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Abstract

The investigation of exotic isotopes is one of the main topics in nuclear research.
Neutron-deficient isotopes in the lead region (Z=82) manifest various interesting phe-
nomena of nuclear structure and radioactive decay, such as shape coexistence, isomeric
states and β-delayed fission. The main topic of this Dissertation Thesis is the γ-ray
spectroscopy of 182Pt after β decay of 182Au (Z=79, N=103), and α-decay spectroscopy
of 182Au. The parent isotope was studied during the IS665 experiment performed at
the radioactive ion beam facility ISOLDE at CERN in Switzerland. The nuclei were
produced in spallation of a thick uranium target by proton beam, and their decays
were measured at the detection system ISOLDE Decay Station. The analysis of γ rays
emitted after electron capture/β+ decay of 182Au was performed, and the level scheme
of isotope 182Pt was established based on γ-γ coincidences. Transitions known from
previous β-decay studies were confirmed, and 125 new levels and 336 new γ-ray tran-
sitions were placed in the level scheme of 182Pt, expanding it up to ∼ 3.7 MeV in the
excitation energy. Internal conversion coefficients for three transitions were determined
from measurements of conversion electrons. Moreover, γ rays from the 455-keV transi-
tion previously observed only via conversion electrons were detected for the first time.
Unusually high β-decay feeding intensity of 4+ levels was observed, considering the
decay of the currently known (2+) ground state in 182Au into such states corresponds
to the second forbidden non-unique β decays, which are typically highly suppressed.
Several possible explanations are discussed, namely the 3+ assignment for the 182Au
ground state, a new 5+ isomeric state in this nucleus, and the pandemonium effect. The
α-decay scheme of 182Au was extended by two new fine structure α decays and branch-
ing ratio of bα(182Au) = 0.129(11)% was derived. Relative intensities were determined,
and hindrance factors for α-decay branches were calculated relative to unhindered de-
cays in neighbouring isotopes. The Iπ = (1+,2+,3+) assignment was proposed for the
ground state of 178Ir based on the conversion coefficient of the 55-keV transition.

Key words: beta decay, alpha decay, gamma ray, excited states, decay properties
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Abstrakt

Výskum exotických izotopov je jednou z hlavných tém jadrového výskumu. Neutró-
novo chudobné izotopy z oblasti olova (Z=82) prejavujú viaceré zaujímavé javy jadro-
vej štruktúry, ako je tvarová koexistencia, izomérne stavy a oneskorené štiepenie po β

premene. Hlavnou témou tejto dizertačnej práce je γ spektroskopia 182Pt po β premene
182Au (Z=79, N=103) a rozpadová α spektroskopia 182Au. Materský izotop sa študo-
val počas experimentu IS665 uskutočneného v zariadení na produkciu rádioaktívnych
iónových zväzkov ISOLDE v CERNe vo Švajčiarsku. Jadrá boli produkované spaláciou
hrubého uránového terča protónovým zväzkom a ich rádioaktívne premeny boli merané
na detekčnom systéme ISOLDE Decay Station. Vykonala sa analýza γ žiarenia emitova-
ného po elektrónovom záchyte a β+ premene 182Au a schéma vzbudených hladín izotopu
182Pt bola zostavená na základe γ-γ koincidencií. Prechody známe z predchádzajúcich
štúdií β premeny boli potvrdené a 125 nových levelov a 336 nových γ prechodov sa
umiestnilo do schémy hladín 182Pt, čím bola rozšírená do excitačnej energie ∼ 3.7MeV.
Vyhodnotili sa konverzné koeficienty pre tri prechody na základe merania konverzných
elektrónov. Navyše bolo prvýkrát detegované γ žiarenie z prechodu s energiou 455 keV,
ktorý bol pozorovaný len prostredníctvom konverzných elektrónov. Pozorovala sa ne-
zvyčajne vysoká intenzita obsadzovania β premenou pre 4+ stavy vzhľadom na to, že
rozpad súčasne známeho (2+) základného stavu v 182Au na takéto hladiny zodpovedá
druhej zakázanej non-unique β premene, ktorá je zvyčajne značne potlačená. Je dis-
kutovaných niekoľko možných vysvetlení, konkrétne priradenie spinu a parity 3+ pre
základný stav 182Au, nový 5+ izomérny stav v tomto jadre a pandemonium efekt. Roz-
padová schéma α premeny 182Au bola rozšírená o dva nové prechody a určil sa vetviaci
pomer bα(182Au) = 0.129(11)%. Určili sa relatívne intenzity α prechodov a príslušné
faktory potlačenia boli vypočítané vzhľadom na nepotlačené α premeny v susedných
izotopoch. Na základe zmeraného konverzného koeficientu prechodu s energiou 55 keV
sa priradila hodnota spinu a parity Iπ = (1+,2+,3+) pre základný stav 178Ir.

Kľúčové slová: beta premena, alfa premena, gama žiarenie, vzbudené stavy, rozpa-
dové vlastnosti
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Introduction

Nuclei around the closed proton shell Z =82 manifest various phenomena of nuclear
structure and radioactive decay, such as isomeric states, β-delayed fission and shape
coexistence. Nuclear isomers are excited levels with hindered decays to the ground
state, giving rise to their relatively long half-life. Such decays indicate a large difference
in the underlying structure between the two states [Wal20]. The β-delayed fission is
a rare decay mode of nuclei far from the stability line. If β decay populates a high-
lying excited state in the daughter nucleus, close to its fission-barrier height, fission
can compete with γ-ray de-excitation and provide a unique insight into the low-energy
fission. [And13; And18]. Thanks to the low-energy nature of β-delayed fission, it
is sensitive to microscopic shell effects. Recently, an unexpected asymmetric fission-
fragment mass distribution of β-delayed fission of 178,180Tl was observed, discovering a
new region of asymmetric fission [And10; Els13; Lib13].

Shape coexistence appears when the nucleus occupies a low-lying excited state with
the same spin and parity as the ground state but with a different deformation [Woo92;
Hey11]. An excellent example of this phenomenon is the triple shape coexistence of
the spherical, prolate, and oblate states in 186Pb [And00; Oja22]. A simple explanation
is based on the so-called intruder states created by an excitation of a proton pair
above the Z =82 closed shell, and with its excitation energy reduced by the residual
proton-neutron interaction.

Shape coexistence is also a prominent feature of neutron-deficient gold (Z =79)
and platinum (Z =78) nuclei and has been extensively studied by several in-beam and
decay spectroscopy studies [Mue99; Ven17; Ven20; Sed20; Ven22; Bal22; Kon00; De
90; Pop97; Car90; Heb90]. Ground states (g.s.) of gold isotopes down to 187Au are
nearly spherical. However, a sudden shift in their mean-squared charged radii and
a change to prolate deformation was observed for 183−186Au (N =104 – 107) situated
near the N =104 midshell [Wal87; Krö88; Wal89; Le 97]. Recent laser spectroscopy
studies [Cub18; Har20; Cub20; Har21; Cub23b] showed that 180−182Au continue with
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the trend of strong deformation, while 176,177,179Au return back to spherical shapes. A
similar situation also occurs in platinum isotopes with two coexisting configurations,
weakly oblate g.s. and prolate excited states. The energy of the prolate configuration
in 178−186Pt is lowered below the oblate one, making it the g.s. of these nuclei [Gar22].

This Thesis focuses on the analysis of data on the electron capture (EC)/β+-decay
and α-decay of 182Au (N =103) measured during the IS665 experiment [And20a] at the
ISOLDE facility [Kug00; Cat17; Bor17b] in CERN. Nuclei are produced at ISOLDE in
spallation, fragmentation or fission of a thick target by a high-energy primary beam,
they diffuse out of the target, are ionised in the ion source and separated according to
their mass in a magnetic field. Selective ionisation methods can be employed, resulting
in a high-purity radioactive ion beam.

The β decay is sensitive to the change of spin and parity of the initial and final
state, and the change of nuclear structure overall, via the log ft values. For this reason,
emitted γ quanta and conversion electrons carry information about the structure and
properties of the daughter and parent nucleus. We aimed for an extension of the
currently known level scheme of 182Pt, the first evaluation of log ft values in this decay,
and an investigation of the structure of both parent and daughter isotopes in this β

decay. Additionally, an α-decay spectroscopy coupled with hindrance factors gives
important information about nuclear structure, and will be used to address structural
changes in 182Au α decay.

The presented work is divided into five chapters. In Chapter 1, the objectives of
this Thesis are summarised. Afterwards, Chapter 2, presents the physical background
related to the analysis. Details on decay modes of exotic nuclei are given, followed
by an introduction to the nuclear models. Additionally, nuclear shape coexistence and
various types of nuclear isomers are briefly described. Information on the ISOLDE
facility and detection setup IDS (ISOLDE Decay Station) in general and specifically
concerning the IS665 experiment, respectively, is given in Chapter 3. The energy and
efficiency calibrations of HPGe and silicon detectors of IDS are also described in this
chapter. In Chapter 4, we present previous studies concerning the studied isotopes and
we present our results on the β and α decay of 182Au. The final Chapter contains the
summary of the obtained results. Additional coincidence spectra, the full level scheme
of 182Pt deduced in this work, and the full lists of transitions and levels are given in
Appendix A, B and C, respectively.
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Chapter 1

Objectives of the Dissertation Thesis

The main goal of the Thesis is the study of decay properties of 182Au and the structure
of its decay products. This task can be divided into two parts.

The primary objective is the study of excited levels in 182Pt populated in elec-
tron capture (EC)/β+ of 182Au. Currently known information on excited levels in
182Pt fed by β decay (up to ∼1.9MeV) [Dav99] is limited with respect to the high
QEC = 7864(23) keV [Wan21] of the decay. High statistics and relatively high detec-
tion efficiency for high-energy γ-rays will allow us to extend the currently known level
scheme of 182Pt using γ-γ coincidences. Additionally, the analysis of conversion elec-
trons will be performed to search for E0 transitions, which are often indicators of shape
coexistence. The β-decay feeding intensities will be determined, and log ft values for
this β decay will be calculated for the first time in order to investigate changes between
the mother nucleus and the populated state. Moreover, the presence of isomeric states
in 182Au will be investigated.

The secondary objective of the Thesis is the study of 178Ir as the α-decay daughter
isotope of 182Au. We aim for the confirmation and extension of the α-decay scheme of
182Au employing α-γ coincidences. Hindrance factors will be calculated and used for
the determination of spin and parity for levels in 178Ir.
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Chapter 2

Theoretical background

2.1 Nuclear decay

The majority of known nuclei are unstable and decay into other nuclei, reaching a more
stable state. The number of nuclei that decayed during the unit of time (its activity
A) is proportional to the decay constant λ of this isotope, which can be expressed as
[Kra88]

λ = − 1

N

dN

dt
= A

N
. (2.1)

Integration of this formula results in the law of nuclear decay:

N(t) = N0e
−λt, (2.2)

where N0 is the number of nuclei at t = 0.
The half-life T1/2 of an isotope is defined as the time in which half of the initial

amount of nuclei decays. Considering N(T1/2) = N0/2, the Eq. (2.2) gives

T1/2 =
ln2

λ
. (2.3)

If the nucleus undergoes more than one type of radioactive decay, partial decay
constants λi for each decay can be defined as

λi = λbi, (2.4)

where bi is the branching ratio for a specific decay. The sum of all partial decay
constants of a nucleus gives the total decay constant. Similarly, the partial half-life of
the decay T1/2,i is given as follows:

T1/2,i =
ln2

λi

=
T1/2

bi
. (2.5)
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2.1. NUCLEAR DECAY

In this section, we will describe the most common types of nuclear decay, namely
the α and β decays and internal transitions.

2.1.1 Alpha decay

Alpha decay is a process of α particle (42He nucleus) emission. This process can be
expressed in the following way [Hod97]:

A
ZXN → A−4

Z−2Y N−2 + α. (2.6)

Alpha decay can spontaneously occur only when its energy balance Qα is positive,
which can be given in terms of binding energies B:

Qα = B(A−4Z−2Y ) +B(42He) −B(AZX). (2.7)

Because of its high binding energy (B(42He) =28.3MeV), the emission of α particle is
preferred over other light particles. Alpha decay is energetically allowed for nuclei with
A ≳ 150, but it can also be observed for neutron-deficient nuclei in the vicinity of 100Sn
[Van18].

Under the assumption of the parent nucleus being at rest, the released energy can
be derived from the energy conservation law using the nuclear masses of involved nuclei
mX , mY , and mα as follows:

Qα = (mX −mY −mα)c2 = EY +Eα. (2.8)

The released energy is distributed between the daughter nucleus and α particle as their
respective kinetic energies EY and Eα. The Q value of α decay can be expressed in the
same way in terms of atomic masses; a small difference in electron binding energies for
each atom can be neglected.

Alpha decay is a two-body process, therefore, according to the momentum conser-
vation law, the momenta of both —daughter nucleus and the α particle—are equal,
but of opposite directions:

pY = pα. (2.9)

Considering low energies of α particles (∼ 4 – 12MeV), non-relativistic formula for
kinetic energy E = p2

2m can be used. Equations (2.8) and (2.9) then give the following
for the energy of released α particle:

Eα =
Qα

1 + mα

mY

≈ QA − 4
A

, (2.10)
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where A is the mass number of the mother nucleus. The remaining part of the Q value
is the recoil of the daughter nucleus.

EY = Qα
mα

mY +mα

≈ Qα
4

A
. (2.11)

In general, the α particle carries away about 98% of the energy released in the decay
[Kra88].

Both the α particle and daughter nucleus are charged particles, therefore, α particle
needs to overcome a Coulomb barrier VC(r):

VC(r) =
1

4πε0

2ZY e2

r
(2.12)

where r is distance between the α particle and center of daughter nucleus with proton
number ZY . The height of the Coulomb barrier is greater than the energy of α particle
(for example, 28 MeV and 4.2 MeV, respectively, for the decay of 238U), therefore, the
α particle is emitted from the nucleus in the process of quantum tunnelling [Lov06].
This process is illustrated in Fig. 2.1.

According to the theory of α decay [Gam28; Gur28], the pre-formed α particle
repeatedly hits the potential barrier with the frequency f and with a probability P to
penetrate this barrier at each hit:

λα = fP. (2.13)

Corresponding frequency can be estimated from its velocity and nuclear radius R

[Lov06]:

f = v

2R
= 1

2R

√
2V0 +Qα

µ
, (2.14)

where V0 is the depth of a nuclear potential well and µ is the reduced mass of α particle
and the daughter nucleus :

µ = mαmY

mα +mY

. (2.15)

The probability of penetrating the barrier can be expressed using the Gamow factor
G:

P = e−2G, (2.16)

which is given as:

G =
√
2µ

h̵ ∫
b

R

√
V (r) −Qαdr. (2.17)

The upper integration bound b is the distance at which the barrier height V (r) equals
the energy of the α particle (see Fig. 2.1) [Kra88; Hod97].
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2.1. NUCLEAR DECAY

V0

R b r

B

V(r)

Qα

Figure 2.1: A schematic representation of α particle tunnelling through the Coulomb
barrier of height B. The depth of nuclear potential is denoted as V0. The effective
width of this barrier (distance from the nuclear radius R to the α-particle separation
point b) greatly depends on the energy of the decay Qα, influencing the half-life of α
decay.

Previous equations result in the following formula:

logT1/2 = a(Z) +
b(Z)√
Qα

, (2.18)

where a(Z) and b(Z) are constants for each element. This formula, known as the
Geiger-Nuttall law [Gei11], shows the extreme sensitivity of the α-decay half-life on
the Qα value.

Another important factor is the change in angular momentum between the initial
(Ji) and final (Jf ) states. If these values are not equal, the α particle carries away
angular momentum lα. In this case, the α particle needs to overcome an additional
centrifugal potential:

Vl(r) =
lα(lα + 1)h̵2

2µr2
. (2.19)

The amount of angular momentum the α particle can carry is limited in the following
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way:
∣Ji − Jf ∣ ≤ lα ≤ Ji + Jf . (2.20)

The spin of the α particle is 0, therefore, this angular momentum is purely orbital.
The change of angular momentum is associated with the change of parity between the
initial and final state of ∆π = (−1)lα . Thus, decays with even lα result in the same
parity of the initial and final state, while odd lα changes parity [Lov06].

The α decay can populate several different final states in the daughter nucleus. The
effective Q value for the decay to excited state Qex is lowered by the excitation energy
of the state Eex:

Qex = Qgs −Eex, (2.21)

where Qgs is Qα for the decay to the ground state. For this reason, the energy spectrum
of α decay often consists of several distinct peaks known as the fine structure of α

decay. Because of the lower decay energy, Eq. (2.18) predicts a longer half-life and
lower branching ratio for decay to the excited state. However, decay to an excited
state may be favoured if its structure is similar to that of the mother nucleus. Thus,
α decay can be effectively used to study nuclear structure [Kra88].

For this purpose, the hindrance factor HF of an α transition can be defined as the
ratio of the measured partial half-life and its theoretical prediction:

HF =
T1/2,exp

T1/2,theo

. (2.22)

Transitions can be classified into the following categories based on their HF [Lov06]:

• HF = 1 − 4 for favoured decays between states with the same spin and parity.
In the case of odd-A nuclei, the α particle is formed from nucleons occupying
lower-lying orbits. Since the unpaired nucleon remains in its original orbit, the
daughter nucleus is created in the excited state.

• HF = 4−10 suggests a favourable overlap or a mixing between the states involved
in the transition.

• HF = 10−100 indicates an unfavourable overlap of wave functions with the parallel
spin projections of the initial and final state.

• HF = 100 − 1000 for α decays changing parity, but still with parallel spin projec-
tions.

• HF > 1000 means a parity-changing transition with antiparallel spin projections.
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2.1. NUCLEAR DECAY

The half-life of α decay is heavily dependent on its Qα value. This dependence is
removed when considering the reduced α-decay width δ2α. It is defined using the decay
constant λ and barrier penetration factor P :

δ2α =
λαh

P
. (2.23)

Reduced α-decay widths can be calculated using the method derived by Rasmussen
[Ras59], involving the numerical calculation of the barrier penetration factor P given
in Eqs. (2.16) and (2.17). The α particle needs to penetrate potential V (r), which is a
sum of the Coulomb potential VC(r), centrifugal potential Vl(r), and nuclear potential
VN(r) given as

VN(r) = −1100exp( −
r − 1.17A1/3

0.574
)MeV. (2.24)

The hindrance factor of the α decay can also be calculated using reduced widths

HF =
δ2α,ref
δ2α

, (2.25)

where δ2α,ref is the average value of the reduced widths of unhindered decays in the
neighbouring nuclei.

2.1.2 Beta decay

During the β decay, a neutron in the nucleus is transformed into a proton or vice versa,
increasing or decreasing its atomic number Z by 1. The mass number A is not changed
in this decay. There are three types of decay referred to as β decay [Hod97]:

• β− decay occurs in neutron-rich isotopes in which a neutron n is converted to
a proton p, electron e−, and electron antineutrino ν̄e while the latter two are
emitted from the nucleus:

A
ZXN → A

Z+1Y N−1 + e− + ν̄e. (2.26)

• β+ decay occurs in neutron-deficient isotopes in which a proton p is converted
to a neutron n, positron e+, and electron neutrino νe while the latter two are
emitted from the nucleus:

A
ZXN → A

Z−1Y N+1 + e+ + νe. (2.27)
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• Electron Capture (EC) occurs in neutron-deficient isotopes in which the nucleus
captures an electron e− from an atomic shell and a proton p is converted to a
neutron n while only an electron neutrino νe is emitted from the nucleus:

A
ZXN + e− → A

Z−1Y N+1 + νe. (2.28)

The released energy Qβ can be expressed in terms of atomic masses of parent and
daughter nucleus (mX and mY respectively) and mass of electron me in the following
way for each type of β decay [Kra88]:

Qβ− = [mX −mY ]c2, (2.29)

Qβ+ = [mX −mY − 2me]c2, (2.30)

QEC = [mX −mY ]c2 −Bn. (2.31)

The difference in binding energies of electrons in the atomic shell between the parent
and the daughter atom was neglected. In the case of EC, the atom is left in an excited
state with an excitation energy equal to the binding energy of the captured electron
Bn. The created vacancy in the atomic shell is filled by an electron from a higher
orbital, which is accompanied by the emission of characteristic X rays. Alternatively,
Auger or Coster-Krönig electron can be emitted.

Both β+ decay and EC lead to the same daughter nucleus, however, as can be seen
from Eqs. (2.30) and (2.31), there is a difference in Q value of 2mec2 −Bn in favour of
EC. Term 2mec2 ≅ 1.022MeV is much greater than Bn, thus, there are nuclei for which
EC is energetically allowed (QEC > 0) while the β+ decay is not (Qβ+ < 0).

In the case of β− and β+ decays, the decay energy (Q) and momentum are dis-
tributed among the daughter nucleus and two emitted particles. Because of this, the
energy spectrum of the electron, respectively positron, is continuous with the endpoint
at Qβ, as opposed to the α decay. For the endpoint energy consideration, the recoil
energy of the daughter nucleus can be neglected because of its significantly higher mass
in comparison to the electron and neutrino. In the case of EC, a neutrino with kinetic
energy equal to QEC is always emitted due to the two-body nature of this decay.

Previous Eqs. (2.29) - (2.31) are valid for decay between the ground states of the
nuclei. In the case of β decay to the excited state of the daughter nucleus, the effective
Q value Qex is lower than that for decay to the ground state Qgs [Kra88]:

Qex = Qgs −Eex. (2.32)

where Eex is the excitation energy of this excited state. The excitation energy is usually
emitted in the form of γ radiation (see section 2.1.3). Measurement of these γ quanta
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allows us to obtain information about the structure and properties of both decaying
and populated states, since β decay is sensitive to changes in nuclear structure, as will
be discussed later in this section.

Besides energy conservation, angular momentum is conserved in β decay. The
change of total angular momentum between parent and daughter nucleus (Ji and Jf ,
respectively) can be expressed in the following way:

∆J⃗ = J⃗i − J⃗f = L⃗ + S⃗. (2.33)

where L⃗ is the orbital angular momentum carried away by the emitted electron and
neutrino, and S⃗ is the sum of their spins [Lil01].

In the allowed approximation of the theory of β decay, emitted leptons do not carry
away any orbital angular momentum, thus, L = 0 (the so-called allowed decay). In this
case, the change of the total angular momentum is only caused by S. Intrinsic spin of
both electron and neutrino is s = 1/2, therefore, their sum can be either S = 0, in case
they are antiparallel, or S = 1 for spins in parallel. Decays with S = 0 are called Fermi
decays, and those with S = 1 are Gamow-Teller decays. This means that for allowed
decay, the total angular momentum of the daughter nucleus can be either the same
as the one of the parent nucleus, or it can differ by 1. In the case of orbital angular
momentum being carried away, the parity of the initial and final state changes in the
following way:

πf = (−1)Lπi. (2.34)

which means that parity is not changed in the allowed decay. This results in the
following selection rules for allowed decay:

∆J = 0,1 ∆π = +1. (2.35)

Specifically, β decays between two 0+ states (∆J = 0, L = 0, S = 0) are referred to as
superallowed decays.

Decays not following selection rules for allowed decays are the so-called forbidden
decays, which, although not strictly forbidden, occur with lower probability. For these
decays, both the change of parity and non-zero change of orbital angular momentum
are possible. In the case of the first forbidden decay, the electron and neutrino carry
away orbital angular momentum L = 1. Coupling with the spin of the lepton pair allows
a change of total angular momentum of ∆J = 0,1,2, therefore, the selection rules for
this decay are:

∆J = 0,1,2 ∆π = −1. (2.36)
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Figure 2.2: A systematics of log ft values in β decay. The figure was taken from
Ref. [Tur23].

The second forbidden decay happens when L = 2 and the selection rules:

∆J = 2,3 ∆π = +1. (2.37)

Similarly, third, fourth and higher degrees of forbidden decays are possible. Forbidden
decays with the highest ∆J possible for a given forbiddenness are referred to as unique
decays, such as first forbidden unique decay with ∆J = 2 and ∆π = −1 or second
forbidden unique decay with ∆J = 3 and ∆π = +1 [Kra88].

To compare β decays of different nuclei, the comparative half-life, or the so-called
ft value, is used. It is a product of the partial half-life of the decay t and the Fermi
integral f . Using the Fermi integral for allowed and first forbidden non-unique decays,
the f0t value can be expressed as:

f0t = ln2
2π3h̵7

G2
F (BF +BGT )m5

ec
4
, (2.38)

where GF is the strength constant of the weak interaction, and BF and BGT are the
Fermi and Gamow-Teller reduced transition probabilities, respectively. They are given
as:

BF =
g2V

2Ji + 1
∣MF ∣, BGT =

g2A
2Ji + 1

∣MGT ∣, (2.39)
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where g2V and g2A are vector and axial-vector coupling constants of the weak interaction,
and matrix elements ∣MF ∣, ∣MGT ∣ express similarity in wave functions of the initial and
final state of the decay. The Fermi integral needs to be modified for other types of β
decays. For the first forbidden unique decay, the corresponding f1t value is given as
follows:

f1t = 12 × ln2
2π3h̵7

G2
FB1um5

ec
4
, (2.40)

where B1u is the reduced transition probability for the first forbidden decay with cor-
responding matrix element [Suh07].

Since the half-lives of β decays span several orders of magnitude, the logarithm of
the ft value is more commonly used. The ranges of experimental log ft values are
different for allowed and forbidden β decays, as can be seen in Fig. 2.2. Therefore,
systematics of log ft values, compiled for example in Ref. [Sin98], or the more recent
one in Ref. [Tur23], can be used to assign spins and parities in nuclei if the assignment
for either the initial or final state is known. However, intervals of log ft values for
different types of transitions are overlapping, therefore, a log ft value of a particular
unknown decay may be within the range of several different transition types. As can be
seen in Fig. 2.2, each decay type has a lower limit in log ft values. If a new transition
has a log ft value lower than the reliably established lower limit for a certain decay type,
it can be assigned a forbiddenness category of a lower order. In this way, the maximal
change of angular momentum in an unknown transition can be deduced [Ram73].

2.1.3 Internal transitions

Nuclei created in radioactive decay are often in excited states. The most common ways
to lower their excitation energy and reach the ground state are the emission of γ quanta
and internal conversion.

Gamma decay

When a nucleus transitions from a state with energy Ei to a state with energy Ef , the
energy difference ∆E = Ei −Ef is released and distributed between the emitted γ ray
and the recoiling nucleus according to the momentum and energy conservation laws:

∆E = Eγ + TN = Eγ +
E2

γ

2Mc2
, (2.41)
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where M is the mass of the nucleus. Using approximation (∆E)2 ≈ E2
γ , since Eγ ≪Mc2,

we get

Eγ ≈∆E − (∆E)2
2Mc2

. (2.42)

The energy recoiling nucleus receives is very small (∼ 12 eV for nucleus with mass
A = 182 and Eγ = 2MeV) compared to the typical precision of γ-ray spectroscopy
measurements (∼100 eV), therefore, it can be neglected and Eγ ≈ ∆E is standardly
used [Hod97].

Electromagnetic radiation, including γ radiation, can be of either electric (E) or
magnetic (M) character. The multipolarity of a photon is defined by the angular
momentum it carries. A photon with L = 1 is called a dipole, L = 2 is a quadrupole
and so on, in general, a photon with angular momentum L is called 2L-pole. Because
of this, electromagnetic transitions are denoted by their type and angular momentum
as EL or ML, for example, E2 refers to an electric quadrupole. Due to the angular
momentum conservation law, when a nucleus with angular momentum Ji transitions
to a state with angular momentum Jf , the angular momentum of the emitted photon
is restricted by this selection rule:

∣Ji − Jf ∣ ≤ L ≤ Ji + Jf . (2.43)

The lowest possible value of L is L = 1, since there are no photons with zero angular
momentum. Therefore, for transitions between two 0+ states (E0 transitions), emission
of γ ray is not possible. These states decay via internal conversion, which will be
discussed later in this section. In rare cases, emission of two γ quanta is possible.
Additionally, in the case the energy difference ∆E is larger than 2mec2 ≅ 1022 keV,
an electron-positron pair can be created and emitted [Hod97].

The parity of the photon depends on both its angular momentum and character.
The same multipoles of different characters have opposite parity. The change of parity
for a given multipole and character of the transition is given in the following way
[Lov06]:

Electric transition: πf = (−1)Lπi, (2.44)

Magnetic transition: πf = (−1)L+1πi, (2.45)

where πi and πf are parities of the initial and final state, respectively.
The probability of γ ray emission varies with regard to transition character, energy

and carried angular momentum. Decay constants for both electric λ(EL) and mag-
netic λ(ML) transitions can be expressed by the following Weisskopf single-particle

14
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estimates:

λ(EL) ≅ 4.4(L + 1)
L[(2L + 1)!!]2

( 3

L + 3
)
2

(
Eγ

197
)
2L+1

R2L × 1021, (2.46)

λ(ML) ≅ 1.9(L + 1)
L[(2L + 1)!!]2

( 3

L + 3
)
2

(
Eγ

197
)
2L+1

R2L−2 × 1021. (2.47)

For γ-ray energy Eγ in MeV and for nuclear radius R = 1.2A1/3 in fm, resulting decay
constants are in s−1 [Wei51].

Based on these estimates, we can expect higher emission probability for lower multi-
poles and higher transition energy, an increase of L by 1 decreases transition probability
by about 5 orders of magnitude. The ratio between the electric and magnetic decay
constant for a given multipolarity and energy is

λ(E)
λ(M)

≈ 2.3R2 ≈ 2.9A2/3, (2.48)

thus, electric transitions are more probable in comparison to magnetic ones by approx-
imately an order of 100. Therefore, we can deduce that the lowest permitted multipole
usually dominates for a given transition, but in case this multipole is of magnetic char-
acter, an admixture of a higher electric multipole may be present. This gives rise to
transitions with mixed multipolarity, for example, M1+E2 [Kra88].

Internal conversion

Internal conversion is an alternative way for a nucleus to decrease its excitation energy.
This process occurs when the nucleus transfers its excitation energy directly (without
photon emission) to an orbital electron, which is ejected. Kinetic energy Te of this
conversion electron (CE) is given by

Te =∆E −Be, (2.49)

where ∆E is energy of transition and Be is binding energy of emitted CE. Electrons
from different atomic shells can be emitted, resulting in several distinct lines in the
electron energy spectrum. Each of these lines is referred to according to the principal
quantum number n of the ejected electron, K for n = 1, L for n = 2, M for n = 3, and so
on. Binding energies of electrons from individual orbitals of a given shell are different,
thus, for example, L1, L2, and L3 electrons can be emitted from the second shell with
slightly different energies. The electron binding energy of each shell is a lower threshold
energy for internal conversion, therefore, for low-energy transitions, only electrons from
higher shells can be emitted.
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Emitted CE leaves a vacancy in the atomic shell, which is filled by an electron
from the higher shell. The energy difference between the binding energies of these
two electrons is released in the form of a characteristic X-ray. Alternatively, Auger or
Coster-Krönig electron is emitted [May79].

The internal conversion coefficient (ICC) α characterises the competition between
the internal conversion and γ-ray emission. It is defined in the following way:

α = NIC

Nγ

= λIC

λγ

, (2.50)

where NIC and Nγ are measured numbers of transitions via internal conversion (emitted
CEs) and γ-ray emission, respectively, and λIC and λγ are respective partial decay
constants. Similarly, the internal conversion coefficient can be defined individually for
CEs from each shell. The total internal conversion coefficient can be written as a sum
of coefficients for all shells:

α = αK + αL + αM + ... (2.51)

The total decay constant of the internal transition process can then be written as

λ = λγ(1 + α). (2.52)

The internal conversion coefficient can be approximately calculated for given mul-
tipole L of electric and magnetic transitions using these formulae:

α(EL) ≅ Z3

n3
( L

L + 1
)( e2

4πε0h̵c
)
4

(2mec2

∆E
)
L+5/2

(2.53)

α(ML) ≅ Z3

n3
( e2

4πε0h̵c
)
4

(2mec2

∆E
)
L+3/2

(2.54)

where Z is the atomic number, n is principal quantum number of ejected CE and
e2/4πε0h̵c ≈ 1/137 is the fine structure constant [Lov06].

Previous equations show the great significance of the internal conversion process for
heavy nuclei, as ICC increases with Z3. The internal conversion coefficient decreases
with the increase of transition energy, which is the opposite behaviour to that for γ-ray
emission. Internal conversion gets more important for higher multipoles, in these cases,
it can even become the dominant process of deexcitation. Furthermore, it is crucial for
transitions between two 0+ states, for which γ-ray emission is forbidden [Kra88].

E0 transitions

Electric monopole transitions (E0) connect two states with the same spin and parity.
As was already mentioned, in the case of two 0+ levels, the emission of γ rays is
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forbidden. Other Iπ → Iπ, I ≠ 0 transitions usually proceed via a mixed E0+M1+E2

transition and both γ rays and CEs are emitted. The internal conversion coefficient for
a given shell in such a case can be written using the intensity of conversion electrons
(e.g. IK) and γ rays Iγ for each multipolarity [Dow20]:

αK(E0 +M1 +E2) = IK(M1) + IK(E2) + IK(E0)
Iγ(M1) + Iγ(E2)

. (2.55)

This equation can be written as

αK(E0 +M1 +E2) =
αk(M1) + δ2(E2/M1)[1 + q2K(E0/E2)]αK(E2)

1 + δ2(E2/M1)
(2.56)

using the ICCs for pure M1 and E2 transitions. Mixing ratios δ2(E2/M1) and
q2K(E0/E2) are defined as [Chu58; Lan82]

δ2(E2/M1) =
Iγ(E2)
Iγ(M1)

(2.57)

and
q2K(E0/E2) = IK(E0)

IK(E2)
. (2.58)

The δ2(E2/M1) mixing ratio can be experimentally extracted from the measurement
of γ-γ angular correlations or the angular distribution of γ rays from oriented nuclei.
The definition of q2K(E0/E2) can be extended also for pure E0 (0+ → 0+) transitions
without an E2 component using IK(E2) from the E2 (0+ → 2+) transition deexciting
the same initial level [Kib22].

The E0 transitions are an important indication of changes in nuclear shape. Such
transitions are a good probe of shape coexistence (see Chapter 2.4) and mixing between
two states of different deformation. This is expressed in monopole transition strength
ρ2(E0) [Woo99; Kib22]

ρ2(E0) = α2β2(∆⟨r2⟩)2Z
2

R4
, (2.59)

where α2 and β2 (α2 + β2 = 1) are mixing amplitudes of two configurations, R =
1.2A1/3 fm is the nuclear radius, and ∆⟨r2⟩ is the difference in the mean-square charge
radii of the initial and final state.

Monopole strength ρ2(E0) can also be obtained experimentally as

ρ2(E0) = q2K(E0/E2)αK(E2)
ΩK(E0)

Wγ(E2) = IK(E0)
IK(E2)

αK(E2)
ΩK(E0)

b(E2)ln2
T1/2

. (2.60)

The E2 transition rate Wγ(E2) was expressed using the branching ratio of this tran-
sition b(E2) and half-life T1/2 of the initial excited state. The quantity ΩK(E0) is
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electronic factor of E0 transition, which can be calculated using BrIcc [Kib08; Dow20].
Values of monopole strength usually lie in the range 10−3 to 10−1, therefore, 103 ⋅ρ2(E0)
is usually reported [Kib22].

2.1.4 γ-ray spectroscopy after β decay

As was mentioned in Chapter 2.1.2, β decay is sensitive to changes in nuclear struc-
ture, which is commonly displayed via log ft values that can be used to estimate the
magnitude of spin change in the decay. Their experimental determination requires the
knowledge of a partial half-life of β decay to a particular level in the daughter nu-
cleus, which can be obtained from the β decay branching ratio of the mother nucleus
bβ and direct β-decay feeding intensity Iβ into this state (see Eq. (2.5)). Because of
the continuous nature of the β-particle energy spectrum, Iβ cannot be extracted from
the measurement of the emitted electrons or positrons. Instead, γ-ray spectroscopy
is employed and transitions deexciting the populated states are measured. Once the
level scheme of the daughter isotope is built using, for example, the γ-γ coincidence
method, the β-decay feeding intensities can be calculated as the difference in transi-
tion intensities feeding and depopulating each level [Rub09]. Log ft values determined
using γ-ray spectroscopy have been successfully used to estimate spins and parities of
excited levels in many nuclei, for example, in 180Tl [Els11], 66Mn and its decay products
[Str18], 207Tl [Ber20] and 216Bi [And24].

Gamma-ray spectroscopy usually uses germanium detectors, such as HPGe (high-
purity germanium), thanks to their high energy resolution. Their drawback is the
significant decrease in detection efficiency with an increasing γ-ray energy. Therefore,
such measurements are influenced by the so-called pandemonium effect [Har77]. This
occurs when low-intensity and high-energy transitions are not observed because of
the low experimental sensitivity. The pandemonium effect is the most prominent for
relatively low-lying levels in decays with high Qβ values. Unobserved feeding by γ-ray
transitions from higher-lying levels in the daughter nucleus causes an artificial increase
of the apparent β-decay feeding intensity calculated as the difference in the intensity
of transitions populating and depopulating the level, see Fig. 2.3.

An alternative method is the total absorption spectroscopy (TAS). Instead of ger-
manium detectors, large-volume scintillators with 4π solid angle coverage are used,
offering excellent detection efficiency. Rather than individual γ rays, the full emitted
cascade is detected, directly giving information on the β-decay feeding intensity. How-
ever, because of the poor energy resolution, TAS measurements cannot, in general,
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Figure 2.3: A schematic representation of the pandemonium effect. High-energy and
low-intensity transitions may not be detected, increasing apparent β-decay feeding
intensity for low-lying levels in the daughter isotope.

determine feeding intensity into individual levels, only its global distribution [Alg18;
Alg21].

2.2 Nuclear shape

The shape of the nucleus can be expressed by its radius R as follows:

R(θ, ϕ) = R0(1 +
∞

∑
l=2

λ

∑
µ=−λ

aλµYλµ(θ, ϕ)), (2.61)

where R0 is the average nuclear radius, θ and ϕ are spherical coordinates and aλµ are
amplitudes of corresponding spherical harmonic functions Yλµ of degree λ (multipole)
and order of µ [Hod97].

Note that summing starts from the value λ = 2. For λ = 0, we get a spherical
nucleus, which is expressed by the term R0. The dipole term (λ = 1) is not a true
deformation, it represents a periodical shift in the centre of mass of the nucleus, which
can happen only under the effect of an external force. The simplest deformation of the
nucleus is, therefore, a quadrupole deformation with λ = 2. This deformation gives the
nucleus an ellipsoidal shape. Octupole deformation (λ = 3) leads to pear-shaped nuclei
[Lil01].

Spherical harmonics amplitudes for the quadrupole deformation can be expressed
in terms of β and γ parameters:
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Figure 2.4: A schematic representation of the spherical and quadrupole (prolate, oblate
and triaxial) shapes of nuclei.

a20 = βcos(γ), (2.62)

a21 = a2−1 = 0, (2.63)

a22 = a2−2 =
1√
2
βsin(γ). (2.64)

Values γ = nπ/3 lead to axially symmetric nuclei. In this case, the deformation
parameter β2 can be defined, expressing the magnitude of deformation along the major
axis. It is given in the following way [Kra88]:

β2 =
4

3

√
π

5

∆R

Rav

≈ 1.06∆R

Rav

, (2.65)

where ∆R is the difference between the semimajor and semiminor axes of the ellipse
and Rav is the average radius of the nucleus. Based on the value of this parameter, the
nucleus can have one of two distinct shapes. The first one is the prolate shape with
one axis longer than the remaining two for γ = 0○ (also γ = 120○ and γ = 240○), giving
β2 > 0. The second one is the oblate shape with one axis shorter than the remaining
two for γ = 60○ (γ = 180○, γ = 300○) and β2 < 0. Other values of the γ parameter lead to
triaxially deformed nuclei. These shapes are compared to the spherical one in Fig. 2.4.

2.3 Nuclear models

2.3.1 Liquid drop model

The liquid drop model was the first nuclear model to explain some of the nuclear
properties successfully. This model describes the nucleus as a sphere of incompressible
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charged liquid. Such a concept led to the development of the semi-empirical Bethe-
Weizsäcker formula for the binding energy of the nucleus [Wei35]:

B(A,N) = aVA − aSA2/3 −AC
Z(Z − 1)

A1/3
− aSym

(A − 2Z)2
A

± aPA−3/4 (2.66)

with parameters aV , aS, aC , aSym and aP . Their values aV = 15.5MeV, aS = 16.8MeV,
aC = 0.72MeV, aSym = 23MeV and aP = 34MeV [Kra88] were empirically obtained by
fitting the experimental data, see Fig. 2.5. The first term is the volume term, which is
the contribution to the binding energy from each nucleon. The nuclear force is a short-
range interaction, therefore, each nucleon interacts only with its closest neighbours,
giving linear dependence on A. The second term, known as the surface term, is a
correction to the volume term. Nucleons on the surface are less bound as other nucleons
do not fully surround them, decreasing the binding energy of the whole nucleus. The
third term expresses Coulomb repulsion between positively charged protons. The range
of this interaction is infinite, and each proton therefore interacts with all of the others,
giving Z(Z − 1) dependence. The symmetry term expresses increased instability of
the nuclei with an excess of either protons or neutrons. The last term is the pairing
term, accounting for the tendency of nucleons to form spin-coupled pairs. This term is
positive for even-even nuclei, negative for odd-odd nuclei and zero for odd-mass nuclei
[Lov06].

2.3.2 Spherical Shell model

Several nuclear properties, such as abundance in nature, binding energies per nucleon
or two-proton and two-neutron separation energies, show sudden changes at specific
proton Z and neutron N numbers, which cannot be described by the liquid drop model.
These numbers are 2, 8, 20, 28, 50, 82, and 126, and are known as the so-called magic
numbers. They are equivalent to the closed atomic shells of noble gases, and their
existence indicates the shell properties of the atomic nucleus.

The shell model was independently developed by Mayer [May48; May49] and Haxel,
Jensen and Suess [Hax49]. Similar to the atomic shell, the nuclear shell model describes
the nucleus as independent nucleons occupying orbitals in a central potential. However,
contrary to an atom, no central particle generates this potential. Instead, this mean-
field potential results from an average of all nucleon-nucleon interactions. It is often
described by the Woods-Saxon potential [Woo54]

V (r) = −V0

1 + e r−R
a

, (2.67)
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Figure 2.5: A plot of experimental values of binding energy per nucleon B/A. The
solid blue line represents the Bethe-Weizsäcker formula. The figure was taken from
Ref. [Tip08].

where V0 (typically ≈ 50MeV) is the depth of the potential, R is the nuclear radius and
a ≈ 0.5 fm is the surface thickness parameter [Eis70].

Solving the three-dimensional Schrödinger equation for this potential results in
energy levels with specific values of orbital momentum l. Levels are labelled by their
order for given l and by the l itself (s for l = 0, p for l = 1, d for l = 2, etc.). Since there
are two possible values of intrinsic spin s = ±1

2 and 2l + 1 possible projections of l, the
Pauli exclusion principle allows 2(2l+1) protons or neutrons to occupy the same level.
In this way, the first three magic numbers can be reproduced.

An important term that needs to be added to the total potential is the spin-orbital
interaction VSO(r)l⃗ ⋅ s⃗. The total angular momentum of a nucleon j⃗ = l⃗ + s⃗ has two
possible values, j = l + 1

2 and j = l − 1
2 . Note that j > 0, therefore, only one possible

value j = 1
2 exists for the l = 0 case. Using j⃗2 = (l⃗ + s⃗)2 = l⃗2 + l⃗ ⋅ s⃗ + s⃗2, the term l⃗ ⋅ s⃗ can

be expressed in the following way:

l⃗ ⋅ s⃗ = 1

2
(j⃗2 − l⃗2 − s⃗2). (2.68)
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The expected value of this term is

⟨l⃗ ⋅ s⃗⟩ = 1

2
[j(j + 1) − l(l + 1) − s(s + 1)]h̵2. (2.69)

This causes the splitting of a single level into two based on the j value, with the
j = l+ 1

2 state being pushed down and the j = l− 1
2 orbital up in energy. The degeneracy

of each level is 2j + 1. The energy difference between levels is proportional to their l:

⟨l⃗ ⋅ s⃗⟩j=l+1/2 − ⟨l⃗ ⋅ s⃗⟩j=l−1/2 =
1

2
(2l + 1)h̵2. (2.70)

The shell model using the Woods-Saxon potential and spin-orbital interaction success-
fully explains all known magic numbers and predicts a new one for neutrons at 184
[Kra88; Lil01].

The shell model can effectively explain the spins and parities of nuclear ground
states for spherical nuclei. Nucleons within the same shell form a j = 0 pair, therefore,
even-even nuclei have I = 0+ ground states. In the case of odd-even nuclei, the one
unpaired proton or neutron defines the spin and parity of the whole nucleus [Kra88].

2.3.3 Deformed Shell model

The shell model assumes a spherically symmetric nucleus and nuclear potential. How-
ever, this is usually true only for nuclei near closed shells. Minimising energy often
leads to a deformed shape of nuclei with partially filled shells. This is addressed in
the deformed shell model (also known as the Nilsson model), introducing a quadrupole
deformation perturbation to the nuclear potential [Nil55].

V = m

2
(ω2

xx
2 + ω2

yy
2 + ω2

zz
2) +Cls +Dl2 (2.71)

The constants C and D are selected to reproduce the shell model levels in the spherical
limit. Oscillator frequencies ω2

x, ω2
y and ω2

z for cylindrically symmetric potential are
given as

ω2
x = ω2

y = ω2
0(1 +

2

3
δ), (2.72)

ω2
z = ω2

0(1 −
4

3
δ), (2.73)

where ω2
0 is the frequency of a spherical harmonic oscillator and δ is the Nilsson defor-

mation parameter.
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The angular momentum of a nucleon is no longer a good quantum number, there-
fore, Nilsson orbitals are labelled by new asymptotic quantum numbers Ωπ[NnzΛ].
These quantum numbers are shown in Fig. 2.6. The quantum number Ω is the projec-
tion of a nucleon’s total angular momentum j along the symmetry axis. This can be
split into two parts, Λ - the projection of angular momentum l, and Σ - the projection
of the intrinsic spin s. It is defined as Ω = Λ+Σ = Λ± 1/2. N is the principal quantum
number of the oscillator. It determines the parity of a Nilsson state as π = (−1)N .
The last quantum number is nz, denoting the number of oscillator quanta along the
symmetry axis. It relates to the main quantum number N such that 0 ≤ nz ≤ N .

Unlike in the shell model, individual particles experience different potentials de-
pending on the orientation of their orbit relative to the symmetry axis. Because of
this, the shell model levels with degeneracy 2j + 1 split into (j + 1/2) levels, each with
the degeneracy of 2. A plot of the evolution of nucleon energy levels as a function of
deformation is called a Nilsson diagram. The energy shift of Nilsson levels depends
on the strength of their interaction with the deformed core. For prolate nuclei, this
strength is the highest for the state with the lowest projection Ω = 1

2 . The energy of
this state is lowered with increasing deformation. On the other hand, the interaction
of the Ω = j state with the core is the weakest, raising its energy. This trend is reversed
for the oblate deformation [Cas90].

2.3.4 Collective models

In the nuclear shell model, a few valence nucleons are responsible for the properties
of the whole nucleus. This approach successfully describes low-lying excited states in
odd-odd and odd-even nuclei. However, some nuclear properties, such as rotational
and vibrational spectra, cannot be described in such a way since they result from a
collective motion of multiple nucleons.

Nuclear rotation

In quantum mechanics, the rotation of a spherical object is forbidden. However, in
the case of the deformed nucleus, an axis of rotation can be defined, and the nucleus
can rotate. In such nuclei, rotational angular momentum vector R is coupled with the
intrinsic angular momentum of the nucleus J into its total angular momentum I (see
Fig. 2.6):

I = R + J. (2.74)
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Figure 2.6: Asymptotic quantum numbers of the Nilsson model. Projections of angular
momentum l, spin s and total angular momentum j of a nucleon along the symmetry
axis are labelled as Λ, Σ and Ω, respectively. The total angular momentum of a nucleus
I includes collective rotation R. Its projections into the symmetry axis and rotational
axis are K and M , respectively. The figure was taken from Ref. [Fir96].

The rotational energy of a nucleus in a ground state with an angular momentum I

is given in the following way:

E = h̵2

2J
[I(I + 1) −K(K + 1)], (2.75)

where J is the nuclear moment of inertia and K is the projection of the nuclear angular
momentum, as shown in Fig. 2.6. An increase in the angular momentum leads to a band
of states built on top of a bandhead with increasing excitation energy. The angular
momentum of each band member increases by 1h̵, and the parity of the bandhead gives
their parity [Cas90].

In the rigid rotor approximation, the moment of inertia of the ellipsoid is

Jrig =
2

5
MR2

av(1 + 0.31β2), (2.76)

where M and Rav are the nuclear mass and average radius, respectively, and β2 is the
quadrupole deformation parameter defined in Eq. (2.65). The atomic nucleus is not a
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rigid system, and some degree of fluidity is present, decreasing the nuclear moment of
inertia. Experimental values of J vary from 0.2 to 0.5 of the value for the rigid rotor
[Hod97].

Collective rotation can also be observed for excited states, for example, originating
from single-particle excitation. In such a case, the excitation energy of this state needs
to be added to the energy of each rotational state. Because of this, several rotational
bands can be observed in a given nucleus, each built on top of a different intrinsic
excited state [Cas90].

The Eq. (2.75) can be simplified for ground states of even-even nuclei with J =K =
0:

E = h̵2I(I + 1)
2J

. (2.77)

Mirror symmetry of the nucleus in this case allows only rotational states with even
values of I [Kra88].

For higher values of I, a deviation between the predicted and observed energies
emerges. This is explained as the effect of the centrifugal force stretching the nucleus
and increasing its moment of inertia. Therefore, the previous equation needs to be
modified as follows:

E = h̵2

2J
[I(I + 1) − α, I2(I + 1)2]. (2.78)

where α is an empirical parameter used to fit experimental energies [Hod97].

Nuclear vibration

Vibration is a periodic change in nuclear shape around an equilibrium state. This
can be expressed by modifying the Eq. (2.61) and adding time dependence to the
amplitudes of spherical harmonics aλµ(t):

R(θ, ϕ, t) = R0(1 +
∞

∑
l=2

λ

∑
µ=−λ

aλµ(t)Yλµ(θ, ϕ)). (2.79)

Similar to the static deformation, quadrupole, octupole or hexadecupole nuclear vi-
brations (or higher modes) for λ = 2, 3, and 4, respectively, are possible [Hod97], see
Fig. 2.7(a).

The most common type of vibration in nuclei is the quadrupole vibration. A quan-
tum unit of vibrational energy is a phonon. In the case of spherical even-even nuclei,
one-phonon vibration produces the 2+ excited state with energy E. Higher-energy vi-
brational states can be reached by coupling more phonons together. A two-phonon
excitation produces a triplet of 0+, 2+, 4+ states at double the energy of one phonon.
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Figure 2.7: Schematic representation of nuclear vibrations. a) Quadrupole, octupole
and hexadecapole vibration of a spherical nucleus. b) The β and γ modes of quadrupole
vibrations of a prolate nucleus. Top: a cut through the plane of the symmetry axis,
bottom: a cut through the plane perpendicular to the symmetry axis. The figure was
taken from Ref. [Rin80] and modified.

Similarly, three-phonon vibration leads to Jπ = 0+,2+,3+,4+,6+ multiplet with the en-
ergy of 3E.

Two types of vibrations are possible for deformed nuclei, β and γ vibrations, asso-
ciated with periodic changes in corresponding parameters of quadrupole deformation.
The β vibrations with K = 0 are aligned along the symmetry axis, preserving axial
symmetry. On the other hand, γ vibrations with K = 2 break axial symmetry, and the
nucleus oscillates at right angles to the symmetry axis. These modes are visualised in
Fig. 2.7(b). Both β and γ vibrational states can become rotational bandheads, giving
rise to the β (2+, 4+, 6+ ...) and γ (2+, 3+, 4+ ...) bands [Cas90].

2.4 Shape coexistence

Nuclear shape coexistence occurs when the nucleus exhibits excited states with a dif-
ferent shape than the ground state at relatively low excitation energy. It has been
observed for many nuclei, usually located in regions of isotopes near closed shells of
one nucleon type (either proton or neutron) and between closed shells of the other
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Figure 2.8: A contribution of different energy terms to the excitation energy of the
lowest proton 2p-2h intruder state for heavy nuclei as a function of the neutron number.
The unperturbed energy of the excited state 2(εjπ−εj′π) is lowered by the pairing energy
∆Epair, monopole correction ∆EM and quadrupole interaction ∆EQ. The solid blue
line represents the resulting energy. The figure was taken from Ref. [Hey11].

one (the so-called mid-shell). The most extensive manifestation of shape coexistence
is observed in the neutron-deficient lead region [Woo92; Hey00; Hey11].

One of the best-known cases of shape coexistence is a triple shape coexistence of low-
energy states in the neutron-deficient isotope 186Pb. Two of these states are excited
states of prolate and oblate quadrupole deformation, respectively, while the ground
state of this nucleus is spherical [And00; Oja22]. The phenomenon of shape coexistence
is also well-known for neutron-deficient mercury isotopes, such as 180,182,184Hg [Els11;
Rap17; Str23]. In these isotopes, as well as other even-even nuclei, an excited 0+

state with a different deformation compared to the g.s. is present. The energy spacing
of rotational levels in bands built on top of the two 0+ states is different, caused by
the different shapes of these two bandheads, resulting in different moments of inertia.
Since both the ground and excited states have spin and parity 0+, deexcitation of this
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excited state requires an E0 transition for which emission of a γ quantum is forbidden.
Therefore, as was mentioned in section 2.1.3, deexcitation of these coexisting states
proceeds mainly via internal conversion (emission of two γ rays and creation of an
electron-positron pair if the excitation energy is above 1022 keV are also possible).

Shape coexistence can be explained using the shell model via the so-called intruder
states. These states are created by the excitation of two nucleons above the closed
shell, leaving two so-called holes below this closed shell. In the neutron-deficient lead
region, it is the closed proton shell 1h11/2 at Z = 82. Excitation of a proton pair to the
higher shell 2f7/2 creates np-mh state, for example, 2p-2h for lead isotopes or 2p-4h
for mercury isotopes. The excitation energy of the lowest 0+ intruder state in the case
of 2p-2h excitation can be derived as

Eintr(0+) = 2(εjπ − εj′π) −∆Epair +∆EM +∆EQ. (2.80)

The first term 2(εjπ − εj′π) represents the unperturbed energy required to excite a
proton pair across the shell gap. The remaining terms represent the pairing energy
gain ∆Epair, monopole correction ∆EM and proton-neutron quadrupole interaction
∆EQ. Contributions of these terms are shown in Fig. 2.8. As a result, the energy
of such excitation is lowered, creating the intruder state of prolate deformation, in
contrast to the spherical or weakly oblate ground state. The excitation energy of
intruder states shows quadratic dependence on neutron number, with the minimum for
neutron mid-shell at N = 104, as can be seen for mercury isotopes in Fig. 2.9 [Hey00;
Hey11].

2.5 Nuclear isomers

Nuclear isomers are meta-stable excited states of nuclei. For an excited state to be
considered isomeric, its half-life must be long compared to other excited states. In
practice, the key point in defining an isomer is the experimental sensitivity to differen-
tiate between prompt radiation accompanying the creation of the nucleus and delayed
decay radiation of a meta-stable state. This usually means that the half-life of the
isomeric state should be longer than 1 ns [Wal99; Wal20]. Currently, there are about
2600 known isomers with half-lives over 10 ns [Gar23].

A crucial part of isomer formation is the secondary energetic minimum in the nuclear
potential (additional to the primary minimum of the ground state). A small change in
a specific nuclear parameter leads only to an increase in excitation energy, therefore,
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Figure 2.9: Level systematics for the isotopes of mercury. The excitation energy of
intruder states and their rotational bands (full squares) show quadratic dependence on
the neutron number of the isotope. The figure was taken from Ref. [Jul01].

a large change is required to lower the excitation energy of the nucleus, see Fig. 2.10.
However, such large changes lead to hindered transitions. We can differentiate several
types of nuclear isomers based on the cause of the secondary minimum and long half-life
of the excited state [Wal20].

2.5.1 Shape isomers

Shape isomers can be formed in nuclei, which have a secondary potential minimum at
large deformation. Deexcitation of these isomers by γ-ray transition is hindered by the
required large deformation change. These isomers can be found mainly in nuclei with
A ≈ 80, A ≈ 100 and in the neutron-deficient lead region [Möl09]. An example of a
shape isomer is the prolate 0+ excited state in 72Kr with a half-life of 26 ns [Clé05].

A specific case of shape isomers are fission isomers in the trans-actinide region,
where hindered γ-ray deexcitation to states in the primary potential minimum competes
with fission. Since fission isomers are located in the secondary minimum of the fission
barrier, their half-lives are short (up to 14 ms in the case of 242Am [Gar23]) compared
to the fission from the ground state, because fission from the isomeric state has to
overcome smaller fission barrier [Hal92].
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Figure 2.10: Schematic representation of the isomer creation. If the excitation energy
of a nucleus with respect to a certain parameter exhibits a secondary minimum, large
changes in this parameter are required for the nucleus to deexcite. The specific pa-
rameter defines the kind of isomer, elongation for shape isomers, spin for spin isomers
and spin projection (quantum number K) for K isomers. The figure was taken from
Ref. [Wal99].

2.5.2 Spin isomers

Spin isomers are created when decay to a lower-energy state requires a large change in
nuclear spin. The emission of a high multipolarity transition is required for such decay,
which is suppressed, as can be seen from Weisskopf estimates (see Eqs. (2.46) and
(2.47)). Spin isomers decay mostly via emission of γ quantum or internal conversion,
but there are known cases of α decay, proton emission or β decay of such isomeric
states [Wal99].

Spin isomers are common in odd-A nuclei in the vicinity of either proton or neutron
closed shells. They originate from the excitation of the unpaired nucleon to a high-spin
state, such as 1g9/2, 1h11/2 and 1i13/2 which are due to spin-orbital splitting brought
down with energy close to low-spin states [May79].

An extreme example of a spin isomer is the 9− isomeric state in 180mTa with the
excitation energy of E = 75 keV. Deexcitation from the isomeric to the 1+ ground
state requires a change of spin ∆I = 8, leading to an extremely long half-life of T1/2 >
4.5 × 1016 years. Because of such a long half-life, 180mTa can be found in nature as the
only primordial isomeric state [Leh17].
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2.5.3 K isomers

The quantum number K is defined as a projection of the total nuclear spin along the
symmetry axis in axially deformed nuclei, found away from the closed shells. A large
change in K is tied to a change in nuclear spin orientation and may lead to isomer
formation [Wal24].

According to selection rules, multipolarity L of γ radiation deexciting K isomer has
to be at least as large as the change of K in this transition. Transitions that do not
meet this rule are not strictly forbidden but are hindered. The degree of forbiddenness
of these transitions can be expressed as [Wal99]:

ν =∆K −L. (2.81)

A hindrance factor of a K isomer deexcitation can be calculated as a ratio of the
experimental and theoretical (Weisskopf estimates from Eq. (2.46) and (2.47)) half-life
of a transition as follows:

FW =
T1/2,exp

T1/2,Wei

(2.82)

The hindrance factor increases by a factor of fν (called reduced hindrance) per degree of
forbiddenness ν, fν = F 1/ν

W [Jai21]. These values for known K isomers vary in a broad
range (∼30-200 for most cases) and can be obtained from experimental systematics
found in Ref. [Kon15].

An example of a K isomer is the 8−, K = 8 isomer in 180Hf. It decays with a
half-life of 5.5 hours to the 8+ rotational state based on the K = 0 ground state. The
multipolarity of emitted γ ray is L = 1, leading to a high degree of forbiddenness ν = 7
[Gar23].

A large change in quantum number K also plays an important role in the β decay.
High-K isomers preferentially decay to states in the daughter isotope with similar
values of K. Similarly to γ decay, the hindrance factor can be defined using the ft

values:
F∆K
β = ft∆K

ft∆K=0
. (2.83)

Systematics show that for each unit of ∆K, β decay transitions are suppressed by the
factor of ≈ 80 [Wal24]. An example of β decaying K isomer is the 7− 176Lu with K = 7,
decaying into 6+ and 8+ rotational states of the K = 0 g.s. bandhead of 176Hf. While
such decays are classified as the first forbidden non-unique, large change of ∆K = 7

leads to a half-life of 3.7×1010 years and to log ft values of 19.2 and 20.0, respectively
[Hul14].
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2.5.4 Seniority isomers

A quantum number seniority v is defined as the number of nucleons in a shell not
coupled into I = 0 pairs. Seniority isomers can generally be observed in semi-magic
nuclei with either proton or neutron shell closure. A typical example of seniority isomers
can be found in N = 50 isotones 92Mo, 94Ru, 96Pd, and 98Cd. As for all even-even nuclei,
the g.s. seniority of these nuclei is zero. Breaking of a proton pair occupying the g9/2

orbital results in a series of Iπ = 2+, 4+, 6+, and 8+ excited states with v = 2. In contrast
to other types of isomers, seniority isomers do not involve a change in seniority. The
hindrance of E2 transitions between the v = 2 states and the low energy of the 8+ → 6+

transition causes the 8+ states in these isotopes to be isomeric [Isa11; Wal20].
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Chapter 3

Experimental background

3.1 ISOLDE facility

The ISOLDE facility (Isotope Separation On-line DEvice) is one of the world-leading
laboratories for radioactive ion beam production and nuclear structure studies. It
is located at the European Organisation for Nuclear Research (CERN) near Geneva
in Switzerland. Currently, over 1300 isotopically pure beams of 75 elements with
intensities ranging from 1 to more than 1010 ions/s can be produced at ISOLDE and
delivered to various experimental setups [Bor17a].

3.1.1 Production of nuclei

The ISOLDE facility is located at Proton-Synchrotron Booster (PSB), which produces
a proton beam with the energy of 1.4GeV in the form of 2.4 µs long pulses with a
repetition time of 1.2 s. Each pulse contains approximately 3×1013 protons and the
average current of up to 2µA is delivered to the ISOLDE target. These pulses from
PSB are grouped in a so-called supercycle with variable length (usually between 20
and 50 pulses) and are distributed to several CERN facilities, one of which is ISOLDE
[Kug00; Cat17].

Nuclei of interest are produced in proton-induced spallation, fission or fragmenta-
tion of target material (Fig. 3.1). In fission, two similar mass neutron-rich fragments are
produced, and several neutrons are released. In spallation, many nucleons are ablated
from the target nucleus, creating various, mostly neutron-deficient, nuclei. Fragmen-
tation reactions produce nuclei close to the initial target as well as very light nuclei.

Several different target materials are used to maximise the production of the desired
isotope. The most commonly used target material at ISOLDE is the uranium carbide
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Figure 3.1: Schematic drawing of main reaction channels for production of radioactive
ion beams at ISOLDE. Spallation, fragmentation or fission of heavy target nuclei,
such as uranium, are used to produce isotopes of interest. The figure was taken from
Ref. [Lin04] and modified.

UCx target with a thickness of 50 g/cm2, but other materials, such as lead or tantalum,
can also be used. Produced nuclei diffuse from the target and effuse through the
transfer line towards the ion source. An important characteristic of the target is the
release time of the produced isotopes. Both the target and transfer line are heated to a
temperature of over 2000 °C to decrease the diffusion and effusion times. Release time
of several tenths of a second can be achieved for certain target and produced element
combinations [ISO; Got16].

3.1.2 Ionisation

There are three ionisation methods commonly used at ISOLDE: surface ionisation,
plasma ionisation and laser ionisation. Many different isotopes of various elements are
produced in the target, therefore, selective ionisation is needed. Surface ionisation is
performed in a hot tungsten or tantalum cavity, and nuclei are ionised in collisions
with the surface of this cavity. This ionisation method is used for elements with
low ionisation potentials, such as alkali metals. In a plasma ion source, nuclei are
bombarded by accelerated electrons, creating a low-pressure plasma. Together with
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the cooled transfer line to suppress the transport of non-volatile elements, it is used to
ionise noble gases [Van06].

The third method is the resonant laser ionisation performed by RILIS (Resonance
Ionization Laser Ion Source). This ion source uses step-wise resonant excitation of
atomic transitions by laser radiation in a hot cavity. A schematic view of RILIS can be
seen in Fig. 3.2. The laser system of RILIS consists of several Titanium:Saphire and
dye lasers pumped by a system of Nd:YAG and Nd:YVO4 lasers. Wavelengths of these
lasers can be tuned in the range of 210 – 950 nm, including frequency multiplying up to
the fourth harmonics. The average time before atoms diffuse out of the hot cavity of
an ion source is 0.1ms, therefore, the lasers work with a repetition frequency of 10 kHz.
This ensures that each atom is exposed to at least one pulse of laser light [Fed17].

Atomic transitions are unique for each element, therefore, a pure ion beam of a
particular element can be produced using a suitable excitation scheme. It has to
be noted that although this ionisation method is element selective, contamination by
surface ionised elements, such as francium or thallium in the lead region, may still
be present. Currently, about 40 elements can be ionised by RILIS with efficiencies
of up to 27%. Two- or three-step ionisation schemes are usually used. The first laser
(respectively the first two lasers) excites the valence electron from the ground state to a
high-lying energy level. The last laser removes this electron from the atomic shell, thus
creating a 1+ ion. This can be done via a non-resonant transition to a continuum or
a resonant transition to either auto-ionising (above ionisation potential) or a Rydberg
state (below ionisation potential). In the latter case, ionisation is achieved by collisions
with other atoms [Fed17].

When the nucleus has a non-zero spin, as it is usually the case for odd N and/or
odd Z nuclei, energy levels in the atomic shell split because of the interaction of the
nuclear spin with the intrinsic spin of an electron. This effect causes the hyperfine
structure of atomic transitions. An isomeric state in the nucleus with a different spin
than that of the g.s. has a different hyperfine structure. This difference can be used
to selectively ionise only the isomeric or ground state by tuning the laser frequency
to a particular hyperfine transition. It has to be noted that because of the Doppler
broadening of transition width and spectral bandwidth of the used laser, the hyperfine
structure differences are not always sufficiently large to be resolved [Fed03; Fed17;
Cam16]. This method was successfully used to selectively study isomeric states with
different spins, for example, in 188Bi or 184Hg [And20b; Rap17].

Ionised atoms are extracted from the ion source by an electrostatic potential of
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Figure 3.2: Schematic view of RILIS at ISOLDE. Step-wise excitation and ionisation
of atomic electron by laser radiation in a hot cavity is an element-selective ionisation
method used for the production of high-purity ion beams. Ionised isotopes are extracted
from the ion source by an electric field, and the isotope of interest is separated using a
magnetic field. The figure was taken from Ref. [Rot13] and modified.

30 – 60 kV and are mass separated before delivery to the detection system [Cat17].

3.1.3 Mass separation

There are two mass separators at ISOLDE, the GPS (General Purpose Separator) and
the HRS (High Resolution Separator), each with its own target and ion source unit.
These separators use the magnetic field to bend the trajectory of an ion beam. For a
given bending radius r and beam energy E, isotope separation is performed by setting
the magnetic field B for a mass of a desired isotope M :

B =
√
2ME

rq
(3.1)

The GPS consists of one double-focusing magnet with a bending angle of 70° and
a bending radius of 1.5m. This separator contains an electrostatic switchyard, which
allows the simultaneous separation of three beams, the main (central) one and two
additional ones with masses within the range of ±15% from the central mass. The
central beam is transported down the main GPS beamline, while the other two beams
are transported down the GLM (lower-mass beam) and GHM (higher-mass beam)
beamlines and can be used by small-sized experimental setups. For a separator, we

37



Experimental background

define its resolution, or mass resolving power, as

R = M

∆M
, (3.2)

where M is a set mass of a beam and ∆M is the full width at half the maximum of
mass distribution of this beam. For the GPS, it reaches the value of approximately
R = 800 [Kug00; Cat17].

The second separator at ISOLDE, HRS consists of two magnets with a bending
radius of 1 m and bending angles of 90° and 60°. Unlike the GPS, the HRS can
separate only one beam with a set mass, however, a higher mass resolving power of
about R = 6000 can be reached.

Both the GPS and HRS beamlines join up into one central beamline via a merg-
ing switchyard. This beamline splits up and distributes the beam to one of several
experimental setups at ISOLDE.

3.2 ISOLDE Decay Station

Decay measurement of 182Au was performed at the IDS (ISOLDE Decay Station), which
is one of the permanent detection setups at the ISOLDE [IDS]. The mass-separated
beam from one of the separators passes through a collimator with a variable aperture
width of 2 – 10mm. After that, the beam is implanted on an aluminised Mylar tape
inside a vacuum chamber, positioned above the dedicated tape station. Moving this
tape can remove long-lived decay products from the implantation position. The tape
movement can be either manual or automatic in response to a certain number of proton
pulses or supercycles from the accelerator.

Many different detectors of various types can be installed at IDS. The core part of
this detection setup was a set of four Canberra EUROBALL HPGe Clover detectors
[Mir] for the detection of emitted γ and X-rays, which are mounted around the vacuum
chamber. Each Clover detector consists of four individual crystals with a diameter of
50mm and a length of 70mm, each working as an individual detector.

The versatile design of IDS allows the installation of different types of additional
detectors around the implantation point to serve the needs of a specific experiment.
Several different setups have already been used in the past, for example:

• High efficiency β-γ setup consisted of additional HPGe detectors, which could
be placed at a specific angle to perform angular correlation studies, and a 3-cm-
thick rectangular NE102 plastic scintillator as β trigger covering ∼95% solid angle
around the implantation point [Ber20].

38



3.3. EXPERIMENT IS665

• Fast-timing setup employed two LaBr3(Ce) γ detectors for half-life measurements
in the sub-nanosecond range and three plastic scintillators [Fra17].

• Neutron detection setup used INDIE (IDS Neutron Detector) based on the VAN-
DLE detector. It consists of 26 3×6×120 cm3 scintillating bars placed further
away from the vacuum chamber, serving also as a time-of-flight detector [Pet16].

• Particle spectroscopy setup consisted of the MAGISOL Si-plugin chamber, which
contained an array of five double-sided silicon strip detectors (DSSD) backed with
four unsegmented silicon-pad detectors (PAD), in the shape of a box. The size of
these detectors was 50×50 mm2, and each DSSD was divided into 256 3×3 mm2

pixels [Fyn17].

• Conversion electron spectroscopy setup employed two silicon detectors placed
inside the vacuum chamber. The first one was a 0.5-mm-thick 900-mm2 PIPS
detector placed behind the tape. The second one was the SPEDE spectrometer,
which utilised a 24-fold-segmented, 1-mm-thick annular silicon detector cooled
by circulating ethanol to -20°C. The 24 segments of this detector were arranged
in three concentric rings around the aperture in the centre, with 8 segments each
[Str20].

Over the years after the 182Au measurement presented in this Thesis, the IDS setup
received several upgrades. A secondary measurement position was added between the
implantation position and the tape station for studying long-lived decays. A detector
support structure was also considerably upgraded, allowing for the mounting of up to
15 HPGe detectors around both measurement points [IDS; Cub23a].

3.3 Experiment IS665

The 182Au nuclei studied as a part of the IS665 experiment were produced using a
standard uranium carbide UCx target. The production rate was much higher than
the detection system could handle, therefore, the intensity of the 182Au ion beam
was limited in several ways. Only two evenly spaced (∼ 15 s apart) proton pulses
with decreased intensity out of a 25-pulse-long supercycle were delivered to ISOLDE,
resulting in the average current of approximately 0.17µA. Moreover, the beam gate was
opened after a delay of 0.4 s following the impact of each proton pulse for the duration
of 2 s, after which it was closed until the next pulse arrived. The implantation tape of
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Figure 3.3: Ionisation scheme for gold isotopes used by RILIS. The first two lasers are
used to excite the valence electron, while the third one ionises the atom via excitation
to an autoionising state (AIS) above the ionisation potential (IP) [Mar06].

IDS was moved once per supercycle, 10 s after every second proton pulse delivered to
ISOLDE.

Gold atoms were selectively ionised by RILIS using the excitation scheme developed
in Ref. [Mar06]. It consisted of three lasers with wavelengths of 267.59, 306.54, and
673.90 nm, see Fig. 3.3. The ionisation efficiency of this scheme was estimated to be
over 3% [Mar06]. Extraction potential of 30 kV was used and the 182Au ion beam was
mass-separated using the GPS and subsequently delivered to the IDS.

During the IS665 experiment, a new vacuum chamber was used at the IDS, designed
specifically for this measurement [Cub22]. The chamber had a box-shaped design with
dimensions of 134× 134× 257 mm with ≈1-mm-thick aluminium windows, allowing the
detection of X-rays and low-energy γ quanta.

The box geometry of this chamber allowed the cubic arrangement of four previously
mentioned HPGe Clover detectors, providing an efficient solid angle coverage. One was
placed above the chamber, the second was behind the tape and the remaining two were
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Figure 3.4: Detection system IDS. (a) The core part of IDS was a set of four HPGe
Clover detectors. They were mounted in a frame around the vacuum chamber, which
was placed above the tape station [IDSa]. (b) An array of seven silicon detectors and
a solar cell placed inside the vacuum chamber of IDS. Courtesy of R. Lică.

mounted horizontally on the left and right sides of the chamber, as seen in Fig. 3.4.
Two of the used detectors had end caps consisting of thin carbon windows, giving them
higher low-energy detection efficiency in comparison to the other two detectors with
regular aluminium end caps.

Inside the chamber, an array of 7 Hamamatsu silicon PIN diodes with a thickness
of 300µm was placed, which were able to detect α particles, conversion electrons and
fission fragments. The array was placed in front of the tape, with the hole allowing the
beam to pass. It consisted of one larger detector (S3204-09 [Hama]) and six smaller
detectors (S3590-09 [Hamb]) placed above and below (three detectors each) the large
one (see Fig. 3.4). They were partially covered with a plastic mask, resulting in the
effective dimensions of 15×15mm2 and 7×7mm2 for the large and small detectors,
respectively. One solar cell sensitive only to fission fragments was also placed inside
the chamber.

The data acquisition employed the XIA DGF Pixie-16 [Pix] modules. The frequency
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of the internal clocks of these modules was 250 MHz, which allowed a timestamp
recording for each event with a precision of 4 ns. This allows off-line software correlation
of coincident signals. Additionally, module and channel numbers were recorded for
every signal besides energy information, identifying the detector in which each event
originated.

3.4 Detector calibration

3.4.1 Germanium detectors

Energy calibration of HPGe detectors was made individually for each of the 16 crystals
using radioactive sources of 152Eu [Mar13], 241Am [Bas06], 137Cs [Bro07] and 60Co
[Bro13]. Because of the shift of energy calibration over time, this calibration was
insufficient for the 182Au decay data. Therefore, it was corrected using known γ lines
emitted after β decay of 182Au [Str21], see Table 3.1. These values were extracted from
the data set from the 182Tl decay study performed also at IDS [Str23], where 182Au was
present as a member of the 182Tl β-decay chain. The energy calibration in this study
was performed using the 152Eu source and a 138Cs sample produced on-line. Several
intense transitions from 182Au decay products 182Pt and 182Ir were also used for the
calibration [Sin15]. The calibration correction was performed four times during the
whole duration of 182Au decay measurement.

The quadratic function was used for the calibration. This was sufficient to describe
the energy response of two Clover detectors (8 crystals). However, a misalignment in
the case of the remaining crystals was observed for energies above ∼1.6MeV. Because
of this, the whole energy range was divided into four regions, each with a separate
calibration curve. The curve obtained using the entire energy range was used for the
first region. For the remaining three regions (1.4 – 2.1MeV, 2.1 – 2.6MeV and above
2.6MeV), calibration curves fitted through the points within these energy intervals were
used. We also determined the energy of several intense peaks in the energy spectrum of
the first eight crystals and used them as additional points for the calibration. Specific
energy intervals were chosen separately for each crystal as intersecting points between
individual functions. Figure 3.5 shows the energy calibration of crystals 3 (using one
quadratic function) and 9 (using four quadratic functions).

A part of γ rays deposit their energy in multiple crystals of one Clover detector
through Compton scattering and photoeffect. In such cases, the full energy of these
γ rays can be reconstructed using the so-called add-back method by summing the
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Table 3.1: A list of γ-ray energies from the 182Au β decay used for calibration of Clover
detectors [Str21].

Energy (keV)

155.0(1) 787.2(1) 1810.7(2) 3093.8(1)
264.6(1) 855.5(1) 1845.2(2) 3241.1(1)
344.6(2) 1026.5(1) 2021.7(4) 3414.4(1)
436.3(1) 1084.5(1) 2563.8(1) 3422.2(1)
614.0(1) 1790.4(2) 2845.6(2) 3577.1(1)

deposited energies in coincidence in all crystals of this detector. Add-back was used
for all γ-ray analysis presented in this Thesis.

The resulting energy resolution after summing of add-back energy spectra of all 4
Clover detectors was 2.4 keV and 3.7 keV FWHM (Full Width at Half Maximum) for
energies of 1085 keV and 3094 keV, respectively. We tested the energy calibration using
several natural background peaks and 182Au daughter products. Energy differences
between measured and tabulated values are in Table 3.2. The calibration uncertainty of
0.2 keV below 1600 keV and 0.3 keV for higher energies is combined with the uncertainty
of all γ-ray transitions in this work.

Radioactive sources of known activities stated in Table 3.3 were used for the effi-
ciency calibration of Clover detectors. The energies and intensities of γ quanta emitted
from these sources were taken from [Mar13] and [Bas06]. Add-back was used for the
calibration data, and the resulting spectra of all four HPGe detectors were summed
together. The efficiency of the detectors εγ for energy Eγ can be expressed as a fraction
of the number of observed transitions Nγ in a peak with this energy and the number of
corresponding γ rays emitted from the source, expressed by an activity of the source
A, measurement time t and absolute intensity of a given transition Iγ:

εγ =
Nγ

AtIγ
. (3.3)

In the case of a sequence of three levels with appropriate spins, a nucleus can
deexcite between the initial and final state directly (crossover transition) or via an
intermediate level. In the first case, a single γ ray with energy EC is emitted, while a
cascade of γ rays with energies E1 and E2 (EC = E1 +E2) is emitted in the latter case.
With a certain probability, γ rays from the cascade can be detected in the same detector
and summed together. This reduces the number of detected cascade γ quanta and
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Figure 3.5: Calibration functions of HPGe detectors. Energy calibration was performed
individually for each of the 16 crystals of the Clover detectors. (a) Calibration of crystal
number 3 using one quadratic function. (b) Calibration of crystal number 9 using
four quadratic functions. The exact energy intervals used are marked. (c) Differences
between the four calibration curves for this crystal from part (b) and the curve obtained
from the whole energy range. (d) Residuals for the calibration curve of the crystal 9.

increases the counts of the crossover transition, resulting in altered detection efficiency
of all three transitions. The amount of summed cascade pairs Nsum can be expressed
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Table 3.2: Differences in measured and tabulated energy of several transitions from
the natural background (208Tl [Mar07], 214Bi [Zhu21], 228Ac [Abu14]) and 182Ir [Sin15].
These differences were used to estimate the uncertainty of energy calibration.

Isotope Eref
γ

[keV]
Eγ

[keV]
Difference

[keV]

182Ir 273.5(1) 273.713(1) 0.21(10)
214Bi 609.321(7) 609.335(17) 0.014(18)
182Ir 790.0(1) 790.175(4) 0.18(10)
182Ir 890.6(1) 890.796(4) 0.20(10)
182Ir 912.1(1) 912.217(4) 0.12(10)
228Ac 968.971(17) 968.817(33) -0.154(37)
182Ir 1063.4(1) 1063.63(1) 0.23(10)
182Ir 1549.7(2) 1549.88(7) 0.18(21)
214Bi 1764.491(14) 1764.81(5) 0.32(5)
214Bi 2447.69(3) 2447.58(16) -0.11(16)
208Tl 2614.511(10) 2614.76(5) 0.249(55)

Table 3.3: Radioactive sources used for efficiency calibration of HPGe detectors. Nom-
inal activities and activities on the measurement day are listed, together with measure-
ment times for each radioactive source.

Source
Activity on 01/04/2016

[kBq]
Activity on 06/09/2021

[kBq]
Measurement time

[h]

241Am 39.65 39.31 4.49
152Eu 15.57 11.78 17.92

in the following way:
Nsum = AtIcasεsum ≅

1

4
AtIcasε1ε2, (3.4)

where Icas is the intensity of a cascade, which is the intensity of a less intense member
of the cascade (usually a higher placed transition in a decay scheme) and εsum is the
efficiency with which both γ rays are detected in the same detector. Factor 1/4 arises
from the fact that once one member of the cascade is detected (with efficiency ε1), the
second one must be detected in the same detector, which effectively lowers its detection
efficiency to one fourth of the original value ε2. Since the detection efficiency of each
particular detector is not exactly the same because of slight differences in geometric
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efficiencies, differences between carbon-window and aluminium-cap detectors, and a
possible influence of the angular correlations, this factor is only approximate.

Table 3.4: Data points used for efficiency calibration of HPGe detectors. Radioactive
sources, transition energies and corresponding detection efficiency values are listed.
Correction for coincidence summing was performed for these values using Eq. (3.4).

Source
Energy
[keV]

Absolute efficiency
[%]

241Am 26.3 7.15(17)
59.5 15.4(4)

152Eu 121.8 15.03(8)
244.7 10.64(6)
344.3 9.18(7)
411.1 7.59(3)
444.4 7.41(3)
488.7 6.90(6)
678.6 5.37(5)
778.9 5.24(3)
810.5 4.69(6)
841.6 5.07(12)
867.4 4.53(3)
919.3 4.20(6)
964.1 4.64(2)
1085.8 4.21(2)
1112.1 4.08(2)
1212.9 3.69(2)
1299.1 3.52(2)
1408.0 3.50(2)

To obtain correct values of detection efficiency using 152Eu source, we used modified
Eq. (3.3), instead of Nγ we used Nγ +Nsum for members of cascades and Nγ −Nsum for
crossover transitions parallel to these cascades. The resulting values used for efficiency
calibration are in Table 3.4. Several additional γ transitions were considered in the
calculation of summing correction, such as the 719.3 keV transition (in coincidence
with 244.7 keV summing to 964.1 keV), even if the transitions themselves were not used
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Figure 3.6: Absolute efficiency calibration of HPGe detectors after correction for the
coincidence summing. For fitting of data points listed in Table 3.4, Eq. (3.5) was
used (red line). The obtained coefficients are a0 = −26.577(12), a1 = 19.592(3), a2 =
−4.7185(4), a3 = 0.4884(1) and a4 = −0.01895(1).

for calibration due to peak contamination. To obtain the efficiency curve of HPGe
detectors, we fitted these data points with the following function:

εγ = exp[a0 + a1ln(Eγ) + a2ln2(Eγ) + a3ln3(Eγ) + a4ln4(Eγ)] (3.5)

with a0 to a4 being the efficiency calibration parameters. Efficiency calibration was per-
formed in two steps. The calculation of summing correction requires the efficiencies ε1
and ε2 to be known, therefore, the efficiency curve without the summing correction was
constructed in the first step. After that, the data points were corrected for coincidence
summing using Eq. (3.4) and the final efficiency curve in Fig. 3.6 was obtained. Since
the uncertainties in the activity of used sources are unknown, an additional uncertainty
term of 3% was added to the efficiency values. All calibration points had energies up to
∼1.4MeV, therefore, we increased this value to 5% and 7%, for transitions with energy
greater than 1700 and 3500 keV, respectively, to account for the extrapolation of the
efficiency curve.
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3.4.2 Silicon detectors

For the purpose of energy and efficiency calibrations of silicon detectors, measurement
using the 4α source (148Gd, 239Pu, 241Am and 244Cm with activity 1 kBq each) was
performed. We used this data only for preliminary calibrations because we observed
the same shift over time in the energy calibration as in the case of germanium detectors.
In the case of efficiency calibration, it could not be placed directly in the implantation
position because of its large size, thus having a different geometric efficiency.

The 182Au decay data were used for the energy calibration of silicon detectors. Two
separate calibrations were made, a low-energy calibration for conversion electrons and
a high-energy calibration for α particles. We identified three known CE transitions
(455.4, 499.5 and 512.5 keV [Dav99]) based on the e−-γ coincidences and used them for
energy calibration. This is further explained in Chapter 4.2.4.

Energy calibration for α particles was done in two steps. At first, the low-energy
calibration was extrapolated, which allowed us to identify α peaks in the measured
spectrum. Then, known transitions originating from the α decay of 182Au (5403(5),
5352(5) and 5283(5) keV), 182Pt (4843(5) keV) and 182Hg (5867(5) keV, coming from the
182Tl beam contamination) [Ach09] were used for the final α-particle energy calibration
of silicon detectors. Energy resolution of 11 and 24 keV (FWHM) was achieved for CEs
(at 377 keV) and α particles (at 5870 keV), respectively

The efficiency calibration of silicon detectors was performed using the data from
181Au α decay measured during the same experiment, right after the 182Au data col-
lection. The singles α spectrum of this decay is shown in Fig. 3.7(a). This isotope
has two main α lines with energies of 5625(5) and 5479(5) keV, with the latter one
being followed by the 148-keV γ ray [Bin95]. The total number of 148-keV transitions
N(148) can be calculated from the number of counts in the singles γ-ray spectrum Sγ

(see Fig. 3.7(c)) and the spectrum gated on the 5479-keV α peak Sαγ (see Fig. 3.7(b)):

N(148) =
Sγ(148)(1 + α)

εγ
, (3.6)

N(148) =
Sαγ(148)(1 + α)

εγεα
, (3.7)

where α is the total conversion coefficient of the 148-keV transition and εγ and εα are
respective γ and α detection efficiencies. Using these two equations, detection efficiency
for the α particles can be calculated by comparing the detected counts in singles and
coincidence spectra:

εα =
Sαγ(148)
Sγ(148)

. (3.8)

48



3.4. DETECTOR CALIBRATION

5000 5100 5200 5300 5400 5500 5600 5700 5800
0

500

1000

1500

2000

2500

0 20 40 60 80 100 120 140 160 180 200

0

200

400

600

800

1000

1200

1400

1600

0 20 40 60 80 100 120 140 160 180 200
0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Energy (keV)

C
o
u
n
ts

 /
 1

 k
e
V

C
o
u
n
ts

 /
 1

 k
e
V

C
o
u
n
ts

 (
1
0

3
 /

 0
.2

 k
e
V

)

(a) Singles ✁ spectrum

of 181Au

(c) Singles ✂-ray

    spectrum

(b) Gate on the 5479-keV ✁ line 

140 142 144 146 148

100

150

200

250

300

350

400

5479 5626

148

86

Ir K�,✄ X rays

P
t,

 I
r,

 O
s
, 

R
e

K

☎

,✆

 X
 r

a
y
s

1
0

8

9
4

1
1

2

7
9

159 1
7

1

1
1

8

1
9

9

4
1 5

0

5
3

6
4

5
4

0
7

1
4

5
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its products are labelled [Wu05]. The inset shows the part of the spectrum around
the 148-keV transition following the 5479-keV α decay. Detection efficiency can be
calculated by comparing the counts of this transition in singles and gated spectra.
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Figure 3.8: Absolute efficiency calibration of silicon detectors for conversion electrons.
The efficiency curve was obtained by the Monte-Carlo simulation using the Geant4.

This result is independent of the multipolarity of the 148-keV transition and its detec-
tion efficiency, but it requires that all of the 148-keV singles γ rays originate from the
5479-keV α decay feeding the level at 148 keV in 177Ir. We used the γ-γ coincidences to
check for contamination from the 181Au β decay, but no such transitions were found.
The only possible contamination could come from the 5407-keV α transition feeding
the 223-keV level in 177Ir, which can deexcite by the cascade of 75- and 148-keV γ rays
[Bin95]. Relative γ-ray intensities in the 181Au α decay are unknown, but the maxi-
mum possible contamination can be determined as the 5479- and 5407-keV α transition
intensities ratio, see decay scheme in Ref. [Bin95], reaching 6%. Because of this, we
increased the efficiency by 3% of its value and increased its relative uncertainty by 3%.
The final efficiency value is εα = 3.8(4)%.

Detection efficiency for CEs is lower than for the α particles because of the electron
backscatter. Moreover, it changes with CE energy, because high-energy electrons can
pass through the detector without depositing their whole energy, causing a decrease
in the efficiency for higher energies. Therefore, we obtained the efficiency curve for
conversion electrons from the Monte-Carlo simulation using the Geant4 [Ago03]. The
model of the silicon array with appropriate detector dimensions and distances between
them was used [Cub24]. However, the exact distance of the silicon array from the
implantation point during the measurement is unknown. We chose the distance of
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17.5mm as it yields approximately the same detection efficiency (εα,sim = 3.77%) for
the α particles as determined from α-γ coincidences. Values obtained from the sim-
ulation were corrected for the difference between the εα,sim = 3.77% and εα = 3.8%.
The efficiency curve for conversion electrons is shown in Fig. 3.8. The same relative
uncertainty as for α-particle detection efficiency (σεα/εα = 10.5%) was applied to the
curve in this work.
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Chapter 4

Results and Discussion

In this chapter, we present results from the data analysis of 182Au decay measurement
and their interpretation. Data were obtained during the experiment IS665 [And20a] in
August and September 2021, carried out at IDS at ISOLDE, which were described in
chapters 3.1 and 3.2, respectively. Measured data were processed using the xia4ids code
[Lic], which was modified to suit the needs of energy calibration as described in Chapter
3.4. Data analysis and visualisation were performed using an object-oriented analysis
framework ROOT [Bru97]. Preliminary results from this analysis discussing β-decay
feeding intensities were published in Acta Physica Polonica B Proceedings Supplement
[Miš24]. Main results from Chapters 4.2 and 4.3 were submitted for publication in
Physical Review C [Miš25].

4.1 Previous studies of 182Au and 182Pt

Isotope 182Au lies in the neutron-deficient lead region and undergoes predominantly EC
and β+ decay to 182Pt with QEC = 7864(23) keV (resp. Qβ+ = 6842(23) keV) [Wan21]
and with branching ratio of bβ = 99.87(5)% [Bin95]. The evaluated value half-life of
182Au is T1/2 = 15.5(4) s [Sin15].

This nucleus was studied for the first time in 1970 at ISOLDE (CERN). It was
observed as the β-decay daughter product of 182Hg produced in spallation of a molten
lead target using a 600-MeV proton beam [Han70]. A half-life of T1/2 = 19(2) s was
reported for the observed α-decay. The first EC/β+ decay study of 182Au used the
same production method, and two transitions in the ground state band of 182Pt were
reported (154.9 and 263.8 keV), together with the half-life of T1/2 = 22.1(13) s [Fin72].
The following β-decay studies at ISOLDE [Cai74; Hus76] extended the level scheme of
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4.1. PREVIOUS STUDIES OF 182AU AND 182PT

Figure 4.1: Level scheme of 182Pt deduced in Ref. [Dav99].

182Pt, including the coexisting 0+2 state and a 2+2 level as the bandhead of a γ-vibrational
band.

The latest β-decay study of 182Au was performed at the Australian National Univer-
sity [Dav99]. In this study, 182Au was produced in the 4n channel of fusion-evaporation
reaction of 144Sm target with projectile 37Cl. Several low-spin excited states in 182Pt
were identified, and its level scheme was established up to the excitation energy of
about 1.9MeV, which can be seen in Fig. 4.1. The authors of this study note that
the maximum energy recorded was limited to 2MeV. Spins and parities for some levels
were determined based on internal conversion coefficient measurements and γ-γ angular
correlations.

The isotope 182Au has also been the subject of α-decay studies, investigating its
decay to 178Ir with Qα = 5525(4) keV [Wan21]. It was produced in β decay of 182Hg at
ISOLDE and a 5353-keV α transition followed by the 55-keV γ ray was reported. The
branching ratio for this transition was deduced to be bα = 0.038(8)% with the half-life
of T1/2 = 20(2) s [Hag79]. Nuclide 182Au has also been studied at Oak Ridge, where it
was directly produced in a complete fusion reaction of 19F with an ytterbium target
[Bin95]. The previously reported α-γ coincidence was observed, along with two more
α decays with energies of 5283 and 5403 keV. The latter was interpreted as the direct
decay to the 178Ir g.s. Based on the low hindrance factor HF = 3 of the 5352-keV α

decay, the same spin and parity was proposed for the 55-keV level in 178Ir as for 182Au
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Figure 4.2: Previously-known α-decay scheme of 182Au. The figure was taken from
Ref. [Bin95] and modified.

g.s. The branching ratio was determined to be bα(182Au) = 0.13(5)% and a lower half-
life value of T1/2 = 14.5(13) s compared to the previous studies was reported. A similar
value of T1/2 = 15.3(10) s was obtained in the same study from the EC/β+ decay using
the 155-keV transition in 182Pt.

The spin of 182Au was at first deduced to be I = 2−4 based on the low-temperature
nuclear orientation measurement of the g-factor, with the best agreement for I = 3

[Rom92]. However, a later 182Hg β-decay study observed M1 transitions connecting 1+

states (543 and 363 keV) directly to the 182Au g.s., excluding spin I = 3 and proposing
the value of Iπ = (2+) [Ibr01]. The same assignment was also given by the in-source laser
spectroscopy measurements of the hyperfine structure in atomic transitions [Har20]. A
recent similar experiment at CRIS [CRI] with better laser resolution also confirmed
the Iπ = (2+) assignment [Yan24].

The isotope 182Pt was discovered in 1963 via its α decay [Gra63; Amo11]. It decays
dominantly into 182Ir via EC/β+ decay with branching ratio of 99.962(2)% [Bin95]
and QEC = 2883(25) keV [Wan21]. In the remaining 0.038(2)% [Bin95] of cases it α

decays into 174Os (Qα = 4951(5) keV [Wan21]). The evaluated value half-life of 182Pt is
T1/2 = 2.67(12)min [Sin15].

Besides previously mentioned β-decay studies of 182Au, excited states in 182Pt were
also studied in in-beam measurements. Bands built on top of the 0+1 , 0+2 , and 2+2 known
from β-decay studies were extended, and several new structures were identified in
Ref. [Pop97]. Lifetime measurements for the excited states in 182Pt were also performed
using the recoil-distance Doppler-shift method, and half-lives for yrast levels up to 10+

[Gla12] and 14+ [Wal12] were determined.
Isotope 182Pt, as well as other neutron-deficient even-even platinum isotopes, man-
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Figure 4.3: Energy systematics of rotational states in even-even platinum isotopes.
Intruder states with 2p-6h configuration are marked in red, while states with normal
order 0p-4h configuration are marked in black. The figure was taken from Ref. [Gar22].

ifests shape coexistence. The energy of the prolate 2p-6h intruder state (β2 ≈ 0.25)
is lowered below the energy of the weakly deformed 0p-4h oblate configuration (β2 ≈
−0.15, [Ben87]) for isotopes 178−186Pt. This makes it the ground state for these iso-
topes, as can be seen in Fig. 4.3 [Hey00; Gar22]. In 182Pt, the coexisting 0+ state is
located at an excitation energy of 500 keV. A phenomenological mixing model was used
on the g.s. and excited levels of this isotope in Ref. [Dav99]. They showed a mixing of
three unperturbed bands, two of them built on a more and a less deformed state with
K = 0, respectively, and a γ-vibration band built with K = 2. While the more deformed
state contributes dominantly to the 0+1 g.s. and the yrast states, the less deformed one
forms predominantly the excited 0+2 state. Non-yrast states also contain a significant
contribution of the γ band [Dav99].

4.2 Results for β decay of 182Au

4.2.1 Introduction to γ-ray analysis

In total, the 182Au decay measurement lasted for tM = 6.1 h. A part of the time
distribution of the detected events is in Fig. 4.4. Detector rates significantly increased

55



Results and Discussion

13 14 15 16 17 18 19 20 21 22

Timestamp (103 s)

N
u
m

b
e
r 

o
f 
e
v
e
n
ts

 (
1
0

3
 /

 1
 s

)

120

100

80

60

40

20

0

A

B

C

D

0

A

B

Energy (keV)

140

145 150 155 160 165

20000

16000

12000

8000

4000

C
o
u
n
ts

 /
 0

.2
5

 k
e
V

Figure 4.4: A part of the time distribution of all detected events. Labels A, B, C and
D denote parts of the measurement with different event rates. Parts highlighted in red
were left out of the analysis because the high rate of events caused deterioration of
energy resolution. The inset compares the energy resolution of part A (3.3 keV, in red)
and part B (1.6 keV in black) for the 154.9-keV line. The same time window of 140 s
was used. Total counts in part A were higher than in part B, therefore, this spectrum
was scaled down by a factor of 0.24 to match the background around the peak.

twice during the measurement as shown in Fig. 4.4, which caused deterioration of energy
resolution of HPGe detectors compared to regular conditions (see inset in Fig. 4.4)
approximately by a factor of 2 (from 1.6 keV FWHM in part B to 3.3 keV in part A for
the 154.9-keV line). Therefore, the highlighted parts, 140 s and 30 s long, respectively,
were left out of our γ-ray analysis. We also observed worsened resolution in two other
parts of the measurement, denoted as C (1.8 keV) and D (2.1 keV) in Fig. 4.4, although
not as drastically as for part A, therefore, they were included in the analysis.

The singles spectrum of all four Clover detectors using add-back measured during
the remaining time of the experiment is shown in Fig. 4.5. The majority of observed
γ rays originate from the β decay of 182Au and its daughter products (182Pt, 182Ir and
182Os). The total statistics collected during the measurement was 1.98 × 107 counts
of the most intense 155-keV 2+1 → 0+1 γ-rays in 182Pt. When corrected for detection
efficiency and absolute transition intensity per 100 decays of 43.8(9) (determined in
Chapter 4.2.5), this gives about 3.3(1)×108 decays of 182Au in the chamber. We also
observed a small contamination of surface-ionised 182Tl in the singles spectrum and
determined its amount to be ∼ 1.7×105 decays in the same way as for 182Au, using the
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Figure 4.5: Singles γ ray spectrum from the measurement of 182Au. Transitions follow-
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Figure 4.6: Time differences between detection times of two coincident γ quanta.

351-keV transition in 182Hg. Its absolute intensity of ∼ 76 per 100 decays was estimated
from published transition intensities in Ref. [Rap17].

We used the method of prompt γ-γ coincidences between pairs of HPGe detectors
in our analysis. This method requires defining a time window for prompt coincidences
to keep the number of true coincident pairs as high as possible and, at the same time,
to limit the number of random coincidences. The spectrum of time differences of
coincident γ quanta is plotted in Fig. 4.6. Based on the width of the prompt peak, we
used the time window of tpw = 200ns in the analysis of γ-γ coincidences. We also used
the time window of 400 < trw < 600ns to estimate the time-random coincidences present
in the prompt window. To evaluate the effect of time-random coincidences in our data,
we gated on the time-random coincidence matrix for several intense transitions and
subtracted the obtained random coincidences from the coincidence spectra. Negligible
differences were observed, therefore, subtraction of time-random coincidences was not
applied to all γ-γ coincidences in general.

When gating on a certain transition, both the true coincidences and coincidences
with the background under the peak are present in the spectrum. This background
comes from Compton scattering of higher-energy γ rays and may introduce additional
peaks to the spectrum, which belong to γ rays in true coincidence with the Compton
scattered transition. Thus, background subtraction was performed for all γ-γ coinci-
dence spectra. Background coincidences were estimated by gating on the background
regions on both sides of the peak of interest. The background spectrum was appropri-
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Figure 4.7: An example of background subtraction process for γ-γ coincidence spectra.
Panel (a) shows the 856-keV transition in the singles spectrum. Black and red rectangles
represent used gates for peak and background, respectively. Panel (b) shows a part of
the γ-ray coincidences for the 856-keV transition. Coincidences with the whole peak
are given in black and coincidences with the background in red. True coincidences
obtained as their difference are given in the blue line. While the line at 856 keV is in
coincidence with four strong transitions, only two of them are in true coincidence with
this transition.

ately scaled to the gate width used for the peak. We note that the background region
left of the peak of interest contains multiple Compton-scattered γ rays from the corre-
sponding transition, and their subtraction could lower the statistics in the coincidence
spectrum. However, this effect is very small as no statistically significant differences
were observed when gating on background on both sides compared to the right side
only. An example of a background subtraction process for a coincidence spectrum can
be seen in Fig. 4.7.

The method of γ-γ coincidences can lead to the appearance of artificial peaks in
the spectrum caused by the Compton scattering, as can be seen in Fig. 4.8. In the
Compton scattering process, γ rays deposit part of their energy in one detector, and the
scattered quantum can be detected in another detector with a certain probability. This
creates an artificial peak in the gated spectrum with energy EC = Eγ −EG, where Eγ is
the initial energy of the scattered γ ray and EG is the energy of the gated transition.
The same artificial peaks appear in both background spectra with shifted energy (EG is
different), therefore, background subtraction creates regions of negative counts above
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in singles γ-ray spectrum. (b) Coincidences gated on the 265-keV transition (black line)
and background below (red line) and above (green line) this peak. Artificial peak caused
by Compton scattering of the 511-keV γ ray is wider than regular peaks, and its position
is shifted for each gated region. (c) The resulting artificial peak (EC = 511 − 265keV =
246 keV) in background-subtracted coincidences of the 265-keV transition.

and below the artificial peak.

The identification of γ rays emitted from excited states of 182Pt was performed
using coincidences with previously known transitions in 182Pt and with platinum X-
rays. Coincidence spectra of the two most intense transitions in 182Pt, namely the
155-keV 2+1 → 0+1 and the 265-keV 4+1 → 2+1 transitions, are shown in Fig. 4.9. Similar
spectra were constructed for all previously reported transitions, except the one at
762 keV, which could not be resolved from the 763-keV transition following the β decay
of 182Ir. Coincidences for several intense transitions in 182Pt are shown in Figs. A.1-A.6
in Appendix A. Additionally, newly observed transitions were also gated on to confirm
their placement. Such coincidence spectra were used to build the level scheme of 182Pt.
This process is shown in Fig. 4.10.

The intensity of γ-ray transitions was determined whenever possible from the singles
γ-ray spectrum (see Fig. 4.5). In this case, the total number of γ quanta emitted
can be simply obtained using the area of the peak S and detection efficiency for the
corresponding energy εγ:

Nγ =
S

εγ
(4.1)

The intensity was determined from γ-γ coincidence spectra in the remaining cases. The
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Figure 4.10: An example of level scheme construction based on coincidence spectra.
Parts (a) and (b) show coincidence spectra gated on the 155-keV 2+1 → 0+1 and the 265-
keV 4+1 → 2+1 transitions, respectively. Part (c) shows the partial level scheme deduced
from these coincidences. Transitions used as gates are known to be in coincidence
[Dav99], therefore, γ rays observed in both spectra (labelled in green) could be placed as
feeding the 420-keV level. Transitions coincident only with the 155-keV line (labelled in
blue) were placed as feeding the level with the same energy. Note that other coincidence
gates were investigated to rule out the possibility of these transitions to feed even
higher-lying levels, and confirm their assignment.

equation 4.1 needs to be modified for such transitions in the following way:

Nγ =
S

0.75εγεG
(1 + αG) (4.2)

where εG and αG are efficiency and total conversion coefficient for the gated γ line
respectively. The second γ ray in coincidence must be detected in a different HPGe
detector than the first one, therefore, its detection efficiency is lowered, giving rise to
the approximate factor of 0.75.

All γ-ray intensities Iγ were normalised to the intensity of the 155-keV transition:

Iγ =
Nγ

N155

× 100% (4.3)
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If transition feeding a particular level was not seen in coincidence with all transitions
deexciting this state, its intensity was scaled up to include an unseen portion of this
transition. For example, let’s consider a transition with total intensity If that feeds a
level, which is deexcited by four transitions with relative intensities I1, I2, I3, and I4,
but it is observed in coincidence only with the two most intense transitions. The full
intensity of transition f can be calculated as follows:

If = (If,1 + If,2)
I1 + I2 + I3 + I4

I1 + I2
, (4.4)

where If,1 and If,2 are intensities of the transition f determined from coincidences with
transitions 1 and 2, respectively.

An important effect on transition intensities is the coincidence explained in Chapter
3.4.1. Note that a summing of γ rays with the 511 keV line from electron-positron
annihilation, or platinum X rays can also occur since they are also in true coincidence
with γ rays in 182Pt. The correction was done in two ways. It is already performed for
γ rays with intensity determined using γ-γ coincidences by the factor 0.75 in Eq. 4.2.
This effectively adds one third of the detected counts to their intensity, since transitions
in coincidence are detected in three detectors out of four in total. The same intensity
was added to the gated γ ray and subtracted from the crossover transition if it existed.
In the case of singles γ rays, the correction can be calculated in the following way

Nsum =
1

4
ε1S2, (4.5)

where ε1 and S2 are detection efficiency and detected counts in singles spectrum for the
bottom and top γ ray in the cascade, respectively. The correction for the coincidence
summing is the most important in cases of weak crossover transitions parallel to strong
cascades. For example, the summing made up about 33% of the 1181-keV transition
(1181 keV → 0 keV with parallel cascade of 155 keV and 1026 keV γ rays) and 46% of
the 665-keV transition (1607 keV → 942 keV, where summing of the 155 keV γ ray with
an annihilation quantum results in the same energy).

We observed differences in transition intensities obtained from the singles γ rays
and γ-γ coincidences up to ∼ 12%. This value was determined from intense transitions,
where contamination by γ rays with similar energy was ruled out by γ-γ analysis. We
attribute these differences to the γ-γ angular correlations. Angular distribution of γ
rays depends on their multipolarities, which are unknown for most of the transitions
in this work. Because of this, we added a systematic relative uncertainty of 12% in
quadrature to all uncertainties of γ-ray intensities determined from coincidences.
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4.2.2 Results of γ-ray analysis

We identified 147 excited levels and 386 transitions in 182Pt based on coincidence data.
The majority of them, 125 levels and 336 transitions, are new. A partial summary of
deduced levels and observed transitions with their relative intensities is in Table 4.1.
The full table is shown in Appendix C.

We confirm almost all γ-ray transitions and all levels reported in Ref. [Dav99]. The
only exception is the tentatively assigned 644-keV transition previously placed between
the 1419- and 775-keV (6+1) levels. Such a placement would require the coincidence of
the 355-, 265- and 155-keV transitions with the 644-keV line, all with the same intensity
when corrected for the internal conversion and γ-ray efficiency. As can be seen in
Fig. 4.11, the 355-keV transition is missing, and the 265-keV peak is much weaker than
the 155-keV one. Instead, lines at 513 and 668 keV are present, therefore, we place the
644-keV transition between the 1311- and the 668-keV levels in the level scheme, see
Fig. 4.12. Transitions with energies 265 and 856 keV present in the spectrum do not
fit this placement, however, they come from the admixture of the 646-keV line present
in the gated region.

The lowest parts of the 182Pt level scheme deduced in this Thesis are shown in Figs.
4.12 and 4.13. Figure 4.14 contains the highest-lying levels in 182Pt assigned in this
work. The whole level scheme is presented in Appendix B.

We note that most transitions, our values are 0.4-0.6 keV lower than the values
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Figure 4.11: Background-subtracted γ-ray coincidence spectrum gated on the 643.5-
keV transition. AP stands for the artificial peak caused by Compton scattering. Small
peaks at 265 and 856 keV are caused by the presence of the 646-keV transition feeding
the 856-keV level in the gated region.
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published in Ref. [Dav99]. The highest difference is 1.0 keV for the 1386-keV transition
deexciting the level at 1541 keV. We verified our calibration by comparing energy values
for peaks from natural background or 182Au daughter isotopes in Chapter 3.4.1. Based
on these differences (see Table 3.2), we estimated the uncertainty of our calibration to
be up to 0.2 keV and 0.3 keV for energies below and above 1600 keV, respectively.

We also found several transitions not reported in Ref. [Dav99] but observed in other
studies. These are two tentatively assigned 1310.9- and 274.8-keV transitions deexciting
the 1311- and 942-keV levels, respectively, from Ref. [Cai74]. Additionally, we placed
five more transitions (296.4, 865.3, 900.4, 1054.4, and 1203.5 keV) in the level scheme,
which were reported as unplaced in the same study. Three more γ rays with energies
of 431.2, 1088.1 and 1444.0 keV coming from an in-beam spectroscopy study [Pop97]
were also included in the level scheme. The first establishes the 5− level at 1670.7 keV
level, while the latter two deexcite the 6+ 1863.4-keV level as shown in Figs. B.3 and
B.4, respectively.

New transitions connecting excited states in 182Pt directly to the g.s. were identified
using coincidences with platinum X rays. Three of them with energies of 1181, 1568,
and 1753 keV were placed in the decay scheme only tentatively (see Figs. 4.12, 4.13
and B.3). They were identified as doublets with transitions already placed in the level
scheme based on the matching energy with established levels and large differences in
intensity of corresponding peaks in the singles γ-ray and coincidence spectra. This
difference was used for the determination of their intensity.

The analysis of observed transitions to levels of known spin allows us to assign spin
values for certain levels. Since the observed γ-rays have prompt character, we only
consider the E1, M1, E2, or M2 multipolarities, restricting the maximum change in
angular momentum to 2. However, Weisskopf estimates predict half-lives of approx-
imately 100 ns also for E3 transitions with energies above ∼1300 keV, therefore, we
consider ∆L ≤ 3 for transitions above this energy. This allows us to limit the range of
possible spins to I = (1,2) and I = (2,3) for levels at 1722, 1753, 1966 keV and at 1568,
2006, 2077 keV, respectively, see Table C.1. Similarly, possible spin ranges for other
levels were estimated based on the connecting transitions to levels with known Iπ, as
shown in Tables 4.1 and C.1.

The intensity of the 513-keV transition could not be determined directly from singles
or coincidence spectra because of its vicinity to the annihilation peak at 511 keV. In-
stead, its intensity was obtained from transitions feeding the 668-keV level, see Fig. 4.15.
These transitions can be seen in coincidence with the 668-keV and the 155-keV γ rays
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Figure 4.12: The first part of the level scheme of excited states in 182Pt populated
in EC/β+ decay of 182Au. The spin and parity values are taken from Ref. [Dav99].
Transitions and levels highlighted in blue are newly assigned in this study. Tentative
transitions are plotted with dashed lines. Half-life, QEC and spin assignment for 182Au
g.s. are from our work, Ref. [Wan21] and Ref. [Har20], respectively.
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Figure 4.13: The second part of the level scheme of excited states in 182Pt populated
in EC/β+ decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or
deduced from the deexcitation paths. Transitions, levels and level spins highlighted in
blue are newly assigned in this study. Tentative transition is plotted with a dashed
line. Half-life, QEC and spin assignment for 182Au g.s. are from our work, Ref. [Wan21]
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Figure 4.14: The final part of the level scheme of excited states in 182Pt populated
in EC/β+ decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or
deduced from the deexcitation paths. Transitions, levels and level spins highlighted in
blue are newly assigned in this study. Tentative transition is plotted with a dashed
line. Half-life, QEC and spin assignment for 182Au g.s. are from our work, Ref. [Wan21]
and Ref. [Har20], respectively.

68



4.2. RESULTS FOR β DECAY OF 182AU

50

100

150

200

250

300

350

Energy (keV)

C
o
u
n
ts

 /
 1

 k
e
V

2000

2500

3000

3500

4000

4500

Pt
182

78

E (keV)

0
+

0.0

2
+

154.9

2
+

667.5

1151.2

1311.0

1501.8

1
5

4
.9

5
1

2
.5

6
6

7
.5

4
8

3
.6

6
4

3
.5

8
3

4
.3

460 480 500 620 640 660 820 840 860

4
8

4

6
4

4 8
3

4

(a) Gate on 668 keV

(b) Gate on 155 keV

(c)
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transitions. (c) Partial level scheme of 182Pt with relevant transitions and levels.

(the latter being in a cascade with the 513-keV transition, see Fig. 4.15), with inten-
sities Iγ−668 and Iγ−155, respectively. By comparing these intensity values, we obtain
an intensity ratio between the 513- and 668-keV γ rays. The intensity of the 513-keV
transition can then be calculated in the following way:

I513 = I668
Iγ−155
Iγ−668

, (4.6)

where I668 is the intensity of the 668-keV transition determined from singles γ rays.
The resulting value in Table C.1 was determined as the weighted average of values
obtained from several of the most intense transitions feeding the 668-keV level.

69



Results and Discussion

Table 4.1: A partial list of levels and transitions following the EC/β+ decay of 182Au. Ei and Ef are
the respective energies of the initial and final states of the γ-ray transition with the energy Eγ . Values
of the initial and final spin and parity Iπi , Iπj are taken from Refs. [Dav99; Pop97], or deduced from the
de-excitation paths. Tentative transitions and levels are written in italics. Relative γ-ray intensities
Iγ are normalised to the intensity of the 155-keV transition. Values determined from coincidence
γ-γ spectra are indicated with an asterisk. For the absolute intensity per 100 β decays, multiply by
0.438(9). The total transition intensities Itot were calculated using internal conversion coefficients αtot

and are normalised to 100 units for the 155-keV γ-ray intensity. ICCs were taken from Ref. [Kib08]
in the case of known multipolarity (1, E2 in all cases), taken from the NNDC evaluation (2) [Sin10],
evaluated in this work (3), or calculated as the average of the ICC for the E1 and M2 multipolarities
(4), see Chapter 4.2.5 for details. The last column contains branching ratios b of transitions de-exciting
each level, normalised to a sum of 100. The full table is shown in Appendix C.

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot

(%)
b

(%)

154.9(2)d 2+1 0 0+1 154.9(2)d 100 0.888(13) 1 188.8(13) 100
419.5(3)d 4+1 154.9(2) 2+1 264.6(2)d 45.7(19) 0.1443(21)1 52.3(22) 100
499.5(3)d 0+2 154.9(2) 2+1 344.6(2)d 7.44(32) 0.0659(10)1 7.93(34) 68(3)

0 0+1 499.5(3)de - - 3.82(43) 32(3)
667.5(2)d 2+2 154.9(2) 2+1 512.5(2)d 28.2(34)* 0.066(8)3 30.1(36) 76(2)

0 0+1 667.5(2)d 9.64(41) 0.01268(18)1 9.76(42) 24(2)
774.8(3)d 6+1 419.5(3) 4+1 355.3(2)d 1.18(16)* 0.0605(9)1 1.25(17) 100
855.6(1)d 2+3 499.5(3) 0+2 356.1(2)d 1.63(23)* 0.0601(9)1 1.73(24) 7.1(10)

419.5(3) 4+1 436.1(2)d 2.98(13) 0.0349(5)1 3.08(13) 12.6(6)
154.9(2) 2+1 700.8(2)d 1.18(16)* 0.93(13)3 2.27(34) 9.2(13)
0 0+1 855.6(2)d 17.20(73) 0.00749(11)1 17.33(74) 71.1(15)

942.2(2)d (3+1) 667.5(2) 2+2 274.8(2)a 0.47(10)* 0.26(13)2 0.59(14) 3(7)
419.5(3) 4+1 522.6(2)d 1.96(26)* 0.046(24)2 2.05(28) 10.5(13)
154.9(2) 2+1 787.2(2)d 16.68(65) 0.0092(4)2 16.84(66) 86.4(14)

1033.5(2)d (4+2) 667.5(2) 2+2 366.0(2)d 1.43(19)* 0.0557(8)1 1.51(20) 18(2)
419.5(3) 4+1 614.0(2)d 5.72(24) 0.025(7)2 5.86(25) 71(2)
154.9(2) 2+1 878.5(2)d 0.90(12)* 0.024(22)4 0.92(13) 11.1(14)

1151.2(2)d (03) 667.5(2) 2+2 483.6(2) 0.48(8)* 0.13(12)4 0.55(11) 28(5)
154.9(2) 2+1 996.3(2)d 1.38(19)* 0.00551(8)1 1.39(19) 72(5)

1181.4(1)d (24) 855.6(1) 2+3 325.9(2)d 0.92(13)* 0.16(9)2 1.06(17) 10.5(15)
499.5(3) 0+2 681.8(2)d 0.09(3)* 0.049(45)4 0.09(3) 0.9(3)
419.5(3) 4+1 761.8(2)d 0.37(6)* 0.036(32)4 0.38(6) 3.7(6)
154.9(2) 2+1 1026.5(2)d 8.08(34) 0.0102(19)2 8.16(35) 80.5(16)
0 0+1 1181.4(2) 0.45(5) 0.011(10)4 0.45(5) 4.5(5)

1239.5(1)d 4+3 942.2(2) (3+1) 297.3(2) 0.14(3)* 0.62(60)4 0.23(9) 3.5(14)
855.6(1) 2+3 383.9(2)d 0.98(14)* 0.0489(7)1 1.03(14) 15.9(19)
774.8(3) 6+1 464.7(2)d 0.37(6)* 0.0297(5)1 0.38(6) 5.8(9)
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Table 4.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot

(%)
b

(%)

667.5(2) 2+2 572.6(5)d 0.35(11)* 0.081(75)4 0.38(12) 5.8(18)
419.5(3) 4+1 820.0(2)d 0.95(4) 0.20(7)2 1.14(8) 17.5(13)
154.9(2) 2+1 1084.6(2)d 3.34(14) 0.00467(7)1 3.35(14) 52(2)

1305.4(2)d (5+1) 942.2(2) (3+1) 363.4(2)d 0.11(3)* 0.0568(8)1 0.12(3) 11(3)
774.8(3) 6+1 530.5(2)d 0.13(2)* 0.10(9)4 0.14(3) 13(3)
419.5(3) 4+1 885.9(2)d 0.79(11)* 0.024(21)4 0.81(11) 76(4)

1311.0(1)d 2+5 942.2(2) (3+1) 368.9(2) 0.92(13)* 0.31(29)4 1.20(32) 17(4)
855.6(1) 2+3 455.4(3)d 0.05(2) 17.3(75)3 0.97(11) 13.7(16)
667.5(2) 2+2 643.5(2) 0.64(9)* 0.058(53)4 0.68(10) 9.6(15)
499.5(3) 0+2 811.6(2)d 1.66(23)* 0.00835(12)1 1.67(24) 24(3)
419.5(3) 4+1 891.4(3) 0.13(4)* 0.00689(10)1 0.13(4) 1.9(6)
154.9(2) 2+1 1156.0(2)d 1.35(6) 0.012(10)4 1.37(6) 19.4(14)
0 0+1 1310.9(2)a 1.05(5) 0.00326(5)1 1.05(5) 14.9(11)

1358.3(2) (0-4)f 855.6(1) 2+3 502.5(2) 0.08(2)* 0.12(11)4 0.09(3) 9(3)
667.5(2) 2+2 690.7(2) 0.19(7)* 0.047(43)4 0.19(7) 20(6)
154.9(2) 2+1 1203.5(2)b 0.70(10)* 0.011(9)4 0.71(10) 72(6)

1418.9(1)d (44) 1033.5(2) (4+2) 385.5(2)d 0.10(3)* 0.10(6)2 0.11(4) 4.5(15)
942.2(2) (3+1) 476.8(2) 0.44(7)* 0.14(13)4 0.50(10) 20(4)
855.6(1) 2+3 563.2(2) 0.15(3)* 0.09(8)4 0.16(3) 6.5(15)
667.5(2) 2+2 751.3(2)d 1.03(17)* 0.00982(14)1 1.04(17) 42(5)
419.5(3) 4+1 999.5(2)d 0.63(9)* 0.017(26)4 0.64(9) 26(4)

1472.8(1)d (2-4)f 1033.5(2) (4+2) 439.4(2)d 0.41(3) 0.180(13)4 0.49(8) 13(2)
942.2(2) (3+1) 530.4(2) 0.17(3)* 0.100(5)4 0.18(4) 5(10)
855.6(1) 2+3 617.2(2)d 1.88(8) 0.070(54)4 2.00(14) 54(3)
154.9(2) 2+1 1317.8(2) 1.02(15)* 0.0080(71)4 1.03(15) 28(3)

a Reported as a tentative transition in Ref. [Cai74].
b Reported as an unplaced transition in Ref. [Cai74].
c Known from in-beam spectroscopy study from Ref. [Pop97].
d Known from decay spectroscopy study from Ref. [Dav99].
e Observed only in the spectrum of conversion electrons.
f Value of spin deduced from the analysis of the deexcitation paths.
1 Conversion coefficient taken from BrIcc [Kib08] considering an E2 multipolarity.
2 Conversion coefficient taken from the NNDC evaluation [Sin10]
3 Conversion coefficient evaluated in this work.
4 Conversion coefficient calculated as the average of the ICC for the E1 and M2 multipolarities.
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Figure 4.16: Time distributions of the (a) 155-keV, (b) 265-keV, (c) 787-keV and (d)
856-keV γ-ray transitions. The red line is the fit through experimental values using
the exponential function with a constant background. Note that visual disagreement
between the background regions of the time distributions and fitted functions comes
from the choice of logarithmic scale, omitting negative bins, which lower the average
background.

4.2.3 Half-life of 182Au

To determine the 182Au half-life, we used the decay curve from the end of the ex-
perimental measurement (see Fig. 4.4) when the beam gate was closed and the tape
movement was stopped. Background subtraction for time distributions was performed
in the same way as for the γ-γ coincidence spectra. Decay curves of several intense
γ-ray transitions were fitted with an exponential function and a constant background.
Fits of the time distributions for the 155-, 265-, 787- and 856-keV transitions are shown
in Fig. 4.16. The list of all transitions used with the obtained values is in the Table
4.2. All values are compatible with each other within uncertainties. Their weighted
average T1/2 = 16.43(12) s agrees with the evaluated half-life of 182Au T1/2 = 15.5(4) s
[Sin15] within 2σ.
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Table 4.2: The values of 182Au half-life obtained from time distributions gated on
several different γ-ray transitions in 182Pt.

Eγ

[keV]
Iγ

[%]
Ei

[keV]
Jπ
i T1/2

[s]

154.9 100 154.9 2+1 16.39(14)
264.6 45.7(19) 419.5 4+1 16.5(3)
344.6 7.4(3) 499.5 0+2 16.7(12)
614.0 5.7(2) 1033.5 (4+2) 17.2(16)
787.2 16.7(7) 942.2 (3+1) 15.9(7)
855.6 17.2(7) 855.6 2+3 16.9(7)
1026.5 8.1(3) 1181.4 (24) 16.8(14)
1084.6 3.3(1) 1239.5 4+3 18.5(31)
Weighted average 16.43(12)

4.2.4 Analysis of conversion electrons

Our analysis also focused on Iπi = Iπf transitions proceeding via E0 transitions (I = 0)
or transitions with an E0 component (I ≠ 0). Such transitions are sensitive to band
mixing and differences in mean-squared charge radii between the initial and final states
[Kib22].

The singles energy spectrum of conversion electrons with marked peaks is shown
in Fig. 4.17. As was mentioned in Chapter 3.4.2, we identified some of the known
transitions in 182Pt based on CE-γ coincidences. These coincidence spectra are shown
in Fig. 4.18. Gamma rays gated on the 377-keV CEs, which correspond to the K

conversion of the 455-keV 2+5 → 2+3 transition, are shown in Fig. 4.18(a). All of these
γ rays come from the deexcitation of the populated 856-keV 2+3 level, confirming the
assignment of the CEs as K CEs of the 455-keV transition. Figure 4.18(b) shows
coincidences with the K CEs of the 500-keV 0+2 → 0+1 transition. All γ rays present
in the spectrum were also observed in the coincidence spectrum gated on the 345-
keV line, depopulating the 500-keV 0+2 level (see Fig. A.1). Two transitions marked
with an asterisk (155 and 1027 keV) are not real peaks, because they consist of just
one bin with the number of events above the background level. They were not fully
subtracted because of the difference in the shape of these peaks in the background
and the gated spectra. Coincidences with the 434-keV K CEs of the 513-keV 2+2 → 2+1
transition in Fig. 4.18(c) show the 155-keV line, which is in a cascade with the 513-keV
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Figure 4.17: Energy spectrum of conversion electrons. Peaks are marked with inter-
nal transition energy and atomic orbital from which CE was emitted. The 500-keV
transition (marked with an asterisk) was observed only in the spectrum of conversion
electrons.

γ ray (see Fig. 4.12). Energies of K CEs from BrIcc [Kib08] for these three transitions
(455, 500 and 513 keV, see Table 4.3) were used for energy calibration, allowing us to
identify additional electrons originating from conversion of the 155-, 265, and 701-keV
transitions. However, no new E0 transitions were observed, see Table 4.3.

Both the K and L CEs were observed for the known 500-keV E0 (0+2 → 0+1)
transition. The numbers of detected electrons were corrected for the detection ef-
ficiency of silicon detectors, giving the relative intensity IK(500) = 3.27(37)% and
IL(500) = 0.45(9)%. We did not observe CEs from higher shells, therefore, we used a
theoretical fraction of K CEs for this transition of 0.8579 from BrIcc [Kib08] to obtain
the total intensity of Itot(500) = 3.8(4)%.

The E0/E2 mixing ratio can be calculated for the E0 transition by reference to an
E2 transition deexciting the same level (see Chapter 2.1.3). We used the 345-keV E2

0+2 → 2+1 γ ray [Dav99] to calculate this mixing ratio for the 500-keV transition. Using
IK(345) = αK(345)Iγ(345) in Eq. (2.58) we get:

q2K(E0/E2,500) = IK(500)
Iγ(345)αK(345)

= 6.7(11). (4.7)

Unfortunately, while several studies reported half-lives of yrast states in 182Pt [Wal12;
Gla12], the half-life of the 0+2 level is unknown. Therefore, we cannot determine the
monopole transition strength ρ2(E0,500). Instead, we used Eq. 2.60 to determine the
103 ⋅ ρ2(E0,500) ⋅ T1/2(500) = 1.1(2)ns employing the branching ratio of the 345-keV
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Figure 4.18: γ-ray coincidence spectra gated on the K CEs of the (a) 456-keV, (b)
500-keV and (c) 513-keV transitions, respectively. These CE transitions were identified
based on γ-ray transitions in coincidence.

transition b(E2,345) (see Table 4.1) and electronic factor ΩK(E0,500) from BrIcc
[Kib08; Dow20].

The second reported E0 transition is the 455-keV 2+5 → 2+3 transition. The E0

multipolarity was assumed for the 455-keV transition because no γ rays were observed
in the previous studies [Cai74; Dav99], and only limits on conversion coefficients were
given (see Table 4.4). However, γ-ray emission is allowed for such a transition, as
opposed to the 0+ → 0+ case. We observed a weak γ-ray transition of the corresponding
energy and K conversion electrons in γ-γ and γ-CE coincidences gated on the 856-keV
transition, respectively, see Fig. 4.19. Because of this, we assign a mixed E0+M1+E2

multipolarity for the 455-keV transition. Comparison of intensity of CEs (ICE,K(456) =
0.78(9)%) and γ rays (Iγ(456) = 0.05(2)%) yields the conversion coefficient αK(456) =
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Table 4.3: A list of transitions detected in the CE spectrum. The energy of emit-
ted conversion electrons for a given transition and atomic shell was taken from BrIcc
[Kib08].

Measured energy
(keV)

Transition
(keV)

Shell CE energy [Kib08]
(keV)

76.1(1) 154.9 K 76.5
142.5(1) 154.9 L 142.2
154.4(5) 154.9 M 152.0
186.9(2) 264.6 K 186.2
251.3(2) 264.6 L 251.7

326.0 K 247.6
261.7(6) 264.6 M 261.6

344.6 K 266.2
376.9(2) 455.4 K 377.0
420.8(1) 499.5 K 421.1
434.2(2) 512.5 K 434.1
485.7(8) 499.5 L 485.6
497.4(10) 512.5 L 498.8
622.4(3) 700.8 K 622.4

14.8(65). This value is much higher than the theoretical value for the M1 multipolarity,
indicating a very strong E0 component. Because of such a high ICC, we estimated
the contribution of other shells in the same way as for the 500-keV transition, using
the theoretical fraction of K CEs of 0.8575 [Kib08], giving ICE,tot(456) = 0.91(11)%.
A summary of internal conversion coefficients (ICCs) deduced for transitions in this
Thesis is in the Table 4.4.

Only a limit on αK,ref(513) > 0.165 was given for the 513-keV 2+2 → 2+1 transition
in Ref. [Cai74]. A smaller value of αK,ref(513) = 0.044(6), incompatible with the
previous limit, was determined in a later study [Dav99]. Because this value was smaller
than the theoretical ICC for the M1 multipolarity (see Table 4.4), the existence of
an E0 component for the 513-keV transition was questioned in Ref. [Dav99]. Our
value αK(513) = 0.055(7) agrees with the latter result. Additionally, we obtained
a good agreement with αK,ref(513) = 0.062(13) from the ENSDF evaluation [Sin10].
It was calculated using the CE intensity from Ref. [Cai74] and γ-ray intensity from
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in (b).

Table 4.4: Internal conversion coefficients αexp of transitions in 182Pt determined in
this work compared with previously published values αref from Refs. [Cai74; Dav99]
and theoretical values αth from BrIcc [Kib08].

E

(keV)
Ei

(keV)
Ef

(keV)
Ji → Jf Shell αexp αref

[Cai74]
αref

[Dav99]
αth(M1)
[Kib08]

455.4(3) 1311.0(1) 855.6(1) 2+5 → 2+3 K 14.8(65) >1.7 >0.32 0.0824(12)
512.5(3) 667.5(3) 154.9(2) 2+2 → 2+1 K 0.055(7) >0.165 0.044(6) 0.0604(9)

L 0.010(3) 0.00972(4)
700.8(2) 855.6(1) 154.9(2) 2+3 → 2+1 K 0.78(13) 0.73(22) >0.27 0.0269(4)

Ref. [Dav99]. We were also able to extract L conversion coefficient αL(513) = 0.010(3).
Both our values are comparable to the theoretical conversion coefficients for the M1

multipolarity, therefore, we cannot confirm the presence of the E0 component in this
transition. We note, that similarly for the 486-keV 2+2 → 2+1 transition in neighbouring
even-even isotope 184Pt, no E0 component could be reliably assigned [Xu92].

For the 701-keV 2+3 → 2+1 transition, we obtained the K ICC of αK(701) = 0.78(13).
This ICC is in good agreement with the value αK,ref(701) = 0.73(22) from Ref. [Cai74],
and it is also compatible with the limit given in Ref. [Dav99]. Since the deduced αK

is much larger than the theoretical αK for the M1 multipolarity, we can confirm the
E0 component in this transition. Employing a mixing ratio δ(E2/M1) = 0.7+1.0

−0.3 for
the 701-kev γ ray from Ref. [Dav99], we could determine the q2K(E0/E2) mixing ratio
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using Eq. (2.56) with our conversion coefficient αexp
K (701) = 0.78(13):

q2K(E0/E2,701) =
αexp
K (701)[1 + δ2(E2/M1)] − αK(M1,701)

δ2(E2/M1)αK(E2,701)
− 1 = 258+458

−162, (4.8)

where αK(M1,701) and αK(E2,701) were ICCs for pure M1 and E2 multipolarities,
respectively, taken from BrIcc [Kib08].

The Eq. (2.60) allows us to calculate the monopole strength for the 701-keV tran-
sition in a similar way as for the 500-keV γ ray. The half-life of the 856-keV 2+3 level
is unknown, therefore, we calculated 103 ⋅ ρ2(E0,701) ⋅ T1/2(856) = 0.8+1.4−0.5 ns. However,
the half-life of the 856-keV state can be estimated. It is a member of the rotational
band built on top of the oblate 0+2 bandhead [Dav99]. Systematics of levels in platinum
isotopes (see Fig 4.3) show that this band has a similar structure to g.s. bands in 188Pt
and heavier isotopes. Because of this, we can expect the 856-keV level to have a half-life
similar to 2+1 states in 188,190,192,194Pt (66(3) ps [Kon18], 62.3(31) ps [Sin20], 43.7(9) ps
[Bag12] and 41.7(17) ps [Che21], respectively). Using the average of the smallest and
the largest value with uncertainty covering the range of used values (53(13) ps), we
obtained 103 ⋅ ρ2(E0,701) = 14+26

−10. This value is similar to the monopole strengths of
other 2+2 → 2+1 or 2+3 → 2+1 transitions connecting coexisting bands in nearby even-even
isotopes (110(40), 90(30) and 49(23) in 182,184,186Hg [Kib22], respectively, and 24(6) in
184Pt [Ger20]).

4.2.5 β-decay feeding intensities and log ft values

Internal conversion is an alternative process to γ-ray emission, therefore, it needs to be
accounted for to obtain total transition intensities. Depending on a specific case, we
used ICCs determined in this work, calculated them using BrIcc for transitions with
known multipolarity, took them from the NNDC evaluation [Sin10] in the case of mixed
transitions, or estimated them in the case of unknown multipolarity. Considering the
prompt character of the observed γ rays, we can limit their multipolarity to E1, M1,
E2, M2, and, for higher energies (E > 1300 keV), also E3. We estimated their ICCs
as the average value of ICCs for E1 and M2 multipolarities. These two values were
chosen as the smallest and the largest among possible conversion coefficients. To cover
the whole range of possible ICCs, we used the uncertainty of half of the difference
between these two ICCs:

αtot,est =
αtot,E1 + αtot,M2

2
±
αtot,E1 − αtot,M2

2
. (4.9)
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The values of conversion coefficients and methods used to obtain them are listed in
Table 4.1.

The apparent intensity of β-decay feeding Iβ can be experimentally determined as
a difference in intensity of transitions deexciting (Id) and feeding (If ) a level:

Iβ = ∑ Id −∑ If . (4.10)

We normalised relative feeding to the total number of 182Au β decays. This was cal-
culated as the sum of all transitions deexciting directly to the ground state. Their
total intensity is 2.285 times larger than the γ-ray intensity of the 155-keV transition,
giving a factor of 0.438(9) required for normalisation of transition intensities to 100
β decays. We also corrected these values for the β-decay branching ratio of 182Au
bβ = 99.879(11)% determined in this work in Chapter 4.3.2. Since we were measuring
γ rays following β decay of 182Au, we were not able to experimentally observe direct β-
decay feeding into the Iπ = 0+ g.s. of 182Pt. However, such β decay of the Iπ = (2+) g.s. of
182Au [Har20] would be the second forbidden non-unique β decay [Tur23], therefore,
we consider this feeding to be negligible. Values of apparent β-decay feeding inten-
sity are often influenced by the so-called pandemonium effect [Har77], as described in
Chapter 2.1.4, and should be considered as upper limits. The apparent β-decay feeding
intensities deduced in our work are listed in Tables 4.5 and C.2.

Table 4.5: A partial list of β-decay feeding intensity Iβ into excited levels of 182Pt and
corresponding log ft values calculated using Fermi integrals for allowed and the first
forbidden non-unique decay (log f0t) and for the first forbidden unique decay (log f1t).
The values of spin and parity Iπ are taken from Refs. [Dav99; Pop97] or from the
analysis of de-excitation paths in this work as indicated by an asterisk. Column Irefβ

contains β-decay feeding intensity values calculated using the previous level scheme
and transition intensities from Ref. [Dav99]. Internal conversion was accounted for in
the same way as for our results. The full table is shown in Appendix C.

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

154.9(2) 2+1 31(2) 10.9(21) 6.09(10) 8.18(10)
419.5(3) 4+1 11.4(8) 7.2(10) 6.20(7) 8.26(7)
499.5(3) 0+2 5.2(7) 1.58(30) 6.84(10) 8.89(10)
667.5(2) 2+2 10(2) 8.9(16) 6.04(9) 8.08(9)
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Table 4.5: (Continued)

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

774.8(3) 6+1 0.10(35) 0.22(8) 7.61(20) 9.64(20)
855.6(1) 2+3 7.1(8) 4.63(52) 6.27(6) 8.29(6)
942.2(2) (3+1) 7.4(9) 4.21(40) 6.29(4) 8.30(4)
1033.5(2) (4+2) 4.9(11) 2.03(20) 6.58(4) 8.58(4)
1151.2(2) (03) 1.3(1) 0.61(10) 7.07(8) 9.06(8)
1181.4(1) (24) 4.9(5) 3.06(26) 6.36(4) 8.35(4)
1239.5(1) 4+3 5.3(4) 1.80(15) 6.57(4) 8.56(4)
1305.4(2) (5+1) 1.0(3) 0.37(6) 7.24(8) 9.22(8)
1311.0(1) 2+5 2.3(3) 2.88(20) 6.35(3) 8.32(3)
1358.3(2) (0-4)* 0.25(7) 7.40(14) 9.37(14)
1418.9(1) (44) 1.8(4) 0.97(10) 6.79(5) 8.75(5)
1472.8(1) (2-4)* 1.5(4) 1.54(11) 6.57(3) 8.53(3)
1501.8(1) (1-4)* 1.8(4) 1.13(11) 6.70(4) 8.65(4)
1520.9(1) (2-4)* 0.75(24) 0.74(11) 6.87(7) 8.83(7)
1541.6(1) (2-4)* 0.79(20) 1.31(14) 6.62(5) 8.57(5)
1568.0(2) (2)* 0.37(14) 1.42(15) 6.58(5) 8.53(5)
1683.9(3) (2-6)* 0.61(14) 0.45(6) 7.04(7) 8.98(7)
1888.7(2) (2-4)* 0.47(14) 0.60(8) 6.85(7) 8.77(7)
2064.6(1) (2-4)* 1.62(11) 6.37(3) 8.27(3)
3419.2(2) (2-4)* 0.92(7) 6.17(3) 7.91(4)
3443.8(2) (2-4)* 1.14(10) 6.07(4) 7.81(4)
3468.3(2) (2-4)* 0.60(6) 6.34(5) 8.08(5)
3513.4(2) (2-4)* 2.23(17) 5.75(3) 7.48(4)
3555.3(3) (1,2)* 0.35(5) 6.54(7) 8.27(7)
3558.9(3) (1,2)* 0.25(4) 6.70(8) 8.42(8)
3569.0(2) (1,2)* 1.72(14) 5.85(4) 7.57(4)
3576.9(1) (1,2)* 4.18(20) 5.46(2) 7.18(2)
3598.8(2) (1,2)* 0.56(3) 6.33(3) 8.04(3)
3608.8(2) (1,2)* 1.26(13) 5.97(5) 7.69(5)

Log ft values for the β decay of 182Au can be calculated using the NNDC log ft
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calculator [LOG]. We used values of β-decay feeding intensities and 182Au half-life
of T1/2 = 16.43(12) s determined in this work, and the maximal energy of the decay
QEC(182Au) = 7864(23) keV from Ref. [Wan21]. Different decay types are described by
different Fermi integrals, therefore, we calculated log f0t values, as well as log f1t values
(see Table 4.5) to compare with systematics for the allowed and first forbidden non-
unique decays, and for the first forbidden unique decays, respectively. Since the feeding
intensities Iβ are upper limits because of the pandemonium effect, the corresponding
log ft values should be considered as lower limits.

As can be seen in Table 4.5 and Fig. 4.20, the highest amount of the observed
feeding leads to the 2+1 level at 155 keV (Iβ = 10.9(21)%), followed by the 2+2 state at
668 keV (Iβ = 8.9(16)%). Strong feeding to other 2+ states or the 942-keV (3+1) state
is also present. This pattern is well expected since the β decay of the Iπ = (2+) g.s. in
182Au [Har20] to these levels corresponds to an allowed β decay. Calculated log f0t

values for these states are in the range of 6.0 - 6.4, which are consistent with the typical
values for the allowed or the first forbidden non-unique decays [Tur23].

However, the third strongest feeding is observed for the 4+1 level at 420 keV (Iβ =
7.3(10)%). Feeding to other 4+ states is also comparable to that of 2+ states with
similar excitation energy. Log f0t values are approximately in the same range as for
the 2+ states (up to 6.6). Moreover, the largest log f1t value for these levels is 8.56(4)
(for the 4+2 1034-keV state), which is only slightly greater than the recommended lower
limit for the first forbidden unique decay log f1t ≥ 8.5 [Tur23]. This is not consistent
with the β decay of the Iπ = 2+ state to the 4+ level, as it would be the second forbidden
non-unique β decay with recommended lower limit of log f1t ≳ 11 [Tur23] (see Chapter
2.1.2 and Fig. 2.2). Therefore, we should see several orders of magnitude lower β-decay
feeding into these states, which would be below the detection limit. Feeding to 2+, 4+,
and high-lying states will be further discussed in the following sections.

Feeding to the 2+ states

Three band structures were identified in 182Pt in the previous studies [Cai74; Pop97;
Dav99]. The first one is the prolate yrast band with K = 0, the second band is built
on top of the oblate 0+2 state (K = 0), and the third one is the γ band with K = 2 (see
Fig. 4.20). Each of these bands contains a 2+ state either as the first level above the
bandhead (2+1 and 2+3 for the first two bands, respectively), or as the bandhead (2+2) in
the case of the γ band. The g.s. of 182Au is well-deformed with K = 2, therefore we could
expect different degrees of hindrance in β decays to these states. A recent review showed
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Figure 4.20: Simplified level scheme of 182Pt. The band structure is taken from
Ref. [Dav99]. Spin, parity and configuration of the 182Au g.s. is taken from Ref. [Har20].

that ∆K = 2,∆J = 0 decay, as in the case of decays to the 2+1 and 2+3 levels, can lead to
log ft values in the range of 9-10 [Wal24]. It needs to be noted that only low Qβ cases
without mixing of levels in the daughter isotopes were considered in the systematics in
the review. The observed feeding intensity for the 2+3 level is slightly less than half of
the feeding to the 2+1 state. However, these values can be considered comparable, since
the resulting log ft values are approximately the same (6.09(10), 6.04(9) and 6.27(6)
for the 2+1−3 levels, respectively). This indicates no K-hindrance in these β decays. We
attribute the absence of K-hindrance to the mixing between the three bands, which
was discussed in detail in Ref. [Dav99], and to the large effective Q values for β decays
to these levels: QEC,eff = QEC − Ef , where QEC(182Au) = 7864(23) keV [Wan21] and
Ef is the excitation energy of the populated state..

Feeding to the 4+ states

Several possible explanations for substantial feeding into 4+ states will be discussed.
The first and natural explanation of the comparable β-decay feeding to the 2+ and 4+

levels would be the Iπ = 3+ assignment for the g.s. of 182Au. This would correspond to
the allowed β decay in both cases, which agrees with the calculated log ft values, see
Table 4.5. As was mentioned in Chapter 4.1, initially the I = 3 value was assigned to
182Au g.s., but later studies rejected this option and proposed Iπ = (2+) [Ibr01; Har20;
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Yan24]. Therefore, we exclude the Iπ = 3+ option as an explanation of large feeding
into the 4+ states.

The second possible explanation is the presence of another β-decaying state in
182Au, preferentially feeding the 4+ levels. We will consider only allowed and first
forbidden non-unique β decays to the 4+ states since other types of β decay are usually
highly suppressed [Tur23]. This limits the spin of a potential long-lived state in 182Au
to 3,4, and 5. The M1, E1, E2 or M2 transitions between the I = 3,4 levels and the
2+ g.s. of 182Au, respectively, would be prompt or have a very short lifetime. Thus,
the only relevant value is I = 5. This would lead to a similar case as in 184Au, where
an isomeric 2+ state and a 5+ g.s. are present [Sau05]. It needs to be noted that an
isomeric state in 182Au has already been proposed because of the direct feeding of the
4+ and 5+ states evaluated based on γ-ray intensities from Ref. [Dav99] in the recent
NUBASE evaluation [Kon21]. The spin and parity of this proposed state is Iπ = 5−,
and its excitation energy E∗ = 120(40) keV and half-life of T1/2 = 10 s were estimated
based on the trend in neighbouring nuclei.

Additionally, previously published results on 182Au half-life seem to form two groups,
which could be explained by a different admixture of the isomeric state in 182Au in
these studies. In the first group, there are values of 19(2) s [Han70], 22.1(13) s [Fin72]
and 20(2) s [Hag79]. These half-lives were obtained from α or γ-ray spectroscopy at
ISOLDE, where 182Au was produced in the β decay of 182Hg. The second group is
formed by values of 15.6(4) s from nuclear orientation measurement at ISOLDE with
production from 182Hg β decay [Rom92], and 14.5(13) s and 15.3(10) s from α and γ-ray
spectroscopy, respectively, at Oak Ridge [Bin95], where it was directly produced in a
fusion-evaporation reaction. Different production methods could shift the ratio of the
g.s. and isomeric state in the produced sample, changing the effective half-life. The
highest values were determined with 182Au produced in β decay, while the lowest values
resulted from a study with the direct 182Au production. However, one of the values in
the second group (15.6(4) s [Rom92]) also comes from 182Au produced in the β decay
of 182Hg. Therefore, no clear conclusion can be drawn based on the previous results.

The new 5+ isomeric state in 182Au would preferentially feed different states in 182Pt
than the 2+ g.s. This would result in different half-lives obtained using γ rays deexciting
levels with different spins. The analysis of 182Au half-life using several γ transitions was
performed in Chapter 4.2.3. The lowest and largest half-life values from our work (see
Table 4.2) are 15.9(7) s and 18.5(31) s, which were obtained for the 787- (deexciting
the (3+1) state) and 1085-keV (deexciting the 4+3 state) transitions, respectively. These
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γ-ray transitions deexcite levels with different spins, however, the difference in half-life
is not statistically significant. Thus, our results are consistent with the decay of a
single state in 182Au.

The presence of an isomeric state in 182Au was also investigated by theoretical
configuration-constrained potential energy surface calculations [Jia24] (to be published
in Ref. [Miš25]). These states are compared with the experimental levels known from
the 182Hg β-decay study [Ibr01; Sin15] in Fig. 4.21. Calculations reliably reproduced
the spin of the g.s. (Iπ = 2+) with the same configuration as was deduced in Ref. [Har20].
The 5+ excited state in 182Au is predicted at E = 135 keV with the same configuration
(π3/2−[532] ⊗ ν7/2−[514]) as for the g.s. in 184Au [Le 97]. Using Weisskopf estimates,
see Eq. (2.47), and ICC from BrIcc [Kib08] we get an expected half-life of 0.7 s for an
M3 transition between this level and the 182Au g.s., making it an isomer. However,
the theoretical calculations in Fig. 4.21 do not include rotational states. Energies of
the g.s. band members in 182Au are unknown, but we can estimate them since the
deformation of 182Au and 184Au is very similar [Cub23b]. In 184Au, rotational 6+ and
7+ states of the 5+ g.s. band lie at 84 and 187 keV, respectively [Zha05]. Equation (2.75)
then gives us estimates of 41 and 101 keV for the rotational 3+ and 4+ states in 182Au,
respectively, placing them below the predicted 5+ level. Even with some degree of
K hindrance [Kon15], the expected half-life of deexcitation via these rotational states
would be much shorter. Thus, the predicted 5+ state would not create a β-decaying
isomer with half-life comparable to the 182Au g.s., which would not be distinguished in
our half-life analysis in Chapter 4.2.3.

Moreover, we can expect the I = 5 isomer to also feed directly spin 5 and 6 states in
182Pt. As can be seen in Table 4.5, we observed feeding to such states, but it is much
lower compared to the feeding of the 4+ states (for example, 7.3(10)% and 0.22(8)%
for the 4+1 and 6+1 levels, respectively). The highest observed β-decay feeding value for
I ≥ 5 states is Iβ = 0.37(6)% for the 1305-keV (5+1) state, which is much smaller than for
any 4+ level. Relative intensities of the 4+1 → 2+1 (45.7(20)%) and 6+1 → 4+1 (1.18(16)%)
transitions in 182Pt are also much lower, particularly in the 6+1 → 4+1 case, compared
to the same transitions in 184Pt (90(9)% and 41(4)%, respectively) [Bag10]. While
these relative intensities will depend on the isomer ratio in the given study, if the 4+1
state in our data was indeed mostly fed by the β decay of the 5+ isomer, the ratio of
intensities Iγ(6+1 → 4+1)/Iγ(4+1 → 2+1) should be comparable in both studies. However,
this ratio decreases from ∼ 1/2 in 184Pt to ∼ 1/40 in 182Pt, showing much stronger direct
or indirect feeding from higher-spin states to the 6+1 level in the case of β decay of the
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Figure 4.21: A comparison of experimental and theoretical excited levels in 182Au. The
predicted 5+ state in 182Au is highlighted in red. The figure was taken from Ref. [Miš25;
Jia24].

5+ g.s. in 184Au.

Additionally, no hyperfine structure corresponding to another long-lived state in
182Au besides its g.s. has been observed in the laser spectroscopy measurements scan-
ning the 267.6-nm atomic transition in gold [Har20]. The published spectrum for 182Au
shows only a limited frequency range (see Fig. 4.22(a)), and therefore, additional com-
ponents could be missed in the case of wider separation. However, an extra measure-
ment using a broadband laser mode (broader laser linewidth) covering a wide frequency
range was performed (see Fig. 4.22(b)), showing no signs of the second long-lived state.
The only possible way for the isomeric state to be missed in such a measurement would
be the overlapping of hyperfine components corresponding to the isomer with the hy-
perfine components of the g.s. This is unlikely, and additionally, it would lead to the
distortion of the intensity ratio of hyperfine components of the g.s. Since the measured
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Figure 4.22: Hyperfine spectra of the 267.6-nm atomic transition in 182Au measured
using ion counting at the MR-ToF mass spectrometer. The zero frequency corresponds
to the wave number of 37358.9 cm−1. (a) Spectrum measured using the narrowband
bandwidth laser, taken from Ref. [Har20]. (b) Unpublished results from the same
experimental measurement using the broader bandwidth of the laser, showing a wider
frequency range [Kre12].

ratio is in agreement with the hyperfine splitting caused by the I = 2 g.s., the contri-
bution of the isomer would have to be small, and consequently, could not explain the
large apparent β-decay feeding to the 4+1 state. Therefore, we conclude that there is no
evidence for the β-decaying I = 5 isomeric state in 182Au.

The third possible cause of the substantial apparent Iβ to the 4+ states is the
unobserved feeding from higher-lying levels because of the pandemonium effect [Har77].
As was described in Chapter 2.1.4, pandemonium effect influences most of the high-
resolution γ-ray spectroscopy measurements and the I = 3 assignment for the 182Au
g.s. and the presence of I = 5 isomeric state were both ruled out, therefore, we consider
the pandemonium effect as the primary source of the large feeding to the 4+ states in
182Pt. However, this is unexpected for the 4+ states, because the β decay of the (2+)
g.s. in 182Au dominantly feeds the I = 1 − 3 states, which one could expect to deexcite
mainly to the I ≤ 3 levels. Although we expanded the level scheme of 182Pt up to
∼3.7MeV (see Fig. 4.14) in comparison to 1.9MeV from Ref. [Dav99], and were able to
detect high-energy γ rays (see, for example Fig. 4.9), a substantial probability for the
unobserved feeding still remains because of the high QEC value of 7864(23) keV [Wan21].
This explanation is supported by the total absorption spectroscopy measurement of
182Au β decay, where direct β-decay feeding even up to 6 MeV in the excitation energy
was observed (see Fig 4.23) [Hor75]. Moreover, no direct β-decay feeding into levels
below 3 MeV was observed, which is a surprising result. However, the authors of the
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Figure 4.23: A plot of β-strength function Sβ for 182Au (top left panel) and other
gold isotopes. β-strength function of an isotope is proportional to the distribution of
β-decay feeding intensity into the daughter nucleus [Alg21]. The figure was taken from
Ref. [Hor75].

study claim that the low-energy part of the spectrum should be regarded with caution.
Therefore, we cannot draw any unambiguous conclusions based on this part of the
spectrum.

No β-decay feeding intensities were reported in the previous study [Dav99], but they
were calculated by the evaluators in Ref. [Sin15]. Since no details on the calculation
were provided, we recalculated the reference feeding values Irefβ considering the level
scheme of 182Pt and transition intensities from Ref. [Dav99], see Table 4.5. The internal
conversion necessary for the calculation of the total transition intensities was included
in the same way as for our data. A large decrease in apparent feeding can be seen for the
2+1 155-keV state, which was reduced to about a third of that from Ref. [Dav99] (from
31(2)% to 10.9(21)%) after expanding the decay scheme in this Thesis. However, the
feeding of the 4+1 420-keV state decreased only slightly, from 11.4(8)% to 7.3(10)%. This
indicates that levels indirectly feeding the 4+1 state are relatively high-lying, outside of
the scope of our level scheme extension.

To estimate the effect of the 182Pt level scheme extension on the observed pande-
monium effect, we evaluated the β-decay feeding into newly assigned levels. Feeding
to the previously known levels makes up approximately 55% of the apparent β-decay
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feeding intensity observed in our work. The remaining 45% lead to newly identified
states, which were contributing to the pandemonium in the previous study [Dav99].
Therefore, a significant reduction of the pandemonium effect was achieved.

Feeding to the high-lying states

Besides the strongest apparent β-decay feeding intensity into the low-lying levels, we
also observed strong feeding for some high-lying levels around ∼3.5MeV in the exci-
tation energy. The highest value of Iβ = 4.18(20)% is reached for the 3577-keV state,
as shown in Table 4.5. Log f1t values for many levels in the region (see Table C.2)
are below the recommended lower limit for first forbidden unique decay of log f1t ≥ 8.5
[Tur23]. This limits the respective β decays to allowed, or first forbidden non-unique
category with maximum change of spin of ∆I ≤ 1. Therefore, we could tentatively
assign spins I = (1 − 3) for such states, considering the β-decaying g.s. in 182Au has
Iπ = (2+) [Har20]. However, as was mentioned earlier in this chapter, we observed a
strong influence of the pandemonium effect on the apparent β-decay feeding intensity
of the low-lying levels in 182Pt. Although we can expect lower pandemonium for high-
lying levels, it cannot be ruled out because of the large QEC = 7864(23) keV [Wan21],
therefore, log f1t values were not used to limit spins given in tables and level schemes.
These low log f1t values are in contrast with the ∼1.5 – 3MeV region, where all log f1t

values (besides the one for the 2065-keV level) are above the aforementioned limit of 8.5,
see Tables 4.5 and C.2. It is noteworthy that strong β decay feeding at ∼3.5MeV was
also observed in the TAS measurement in Ref. [Hor75], where the β-strength function
Sβ for 182Au reaches its maximum in the energy region around 3.5 MeV, see Fig. 4.23.

4.3 Results for α decay of 182Au

4.3.1 α-γ analysis

All previously reported fine structure α decays of 182Au (5403(5), 5352(5) and 5283(5) keV)
from Ref. [Bin95] are visible in singles spectrum in Fig. 4.24(a). A peak originating from
the α decay of 182Pt and two peaks from 182Hg are also present [Ach09]. The source of
182Hg is the surface-ionised 182Tl contamination in the implanted beam. The observed
statistics for the 5871-keV α decay of 182Hg is 830(30) α decays. It is in agreement
with the expected amount of 880(160), which we calculated from the 182Tl amount es-
timated in Chapter 4.2 using the bβ(182Tl) = 99.75(25)%, bα(182Hg) = 13.8(9)% [Sin15]
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Figure 4.24: (a) α-decay spectrum of 182Au. (b) α-γ coincidences for 182Au α decay.
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and detection efficiency εα = 3.8(4)% determined in Chapter 3.4.2.

We constructed an α-γ coincidence matrix (Fig. 4.24(b)) using the same time win-
dow of 200 ns as for the γ-γ analysis. A summary of observed α-γ coincidences is
shown in Table 4.6. The strongest visible group is the 5350-55 keV coincidence, which
is the only α-γ coincidence reported in Refs. [Hag79; Bin95]. The Qα,tot(5402keV) =
5524(5) keV value of the 5402-keV α transition, previously assigned feeding the g.s. of
178Ir is indicated by the red line in Fig. 4.24(b). Two new coincidence groups lie along
this line. The first one establishes a new 5293-keV fine structure α decay of 182Au feed-
ing the 115-keV level. The energy of this decay was determined as the average value
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of the 5 observed coincidence events. The second group lying on the Qα,tot consists
of the 5282-keV α decays and 128-keV γ rays, therefore, we can give a more precise
energy value for the previously-known 123(7) keV state in 178Ir, which is fed by this
α decay. The 5282-keV α line is also in coincidence with the new 84-keV γ-ray tran-
sition. A γ ray with similar energy was reported in a β-decay study of 178Pt [Mei93]
but was not placed in the level scheme. The energy difference between this γ ray and
the 128-keV level is 45 keV. A peak with similar energy is visible in γ-ray coincidence
spectrum gated on the 5350-keV α line in Fig. 4.25(a)). However, the energy of this
45.7(4)-keV transition matches the energy of the Compton backscatter peak for the
dominant 55-keV line:

E′γ =
Eγ

1 + 2Eγ

mec2

= 45.3keV, (4.11)

and we do not consider it to be a real transition. Thus, we cannot reliably place the
84-keV transition into the level scheme. Figure 4.26 shows the deduced α-decay scheme
of 182Au.
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A spectrum of γ-rays in coincidence with the 5282- and 5293-keV α decays is shown
in Fig. 4.25(b). All three γ-ray transitions visible in α-γ spectrum (at 128, 115 and
84 keV) are present together with iridium Kα and Kβ X-rays. The measured energy of
E(Kα, exp) = 64.5(4) keV matches the tabulated value of E(Kα, ref) = 64.3 keV [Fir96].
Since we cannot distinguish Kα1 and Kα2 in our measurement, we calculated this energy
as the weighted average. In the case of Kβ, the difference between the measured and
expected energy is relatively large, 75.3(5) keV compared to E(Kβ, ref) = 73.8 keV,
respectively. The width of this peak is also much larger (4.9 keV FWHM) compared
to the Kα line (2.8 keV). We conclude that this peak is a doublet of E(Kβ, exp) =
73.7(6) keV and a new tentative 76.3(12)-keV transition. However, it could not be
reliably placed into the decay scheme.

A 5185-keV α peak lies next to known 182Au decays in singles spectrum in Fig. 4.24(a).
A small peak of iridium Kα X-rays is present in its γ-ray coincidence spectrum in
Fig. 4.25(c), therefore, we assign it as a new tentative fine structure decay of 182Au.
This establishes a tentative level in 178Ir at 223 keV, which was determined from the
difference between Qα,tot and Qα(5185). A group of four γ rays in the 123 – 130-keV re-
gion is visible, however, because of the low statistics and large spread of γ-ray energies,
no γ transitions could be assigned as following the 5185-keV α decay.

Intensities of fine structure α decays were taken from the α-particle counts in the sin-
gles spectrum corrected for the detection efficiency of silicon detectors (see Table 4.6).
This was not possible for the 5282- and 5293-keV decays, as we could not separate
them. Instead, we determined their intensities based on α-γ coincidences shown in
Fig. 4.25(b). We corrected the counts in the γ-ray peaks at 128, 84, and 76 keV (for
the 5282-keV α decay) and 115 keV (for the 5293-keV α decay) for γ-ray detection ef-
ficiency and internal conversion. The correction for conversion was done similarly as
for γ-rays from 182Au β decay, where we took the average value of the smallest and
largest ICCs using Eq. (4.9). The M2 transitions have a long half-life at low energies,
therefore, they were not considered. Instead, E2 ICC for the 76-keV γ ray and the
M1 ICCs for the remaining transitions were used as upper limits. Based on α-γ co-
incidences, we can expect 1156(722) and 105(79) counts for the 5282- and 5293-keV
transitions, respectively. This is in agreement with the detected number of α particles
1197(49) (Iα = 8.1(3)%) in singles spectrum for the combined 5282-5293-keV peak. To
not influence the intensity of other transitions, we divided the intensity of the combined
peak based on the ratio of α-γ coincidence counts, resulting in Iα(5282) = 7.4(7)% and
Iα(5293) = 0.7(6)%. All intensities are normalised to a sum of 100%. We also investi-
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gated the potential coincidence summing of α particles and CEs, which could influence
extracted intensities, using a Geant4 simulation and found it to be negligible.

Employing the deduced Iα, we calculated reduced α-decay widths δ2α using the
Rasmussen method [Ras59], with the assumption of ∆L = 0 decays. Values of half-
life T1/2(182Au) = 16.43(12) s and α-decay branching ratio bα(182Au) = 0.129(11)%
determined in this work (see Chapters 4.2.3 and 4.3.2) were employed. The calculation
of hindrance factors using Eq. (2.25) requires a reference decay width for an unhindered
transition. The 3/2− → 3/2− α decay of 181Au and the 5/2− → 5/2− decay of 183Au were
chosen and we obtained reduced widths of δ2α = 75(16) and δ2α = 45(21), respectively,
using the published data from Refs. [Bin95; Kon19; Bag09]. Hindrance factors shown in
Table 4.6 were calculated using the weighted average of these values of δ2α,ref = 64(13).

The low hindrance factor for the 5350-keV α decay HF = 3.0(7) suggested its un-
hindered character. It is in agreement with the previously deduced value HF = 3 from
Ref. [Bin95], where the same spin and parity was proposed for the 55-keV state in 178Ir
as for the g.s. in 182Au. No spin assignment for g.s. in 182Au was known at the time
of the study [Bin95], but currently, an Iπ = (2+) assignment can be attributed to the
55-keV state.

Additional information can be deduced from the internal conversion coefficient for
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Table 4.6: A summary of observed α-γ coincidences for the α decay of 182Au. Tentative
transitions are given in italics. Reduced α-decay widths δα were obtained using the
Rasmussen approach [Ras59]. Hindrance factors HF were extracted relative to the
average value of δ2α = 64(13) keV for the unhindered α decays in 181,183Au [Bin95;
Kon19; Bag09].

Eα

(keV)
Eγ

(keV)
Qα,tot

(keV)
Iα

(%)
δ2α

(keV)
HF

5402(5) - 5524(5) 15.6(4) 2.4(2) 26(6)
5350(5) 55.0(2) 5525(5) 75.7(10) 21(2) 3.0(7)
5293(8) 114.7(5) 5527(9) 0.7(6) 0.4(3) 175(163)
5282(5) 127.5(7), 83.8(6), 76.3(12) 5529(5) 7.4(7) 4.6(6) 14(4)
5185(6) - - 0.63(7) 1.2(2) 51(13)

the 55-keV transition deexciting this state. There are no other transitions present in
the coincidence spectrum of the 5350-keV α decay, therefore, we can assume that all the
missing α-γ intensity compared to the number of single α events is caused by internal
conversion of the 55-keV transition. Thus, we can express its ICC in the following way:

αtot(55) =
Nα

εγNα−γ

− 1, (4.12)

where Nα−γ is the number of coincidence events, εγ is the detection efficiency for the
55-keV γ ray and Nα is the number of 5350-keV α particles in the singles spectrum.
The resulting value is αtot,exp(55) = 11.7(12). This value lies between the theoreti-
cal conversion coefficients for the M1 and E2 multipolarities, αtot,th(55,M1) = 6.16

and αtot,th(55,E2) = 67.02, respectively [Kib08]. Therefore, we can assign it a mixed
M1 + E2 multipolarity, fixing the maximum change in spin by the 55-keV transition
to ∆L ≤ 1. This constrains Iπ of the g.s. in 178Ir to a range of Iπ = (1+,2+,3+). Based
on the deduced hindrance factor of HF = 26(6) for the 5402-keV α decay to the g.s.,
we can expect some degree of hindrance, making 1+ and 3+ options more probable.
However, such a hindrance factor can also be explained by the decay to the 2+ state,
but with a largely different configuration compared to the (2+) g.s. of 182Au.

The second lowest hindrance factor from this work is for the 5282-keV line (HF =
14(4)). This is similar to the 5402-keV decay (HF = 26(6)), thus, we can expect this
decay to connect levels with a similar structure. Because of this, we can give the same
spin assignment for the 128-keV level in 178Ir as for its g.s., Iπ = (1+,2+,3+).
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4.3.2 α-decay branching ratio

The α-decay branching ratio of 182Au can be calculated in two ways. The first one
compares the number of α and β decays of this isotope:

bα(182Au) =
Nα(

182Au)
εα

Nα(
182Au)
εα

+Nβ(182Au)
, (4.13)

where the number of alpha particles Nα was taken from singles α-particle spectrum and
the number of β decays was determined from γ-spectroscopy analysis at the beginning
of Chapter 4.2.1 as Nβ(182Au)=3.3(1)×108. Note that the same parts of the collected
data were left out of the analysis when determining both the Nβ and Nα as described
in Chapter 4.2 (see Fig. 4.4). Using the α-particle detection efficiency εα = 3.8% (see
Chapter 3.4.2) and Nα = 14760(130), we obtained the value of bα(182Au) = 0.117(13)%.
The number of β decays Nβ(182Au) was calculated as a sum of the counts of all tran-
sitions feeding the g.s. corrected for the γ-ray detection efficiency. Any unobserved
transitions to the g.s., because of the pandemonium effect, lower the estimated number
of 182Au β decays. Therefore, the resulting branching ratio should be considered as an
upper limit.

The second method determines the number of β decays of 182Au from the α-particle
counts of β-decay daughter, 182Pt, divided by its branching ratio bα(182Pt):

bα(182Au) = Nα(182Au)
Nα(182Au) + Nα(

182Pt)
bα(182Pt)

. (4.14)

The second method compares only α-particle counts, therefore, it is independent of
their detection efficiency. However, it requires that all platinum nuclei, created in the
β decay of 182Au, decay in the detection system. For the majority of the experiment
duration, the implantation tape moved every ∼30 seconds, which was much shorter
than the 182Pt half-life of 2.67(12)min [Sin15]. However, there were two parts of the
measurement (see Fig. 4.27) when the tape movement was stopped for several minutes,
allowing us to use this method. Only one 4843-keV α-decay transition of 182Pt was
observed in previous studies [Sii66; Bin95], however, a possible ∼4715-keV transition
was proposed in the evaluation [Ach09]. Therefore, when counting the number of 182Pt
α decays, we considered all events within the energy range of 4665-4900 keV.

The first interval in Fig. 4.27 without the tape movement was 27.6 min long, and
gold nuclei were implanted several times during its duration. The last implantation
occurred 606 s before the end of the interval. This is about 3.8 half-lives of 182Pt,
therefore, the decay of some platinum nuclei was not recorded. Additionally, the data
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Figure 4.27: Time distribution of data used for the determination of bα(182Au). Two
parts of the measurement without tape movement, 27.6 and 8.9min long, respectively,
were used.

acquisition was stopped during the decay period after the last implantation for ≈ 18 s,
starting 179 s after the last implantation. Thus, a correction needs to be made to
account for the missing 182Pt decays. To extrapolate the decay curve to the regions of
interrupted data acquisition and stopped measurement, we chose the 409-s-long time
interval (197-606 s) between these two regions, see Fig. 4.27. Since the chosen time
period starts about twelve 182Au half-lives after closing the beam gate, we can use a
simple decay curve of 182Pt in the missing regions. Equations (2.1) and (2.2) give us:

APt(t) = λPtN0e
−λPtt, (4.15)

where λPt is the decay constant of 182Pt calculated using Eq. (2.3) from T1/2(182Pt) =
2.67(12)min [Sin15]. We observed 47(7) α decays of 182Pt during the chosen 409-s-long
time interval, which we used to scale the decay curve of 182Pt. This gives us 4.8(7)
missed decays during the pause in measurement and 9.6(14) decays missed because the
measurement time was not long enough.

The second interval without tape movement lasted for 8.9min (see Fig. 4.27) and
nuclei produced by two proton pulses (∼ 15 s apart) were implanted into IDS at the
beginning of this interval. We detected 11(3) α decays of 182Pt during this part. In
order to describe the decay curve of 182Pt in this interval and to obtain a correction for
missing decays, we cannot use the simple decay curve, since 182Pt nuclei are created
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in the decay of 182Au. Instead, we used the following function, which accounts for the
gradual production of 182Pt [Kra88]:

APt(t) = N0
λPtλAu

λPt − λAu

(e−λAut − e−λPtt), (4.16)

where N0 is the number of implanted 182Au nuclei and λPt and λAu are respective
decay constants of 182Pt and 182Au. Since nuclei were implanted into the IDS twice
during this period, we used a sum of two functions with equal N0, assuming the same
production of 182Au during the two pulses. Time t = 0 for each of the distributions
corresponds to the opening of the beam gate after the arrival of the first and second
proton pulse, respectively. As was mentioned in Chapter 3.3, the beam gate was opened
for 2 s after each pulse. Considering the relatively long half-life of 182Au compared to
this time, the effect of finite implantation time was neglected. Approximately 88.7% of
created platinum nuclei decayed by the end of the interval. This gives us an estimate
of 12.4(37) 182Pt α decays. A summary of detected α particles in both measurement
periods is given in Table 4.7.

This method needs α-decay branching ratio of 182Pt (see Eq. (4.14)). Two val-
ues were reported in previous studies, bα(182Pt) = 0.023+0.023−0.012% [Sii66] and bα(182Pt) =
0.038(2)% [Bin95]. We used the latter, more precise value to obtain bα(182Au) =
0.129(11)%, which will be a subject of our discussion. For completeness, the result
using the older value is bα(182Pt) = 0.079+0.079−0.041%. It needs to be noted that both the
previous value bα,ref(182Au) = 0.13(5)% and bα(182Pt) = 0.038(2)% used in our calcu-
lation come from the same study [Bin95]. However, bα,ref(182Au) in Ref. [Bin95] study
was not calculated using bα(182Pt). Both of these values were calculated independently
from each other from the number of β decays of 182Au and 182Pt, respectively (method
1). Therefore, we can use bα(182Pt) to update the branching ratio of 182Au in this
Thesis.

Both obtained values of 182Au α-decay branching ratio are consistent with each
other within the uncertainty. A good agreement is also reached with the previously
known value bα,ref(182Au) = 0.13(5)% [Bin95]. The first value calculated from the
number of 182Au β decays (bα(182Au) = 0.117(13)%) can be affected by the pandemo-
nium effect, therefore, we used the second value bα(182Au)=0.129(11)% (respectively its
complementary value bβ(182Au) = 99.871(11)%) to calculate β-decay feeding intensities
into excited levels in 182Pt.

As was already mentioned, a possible ∼4715-keV fine structure α decay of 182Pt
feeding the 132-keV 2+ level in 178Os with relative intensity of up to Iα = 17% was
included in the evaluation [Ach09]. We did not observe this decay in our work as

96



4.3. RESULTS FOR α DECAY OF 182AU

Table 4.7: Detected α-particle counts of 182Au and 182Pt used for the calculation of
bα(182Au). A correction accounting for missing 182Pt α decays was performed, see the
text for details.

Isotope Counts in
Interval 1

Counts in
Interval 2

Total
counts

182Au 967(31) 35(6) 1002(32)
182Pt 265(16) 11(3) 276(16)
182Pt

corrected
279(16) 12.4(37) 292(17)

shown in Fig. 4.24. There were only 10(3) events in the relevant energy range of 4665-
4765 keV. The expected background of 4(1) counts in the 4665-4765 keV interval was
estimated based on the number of events (26(5)) in the 4000 – 4665 keV region. The
resulting upper limit on the intensity of the α decay to the 132-keV 2+ state of Iα < 1.8%
is significantly lower than the estimate from the evaluation.
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In this Thesis, we presented the results of the decay spectroscopy of the neutron-
deficient isotope 182Au, where we focused on both the β and α decay of this nucleus.
Our goal was the study of decay properties of 182Au and the structure of its daughter
isotopes 182Pt and 178Ir. Therefore, we aimed for the extension of the 182Pt level scheme,
calculation of log ft values, a search for isomeric states and new information on shape
coexistence in 182Pt. In the case of 178Ir, we focused on the study of 182Au fine-structure
α decays and the calculation of the corresponding hindrance factors.

The isotope of interest was produced in the proton-induced spallation of a uranium
target at ISOLDE facility [Kug00; Bor17b] in CERN during the IS665 experiment. An
isotopically pure ion beam of 182Au was created using element-selective resonance laser
ionisation by RILIS [Fed17] and mass separation by the General Purpose Separator.
Decay measurement of 182Au took place at a permanent detection setup IDS (ISOLDE
Decay Station) [IDS]. Four HPGe Clover detectors with four crystals each were em-
ployed to detect γ quanta and X-rays following the decay of 182Au. Additionally, an
array of seven silicon PIN diodes for the detection of charged particles and two plastic
scintillators for the β-particle detection were used.

We performed the energy and efficiency calibration of HPGe detectors of IDS using
radioactive sources of known activities. Because of the shift of calibration during the
measurement, energy calibration was corrected using already known γ rays following
the β decay of 182Au and its daughter products. The α-particle detection efficiency
of silicon detectors was determined from the 181Au α-decay data measured during
the same experiment. Energy dependence of the detection efficiency for conversion
electrons was obtained using the Geant4 [Ago03] simulation.

The first part of the Thesis focused on the study of EC/β+ decay of 182Au. The
method of prompt γ-γ coincidences was employed in this analysis. We confirmed all
transitions and levels assigned in the previous study [Dav99], except for one transition.
Additionally, thanks to the large collected statistics, we identified 336 new γ rays and
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125 levels. As a result, the level scheme of 182Pt was considerably extended up to
∼3.7MeV in excitation energy. The intensities of transitions were determined either
from singles γ ray or γ-γ coincidence spectra. We performed correction for coincidence
summing and calculated total transition intensities accounting for internal conversion.

Based on decay characteristics of different γ-ray transitions following the β decay
obtained in the last part of the measurement, we determined the half-life of 182Au. All
deduced values are consistent with each other. Their weighted average is T1/2(182Au) =
16.43(12) s and is consistent with the previously-known evaluated half-life of 182Au.

Our analysis included the investigation of the E0 transitions via detected conversion
electrons. We confirmed the 500-keV E0 0+2 → 0+1 transition and determined its intensity
and q2K(E0/E2) mixing ratio. Besides conversion electrons, corresponding γ rays were
observed for the first time for the 455-keV 2+5 → 2+3 transition previously observed only
via conversion electrons [Dav99] and assigned it the mixed E0 +M1 + E2 character.
Internal conversion coefficients were determined for two additional transitions. Both K

and L ICCs for the 513-keV 2+2 → 2+1 transition are comparable to theoretical values for
M1 multipolarity, which is in disagreement with the previously assumed presence of the
E0 component [Cai74]. On the other hand, the E0 component was confirmed for the
701-keV 2+3 → 2+1 transition. We calculated its monopole strength using the estimated
half-life of the 2+3 level. The obtained value of 103 ⋅ρ2(E0,701) = 14+26

−10 is similar to that
of equivalent transitions in nearby nuclei connecting two coexisting bands.

The intensity of β-decay feeding to each level was determined as the difference in
intensity of incoming and outgoing transitions. From these feedings, log ft values for
each level were calculated [LOG]. Log ft values for previously assigned 2+ and 3+

states in 182Pt fall within the range of allowed decay, which is expected for the decay
of Iπ = (2+) g.s. in 182Au. However, β-decay feeding of comparable magnitude was
observed for 4+ states. The following three explanations were considered.

Feeding of the 2+ and 4+ could be easily explained by the 3+ g.s. of 182Au. While the
initial study [Rom92] suggested such an assignment, later experiments [Ibr01; Har20]
convincingly assigned I = (2+) for the g.s. of 182Au. The second considered explanation
was a new, β-decaying isomeric state in 182Au with spin I = 5. Such an isomer was
proposed in a recent NUBASE evaluation [Kon21]. Theoretical calculations also predict
a 5+ excited state in 182Au, but not as an isomer. Unlike for β decay of 184Au, where two
5+ and 2+ long-lived states are present [Le 97], much lower feeding to the 6+1 level was
observed for β decay of 182Au. Additionally, the laser-spectroscopy study [Har20] did
not observe any hyperfine structure corresponding to a new isomeric state. Moreover,
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our values of 182Au half-life obtained from several transitions are consistent with the
decay of a single state, therefore, the scenario involving an isomer was also rejected.
The third, and the most probable explanation, is the pandemonium effect [Har77],
which influences γ-ray spectroscopy studies using high-resolution detectors, such as
HPGe detectors employed during the experiment. The detection efficiency of these
detectors rapidly decreases for high-energy γ rays. As a consequence, low-intensity
and high-energy transitions may remain unobserved by the HPGe detectors. Because
of this, β-decay feeding intensities determined from the intensity balance at each level
may be overestimated. We extended the 182Pt level scheme by a large amount, up
to 3.7MeV, and reduced the influence of the pandemonium effect, as approximately
45% of all observed apparent β-decay feeding led to new states. However, because of
the large QEC = 7864(23) keV [Wan21], there is still a high possibility of unobserved
feeding to higher-lying states.

The second part of the Thesis focused on the α decay of 182Au. We observed all
previously reported fine-structure α decays [Bin95]. Four groups of α-γ coincidence
events were detected, of which three were new. This allowed us to give a more precise
energy of 127.5(7) keV for the previously known 123(7)-keV level in 178Ir and assign
a new 5293-keV α decay feeding the 115-keV level. Additionally, the fifth tentative
fine-structure α decay with the energy of 5185 keV was suggested.

Relative intensities of all 182Au α decays determined from singles spectrum or α-γ
coincidences were used to calculate reduced α-decay widths. We calculated the corre-
sponding hindrance factors relative to unhindered α decays of neighbouring 181,183Au.
Low hindrance factor of the most intense 5350-keV α decay HF = 3.0(7) agrees with
the previous Iπ = (2+) assignment of the 55-keV state in 178Ir. A mixed M1+E2 char-
acter of the 55-keV transition de-exciting this level was deduced based on its internal
conversion, resulting in the Iπ = (1+,2+,3+) assignment for the g.s. of 178Ir.

The α-decay branching ratio of 182Au was determined employing two different meth-
ods. Direct comparison of α and β decays of 182Au resulted in bα(182Au) = 0.117(13)%.
Indirect comparison using the number of 182Pt α decays and its branching ratio yielded
the value bα(182Au) = 0.129(11)%. Both results were in agreement with each other and
with the previously known value bα(182Au) = 0.13(5)%.

Future studies of 182Au and 182Pt would benefit from the recent improvements to
the IDS setup [Cub23a], which now offers higher γ-ray efficiency with an increased
number of mountable detectors. The employment of LaBr3(Ce) detectors for fast-
timing measurements would provide lifetime data on levels in the second rotational
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band in 182Pt, which remain unknown. These half-lives would allow us to extract
the monopole strengths for the 500- and 701-keV transitions (0+2 → 0+1 and 2+3 → 0+1 ,
respectively), which we were unable to determine in this Thesis. In particular, the
former could be used to extract the difference in mean-squared charge radii of the 0+1 and
0+2 coexisting states. Additionally, a set of two coexisting bands with K = 2 connected
by transitions with strong E0 components was observed in 184Pt alongside the well-
established K = 0 bands [Xu92]. No such structures were identified in our study, which
could be caused by the insufficient experimental sensitivity to conversion electrons.
A follow-up measurement at IDS with improved detection efficiency for conversion
electrons, for example, using the SPEDE spectrometer successfully employed to study
neutron-deficient mercury isotopes in Ref. [Str23], would be able to search for these
transitions. Verifying the presence of coexisting K = 2 bands in 182Pt would enhance
the systematics of shape coexistence in this mass region.
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Coincidence spectra

The following Figs. A.1-A.6 show γ-ray coincidences gated on several of the most intense
transitions in 182Pt. New transitions are highlighted in blue. AP stands for artificial
peak from Compton scattering. Transitions marked with an asterisk are caused by a
summation of denoted γ or X rays. Transitions marked with a circle ○ are not true
coincidences with the gated transition, but with other transitions present in the gated
energy range.
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Figure A.1: γ-ray coincidences gated on the 345-keV 0+2 → 2+1 transition.
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Figure A.2: γ-ray coincidences gated on the 614-keV 4+2 → 4+1 transition.
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Coincidence spectra
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Level scheme of 182Pt
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Level scheme of 182Pt
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Figure B.1: Part 1 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99]. Transitions
and levels highlighted in blue are newly observed in this study. Tentative transition is
given in a dashed line. Half-life, QEC and spin assignment for 182Au g.s. are from our
work, Ref. [Wan21] and Ref. [Har20], respectively.
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Figure B.2: Part 2 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced from
the de-excitation paths. Transitions, levels and level spins highlighted in blue are newly
assigned in this study. Tentative transition is given in a dashed line. Half-life, QEC

and spin assignment for 182Au g.s. are from our work, Ref. [Wan21] and Ref. [Har20],
respectively.
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Figure B.3: Part 3 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Refs. [Dav99; Pop97] or
deduced from the de-excitation paths. Transitions, levels and level spins highlighted in
blue are newly assigned in this study. Transitions and levels in green are known from
the in-beam study [Pop97]. Tentative transition is given in a dashed line. Half-life, QEC

and spin assignment for 182Au g.s. are from our work, Ref. [Wan21] and Ref. [Har20],
respectively. 110
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Figure B.4: Part 4 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Refs. [Dav99; Pop97] or
deduced from the de-excitation paths. Transitions, levels and level spins highlighted in
blue are newly assigned in this study. Transitions and levels in green are known from
the in-beam study [Pop97]. Half-life, QEC and spin assignment for 182Au g.s. are from
our work, Ref. [Wan21] and Ref. [Har20], respectively.
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Figure B.5: Part 5 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced
from the de-excitation paths. Transitions, levels and level spins highlighted in blue are
newly assigned in this study. Half-life, QEC and spin assignment for 182Au g.s. are from
our work, Ref. [Wan21] and Ref. [Har20], respectively.
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Figure B.6: Part 6 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced
from the de-excitation paths. Transitions, levels and level spins highlighted in blue are
newly assigned in this study. Half-life, QEC and spin assignment for 182Au g.s. are from
our work, Ref. [Wan21] and Ref. [Har20], respectively.
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Figure B.7: Part 7 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced
from the de-excitation paths. Transitions, levels and level spins highlighted in blue are
newly assigned in this study. Half-life, QEC and spin assignment for 182Au g.s. are from
our work, Ref. [Wan21] and Ref. [Har20], respectively.
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Figure B.8: Part 8 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced from
the de-excitation paths. Transitions, levels and level spins highlighted in blue are newly
assigned in this study. Tentative transition is given in a dashed line. Half-life, QEC

and spin assignment for 182Au g.s. are from our work, Ref. [Wan21] and Ref. [Har20],
respectively.
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Figure B.9: Part 9 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced from
the de-excitation paths. Transitions, levels and level spins highlighted in blue are newly
assigned in this study. Tentative transition is given in a dashed line. Half-life, QEC

and spin assignment for 182Au g.s. are from our work, Ref. [Wan21] and Ref. [Har20],
respectively.
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Figure B.10: Part 10 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced from
the de-excitation paths. Transitions, levels and level spins highlighted in blue are newly
assigned in this study. Tentative transitions are given in dashed lines. Half-life, QEC

and spin assignment for 182Au g.s. are from our work, Ref. [Wan21] and Ref. [Har20],
respectively.
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Figure B.11: Part 11 of the level scheme of excited states in 182Pt populated in EC/β+

decay of 182Au. The spin and parity values are taken from Ref. [Dav99] or deduced from
the de-excitation paths. Transitions, levels and level spins highlighted in blue are newly
assigned in this study. Tentative transition is given in a dashed line. Half-life, QEC

and spin assignment for 182Au g.s. are from our work, Ref. [Wan21] and Ref. [Har20],
respectively.
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Appendix C

Transitions and levels in 182Pt

Table C.1: A list of levels and transitions following the EC/β+ decay of 182Au. Ei and Ef are the
respective energies of the initial and final states of the γ-ray transition with the energy Eγ . Values of
the initial and final spin and parity Iπi , Iπj are taken from Refs. [Dav99; Pop97], or deduced from the
de-excitation paths. Tentative transitions and levels are written in italics. Relative γ-ray intensities
Iγ are normalised to the intensity of the 155-keV transition. Values determined from coincidence
γ-γ spectra are indicated with an asterisk. For the absolute intensity per 100 β decays, multiply by
0.438(9). The total transition intensities Itot were calculated using internal conversion coefficients αtot

and are normalised to 100 units for the 155-keV γ-ray intensity. ICCs were taken from Ref. [Kib08]
in the case of known multipolarity (1, E2 in all cases), taken from the NNDC evaluation (2) [Sin10],
evaluated in this work (3), or calculated as the average of the ICC for the E1 and M2 multipolarities
(4), see Chapter 4.2.5 for details. The last column contains branching ratios b of transitions de-exciting
each level, normalised to a sum of 100.

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

154.9(2)d 2+1 0 0+1 154.9(2)d 100 0.888(13) 1 188.8(13) 100
419.5(3)d 4+1 154.9(2) 2+1 264.6(2)d 45.7(19) 0.1443(21)1 52.3(22) 100
499.5(3)d 0+2 154.9(2) 2+1 344.6(2)d 7.44(32) 0.0659(10)1 7.93(34) 68(3)

0 0+1 499.5(3)de - - 3.82(43) 32(3)
667.5(2)d 2+2 154.9(2) 2+1 512.5(2)d 28.2(34)* 0.066(8)3 30.1(36) 76(2)

0 0+1 667.5(2)d 9.64(41) 0.01268(18)1 9.76(42) 24(2)
774.8(3)d 6+1 419.5(3) 4+1 355.3(2)d 1.18(16)* 0.0605(9)1 1.25(17) 100
855.6(1)d 2+3 499.5(3) 0+2 356.1(2)d 1.63(23)* 0.0601(9)1 1.73(24) 7.1(10)

419.5(3) 4+1 436.1(2)d 2.98(13) 0.0349(5)1 3.08(13) 12.6(6)
154.9(2) 2+1 700.8(2)d 1.18(16)* 0.93(13)3 2.27(34) 9.2(13)
0 0+1 855.6(2)d 17.20(73) 0.00749(11)1 17.33(74) 71.1(15)

942.2(2)d (3+1) 667.5(2) 2+2 274.8(2)a 0.47(10)* 0.26(13)2 0.59(14) 3(7)
419.5(3) 4+1 522.6(2)d 1.96(26)* 0.046(24)2 2.05(28) 10.5(13)
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Transitions and levels in 182Pt

Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

154.9(2) 2+1 787.2(2)d 16.68(65) 0.0092(4)2 16.84(66) 86.4(14)
1033.5(2)d (4+2) 667.5(2) 2+2 366.0(2)d 1.43(19)* 0.0557(8)1 1.51(20) 18(2)

419.5(3) 4+1 614.0(2)d 5.72(24) 0.025(7)2 5.86(25) 71(2)
154.9(2) 2+1 878.5(2)d 0.90(12)* 0.024(22)4 0.92(13) 11.1(14)

1151.2(2)d (03) 667.5(2) 2+2 483.6(2) 0.48(8)* 0.13(12)4 0.55(11) 28(5)
154.9(2) 2+1 996.3(2)d 1.38(19)* 0.00551(8)1 1.39(19) 72(5)

1181.4(1)d (24) 855.6(1) 2+3 325.9(2)d 0.92(13)* 0.16(9)2 1.06(17) 10.5(15)
499.5(3) 0+2 681.8(2)d 0.09(3)* 0.049(45)4 0.09(3) 0.9(3)
419.5(3) 4+1 761.8(2)d 0.37(6)* 0.036(32)4 0.38(6) 3.7(6)
154.9(2) 2+1 1026.5(2)d 8.08(34) 0.0102(19)2 8.16(35) 80.5(16)
0 0+1 1181.4(2) 0.45(5) 0.011(10)4 0.45(5) 4.5(5)

1239.5(1)d 4+3 942.2(2) (3+1) 297.3(2) 0.14(3)* 0.62(60)4 0.23(9) 3.5(14)
855.6(1) 2+3 383.9(2)d 0.98(14)* 0.0489(7)1 1.03(14) 15.9(19)
774.8(3) 6+1 464.7(2)d 0.37(6)* 0.0297(5)1 0.38(6) 5.8(9)
667.5(2) 2+2 572.6(5)d 0.35(11)* 0.081(75)4 0.38(12) 5.8(18)
419.5(3) 4+1 820.0(2)d 0.95(4) 0.20(7)2 1.14(8) 17.5(13)
154.9(2) 2+1 1084.6(2)d 3.34(14) 0.00467(7)1 3.35(14) 52(2)

1305.4(2)d (5+1) 942.2(2) (3+1) 363.4(2)d 0.11(3)* 0.0568(8)1 0.12(3) 11(3)
774.8(3) 6+1 530.5(2)d 0.13(2)* 0.10(9)4 0.14(3) 13(3)
419.5(3) 4+1 885.9(2)d 0.79(11)* 0.024(21)4 0.81(11) 76(4)

1311.0(1)d 2+5 942.2(2) (3+1) 368.9(2) 0.92(13)* 0.31(29)4 1.20(32) 17(4)
855.6(1) 2+3 455.4(3)d 0.05(2) 17.3(75)3 0.97(11) 13.7(16)
667.5(2) 2+2 643.5(2) 0.64(9)* 0.058(53)4 0.68(10) 9.6(15)
499.5(3) 0+2 811.6(2)d 1.66(23)* 0.00835(12)1 1.67(24) 24(3)
419.5(3) 4+1 891.4(3) 0.13(4)* 0.00689(10)1 0.13(4) 1.9(6)
154.9(2) 2+1 1156.0(2)d 1.35(6) 0.012(10)4 1.37(6) 19.4(14)
0 0+1 1310.9(2)a 1.05(5) 0.00326(5)1 1.05(5) 14.9(11)

1358.3(2) (0-4)f 855.6(1) 2+3 502.5(2) 0.08(2)* 0.12(11)4 0.09(3) 9(3)
667.5(2) 2+2 690.7(2) 0.19(7)* 0.047(43)4 0.19(7) 20(6)
154.9(2) 2+1 1203.5(2)b 0.70(10)* 0.011(9)4 0.71(10) 72(6)

1418.9(1)d (44) 1033.5(2) (4+2) 385.5(2)d 0.10(3)* 0.10(6)2 0.11(4) 4.5(15)
942.2(2) (3+1) 476.8(2) 0.44(7)* 0.14(13)4 0.50(10) 20(4)
855.6(1) 2+3 563.2(2) 0.15(3)* 0.09(8)4 0.16(3) 6.5(15)
667.5(2) 2+2 751.3(2)d 1.03(17)* 0.00982(14)1 1.04(17) 42(5)
419.5(3) 4+1 999.5(2)d 0.63(9)* 0.017(26)4 0.64(9) 26(4)

1472.8(1)d (2-4)f 1033.5(2) (4+2) 439.4(2)d 0.41(3) 0.180(13)4 0.49(8) 13(2)
942.2(2) (3+1) 530.4(2) 0.17(3)* 0.100(5)4 0.18(4) 5(10)
855.6(1) 2+3 617.2(2)d 1.88(8) 0.070(54)4 2.00(14) 54(3)
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Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

154.9(2) 2+1 1317.8(2) 1.02(15)* 0.0080(71)4 1.03(15) 28(3)
1501.8(1)d (1-4)f 1181.4(1) (24) 320.4(3) 0.07(3)* 0.490(3)4 0.11(5) 3.5(17)

942.2(2) (3+1) 559.4(2) 0.65(3) 0.090(23)4 0.71(6) 23(2)
855.6(1) 2+3 646.2(2) 0.38(6)* 0.060(13)4 0.40(7) 13(2)
667.5(2) 2+2 834.3(2)d 1.47(19)* 0.028(49)4 1.51(20) 49(4)
154.9(2) 2+1 1347.0(3) 0.32(7)* 0.0080(67)4 0.33(7) 11(2)

1520.9(1)d (2-4)f 1239.5(1) 4+3 281.6(7) 0.08(5)* 0.740(6)4 0.14(11) 6(4)
1181.4(1) (24) 339.3(2) 0.36(18)* 0.400(22)4 0.51(29) 22(10)
1033.5(2) (4+2) 487.3(2) 0.09(3)* 0.130(4)4 0.10(4) 4.2(16)
942.2(2) (3+1) 578.7(2) 0.32(6)* 0.080(15)4 0.35(7) 15(3)
855.6(1) 2+3 665.5(2) 0.17(6)* 0.053(8)4 0.18(7) 8(3)
419.5(3) 4+1 1101.5(2)d 1.01(14)* 0.013(45)4 1.03(14) 45(7)

1541.6(1)d (2-4)f 1239.5(1) 4+3 302.6(3) 0.10(2)* 0.590(5)4 0.16(7) 5(2)
1181.4(1) (24) 360.2(2) 0.46(11)* 0.330(18)4 0.61(21) 18(5)
855.6(1) 2+3 685.9(2) 0.20(4)* 0.048(6)4 0.20(4) 6.1(13)
667.5(2) 2+2 874.2(2) 0.61(10)* 0.025(19)4 0.63(10) 19(3)
419.5(3) 4+1 1122.3(2)d 0.65(10)* 0.013(20)4 0.66(10) 20(3)
154.9(2) 2+1 1386.6(2)d 1.10(15)* 0.0070(62)4 1.10(15) 33(4)

1568.0(2)d (2,3)f 942.2(2) (3+1) 625.8(2) 0.12(3)* 0.060(4)4 0.13(3) 4.1(9)
667.5(2) 2+2 900.4(2)b 0.42(8)* 0.023(13)4 0.43(9) 13(3)
419.5(3) 4+1 1148.6(2)d 0.68(3) 0.012(21)4 0.69(3) 21(2)
154.9(2) 2+1 1412.9(2) 0.65(10)* 0.0070(59)4 0.66(10) 20(3)
0 0+1 1568.0(2) 1.33(29) 0.0056(44)4 1.34(29) 41(6)

1602.0(2) (3-5)f 1305.4(2) (5+1) 296.9(2)b 0.07(2)* 0.620(7)4 0.11(5) 7(3)
1033.5(2) (4+2) 568.2(2) 0.10(3)* 0.080(6)4 0.11(4) 6(2)
942.2(2) (3+1) 659.9(2) 1.24(16)* 0.054(80)4 1.31(18) 80(4)
419.5(3) 4+1 1182.4(3) 0.11(3)* 0.0110(95)4 0.11(3) 6.9(18)

1607.4(1) (2-4)f 1239.5(1) 4+3 367.5(3) 0.07(2)* 0.310(7)4 0.09(3) 7(3)
1033.5(2) (4+2) 573.9(2) 0.14(4)* 0.080(12)4 0.15(5) 12(4)
942.2(2) (3+1) 665.3(2) 0.45(8)* 0.053(39)4 0.47(9) 39(6)
855.6(1) 2+3 751.8(2) 0.31(5)* 0.037(26)4 0.32(5) 26(4)
667.5(2) 2+2 940.1(4) 0.19(8)* 0.020(16)4 0.20(8) 16(6)

1643.1(1) (1-4)f 1181.4(1) (24) 461.7(3) 0.08(2)* 0.150(7)4 0.09(3) 7(2)
942.2(2) (3+1) 701.2(2) 0.12(3)* 0.045(10)4 0.13(3) 10(2)
667.5(2) 2+2 975.6(2) 0.57(9)* 0.018(44)4 0.58(9) 44(5)
154.9(2) 2+1 1488.1(2) 0.51(8)* 0.0060(51)4 0.51(8) 39(5)

1670.7(3) 5− 1239.5(1) 4+3 431.2(2)c 0.11(2)* 0.19(0)4 0.13(3) 100
1683.9(3)d (2-6)f 419.5(3) 4+1 1264.4(2)d 1.02(14)* 0.0090(79)4 1.03(14) 100
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Transitions and levels in 182Pt

Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

1716.0(2) (2-5)f 1033.5(2) (4+2) 682.4(3) 0.09(3)* 0.049(44)4 0.09(4) 44(13)
942.2(2) (3+1) 773.9(2) 0.11(4)* 0.034(56)4 0.11(4) 56(13)

1721.9(2) (1,2)f 667.5(2) 2+2 1054.4(2)b 0.80(11)* 0.015(77)4 0.81(12) 77(4)
499.5(3) 0+2 1222.4(2) 0.24(4)* 0.0100(87)4 0.25(4) 23(4)

1722.8(2) (0-4)f 855.6(1) 2+3 867.1(3) 0.20(5)* 0.025(10)4 0.20(5) 10(2)
154.9(2) 2+1 1567.9(2) 1.90(26)* 0.0056(44)4 1.91(26) 90(2)

1723.8(2) (4-6)f 1033.5(2) (4+2) 690.2(2) 0.12(5)* 0.047(22)4 0.12(5) 22(7)
774.8(3) 6+1 949.2(5) 0.08(2)* 0.020(14)4 0.08(2) 14(4)
419.5(3) 4+1 1304.5(3) 0.35(7)* 0.0090(73)4 0.35(7) 64(8)

1741.7(7) (4-8)f 774.8(3) 6+1 966.9(6) 0.10(4)* 0.02(0)4 0.10(4) 100
1753.2(4) (1,2)f 499.5(3) 0+2 1253.7(2) 0.28(5)* 0.0100(81)4 0.28(5) 30(5)

0 0+1 1753.2(4) 0.66(11) 0.0044(32)4 0.66(11) 70(5)
1762.4(3) (0-4)f 855.6(1) 2+3 907.2(4) 0.13(3)* 0.022(17)4 0.14(3) 17(5)

154.9(2) 2+1 1607.0(4) 0.66(13)* 0.0053(41)4 0.67(13) 83(5)
1778.9(2) (1-4)f 855.6(1) 2+3 923.3(2) 0.33(6)* 0.021(18)4 0.34(6) 18(4)

667.5(2) 2+2 1111.6(3) 0.32(7)* 0.013(17)4 0.32(7) 17(4)
419.5(3) 4+1 1359.5(3) 0.16(4)* 0.0080(65)4 0.16(4) 8(2)
154.9(2) 2+1 1623.7(3) 1.06(29) 0.0052(40)4 1.07(29) 57(7)

1784.4(2) (3-6)f 1305.4(2) (5+1) 479.0(2) 0.09(2)* 0.140(30)4 0.10(3) 30(9)
1033.5(2) (4+2) 750.9(2) 0.23(8)* 0.037(70)4 0.24(8) 70(9)

1797.2(9) (0-5)f 154.9(2) 2+1 1642.3(9) 0.68(33)* 0.0051(39)4 0.69(33) 100
1824.0(2) (1-3)f 855.6(1) 2+3 968.4(3) 0.28(6)* 0.019(32)4 0.29(6) 32(6)

499.5(3) 0+2 1324.5(2) 0.61(9)* 0.0080(70)4 0.62(9) 68(6)
1863.3(3) 6+ 774.8(3) 6+1 1088.1(5)c 0.04(2)* 0.014(8)4 0.04(2) 8(4)

419.5(3) 4+1 1444.0(2)c 0.50(8)* 0.0070(55)4 0.50(8) 92(4)
1864.3(5) (0-5)f 154.9(2) 2+1 1709.4(5) 0.06(3)* 0.0046(35)4 0.06(3) 100
1882.3(5) (0-4)f 667.5(2) 2+2 1214.8(5) 0.55(18)* 0.0100(89)4 0.56(19) 52(10)
1883.9(2) (2-4)f 1033.5(2) (4+2) 850.4(2) 0.08(3)* 0.027(24)4 0.09(3) 9(3)

855.6(1) 2+3 1028.4(2) 0.24(5)* 0.016(14)4 0.24(5) 24(5)
264.6(3) 4+1 1464.5(2) 0.15(4)* 0.0066(53)4 0.15(4) 15(4)
154.9(2) 2+1 1728.9(3) 0.51(10)* 0.0045(34)4 0.51(10) 52(6)

1888.7(2)d (2-4)f 1239.5(1) 4+3 648.7(4) 0.12(3)* 0.060(7)4 0.12(3) 7.2(19)
855.6(1) 2+3 1033.6(3) 0.09(3)* 0.016(6)4 0.09(3) 5.6(16)
419.5(3) 4+1 1468.9(2)d 0.75(11)* 0.0070(53)4 0.75(11) 44(5)
154.9(2) 2+1 1733.9(3) 0.72(12)* 0.0045(33)4 0.73(12) 43(5)

1898.7(2) (2-5)f 1033.5(2) (4+2) 865.3(3)b 0.07(3)* 0.025(19)4 0.07(3) 19(7)
942.2(2) (3+1) 956.5(2) 0.29(6)* 0.019(81)4 0.30(6) 81(7)

1908.1(3) (2-5)f 1033.5(2) (4+2) 874.6(3) 0.07(3)* 0.025(17)4 0.07(3) 17(7)
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Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

154.9(2) 2+1 1752.2(5) 0.34(10)* 0.0036(12)4 0.34(10) 83(7)
1945.5(2) (0-4)f 855.6(1) 2+3 1090.1(3) 0.15(4)* 0.014(10)4 0.15(4) 10(3)

154.9(2) 2+1 1790.5(3) 1.40(19)* 0.0042(31)4 1.40(19) 90(3)
1960.5(3) (2-6)f 1239.5(1) 4+3 721.1(3) 0.09(3)* 0.042(26)4 0.09(3) 26(8)

419.5(3) 4+1 1540.8(4) 0.25(7)* 0.0058(46)4 0.25(7) 74(8)
1965.5(1) (1,2)f 1151.2(2) (03) 814.5(4) 0.09(3)* 0.030(3)4 0.09(3) 3(10)

942.2(2) (3+1) 1023.3(2) 0.43(7)* 0.016(14)4 0.44(7) 14(2)
855.6(1) 2+3 1109.9(3) 0.19(4)* 0.013(6)4 0.20(4) 6.4(14)
499.5(3) 0+2 1465.7(2) 0.62(14)* 0.0070(53)4 0.62(14) 20(4)
419.5(3) 4+1 1545.3(4) 0.27(7)* 0.0058(46)4 0.28(7) 9(2)
154.9(2) 2+1 1810.9(3) 1.45(6) 0.0041(30)4 1.46(6) 47(3)

1999.9(4) (0-5)f 154.9(2) 2+1 1845.0(3) 1.57(21)* 0.0040(28)4 1.58(21) 100
2005.8(1) (2,3)f 1239.5(1) 4+3 766.4(4) 0.08(3)* 0.035(4)4 0.08(3) 4(15)

1033.5(2) (4+2) 972.5(2) 0.14(5)* 0.019(7)4 0.14(5) 7(2)
942.2(2) (3+1) 1063.8(5) 0.08(3)* 0.015(4)4 0.09(3) 4(16)
855.6(1) 2+3 1150.3(3) 0.16(4)* 0.012(8)4 0.16(4) 7.7(18)
499.5(3) 0+2 1506.2(2) 0.31(5)* 0.0061(49)4 0.32(5) 15(2)
419.5(3) 4+1 1585.3(2) 0.28(8)* 0.0055(43)4 0.28(8) 13(3)
154.9(2) 2+1 1850.9(3) 0.45(7)* 0.0039(28)4 0.46(8) 21(3)
0 0+1 2005.9(3) 0.60(4) 0.0034(22)4 0.61(4) 28(3)

2033.9(7) (1-5)f 942.2(2) (3+1) 1091.8(7) 0.13(6)* 0.014(12)4 0.14(6) 100
2047.9(2) (2-4)f 1239.5(1) 4+3 808.2(3) 0.09(2)* 0.031(15)4 0.09(2) 15(4)

1181.4(1) (24) 866.9(3) 0.07(2)* 0.025(11)4 0.07(3) 11(4)
1033.5(2) (4+2) 1014.2(4) 0.07(3)* 0.017(11)4 0.07(3) 11(4)
942.2(2) (3+1) 1105.9(3) 0.06(2)* 0.013(10)4 0.06(2) 10(3)
419.5(3) 4+1 1628.3(3) 0.32(5)* 0.0052(40)4 0.32(5) 52(6)

2064.6(1) (2-4)f 1239.5(1) 4+3 825.5(3) 0.15(3)* 0.029(4)4 0.16(3) 4.3(9)
1181.4(1) (24) 883.3(2) 0.23(6)* 0.024(6)4 0.24(6) 6.4(16)
942.2(2) (3+1) 1122.6(3) 0.12(4)* 0.013(3)4 0.12(4) 3.3(11)
855.6(1) 2+3 1208.9(2) 0.34(6)* 0.0100(90)4 0.35(6) 9.3(16)
667.5(2) 2+2 1397.4(2) 0.48(9)* 0.0070(60)4 0.48(9) 13(2)
419.5(3) 4+1 1643.9(3) 1.03(15)* 0.0050(39)4 1.04(15) 28(3)
154.9(2) 2+1 1909.6(3) 1.31(10) 0.0037(25)4 1.31(10) 36(3)

2075.8(1) (2,3)f 1239.5(1) 4+3 836.6(3) 0.06(2)* 0.028(4)4 0.06(2) 3.6(12)
1181.4(1) (24) 894.6(2) 0.21(6)* 0.023(13)4 0.22(6) 13(4)
1033.5(2) (4+2) 1042.3(3) 0.11(4)* 0.015(7)4 0.11(4) 7(3)
855.6(1) 2+3 1219.7(3) 0.16(4)* 0.0100(88)4 0.16(4) 10(3)
667.5(2) 2+2 1408.3(2) 0.40(7)* 0.0070(59)4 0.40(7) 25(5)
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Transitions and levels in 182Pt

Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

499.5(3) 0+2 1576.0(3) 0.11(3)* 0.0055(44)4 0.11(3) 6.9(19)
419.5(3) 4+1 1656.9(4) 0.56(22)* 0.0050(38)4 0.56(22) 35(9)

2087.1(2) (1-4)f 942.2(2) (3+1) 1145.0(3) 0.10(3)* 0.012(9)4 0.11(3) 9(3)
855.6(1) 2+3 1231.6(3) 0.22(4)* 0.0100(85)4 0.22(4) 19(4)
154.9(2) 2+1 1932.1(3) 0.82(13)* 0.0036(25)4 0.82(13) 72(5)

2096.2(4) (2-6)f 1033.5(2) (4+2) 1062.7(3) 0.08(3)* 0.015(13)4 0.09(3) 100
2097.4(4) (0-5)f 154.9(2) 2+1 1942.5(3) 1.06(17)* 0.0036(24)4 1.06(17) 100
2101.7(4) (1-7)f 419.5(3) 4+1 1682.2(3) 0.22(4)* 0.0048(36)4 0.23(4) 100
2124.6(4) (1-5)f 419.5(3) 4+1 1705.0(3) 0.26(5)* 0.0047(35)4 0.26(5) 22(7)

154.9(2) 2+1 1969.9(7) 0.93(33)* 0.0035(23)4 0.93(33) 78(7)
2128.9(2) (0-4)f 855.6(1) 2+3 1273.2(2) 0.23(4)* 0.0090(78)4 0.23(4) 32(11)

154.9(2) 2+1 1974.1(4) 0.50(23)* 0.0035(23)4 0.50(23) 68(11)
2134.1(2) (2-5)f 1033.5(2) (4+2) 1100.6(4) 0.06(3)* 0.013(9)4 0.06(3) 9(4)

942.2(2) (3+1) 1192.1(3) 0.14(3)* 0.0110(93)4 0.14(3) 21(6)
154.9(2) 2+1 1978.9(5) 0.47(15)* 0.0035(23)4 0.47(15) 70(8)

2137.7(2) (2-4)f 1033.5(2) (4+2) 1104.0(3) 0.07(3)* 0.013(21)4 0.07(3) 21(8)
942.2(2) (3+1) 1195.8(3) 0.08(3)* 0.0110(92)4 0.08(3) 24(7)
855.6(1) 2+3 1282.2(3) 0.17(4)* 0.0090(76)4 0.17(4) 55(9)

2142.7(2) (0-4)f 855.6(1) 2+3 1287.2(2) 0.30(5)* 0.0090(76)4 0.30(5) 69(7)
154.9(2) 2+1 1987.5(4) 0.13(4)* 0.0034(23)4 0.13(4) 31(7)

2164.2(7) (1-5)f 419.5(3) 4+1 1745.4(3) 0.31(8)* 0.0044(33)4 0.32(8) 60(9)
154.9(2) 2+1 2008.4(5) 0.21(6)* 0.0034(22)4 0.21(6) 40(9)

2176.8(2) (0-5)f 855.6(1) 2+3 1321.2(2) 0.35(8)* 0.0080(70)4 0.35(8) 27(6)
154.9(2) 2+1 2021.8(3) 0.98(17)* 0.0033(22)4 0.98(17) 73(6)

2197.5(5) (1-7)f 419.5(3) 4+1 1778.0(4) 0.09(5)* 0.0043(31)4 0.09(5) 100
2201.5(3) (1-5)f 419.5(3) 4+1 1782.0(4) 0.31(5)* 0.0043(31)4 0.31(5) 44(6)

154.9(2) 2+1 2046.7(3) 0.39(7)* 0.0033(21)4 0.39(7) 56(6)
2211.0(3) (0-5)f 667.5(2) 2+2 1543.2(5) 0.19(8)* 0.0058(46)4 0.19(8) 34(11)

154.9(2) 2+1 2056.3(4) 0.36(8)* 0.0032(20)4 0.36(8) 66(11)
2220.4(4) (1-3)f 499.5(3) 0+2 1720.5(4) 0.06(2)* 0.0046(34)4 0.06(2) 9(4)

154.9(2) 2+1 2066.1(6) 0.57(12)* 0.0032(20)4 0.58(12) 91(4)
2239.5(4) (0-5)f 154.9(2) 2+1 2084.6(4) 0.78(14)* 0.0032(20)4 0.78(14) 100
2243.5(5) (1-7)f 419.5(3) 4+1 1824.0(4) 0.20(4)* 0.0041(29)4 0.20(4) 100
2279.0(5) (1-7)f 419.5(3) 4+1 1859.5(4) 0.23(5)* 0.0039(27)4 0.23(5) 100
2283.8(5) (1-3)f 499.5(3) 0+2 1784.3(4) 0.11(3)* 0.0042(31)4 0.11(3) 100
2289.6(2) (0-5)f 855.6(1) 2+3 1434.2(2) 0.10(3)* 0.0070(56)4 0.10(3) 21(6)

154.9(2) 2+1 2134.5(3) 0.38(9)* 0.0030(18)4 0.38(9) 79(6)
2293.2(4) (1-5)f 419.5(3) 4+1 1873.7(5) 0.18(6)* 0.0038(27)4 0.18(6) 44(11)
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Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

154.9(2) 2+1 2138.3(6) 0.23(7)* 0.0030(18)4 0.23(7) 56(11)
2307.6(3) (0-6)f 942.2(2) (3+1) 1365.6(2) 0.18(4)* 0.0080(64)4 0.18(4) 100
2342.5(4) (0-5)f 154.9(2) 2+1 2187.6(4) 0.47(9)* 0.0029(17)4 0.47(9) 100
2359.7(3) (1-5)f 855.6(1) 2+3 1504.3(5) 0.15(5)* 0.0062(49)4 0.15(5) 13(4)

667.5(2) 2+2 1692.5(6) 0.37(11)* 0.0047(36)4 0.38(11) 34(8)
419.5(3) 4+1 1939.2(4) 0.17(4)* 0.0036(24)4 0.17(4) 15(4)
154.9(2) 2+1 2205.4(4) 0.42(14)* 0.0029(17)4 0.43(14) 38(9)

2362.7(5) (1-3)f 499.5(3) 0+2 1863.2(4) 0.26(5)* 0.0039(27)4 0.27(5) 100
2371.5(2) (1-7)f 1607.4(1) 764.0(2) 0.13(2)* 0.036(36)4 0.13(2) 36(6)

419.5(3) 4+1 1952.3(3) 0.24(5)* 0.0036(24)4 0.24(5) 64(6)
2373.5(5) (0-5)f 154.9(2) 2+1 2218.6(4) 0.62(13)* 0.0029(16)4 0.62(14) 100
2385.1(3) (1-5)f 419.5(3) 4+1 1965.5(3) 0.22(5)* 0.0035(23)4 0.22(5) 49(10)

154.9(2) 2+1 2230.4(5) 0.23(8)* 0.0028(16)4 0.23(8) 51(10)
2399.8(3) (0-4)f 1181.4(1) (24) 1218.1(4) 0.13(4)* 0.0100(88)4 0.13(4) 40(10)

855.6(1) 2+3 1544.5(4) 0.20(5)* 0.0058(46)4 0.20(5) 60(10)
2421.3(3) (1-5)f 419.5(3) 4+1 2001.6(3) 0.27(5)* 0.0034(22)4 0.27(5) 34(7)

154.9(2) 2+1 2266.7(5) 0.54(13)* 0.0028(15)4 0.54(14) 66(7)
2437.3(6) (0-5)f 855.6(1) 2+3 1581.7(6) 0.15(5)* 0.0055(43)4 0.15(5) 100
2444.3(8) (0-5)f 667.5(2) 2+2 1776.8(7) 0.46(17)* 0.0043(31)4 0.46(17) 100
2492.2(5) (1-7)f 419.5(3) 4+1 2072.7(4) 0.32(7)* 0.0032(20)4 0.32(7) 100
2510.7(5) (0-5)f 667.5(2) 2+2 1843.2(4) 0.44(11)* 0.0040(28)4 0.45(11) 100
2576.5(4) (1-5)f 667.5(2) 2+2 1909.0(4) 0.22(7)* 0.0037(25)4 0.22(7) 61(11)

419.5(3) 4+1 2157.2(8) 0.14(5)* 0.0030(18)4 0.14(5) 39(11)
2589.5(3) (0-5)f 1418.9(1) (44) 1170.2(3) 0.22(6)* 0.0110(98)4 0.23(6) 40(10)

667.5(2) 2+2 1922.8(4) 0.34(10)* 0.0037(25)4 0.34(10) 60(10)
2639.7(5) (0-5)f 154.9(2) 2+1 2484.8(5) 0.29(8)* 0.0025(11)4 0.29(8) 100
2643.0(5) (0-6)f 942.2(2) (3+1) 1700.9(4) 0.08(2)* 0.0047(35)4 0.08(2) 100
2676.5(5) (1-6)f 942.2(2) (3+1) 1734.4(6) 0.17(5)* 0.0045(33)4 0.17(5) 48(10)

419.5(3) 4+1 2257.0(6) 0.19(5)* 0.0028(15)4 0.19(5) 52(10)
2690.9(11) (1-7)f 419.5(3) 4+1 2271.4(10) 0.27(9)* 0.0028(15)4 0.27(9) 100
2712.4(3) (1-6)f 942.2(2) (3+1) 1770.5(4) 0.05(2)* 0.0043(31)4 0.05(2) 36(11)

419.5(3) 4+1 2292.5(5) 0.09(3)* 0.0027(15)4 0.09(3) 64(11)
2768.8(5) (1-7)f 419.5(3) 4+1 2349.3(4) 0.12(4)* 0.0026(14)4 0.12(4) 100
2822.7(5) (1-7)f 419.5(3) 4+1 2403.2(5) 0.09(3)* 0.0026(13)4 0.09(3) 100
2907.6(4) (0-5)f 1181.4(1) (24) 1726.2(4) 0.07(3)* 0.0045(34)4 0.07(3) 37(13)

154.9(2) 2+1 2752.7(6) 0.13(5)* 0.0022(8)4 0.13(5) 63(13)
3001.9(4) (1-7)f 419.5(3) 4+1 2582.4(3) 0.45(7)* 0.0024(10)4 0.45(7) 100
3165.9(6) (1-7)f 419.5(3) 4+1 2746.4(5) 0.13(3)* 0.0022(8)4 0.13(3) 100
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Transitions and levels in 182Pt

Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

3177.4(4) (1-5)f 667.5(2) 2+2 2510.0(5) 0.22(7)* 0.0024(11)4 0.22(7) 56(10)
419.5(3) 4+1 2757.9(4) 0.18(4)* 0.0022(8)4 0.18(4) 44(10)

3288.6(4) (1-5)f 1239.5(1) 4+3 2050.2(7) 0.03(2)* 0.0033(21)4 0.03(2) 13(7)
855.6(1) 2+3 2432.5(5) 0.11(4)* 0.0025(12)4 0.11(4) 43(10)
419.5(3) 4+1 2869.0(5) 0.11(3)* 0.0021(7)4 0.11(3) 44(9)

3299.2(2) (1-5)f 1520.9(1) 1777.9(3) 0.21(5)* 0.0043(31)4 0.21(5) 100
1239.5(1) 4+3 2060.5(8) 0.05(3)* 0.0032(20)4 0.05(3) 100
419.5(3) 4+1 2879.8(3) 0.13(3)* 0.0021(7)4 0.13(3) 41(10)
154.9(2) 2+1 3143.8(4) 0.19(5)* 0.0020(5)4 0.19(5) 59(10)

3334.5(5) (1-7)f 1033.5(2) (4+2) 2301.0(5) 0.13(5)* 0.0027(15)4 0.14(5) 100
3362.2(2) (1-5)f 1239.5(1) 4+3 2122.9(3) 0.39(7)* 0.0031(19)4 0.39(7) 41(6)

1033.5(2) (4+2) 2329.2(9) 0.08(4)* 0.0027(14)4 0.08(4) 8(4)
855.6(1) 2+3 2506.6(3) 0.21(4)* 0.0024(11)4 0.21(4) 22(4)
667.5(2) 2+2 2694.5(3) 0.27(5)* 0.0023(9)4 0.27(5) 28(5)

3382.9(4) (1-5)f 419.5(3) 4+1 2962.8(4) 0.18(4)* 0.0021(6)4 0.18(4) 40(8)
154.9(2) 2+1 3228.9(6) 0.26(7)* 0.0020(4)4 0.26(7) 60(8)

3396.1(2) (1-5)f 667.5(2) 2+2 2728.8(4) 0.53(15)* 0.0022(8)4 0.54(15) 29(6)
419.5(3) 4+1 2976.7(3) 0.45(2) 0.0021(6)4 0.45(2) 25(3)
154.9(2) 2+1 3241.1(3) 0.84(4) 0.0020(4)4 0.84(4) 46(4)

3407.5(4) (0-5)f 667.5(2) 2+2 2740.0(4) 0.18(6)* 0.0022(8)4 0.18(6) 100
3419.2(2) (1-5)f 1472.8(1) 1946.2(6) 0.18(5)* 0.0036(24)4 0.18(5) 9(2)

1239.5(1) 4+3 2179.8(5) 0.09(3)* 0.0029(17)4 0.09(3) 4(13)
855.6(1) 2+3 2563.5(3) 1.10(5) 0.0024(10)4 1.10(5) 52(4)
419.5(3) 4+1 2999.9(3) 0.74(12)* 0.0021(6)4 0.74(12) 35(4)

3420.7(5) (0-5)f 1181.4(1) (24) 2239.3(5) 0.33(9)* 0.0028(16)4 0.34(9) 100
3423.8(3) (1-5)f 1033.5(2) (4+2) 2390.3(5) 0.47(16)* 0.0026(13)4 0.47(16) 37(9)

419.5(3) 4+1 3004.0(4) 0.31(10)* 0.0021(6)4 0.32(10) 24(7)
154.9(2) 2+1 3269.3(6) 0.50(14)* 0.0020(4)4 0.50(15) 39(9)

3426.9(2) (1-6)f 1541.6(1) 1885.0(4) 0.14(3)* 0.0038(26)4 0.14(3) 18(4)
1033.5(2) (4+2) 2393.6(3) 0.32(7)* 0.0026(13)4 0.32(7) 41(7)
942.2(2) (3+1) 2485.9(4) 0.26(5)* 0.0025(11)4 0.26(5) 33(6)
419.5(3) 4+1 3007.3(5) 0.06(4)* 0.0021(6)4 0.06(4) 8(4)

3436.4(4) (1-7)f 1239.5(1) 4+3 2196.9(4) 0.13(3)* 0.0029(17)4 0.13(3) 100
3440.3(4) (0-6)f 942.2(2) (3+1) 2498.2(3) 0.66(10)* 0.0024(11)4 0.67(10) 100
3443.8(2) (1-5)f 1520.9(1) 1923.0(5) 0.18(5)* 0.0037(25)4 0.18(5) 6.7(18)

1239.5(1) 4+3 2203.9(3) 0.37(7)* 0.0029(17)4 0.37(7) 14(3)
1033.5(2) (4+2) 2410.2(4) 0.15(5)* 0.0026(13)4 0.15(5) 6(2)
667.5(2) 2+2 2776.6(4) 0.46(10)* 0.0022(8)4 0.46(10) 18(4)
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Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

419.5(3) 4+1 3024.3(3) 0.95(13)* 0.0021(6)4 0.95(13) 36(4)
154.9(2) 2+1 3289.0(4) 0.51(9)* 0.0020(4)4 0.51(9) 19(3)

3457.4(4) (0-6)f 942.2(2) (3+1) 2515.3(4) 0.07(2)* 0.0024(11)4 0.07(2) 100
3458.8(2) (1-5)f 1033.5(2) (4+2) 2425.1(4) 0.05(2)* 0.0025(12)4 0.05(2) 8(4)

855.6(1) 2+3 2603.1(4) 0.14(3)* 0.0023(10)4 0.14(3) 25(6)
419.5(3) 4+1 3039.1(4) 0.21(5)* 0.0021(6)4 0.21(5) 37(7)
154.9(2) 2+1 3304.5(6) 0.17(6)* 0.0020(4)4 0.17(6) 30(8)

3468.3(2) (1-5)f 1501.8(1) 1966.4(5) 0.11(3)* 0.0035(23)4 0.11(3) 8(2)
855.6(1) 2+3 2614.0(5) 0.18(5)* 0.0023(10)4 0.19(5) 14(3)
419.5(3) 4+1 3048.5(3) 0.52(8)* 0.0021(5)4 0.52(8) 38(5)
154.9(2) 2+1 3313.1(3) 0.55(9)* 0.0020(4)4 0.55(9) 40(5)

3481.2(3) (1-5)f 1033.5(2) (4+2) 2447.7(5) 0.06(3)* 0.0025(12)4 0.06(3) 12(6)
855.6(1) 2+3 2624.7(10) 0.12(6)* 0.0023(10)4 0.12(6) 25(10)
154.9(2) 2+1 3326.5(4) 0.30(5)* 0.0020(4)4 0.30(6) 63(10)

3504.1(4) (0-5)f 154.9(2) 2+1 3349.2(4) 0.39(8)* 0.0020(4)4 0.39(8) 100
3510.2(3) (0-5)f 942.2(2) (3+1) 2568.1(4) 0.27(6)* 0.0024(10)4 0.27(6) 25(6)

154.9(2) 2+1 3355.3(4) 0.81(14)* 0.0020(4)4 0.81(14) 75(6)
3513.4(2) (1-5)f 1520.9(1) 1992.1(6) 0.13(4)* 0.0034(22)4 0.13(4) 2.6(9)

1239.5(1) 4+3 2273.9(5) 0.13(4)* 0.0028(15)4 0.13(4) 2.6(7)
1033.5(2) (4+2) 2480.4(5) 0.07(3)* 0.0025(11)4 0.07(3) 1.3(6)
942.2(2) (3+1) 2571.9(8) 0.24(6)* 0.0024(10)4 0.24(6) 4.7(12)
667.5(2) 2+2 2845.6(3) 1.42(31)* 0.0022(7)4 1.42(31) 28(5)
419.5(3) 4+1 3093.7(3) 2.84(12) 0.0020(5)4 2.85(12) 56(4)
154.9(2) 2+1 3358.5(4) 0.26(7)* 0.0020(4)4 0.26(7) 5.1(13)

3518.3(2) (1-3)f 1965.5(1) 1552.5(3) 0.14(11)* 0.0057(45)4 0.15(11) 18(12)
1520.9(1) 1997.6(13) 0.09(6)* 0.0034(22)4 0.09(6) 12(7)
1358.3(2) 2160.0(5) 0.10(3)* 0.0030(18)4 0.10(3) 12(4)
1311.0(1) 2+5 2207.6(4) 0.09(3)* 0.0029(17)4 0.09(3) 11(4)
499.5(3) 0+2 3019.0(4) 0.23(4)* 0.0021(6)4 0.23(4) 28(7)
154.9(2) 2+1 3363.5(10) 0.15(12)* 0.0020(4)4 0.15(12) 19(12)

3532.8(6) (1-7)f 419.5(3) 4+1 3113.3(5) 0.06(2)* 0.0020(5)4 0.06(2) 100
3548.4(2) (1-3)f 2097.4(4) 1450.8(3) 0.14(3)* 0.0070(55)4 0.15(3) 12(2)

1888.7(2) 1659.6(4) 0.16(4)* 0.0049(38)4 0.17(4) 14(3)
1151.2(2) (03) 2397.3(4) 0.10(3)* 0.0026(13)4 0.10(3) 9(2)
499.5(3) 0+2 3048.8(5) 0.09(3)* 0.0021(5)4 0.09(3) 8(2)
419.5(3) 4+1 3128.6(6) 0.10(3)* 0.0020(5)4 0.10(3) 9(2)
154.9(2) 2+1 3393.6(4) 0.26(7)* 0.0020(3)4 0.26(7) 22(5)
0 0+1 3548.4(3) 0.33(2) 0.0020(3)4 0.33(2) 28(3)
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Transitions and levels in 182Pt

Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

3555.3(3) (1-3)f 1151.2(2) (03) 2403.6(7) 0.08(3)* 0.0026(13)4 0.08(3) 10(3)
499.5(3) 0+2 3055.5(3) 0.43(7)* 0.0021(5)4 0.43(7) 54(7)
154.9(2) 2+1 3401.2(7) 0.09(5)* 0.0020(3)4 0.09(5) 11(5)
0 0+1 3555.6(8) 0.20(7) 0.0020(3)4 0.20(7) 25(7)

3558.9(3) (1-3)f 855.6(1) 2+3 2702.4(4) 0.18(4)* 0.0023(9)4 0.18(4) 33(7)
154.9(2) 2+1 3404.4(4) 0.11(4)* 0.0020(3)4 0.11(4) 20(7)
0 0+1 3559.2(3) 0.26(7) 0.0020(3)4 0.26(7) 47(8)

3569.0(2) (1-3)f 1965.5(1) 1603.3(4) 0.30(22)* 0.0053(42)4 0.30(23) 8(5)
1151.2(2) (03) 2418.1(3) 0.26(5)* 0.0025(12)4 0.26(5) 6.5(13)
855.6(1) 2+3 2713.7(3) 0.65(3) 0.0022(8)4 0.66(3) 16.7(15)
667.5(2) 2+2 2901.3(3) 0.80(13)* 0.0021(7)4 0.80(14) 20(3)
499.5(3) 0+2 3069.5(3) 0.51(8)* 0.0021(5)4 0.52(8) 13(2)
154.9(2) 2+1 3414.3(3) 1.40(6) 0.0020(3)4 1.40(6) 36(3)

3576.9(1) (1-3)f 2087.1(2) 1489.9(7) 0.06(5)* 0.0060(51)4 0.06(5) 0.6(5)
2075.8(1) 1501.6(3) 0.10(3)* 0.0062(50)4 0.10(3) 1(3)
1999.9(4) 1577.2(3) 0.06(5)* 0.0055(43)4 0.06(5) 0.6(5)
1965.5(1) 1610.9(3) 0.63(17)* 0.0053(41)4 0.64(17) 6.7(17)
1501.8(1) 2075.2(3) 0.34(6)* 0.0032(20)4 0.34(6) 3.6(6)
1358.3(2) 2218.6(4) 0.33(7)* 0.0029(16)4 0.33(7) 3.5(7)
1181.4(1) (24) 2395.6(3) 0.62(16)* 0.0026(13)4 0.62(16) 6.5(16)
942.2(2) (3+1) 2634.2(10) 0.08(5)* 0.0023(9)4 0.08(5) 0.9(5)
855.6(1) 2+3 2720.8(3) 0.29(5)* 0.0022(8)4 0.29(5) 3.1(6)
667.5(2) 2+2 2909.7(4) 1.19(6) 0.0021(7)4 1.19(6) 12.5(9)
154.9(2) 2+1 3422.0(3) 2.81(12) 0.0020(3)4 2.81(12) 29.5(17)
0 0+1 3577.0(3) 3.01(13) 0.0020(3)4 3.02(13) 32(2)

3580.3(4) (1-6)f 1888.7(2) 1691.3(5) 0.15(4)* 0.0047(36)4 0.15(4) 38(9)
942.2(2) (3+1) 2638.3(6) 0.15(4)* 0.0023(9)4 0.15(4) 37(9)
419.5(3) 4+1 3160.1(9) 0.10(5)* 0.0020(5)4 0.10(5) 25(10)

3589.3(3) 1999.9(4) 1589.9(3) 0.14(10)* 0.0054(42)4 0.14(11) 27(21)
1965.5(1) 1623.6(4) 0.38(28)* 0.0052(40)4 0.38(28) 73(21)

3593.7(3) (1-5)f 419.5(3) 4+1 3173.8(4) 0.08(2)* 0.0020(5)4 0.08(2) 12(4)
154.9(2) 2+1 3439.0(4) 0.56(10)* 0.0020(3)4 0.57(10) 88(4)

3598.8(2) (1-3)f 499.5(3) 0+2 3099.4(4) 0.16(4)* 0.0020(5)4 0.16(4) 13(3)
154.9(2) 2+1 3443.9(4) 0.46(3) 0.0020(3)4 0.46(3) 36(2)
0 0+1 3598.8(3) 0.65(3) 0.0020(2)4 0.66(3) 51(3)

3604.4(5) (0-6)f 942.2(2) (3+1) 2662.3(5) 0.11(3)* 0.0023(9)4 0.11(3) 100
3608.8(2) (1-3)f 2097.4(4) 1511.3(5) 0.11(4)* 0.0061(49)4 0.11(4) 14.4(12)

2087.1(2) 1521.6(2) 0.22(15)* 0.0060(48)4 0.22(16) 29(5)
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Table C.1: (Continued)

Ei

(keV)
Iπi Ef

(keV)
Iπf Eγ

(keV)
Iγ

(%)
αtot Itot b

(%)

1945.5(2) 1662.9(4) 0.15(11)* 0.0049(38)4 0.15(11) 20(4)
1908.1(3) 1700.7(4) 0.07(2)* 0.0047(35)4 0.07(2) 8.8(6)
1541.6(1) 2067.3(6) 0.21(5)* 0.0032(20)4 0.21(5) 28.3(18)
1311.0(1) 2+5 2298.2(3) 0.40(6)* 0.0027(15)4 0.40(6) 17(2)
942.2(2) (3+1) 2667.2(6) 0.14(4)* 0.0023(9)4 0.14(4) 6.1(14)
855.6(1) 2+3 2753.3(5) 0.20(5)* 0.0022(8)4 0.20(5) 8.6(17)
667.5(2) 2+2 2941.3(3) 0.91(4) 0.0021(6)4 0.91(4) 39(3)
499.5(3) 0+2 3109.4(4) 0.22(4)* 0.0020(5)4 0.22(4) 9.4(15)
154.9(2) 2+1 3454.4(6) 0.26(2) 0.0020(3)4 0.26(2) 11.2(10)

3620.3(5) (0-6)f 942.2(2) (3+1) 2678.2(5) 0.11(3)* 0.0023(9)4 0.11(3) 100
3623.0(3) (1-3)f 855.6(1) 2+3 2766.6(6) 0.06(2)* 0.0022(8)4 0.06(2) 7(3)

499.5(3) 0+2 3123.7(5) 0.18(4)* 0.0020(5)4 0.18(4) 22(5)
154.9(2) 2+1 3468.6(5) 0.58(12)* 0.0020(3)4 0.58(12) 70(6)

3625.3(3) (0-5)f 1908.1(3) 1717.1(4) 0.03(1)* 0.0046(34)4 0.03(1) 20(8)
154.9(2) 2+1 3470.7(3) 0.13(4)* 0.0020(3)4 0.13(4) 80(8)

3633.3(6) (1-3)f 499.5(3) 0+2 3133.8(5) 0.17(4)* 0.0020(5)4 0.17(4) 100
3646.4(4) (0-5)f 667.5(2) 2+2 2978.9(4) 0.36(9)* 0.0021(6)4 0.36(9) 100
3650.7(5) (1-7)f 419.5(3) 4+1 3231.2(4) 0.28(6)* 0.0020(4)4 0.28(6) 100
3656.1(5) (0-5)f 667.5(2) 2+2 2988.6(4) 0.17(5)* 0.0021(6)4 0.17(5) 100
3659.9(3) (1-3)f 154.9(2) 2+1 3504.3(4) 0.28(6)* 0.0020(3)4 0.28(6) 53(7)

0 0+1 3660.6(4) 0.24(4) 0.0020(2)4 0.24(4) 47(7)
3664.5(4) (0-5)f 942.2(2) (3+1) 2722.5(4) 0.13(3)* 0.0022(8)4 0.13(3) 63(12)

855.6(1) 2+3 2808.0(9) 0.07(3)* 0.0022(8)4 0.07(3) 37(12)
3669.0(4) (0-6)f 942.2(2) (3+1) 2726.9(4) 0.11(3)* 0.0022(8)4 0.11(3) 100
3679.8(3) (1-5)f 1239.5(1) 4+3 2440.5(5) 0.07(2)* 0.0025(12)4 0.07(2) 10(3)

942.2(2) (3+1) 2737.4(6) 0.12(4)* 0.0022(9)4 0.12(4) 17(6)
667.5(2) 2+2 3012.8(7) 0.16(8)* 0.0021(6)4 0.16(8) 23(9)
419.5(3) 4+1 3260.1(4) 0.37(9)* 0.0020(4)4 0.37(9) 51(9)

3701.3(6) (1-7)f 419.5(3) 4+1 3281.8(5) 0.18(8)* 0.0020(4)4 0.18(8) 100
3703.7(5) (0-5)f 1181.4(1) (24) 2522.3(5) 0.14(4)* 0.0024(11)4 0.14(4) 100
3726.4(4) (0-5)f 154.9(2) 2+1 3571.5(4) 0.12(3)* 0.0020(3)4 0.12(3) 100

a Reported as a tentative transition in Ref. [Cai74].
b Reported as an unplaced transition in Ref. [Cai74].
c Known from in-beam spectroscopy study from Ref. [Pop97].
d Known from decay spectroscopy study from Ref. [Dav99].
e Observed only in the spectrum of conversion electrons.
f Value of spin deduced from the analysis of the deexcitation paths.
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Transitions and levels in 182Pt

1 Conversion coefficient taken from BrIcc [Kib08] considering an E2 multipolarity.
2 Conversion coefficient taken from the NNDC evaluation [Sin10]
3 Conversion coefficient evaluated in this work.
4 Conversion coefficient calculated as the average of the ICC for the E1 and M2 multipolarities.

Table C.2: Values of β-decay feeding intensity Iβ into excited levels of 182Pt and corresponding
log ft values calculated using Fermi integrals for allowed and the first forbidden non-unique
decay (log f0t) and for the first forbidden unique decay (log f1t). The values of spin and
parity Iπ are taken from Refs. [Dav99; Pop97] or from the analysis of de-excitation paths
in this work as indicated by an asterisk. Column Irefβ contains β-decay feeding intensity
values calculated using the previous level scheme and transition intensities from Ref. [Dav99].
Internal conversion was accounted for in the same way as for our results.

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

154.9(2) 2+1 31(2) 10.9(21) 6.09(10) 8.18(10)
419.5(3) 4+1 11.4(8) 7.2(10) 6.20(7) 8.26(7)
499.5(3) 0+2 5.2(7) 1.58(30) 6.84(10) 8.89(10)
667.5(2) 2+2 10(2) 8.9(16) 6.04(9) 8.08(9)
774.8(3) 6+1 0.10(35) 0.22(8) 7.61(20) 9.64(20)
855.6(1) 2+3 7.1(8) 4.63(52) 6.27(6) 8.29(6)
942.2(2) (3+1 ) 7.4(9) 4.21(40) 6.29(4) 8.30(4)
1033.5(2) (4+2 ) 4.9(11) 2.03(20) 6.58(4) 8.58(4)
1151.2(2) (03) 1.3(1) 0.61(10) 7.07(8) 9.06(8)
1181.4(1) (24) 4.9(5) 3.06(26) 6.36(4) 8.35(4)
1239.5(1) 4+3 5.3(4) 1.80(15) 6.57(4) 8.56(4)
1305.4(2) (5+1 ) 1.0(3) 0.37(6) 7.24(8) 9.22(8)
1311.0(1) 2+5 2.3(3) 2.88(20) 6.35(3) 8.32(3)
1358.3(2) (0-4)* 0.25(7) 7.40(14) 9.37(14)
1418.9(1) (44) 1.8(4) 0.97(10) 6.79(5) 8.75(5)
1472.8(1) (2-4)* 1.5(4) 1.54(11) 6.57(3) 8.53(3)
1501.8(1) (1-4)* 1.8(4) 1.13(11) 6.70(4) 8.65(4)
1520.9(1) (2-4)* 0.75(24) 0.74(11) 6.88(7) 8.83(8)
1541.6(1) (2-4)* 0.79(20) 1.31(14) 6.62(5) 8.57(5)
1568.0(2) (2,3)* 0.37(14) 1.42(15) 6.58(5) 8.53(5)
1602.0(2) (3-5)* 0.72(9) 6.86(6) 8.81(6)
1607.4(1) (2-4)* 0.48(7) 7.04(7) 8.99(7)
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Table C.2: (Continued)

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

1643.1(1) (1-4)* 0.57(6) 6.95(4) 8.89(4)
1670.7(3) 5− 0.06(1) 7.94(13) 9.88(13)
1683.9(3) (2-6)* 0.61(14) 0.45(6) 7.04(7) 8.98(7)
1716.0(2) (2-5)* 0.09(2) 7.74(13) 9.67(13)
1721.9(2) (1,2)* 0.46(6) 7.02(6) 8.95(6)
1722.8(2) (0-4)* 0.92(12) 6.72(7) 8.66(7)
1723.8(2) (4-6)* 0.24(4) 7.30(8) 9.24(8)
1741.7(7) (4-8)* 0.04(2) 8.02(24) 9.96(24)
1753.2(4) (1,2)* 0.41(6) 7.06(7) 8.99(7)
1762.4(3) (0-4)* 0.35(6) 7.13(9) 9.06(9)
1778.9(2) (1-4)* 0.82(14) 6.75(9) 8.68(9)
1784.4(2) (3-6)* 0.15(4) 7.49(13) 9.41(13)
1797.2(9) (0-5)* 0.30(14) 7.18(28) 9.11(28)
1824.0(2) (1-3)* 0.40(5) 7.06(6) 8.98(6)
1863.3(3) 6+ 0.24(3) 7.27(7) 9.19(7)
1864.3(5) (0-5)* 0.03(1) 8.21(29) 10.13(29)
1882.3(5) (0-4)* 0.25(8) 7.25(18) 9.16(18)
1883.9(2) (2-4)* 0.43(6) 7.00(6) 8.91(7)
1888.7(2) (2-4)* 0.47(14) 0.60(8) 6.85(7) 8.77(7)
1898.7(2) (2-5)* 0.16(3) 7.43(10) 9.35(10)
1908.1(3) (2-5)* 0.13(5) 7.50(19) 9.41(19)
1945.5(2) (0-4)* 0.61(10) 6.83(8) 8.74(8)
1960.5(3) (2-6)* 0.15(3) 7.44(11) 9.35(11)
1965.5(1) (1,2)* 0.71(20) 6.76(15) 8.67(15)
1999.9(4) (0-5)* 0.60(11) 6.82(9) 8.73(9)
2005.8(1) (2,3)* 0.93(7) 6.63(3) 8.53(4)
2033.9(7) (1-5)* 0.06(3) 7.82(26) 9.72(26)
2047.9(2) (2-4)* 0.27(3) 7.15(6) 9.05(6)
2064.6(1) (2-4)* 1.62(11) 6.37(3) 8.27(3)
2075.8(1) (2,3)* 0.67(11) 6.75(8) 8.65(8)
2087.1(2) (1-4)* 0.38(9) 6.99(13) 8.89(13)
2096.2(4) (2-6)* 0.04(2) 7.99(22) 9.89(22)
2097.4(4) (0-5)* 0.35(8) 7.02(11) 8.92(11)
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Transitions and levels in 182Pt

Table C.2: (Continued)

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

2101.7(4) (1-7)* 0.10(2) 7.58(9) 9.47(9)
2124.6(4) (1-5)* 0.52(15) 6.84(15) 8.74(15)
2128.9(2) (0-4)* 0.32(10) 7.05(17) 8.95(17)
2134.1(2) (2-5)* 0.30(7) 7.08(12) 8.98(12)
2137.7(2) (2-4)* 0.14(2) 7.42(9) 9.31(9)
2142.7(2) (0-4)* 0.19(3) 7.28(8) 9.17(8)
2164.2(7) (1-5)* 0.23(5) 7.18(10) 9.07(10)
2176.8(2) (0-5)* 0.58(9) 6.78(7) 8.67(7)
2197.5(5) (1-7)* 0.04(2) 7.92(34) 9.81(34)
2201.5(3) (1-5)* 0.30(4) 7.05(7) 8.94(7)
2211.0(3) (0-5)* 0.24(5) 7.16(11) 9.04(11)
2220.4(4) (1-3)* 0.28(6) 7.09(10) 8.97(10)
2239.5(4) (0-5)* 0.34(6) 6.99(9) 8.87(9)
2243.5(5) (1-7)* 0.09(2) 7.58(12) 9.46(12)
2279.0(5) (1-7)* 0.10(2) 7.52(12) 9.39(12)
2283.8(5) (1-3)* 0.05(1) 7.85(15) 9.72(15)
2289.6(2) (0-5)* 0.21(4) 7.18(10) 9.06(10)
2293.2(4) (1-5)* 0.18(4) 7.25(12) 9.13(12)
2307.6(3) (0-6)* 0.08(2) 7.59(10) 9.47(10)
2342.5(4) (0-5)* 0.21(4) 7.17(10) 9.05(10)
2359.7(3) (1-5)* 0.49(9) 6.80(9) 8.66(9)
2362.7(5) (1-3)* 0.12(2) 7.42(10) 9.29(10)
2371.5(2) (1-7)* 0.17(2) 7.26(7) 9.13(7)
2373.5(5) (0-5)* 0.27(6) 7.05(11) 8.92(11)
2385.1(3) (1-5)* 0.20(4) 7.19(11) 9.05(11)
2399.8(3) (0-4)* 0.15(3) 7.31(10) 9.18(10)
2421.3(3) (1-5)* 0.35(6) 6.92(9) 8.78(9)
2437.3(6) (0-5)* 0.06(2) 7.65(20) 9.51(20)
2444.3(8) (0-5)* 0.20(8) 7.15(21) 9.01(21)
2492.2(5) (1-7)* 0.14(3) 7.29(11) 9.14(11)
2510.7(5) (0-5)* 0.19(5) 7.15(13) 9.00(13)
2576.5(4) (1-5)* 0.16(4) 7.22(12) 9.06(12)
2589.5(3) (1-5)* 0.25(5) 7.02(11) 8.86(11)
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Table C.2: (Continued)

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

2639.7(5) (0-5)* 0.13(4) 7.30(15) 9.14(15)
2643.0(5) (0-6)* 0.03(1) 7.88(18) 9.71(18)
2676.5(5) (1-6)* 0.16(3) 7.19(10) 9.02(10)
2690.9(11) (1-7)* 0.12(4) 7.30(18) 9.13(18)
2712.4(3) (1-6)* 0.06(1) 7.58(13) 9.41(13)
2768.8(5) (1-7)* 0.05(2) 7.64(18) 9.46(18)
2822.7(5) (1-7)* 0.04(1) 7.72(17) 9.54(17)
2907.6(4) (0-5)* 0.09(2) 7.36(15) 9.17(15)
3001.9(4) (1-7)* 0.20(3) 6.98(9) 8.78(9)
3165.9(6) (1-7)* 0.06(2) 7.48(14) 9.26(14)
3177.4(4) (1-5)* 0.17(4) 6.97(11) 8.75(11)
3288.6(4) (1-5)* 0.11(2) 7.13(10) 8.89(10)
3299.2(2) (1-5)* 0.25(4) 6.77(7) 8.53(7)
3334.5(5) (1-7)* 0.06(2) 7.39(21) 9.15(21)
3362.2(2) (1-5)* 0.42(5) 6.53(6) 8.28(6)
3382.9(4) (1-5)* 0.19(4) 6.86(9) 8.61(9)
3396.1(2) (1-5)* 0.80(7) 6.24(4) 7.99(4)
3407.5(4) (0-5)* 0.08(3) 7.23(19) 8.98(19)
3419.2(2) (1-5)* 0.92(7) 6.17(3) 7.91(4)
3420.7(5) (0-5)* 0.15(4) 6.97(14) 8.71(14)
3423.8(3) (1-5)* 0.56(10) 6.38(9) 8.13(9)
3426.9(2) (1-6)* 0.34(4) 6.60(7) 8.34(7)
3436.4(4) (1-7)* 0.06(1) 7.37(13) 9.11(13)
3440.3(4) (0-6)* 0.29(5) 6.66(8) 8.40(8)
3443.8(2) (1-5)* 1.14(10) 6.07(4) 7.81(4)
3457.4(4) (0-6)* 0.03(1) 7.66(17) 9.40(17)
3458.8(2) (1-5)* 0.25(4) 6.73(8) 8.47(8)
3468.3(2) (1-5)* 0.60(6) 6.34(5) 8.08(5)
3481.2(3) (1-5)* 0.21(4) 6.80(9) 8.53(9)
3504.1(4) (0-5)* 0.17(4) 6.87(11) 8.61(11)
3510.2(3) (0-5)* 0.47(7) 6.43(8) 8.16(8)
3513.4(2) (1-5)* 2.23(17) 5.75(3) 7.48(4)
3518.3(2) (1-3)* 0.35(8) 6.56(12) 8.29(12)
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Table C.2: (Continued)

E

(keV)
Iπ Irefβ

(%)
Iβ

(%)
log f0t log f1t

3532.8(6) (1-7)* 0.02(1) 7.71(21) 9.44(21)
3548.4(2) (1-3)* 0.52(5) 6.37(4) 8.10(4)
3555.3(3) (1-3)* 0.35(5) 6.55(7) 8.27(7)
3558.9(3) (1-3)* 0.25(4) 6.70(8) 8.42(8)
3569.0(2) (1-3)* 1.72(14) 5.85(4) 7.57(4)
3576.9(1) (1-3)* 4.18(20) 5.46(2) 7.18(2)
3580.3(4) (1-6)* 0.18(3) 6.84(10) 8.56(10)
3589.3(3) 0.23(13) 6.70(40) 8.40(40)
3593.7(3) (1-5)* 0.28(5) 6.62(8) 8.34(8)
3598.8(2) (1-3)* 0.56(3) 6.33(3) 8.05(3)
3604.4(5) (0-6)* 0.05(2) 7.37(16) 9.09(16)
3608.8(2) (1-3)* 1.26(13) 5.97(5) 7.69(5)
3620.3(5) (0-6)* 0.05(1) 7.39(17) 9.11(17)
3623.0(3) (1-3)* 0.36(6) 6.50(8) 8.22(8)
3625.3(3) (0-5)* 0.07(2) 7.22(15) 8.94(15)
3633.3(6) (1-3)* 0.08(2) 7.18(13) 8.89(13)
3646.4(4) (0-5)* 0.16(4) 6.86(13) 8.57(13)
3650.7(5) (1-7)* 0.12(3) 6.96(10) 8.68(10)
3656.1(5) (0-5)* 0.07(2) 7.18(18) 8.89(18)
3659.9(3) (1-3)* 0.23(3) 6.70(7) 8.41(7)
3664.5(4) (0-5)* 0.09(2) 7.10(12) 8.81(12)
3669.0(4) (0-6)* 0.05(1) 7.38(14) 9.09(14)
3679.8(3) (1-5)* 0.31(6) 6.55(9) 8.25(9)
3701.3(6) (1-7)* 0.08(4) 7.13(26) 8.84(26)
3703.7(5) (0-5)* 0.06(2) 7.26(16) 8.96(16)
3726.4(4) (0-5)* 0.05(2) 7.31(16) 9.01(16)
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