous because they vary from ~ 1 ns to years. An example of long lived isomer is the
16" excited state at 2446.09(8)keV in "®Hf, which has half-life of 31(1) years [33]. The
disintegration of an isomer can occur via « or /3 decay, proton emission, spontaneous fission

or via y-ray emission. There are three known types of nuclear isomers as illustrated in Fig.

13.
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Figure 1.13: Illustration of excitation energy as a function of different nuclear variables.
Additional energy minima cause different kinds of isomers. Figure taken from [36].

Shape isomers

These isomers have secondary energy minimum related to the shape of the nucleus. They
have shorter half-lives compared to the ground state decay due smaller energy barriers. Shape
isomers usually do not de-excite to the ground state due to different deformation. They are

often found in heavy nuclei, for example in Am isotopes [37].

Spin isomers

In these isomers, the emission of 7 rays is hindered by a large change in nuclear spin.

Therefore,  rays will have a high multipole character. Spin isomers are generally located at
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low energy states, which slows down the decay. An example of spin isomer is the 9~ excited
state at 77.2(12) keV in '8Ta. The ground state in this isotope has spin and parity of 1T,
therefore, the multipolarity of a ~y transition connecting this excited state and ground state is

M 8. The estimated half-life of this isomer is =~ 10'® years [BR].

K -isomers

K-isomers (also known as the "K-trap" isomer) are similar to the spin isomers, but they
they are focused on the orientation of the spin vector, not on its magnitude. The projection
of the total nuclear spin along the symmetry axis of the nucleus is represented by the Nilsson
number K. In K-traps, the de-excitation is hindered via large difference in K. They are

usually found in axially symmetric, deformed nuclei. The selection rule for K -traps is:

AK <\ (1.47)

However, there are cases, where this rule is violated due to symmetry-breaking process. In
such cases the " K -forbidden" transitions are hindered, instead of forbidden [39]. An example
is the 8~ excited state at 1141.729.keV in '8°Hf [40]. It has a K =8 and half-life of 5.47 h.
The ~y transition with the highest intensity depopulating this excited state is 57.547 keV ~ ray.
It populates the 81 excited state at 1084.183keV with K =0, which violates the selection

rule.

Seniority isomers

In 1943, Giulio Racah introduced a new quantum number called seniority v [41]. It was
defined as the number of unpaired particles coupled to the angular momentum J =0. In gen-
eral, low-seniority states occur at low energy. For example, the seniority of the ground state
in even-even semi-magic nuclei is v =~ 0 and low energy yrast states with angular momenta
J=24,6.. is v~2. A seniority isomer is expected to occur when the energy difference in
the (25 - 1) — (27 - 3) transition is small enough to produce a long-lived state that decays via
E2 gamma-ray emission or beta emission [42]. Smaller energy differences are usually found
in two states with the same seniority, while two states with different seniority have typical
splitting about 1 MeV. An example of seniority isomers is shown in Fig. [CT4. On the left

side are shown excited states with v ~ 2, while on the right side are also excited states with
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v=4. Numbers between states denote calculated B(£2) values in B(E2; 2 — 0]) units
of the two-particle system with assumed interaction conserving seniority. Values between

levels with same v ~ 2 seniority are significantly smaller, indicating isomeric states.

9 96 20 Tdon
uRus— Pdg, g NI ;=g Ni ¢
VA2 e 8 Ux2 e 8
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Figure 1.14: E?2 transitions between yrast states of (left) N =50 isotones and (right) Z =28
isotopes. Calculated B(£2) values are shown between the levels. Figure taken from [43].



Chapter 2

Experimental Techniques

2.1 The Heavy ion fusion-evaporation reactions

In the experiments S17 and JR115, heavy-ion fusion-evaporation reactions were used.
In this reaction a compound nucleus is created (=102 s after the projectile hits the target).
The created compound nucleus is highly excited and has a very high spin. It will start its de-
excitation process almost immediately. The quickest way to lose energy is to emit nucleons,
so in = 10~ s particle emission starts. This continues until it is not favourable anymore.
The next process is the y-ray emission, which is divided in two parts, statistical and discrete
~ rays. Statistical v rays will carry away energy until they hit the yrast line, which is a
state of the nucleus with minimum energy for the particular angular momentum. Up to this
point, the nucleus has still high spin, since particle emission and statistical 7 rays, change
the spin only slightly. Now starts the emission of discrete - rays which primarily carry away
angular momentum. The whole process of y-ray emission ends =10~ s after the creation
of compound nucleus, which means that these  rays can only be registered at the target

position. The scheme of this process is shown in Fig. 1.

29
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Figure 2.1: Schematic representation of the fusion-evaporation process (left) [44] along with
de-excitation of compound nucleus (right)[45]

2.2 Experimental setup

For acceleration of heavy ions at JYFL, the K-130 isochronous cyclotron accelerator is
used. K-130 operates on a principle that the magnetic field inside is increasing with the
radius of the ions, which creates constant frequency of the ions. The ions are produced by
and injected to the K-130 cyclotron from the electron cyclotron resonance (ECR) ion sources.
Typical energies of ions entering the accelerator are tens of keVs. The maximum energy that
can be reached with this accelerator is given by the formula:

Q2

E=130—
SOA,

(1.1)

where () is the charge and A is the atomic mass number of the accelerated particle. The mass

resolving power of the K130 cyclotron is around 0.02% [46].
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2.2.1 The JUROGAM II array

The main goal of the JUROGAM 11 array is to measure prompt y rays. The JUROGAM II
array is composed of two types of high-purity germanium (HPGe) detectors: tapered single-
crystal Phase I detectors [47] and four-fold segmented Clover detectors [48]. They are placed
around the target chamber in a sphere-like arrangement in four rings, with 15 Phase I detec-
tors in first two rings and 24 Clover detectors in remaining two rings. The angles 6 relative

to the beam direction are shown in Table 1.

Ring no. | Midpoint angle # | Number of detectors in the ring | Detector geometry
1 157.6° 5 Phase I
2 133.57° 10 Phase I
3 104.5° 12 Clover
4 75.5° 12 Clover

Table 2.1: Position of detectors in the Jurogam II array. The 2"¢ column shows angles ¢
relative to the beam direction.

The photopeak efficiency of the JUROGAM II array is 5.5% at 1332 keV [A9]. The signals
from the detectors are directly digitized with Lyrtech VHS-ADC cards and the determination
of detected y-ray energies is done by a moving window deconvolution (MWD) algorithm

[580] that is part of the analog-to-digital converters (ADC) cards with field-programmable
gate-array (FPGA).

2.2.1.1 Anti-Compton suppression shield

Detectors of the JUROGAM II array are equipped with the Bismuth Germanate (BGO)
anti-compton shielding for background suppression, as shown in Fig. 2. Each BGO shield
is composed of backcatcher and side shield elements. The backcatcher prevents forward
Compton-scattered events from escaping through the large angular section located behind
the Clover. With the help of the backcatcher it is possible to improve the maximum peak-
to-total ratio up to 95% for 1.33 MeV according to calculations [5T], in case the thickness of
the backcatcher is ~ 2.5 cm of BGO. The side shields are split into two pieces of BGO with

thickness of the rear section ~ 2 cm and =~ 1 cm for the front section.
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Figure 2.2: Side view of Clover detector in focal plane along with its BGO suppression
shield. Figure taken from [K].

2.2.1.2 Add-back technique

In germanium detectors used in the present work, the dominant type of interaction of
~ radiation with energy in a range of 0.2 - 7 MeV with matter is the Compton scattering.
This means, that a probability of the ~ ray hitting one germanium crystal, depositing a part
of its energy, and then scattering to another, neighbouring crystal, leaving the rest of its
energy there is quite high. For high-energy ~ rays, the number of scatters can be even higher.
These partial energy depositions within one detector are time correlated, and can therefore
be summed together to recover a full, original, vy-ray energy. This summation of events
is known as the add-back technique. It is commonly used in a case of clover-type HPGe
detectors, such as those in the JUROGAM II array, where a 200 ns time window is usually
applied to sum events. The use of the add-back technique will result in a better photopeak
efficiency, and improved peak-to-total ratio. However, a peak’s FWHM will get slightly

worse [B7].

2.2.1.3 Doppler effect

In case of a thin target, recoils (fusion-evaporation reaction products) will retain a sig-
nificant part of the projectile energy. This means that recoils, which are emitting 7 rays,
have enough velocity (several % of speed of light) for Doppler effect to be considered. If the

source of electromagnetic radiation (v rays) is the recoiling nucleus, then the HPGe detectors
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in each Ring of the JUROGAM II array are the observer. The Doppler effect will shift the
~y-ray energy (F.) with varying wavelength, which is tied to the recoil velocity v according
to

E, = Ey(1+ % cos(9)), 2.1)

where Fj represents the initial energy of v quanta, c is the speed of light and 6 is the angle

between the detector and the trajectory of ion beam. [53].

2.2.2 The SAGE spectrometer

The Silicon And GErmanium (SAGE) spectrometer is a highly segmented silicon de-
tector that is usually used in combination with the JUROGAM II array for improvement of
in-beam measurements. As the name already suggests, the Silicon And GErmanium (SAGE)
spectrometer is primarily intended for simultaneous measurements of prompt ~ rays and
electrons. This technique is mainly used to obtain experimental internal conversion coeffi-
cients. In experiments, it is coupled with the JUROGAM II array and the RITU separator as
graphically shown in Fig. I3, thus providing a powerful spectrometer enhancing the sensi-
tivity of in-beam spectroscopic studies. It also brings one limitation to experimental setup,
that 5 Phase I detectors (Ring 1) have to be removed from the JUROGAM II array. When
SAGE is used, number of Phase I Compton detectors on the JUROGAM Il is decreased to 10
(from 15 when SAGE is not used). Even though the detector is segmented into 90 parts, its
total active area is 96 %. Each pixel of this silicon detector is connected to a high-gain charge
sensitive preamplifier. Because this detector is capable of detecting not only electrons, but
also other charged particles (like « particles, protons etc.), its position is 95.5 cm upstream

of the target. The scheme is shown in Fig. 4.
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Figure 2.3: The scheme of SAGE connected to JUROGAM and combined with the JU-
ROGAM II array and the RITU separator. Figure taken from [54].

Figure 2.4: Detailed scheme of SAGE setup. "A" represents target position, "B" is the silicon
detector, "C" is the carbon foil, used to separate the high vacuum of the whole system and
gas inside of RITU, and "D" which represent the high-voltage barrier, used to reduce delta-
electron background. Figure taken from [55].

2.2.3 The RITU gas-filled recoil separator

For the study of heavy elements, the Recoil Ion Transport Unit (RITU) was constructed.

It is used to separate products from fusion-evaporation reactions recoiling from the target,
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and unwanted particles. Electric and/or magnetic fields are used for the separation. The
inside of the separator is filled with diluted He gas to ensure better transmission efficiency
of the recoiling products. The He gas is separated from the high vacuum in the rest of the
system by a set of 50 ug/cm? carbon foils. As a consequence of ions hitting gas atoms, the
charge state distribution of these drifting ions will narrow and the average charge state (gqu4)
of ions will be transported to the focal plane resulting in minimal image size.

The scheme of the RITU separator can be is shown in Fig. '3 and it is composed of three
magnetic quadrupoles and one magnetic dipole. The magnetic dipole is situated right behind
the first quadrupole magnet. The role of the first quadrupole is to improve matching of the
recoils to the acceptance of the dipole magnet, which deflects the ions and separates them
according to their mass. The last two quadrupoles then focus the beam to the focal plane.
When compared to vacuum separators, the RITU separator has lower mass-resolving power,
but on the other hand its transmission is considerably better. Usually the RITU separator is

operated at pressure of 0.6 mbar with He as a filling gas.

Detector Chamber

Helium Gas (~1mbar)

I
Target Chamber

Q im

Figure 2.5: The scheme of the RITU gas-filled recoil separator viewed from the top. Figure
taken from [[Z].

The ions are bend according to Lorentz force as

2
F =ma= muL = Q’(?{K?)’ = eqaquLB
p - 2.2)
1
€davq

where m represents the mass of the ion, p is radius of the curvature, a is the centrifugal

acceleration, v, is the velocity perpendicular to the magnetic field, @) is the charge and B
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is the magnetic field. In this case the magnetic rigidity is defined by the product of Bp and
the RITU separator is capable of operating with magnetic rigidities as high as 2.2 Tm. The

magnetic rigidity can be written as:

A
Bp = 00227 . (2.3)

3

For recoils produced in ion induced fusion-evaporation reactions the transmission efficiency
of the RITU separator depends heavily on type of experiment and ranges from 7% to 90%

[56].

2.2.4 The GREAT focal plane spectrometer

At the focal plane of the RITU separator is the detection system: the GREAT (Gamma
Recoil Electron Alpha Tagging) spectrometer. It consists of multi-wired proportional counter
(MWPC), double-sided silicon strip detectors (DSSD), four Clover HPGe detectors and PIN-
detectors. All of these detectors are used to measure the decay properties of isotopes trans-
ported by the RITU separator and to correlate the measured particles (as « particles, conver-

sion electrons, v and X-rays) with recoils [K].

2.2.4.1 Multi-wire proportional counter

The MWPC detector is used to distinguish recoils from their decays and it is situated
right behind the RITU separator. The MWPC detector is composed of horizontal and verti-
cal wiring used to achieve position sensitivity of the detector. These electrodes are placed
inside of the gas filled chamber (usually isobutane), with thin Mylar windows, which serve
the purpose of separating the isobutane inside the MWPC detector and He gas inside the
RITU separator. The second reason for using Mylar foils is that the transmission of ions
through them is higher than through metallic windows. The MWPC detector is also called
the gas counter, because it is capable of registering the energy losses dE of particles, but it
can not discern the particles. A time-to-amplitude converter (TAC) is giving us the position
of recoil passage by using the time difference of signals coming from the fast anode (metal-

lized foil) and slow wire planes read through delay lines.



2.2. EXPERIMENTAL SETUP 37

2.2.4.2 Double-sided silicon strip detector

The most important detector at the focal plane is the double-sided silicon strip detector
(DSSD), which is situated 240 mm downstream from the MWPC detector. The DSSD is
divided into two parts, each with the implantation area of 60 mm? x 40 mm? with the strip
pitch equal to 1 mm. Space resolution of one DSSD is 2400 pixels, therefore both of them
form the space resolution of 4800 pixels. The thickness of the DSSD used in this work
is 300 um. The great advantage of the DSSD is that it gives energy, time and position
information. By looking at the signal from MWPC and the DSSD, it is possible to easily
distinguish whether the signal in the DSSD belongs to a recoil or whether it is the product
of radioactive decay. This will be discussed more in detail later in the text, see chapter 4.
Another advantage of the DSSD is that it can register the subsequent o decays of recoils in

horizontal strips and internal conversion electrons in vertical strips.

2.2.4.3 PIN diodes

Another detectors at focal plane are 28 PIN diodes which form a box detector upstream
from the DSSD. They are used to detect protons, « particles and conversion electrons, that
escaped from the DSSD detector. Each PIN diode has dimensions of 28 mm x 28 mm and a

thickness of 500 ym. The geometrical efficiency of PIN diodes is 30 %.

2.2.4.4 The focal plane Germanium detectors

Two types of germanium detectors are located in the focal plane, the planar strip detector
and clover-type HPGe detectors. The former one is located 10 mm behind the DSSD detector
in the vacuum chamber of the GREAT spectrometer. It is separated by a 5 mm thin Beryllium
window. This detector has an active area of 120 mm x 60 mm and it is 15 mm thick. On both
faces is a 5 mm strip pitch which provides position information that can be correlated with
the remaining detectors of the GREAT spectrometer. The planar detector is used to detect X-
rays, low energy ~y rays and high energy [ particles. The simulated efficiency of this detector

is shown in Fig. 6.
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Figure 2.6: Efficiency of ~y rays for focal plane Germanium detectors simulated in GEANT4.
Figure adopted from [&]

For the detection of high energy -y rays there are Clover Germanium detectors placed on
top of the vacuum chamber as well as on the sides or behind the implantation detector. Each
Clover detector has 70 mm diameter, is 105 mm long and is segmented into four crystals.
Morover, each Clover detector is surrounded by a suppression shield with bismuth germanate
crystal, which is 185 mm long. This BGO shielding suppress the Compton scattering and
therefore improve the peak-to-total ratio. The setup of detectors at the focal plane can be

seen below in Fig. 1.
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Figure 2.7: The scheme of the focal plane from top and bottom view. Figure taken from [57].

2.2.5 Energy calibration

The energy calibrations for focal-plane HPGe Clover detectors and planar Ge detector
was done by using a 1*?Eu - 133Ba (gamma) calibration source. In case of the DSSD, a stan-
dard energy calibration with triple alpha source (**!Am, #*°Pu and 2**Cm) was used for an
external calibration. However, during an experiment the recoils are implanted into the DSSD
detector, thus an additional internal calibration was performed, using peaks corresponding to
known characteristic « decays obtained from the measured data (experiment S17). The ex-
traction of the peak positions in calibration spectra together with their errors was achieved by
fitting the peaks with the Gaussian function in the program ROOT [58]. The function used to
convert channels to the energy was a linear function for the DSSD detector and a quadratic
function for the two germanium detectors. FWHM of focal plane HPGe Clover detectors
was determined to be 2.79(34) keV at the 356 keV ~ ray of **Ba nuclei, 3.08(53) keV at the
963 keV ~ ray of 52Eu nuclei for the planar Ge detector and 23.8(24) keV at the 5848 keV
a-decay energy of the 1™ Au nuclei for the DSSD detector.

Results of energy calibrations for detectors are presented in Figs. XX, Z9, D710 for
focal plane HPGe Clover detector, planar Ge detector and the DSSD, respectively. The PIN
diodes were calibrated using the '3Ba electron source. Only approximately one half of
the PIN diodes could be calibrated. Their calibration was also difficult to perform due to

insufficient number of calibration peaks, which was a result of high energy threshold set in



40 CHAPTER 2. EXPERIMENTAL TECHNIQUES

the experiment. The result of PIN diodes calibration is shown in Fig. IZTTI.
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Figure 2.8: Energy differences AF for the measured and tabulated [59] transition energies
after the calibration of the focal plane HPGe Clover detectors with the *3Ba-'%2Eu calibra-
tion source. In this figure, measured energies from a total focal plane HPGe Clover detectors
energy spectrum have been used.
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Figure 2.9: Energy differences AF for the measured and tabulated [59] transition energies
after the calibration of the planar Ge detectors with the '*3Ba calibration source. In this
figure, measured energies from a total planar Ge detectors energy spectrum have been used.
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Figure 2.10: Energy differences AE for the measured and tabulated [59] transition energies
after the calibration of the DSSD detectors with the triple alpha calibration source (**! Am,
239Py and 24*Cm). Data plotted for all y-strips of the DSSD together.
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Figure 2.11: Energy differences AFE for the measured and tabulated [60] transition energies
after the calibration of the PIN diodes with the '*3Ba electron calibration source. In this
figure, measured energies from 8 operational PIN diodes energy spectrum have been used.

The efficiencies of the detectors were taken from [b1]].
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2.3 Total Data Readout System

Standard data acquisition systems (DAQ) collect data in defined time gates. This means
that a certain dead-time is formed and in experiments with high count rates it could lead to
loss of useful data. The total data readout (TDR) [62] technique works on another principle,
which is collecting all of the data separately from all the detectors and assigning them a time
stamp (additional to an energy stamp) by DAQ 100 MHz clock, without any trigger condi-
tion. Therefore, the TDR can operate with precision of 10ns. Subsequently, the software
reconstructs events and creates necessary trigger and correlation conditions.

The operational scheme of TDR is shown in Fig. ZT2. Shaping amplifiers with constant
fraction discriminators (CFDs) are used to convert energy and time stamps from all the de-
tectors. The data then continues to analog-to-digital converter (ADC) cards, which are used
to assign time stamps to individual signals. For better synchronization a metronome unit is
used. In the Data Buffering, collection, merging and signals from all detectors are arranged
according to their time stamp. Afterwards the event builder is used to reconstruct the data

with pre-set software trigger and correlation conditions [b2].
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Figure 2.12: A scheme depicting electronics of the GREAT TDR system. Figure taken from
[62].
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2.4 Data analysis methods

One of the main benefits of the TDR system just discussed, is the possibility of using
various tagging techniques in the data analysis. Two of those techniques used in this work,

the recoil gating and recoil-decay tagging, are described below.

2.4.1 Recoil gating

Firstly it is necessary to identify the recoils. The MWPC detector plays a very important
role in this separation because the decays in the DSSD did not pass through MWPC, therefore
they will not produce the signal in this detector. By using signals from MWPC and the DSSD
it is possible to create matrix (ToF vs dE/dx see Fig. Z-13), which can be used as a gate to

purify the spectra of undesired events. This is so called recoil gating.
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Figure 2.13: The Time-of-Flight between the MWPC and the DSSD vs. energy loss dE/dx
measured in MWPC during experiment S17. This matrix was used to select the nuclei of
interest - recoils, from the unwanted particles that passed through the MWPC. The red line
marks the 2-dimensional gate used for selection of recoils and the green line marks the beam
particles.

2.4.2 Recoil Decay Tagging

During in-beam experiments the detectors at the target position register a lot of ~y radia-
tion from different sources. The reason is that all reaction products (including e.g. undesired
reaction channels, fission fragments) are all highly excited. Therefore, they emit v rays,

which are detected along with ~ rays emitted during the interaction of projectiles with the
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target or walls, thus creating a significant background. To lower the background and to as-
sign the source of these v rays, the recoil-decay tagging technique (RDT) [9] is used. The
first prerequisite is that the desired recoil needs to emit characteristic « particles or protons.
When a recoil is implanted into the DSSD, this event will be stored in a "tagger", which is
a container storing events for specific pixel with all correlated events from focal and target
planes, in defined time window. If the recoil undergoes a decay process (« decay, proton
emission), and the characteristic particle is registered within the same pixel as the recoil,
these two events are put into tagger as one chain of consecutive events. Later, it is possible
to identify the recoil and create a correlated event chain. It is possible that another recoil hits

this pixel and therefore causes a miscorrelation. The best use of RDT can be achieved when:

the recoils are evenly scattered, so that the active area of the DSSD is utilized fully,

* the rate of recoils is small enough, so that the probability of second recoil hitting a

pixel with active tagger is negligible,

* the half-life of recoils is long enough, so that the recoils are able to get through the
separators and be implanted into the DSSD, but at the same time short enough, so that

the decay would happen after they are implanted,

* the daughter nuclei has to decay with different energy than the recoil.



Chapter 3

Experimental results

The main focus of this work is the a-decay spectroscopy and study of the a-decay fine
structure in neutron-deficient isotopes 1" Hg and 7" Au, together with their decay products.
In the offline analyses, data from two experiments with code names S17 and JR115 were
investigated. Both experiments were performed at the Accelerator laboratory of the Univer-
sity of Jyviskyld (JYFL), Finland. Results of the focal-plane data analyses are presented
in this work. Analyses of in-beam data were subject of different studies, namely studies of
1Ay [57], and " Au [B3], respectively. The experimental setup used in the S17 experi-
ment consisted of the Jurogam II array, the RITU separator coupled with the GREAT and the
SAGE spectrometers. In the experiment JR115, the standard setup consisting of the Jurogam
IT array in conjunction with the RITU separator and the GREAT spectrometer was used.
Data were analysed with the data analysis system GRAIN [b64], the data analysis framework
ROQT [58] and the fitting program HDTV [63]. Measurable quantities obtained in this work
include e.g. E,, E,, T' 2, b; etc.

3.1 Previous studies of '""Hg and Pt

Prior to the present study, one characteristic v decay was known for the '""Hg isotope.
This o decay was first observed by A. G. Demin [66] with E, =6076(12) keV and half-life of
3.5(4)s. Later on, a somewhat different energy and half-life values E,, =6270(15) keV and
T1/2=1.09(4) s were attributed to the '"™Hg « decay by Hansen ez al. [67, 68]. Moreover, a
branching ratio b, =53 % was estimated. Another study with more or less the same energy

E., =6288(5)keV was carried out by [69]. Recently, a different branching ratio b, =75(4) %

45



46 CHAPTER 3. EXPERIMENTAL RESULTS

was reported in [[70], using correlated a-decay chains. The hindrance factor (HF) was deter-
mined as 1.4(2) and the decay was attributed as (7/27) ground state to (7/27) ground state.
The ground state configuration of 1" Hg was assigned as (7/27) [514] and 7/2~ [503] orbitals
arising from the f7/, and hg/, shells, respectively.

In contrary, the child nucleus !"Pt has four known characteristic o decays. Three of these
a-decay branches with energies of 5831(10), 5964(5), 6038(5) keV and branching ratios of
4.7, 55, 4.8 %, respectively, were thoroughly studied in the past [6&, 69, [71], [72]. Recently,
the fourth a-decay branch with £, =5819(4) keV was identified via a-vy coincidences [IT].
All of these o decay branches depopulate the ground state in *">Pt. The newly observed
« decay populates (9/27) excited state at 207.9(5) keV in "*Os. Subsequently, this excited
state can de-excite via emission of 207.9(5) keV v ray which populates the (5/27) ground
state or via emission of 130.8(4) keV ~ ray feeding the (7/27) excited state at 76.7(3) keV
in 1"'Os. In Fig. B, the a-decay level scheme of Pt deduced in [I1] is given. In the
same study a (9/27) excited state at 130.9(6) keV in "> Pt was observed. This excited state
de-excites via emission of 130.9(6) keV ~ ray down to the (7/27) ground state in !”*Pt. The
similarity between the 130.8(4) keV and 130.9(6) keV transitions led to the search for the «
decay populating the (9/27) excited state at 130.9(6) keV in 1"Pt which could reveal a decay

pattern in the above-described decay chain.

(7/2) 1Pt 2.43(4) s

==
DL QD
2
I
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o =t o
(727).%27) 229211.2(5) keV E,=5814(4) keV [4.0(9)%]
(9/27) 207.9(5) keV Eo=>5819(4) keV [0.7(2)%]
e
(72) 76.7(3) keV E,—5948(4) keV [55(5)%]
(%/2_) &S F,=6021(4) keV [4.8(8)%)
1110

Figure 3.1: The a-decay scheme of !”Pt. Figure was taken from [I[T].
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3.2 Results of the S17 Experiment

Experiment S17 was performed on October 21 - November 4, 2013 at JYFL, Finland.
The main goal of the experiment was to study shape coexistence in "?Au. The fusion-
evaporation reaction '{Ru(52Kr, 3n)'79Hg was used to produce nuclei of interest. The §2Kr!>*
ion beam, accelerated to an energy of 352 MeV by the K-130 cyclotron, was impinged on
the self-supporting 1%°Ru target with a thickness of 350 pg/cm?. The beam intensity was on
average 5 particle nA (pnA). The total a-particle energy spectrum measured with the DSSD

detector is shown in Fig. B2.
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Figure 3.2: Energy spectrum of « particles from the reaction 52Ru + 'J{Ru, measured with
the DSSD detector and vetoed by the MWPC. Experiment S17.

The GREAT spectrometer at the focal plane of the RITU separator allows us to study the
nuclear o decay with a high precision. The first step in the analysis was the investigation
of the a-decay chains. For this purpose the ER-a;-a correlation matrix was constructed.
Correlation (search) times At(a; —ER) <3 s between the recoil (ER) and parent alpha (o)
and At(ag —ay) <7s between parent alpha () and child alpha («s) were used. The matrix

is shown in Fig. B3. In this matrix, three a-decay chains were identified as:
« "Hg [E, =6430(6)keV] — ™Pt [E, =6038(4)keV],

« ¥0Hg [E,=6120(5)keV] — Pt [E, =5753(3)ke V],
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« '™Hg [E,=6287(5)keV] — Pt [E, =6034(5), 5970(6), 5836(4)keV].
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Figure 3.3: The ER-a;-ap matrix of correlated a-decay events, measured with the DSSD de-
tector. A time windows At(a; —ER) <3 s between recoil (ER) and parent alpha («;) along

with A(ag —ap) <7 s between parent alpha (o) and child alpha (a) were used. True corre-
lations are labelled, whereas the rest are random correlations. Experiment S17.

According to the branching ratios for the Pt o decay reported in [69], the (7/27) g.s.to
(5/27) g.s.  decay with an energy of 6034 keV should have the same intensity as the 5836 keV
« decay populating the 211.2keV energy level in 1"*Os, as shown in Fig. BI. As can be
seen in the matrix shown in Fig. B3, the 6034 keV a-decay peak is significantly stronger
than the 5836keV «-decay peak. This difference can be explained by a high conversion
coefficient for the 76.8 keV M1 transition feeding the (5/27) ground state in "1 Os, see Fig.
B1. In ref. [IT], the conversion coefficient ax(76.8keV)=11.6(9) is given. This means
that a significant number of conversion and Auger electrons are produced in the 5970keV «
decay feeding the 76.8 keV excited state in "*Os. Subsequently, their energy adds up with
the 5970 keV alphas, thus increasing the final intensity of the observed 6034 keV g.s. to g.s.
a-decay peak. This process of energy summing in the DSSD detector has been tested and
confirmed by the simulation of the 1Pt o decay. In this simulation, conversion coefficients
for transitions depopulating the low-lying negative-parity states in !"*Os (see Fig. Bl) were
adopted from [B3]. Results of this simulation are presented in Fig. B4. In this figure, a
simulated spectrum (red) and measured data (blue) are displayed together. One can see that

positions of the Pt a-decay peaks (labelled with energies) and their respective intensities
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in the two spectra are almost identical. This confirms our interpretation in regards to the

175Pt o decay.
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Figure 3.4: Results of the simulation of the 1Pt o decay. Measured (blue) and simulated
(red) data are shown. Energy spectrum of measured o decays was obtained by gating on
the 6287 keV parent « decay in the ER-a;-ap matrix shown in Fig. B33, Peaks that are
not in the simulation, but appear in the measured data are contamination from other decays.
The peak at position 5836(4) keV in the simulated data is part of multiplet with significant
contamination from the ™ Au « decay with energy of 5854(7) keV.

However, four a-decay branches of 1Pt were observed in [[T]. Two of these observed
a-decay branches have energy difference of 4keV. Since it is not possible to distiguish
between two a-decay peaks with 4keV energy difference in the DSSD detector, a back-
ground subtracted -y matrix has been constructed. First, an a-7 coincidence matrix was
constructed using search times: At(y—«) < 200ns between a-decay and ~y-ray events and
At(a—ER) <3s for correlated o decays. Afterwards, a second matrix was constructed us-
ing modified search times At(a—+v) <200 ns. This second matrix was then subtracted from
the original one. The final background subtracted matrix is shown in Fig. BS. By gating on
the 131 and 134keV ~-ray transitions (see Fig. B1) respectively, in the o-y matrix, two «
decays with energies of 5836(4) and 5840(7) keV are observed. This confirms the existence

of the g.s. — g.s. plus three fine-structure a-decays in 1"Pt.
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Figure 3.5: The a-7 coincidence matrix, measured with the DSSD detector and focal plane
HPGe Clover and planar detectors. Time windows used to search for a-vy coincidences are
At(y — ) =200 ns, together with At(a—ER) < 3 s for correlated « decays. Due to presence
of Pt, Ir, Os and Re x rays, coincidences with £, =60-75keV are present in the matrix.

The new a-decay branch in !""Hg

In the analysis of the a-y matrix (see Fig. B3), a previously unidentified coincidence
between 6156(7)keV « decay and the 131.3(7)keV ~ ray was observed. The sum of the
a-decay () value with 131.3keV ~ ray is equal to 6428(7) keV. This is within the error bars
of the ) value 6431(5) keV, which belongs to the 1™Hg ground state to ground state « de-
cay. By gating on the 6156 keV a-decay peak in the a-v matrix, the 63.6, 67.1 and 131.7
keV ~ rays are observed. Two remaining transitions with energies 63.6(6) and 67.1(5) keV
were identified as K,; x rays in Os and Pt, respectively. For better identification of the iso-
tope, a spectrum of child alphas (shown in Fig. B) correlated with E£,; =6156keV in the
ER-a-ar, matrix (see Fig. B3), was constructed. In this spectrum, the Pt o decays are
observed, together with o decay of 7°Pt. The energy gate is contaminated with the *°Hg o
decay with an energy of 6120(5) keV, which in turn causes a presence of the !"*Pt o decay in
the gated spectrum. The remaining peaks are random correlations. Finally, the distribution
of time differences At(a-ER) for the 6156 keV « particles in coincidence with 131.3keV ~

rays is shown in Fig. B7. The « decays, inside (black) rectangles in Fig. B8a were selected
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to be correlated with the detection of recoil. An exponential decay curve with a constant
background was used to fit the data. The resulting half-life is 0.98(9)s. This value agrees
with the known half-life T /2 =1.05(3) s [73] of the 6287 keV « decay of '"’Hg. Based on
these arguments, the 6156 keV « decay was assigned as the decay of '™Hg populating the
131.3keV excited state in 17°Pt.

Basic characteristics of the newly observed 6156 keV a-decay branch in ""Hg were ex-
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Figure 3.6: Energy spectrum of child o decays correlated with the 6156 keV parent o decay
in the a-a matrix shown in Fig. 3.3. B3.

tracted from the measured data. The partial branching ratio b,(6156) was determined using
the total b, =75(4)% [[Z0] divided as follows: (a) the number of 6287 keV alphas detected in
the DSSD detector, see Fig. B, (b) the number of 131.3 keV ~ rays observed in coincidence
with 6156 keV « decays shown in Fig. B3, normalized to detection efficiency of the planar
Ge detector [[74] and corrected for background contribution, see section below. This gives
us b,(6156) = 0.20(8) %. In accordance to that, the previously reported total b, needs to be
lowered to 74.8(41) %. The obtained branching ratios were used in the further analysis to
calculate reduced « decay widths for both o decay branches using the Rasmussen method
[?8]. The change in angular momentum AL =0 along with A L =2 was assumed for a decays
populating the ground state and the 131.3 keV excited state in "Hg, respectively. The val-
ues are 1.7(7) keV and 65(7) keV for E, =6156(7) keV and 6287(5) keV, respectively. Lastly,
hindrance factors were calculated as 41(19) and 1.2(3) for the o decay populating 131.3 keV

excited state and ground state in 7Pt respectively. They were calculated relative to reduced
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Figure 3.7: Time distribution of '™Hg « decay leading to 131.3keV excited state in 1" Pt.
Search times At;(a-ER)<3s and At(y-«a)<200ns were used along with a (black) 2-
dimensional gate used in B-8d. An exponential decay curve with a constant background
was used to fit the data points and is shown as a solid red line. The measured half-life is
0.98(9)s

« decay widths for unhindered 0" to 0" decays in neighbouring even-even nuclei, "*Hg and
180Hg.

Inspection of the oy coincidence data displayed in Fig. B3 allowed the conversion co-
efficient of the 131.3 keV transition in Pt to be measured for the first time. In the matrix
BX4, the 131 keV ~y-ray and Pt K3 x-ray events were selected using the (black) 2-dimensional
gates. To quantitatively characterize the background contribution of these events, the average
number of events in (red) 2-dimensional gates defined separately for both types of "good"
coincident events was evaluated and subtracted. From this calculation, a total number of
78(30) Pt K3 x-ray events and 68(33) and 131 keV ~-ray events were obtained, respectively.
The number of Pt Kg x rays was then normalized to Pt K x rays using intensities from
[33]. The conversion coefficient ax(131keV) was calculated to be 3.9(23). Owing to a
large uncertainty of experimentally deduced conversion coefficient, two different transition
multipolarities are possible: ax(M1)=2.32(4) and ax(££4)=2.57(4). Since the 131.3keV

transition is seen as prompt, the higher order multipolarities are excluded and M 1 multipo-
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Figure 3.8: (a) The background subtracted -y coincidence matrix measured with the DSSD
and the focal-plane planar Ge detector, and (b) the simulated data. Time conditions used to
search for coincidences: At(a-ER)<3s and At(v-«a)<200ns. The data in panel (b) were
simulated in GEANT4. The energy of « particles in coincidence with Pt kg x rays is shifted
due to a-particle and conversion-electron energy summing.

EolkeV] | b, [%] | 6°[keV] | HF | Ejee [keV] | Multipolarity
6287(5) | 74.8(42) | 65(7) | 1.2(3) 0
6156(7) | 0.20(8) | 1.7(7) | 41(19) | 131.3(5) M1

Table 3.1: Summary of '"Hg a-decay characteristics deduced in this work. Alpha-decay
energy (E,), branching ratio (b,), reduced width (2), and hindrance factor (HF), together
with the energy level populated by the « decay (E;.,;) and multipolarity (M \) of the v ray
de-exciting the energy level.

larity is assigned to this transition. The results are summarized in Table B-1. The a-decay
scheme of 1™Hg deduced in this work is presented in Fig. B9. To confirm our results, a

GEANT4 simulation [75] was performed.

3.2.1 Simulation of the '"Hg decay

A simulation of the 1™Hg « decay was performed in GEANT4. Firstly, an implantation
depth of the *Hg nuclei in the DSSD detector needed to be calculated as it was later used
as an input in the simulation of the o decay process. The SRIM/TRIM software [[/6] was
used to calculate the ionisation losses of projectiles and '™Hg nuclei in different parts of the

experimental setup. This was used to calculate the energy of !""Hg nuclei entering the DSSD
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Figure 3.9: The a-decay scheme of "’Hg deduced in this work.Ground-state properties of
1"Hg and 7Pt are adopted from [T, [7(]], respectively.

detector and, thereafter, to determine the maximum implantation depth of '™ Hg nuclei into
the DSSD detector. The ionisation losses of projectiles in the target are lower compared to
1™Hg nuclei. For this very reason, a production of compound nuclei was assumed to take
place at the rear end of the target. The energy losses of projectiles in the target were cal-
culated to be 8.4 MeV. The ()-value of the aforementioned nuclear reaction () =177.1 MeV
was calculated using the online Q-value calculator (QCalc) [77]. The energy of "Hg nuclei
at the entrance of the RITU separator was 166.5 MeV. Because the RITU separator is filled
with diluted He gas, energy losses in this part of the experimental setup were neglected. Sub-
sequently, the ™Hg nuclei passed through the MWPC detector, which is composed of two
Mylar foils, one Al coated anode, and the detector’s volume is filled with isobutane gas with
pressure of 2-3.5mbar. In the MWPC detector, the initial energy was reduced by another
37MeV. Finally, the '™Hg ions with an energy of 129.5 MeV were implanted into into one
of the DSSD detectors, and their implantation depth was determined to be 15.3 ym. Results
of this simulation are summarised in Table B2. Following that, a simulation of the ™Hg «
decay was performed. An M1 multipolarity was assumed for the 131.3 keV transition. The
basis for this assumption is the tentatively assigned /™ =(9/27) for the 130.9keV excited
state in Pt [I1]. The o~y matrix as a result of the simulation is presented in Fig. EXH.
When looking at matrices shown in Fig. B8, it can be immediately noticed that the position
of - Pt K x-ray coincidences is shifted compared to the position of o - 131.3keV v-ray co-
incidences in both. This is due to the summing effect of a-particle energies with energies of

conversion, Auger and Coster-Kronig electrons. Because of atomic relaxation after internal
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conversion of the 131.3keV transition, K4 x rays can be emitted. By measuring the number

of 131.3keV ~y rays and the K s x rays, the K-internal conversion coefficient can be deduced.

Particle Material Ionization losses dE/dx [MeV] | Depth [pm]
82Kr (projectile) | '“°Ru (target) 8.4 0.28
1"Hg MWPC 37 12002.78
Mg DSSD 129.5 15.3

Table 3.2: Simulated data for ionisation energy losses (3"¢ column) of the projectile and

1"Hg jons in the target, MWPC and DSSD detectors, respectively. The nuclear reaction

10Ru(32Kr, 3n)'9Hg and initial beam energy of 352 MeV were used. The 1°! column gives

particles for which the ionization losses were calculated. The 2"¢ column represents different
parts of the experimental setup. The 4" column represents the thickness of the target and
the MWPC detector along with the implantation depth in the DSSD detector. In case of the
MWPC detector, following materials had to be taken into account: Mylar foils, isobutane
gas, anode and Al coating [[78].

3.2.2 Discussion - '""Hg

The decay scheme of '™Hg and its decay characteristics are shown in Fig. B9 and Ta-
ble Bl respectively. The suggested (9/27) spin-parity assignment for the 131.3 keV excited
state in 1"5Pt [[T] is now supported by the calculated value of hindrance factor HF =41(19)
since the most probable assignment for the ground state of ""Hg is (7/27) [[79]. The cal-
culated conversion coefficient vk (131.3 keV)=3.9(23) suggest the M 1 multipolarity for the
131.3keV ~y-ray transition which further corroborates the (9/27) assignment.

Similar transitions can be seen in neighbouring Pt isotones. In 1730Os, a 128 keV tran-
sition between the 9/2 excited state at 219.6keV and (7/27) excited state at 91.6keV was
observed [RO]. An M 1+FE?2 multipolarity was assigned to the 128 keV transition. In the
level scheme, it was placed as an interband transition in the rotational band 2 (see Fig. 3 in
[RO]). The ground state in "3Os dominated by the 5/2~ [523] Nilsson configuration [R(].
Another similar situation was observed in '"'W, where the 131.4(1)keV transition depop-
ulates the (9/27) excited state at 233.2keV down to the (7/27) excited state at 101.7 keV.
This 131.4keV transition was assigned an () 1) character. It is a known interband transition
between bands E and F (see Fig. 1 in [KT]), built on top of the 5/2~ ground state, identi-
fied as the 5/2~ [523] Nilsson configuration. Furthermore, in °Hf a 130.0(1)keV ~ ray
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is emitted from the (9/27) excited state at 288.73 keV. It populates the (7/27) excited state
at 158.79 keV. The multipolarity of this 130.0keV ~ ray was deduced to be (M 1+FE?2) with
assigned 5/27 [512] band [82]. The evolution of the 131.3keV transitions in neighbouring
isotones is shown in Fig. B-10.

A similar trend in the evolution of the 131.3keV transition can be observed in the neigh-
bouring Pt isotopes. In 7Pt the 116.1(5) keV ~ ray was observed to depopulate the 9/2~ ex-
cited state at 197.4 keV down to the 7/2~ excited state at 81.2 ke V. In this case, the 116.1 keV
~v-ray transition is part of the 5/27 [512] ground state band with assigned () 1+ E2) multipo-
larity [83]. The trend slightly changes in !™Pt, because the 110.7 keV transition, connecting
(9/27) excited state at 255.5 keV with (7/27) excited state at 144.8 keV does not have a multi-
polarity attributed. Moreover, it is build on the 5/2~ [512] intrinsic state, with no connection
to the 1/2~ [521] ground state band [84]. In '®'Pt there is a 118.88(9)keV transition which
goes down from (9/27) 235.4keV excited state to the (7/27) excited state at 116.65 keV.
Here, the 118keV ~-ray transition has (M 1) character and it is a 7/2~ [514] in-band tran-
sition [83]. Lastly, in %3Pt a 115.2(1)keV transition was observed. It connects the (9/27)
excited state at the 149.91 keV with 7/27 excited state at 34.74 keV. This 35keV state was
observed to be isomeric with 7/27 [514] Nilsson configuration. Compared transitions are
shown in Fig. BTI. Unfortunatelly, none of the 9/2~ excited states were seen to be pop-

ulated by an « decay and most of the neighbouring isotopes are populated by EC decay.

9/2- 130.9 922 219.6  (9/2) 2332

(9/2)y 177.1 9/2-  178.88
7/2- 0.0 7/ 916 (7/2) 101.7 (727 77.8 72 78.67
175Pt
5200 s o0 2 00 52 0
1130g Tow 19Hf *7Yb

Figure 3.10: Systematics of the 9/2~ and 7/2~ states together with the ground states in
neighboring isotones. The data are taken from present work and from [b(].
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9/2- 1309
9/2- 197.4 (9/2) 2555 (9/2) 2354  (9/2) 149091
7/2 0.0 7/2 81.2 (7/2) 144.8  (7/2) 116.65 7/2-  34.74
175pt 1/2- 0.0
50 0.0 '5Pt

177Pt 1/2- 0.0
12 00 181py
179Pt

Figure 3.11: Systematics of the 9/2~ and 7/2~ states together with the ground states in
neighboring Pt isotopes. The data are taken from present work and from [b60].

3.2.3 Other a-v coincidences

In this section, the remaining prompt o~y coincidences observed in the corresponding
a-7v matrix shown in Fig. B3 were analyzed. First, a-decay energies were compared with
the most up-to date tables [5Y], [60]. Subsequently, total (), tora; Values were calculated. The
assignment for all of them has been done and the complete list is shown in Table B3. In case
of a decay of 1™Au, the g.s. — g.s. « decay was observed with energy E,, =5855(6) keV.
This energy is slightly different from previous 5848(4) keV measured in [86]. Furthermore,
three fine-structure o decays of '""Hg were identified in [86]. Their respective energies are
5718(10) keV, 5705(15) keV and 5600(10) keV. However, the analysis of the a-~y coincidence
matrix B3 from the S17 experiment revealed different energies: 5745(6) keV, 5733(5) keV,
5725(5)keV and 5624(6),keV while gating on 105keV, 119keV, 132keV and 234 keV ~y
rays, respectively. The comparison of a-energy projections (left) acquired from this work
and (right) spectra from [86] are shown in Fig. BT2. The shift in a-decay energies is caused
by the summing of a-particle energies with conversion and Auger electrons. For example,
the 5745(6) keV « decay, which should feed the same 132 keV excited state as 5725(5) keV
« decay, was observed with higher energy. The 105.9(5) keV ~-ray transistion was assigned
as a de-excitation from the 131.9keV level down to the excited state at 26.1(4)keV in '™Ir.
This 26.1 keV excited state is depopulated by the prompt 26.1 keV M1 transition [86]. The
conversion coefficient of the 26.1 keV transition is a g (M 1)=56(3), [33]. Therefore, a con-
version electron with an energy of 12.68 keV [33] will be emitted directly after the o decay

and its energy will be summed with the o decay energy. Subsequently, an atomic relaxation



58

20
16
12

5
40
30
20
10

140
100
60

Counts / 5 keV

20
40

30
20
10

55

CHAPTER 3. EXPERIMENTAL RESULTS

(a) 105 keV

:

' 5744 keV
|
|
|
\

fﬁhﬁﬂl

N W A

—_

~ (a) 105.3 keV

1]

5718 keV

= (b) 119 keV

5732 keV |

N WA

—_

(b) 119.9 keV

L

nE
I

(c) 132 keV

10

(c) 131.9 keV

0

il\‘"'I‘"'I”"I""I""I”"I"" i

(d)234keV | 5621 keV

!
T

= N W B

(d) 234.2 keV

00

E, [keV]

S . [ 1. i
5550 5600 5650 5700 5750 5800 5550

5600

5650

5700 5750

E, [keV]

Figure 3.12: Projections on the a-energy axis from the a-v coincidence matrix B3 gated on
~ rays indicated in left corner. (left) Data from the S17 experiment. (right) Figure taken from
[RA].

occurs, and a 12.43 keV Auger electron may be emitted. This changes the summed 5745 keV
a decay, observed in this work, to 5720 keV, which correspond to the 5718(10) keV pub-
lished in [R6]. The 5725(7)keV « decay is not affected, because the 132keV transition
populates the ground state in 1"Ir and therefore no additional electrons can be summed with
the energy of « particle. Similar situation was observed in the remaining '"Au o decays
populating excited states at 146.0(7) keV and 260.3(7) keV in *"°Ir. The same effects of con-
version and Auger electron summing was observed in the o decay of '®’Au. Recently, six
fine-structure o decays with energies 5354(20), 5425(20), 5485(10), 5512(15), 5598(8) and
5639(7) keV were observed in [87]. Three o decays with energies 5642(6) keV, 5638(6) keV
and 5563(6) keV coincident with 36.7(7) keV, 42.0(6) keV and 117.7(6) keV ~ rays, respec-
tively, were identified in Fig. B3. The emaining a-decay branches have b, <5 % and were
not observed in our data. The comparison between a-energy projections gated on respective

v rays (left) measured in this work with (right) observed in [K7] are shown in Fig. BT3.
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Figure 3.13: Projections on the a-energy axis from the a-~y coincidence matrix gated on
~ rays indicated in left corner. (left) Data from the S17 experiment. (right) Figure taken from
[R7].

Notice the shift of a-decay peaks in spectra gated on the 42keV and 118 keV transitions.
Moreover, in [RB7] the 5639 keV peak is not present in the spectra gated on the 42keV transi-
tion. Both of these effects can be attributed to the conversion and Auger electrons summing.
The conversion coefficient of the 37 keV transition is «(37, M1)=19.8(12) [33]. As such,
it is a strongly converted transition causing production of the conversion electrons with an
energy of 24.28 keV. Adding up the energy of Auger electrons leads to the shift in 37keV in
a-particle energy. By subtracting this energy from the 5642 keV alphas, one gets an energy
value of 5605(6) keV. Within the experimental uncertainties, it agrees with the energy of the
5598(8)keV « decay leading to the 78.0(4)keV excited state in !"®Ir. The same correction
will change the 5563(6) keV a-decay energy to a new value of 5486(6) keV, which agrees
well with the 5485(10) keV energy published in [K7].

For completeness, the delayed a-vy coincindence matrix was constructed, see Fig. B14. In
this matrix, the search times for -y coincindences were set to 200 ns< At(y — «) <700 us
along with At(a—ER) <3 for o decays correlated with registered recoils. The goal of this
analysis was to search for delayed 7 rays and therefore identify possible isomeric states. A
clear coincidence between the 6005(6) keV « decay and the 147.5(6) keV ~ ray can be seen.
This coindicence belongs to the known 6006(5)keV « decay of *®'Hg which populates the
147.4(10) keV excited state. The 147.4keV excited state was identified to be a 2.2(3) us

1somer [6Y]. For verification, a time difference spectra between 6005 keV o decays and
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Figure 3.14: The delayed a-v coincidence matrix from the S17 experiment, measured with
the DSSD detector and focal plane planar detector. Time windows used for coincidence
search are At(y — «) <700 us, and At(a—ER) <3s for correlated o decays. The non-
marked coincidences arise from random coincidences between Re, Os, Ir and Pt x rays and
main « decays (see Fig. B2).
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Figure 3.15: Distribution of time differences between 6005 keV « decays in coincidence with
147.5keV 7 rays, see Fig. BT4. An exponential decay curve with a constant background
was used to fit the data points and is shown as a solid red line. The measured half-life is
2.33(15) ps.
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Parent Eewp Etab Etab Child E, Qo tot I, — Iy
nucleus [keV] [keV] Reference | [keV] [keV]
176pt 5529(4) | 5537(10) [69] 17205 | 229.0(10) | 5885(5) | 5/2= —17/2~

177pt 5433(5) | 5435(10) [69] 180s | 92.5(7) | 5651(5) 2T -0t
I81Hg | 5945(8) | 5934(9) [69] 7Pt | 214.2(6) | 6293(8) | 1727 —(3/27)
181Hg | 6008(6) | 6005(4) [69] 7Pt | 147.8(6) | 6292(4) | 127 —1/2
8Au | 5967(9) | 5961(10) [BR] e | 26.0(10) | 6130(9) | (7F,8%)—(-)
9Au | 5744(8) | 5718(10) [R6] 1 | 105.9(7) | 5981(8) (A=)
Au | 5732(7) | 5705(15) [R6] 1 | 119.8(6) | 5983(7) (A=)
Au | 5725(7) | 5718(10) [R6] 1 | 132.0(6) | 5988(7) (I —=)
9Au | 5621(8) | 5600(10) [R6] %51 | 234.0(5) | 5983(8) (I =)
180Au | 5637(10) | 5639(7) [87] Y61 | 37.7(7) | 5803(10) (I —=¢)
180Ay | 5574(11) | 5598(8) [R7] 16Ty | 43.0(6) | 5744(11) (A=)
180Ay | 5562(9) | 5485(10) [R7] 761 | 117.7(6) | 5806(9) (1M —=)
I8lAu | 5476(7) | 5479(5) [89] e | 150.06) | 5750(7) (1M —=)

Table 3.3: Table of identified a-v coincidences. The 2% and 6" column denotes measured
energies of o and ~y-ray transitions, while the 3"¢ represents tabulated values. The 4" column
contains references for the Eg‘lb. The 7" column represents the Qatot- The last column
represent initial /; and final /; spins and parities for ~y-ray transitions in child nuclei. In the
case of "8 Au, the spin and parity of the initial level are unknown.

147.5keV ~y rays was created, see Fig. BT3. The resulting half-life of this isomeric state
was determined to be T;/5(147.5keV)=2.33(15) us. This agrees with the published value
2.2(3) ps [BY].

3.3 Previous study of '""Au

The first study of " Au « decay was performed by A. Siivola [[ZT]. There, one a-decay
branch was observed with E, =6.15(1) MeV and T, , =1.3(4) s. Later on, a second « decay
branch was assigned to the " Au « decay by H. Gauvin et al. [[72] with E, =6.15(1) MeV.
A somewhat different half-life T, , =1.18(7) s was measured by P.J. Sellin et al. [90]. The
half-life was differentiated for both c-decay branches in the study by F. G. Kondev et al. [9T],
with Ty o= 1.180(12) s and Ty o = 1.462(32) s for the 6.12MeV and 6.16 MeV «a decays of
177 Au, respectively. In the same study, both states depopulated by an o decay were charac-
terized by Nilsson configurations. For the 1"" Au ground state a tentative (1/2F, 3/2%) assign-
ment was proposed. The suggested configuration was ds/, 1/2% [411] at oblate deformation

or dg/, 3/2" [402] at prolate deformation. For the isomeric state depopulated by 6.12MeV «



62 CHAPTER 3. EXPERIMENTAL RESULTS

decay, the hy; /5 11/27 [505] Nilsson configuration was assigned. Later on, the '""Au v decay
was studied by A.N. Andreyev et al. [92]. There, branching ratios were calculated as b, =
40(6) % and b, = 66(10) % for 6161(7)keV and 6124(7) keV « decays, respectively. More-
over, reduced o decay widths were determined as 62 = 29(5)keV and §2 = 82(14) keV for
the v decay depopulating the ground state and (11/27) isomeric state in 7" Au, respectively.
For easier distinction, '""Au? and 7" Au™ were used. Moreover, the 6124 keV « decay was
established to depopulate the (11/27) isomeric state at 189(16)keV in "7 Au down to the
(11/27) excited state at 226(18) keV in '73Ir. Recently, a new 5932(12) keV « decay branch
in 17"Au was identified by R.D.Harding et al. [RA]. It decays from the (11/27) isomeric
state at 181.9(4) keV in '""Au to the (9/27) excited state at 424.4(13)keV in !"Ir. Moreover,
the reported branching ratios were 56(8)% and 64% for the " Au™ and "7 AuY, respec-
tively. The two branches from the '""Au™ « decay were divided as 1, ,.(5932)=1.5(5) %
and I, ,¢(6125)=98.8(5) %. The o decay level scheme, deduced in [Rf], is shown in Fig.
BT18.

3.4 Results of the Experiment JR115

In this section, the data collected in the experiment JR115, carried out on October 18 -
October 30, 2012 at JYFL, Finland, are presented. The " Au nuclei were produced in the
fusion-evaporation reaction J5Mo(5sSr, p2n)'7T Au. The self-supporting J2Mo target (98 %
enrichment) with 600 pg/cm? thickness was bombarded by the 55Sr'®" ion beam, acceler-
ated to an energy of 399 MeV by the K-130 cyclotron. The average beam intensity was
approximately 2 pnA. Total a-particle energy spectrum measured with the DSSD detector is
shown in Fig. BT
In order to identify measured, and potentially unknown a-7 coincidences, i.e. to study the
a-decay fine structure in this mass region of nuclear chart, the data were analysed in a similar
fashion as those from S17 experiment. Firstly, the total a-particle spectrum measured in the
DSSD detector was analyzed, see Fig. BT4. There, the peaks at 6118 keV and 6154 keV
were identified as o decay of " Au. Considering the number of various evaporation chan-
nels open in the reaction, the presence of the a-decay fine structure should be significant.
Time- and energy-wise, no constraints were given by any particular isotope in contrast to

analysis of S17 experimental data. Search times At(a; —ER) <4 s between the detection of
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Figure 3.16: The a-decay scheme of " Au. Figure was taken from [Rf]
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Figure 3.17: Energy spectrum of « particles (vetoed by MWPC) from the reaction
12Mo + §5Sr, measured in the DSSD detector, from the Experiment JR115.

recoil and parent alpha (a;) together with At(as —aq) <9s between the parent alpha («)
and child alpha (a) were used to sort the data into the ER-a-a correlation matrix, shown
in Fig. BI8. The list of identified isotopes, including their a-decay energies and half-lives is
presented in Table B-4.
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Figure 3.18: The ER-a;-a» matrix of correlated a-decay events, measured with the DSSD
detector. Correlation times: At(a; —ER) <4 s between the recoil and parent alpha, together
with At(agy—a1) < 9s between a; and s was used. Black ellipses denote true correlations.
Experiment JR115.
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Parent ESP Etab T/ Child ESF Etab Ti/9

nucleus | [keV] [keV] [s] nucleus | [keV] [keV] [s]
I8Pt | 6233(6) | 6211(6) | 0.382(2) | 090s | 5584(5) | 5577(8) | 3.4(2)
TAu | 6119(5) | 6110(10) | 1.18(7) | ™™Ir | 5672(4) | 5670(6) | 2.20(5)
I%Hg | 6427(5) | 6430(6) | 0.27(3) 1pe | 6040(4) | 6038(4) | 0.90(1)
I™Hg | 6282 (6) | 6288(5) | 1.07(5) 1%pe 1 6030(7) | 6038(10) | 2.52(8)
I™Hg | 6282 (6) | 6288(5) | 1.07(5) 1%pe 1 5961(5) | 5960(3) | 2.52(8)

Table 3.4: Identified parent alpha («v;) - child alpha («;) correlations in the ER-a -y matrix
from the experiment JR115, shown in Fig. BI8. The 2"¢ and 6" columns represent ex-
perimental o-decay energies, the 3" and 7*" columns show tabulated a-decay energies and
4*" and 8" columns represent values of half-lives for parent and child nuclei, respectively.
Tabulated energies and half-lives were adopted from [59].

In Fig. BIR, a suspicious correlation between 6119(5)keV and 5741(6) keV « decays
was observed. The first indication is the o decay of ®°Hg correlated with "°Pt o decay.
Tabulated a-decay energies of these two isotopes are 6120(5)keV and 5753(3) keV [5Y],
respectively. However, in the 55Sr + §2Mo fusion-evaporation reaction, the '*’Hg isotope
is a compound nucleus in a highly excited state. The first process of de-excitation is the
evaporation of particles, which occurs in ~ 10~s. The time necessary for the nuclei to reach
the DSSD detector is ~ 300 - 500 ns. However, the enrichment of the J2Mo target was 98 %,
hence some portion of heavier Mo isotopes could be present in the target as well. This could
in turn cause detection of the '%°Hg nuclei in the focal plane of RITU. Another explanation
are random correlations of the dominant evaporation channel *"“Au being correlated with
the o decay of 2p2n evaporation channel producing '"*Pt nuclei. Based on the arguments

presented above, the correlation of 6119(5)keV and 5741(6) keV « decays was assigned as
180 g - 176,

3.4.1 Fine structure in '""Au

Similarly to Sec. B2, also here the measured data were first sorted into the a-y matrix
using the search time At (a-ER) <4 s and At(y-a) <200 ns. Since no condition for o decay
time was present, only « particles which were detected within 4 s after the recoil implantation

in the DSSD detector were taken into account. Due to many evaporation channels open, the
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Figure 3.19: The a-v coincidence matrix, measured with the DSSD detector and focal
plane HPGe Clover and planar detectors. The time windows used for coincidence search
are At(y — a)=200ns, together with At(cv—ER) <4 s for correlated « decays. Due to the
presence of Re, Os, Ir and Pt x rays, coincidences with £, =60-75keV are produced. The
coincidences marked in black are further discussed in Sec.

a7 coincidence matrix shown in Fig. BT9 is plentiful in number of observed coincidences.
In order to lower the contamination of random coincidences, four background matrices were
created and subsequently subracted from the original matrix. Search times used in these

background matrices were:

At (ER-a) <4 s and At(y-a) <200ns,

At (a-ER) <4 s and At(a-7) <200ns,

6s < At(a-ER) < 10s and At(vy-a) <200 ns,

At (a-ER) <4 s and 400 ns < At(y-a) < 600 ns.

The final background subtracted matrix is shown in Fig. BT9. Two newly observed « decays

at 5998(5) keV and 5932(6) keV were attributed to fine structure in the o decay of 17" Au (red
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labels in Fig. B19), based on the analysis of a-y coincidences (see Fig. B19) and ER-a1-a
correlations (shown in Fig. BIR).

The 5998(5)keV « decay is seen in coincidence with the 156.1keV ~ ray, see Fig.
BT9. The total ) value calculated as Qg tor = Q0 (5998) + E,(156) = 6295(5)keV agrees
with the Q,(6156)=6298keV for the ""AuY o decay. Child «v, decays correlated with the
E., =5998keV in the ER-a;-c2 B8 are shown in Fig. B20. A strong correlation with
the 5415(4)keV « decays can be seen. This energy is in good agreement with the "Ir¢
« decay with E, = 5418(4)keV [93]. The '™IrY o decay was attributed to depopulate the
(1/2%, 3/2") ground state. The remaining correlations seen in Fig. B20, are present due to
long search times used the ER-a-ar; correlation matrix. A small peak marked as '73Ir™ is
discussed further in the text. This o decay branch was already tentatively assigned in [B6],
where a 6000(20) keV « decay was observed. Unfortunately, no v rays in coincidence with
the 6000(20) keV « decay were reported in [K6]. To further consolidate the assignment of
156.1keV + ray to the 5998 keV « decay, a half-life of the 5998 keV « decay was measured.
The logarithmic time distribution of the 5998 keV « decays from Fig. B-18 is presented in
Fig. BZ1. In order to separate the decays of interest from other correlations, 5998 keV «
decays in coincidence with 156.1keV v rays in Fig. BT9 were used. The data points were
fitted using the K.H.Schmidt method [94]. This procedure gives T;/2(156)=1.60(21)s,
which agrees with the 1.501(20) s g.s. — g.s. decay of ""Au. This establishes a new « de-
cay branch of " Au, populating the 156.1keV excited state in !"Ir as depicted in the decay

scheme shown in Fig. B2
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Figure 3.20: Child oy decays correlated with the 5998 keV parent oy decays. The same
search times were used as in the ER-a-a correlation matrix, see Fig. BT8. Random corre-
lation with 1%Re, 1Pt and '"®Pt are present due to long search times.
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Figure 3.22: The a-decay scheme of 1" Au deduced in the present work. Newly observed
transitions are indicated in red colour. Values marked by an asterisk are adopted from [K6].

Alpha-decay events with an energy of 5998(5) keV were also found to be in coincidence

with the 134.5keV + rays, see Fig. BT9. The total () value of this coincidence equals to
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Figure 3.21: Time distributions of '""Au « decays populating the (a) 156.1keV excited
state with emitted 156.1keV -y ray, (b) 156.1keV excited state with emitted 134.5k ~ ray
and (c) 424.4keV excited state with emitted 215.1keV ~ ray in !"Ir. Search times At(« -
ER) <4 s and At(y - ) <200 ns were used along with red 2-dimensional gates used in B19.
The time differences on the x-axis are plotted taking the natural logarithm of the observed
time difference At(«v — ER) (in ms units) [94].
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Qatort =Qa (5998) + E, (134) = 6271(7)keV. The difference between the corresponding
Qatot =Qa (5998) + I, (134) = 6271(7) keV and ),(6156)=6298 keV of the g.s. — g.s.
@ value of '""AuY is 24(8)keV. This observation suggests a second de-excitation path of
the 156.1 keV excited state in 1"Ir, where the 134.5 keV transition is placed as a crossover
transition feeding the excited state at an energy of 24(8) keV. It should be noted here that
the calculation of the aforementioned (), s, ignored the contribution from conversion and
Auger electrons due to « - electron summing effect. This effect increases the a-decay energy
by 20.6(22) keV. However, the increase is not observed in the present data. A possible expla-
nation is that the 24(8) keV excitated state de-excites via emission of isomeric, i.e. delayed
v ray. A different approach suggests weak internal conversion of the 21.6keV transition.
Since the smallest conversion coefficient for the 21.6 keV transition is =4 [33], this option
can be ruled out. Unfortunately, no v rays emitted from this excited state were observed.
Another possible configuration would place the 5998 keV « decay as a part of the " Au™
decay path. In this scenario, the 5998 keV decay populates a new 343.3keV excited state
in 1™Ir. This places the 134.5keV v ray as a crossover transition to the 213(16)keV ex-
cited state in '™Ir. The @Q value changes to Q,(5998) + E,(134) = 6089(8)keV which is
in a good agreement with (),(6125) = 6085(5) keV. In the spectrum of child o decays, see
Fig. B0, a small peak labelled as !"Ir™ is present. The 134.5keV coincidence is signifi-
cantly weaker compared to the 156.1 keV coincidence, see Fig. B19. This may correspond
to the presence of the significantly weaker !™Ir™ « decay peak in Fig. B20. However,
the '™Ir™ « decay peak could also originate from random correlations. The half-life of
1731rm is 2.16(4) s with a branching ratio of b, =11.0(21) % [93]. In addition to long search
times, the '""Au was the dominant reaction channel. Therefore, the spectra of correlated
i decays can be contaminated with the child decays of !"”Au. The number of 5998 keV
« decays coincident with 134.5keV v rays in Fig. BI9 is 37. Unfortunatelly, a spec-
trum of child « decays correlated with the 5998 keV « decays also in coincidence with
the 134.5keV + rays could not be produced. An additional search time At(ay—a1)<9s
reduced the statistics of the correlated child decays and no usable spectra could be produced.
Lastly, the half-life was measured in similar fashion to the previous « decay, with result-
ing value T;/(5998)=1.17(40)s, see Fig. BZI. This value is in better agreement with
T1/2(*""Au™)=1.193(13) s than T;/»(*""Au?)=1.501(20)s. The nature of the 134.5keV

transition is further discussed below in Sec. 3421
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Figure 3.23: Child oy decays correlated with the 5932keV parent oy decays. The same
search times were used as in the ER-a;-a, BIR. Random correlation with '°Re, 7Pt and
%8Pt are present due to long search times.

The last coincidence attributed to the " Au decay belongs to the 5932(6)keV « decay
coincident with 215keV v rays. The a-particle energy is a known o decay of ""Au™. It
proceeds from the 11/2~ excited state at 181.9(4)keV in " Au [95] and leads to the (9/27)
excited state at an energy of 424.4(13)keV in ™Ir [86]. Until now, no transitions were
observed to depopulate the 424.4(13)keV excited state in ™®Ir. The 215keV « ray seen in
coincidence with this o decay suggest the population of 424.4(13) keV excited state with
subsequent emission of 215.1keV ~ ray. Since the 213(16)keV excited state in '™Ir is a
known 2.20(5) s isomer, contribution from the internal conversion of the 213 keV transition
is negligible and not observed in the discussed matrix. The total () value for this decay is
6091(6) keV, and it agrees with the ,(6125) = 6085(5) keV. In Fig. B3, a-decay events
correlated with the 5932 keV alphas are shown. Correlation times required for the events
to be put in the spectrum were At(a; —~ER) <4s and At(as—a1) <9s. Here, a weak cor-
relation with the 5675(6) keV alphas can be seen. This energy agrees with 5672(3)keV «
decay of ™Ir™. Note that random-correlation peaks are located at the same energies as
in Fig. B20. Secondly, areas under the peaks corresponding to random correlations are
greater than in Fig. B20. This arises from the fact that the 5932 keV energy gate is part of

the "8 Au decay peak, while the 5998 keV energy gate is not part of any peak correspond-
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ing to dominant evaporation channel, see Fig. BT7. Moreover, analysis of the decay-time
distributions results in T;,2(215)=1.34(37) s, which agrees within the error bars with the
T1/2(177Aum)= 1.193(13) s [R6]. Therefore, the 215.7keV v-ray coincidence seen in B-19
fits well as a crossover transition between the 424.4keV and 213 keV levels. Based on the

arguments presented above this it was also placed in the decay scheme in Fig. B2,

3.4.2 Discussion - 1""Au

The o decay characteristics along with the multipolarity of the observed ~y-ray transitions
are discussed in this section. Starting with multipolarity, the same analysis as in the Sec.
was performed for the 156 keV ~y ray transition. The analysis results in ax(156)=3.3(15).
Unfortunately, this result is exaggerated, because the number of Ir Kz x rays used in the
calculation contains also Ir K3 x rays emitted during the 215.1keV transition. Moreover,
the possible 134.5keV transition can increase the number of observed Ir Kz x rays as well.
Therefore, the real conversion coefficient will be smaller than calculated. Since the 156 keV
~-ray transition is seen as prompt, its multipolarities are limited to £'1, M 1 or E2. Theoreti-
cal values of aforementioned multipolarities for the 156.1 keV transition are a i (£1)=0.105(11),
ag(M1)=1.42(17), ax(£2)=0.32(4) [33]. Therefore, the suggested multipolarity is (M 1+E2).
The « decay characteristics for the o decay populating the 156 keV excited state in !"Ir were
calculated using only the 156 keV transition, due to tentative nature of 134.5 keV. Here, the
method used in the Sec. B2 was used to calculate the reduced decay width 62 =1.3(3) keV
and hindrance factor HF=80(21). These values indicate a hindered decay. Therefore, the
spin of the initial state should differ from the final state. This supports the lower order mul-
tipolarity character for the 156 keV transition. Regarding the g.s. — g.s. a decay of 17" Au,
the calculated values are 52 =47(4)keV and HF =2.2(5). These indicate unhindered decay.
It means that the wave functions of the initial and final state should have large overlap. No
additional information about o decay characteristics or multipolarity of the 215.1keV v-ray
transition could be extracted from the experimental data considering the mixing of Ir Kz x
rays from 215.1keV and 156.1 keV transitions. Due to the low statistics of the 215.1keV
coincidences in Fig. B19, similar estimation as for the 156.1 keV ~y-ray transition could not

be made. Additionally, the 5932 keV « decay was previously studied in [86].
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3.4.2.1 The 5998keV « decay coincidence with 134.5 keV ~ ray

The 134.5 keV ~-ray transition coincident with the 5998 keV « decay was compared with
neighbouring "Ir nuclei. Recently, the o decay of ™ Au was studied by [R6]. Here, the
5718(10) keV « decay populating the 131.9(4) keV excited state was observed. Two differ-
ent 7y rays de-exciting the 131.9(4) keV excited state were observed. One feeds the ground
state in 1"3Ir, while the other is a 105.3keV transition from the 131.9keV excited state to
the 26.1keV excited state in !"Ir. The 131.9keV transition was assigned M 1 multipolar-
ity, while the 105.3 keV transition was characterized by (M 1/£2) multipolarity. Moreover,
the reduced width and hindrance factor of the o decay populating the 131.9keV excited
state in 1"Ir were calculated as %2 =2.1(7)keV and HF =27(9). The relative branching ra-
tio for the 5718 keV « decay was measured as I, ,¢(5718)=0.97(31) %. However, in the
1751r, the 26.1(4)keV excited state was observed to emit the 26.1keV « ray with the M1
character [86]. Moreover, in [96] an experimental reduced transition probability is given as
B(M1)=33x10-9 W.u.

Additionally, a 25.7 keV excited state was observed in the 7" Au isotope. It was attributed
spin and parity of (3/2%). It was identified from energy differences of parallel 264.5 keV and
290.2 keV ~-ray transitions which were assigned as members of ground-state band [95]. The
25.7 keV excited state in " Au could be an isomeric state [97]. This correspond with the idea
that the 21.6keV excited state in "*Ir populated by the 134.5 keV transition is also isomeric.
As mentioned in Sec. B4l the energy of o decays in coincidence with 134.5keV ~y rays
should be shifted to higher energies due to the conversion and Auger electron summing.
However, no such shift in the o decay energy was observed. A possible explanation for this
is that the 21.6 keV transition depopulates an isomeric state. In such case the conversion and
Auger electrons would be emitted later after the o decay and therefore no summing effect
would occur. To verify the possibility of 21.6 keV being isomeric a theoretical half-life of
the 21.6keV excited state was calculated. For this a reduced transition probability in the
same range as B(M1)=3.3x10-% W.u. taken from the neighboring '"Ir [96] isotope was
used. The result of the calculated half-life is =~ 670(50) ns. This supports the argument that
the 21.6keV level in 1™Ir is an excited isomeric state.

The similarities with the neighbouring nuclei puts the possibility of the 134.5keV -y ray
being a crossover transition between a 343 keV excited state and 213 keV isomeric state in

disadvantage. The measured half-life Ty, = 1.17(40) s fits better to the T/, = 1.193(13)s
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which belongs to the 1" Au™ decay. Simulations of the 134 keV transition de-exciting the
156keV, 343keV excited state and the measured data is shown in Fig. B24. There, the
21.6keV was simulated as prompt transition. Note, the slight shift of the 134keV coin-
cidence in (a). The simulation supports the 134 keV ~v-ray transition feeding the 213 keV
excited state in "*Ir. However, due to the systematics of neighbouring nuclei, the 134.5 keV

transition is tentatively assigned to de-excite from the 156.1 keV excited state in !™Ir.

3.4.3 Other a-v coincidences

This section is dedicated to the investigation of remaining prompt o~y coincidences in
Fig. B19. The analysis was performed in similar fashion as in the Sec. B23. All of the iden-
tified coincidences are listed in Table B5. The coincidence between 6202(4) keV « decay
and 35.1(5) keV ~ ray was attributed to the ™3Pt o decay. First, the time difference between
the recoil implantation and subsequent o decay was plotted in Fig. B25. The measured half-
life is 326(57) ms. This is within the error bars of the T, /2(173Pt) =382(2) [98]. The () value
analysis results in Qq ot = Q0 (6202) +E,(35)=6384(4) keV. This value matches well with
Q. = 6350(50) keV of 1Pt g.s. — g.s. a decay. When the known level scheme of 1%°Os is
consulted [UR], this 35.1 keV ~y ray could be a crossover transition between the 171.2 keV and
136.2keV excited states. When the energy of conversion and Auger electrons is subtracted
from the measured E, = 6202 keV, the @), result in 6233(5) keV. The energy difference be-
tween this value and (), =6350(50)keV is 117(51) keV. This challenge the possibility of the
35keV 7 ray to depopulate the 171.2keV excited state in 1°°Os. Since, no additional infor-
mation could be extracted from the -y analysis, the 35keV 7 ray was tentatively assigned

as the transition depopulating the 35 keV excited state in 1%°Os.
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Figure 3.25: Logarithmic time distribution of « decays coincident with 35.1keV ~ ray, see
Fig. BT9. The time differences on the x-axis are plotted taking the natural logarithm of the
observed time difference At(« — ER) (in ms units) [94].

The coincidence between 5952(6) keV a decay and 170 keV + ray was not successfully iden-
tified. The half-life analysis, see Fig. B26, results in T/, =0.55(16) s. This value matches
with 0.57(3) s, witch belongs to the g.s. —g.s a decay of %Ir.
analysis results in Qq 1o = Qa(5952) + E,(170) = 6266(5) keV, which is different from

Qo (*%Ir)=6141(4) keV. There is a known second «-decay branch in '®Ir. This (11/27)

However, the (Q-value

— (11/27) a-decay branch depopulates the 153(24) keV excited state in ®Ir and it feeds
the 48(26) keV excited state in '®°Re. The value @), = 6268(14) keV matches well with the
Q). value calculated for the 5952(6) keV « decay. However, the significantly shorter half-
life T;/2(6119)=0.280s contradicts our experimental findings. In the range of 160 <A < 180
exists one additional candidate with half-life within the error bars of the measured value.
It is the o decay of '™Pt with Ty, =382(2)ms [UR]. This Pt isotope has four known a-
decay branches. Two of them are visible in the prompt a-y matrix, see Fig. BT19. The
@-value analysis results in Q101 = Q0 (5952) +E., 170 =6263 keV, while the Q value of '"Pt
1s 6350(50) keV. The difference of these two values is 87(50) keV. Within the error bars the
5952 keV « decay could populate the 280(1) + x keV excited state in %°Os with 170keV -

ray transition populating the 101(7) keV excited state. Nevertheless, the 101(7) keV would



3.4. RESULTS OF THE EXPERIMENT JR115 77

have to be a isomeric state due to non-observation of summation of 5952keV « particle en-
ergy with the conversion and Auger electrons from the 101 keV transition. This is indirectly
supported by the fact that there is no known v-ray transition depopulating the 101(7) keV
excited state in ”*Pt. The analysis of the ER-a;-a; matrix did not lead to any useful infor-
mations. Since it was not possible to extract additional informations, the assignment of the

coincidence between E, =5952keV and 170keV ~ ray was not concluded.

8:
7 = T,,=0.55(16) s
- 5952 keV vs 170 keV
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Figure 3.26: Time distributions of « decays coincident with 170keV ~ ray, see Fig. B19.
The time differences on the x-axis are plotted taking the natural logarithm of the observed
time difference At(«v — ER) (in ms units) [94].

In the final analysis, the delayed a- coincindence matrix was constructed, see Fig. B271.
Search times 200ns< At(y — «) <700 us together with previous At(a—ER) <4s were
used. The investigation of the delayed a-y coincidences was performed in similar fashion as
in Sec. BZZ3. Here, the same coincidence between E, =5997keV and E, = 147keV can be
seen. To verify the '8'Hg origin, the half-life of the 147 keV isomeric state was measured.
The time distribution between the 5997 keV « decays and 147 keV ~y rays is plotted in Fig.
B2R. The resulting half-life of this isomeric state was measured as Ty /2(147 keV) =2.55(13) ps.
This agrees with the previous value 2.2(3) us. Even though the compound nuclei was '*°Hg,
the ®'Hg nuclei could be produced due to small amount of impurities in the target (98 %
enrichment).

The two remaining coincidences in the a-7y coincindence matrix shown in Fig. BZX1
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Figure 3.27: The a-v coincidence matrix, measured with the DSSD detector and focal
plane HPGe Clover and planar detectors. Time windows used for coincidence search are
200ns< At(y — «a) <7 us, together with At(a—ER) <4 s for correlated « decays.
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Figure 3.28: Logarithmic time distribution of o decays and coincident 147 keV ~y ray, see
Fig. BZXA. The time differences on the x-axis are plotted taking the natural logarithm of the
observed time difference At(y — «) (in 10 ns units) [94].
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were identified already in the analysis of prompt a7y coincindences, see Fig. BT9. There,
they were identified as « decay of ™Ir™. The E,=5488(6)keV is in coincidence with
the 210.7(5) keV ~ ray, while the E, =5499(6) keV is seen in coincidence with 190.6(6) keV.
Previously in [T02], the 5478(6) keV « decay was observed to populate the (77) excited state
at 210.3(2) keV in '"Re. Two ~ rays de-exciting this state are known: 210.3(2)keV 7 ray,
populating the (5) ground state and 190.2(2) keV transition feeding the (6™) excited state at
20.13(23) keV. The 190.6 keV ~ ray is seen in our data with different o decay energy due to
conversion and Auger electron summing. Although, the energies are within the error bars of
the ones published in [T0?], there are some differences. Firstly, the 210.3 keV and 190.2 keV
~ rays were assigned the [£'1 and E2 multipolarity character, respectively. The assignment
was based on the intensity of a-delayed x rays. This does not seem to be supported in
our data since both ~y rays are seen in both prompt and delayed a-v coincindence matrices.
Possible explanation for their presence in both matrices is that the 210keV excited state is
an isomeric state with half-life around 150 ns. For this reason time distributions of both a-v

coincidences were constructed, see in Figs. and B30

10° g
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Figure 3.29: Distributions of time differences between (a) E, = 5488 keV and coincident
210.7keV ~ ray. An exponential decay curve with a constant background was used to fit the
data points and is shown as a solid red line. The measured half-life is 138(50) ns.

The search time between « decays measured by the DSSD detector and ~y-rays detection
in the planar detector was set to At(y — «) <200ns. Due to the fact that measured a-7y

time differences are comparable with the used search time, both coincidences are present in
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Figure 3.30: Time distribution of 5499 keV « decays and coincident 190.2keV v ray. An
exponential decay curve with a constant background was used to fit the data points and is
shown as a solid red line. The measured half-life is 119(52) ns.

the prompt and delayed «-7y coincidence matrices, see Figs. B3 and B19. Therefore, the

210keV excited state in 1"°Re is seen as isomeric in our data.
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Parent Eep Elab Etab Child E, Qo tot I = I
nucleus [keV] [keV] Reference | [keV] [keV]
I8Au | 5852(4) | 5848(4) [8R] 1y 83.8(6) | 6070(4) 3T, 4H -3,
I8Au | 5842(4) | 5840(10) [8R] 1y 91.0(5) | 6067(4) 34— 3,4
I8Au | 5832(5) | 5830(9) [8X] iy 99.9(9) | 6066(5) @3H,4H— 3,4
18Au | 5816(4) | 5812(4) [8R] M | 117.0(7) | 6067(4) (3T,47H)— 3,4
8Au | 5754(7) | 5758(8) [8R] M | 175.109) | 6061(7) (3+,4MH— 3,4
I8AU™ | 5840(5) | 5843(6) [RR] Ir | 140.5(12) | 6115(5) (7,87 —(7,8)
I8AU™ | 5963(4) | 5961(10) [8R] e | 24.5(26) | 6125(7) (7,87 —(7,8)
6Aus | 6112(4) | 6117(7) [99] 1721chs | 175.5(6) | 6430(4) 8T,97) — (71
6 Auls | 6073(5) | 6082(7) [99] 1721chs | 211.5(4) | 6426(5) 7,9 — ()
18pt | 6202(4) | 6201(4) [Ton] 1690s | 35.1(5) | 6381(4) (TR27)—=1127)
18pe | 6202(4) | 6097(5) [On] 1690s | 136.3(5) | 6485(4) (T127)—=(1127)
18pe | 6074(5) | 6067(5) [0a] 190s | 171.1(6) | 6389(5) @R27)—=9727)
I7pe | 5754(10) | 5762(5) [9%] 1005 | 287.6(11) | 6177(10) 0H— 2%
175pg | 5952(5) | 5948(4) (] 0s | 77.1(5) | 6168(5) @@R27)—=(5/27)
175pg | 5828(7) | 5819(4) (] 10s | 131.4(6) | 6096(7) 9127)—=(1127)
175pg | 5830(5) | 5814(4) [TT] 10s | 134.6(5) | 6101(5) | (7/27,9/27) —(7/27)
1%pt | 5822(5) | 5814(4) [IT] 10s | 211.909) | 6170(5) | (7/27,9/27) — (5/27)
176py | 5522(4) | 5530(3) [6Y9] 1720s | 228.4(9) | 5879(4) | (7127,9/27)— (5/27)
TPt | 5429(4) | 5423(10) [69] 130s | 92.2(6) | 5647(4) | (7/27,9/27) —(5/27)
18pr | 5289(4) | 5291(4) [uxonij| 1205 | 158.7(6) | 5569(4) | (7/27,9/27) —(5/27)

e | 5278(4) | 5275(10) | [IO0Z] | '™Re | 224.99) | 5627(4) (3*)—(31)
e | 53044) | 5316(10) | [m02] | 'Re | 193.8(5) | 5623(4) (3= @31
i | 5486(4) | 5478(6) | [I02] | YRe | 210.8(5) | 5637(12) (7H) = (77)
T | 5506(7) | 5478(6) | [I02] | 'Re | 190.1(6) | 5626(13) (7H) = (77)
LAY | 5248(5) | 5246(4) [%9] T | 171.0(5) | 5538(4) (327) = ()
LAY | 5305(6) | 5246(4) [%9] T | 127.5(7) | 5752(6) (B27) = ()

BLAu | 5472(4) | 5479(5) [8Y] T | 148.4(6) | 5744(4) (3/27) = (3127)

Table 3.5: Table of identified a-vy coincidences shown in Fig. B9, from the experiment
JR115. The 2" and 6" column denotes measured energies of a and y-ray transitions, while
the 3"¢ column represents tabulated values. The 4 column contains references for the £/,
The 7" column represents the Qatot- The last column represent initial /; and final I, spins
and parities for -ray transitions in child nuclei.






Summary and future outlook

This work presents results of a-decay spectroscopy of two neutron-deficient isotopes
1Hg and ""Au. The data for the study of '"Hg isotope were acquired during the exper-
iment with code name S17, while 1" Au nuclei were primarily produced in the experiment
JR115. Both experiments were performed at the Accelerator Laboratory of the University of
Jyviskyld, Finland. The experimental setup was composed of the Jurogam?2 surrounding the
target, the gas-filled separator RITU and the focal plane spectrometer GREAT. The duration
of both experiments was more than 10 days. This work is aimed on the analysis of the data
measured at the focal plane of the RITU separator.

In the S17 experiment the a-decay fine-structure of "Hg was observed for the first
time. This result was achieved thanks to the recoil-decay tagging technique, which al-
lowed for inspection of correlated o decays and «-7y coincidences. A newly observed a-
decay branch with E, =6156keV depopulates the I" =(7/27) ground state in 1"Hg to the
131.3keV excited state in 1"Pt. The a-decay branching ratio b, =0.23 % and reduced de-
cay width 62=1.7keV were calculated based on experimental data and previous studies of
1"Hg. These values were used to determine the hindrance factor HF =41(19). This value
suggest the same parity in the parent and child nucleus. Owing to the presence of Pt Kz x
rays, an experimentally deduced conversion coefficient ax(131.3)=3.9 was measured for
the first time. Due to the prompt nature of the 131.3 keV transition, it was assigned the M1
multipolarity. Our experimental observations were verified by a GEANT4 simulation.

The methods used in the experiment S17 were used to analyse the data from the exper-
iment JR115. Two fine-structure « decays of the 177 Au were observed. First, the known
5932keV « transition was observed in coincidence with the 215.7keV ~ ray. This estab-
lished a crossover transition between the (9/27) excited state at 424.4keV and (11/27) iso-
meric state at 213 keV in !"3Ir. Furthermore, a new 5998 keV a-decay branch was observed

in 1""Au feeding the 156keV excited state in ™Ir. Two de-excitation paths were identi-
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fied for this state. First a 156 keV transition leading to the ground state in *7Ir was observed.
Based on the similarities with neighbouring nuclei of '73Ir, a second 134.5 keV transition was
tentatively placed as a crossover transition from the 156 keV excited state to a new 21.6 keV
level in 17Ir. Owing to significantly higher statistics of 156.1keV + rays, a conversion coef-
ficient a s (156.1)=3.3(15) was measured. The calculated value of the conversion coefficient
was overestimated because Ir Kz x rays from the 156.1keV transition were mixed with Ir
K3 x originating from 134.5keV and 215.1 keV transitions. This, combined with the prompt
nature of the 156.1keV ~ ray implies (M1 + E2) multipolarity character for the 156.1keV
transition. To verify our assumption in regards to the " Au decay a GEANT4 simulation was
performed. In the final part of the analysis, other prompt plus delayed a-v coincidences were
investigated. Two transitions with energies E, =210.3keV and 190.2keV, originating from
the 210keV level in '"Re were observed in both matrices. A half-life of Ty, =129(72)ns
was measured for the 210keV excited state in *"“Re.

Future research should further develop and confirm these initial findings by exploiting
the study of the a-decay fine structure in this region of nuclei. For example, level schemes
in neighbouring '™Ir isotopes lack critical informations about low-lying states. In addition,
experiments focused on the o decay spectroscopy combined with conversion electrons spec-
troscopy of both studied isotopes are needed to increase the statistics and therefore confirm

these novel finding.



Zhrnutie

V tejto préci su prezentované vysledky Stadia alfa rozpadovej spektroskopie dvoch
neutrénovo deficitnych izotopov 1™ Hg a 1"” Au. Déta pre $tidium izotopu 1"Hg boli ziskané
pocas experimente s kédovym oznalenim S17, zatial’ €o jadra 7" Au boli primérne produko-
vané v experimente JR11. Oba experimenty boli vykonané v urychl’ovacovom laboratériu
Univerzity v Jyviskyld, Finsko. Oba experimenty pozostdvali z pol'a germdaniovych detek-
torov Jurogam 2 umiestneného okolo terca, plynového separitora RITU a fokdlneho spek-
trometra GREAT. Trvanie oboch experimentov bolo viac ako 10 dni. T4to praca je zamerana
na analyzu dat nameranych vo fokalnej rovine separatora RITU.

V experimente S17 bola prvy krit pozorovand jemn4 $truktira alfa rozpadu '"Hg. Tento
vysledok bol dosiahnuty vd’aka metdde zaloZenej na identifikdcii rozpadov spétne odrazenych
jadier, ktord umoznila inSpekciu korelovanych alfa rozpadov a alfa-gama koincidencii. Novo
pozorovand alfa rozpadovéd vetva ™Hg s energiou E, = 6156 keV pochddza z I™=(7/27)
zékladného stavu v '""Hg, pricom populuje 131 keV vzbudeni hladinu so spinom a paritou
(9/27) v 75Pt. Na zdklade experimentélnych dét a predoslych 3tidii 1"Hg bola vypoc&itana
hodnota vizbového pomeru b, = 0.23 % a redukovand $irka rozpadu 6% = 1.7keV. Tieto
hodnoty boli nésledne pouZzité na urCenie faktoru potlacenia HF = 42(19). Této hodnota
naznacuje podobnu paritu v rodi¢ovskom a detskom jadra. Vd’aka pritomnosti Pt K5 rontgenov
bolo mozné prvy krat experimentalne stanovit’ konverzny koeficient ax(131.3) = 3.9. Na
zaklade toho Ze bol 131.3 keV prechod videny ako promptny, mu bolo mozné priradit’” mul-
tipolaritu M 1. NaSe vysledky boli overené aj GEANT4 simuldciou.

Metodiky pouzité v experimente S17 boli aplikované aj na analyzu dat experimentu
JR115. Dve jemné $truktiry alfa rozpadu "”Au boli pozorované. V prvom rade bol vi-
deny zndmy 5932keV alfa rozpad v koincidencii s gama Ziarenim s energiou 215.7 keV.
Vd’aka tomu bol po prvy krit experimentédlne identifikovany prechod spéjajici vzbudenud

hladinu (9/27) s energiou rovnou 424.4 keV a 213(16) keV izomérnu hladinu (11/27) v 1"Ir.
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Nasledne bola pozorovand nov4 alfa rozpadova vetva "Au s energiou 5998 keV populu-
jica vzbudeni hladinu na 156 keV v '73Pt. Boli identifikované dva spdsoby deexcitécie tejto
vzbudenej hladiny. Prvy spdsob je pomocou 156.1 keV prechodu populujici zakladny stav
v 1™Ir. Na zédklade podobnosti so susediacimi jadrami !"®Ir bol predbezne priradeny druhy
134.5 keV prechod spajajici 156.1 keV level s novym 21.6 keV vzbudenym stavom v '™Ir.
Vd’aka podstatne vysSej Statistike 156.1 keV gama kvént bolo moZzné zmerat’ konverzny
koeficient ax(156.1) = 3.3(15). Takto vypocitand hodnota bola nadhodnotena lebo Ir K3
rontgeny z 156.1 keV prechodu boli zmieSané s Ir K rontgeny pochddzajicich z 134.5 a
215.1 keV prechodov. Tato skutocnost’ spolu s promptnym charakterom 156.1 keV gama

131, Na overenie

kvanta naznacuje (M1 + E2) multipolaritu pre 156.1 keV prechod v
naich predpokladov ohl’adne alfa rozpadu ""Au bola vykonand GEANT4 simuldcia. Na
zaver boli skimané zvy$né promptné a oneskorené a-y koincidencie. Dva prechody s ener-
giami E, =210.3keV and 190.2 keV pochddzajiice z 210 keV vzbudenej hladiny v '"°Re boli
pozorované v obidvoch maticiach. Pol&as pre 210 keV stav v "°Re bol namerany s hodnotou
T1/2=129(72) ns.

Budici vyskum by mal d’alej rozvijat’ a potvrdit’ nase pozorovania vyuzitim Stidie jem-
nej Struktury alfa rozpadu v tejto oblasti jadier. Napriklad schémam vzbudenych hladin v
susednych izotopoch !"Ir chybaju doleZité informécie o nizko poloenych hladindch. Okrem
toho je potrebné vykonat’ experimenty zamerané na alpha rozpadovu spektroskopiu kom-

binovanu so spektroskopiou konverznych elektrénov oboch Studovanych izotopov, aby sa

navysila Statistika a potvrdili nasSe objavy.



Bibliography

[2]

[3]

Y. Qian and Z. Ren. “New insight into « clustering of heavy nuclei via their o decay™.

In: Physics Letters B 777 (2018), pp. 298-302.

K. P. Santhosh and C. Nithya. “Predictions on the modes of decay of even Z su-
perheavy isotopes within the range 104Z136”. In: Atomic Data and Nuclear Data
Tables 119 (2018), pp. 33-98.

J. P. Cui et al. “«a-decay half-lives of superheavy nuclei”. In: Phys. Rev. C 97 (2018),
p. 014316.

M. Ismail and A. Adel. “Effect of deformation parameters, () value, and finite-
range NN force on a-particle preformation probability”. In: Phys. Rev. C 89 (2014),
p. 034617.

T. Grahn et al. “Collectivity of °Po at low spin”. In: Phys. Rev. C 80 (1 2009),
p. 014323,

A. Andreyev et al. “A triplet of differently shaped spin-zero states in the atomic

nucleus 8Pb”. In: Nature 405 (2000), pp. 430—433.

M. Leino et al. “Gas-filled recoil separator for studies of heavy elements”. In: Nu-

clear Instruments and Methods in Physics Research Section B: Beam Interactions

with Materials and Atoms 99 (1995), pp. 653-656.

R. D. Page et al. “The GREAT spectrometer”. In: Nuclear Instruments and Methods
in Physics Research Section B: Beam Interactions with Materials and Atoms 204
(2003). 14th International Conference on Electromagnetic Isotope Separators and

Techniques Related to their Applications, pp. 634—637.

E. S. Paul et al. “In-beam ~y-ray spectroscopy above Sn-100 using the new technique

of recoil decay tagging”. In: Physical Review C 51 (1995), p. 78.

87



88

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

BIBLIOGRAPHY

S. M. Polikanov and G. Sletten. “Evidence for nuclear shape coexistence in 8°Hg”.

In: Z. Physik A - Atomic Nuclei 325 (1986), pp. 197-202.

P. Peura et al. “Quasiparticle alignments and «o-decay fine structure of ™Pt”. In:

Phys. Rev. C 89 (2014), p. 024316.

G. Gamow. “Mass Defect Curve and Nuclear Constitution”. In: Proceedings of The
Royal Society A: Mathematical, Physical and Engineering Sciences 126 (1930),
pp. 632-644.

T. Meyer-Kuckuk. Fyzika atémového jddra. SNTL - Statni nakladatelstvi technické,
1979.

D.J. Rowe and J. L. Wood. Fundamentals of Nuclear Models: Foundational Models.
Vol. 1. 5 Toh Tuck Link, Singapore 596224: World Scientific Publishing Co. Pte.
Ltd., 2010. 1SBN: 978-981-256-955-4.

M. M. Goeppert. “On Closed Shells in Nuclei. II”. In: Phys. Rev. 75 (12 1949),
pp. 1969-1970.

O. Haxel et al. “On the "Magic Numbers" in Nuclear Structure”. In: Phys. Rev. 75
(1949), pp. 1766-1766.

C. Lizarazo. “y-ray spectroscopy of %294Se isomeric decay”. MA thesis. Darmstadt:

TU Darmstadt, 2018.

K. S. Krane. Introductory Nuclear Physics. John Wiley & Sons, 2010. 1SBN: 978-
0471805533.

S. Raman, C. W. Nestor, and P. Tikkanen. “Transition probability from the ground to
the first-excited 2" state of even-even nuclides”. In: Afomic Data and Nuclear Data

Tables 78.1 (2001), pp. 1-128.

G. Giacalone. “A matter of shape: seeing the deformation of atomic nuclei at high-

energy colliders”. MA thesis. Paris: Université Paris-Saclay, CNRS, CEA, 2020.

S. G. Nilsson. “BINDING STATES OF INDIVIDUAL NUCLEONS IN STRONGLY
DEFORMED NUCLETI". In: Kgl. Danske Videnskab. Selskab., Mat.-fys Medd. 29
(1955).

X. Wang. Exotic Collective Excitations at High Spin: Triaxial Rotation and Octupole
Condensation. 2008.



BIBLIOGRAPHY 89

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

M. A. Alwaleedi. “Band structures of 3'Ce”. MA thesis. Liverpool: Oliver Lodge
Laboratory, 2013.

R. W. Gurney and Edw. U. Condon. “Wave Mechanics and Radioactive Disintegra-
tion”. In: Nature 122 (1928), pp. 439-4309.

R. Resnick R. Eisberg. Quantum Physics of Atoms, Molecules, Solids, Nuclei, and
Farticles. Vol. 2. John Wiley & Sons, 1985. 1SBN: 978-0471873730.

W. Loveland, D. Morrissey, and G. Seaborg. Modern Nuclear Chemistry. 2005.
ISBN: 978-0471115328.

F. G. Kondev. In: Nuclear Data Sheets 159 (1 2019).

J. O. Rasmussen. “Alpha-Decay Barrier Penetrabilities with an Exponential Nuclear

Potential: Even-Even Nuclei”. In: Phys. Rev. 113 (1959), pp. 1593-1598.

K. Heyde. Basic Ideas and Concepts in Nuclear Physics Volume 3. CRC Press, 2004.
ISBN: 978-0750309806.

J. M. Blatt and V. F. Weisskopf. Theoretical Nuclear Physics. Dover Publications,
2010. I1SBN: 0486668274.

V. F. Weisskopf. “Radiative Transition Probabilities in Nuclei”. In: Phys. Rev. 83
(1951), pp. 1073-1073.

A. H. Wapstra et al. “The decay of 2**Hg, 2°*Pb and 2°*Pb”. In: Physica 20 (1954),
pp. 169-177.

T. Kibédi and et al. “Evaluation of theoretical conversion coefficients using Brlcc”.
In: Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment 589 (2008), pp. 202-229.

J. A. Bearden and A. F. Burr. “Reevaluation of X-Ray Atomic Energy Levels”. In:
Rev. Mod. Phys. 39 (1967), pp. 125-142.

P. Raghavan. “Table of nuclear moments™. In: Atomic Data and Nuclear Data Tables

42 (1989), pp. 189-291.

G. Dracoulis P. Walker. “Energy traps in atomic nuclei’. In: Nature 399 (1999),
pp. 35-45.

S. M. Polikanov and G. Sletten. “Spontaneously fissioning isomers in U, Pu, Am and

Cm 1sotopes”. In: Nuclear Physics A 151 (1970), pp. 656-672.



90

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

BIBLIOGRAPHY

T. Cousins, T. J. Kennett, and W. V. Prestwich. “Low energy states in *Ta”. In:

Phys. Rev. C 24 (1981), pp. 911-916.

K. E. G. Lobner. “Systematics of absolute transition probabilities of K-Forbidden
v-ray transitions”. In: Physics Letters B 26 (1968), pp. 369-370.

D. Zakoucky et al. “Parity Non-Conservation Observed in Nuclear gamma Decay of

180mye* In: Acta Physica Polonica Series B 39 (2008).
G. Racah. “Theory of Complex Spectra. III”. In: Phys. Rev. 63 (1943), pp. 367-382.

J. Ressler et al. “Transition from the seniority regime to collective motion”. In: Phys-

ical Review C 69 (2004).

P. Van Isacker. “Seniority isomers in nuclei”. In: Journal of Physics: Conference

Series 322 (2011), p. 012003.

B. Rubio and W. Gelletly. “Beta Decay of Exotic Nuclei”. In: The Euroschool Lec-
tures on Physics with Exotic Beams, Vol. III. Ed. by J.S. Al-Khalili and E. Roeckl.
Springer Berlin Heidelberg, 2009, pp. 99-151. 1SBN: 978-3-540-85839-3.

O. Litaize and O. Serot. “Investigation of phenomenological models for the Monte

Carlo simulation of the prompt fission neutron and ~ emission”. In: Phys. Rev. C 82

(2010), p. 054616.

J. Sarén et al. ““The new vacuum-mode recoil separator MARA at JYFL”. In: Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms 266 (2008). Proceedings of the XVth International Conference
on Electromagnetic Isotope Separators and Techniques Related to their Applications,

pp. 4196-4200.

C. W. Beausang et al. “Measurements on prototype Ge and BGO detectors for the
Eurogam array”. In: Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 313 (1992),
pp. 37-49.

G. Duchéne et al. “The Clover: a new generation of composite Ge detectors”. In: Nu-
clear Instruments and Methods in Physics Research Section A: Accelerators, Spec-

trometers, Detectors and Associated Equipment 432 (1999), pp. 90-110.



BIBLIOGRAPHY 91

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

D. C. Radford. “ESCLS8R and LEVIT8R: Software for interactive graphical analysis
of HPGe coincidence data sets”. In: Nuclear Instruments and Methods in Physics Re-

search Section A: Accelerators, Spectrometers, Detectors and Associated Equipment

361 (1995), pp. 297-305.

A. Georgiev and W. Gast. “Digital pulse processing in high resolution, high through-
put, gamma-ray spectroscopy”’. In: IEEE Transactions on Nuclear Science 40 (1993),

pp- 770-779.

M. P. Carpenter et al. “Test and performance of a BGO Compton-suppression shield
for GAMMASPHERE”. In: Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 353

(1994), pp. 234-238.

J. Pakarinen et al. “The JUROGAM 3 spectrometer”. In: The European Physical
Journal A 56 (2020), pp. 1-8.

J. Pakarinen. “Probing non-yrast structures of ®Pb in a RDT measurement employ-

ing the JUROGAM array”. MA thesis. Jyviskylad: University of Jyviskyld, 2005.
J. Pakarinen et al. “The SAGE spectrometer”. In: 50 (2014), pp. 1-11.

P. Papadakis et al. “The SAGE spectrometer: A tool for combined in-beam ~-ray
and conversion electron spectroscopy”. In: Journal of Physics: Conference Series

312 (2011), p. 052017.

J. Sarén et al. “Absolute transmission and separation properties of the gas-filled re-
coil separator RITU”. In: Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 654

(2011), pp. 508-521.

M. Balogh. “Nuclear structure and phenomenon of shape coexistence in gold iso-

topes”. MA thesis. Bratislava: Comenius University, 2020.

R. Brun and F. Rademakers. “ROOT An object oriented data analysis framework™.
In: Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Spectrometers, Detectors and Associated Equipment 389 (1997), pp. 81-86.

S. Y. F. Chu, L. P. Ekstrom, and R. B. Firestone. “WWW Table of radioactive iso-
topes”. In: APS Division of Nuclear Physics Meeting Abstracts. 1999.



92

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

BIBLIOGRAPHY

M. R. Bhat. “Evaluated Nuclear Structure Data File (ENSDF)”. In: Nuclear Data
for Science and Technology (2023). edited by S. M. Qaim (Springer-Verlag, Berlin,
Germany), p. 817.

A. N. Andreyev et al. “GEANT Monte Carlo simulations for the GREAT spectrom-
eter”. In: Nuclear Instruments and Methods in Physics Research Section A: Accel-

erators, Spectrometers, Detectors and Associated Equipment 533 (2004), pp. 422—
434.

I. Lazarus et al. “The GREAT triggerless total data readout method”. In: IEEE Trans-
actions on Nuclear Science 48 (2001), pp. 567-569.

F. A. Ali. to be published.

P. Rahkila. “Grain - A java data analysis system for total data readout”. In: Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrome-

ters, Detectors and Associated Equipment 595 (2008), pp. 637-642.
J. Mayer. Nuclear Spectrum Analysis Tool. https://github.com/janmayer/hdtv. 1990.

A.G. Demin et al. “New mercury isotopes”. In: Nuclear Physics A 106 (1967),
pp- 337-349.

P.G. Hansen et al. “Studies of the a-active isotopes of mercury, gold and platinum”.

In: Nuclear Physics A 148 (1970), pp. 249-272.

P. G. Hansen et al. “The alpha decay of 1™"Hg and '"®Hg”. In: Nuclear Physics A 160
(1971), pp. 445-448.

E. Hagberg et al. “Alpha decay of neutron-deficient mercury isotopes and their

daughters”. In: Nuclear Physics A 318 (1979), pp. 29-44.

M. Venhart et al. “Determination of a-decay branching ratios for "®1"Hg”. In: Eur.

Phys. J. A 48 (2012).

A. Siivola. “Alpha-active platinum isotopes”. In: Nuclear Physics 84 (1966), pp. 385—
397.

H. Gauvin ef al. “Reactions of *°Ar with 1°°Tb, 1*2Nd and **Sm; New a-activities

from '*Bi, 173Pt and " Au”. In: Nuclear Physics A 208 (1973), pp. 360-370.

M. S. Basunia. “Nuclear Data Sheets for A = 179”. In: Nuclear Data Sheets (2005).



BIBLIOGRAPHY 93

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

M. Sedlak. Private Communication. August, 2021.

S. Agostinelli et al. “Geant4 a simulation toolkit”. In: Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and

Associated Equipment 506 (2003), pp. 250-303.

James F. Ziegler, M.D. Ziegler, and J.P. Biersack. “SRIM - The stopping and range
of ions in matter (2010)”. In: Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms 268.11 (2010), pp. 1818—
1823.

B. Pritychenko and A. Sonzogni. “Q-value calculator (QCalc)”. In: National Nuclear
Data Center, Brookhaven National Laboratory: Upton, NY, USA (2016).

M. Nyman. “Shape coexistence in light bismuth and astatine isotopes: An in-beam
and decay-spectroscopic study”. In: Research report/Department of Physics, Univer-

sity of Jyvdskyld (2009).

F. Kondev et al. “First Observation of Excited Structures in Neutron-Deficient '""Hg:

Evidence for multiple shape coexistence”. In: Phys.Lett. 528B (2002), p. 221.

C. A. Kalfas et al. “Study of high spins in 1”®Os”. In: Nuclear Physics A 526 (1991),
pp- 205-223.

J. Espino et al. “Rotational band structures in 1"5172W: Aspects on signature part-

nership at high spin”. In: Nuclear Physics A 567 (1994), pp. 377-413.

I. Rezanka et al. “High-spin rotational states in °Hf from the **Tb(!4N, 4n+) reac-

tion and decay of %Ta”. In: Phys. Rev. C 11 (1975), pp. 1767-1785.

G. D. Dracoulis et al. “Intrinsic states and rotational bands in ""Pt”. In: Nuclear

Physics A 510 (1990), pp. 533-556.

XU Yan-Bing et al. “Study of Collective Rotational Bands in ™Pt”. In: Chinese
Physics C 28 (2004), pp. 584—587.

M. J. A. De Voigt et al. “Rotational bands in '8!Pt”. In: Nuclear Physics A 507
(1990), pp. 447-471.

R. D. Harding et al. “Laser-assisted nuclear decay spectroscopy of 76177179 Ay In:

Phys. Rev. C 104 (2021), p. 024326.



94

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

BIBLIOGRAPHY

R. D. Harding et al. “Laser-assisted decay spectroscopy for the ground states of

180,182 Ay In: Physical Review C - Nuclear Physics 102 (2020).

M. Al-Monthery. “Decay Studies of 1" Au and Its Daughter ™Ir”. MA thesis. York,
England: University of York, 2019.

C. R. Bingham et al. “a-decay rates for 17186 Ay and 8!~ 1¥Pt isotopes™. In: Phys.

Rev. C 51 (1995), pp. 125-135.

P. J. Sellin et al. “The limit of stability of proton-rich thallium isotopes: a search for

the decay of ""TI1”. In: Zeitschrift fiir Physik A Hadrons and Nuclei 338 (2 1991).

F. G. Kondev et al. “Identification of excited structures in proton unbound nuclei
173,175,177 Au: shape co-existence and intruder bands”. In: Physics Letters B 512 (2001),

pp- 268-276.

A.N. Andreyev et al. “Decay of the 9/2~ isomer in ¥1TI and mass determination of

low-lying states in ¥'TI, 177 Au, and !®Ir”. In: Phys. Rev. C 80 (2 2009), p. 024302.

C. M. Baglin. “Nuclear Data Sheets for A = 169”. In: Nuclear Data Sheets 109
(2008), pp- 2033-2256.

K. H. Schmidt. “A new test for random events of an exponential distribution”. In:

Eur. Phys. J. A 8 (2000), pp. 141-145.

M. Venhart et al. “Population of a low-spin positive-parity band from high-spin in-
truder states in 1" Au: The two-state mixing effect”. In: Physics Letters B 806 (2020),
p. 135488.

S. A. Gillespie et al. “Identification of a 6.6 zm isomeric state in ®Ir”. In: Phys.

Rev. C 99 (2019), p. 064310.
M. Venhart. Private Communication. March, 2023.

T.-M. Goon. “Alpha and Gamma-ray Spectroscopic Studies of Au, Pt, and Ir Nuclei

Near the Proton Dripline”. MA thesis. Knoxville: University of Tennessee, 2004.
A. N. Andreyev et al. “a decay of *"Au”. In: Phys. Rev. C 90 (4 2014), p. 044312.

A. M. Thornthwaite. “Structure of the neutron-deficient nuclei '">Au and 7Pt and

their a-decay descendants”. MA thesis. Liverpool, England: University of Liverpool,
2014.



BIBLIOGRAPHY 95

[101] Y. A. Akovali. “Review of Alpha-Decay Data from Doubly-Even Nuclei”. In: Nu-
clear Data Sheets 84 (1998), pp. 1-114.

[102] W.-D. Schmidt-Ott et al. “Isomerism in neutron-deficient iridium isotopes alpha- and

beta-decay studies of 1™\ ~175Ir”, In: Nuclear Physics A 545 (1992), pp. 646-664.






Appendix A

Publications

Auranen, S. Banovska, M. Birova, R. J. Carroll, D. M. Cox, J. G. Cubiss, T. Davis, M. C.
Drummond, P. T. Greenlees, T. Grahn, A. Gredley, J. Henderson, U. Jakobsson, R. Julin,
S. Juutinen, G. Kantay, J. Konki, P. Konopka, M. Leino, V. Matousek, A. K. Mistry, C.
G. McPeake, D. O’Donnell, R. D. Page, J. Pakarinen, P. Papadakis, J. Partanen, P. Peura,
P. Rahkila, P. Ruotsalainen, M. Sandzelius, J. Sarén, B. Saygl, M. Sedldk, D. Seweryniak,
C. Scholey, J. Sorri, J. A. gpaéek, S. Stolze, M. Taylor, A. Thornthwaite, J. Uusitalo, M.
Veselsky, S. Vielhauer, F. P. Wearing, F.P.

“New collective structures in Au 179 and their implications for the triaxial deformation of
the Pt 178 core”.

Physical Review C, 106, 6 (2022).

DOI: https://doi.org/10.1103/PhysRevC.106.064324

M. Balogh, A. Herzan, V. Matousek, M. Sedldk, M. Betio, J. Dobrovodsky, G. Kantay, P.
Konopka, P. Noga, A. Repko, A. épaéek, D. Vana, M. Venhart, S. Vielhauer.

“Automated method for offline correction of spectrometry data affected by time instability”.
Nuclear Instruments and Methods in Physics Research Section A, 1004, 11 (2021).

DOI: https://doi.org/10.1016/7.nima.2021.165368

M. Venhart, J. L. Wood, M. Sedldk, M. Balogh, M. Birova, A. J. Boston, T. E. Cocolios,
L. J. Harkness-Brennan, R.-D. Herzberg, L. Holub, D. T. Joss, D. S. Judson, J. Kliman,
J. Klimo, L. Krupa, J. Lus$sndk, L. Makhathini, V. Matousek, §.M0tyéa’1k, R. D. Page, A.
Patel, K. Petrik, A. V. Podshibyakin, P. M. Prajapati, A. M. Rodin, A. §paéek, R. Urban, C.
Unsworth, M. Veselsky.

“New systematic features in the neutron-deficient Au isotopes”.

Journal of Physics G: Nuclear and Particle Physics 44, 074003 (2017).

DOI: https://doi.org/10.1088/1361-6471/aa7297


https://doi.org/10.1103/PhysRevC.106.064324
https://doi.org/10.1016/j.nima.2021.165368
https://doi.org/10.1088/1361-6471/aa7297

	Thesis assignment
	Zadanie záverečnej práce
	Declaration of Authorship
	Abstrakt
	Abstract
	Acknowledgement
	Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Theoretical background
	Nuclear models
	Liquid drop model
	Nuclear mean-field theory
	Spherical shell model
	Deformed nuclei
	Nilsson model

	Nuclear decay modes
	Alpha decay
	Alpha-decay fine structure

	Electromagnetic decay
	Gamma-ray emission
	Internal conversion

	Nuclear isomers


	Experimental Techniques
	The Heavy ion fusion-evaporation reactions
	Experimental setup
	The JUROGAM II array
	Anti-Compton suppression shield
	Add-back technique
	Doppler effect

	The SAGE spectrometer
	The RITU gas-filled recoil separator
	The GREAT focal plane spectrometer
	Multi-wire proportional counter
	Double-sided silicon strip detector
	PIN diodes
	The focal plane Germanium detectors

	Energy calibration

	Total Data Readout System
	Data analysis methods
	Recoil gating
	Recoil Decay Tagging


	Experimental results
	Previous studies of 179Hg and 175Pt
	Results of the S17 Experiment
	Simulation of the 179Hg decay
	Discussion - 179Hg
	Other - coincidences

	Previous study of 177Au
	Results of the Experiment JR115
	Fine structure in 177Au
	Discussion - 177Au
	The 5998keV  decay coincidence with 134.5keV  ray

	Other - coincidences


	Summary
	Zhrnutie
	Bibliography
	Appendix A

