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The hitherto unknown neutron-deficient nuclei 240Es and 236Bk were synthesised using
the fusion-evaporation reaction 209Bi(34S,3n)240Es. The ritu gas-filled recoil separator
and the great spectrometer were used in this decay spectroscopic study. The measured
electron-capture delayed fission (ECDF) branches in both of the new isotopes com-
plement the experimental data available in the heavier odd-odd Es and Bk isotopes.
Furthermore, the ECDF branches show a continuation in the exponential increase of the
ECDF probabilities as a function of QEC − Bsf when approaching the proton dripline.
In addition, an in-beam γ-ray spectroscopic study of the neutron-deficient isotope 244Cf
was made using the fusion-evaporation reaction 198Pt(48Ca,2n)244Cf. The jurogamii
array coupled to ritu and great was used to detect the prompt γ rays emitted at the
target position. The excited states in 244Cf were studied for the first time using the
recoil-decay tagging method. The ground-state rotational band of 244Cf was measured
up to a tentative spin and parity of Iπ = 20+. The behaviour of the moments of inertia
revealed an up-bend due to a possible alignment of coupled nucleons in high- j orbitals
starting at a rotational frequency of about ~ω = 0.2 MeV. The results were compared
to the systematic behaviour of the heavy even-even N = 146 isotones as well as to
theoretical calculations where available.
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Chapter 1

Introduction

The atomic nucleus is a complex quantum mechanical many-body system that consists
of protons and neutrons. The characterisation of individual nuclear species, nuclides, is
made by the atomic number Z denoting the number of protons in the nucleus. Nuclei
with the same number of protons (Z) are called elements. The number of neutrons is
given by the neutron number N. Furthermore, the mass number A = Z + N is used
to characterise the total number of protons or neutrons, i.e. nucleons, in the nucleus.
Nuclei with a specific number of protons (Z) but varying number of neutrons (N)
are called isotopes. The number of electrons orbiting a neutral atom is the same as
its number of protons. Additionally, both of the protons and neutrons are composite
particles called hadrons that are each built of three elementary particles in the Standard
Model known as quarks.

Most of the elements found on Earth are stable but few have very long-lived radioactive
isotopes. The isotopes that exist naturally on Earth are called primordial nuclides.
Around 300 primordial isotopes range from the lightest, hydrogen (Z = 1), up to the
heaviest, uranium (Z = 92). However, most of the about 3000 different known isotopes
that have been discovered so far are unstable and have been produced and observed
only in the laboratory. According to different theoretical calculations around 3000
to 4000 additional unknown isotopes could exist and are waiting to be discovered in
future experiments in accelerator laboratories [Thoennessen11, Erler12].

1



2 1. Introduction

1.1 Discoveries of Bk, Cf and Es isotopes

The discovery of a new element requires the first observation of any of the isotopes
of a nucleus with a new atomic number (Z). The criteria for what is considered as an
observation of a new element have been defined precisely and are controlled by an
international scientific board, the International Union of Pure and Applied Chemistry
(IUPAC). The same scientific board is responsible for confirming the names given to the
newly found elements in accordance with their discoverers and following a period of
public review. Recently, four new superheavy elements that have been discovered were
named by IUPAC as nihonium (Nh, Z = 113), moscovium (Mc, Z = 115), tennessine
(Ts, Z = 117) and oganesson (Og, Z = 118) [Öhrström16].

In contrast to the discoveries of the new elements, the definitions and criteria for the
discovery of new isotopes are not controlled or well defined. Despite the fact that the
naming conventions are based solely on the atomic mass number Z, in fact, all of the
different isotopes are unique systems that consist of a discrete number of protons and
neutrons and have distinctive structural nuclear properties.

The element berkelium (with atomic number Z = 97) was first discovered at Berkeley,
California in 1950 [Thompson50a, Thompson50c]. In the experiment the isotope 243Bk
was produced when an 241Am target was irradiated with an accelerated 4He ion beam.
The name berkelium was proposed for the new element after the city where it had been
discovered.

Fifteen berkelium isotopes with masses ranging from A = 233 to A = 251 have
been discovered prior to this work [Fry13, Devaraja15, Kaji16], and none of them
are stable. The half-lives of the discovered isotopes range from about 21 seconds
(233Bk; [Devaraja15]) up to as long as 1380 years (247Bk; [Milsted65]).

The discovery of the element californium (atomic number Z = 98) was named follow-
ing its first observation (of isotope 245Cf) made at Berkeley in 1950 [Thompson50b,
Thompson50d]. The name was proposed after the state of California and the University
of California in Berkeley. This first isotope was made by irradiating a 242Cm target
with a 4He beam. The californium isotope 244Cf was first discovered at Berkeley
in 1956 [Chetham-Strode56b] by using an intense α-particle beam and the reactions
244Cm(α,4n)244Cf and 242Cm(α,2n)244Cf. An α-decay half-life of 25(3) min was deter-
mined from the emission of 7.17(1) MeV α particles.

Currently, twenty californium isotopes (A = 237–256) are known [Fry13], and none
of them are stable. The half-lives of the discovered isotopes range from 21 ms
(238Cf; [Lazarev95]) up to as long as about 900 years (251Cf; [Metta69]). Prior to
this work, the lightest even-even californium isotope, where excited states of a rota-
tional ground-state band have been experimentally measured is 248Cf. No information
concerning measurement of the excited states in 244Cf has been published.
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The californium isotope 243Cf was discovered in 1967 at two different laboratories
simultaneously. At Argonne [Fields67] 242Cm and 244Cm targets were bombarded with
3He ions. The discovery at Berkeley [Sikkeland67b, Sikkeland67a] was done by bom-
barding various uranium isotopes with a 12C beam and the reactions 235U(12C,4n)243Cf
and 236U(12C,5n)243Cf. They estimated that the dominant decay mode of 243Cf is
EC-decay with a branching ratio of about EC/α ∼ 10. The α-particle energies of the
isotope were determined based on about 300 α-decay events to be 7.05(2) MeV and
7.17(1) MeV with a half-life of 10.3(5) min. In that study the half-life of 244Cf was
estimated with a greater precision to be 19.4(6) min based on about 2000 decay events
followed over 8 half-lives.

The discovery of the element einsteinium (atomic number Z = 99) was reported for
the first time in a scientific publication in 1954 [Ghiorso54] as the observation of the
isotopes 246Es and 247Es. The isotopes were produced using accelerated nitrogen ion
beams impinging on a 238U target. However, the short letter to the editor included a
statement “There is unpublished information relevant to element 99 at the University
of California, Argonne National Laboratory, and Los Alamos Scientific Laboratory.
Until this information is published the question of the first preparation should not be
prejudged on the basis of this paper.”. The same statement was included in a publication
reporting the discovery of the isotope 253Es that was received for publication one month
later [Thompson54]. The official announcement of the discovery of the element 99
(and of element 100, fermium) was reported one year later in 1955 [Ghiorso55] and
the name ‘einsteinium’ was suggested for the new element after Albert Einstein. In the
beginning of the report, it was clarified that the first observation of einsteinium was in
fact made already in November 1, 1952 after the first full-scale test of a thermonuclear
explosion designated as “Ivy Mike” conducted by the United States on the island
of Elugelab, Enewetak Atoll in the Pacific Ocean. The einsteinium isotopes were
produced in the explosion by the high neutron flux on uranium. The results of the
explosive test were classified and delayed the publication of the results on the first
observation.

Seventeen einsteinium isotopes (A = 241–257) have been discovered prior to this
work [Meierfrankenfeld11], and none of them are stable. The half-lives of the discov-
ered isotopes range from 8 seconds (241Es; [Ninov96]) up to as long as 471.7 days
(252Es; [Ahmad77]).

A detailed view of the region of interest of the chart of nuclides1 related to this work is
shown in Fig. 1.1. The neutron-deficient isotopes of berkelium (236Bk), californium
(244Cf) and einsteinium (240Es) studied in detail in this work are highlighted with black
boxes.

1Also known as “The Segré chart”
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Figure 1.1. Detailed view of the chart of nuclides in the neutron-deficient californium
region. The isotopes studied in this work are highlighted with black boxes. The
different decay modes and intensities for each nuclide are represented by the different
colours in the boxes. Yellow represents α decay, red stands for β+/EC decay, blue for
β− decay and green for spontaneous fission. Undiscovered isotopes are marked with
white boxes.

1.2 Motivation

One of the greatest challenges in nuclear structure physics is understanding the stability
of the atomic nucleus. The stability is a key factor in the formation and the present
isotopic distribution of elements that are found in nature. For many decades, persistent
studies have been made on transfermium superheavy nuclei (SHN) to search for the
extreme limits of the stability of the nucleus. The ultimate quest is to find an answer to
intriguing questions such as what is the heaviest element of all and how many stable
isotopes are there before reaching the proton and neutron driplines. The heaviest
elements with Z > 100 are stable against fission only due to nuclear shell effects. In
fact, according to the classical liquid-drop model they should fission instantly. It has
been proposed that the existence of an enhanced and non-zero fission barrier in these
nuclei results in lifetimes long enough for them to be observed.

Theoretical calculations predict different locations for the next spherical shell closure
beyond Z = 82 and N = 126. The location of this predicted region of enhanced stability
on the nuclear chart is often called the “island of stability”. In order to constrain
predictions from various theoretical models, more information on the ordering, spacing
and the structure of the single-particle orbitals is needed.

The validation and development of theoretical models is only possible by testing their
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predictive power under extreme conditions. Such regions are the unstable nuclei with
extreme ratios of proton and neutron numbers when approaching the proton and neutron
driplines. Therefore, previously unknown isotopes are synthesised and studied in the
accelerator laboratories around the world. Often the limiting factor in these experiments
are the low production cross sections of the nuclei of interest when moving further
away from the valley of stability which makes detailed studies challenging.

Experimental methods of decay and in-beam spectroscopy have been applied exten-
sively in the recent years to study the structure of deformed heavy nuclei [Herzberg08,
Theisen15]. Due to the quadrupole deformation these nuclei have Fermi surfaces near
the same single-particle orbitals that originate from a much higher nucleon number.
At higher nucleon number the single-particle states are filled until a closed shell is
reached where the nuclei are expected to be spherical. These are states that intrude
down in energy with increasing deformation and are thus active in lighter deformed
nuclei. Therefore, the studies of the deformed heavy nuclei are driven by the interest to
find information on the structure of the spherical SHN.

With in-beam γ-ray spectroscopy it is possible to probe the spin dependent properties
of the deformed nucleus for instance when it rotates or vibrates. The rotational bands
and their moments of inertia can provide information on deformation, deformed shell
closures and about the particles that are active in the single-particle orbitals around the
Fermi surface. The variation of the moment of inertia as a function of spin is sensitive
to pairing correlations and the high- j intruder orbitals. Furthermore, many details
on the structure of nuclei can be extracted by studying their radioactive decays. The
stability of a nucleus is quantified in terms of the half-life of its radioactive decays such
as α, β±, electron capture (EC) and spontaneous fission.

This thesis is based on the results of two separate experiments. In the first part of this
work two new neutron-deficient isotopes of the elements einsteinium and berkelium,
240Es and 236Bk, were discovered in a decay spectroscopic study. The second part was
devoted to an in-beam spectroscopic study of the neutron-deficient californium isotope
244Cf.

The theoretical concepts, nuclear structure models and theory on radioactive decay
that are closely related to the interpretation of the experimental results of this work are
introduced in Chapter 2. The experimental techniques and instrumentation that were
used in the measurements are presented in Chapter 3.

The details of the experiment, data analysis, results and discussion related to the
identification of the new isotopes in the decay spectroscopic study are presented in
Chapter 4. Their decay properties such as the half-lives and decay branches were
measured. In addition, electron-capture delayed fission (ECDF) branches was observed
in both of the new isotopes. The obtained information on the ECDF probabilities
are compared the existing experimental data on the heavier odd-odd einsteinium and
berkelium isotopes.
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In Chapter 5 the details of the experiment, data analysis, results and discussion related to
the in-beam γ ray spectroscopic study of 244Cf are described in detail. No excited states
were known in the nucleus were known previously. The ground-state rotational band
of 244Cf was identified and was measured up to a tentative spin Iπ = 20+. The results
on the moments of inertia were compared to the systematic behaviour of the heavy
even-even N = 146 isotones as well as to theoretical calculations where available. To
date, 244Cf is the most neutron-deficient even-even californium nucleus where excited
states have been measured.



Chapter 2

Theoretical background

Studying the interactions between the nucleons in the dense atomic nucleus is a
challenging task for both the experimentalists and the theoreticians. One of the main
objectives in nuclear structure physics is to understand the behaviour and motion of
the nucleons inside the nucleus and to derive the characteristic features of the whole
nucleus from those interactions.

In this chapter an introduction to some of the basic and most important theoretical
nuclear structure models and their features are presented. The models are used to
interpret and predict various quantities that can be measured such as the half-life and
the energy that is released when a nucleus decays, the energies of transitions in an
excited nucleus and its moments of inertia.

2.1 Nuclear models and structure

Various theoretical nuclear models have been developed to describe the atomic nucleus
by employing a few simple arguments. The nucleus is held together by one of the
fundamental forces of nature, the strong force. It is attractive, short-range and is able
to overcome the repulsive Coulomb force between the protons inside the nucleus.
Additionally, the nucleons are fermions and must obey the Pauli exclusion principle.

The major challenge for the models is that the number of nucleons that interact with
each other is discrete. Moreover, the number of interacting particles is often too high
to treat the ensemble microscopically and at the same time too small to treat them
statistically in the calculations. Consequently, the different models are often applicable
in certain regions of the nuclear chart or in reproducing certain features of the nuclei
but not accurate in describing the detailed structure in all of them simultaneously.

7



8 2. Theoretical background

2.1.1 The liquid-drop model

One of the earliest theoretical descriptions and quantitative models of the nucleus
is the liquid-drop model (LDM) [Gamow30]. In this simple model an analogy is
made in which the nucleus is assumed to behave like an incompressible liquid drop of
constant density. The atomic mass of a nucleus with Z protons and N neutrons1 can
be estimated by using the so-called semi-empirical mass formula (Bethe-Weizsäcker
formula) [Weizsäcker35] m(Z,N) = Nm(1n) + Zm(1H)− B(Z, A)/c2, where the binding
energy of the nucleus is given by

B(Z, A) = avolA − asurf A2/3 − aasym
(A − 2Z)2

A
− aC

Z(Z − 1)
A1/3 + δ(A,Z). (2.1)

Here avol, asurf , aasym and aC are the volume, surface, asymmetry and Coulomb term
coefficients that are obtained from a fit to experimental atomic masses, and m(1H) and
m(1n) are the atomic masses of the hydrogen atom and the neutron, respectively. The
last term, δ, is a correction term due to the pairing effect which is the tendency of the
protons or neutrons to form pairs and gain extra stability in nuclei with even number of
nucleons.

Despite its simplicity, the liquid-drop model can describe the general evolution of the
binding energies and atomic masses of nuclei from very light to heavy elements. It can
also explain phenomena related to the nuclear fission decay process via elongation and
deformation of the nucleus and give simple estimates about the heights of the fission
barriers. However, it fails to reproduce the effects of shell structure in nuclei that are
evident from many experimental observations. One such effect is the extra stability
of nuclei with certain proton and neutron numbers that are often called the “magic
numbers”. Further refinements of the LDM are essentially higher order expansions of
the original concept such as the the droplet model [Myers69]. The similar finite-range
droplet model (FRDM) and finite-range liquid drop model (FRLDM) are currently
used to estimate nuclear masses and fission barriers (see e.g. [Möller16, Möller09] and
references therein).

2.1.2 The shell model

The spherical shell model [Mayer49, Haxel49] of the nucleus assumes that the nucleons
in the nucleus orbit independently in a spherical central potential created by the other
nucleons. The central potential is created by one of the fundamental forces in nature,
the attractive and short-range nuclear strong force, that is not well understood even
today. In addition, the protons in the nucleus feel the repulsive and long-range Coulomb
force due to their electric charge. Various different forms can be used for the shape
of the potential from simple square-well or harmonic-oscillator potential (H.O.) to

1The mass number A = Z + N
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a more realistic Woods-Saxon potential (W.-S.). A schematic representation of the
single-particle states and their evolution when using different and more realistic central
potentials is shown in Fig. 2.1.

The spherical shell model best describes light spherical nuclei near the closed major
shells. The magic numbers of spherical nuclei are successfully recreated by the model
by including a spin-orbit coupling term (~l · ~s) in the potential. The magic numbers
for the protons and neutrons are Z,N = 2, 8, 20, 28, 50, 82 and additionally N = 126
for neutrons. The spin-orbit interaction splits the states with the same orbital angular
momentum l into two states with total angular momenta j = l + s and j = l − s, where
s = 1/2 is the intrinsic spin of the nucleon. When approaching mid-shell the nuclei
become more collective in their behaviour and the ground states of the nuclei become
deformed. The further extension of the spherical shell model to deformed nuclei is
called the Nilsson model or the deformed shell model.

2.1.3 The Nilsson model and deformation

In the Nilsson model [Nilsson55] the single-particle states are calculated in a deformed
central potential that is axially symmetric. The original model used a harmonic
oscillator potential in the calculations. The small assumed quadrupole deformation (β2)
give rise to either prolate or oblate nuclear shapes that are axially symmetric.

In the Nilsson model the states are labelled with the notation

Ωπ[NnzΛ], (2.2)

where the conserved (good) quantum numbers are Ω, the projection of the angular
momentum ~j = ~l + ~s onto the symmetry axis (Z axis) of the nucleus and the parity
π = (−1)N . Here N is the principal quantum number that denotes the major shell, nz is
the number of crossings (nodes) of the wave function in the Z direction and Λ is the
projection of the orbital angular momentum ~l onto the symmetry axis. Each Nilsson
state can hold a maximum of two like nucleons (time-reversal symmetry). In case of
a state with many nucleons, the total projection to the symmetry axis of the angular
momenta Ωi is denoted as K =

∑
i Ωi. The angular momentum vectors and labeling are

elaborated in the diagram of Fig. 2.2.

The general behaviour of the splitting and the energies of the single-particle states as
illustrated in Fig. 2.1 with increasing deformation can be understood with some simple
arguments. A large overlap with a prolate nucleus (β2 > 0) occurs with low-Ω orbitals
and lowers their energy with increasing deformation. In contrast, the high-Ω orbitals
are lowered in energy for an oblate nucleus (β2 < 0) with increasing deformation.
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Figure 2.1. Schematic representation of the behaviour of the single-particle energy
levels in the nuclear shell model when using different mean-field potentials. The
degeneracy in the energy levels is lifted and gaps corresponding to the indicated magic
numbers are formed when moving from left to right in the figure from the harmonic
oscillator (H.O.) potential to the more realistic Woods-Saxon (W.-S.) potential and
including a spin-orbit coupling term with the Woods-Saxon potential (~l · ~s). Finally,
the splitting of the single-particle energy levels as a function of increasing prolate
deformation of the nucleus (β2 > 0) in the Nilsson model is illustrated for few levels.
Note that the absolute energy of the levels is not to scale and the exact ordering of the
levels depends on the chosen potential.
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Figure 2.2. General diagram showing the angular momentum vectors and quantities
related to the single-particle states and their labeling in the Nilsson model. The total
angular momentum ~I is composed of the angular momentum of the valence nucleon
~j = ~l +~s and the collective angular momentum of the core ~R. The component of ~I along
the rotation axis is denoted as ~Ix. For an axially symmetric nucleus ~R ⊥ ẑ⇒ Ω = K.

2.1.4 The Strutinsky method

Calculating the potential energy surfaces of a nucleus and the heights of the fission
barriers by using either the liquid-drop model (LDM) or deformed single-particle
models alone are inadequate in many cases. However, a combination of the two
inherently different methods first suggested by Strutinsky [Strutinsky67] has proven
more successful. In the Strutinsky shell-correction method which is the basis of modern
macroscopic-microscopic models, the main idea is that the average and long-range
features including the average deformation of the total energy of the nucleus (Emacro)
are calculated using a macroscopic approach with the LDM. A shell-correction energy
obtained from a microscopic model such as the shell model is then applied on top of
the liquid-drop energy.

The total energy of the nucleus is written as

Etot = Emacro + Emicro = Emacro +
∑

i

εi − Ẽshell, (2.3)

where
∑

i εi is the sum over all of the individual single-particle energies of the nucleons
and Ẽshell is a smoothed average of the total energy calculated by using a smeared level
density in the microscopic model. In this way, the variations to the total energy from
the shell structure are taken into account as small magnitude shell-corrections that
provide stability for a nucleus against fission required to explain the enhanced stability
and existence of superheavy nuclei.
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A schematic illustration of the total potential energy of an arbitrary superheavy nucleus
as a function of the deformation along the easiest path through the multi-dimensional
deformation space leading to fission is shown in Fig. 2.3. The potential energy calcu-
lated by using only the LDM (dashed line) showing the smooth average trend of the
potential. A bound ground state cannot be achieved in this superheavy nucleus with
the LDM due to a missing potential barrier against fission. When the shell-correction
energy is applied on top of the LDM calculation (solid line) the small fluctuations
provided by the correction are enough to create a minimum in the potential energy and
to provide a barrier against fission where a bound spherical ground state can be formed.

Figure 2.3. Schematic representation of the nuclear potential energy of an arbitrary
spherical superheavy nucleus as a function of the increasing deformation along the path
leading to fission by using only the liquid-drop model (LDM) and including the shell-
correction energy in the LDM potential energy. The shape of a nucleus approaching
fission with a preference for asymmetric mass distribution is illustrated at the top.

2.2 Nuclear rotation and moments of inertia

The collective rotation of a nucleus is possible in a quantum mechanical sense only
when the nucleus is deformed. This allows the orientation of the nucleus to be defined
and the probability to observe different effects when the nucleus rotates. Assuming
pure collective rotation of an even-even nucleus (~R = ~I, K = Ω = 0) the excited energy
levels in the ground-state band of an axially symmetric deformed rotor are given by the
relation [Bohr53, Nilsson95]

E(I) =
~2

2J
I(I + 1), I = 0, 2, 4, ..., (2.4)
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where I is the total angular momentum (spin) of the state and J is the static moment
of inertia.

Figure 2.4. Transitions between three consecutive states in a rotational band and the
labeling of their angular momenta in the calculation of the rotational frequencies and
the moments of inertia. Here γ1 represents the γ-ray transition from the state with
I + 1→ I − 1 with energy Eγ1 . Similarly, the transition between the states I − 1→ I − 3
is denoted by γ2 with an energy of Eγ2 .

Using the labeling given in Fig. 2.4, the rotational frequency at nuclear spin I can be
defined as [Wu92a, Wu92b]

ω(I) =
1
~

dE
dIx
≈

1
~

E(I + 1) − E(I − 1)
Ix(I + 1) − Ix(I − 1)

≈
Eγ1

2~
, (2.5)

where Ix(I) =
√

I(I + 1) − K2 and the assumption that K = 0 has been used and Eγ1 is
the energy difference between the states with I + 1 and I − 1.

The kinematic moment of inertia is defined as

J (1)(I) = ~
Ix

ω
= ~2Ix

(
dE
dIx

)−1

≈ ~2 2I − 1
E(I + 1) − E(I − 1)

= ~2 2I − 1
Eγ1

(2.6)

and the dynamic moment of inertia is

J (2)(I − 1) = ~
dIx

dω
= ~2

(
d2E
dI2

x

)−1

≈ ~2 4
Eγ1 − Eγ2

=
4~2

∆Eγ
(2.7)

The rotational frequency used to calculate J (2) corresponds to spin I − 1 where the
average frequency is

ω(I − 1) ≈
Eγ1 + Eγ2

4~
. (2.8)

A parameterisation of the rotational band according to the Harris formalism [Harris65]
leads to the relation of the kinematic J (1) and dynamic J (2) moments of inertia by the
equations

J (1) = J0 +J1ω
2, (2.9)
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J (2) = J0 + 3J1ω
2, (2.10)

where J0 and J1 are the so-called Harris parameters. The parameters J0 and J1 can
be fitted to the low-spin part of a rotational band of an even-even nucleus and used to
extrapolate and determine the energies of often highly-converted low-energy transitions
4+ to 2+ and 2+ to 0+ in the same band using the equation

I(ω) = J0ω +J1ω
3 + 1/2, (2.11)

where I is the initial spin of the transition.

2.3 Radioactive decay

The radioactive decay of a nucleus or an excited state is statistical in nature and can be
characterised by the linear differential equation [Heyde04]

dN = −λNdt, (2.12)

where N is the number of nuclei and λ is the decay constant. The solution of the
differential equation 2.12 is of the form

N(t) = N0e−λt, (2.13)

where N0 is the number of nuclei at time t = t0. The decay constant λ in the exponential
decay law of Eq. 2.13 is related to the half-life and to the mean lifetime τ̄ by the relation

T1/2 =
ln 2
λ

= ln 2 · τ̄. (2.14)

The partial half-life T i
1/2 is a useful quantity used to compare different decay modes or

decays to different final states. It is defined by using the branching ratio bi of the decay
mode i as

T i
1/2 =

T1/2

bi
. (2.15)

The ground state or an excited state of a nucleus can decay or de-excite spontaneously
in different ways mostly depending on the energy that is available between the initial
and final state. The decay can proceed by emission of particles such as a proton, a
neutron or an α particle where the nucleus transforms itself into another nucleus. The
nucleus can also split into two lighter nuclei in the fission process. Excited states in a
nucleus can also decay in the former ways or there may be a transition to a state that
is lower in energy in the same nucleus by the emission of electromagnetic radiation
or internal conversion electrons. The decay processes most relevant to this work are
introduced in the following sections.
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2.3.1 α decay

One of the very first nuclear decay processes that was discovered as naturally occuring
radioactivity was α decay. In this decay mode, a mother nucleus decays to a lighter
daughter nucleus by emitting an α particle (4He nucleus). The emission of an α particle
in α decay of the mother nucleus X to the daughter nucleus Y and the α particle can be
expressed by the process [Krane88]

XN →
A−4
Z−2YN−2 + α. (2.16)

The Q value of the decay (Qα) is defined using the atomic masses as [Krane88]

Qα =
(
m(X) − m(Y) − m(4

2He)
)

c2. (2.17)

When the mass of the initial nucleus is greater than the masses of the daughter and the α
particle (Q > 0), α decay can happen spontaneously. The decay occurs spontaneously
in heavy nuclei where it becomes energetically possible.

The Qα value corresponds to the kinetic energy that is shared between the daughter
nucleus and the α particle. The kinetic energy of the α particle (Eα) in the α decay
is [Krane88]

Eα =

 1
1 + m(4

2He)/m(Y)

 · Qα. (2.18)

The semi-empirical law found by Geiger and Nuttall in 1911 [Geiger11] is a rough
estimate of the α decay half-life for each isotopic chain to be inversely proportional to
the energy of the decay

log(λ) = A(Z) +
B(Z)
√

Qα

, (2.19)

where λ is the decay constant (λ = ln 2/T1/2) and A,B are fitted parameters. A striking
effect of this empirical finding is that a very small change in the Q value has a large
effect on the decay half-life. Moreover, this simple relationship holds for half-lives
that span over many orders of magnitude in the isotopic chains. For example, a factor
of two change in the Q value causes a factor of 1022 change in the half-lives of the
polonium isotopes. However, it has been shown that this very simple law may not
hold exactly in some extreme cases such as in the most neutron-deficient polonium
isotopes [Qi14].

The first theoretical quantum mechanical descriptions of α decay were made simul-
taneously and independently in 1928 by Gamow [Gamow28] and by Condon and
Gurney [Gurney28]. In these models, the α particle is assumed to be preformed inside
the daughter nucleus with a certain preformation probability. To escape the nucleus, the
α particle has to tunnel through the Coulomb barrier and represents a prime example
of quantum mechanical tunneling. One often used method to calculate theoretical
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estimates of α-decay half-lives was introduced by Rasmussen in 1959 [Rasmussen59].
The model is based on a realistic potential obtained from scattering experiments and
takes into account the effects of angular momentum.

Comparison of measured α-decay half-lives to theoretical calculations can provide
valuable information on the structure of the initial and final states in the mother and
daughter nuclei, respectively. The α-decay hindrance factor is a useful quantity for
comparison and is typically defined for even-even nuclei as the ratio of the measured
half-life to a calculated half-life from some theoretical model as

HF =
Tα,meas

1/2

Tα,theo
1/2

. (2.20)

The theoretical half-life Tα,theo
1/2 can be obtained, for example, with the calculation

according to the Rasmussen method.

When considering the α decay of odd nuclei, the hindrance factor of a ground-state to
ground-state (0+ → 0+) decay in a neighbouring even-even nucleus is typically defined
as 1. For an odd-A nucleus, a hindrance factor of HF < 4 is then usually obtained for a
favoured transition where the initial and final states in the decay have the same spin,
parity and configuration. Such a decay is also called unhindered α decay. If the spins of
the initial and final state are different it means that angular momentum is carried away
by the α particle and the barrier it has to tunnel through is higher and wider. Thus, the
change in angular momentum results in a longer half-life and a larger hindrance factor.

In the case of α decays of nuclei with odd-A or both odd-Z and odd-N, there is often
a change in the spins and parities between the initial state in the mother and the final
state in the daughter nucleus. Therefore, the hindrance factors for odd nuclei are often
defined as ratios to the closest neighbouring even-even nuclei.

2.3.2 β+/EC and β− decay

The β decay is a nuclear decay process mediated by the weak interaction. Three
different types of β decays exist, namely β−, β+ and electron capture (EC). The nuclear
processes for the decays can be described with the formulas

β− : A
ZXN →

A
Z+1YN−1 + e− + ν̄e, (2.21)

β+ : A
ZXN →

A
Z−1YN+1 + e+ + νe, (2.22)

EC : A
ZXN + e− → A

Z−1YN+1 + νe, (2.23)

where the elementary particles taking part in the decay processes are the proton (p), the
neutron (n), the electron (e−) and its antiparticle the positron (e+), the electron neutrino
(νe) and the electron antineutrino (ν̄e). Higher order and more rare processes include
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the so-called ordinary double-β decay and the yet unobserved neutrinoless double-β
decay.

Theoretical description of the variations of β decay is more complicated because the β
particle and neutrino have to be created in the process and are not preformed inside the
nucleus as in α decay. First such quantum-mechanical description was given by Fermi
in 1934 [Fermi34].

2.3.3 Fission

Nuclear fission [Vandenbosch73] was the third nuclear decay mode that was discov-
ered for the first time in 1938-1939 [Hahn38, Hahn39] and described successfully in
1939 [Meitner39]. Similar to the theoretical description of α decay, it can be considered
as a quantum mechanical tunneling process. In this decay mode the mother nucleus
breaks up into two smaller fragments and releases a total kinetic energy equal to the
difference in the masses of the mother nucleus and the daughter nuclei. One of the ear-
liest comprehensive theoretical descriptions of fission was made using the liquid-drop
model by Bohr and Wheeler [Bohr39] already in 1939.

A schematic illustration of the fission process is shown in Fig. 2.5 where the total
energy of the system is plotted as a function of a deformation parameter. For simplicity,
a one-dimensional deformation parameter is considered here. In reality, the theoretical
description of fission is a multi-deformation-parameter problem. Fission from the
ground state (g.s.) of a nucleus is called spontaneous fission. The corresponding fission
barrier of the spontaneous fission (Bsf) is shown as the energy difference of the g.s. and
the top of the inner barrier. In some nuclei, for example in the actinides, a concept of
an outer second barrier may be formulated and can cause significant fission hindrance.
Such a barrier structure is often called a double-humped fission barrier. Normal and
subbarrier fission occur after being induced by e.g. neutrons, protons or γ rays exciting
the nucleus to an excited state where fission proceeds through a smaller fission barrier.
Isomeric states at a second local minimum at larger deformation can occur due to the
outer barrier where the nucleus is trapped before decaying via isomeric fission.

Fission is a very complex decay mode due to the large prompt energy release and
the large elongation and deformation of the nucleus. The drastic rearrangement of
nuclear matter involves both collective and single-particle effects at extreme conditions.
Consequently, it has been studied for decades both experimentally and theoretically.
Fission plays the key role in the production of, especially, the superheavy nuclei (SHN)
via fusion-evaporation reactions due to the competition of fission with the survival
probability of the compound nucleus. Furthermore, the concept of fission barriers
including the effects of the nuclear shell structure explains the stability of the SHN and
is vital in the search for the so-called “island of stability”. Recently, a distinctive type
of fission called the electron-capture delayed fission has become popular as a powerful
tool to study low-energy fission properties in nuclei.
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Figure 2.5. Schematic illustration of the various possibilities of the fission decay
process of a nucleus. Fission from the ground state (g.s.) of a nucleus is called
spontaneous fission and the associated fission barrier height is Bsf . Isomeric fission
may proceed from an excited isomeric state that has a larger deformation (ε) than the
ground state and a lower fission barrier at the second hump. Normal and subbarrier
fission may be induced by e.g. impinging neutrons that first excites the nucleus to
an excited state. The shapes of a nucleus approaching fission with a preference for
asymmetric mass distribution is shown at the top.

2.3.4 Electron-capture delayed fission (ECDF)

Electron-capture delayed fission (ECDF), or more generally β-delayed fission (βDF), is
a two-step nuclear decay mode that was discovered in 1966 (see e.g. [Kuznetsov99] and
references therein) and described succesfully for the first time in 1969 [Berlovich69].
A simplified diagram of the ECDF process is shown in Fig. 2.6. In the first step the
mother nucleus undergoes β+/EC (neutron-deficient nuclei) or β− (neutron-rich nuclei)
decay and populates an excited state in the daughter nucleus. Depending on the decay
Q value (QEC) of the precursor, the height of the fission barrier (Bsf) of the daughter
nucleus and the population of the excited states close to and above the fission barrier in
the daughter nucleus, fission can compete with other decay modes of the excited states
such as γ-ray or particle emission.
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Figure 2.6. Schematic illustration of the β+/EC-delayed fission process in a neutron-
deficient nucleus. The ground state of the mother nucleus (A,Z) decays to excited states
in the daughter nucleus (A,Z − 1) via β+/EC decay. The excited states either decay via
γ-ray transitions or fission directly. Potential energy in the daughter nucleus is shown
as a function of increasing deformation when approaching fission. The Qβ+/EC-value of
the decay and the fission barrier height in the daughter (Bsf) are indicated.

The QEC value limits the maximum excitation energy of the states that can be pop-
ulated in the daughter nucleus in the decay. Furthermore, an enhanced probability
for the ECDF decay is expected if the QEC value exceeds the fission barrier height
Bsf . Recently, a review of the current status of delayed fission measurements was
published [Andreyev13], indicating that not many experiments have been performed
in cases where the energy difference QEC − Bsf is positive and that there is a growing
interest to probe the low-energy fission properties of nuclei via this process.

A typical quantity that can be measured is the experimental probability of ECDF that is
defined as [Andreyev13]

PECDF =
NECDF

NEC
, (2.24)

where NECDF is the number of EC decays resulting in fission and NEC is the total
number of EC decays of the mother nucleus. The temporal characteristics of the ECDF
decays are determined by the half-life of the mother nucleus because fission directly
from the excited states must be fast enough to compete with the other decay modes
which typically occur on a time scale of picoseconds.
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2.4 Electromagnetic transitions

An excited state of a nucleus can de-excite, releasing its excess energy by the emission
of electromagnetic (EM) radiation. In the process the charge distribution of the nucleus
is changed. The energy difference between the initial and final state is released as a
fluctuation of the EM field in the form of a quantum of energy called a photon. The
photons that are emitted from the nucleus are called γ rays. Another competing process
for the de-excitation is called internal conversion where atomic electrons are emitted
from the nucleus. Other competing processes include internal pair formation (IPF)
above a 1.022 MeV threshold energy where an electron-positron pair is created and the
emission of two γ rays. The emission of two γ rays is a higher order process and can
be neglected in this study.

2.4.1 γ-ray emission

The probability of an electromagnetic transition depends on the energy that is available
for the transition and on the angular momentum and the parity of the initial (Ii) and final
(I f ) states. The multipolarity of the transition is determined by the angular momentum
L that is carried away by the γ ray. The conservation of angular momentum and parity
yields the selection rules giving the allowed multipolarities L of electric (EL) and
magnetic (ML) transitions that are

|Ii − I f | ≤ L ≤ Ii + I f , (2.25)

and the allowed parities

πiπ f =

{
(−1)L for electric (EL)

(−1)L+1 for magnetic (ML). (2.26)

The transition probabilites and rates can be estimated by using, for example, the shell
model. The Weisskopf estimates [Weisskopf51] are based on calculating reduced
transition probabilities as transitions of a single nucleon between two single-particle
states of the spherical shell model. An additional assumption that is made is that the
radial parts of the initial and final wave functions are constant inside the nucleus and
vanish on the outside. The estimated transition rates λW are given in Table 2.1 for
the lowest multipolarities of electric and magnetic transitions. Measured transition
rates can be normalised to the calculated Weisskopf estimates and given in Weisskopf
units (W.u.). This allows to estimate whether a transition is of more collective or
single-particle nature.
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Table 2.1. Weisskopf single-particle transition rate estimates [Weisskopf51] (λW) for
the lowest multipoles L ≤ 3 of transitions of electric (σ = E) and magnetic (σ = M)
character. The transition energies Eγ are in units of MeV and A is the mass number of
the nucleus.

σL λW (1/s) σL λW (1/s)

E1 1.023 · 1014E3
γA2/3 M1 3.184 · 1013E3

γ

E2 7.265 · 107E5
γA4/3 M2 2.262 · 107E5

γA2/3

E3 3.385 · 101E7
γA2 M3 1.054 · 101E7

γA4/3

2.4.2 Internal conversion

Internal conversion [Hulme32, Kantele95] (IC) is an alternative and competing process
in the de-excitation of the excited states of a nucleus alongside γ-ray emission. Internal
conversion can be the dominant process especially in low-energy transitions in heavy
nuclei with high Z. Therefore, spectroscopy of internal conversion electrons is a
valuable tool in conjunction with γ-ray spectroscopy.

Internal conversion electrons (ICE) are emitted when a higher energy state of the
nucleus decays to a lower state via an electromagnetic transition. An electron is ejected
from one of the atomic orbitals when the electron interacts with the nucleus. There is
a change in the charge distribution of the nucleus, and the energy of the transition is
transferred to the atomic electron. Relaxation of the electron shells when the created
holes in the electron orbitals are filled by electrons from higher orbitals results in the
emission of characteristic X-rays and Auger electrons.

The internal conversion coefficient (ICC) is often used as a measure of the preferred
mode of de-excitation by internal conversion or γ-ray emission. It is defined as the
ratio of the electron emission rate to the γ-ray emission rate

α =
λe

λγ
. (2.27)

The decay rate is different for different electron shells and the total decay rate can
be easily written as a sum of the partial decay rates λi corresponding to the different
atomic orbitals i as λe =

∑
i λi. Then the conversion coefficient is a sum of the partial

conversion coefficients of the electronic shells

α =
1
λγ

(
λeK + λeLI + . . .

)
= αK + αLI + . . . . (2.28)

The total decay rate of an excited state can now be written as

λt = λγ + λe = λγ(1 + α) = λγ
(
1 + αK + αLI + . . .

)
. (2.29)
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The electron orbiting the nucleus in orbital i is bound with a binding energy Bi. There-
fore, the kinetic energy of the emitted electron is the energy difference between the two
states in the nucleus ∆E minus the electron binding energy

Ei
e = ∆E − Bi. (2.30)

This means that for a given transition the emitted electron can have different energies
depending on the atomic orbital (K, L1, L2, L3, M1, ... ) from which it is ejected. If it
is energetically possible, the electron is most often emitted from the K-shell, where the
spatial overlap of the electron wavefunction and the nucleus is the largest.

Electric monopole (E0) transitions are special cases that cannot proceed by emission of
a single γ ray. The emission of one γ ray is strictly forbidden, because the photon has a
spin of unity and angular momentum has to be conserved. However, these transitions
can proceed via internal conversion. The E0 transitions are either of a 0+ state to
another 0+ state or transitions between initial and final states that have the same spin
and parity Jπ → Jπ.



Chapter 3

Experimental techniques

The heavy neutron-deficient nuclei that were studied in this work were produced in
heavy-ion induced fusion-evaporation reactions at the Accelerator Laboratory of the
Department of Physics, University of Jyväskylä, Finland (JYFL). The ions of stable
projectile nuclei were extracted from an electron-cyclotron resonance (ECR) ion source
and accelerated by the K130 cyclotron [Liukkonen92] and delivered to the target.
The nuclei of interest are often produced in very small quantities compared to other
unwanted reaction channels and must be separated from the background with carefully
designed equipment and methods. The fusion-evaporation reaction mechanism and
the experimental setup that were used in the measurements of this work are briefly
described in the following sections.

3.1 Fusion-evaporation reaction

In order to study transuranium nuclei that are radioactive with short half-lives that
cannot be found in nature, they have to be produced in nuclear reactions in accelerator
laboratories. The fusion-evaporation reaction is a very useful tool in nuclear physics
research that has been extensively utilised in recent decades. It has been used to
artificially produce isotopes of new superheavy elements that do not exist in nature,
and to study the properties and structure of exotic nuclei under laboratory conditions.

The heavy-ion induced fusion-evaporation reaction can be considered as a two-step
fusion process described by the general reaction

a + A→ C∗ → B + b. (3.1)

First, a target nucleus (A) is bombarded by an accelerated ion beam (a) with a kinetic
energy high enough to overcome the Coulomb barrier. The barrier is a repulsive

23
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electrical potential that is created by the positive charge of the protons in the nuclei of
the target and projectile. The barrier height can be approximated with the height of the
Coulomb barrier at the point where the surfaces of the projectile and target nuclei are
touching and is given by the equation

VC =
e2

4πε0
·

ZPZT

R0(A1/3
P + A1/3

T )
≈

ZPZT

A1/3
P + A1/3

T

[MeV], (3.2)

where ZP,ZT and AP, AT are the atomic and mass numbers of the projectile and the
target nuclei, respectively, and R0 is the radius parameter from the equation describing
the radius of the nucleus R = R0A1/3. Often, an interaction and fusion barrier model by
Bass [Bass74] is used for more accurate estimates for heavy elements. The Bass model
uses a two-body nuclear model derived from the liquid-drop model for the collision
and takes into account the transfer of energy and angular momentum via friction when
the two nuclei fuse together.

The two nuclei fuse into a compound nucleus (C∗, CN) with a high amount of excitation
energy and angular momentum. The excitation energy of the compound nucleus is
given by the equation

E∗ = Ecm + Q, (3.3)

where Ecm is the kinetic energy of the collision system in the centre-of-mass frame of
reference. Here the Q value of the reaction is calculated from

Q = (m(a) + m(A) − m(C)) c2, (3.4)

where m(a), m(A) and m(C) are the masses of the projectile, the target and the compound
nucleus, respectively. The kinetic energy that is expressed in the centre-of-mass frame
of reference can be calculated from

Ecm =

(
m(A)

m(a) + m(A)

)
Elab, (3.5)

where Elab is the kinetic energy of the projectile in the laboratory frame of reference.

After formation, the excess energy of the compound nucleus is quickly dissipated as
illustrated in Fig. 3.1 by evaporation of particles such as neutrons or protons (b) and
becomes the final product (B) that is called the evaporation residue (hereafter: ER,
recoil). There are many possibilities for the total number and type of the evaporated
particles (1n, 2n, 3n, xn, pn, 1p, pxn, α, ...) which are called reaction or evaporation
channels. Therefore, different final nuclei are produced depending on the reaction
channel. The reaction channel is selected by choosing the kinetic energy of the
accelerated ion beam in such a way that the wanted number of evaporated particles and
the excitation energy of the nucleus is optimised. After the evaporation, more energy
is released by the “hot” and fast rotating nucleus by emitting high-energy statistical γ
rays from E1 transitions followed by de-excitation of the yrast energy states towards
the ground state.
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Figure 3.1. Schematic illustration of the energy dissipation in the fusion-evaporation
reaction after the compound nucleus (CN) is formed. The CN releases its excitation
energy first by evaporating particles until a threshold energy for evaporating more
particles is reached. From the entry region the evaporation-residue cools down further
by emitting statistical γ rays followed by more γ rays emitted from transitions in the
non-yrast bands and the yrast line.

The cross section σ is an often used quantity that describes the probability that a
particular final product is made in the fusion-evaporation reaction. It is calculated by

σ =
R

Nt · Ib
, (3.6)

where R is the total production rate of the evaporation residue, Nt is the number of
target nuclei per unit area and Ib is the intensity of the ion beam impinging on the target.
The number of target nuclei per unit area is calculated from

Nt =
ρd
A

NA, (3.7)

where NA is the Avogadro’s number, A is the mass number of the target and ρ, d are the
density and thickness of the target material, respectively.

Combining the Equations 3.6 and 3.7 gives the relation

σ =
RA

ρdNAIb
. (3.8)
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3.2 Instrumentation

In majority of the cases the cross section to produce the desired fusion-evaporation
residue is orders of magnitude lower than that of other reactions that can occur when
the accelerated ion beam interacts with the target material. Reactions such as Coulomb
excitation, transfer reactions and fission often have much higher cross sections than
the fusion-evaporation channel of interest. Additionally, most of the beam particles
actually pass through the target without interacting or are scattered without causing
nuclear reactions.

In order to identify the recoils of interest and to perform measurements on them, they
need to be separated from the enormous number of background events, various special
tools designed specifically for that purpose have to be used. The experimental setup
used in this study is shown in Fig. 3.2, where the ritu gas-filled recoil separator is
coupled to the great focal-plane spectrometer and the jurogam array (the predecessor
of jurogamii). These devices are briefly presented in the following sections.

Figure 3.2. Schematic of the experimental setup consisting of the great spectrometer
(on the left), the ritu separator (in the middle) and the jurogam array (on the right).
Figure courtesy of D. Seddon.
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3.2.1 The ritu gas-filled recoil separator

The Recoil Ion Transport Unit (ritu) [Leino95] is a gas-filled recoil separator that
is used to separate the fusion-evaporation residues from the primary beam and other
unwanted reaction products and transport the recoils to the focal-plane for further
measurements. The separator is placed downstream of the target position. It consists
of a total of four focusing components that are in a QvDQhQv configuration. The first
magnetic quadrupole (Qv) is vertically focusing and improves the acceptance of the
separator. The dipole magnet (D) is the separating element that is used to separate ions
according to their magnetic rigidity. The last two quadrupole magnets (Qh, Qv) are
horizontally and vertically focusing, respectively.

Figure 3.3. Schematic top view of the ritu gas-filled recoil separator.

The separation of the particles entering the recoil separator is based on their magnetic
rigidities (Bρ) in the homogeneous magnetic field of the dipole as given by the equation

Bρ =
p
q

=
mv
Qe

, (3.9)

where B is the magnetic field density, ρ is the radius of curvature of the particle
trajectory and p, m, v and q are the momentum, mass, velocity and charge of the
particle, respectively. The charge state of the particle is Q = q/e, where e is the
elementary charge.

The internal volume of the separator is filled with a flow of helium gas with the pressure
regulated at around 1 mbar. A pressure of about 0.6 mbar was used in the measurements
of this work. Differential pumping is used to maintain the high vacuum at the beam
line coming from the cyclotron to the separator. The recoils coming out of the target
with various charge states undergo multiple charge-exchange collisions with the helium
gas. As a result, the recoil ions follow a trajectory corresponding to the average charge
state in the gas and are more focused at the focal plane compared to a vacuum-mode
separator. In addition, the gas provides a cooling effect on the target material preventing
it to be damaged by heat during the irradiation.
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The efficiency of transporting the fusion recoils to the focal plane, i.e. the transmission,
depends strongly on the angular spread, charge state and velocity of the recoils. The
angular acceptance of the ritu separator is about 8 msr, which requires that the recoils
that are detected at the focal plane have had to travel in nearly the same direction as the
beam into the separator. The maximum acceptable angle in the horizontal direction is
±25 mrad in the vertical direction ±85 mrad ≈ ±5° [Sarén11].

3.2.2 The great focal-plane spectrometer

After passing through the recoil separator, the evaporation-residues are focused at the
focal plane of ritu where a set of detectors called The Gamma Recoil Electron Alpha
Tagging (great) spectrometer [Page03] is located. A schematic of the spectrometer is
shown in Fig. 3.4 and it consists of a Multi-Wire Proportional Counter (MWPC), two
adjacent Double-sided Silicon Detectors (DSSDs), twenty-eight silicon PIN diodes, a
Planar germanium detector and three additional germanium detectors.

Figure 3.4. Schematic diagram of the recoils arriving from the ritu separator and
entering the great spectrometer as seen from above. The detector components are
described in more detail in the text.

The MWPC is a gas-counter filled with isobutane that is placed upstream from the
DSSDs. The detector provides a measurement of the energy loss (∆E) of the recoils
passing through it. In addition, timing information about the flight time of the ions
from the MWPC to the DSSDs is recorded. Thin Mylar windows are used to separate
the gas volume from the helium gas volume of ritu and the vacuum volume of great.

The two adjacent DSSDs are the main detector instruments that are used in great.
The evaporation residues arriving from ritu are implanted and stopped in one of
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the detectors. The energies of subsequent decays after the implantation can then be
measured. The detectors each have an active area of 60 × 40 mm2. The thickness of
the detectors used in this work was 300 µm. The 2 × 60 = 120 vertical (X) and 40
horizontal (Y) strips in both of the DSSDs make a total of 4800 positions (pixels) that
can be used for correlation analysis. The strips are electronically segmented with a
strip pitch of 1 mm. There is a gap of about 4 mm between the two detectors.

Upstream of the DSSDs in a box configuration are 28 silicon PIN diodes. The active
area of one detector element is 28×28 mm2 with a thickness of 500 µm. The PIN diodes
having a geometrical efficiency of about 30% are used to detect internal-conversion
electrons and α particles that escape from the DSSDs in the backward direction.

A double-sided germanium strip detector, or the Planar detector, is placed directly
behind the DSSDs inside the same vacuum chamber. A thin window made of beryllium
is used as an entrance window to the detector in order to minimise the attenuation of X-
rays and low-energy γ rays. The active area of the rectangular detector is 120× 60 mm2

with a thickness of 15 mm. The electrical segmentation is made to 24 strips in the
horizontal direction (X) at the front face and 12 strips in the vertical direction (Y) at the
back face with a 5 mm strip pitch.

A segmented large-volume great Clover germanium detector is placed above the
DSSDs outside of the vacuum chamber housing. The four crystals in this detector are
each segmented in four, have a diameter of 70 mm and a length of 105 mm. The detector
is surrounded by a Compton-suppression shield made of bismuth germanate (BGO).
Only the core signals from the germanium crystals were read out and the BGO shield
was used only as a passive shield in this work. Two Clover-type detectors [Duchêne99]
were positioned at the sides of the DSSDs outside of the vacuum chamber. The absolute
efficiencies of the detectors relies on simulations made in Geant3 [Andreyev04].

3.2.3 The jurogamii array

Prompt γ rays that are emitted at the target position were detected with an array of
Compton-suppressed High-Purity germanium detectors (HPGe) called the jurogamii
array illustrated in Fig. 3.5. The array consists of a total of 39 germanium detectors
arranged in four rings at different angles (θ) relative to the direction of the ion beam.
The 24 Clover-type detectors [Duchêne99] are positioned in two rings at angles of 75.5°
and 104.5°. Two more rings consist of 15 of either eurogam Phase1 [Beausang92]
or gasp [Rossi Alvarez93] type of detectors at angles of 133.57° (10 detectors) and
157.6° (5 detectors). All of the germanium detectors in the array are equipped with
active Compton-suppression shields made of bismuth germanate (BGO) and Hevimet
collimators in front of the detectors to improve the peak-to-total ratio by rejecting
(veto) events where a Compton scattered γ ray is detected in the surrounding shield.
The add-back method of summing the coincident γ-ray energies in separate crystals in
the same Clover detector within a 200 ns time window was used in this work.
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Figure 3.5. Schematic representation of the right hemisphere of the jurogamii array of
Compton-suppressed High-Purity germanium (HPGe) detectors.

The ERs that recoil out of the target material typically travel at a velocity of a few per-
cent of the speed of light (c). Therefore, the measured γ-ray energies in the laboratory
frame of reference have to be corrected for Doppler shift to recover the correct energies
of the γ-ray transitions (Eγ). The correction is made using the equation [Kantele95]

E
′

γ = Eγ

√
1 − β2

1 − β cos θ
≈ Eγ(1 + β cos θ), (3.10)

where E
′

γ is the measured (shifted) γ-ray energy, β = v/c and v is the velocity of the
recoil. In this work the velocity of the recoils used in the Doppler correction was
found iteratively by obtaining as narrow as possible peak shapes after the calculated
correction.

The energy calibration and the relative efficiency calibration of the germanium detectors
were made using standard radioactive 133Ba and 152Eu calibration sources. The EFFIT
program from the RadWare software package [Radford95b, Radford95a] was used to
normalise the data sets measured using the two sources and to fit the relative efficiency
as a function of the γ-ray energy of the form [Radford95b]

ε(Eγ) = exp
{[(

A + Bx + Cx2
)−G (

D + Ey + Fy2
)−G

]−1/G
}
, (3.11)

where x = ln (Eγ/100), y = ln (Eγ/1000), Eγ is the γ-ray transition energy in units of
keV and A, B,C,D, E, F and G are the parameters to be fitted.



3.2. Instrumentation 31

3.2.4 Total-data readout (TDR) data-acquisition system

The energies from all of the detector channels of great and jurogamii are read out
independently using a Total-Data Readout (TDR) [Lazarus01] data-acquisition system.
The most important and valuable feature of the acquisition system is that it is triggerless
and the data is timestamped using a 100-MHz clock giving a time resolution of 10 ns.
This eliminates the common deadtime caused when a conventional hardware trigger
is used. When all of the time-ordered data is stored, it makes the offline data-analysis
more flexible and allows the experiment to be replayed afterwards with the possibility
of freely adjusting the search times, triggering and using various analysis methods in
software.

The signal paths in the TDR data-acquisition system is shown schematically in Fig. 3.6.
In this study the DSSDs and the MWPC were instrumented with analogue electronics
where the Analogue to Digital Converters (ADC) were fed with the signals from the
shaping amplifiers, Timing Filter Amplifiers (TFA) and Constant Fraction Discrimina-
tors (CFD). All of the germanium detectors and the PIN diodes were instrumented with
digital Lyrtech/Nutaq VHS-ADC cards. The energies of the digital detector signals
were determined by using a Moving-Window Deconvolution (MWD) [Georgiev93]
algorithm programmed to the field-programmable gate array (FPGA) circuit of the
VHS-ADC cards.

The separate data streams from the ADC cards are time-ordered by a Merge software
and saved to disk in a binary format. The temporal and spatial correlations of the
recoil implantations, decays and γ rays in the time-ordered event data were analysed
using the GRAIN [Rahkila08] software package in this work. The RADWARE soft-
ware [Radford95b, Radford95a] were used to fit peaks in the measured γ-ray spectra.

Figure 3.6. Block diagram of the TDR electronics illustrating the digital and analogue
signal paths of the different detector channels.
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3.3 Data-analysis methods

3.3.1 The recoil-decay tagging (RDT) technique

The recoil-decay tagging (RDT) [Schmidt86, Simon86, Paul95] technique is based on
using temporal and spatial correlations of events in the measured data. The method is
extremely useful in extracting information on nuclei from fusion-evaporation channels
with very low cross sections from a dominant background of other reaction products.
The technique allows to associate the prompt γ rays emitted by the recoil earlier in
time at the target position with the recoil implantation and a subsequent decay signals
detected in the detectors of the great spectrometer. A cleaner subset of the prompt
γ-ray data is obtained by requiring the characteristic decay event that allows the γ rays
to be tagged to a specific nucleus.

The use of the technique is illustrated in Fig. 3.7. The temporal correlations in the
data stored with the TDR data-acquisition system are possible because a timestamp is
associated with each event from the detectors. The recoil selection and identification
(gating) are made by using various conditions on the data in the analysis phase. Because
the flight time through ritu is about 1 µs, the prompt γ rays associated with each recoil
are found by searching backwards in time from a recoil implantation event in the
data. After a recoil implantation a decay event such as α decay is searched for in the
same pixel of the DSSD detector. If only the recoil identification without the decay
information is used to select the prompt γ rays, the method is called recoil gating.
Furthermore, isomeric states and decay properties can be studied at the focal plane
following the recoil implantation by searching for more correlated events.

Figure 3.7. Schematic illustration of the recoil-decay tagging technique with the
experimental setup of this work. The prompt γ rays emitted at the target position are
detected in jurogamii and selected by searching backwards in time of an implanted
recoil event at the focal plane of the ritu separator. A characteristic α decay following
the recoil implantation in the same pixel of the DSSD is used to identify and tag the
recoil event and its prompt γ rays.
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The half-life, decay branches and production cross section of the nucleus of interest
together with the total counting rate of the DSSDs at the focal plane of the recoil
separator may impose limitations on the use of the RDT method. An increasing amount
of random correlations and unwanted background will result if the half-life of the
decaying nucleus is long compared to the counting rate in the individual pixels of
the DSSDs. Thus, resolving a clean γ-ray spectrum or determining the half-life of
the nucleus can become challenging tasks that may require the use of some carefully
selected data analysis methods that are introduced in the following sections.

3.3.2 Half-life determination

Information on the decay times of radioactive decays in the DSSDs at the focal plane
of ritu can be extracted by searching for temporally correlated events occurring in the
same pixel of the DSSD. Typically, a search for correlated decay events following a
recoil implantation within a defined time window is used to determine the half-life of a
radioactive species. The length of the chosen search time depends on the half-life of the
species of interest. Usually a search time of three or up to five half-lives is used in order
to observe the vast majority of the decay events from the activity. The half-life can be
then extracted from the measured time differences between the recoil implantation and
the decay events using different analysis methods.

The selection of the best method to use in each particular case depends on the level
of statistics and the random correlation probabilities in the measurement. A random
correlation is an unwanted effect caused by an event occurring between the correct
recoil implantation and the decay event. The probability for random events to occur
depends on the count rate of each individual pixel in the DSSDs. Random correlations
can cause the observed half-life to be shorter than it actually is. On the contrary,
losses of real events caused by dead time in the data-acquisition system increase
the observed half-life. The most commonly used methods and their applicability to
different scenarios to determine the mean lifetime and the half-life are presented in the
following sections. The same methods apply also when determining the half-lives of
excited states such as isomeric states in cases where the search for correlated events is
made in a similar manner.

The maximum-likelihood method

The most simple and often used method to extract the mean lifetime τ̄ of a radioactive
species is the maximum-likelihood method that has been demonstrated for this type
of specific application in [Schmidt84]. In this method the mean lifetime is calculated
as an arithmetic mean of all of the measured time differences ti between the recoil
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implantation and the decay as

τ̄ =
1
N

N∑
i=1

ti, (3.12)

where N is the total number of observed correlated decay events. The uncertainty of
the mean lifetime is asymmetric because of the probability density distribution, and
the upper (τ+) and lower (τ−) limits corresponding to a 1σ = 68% confidence limit are
given by the approximations [Schmidt84]

τ+ ≈
τ̄

1 − 1
√

N

and (3.13)

τ− ≈
τ̄

1 + 1
√

N

, (3.14)

that apply well for cases where N ≥ 10. For large N the standard deviations converge to
the expected dependence on

√
N. In cases of very small number of events (N << 10),

the uncertainties have to be calculated exactly.

The maximum-likelihood method is best used with low statistics and in event-by-event
analysis. Furthermore, the following particular requirements have to be met in order to
be able use Equation 3.12. The number of random correlations has to be negligible and
radioactive decays originated from only one species must be present. The search time
for the correlations must be long enough to cover most of the decay events of interest.
For example, using search times of 3 × T1/2 and 5 × T1/2 cover approximately 87.5%
and 96.9% of the decay events, respectively.

The exponential decay-curve method

In the case of large level of statistics, it is convenient to sort the individual decay times ti
into a histogram of the number of decays within constant time intervals (bins) of width
∆t. The obtained histogram has a shape of a single exponentially decaying function
if there are no contributions from other radioactive species or randomly correlated
events. However, some random correlations often arise due to the manner in which the
correlation search is performed and there is a finite probability that an unwanted event
can occur between, for example, a real recoil and a decay event pair, or that an event
can be missed due to the dead time and other electronic effects.

The contribution of the random background can make the experimentally observed
half-life appear shorter than it actually is (λobs = λreal + r). In order to extract the
real decay constant of a single source of activity from a time difference histogram, a
simultaneous least-squares fit can be made using a double exponential function of the
form [Leino81, Chatillon06]

f (t) = ae−(λ+r)t + be−rt, (3.15)
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where a, b are parameters used in the fitting, λ is the decay constant of the activity and
r is the apparent rate of the component arising from random correlations.

Another way to extract the decay constant is by linearising the fitting procedure by
presenting the number of events in the histogram on a logarithmic scale (on the y-axis).
In this representation the data points should follow a straight line with a slope that
directly gives the decay constant. In addition, contributions from other radioactive
species or random background can be identified and extracted.

The applicability of this method is limited to cases where the level of statistics is high
enough so that the statistical fluctuations in the number of events in the selected time
intervals are small.

The logarithmic time-scale method

An alternative way to represent the individual decay times ti is to use the logarithmic
time-scale method [Schmidt84, Schmidt00] where the number of decay events are
sorted in a histogram with logarithmic time bins. This allows different radioactive
species that have different decay times to be discriminated. In addition, the logarithmic
scale allows a very broad range of decay times to be presented with only a moderate
number of channels for the histogram.

The corresponding probability density distribution in the logarithmic time scale is
obtained using the substitution Θ = ln t from Eq. 2.13 and is given by∣∣∣∣∣dN

dΘ

∣∣∣∣∣ = λN0e−λeΘ

eΘ. (3.16)

The obtained distribution is a bell-shaped and asymmetric curve with a maximum
positioned at Θmax = ln

(
1
λ

)
. It should be noted that the shape of this curve does not

depend on the value of λ. However, it determines the position of the maximum of the
curve which makes it a useful tool in extracting the decay constant of the activity of
interest by fitting a function of the form given by Eq. 3.16. The width of the distribution
is universal and its standard deviation is σΘ ≈ 1.28. The height of the distribution
scales with the number of observed decay events N0.

In the case that multiple radioactive species with different decay constants λi are present
in the spectrum, a sum of functions obtained from Eq. 3.16 can be used for the fitting
procedure of the form

f (Θ) =

m∑
i=1

λiNie−λieΘ

eΘ, (3.17)

where m is the number of different radioactive species.

The applicability of this method is better suited to low-statistics cases than the expo-
nential decay-curve method because of the difference in the binning of the histogram.
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However, the fitting procedure can be done reliably only if there is enough statistics
to form the shape of the curve and the statistical fluctuation in the number of events
in each bin is small. In cases of small level of statistics such as in the observation of
only a few decay events of superheavy elements, the distribution from Eq. 3.16 is often
plotted using a half-life obtained from the maximum-likelihood method together with
the individual lifetimes in the same figure. This allows to assess the quality of the data.
Note that the number of observed decay events (N0) should be scaled according to the
binning of the histogram. Furthermore, the properties of this method and the shape of
the distribution can be exploited in a so-called logarithmic time-scale test.

The logarithmic time-scale test

The feature that the universal width of the logarithmic time distribution is constant is
exploited in the logarithmic time-scale test [Schmidt00]. The test is useful to estimate
whether the observed decay events originate from one activity or if there is another
species contributing to the measurement. If only one radioactive species is present in the
measurement, the standard deviation of the experimental logarithmic time distribution
σΘexp approaches the theoretical value of σΘ ≈ 1.28 when the number of events is
large. The standard deviation of the logarithm of the experimental time distribution is
calculated with

σΘexp =

√√∑N
i=1

(
Θi − Θ̄exp

)2

N
, (3.18)

where

Θ̄exp =

∑N
i=1 Θi

N
, (3.19)

and Θi = ln(ti), where ti is the measured lifetime of event i and N is the total number
of events.

The expectation value of σΘexp is lower than 1.28 with a low number of events (N <<
100). The 90% confidence limits along with the expected standard deviation of σΘexp for
a small number of events (N < 100) are calculated in [Schmidt00] using Monte Carlo
techniques. The experimental σΘexp falling below the confidence limit for a certain N
can be rejected with less than 5% error to originate from radioactive decay. In this
case it may be that the search time was not long enough or the measurement is not
sensitive to the whole range of the lifetimes, e.g. if the lifetime is too short to measure
it. Another possibility is that there is periodic noise present in the system creating
at least part of the events as random correlations. Values above the confidence limit
may indicate that there is another radioactive species with different half-life present
in the measured set of events. If the σΘexp value passes the test by falling between
the confidence limits, it is very likely that the set of events originate from a single
radioactive species. However, it should be noted that passing the test is only consistent
with 90% confidence with the assumption of a single radioactive species but it does
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not guarantee that. It should also be noted that the test is unable to distinguish if two
activities that have similar or the same half-life are present in the measurement.

Recently, a further generalisation of the logarithmic time-scale test has been proposed
and applied to assess the validity of measured decay chains and their assignments to
superheavy elements 115 and 117 [Forsberg16a, Rudolph16, Forsberg16b].

3.3.3 Cross-section estimation

Estimating the cross section of a fusion-evaporation reaction channel using Eq. 3.6
requires that the production rate of the evaporation residue R, the beam intensity Ib and
the number of target nuclei per unit area Nt remain constant. However, in reality, the
beam intensity fluctuates throughout the long experimental runs. Consequently, the
production rate of the recoils also fluctuates. In addition, the target may be damaged
from the irradiation with the ion beam in such a way that target atoms are sputtered out
of the target. Thus, Nt is reduced over time. Furthermore, the production rate depends
on the thickness of the target and the beam energy that must be constant throughout the
experiment.

There is no direct, constant and precise monitoring of the beam intensity currently
available at the ritu setup. Instead, the simplest way to estimate the average beam
intensity is to occasionally stop the beam and measure the electrical current induced by
the beam in a Faraday cup at the target position. In this work the beam intensity was
increased in steps in the beginning of the measurements and was measured to provide
a calibration and normalisation method to relate various detector count rates to the
absolute electrical beam current1. An example of such a measurement is shown in
Fig. 3.8(a) from the experiment where the fusion reaction 48Ca+198Pt was used where
the total count rate measured at the focal plane DSSDs of the recoils that were identified
mostly as transfer-reaction products is shown against time. The measured electrical
beam currents at three different steps (20, 40 and 54 pnA) are indicated together with
the corresponding averages of the count rates marked with blue horizontal lines. The
lengths of the lines correspond to the time intervals used to calculate the average count
rates.

The calibration of the count rates to the measured absolute beam current is made with
a linear least-squares fit as shown in Fig. 3.8(b). After normalising the count rate to an
absolute beam intensity using the obtained calibration, the total beam dose Nbeam can
be calculated by numerical integration of the total number of counts over the time of
the measurement. The beam dose gives the number of beam particles incident on the
target during the irradiation time of tb. It can also be estimated with the average beam
intensity by using the relation Nbeam = Īb · tb .

1Typically measured in units of pnA = 10−9/1.6022·10−19 particles/s.
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Figure 3.8. An example from the 48Ca+198Pt reaction of (a) the total count rate of
mostly transfer-reaction products during a 19 h measurement in the DSSDs and (b)
the calibration to the absolute beam current that was used to estimate the total beam
dose. The beam intensities measured in a Faraday cup are indicated in (a) as electrical
currents in units of pnA where the blue horizontal lines correspond to the averaged
values of the corresponding count rate.

The production rate R can be estimated by determining the total number of evaporation
residues that were produced in the experiment Ntot in time tb from R = Ntot/tb. However,
some of the recoils never make it to the focal plane spectrometer and its detectors
or their decays are not detected due to limitations of the experimental setup. These
limitations are taken into account in the calculations as efficiencies εi.

The transmission efficiency of the ritu separator εr gives the percentage of the recoils
that are transported through the separator. It depends mostly on the kinematics of
the chosen fusion-evaporations reaction and the thickness of the target that determine
the angular spread of the recoils. Some of the recoils (≈ 30%) are also stopped in
the gas counter (MWPC). Typically, in the heavy element region the transmission is
εr ≈ 30–50%.

In case we use the detected α particles to estimate the total number of nuclei that have
decayed at the focal plane, we must take into account the full-energy α detection effi-
ciency of the DSSD detectors of about εα ≈ 55%. In addition, the α-decay branch (bα)



3.3. Data-analysis methods 39

of the nucleus has to be known. The α detection efficiency is due to the measurement
geometry and because the recoils are implanted usually only 5–10 µm in to the DSSD.
The α particles that recoil backwards from the detector deposit only small part of their
full energy in the DSSD and escape the detector.

The coverage of the DSSD detectors εc is the percentage of the area that is actually
covered with active detector elements at the focal plane the recoils are focused. The
distribution of the recoils forms a two-dimensional Gaussian distribution in X and
Y directions, however, the whole distribution is not covered by the two DSSDs. In
addition, some of the DSSD strips are usually not working in an experiment, there
are gaps between the adjacent strips and a larger gap between the two adjacent DSSD
detectors. In typical measurement conditions the efficiency from the coverage is
εc ≈ 80%.

Taking into account the relevant efficiencies the cross section estimate given by Eq. 3.8
becomes

σ =
1

εrεcεαbα

Nα

Nbeam

A
ρdNA

, (3.20)

where ρd is the surface density of the target. The surface density describes the thickness
of the target material and is usually given in units of µg/cm2 or mg/cm2.
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Chapter 4

Discovery of the new isotopes
240Es and 236Bk

In this chapter the details of the experiment, data analysis, results and discussion related
to the decay spectroscopic study and the synthesis of the new neutron-deficient isotopes
240Es (Z = 99,N = 141) and 236Bk (Z = 97,N = 139) are presented. The main
aim of the experiment was to identify the new isotope 240Es and to study its decay
properties. Additionally, relatively high ECDF probabilities were predicted for both of
the new isotopes based on earlier measurements in the heavier odd-odd einsteinium and
berkelium isotopes. The half-lives and proposed decay schemes of the new isotopes
are presented along with measurements of the ECDF probabilities.

4.1 Experimental details

The experiment was carried out with the ritu gas-filled recoil separator coupled to the
great focal-plane spectrometer system at the Accelerator Laboratory of the Department
of Physics, University of Jyväskylä. The jurogamii germanium array was not used in
this experiment, which was focused on decay spectroscopy of the nuclei of interest
and to maximise their production with high beam intensities. Two bismuth-germanate
(BGO) scintillator detectors were placed at the target position to measure the rate of γ
rays emitted when the beam interacts with the target material. The rate information
was used to determine the beam intensity and total dose needed for the calculation
of cross section estimates. In order to reduce the γ-ray background in the focal
plane detectors when the high-intensity beam impinges on the target, some additional
shielding provided by blocks made of paraffin was constructed close to the dipole
chamber.

41
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The new neutron-deficient isotope 240Es was synthesised in the fusion-evaporation
reaction 209Bi(34S,3n)240Es. The 34S ion beam with a charge state of 7+ was produced
in an ECR ion source and accelerated to final energies of 174 and 178 MeV by the K-
130 cyclotron. Carbon degrader foils with thicknesses of 400 and 200 µg/cm2 were used
on the upstream side of the target to reduce the latter beam energy of 178 MeV down to
172 and 175 MeV, respectively, for part of the measurements. Typical beam intensities
during the experiment were 100–200 pnA measured at a Faraday cup upstream and
close to the target position. The current corresponds to a rate of the beam particles of
about 0.6–1.2 · 1012 1/s incident on the target. The beam energies, targets and degraders
used and corresponding excitation energies of the compound nucleus 243Es∗ are listed
in Table 4.1.

Table 4.1. A summary of the fusion-evaporation reactions used in the synthesis and
decay spectroscopic study of the new isotope 240Es. The given energies correspond to
energies at the centre of the target.

Final Beam Target Thickness C-degrader Ebeam E∗ Reaction
nucleus isotope isotope (µg/cm2) (µg/cm2) (MeV) (MeV) channel
240Es 34S 209Bi 510–520 0 174 34 3n
240Es 34S 209Bi 510–520 0 178 39 3n
240Es 34S 209Bi 510–520 200 175 36 3n
240Es 34S 209Bi 510–520 400 172 35 3n

The bismuth targets were evaporated on to 50 µg/cm2 carbon foils and came in the chem-
ical form of Bi2O3 with thicknesses of about 570–580 µg/cm2 (Bi: 510–520 µg/cm2)
and were rotated during the measurement in order to prevent damage due to the irra-
diation by the beam. The targets were positioned so that the carbon backing foil was
facing the entrance to the ritu separator (downstream), therefore, acting as a “charge
reset” foil for the beam. The pressure of the helium gas inside the dipole chamber
of the separator was regulated to be 0.6 mbar. The magnetic dipole (D) was tuned to
match a magnetic rigidity of about 2.0 Tm in order to guide the ERs to the focal-plane
of ritu and to focus the Gaussian distribution of the recoils evenly on the DSSDs.

During parts of the same experimental run the fusion reaction 34S+208Pb and also
a 36S ion beam was used in the fusion reactions 36S+206Pb and 36S+208Pb in order
to produce neutron-deficient isotopes of 239,240,241,242Cf in the neutron evaporation
channels. The Pb targets used were in the form 206,208PbS with thicknesses of 570–
610 µg/cm2 (Pb: 500–530 µg/cm2). In the beginning and in the middle of the experiment
a 181Ta target with a thickness of 1 mg/cm2 was mounted and irradiated with 36S ion
beam for calibration purposes. The ritu magnets were tuned to guide the resulting
fusion-evaporation products such as 212,213Ac to the focal-plane setup.
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4.1.1 Energy calibrations

The horizontal (Y) strips on the back (downtream) side of the DSSDs were amplified
with low gains in order to measure high-energy events such as fission and the high-
energy recoils from transfer reactions. The vertical (X) strips on the front (upstream)
side were used with higher gains to be sensitive to measure α particles and recoils from
fusion reactions.

Both sides of the DSSDs were calibrated by using the known α-particle energies from
the α decays of the transfer reaction products 213,212Rn (8088 keV, 6264 keV), 212,211At
(7669.3 keV, 5869.5 keV) and 211Po (7450.3 keV). To improve the statistics and to allow
for an improved internal calibration, the transfer reaction products were guided to the
focal plane and focused on the DSSDs by tuning the ritu magnet settings accordingly
at the end of the experiment . The recoil energy difference when the same calibration is
applied for α decays of both A ≈ 210 and A ≈ 240 nuclei was not taken into account
in this study. The systematic error caused by this effect is about 6 keV and taken into
account in the final uncertainty. The energy resolution of the DSSDs was about 25 keV
at 8.09 MeV when determined from the summed α-particle energy spectrum of all of
the X strips.

The PIN silicon detectors were calibrated with an external mixed three-line α source.
The Planar detector was calibrated using the γ rays from an open 133Ba source placed
inside the vacuum chamber upstream from the DSSDs. The two Clover detectors
placed at the sides of the focal-plane vacuum chamber and the large-volume great
Clover on the top of the chamber were calibrated using 152Eu and 133Ba sources placed
outside the vacuum chamber.

4.2 Results

The analysis of the experimental data was performed using the grain software package.
The software trigger conditions for creating the events was set on any of the individual
DSSD strips with an event length of 10 µs offset by a −2 µs delay. The triggering of
another event within a 8 µs time window was prevented by using an artificial deadtime
condition on the software trigger. In addition to the typical statistical analysis methods,
event-by-event analysis was used to verify the correlations in the data. The grain
software was used as a preparser and as triggering software to sort the relevant data
to list mode that was analysed by hand. The event-by-event analysis allowed a more
detailed inspection and careful selection of the correlated events. The time structure of
the event definition is illustrated in Fig. 4.1.
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Figure 4.1. Definitions of the event structure that was used in the data analysis in the
grain software.

4.2.1 Recoil identification

The fusion-evaporation recoils (ERs) from the 34S + 209Bi reaction were distinguished
from other reaction products by using the time-of-flight information (ToF) between
the MWPC and the DSSD and the final energy deposit in the DSSD (E) measured on
the X side of the detector. A matrix of the ToF versus energy deposit in the DSSD is
shown in Fig. 4.2. The approximate location of the two-dimensional gate condition
that was placed for the ERs is indicated by the red area. The recoils that did not pass
the conditions were not considered as ERs and were discarded from further correlation
analysis. The location of the final gate used in the analysis was further supported by
using the more abundant information about the correlated recoils obtained from the
observed ER-α(239,240Cf) pairs in the 36S+206Pb and 34S+208Pb fusion reactions.

Similar to Fig. 4.2, a recoil identification matrix when using the Y side of the DSSD
is shown in Fig. 4.3 where the final energy deposit of the recoils can be seen in a
larger energy range up to 40 MeV. The strongest component in the recoil spectrum was
identified as recoils originating from transfer reaction products (hereafter: TR) that
were mostly fast and deposited a high energy in the DSSD. The approximate location
of the two-dimensional gate condition that was placed for the TRs is indicated by the
red area. Most of the TRs were followed by characteristic α decays of the transfer
products within a short time window of ∆tTR−α ≤ 2 s in the same pixel of the DSSD
in the correlation analysis. Thus, in the further ER-α correlation analysis only the
α particles without correlations to such TRs within 2 s were included. Note that the
two-dimensional gates placed in Figs. 4.2 and 4.3 are partly overlapping. Consequently,
the recoils that were considered as TRs did not pass the gate conditions set for the ERs.

Compared to the more abundant TRs that were present in the experiment due to the
chosen reaction, the ERs from the fusion reactions have a more well-defined kinetic
energy and a longer time-of-flight. Although the ERs were not completely separated
from the low-energy tail of the TRs by the recoil separator as seen in Fig. 4.2, more
stringent conditions on the energy and time-of-flight could be applied for them. Part of
the low-velocity component of the TRs passes through the energy and time-of-flight
gate conditions set for the ERs. Most of the observed transfer-reaction products were
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Figure 4.2. Fusion-evaporation residue (ER) identification matrix in the 34S + 209Bi
reaction using the E-ToF method. The energy in the DSSDs is measured from the X
side of the detector. The approximate gate used in the analysis is indicated by the red
region. Please see the text for further details.

distributed in the low-rigidity side of the DSSDs (right-hand side when looking towards
the detector from the separator side). Therefore, the five X strips at the end of the
low-rigidity side of the rightmost DSSD were not used in the correlation analysis due
to the high rate of TRs.

4.2.2 α-particle energy spectrum

The energy spectrum of the α particles from the 34S + 209Bi reaction measured in the
DSSDs vetoed with the gas counter (MWPC) and the Planar detector signals is shown
in Fig. 4.4. The events in the spectrum were considered to originate mostly from the α
decay of the implanted nuclei (hereafter also called: α-like events). Several contaminant
peaks that appear in the spectrum were identified in the ER-α correlation analysis and
were assigned to α decays of 214mFr (T1/2 = 3.35 ms), 214Fr (T1/2 = 5.0 ms), 213Rn
(T1/2 = 19.5 ms), 212mAt (T1/2 = 314 ms), 212At (T1/2 = 5.0 ms), 211mPo (T1/2 = 25.2 s)
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Figure 4.3. Transfer-reaction product (TR) identification matrix in the 34S + 209Bi
reaction using the E-ToF method. The energy in the DSSDs is measured from the Y
side of the detector. The approximate gate used in the analysis is indicated by the red
region. Please see the text for further details.

and 211Po (T1/2 = 516 ms). Their recoils (herafter called: transfer recoils, TRs) had
mostly high-energy deposit as measured in the DSSDs and short time-of-flight (see
Fig. 4.3) indicating that they were produced in transfer reactions. Furthermore, the
peaks at energies of about 5.12 MeV, 5.22 and 5.31 MeV were attributed to 208Po,
206Po and 210Po, respectively. The 206,208,210Po activities were present in the detector
prior to this experiment because they were produced in the α-decay chains starting
from 218,220,222Th nuclei, respectively. The short-lived Th nuclei have been originally
produced using a different reaction in a previous experiment for calibration purposes.

5000 5500 6000 6500 7000 7500 8000 8500 9000
α-particle energy (keV)

10
2

10
3

10
4

10
5

C
o
u
n
ts

 /
 1

0
 k

eV

211
At

212
Rn

212m
At

213
Rn

2
0
8
P

o 210
Po

2
0
6
P

o

211
Rn

212
At

211
Po

211m
Po

214
Fr

214m
Fr

2
1
3
F

r
2
1
1
P

o2
1
1
B

i

2
1
1
P

o

2
1
1
m

P
o

MWPC and
Planar vetoed

Figure 4.4. Energy spectrum of the α particles from the 34S + 209Bi reaction measured
in the DSSDs and vetoed with the gas counter (MWPC) and the Planar detector.
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4.2.3 ER-α correlations

Correlated events occurring in the same pixel of the DSSDs of the type ER-α were
searched for in the data using various search times with the energy assumed to be in
the range 5 MeV≤ Eα ≤ 9 MeV. The correlations found with a maximum search time
of 200 s is shown in Fig. 4.5 as the ER-α time difference on a logarithmic scale versus
the α-particle energy. The short-lived component that is indicated with a dashed red
line (Region 1) is from the decays of the transfer-reaction products that are still visible
in this plot due to the low-energy tail of the TR recoils passing through the same gate
conditions as the ERs. Based on the very short correlation times (<< 1 s) these events
were excluded from further analysis and only the remaining part of the data (Region 2
in the figure) was inspected further.

A projection onto the horizontal axis of the two-dimensional ER-α correlation plot
of Fig. 4.5 by only including Region 2 is shown in Fig. 4.6(a). Compared to the
gas-vetoed α-particle energy spectrum of Fig. 4.4, an additional α activity at an energy
of 7.57(3) MeV has emerged. When the search time is reduced to 30 s, the number
of random correlations is greatly reduced and the corresponding α-particle energy
spectrum shown in Fig. 4.6(b) is obtained. A few small α peaks have now appeared
in the energy range 7.90-8.20 MeV, where the most prominent peaks are visible at
energies of 8.09(3) MeV and 8.19(3) MeV.

The time distributions of the correlated ER-α(8.19 MeV) and ER-α(8.09 MeV) events
were investigated in more detail and are shown in Fig 4.7(a) and (b), respectively. It
can be seen from the time spectra that both of the fast α activities at the energies of
8.19(3) MeV (60 events) and 8.09(3) MeV (27 events) correspond to a radioactive decay
with a similar half-life that was determined to be 6(2) s. The maximum search time has
been expanded to 21600 s = 6 h to include the distributions arising from the random
correlations that have contributions that cannot be neglected in the analysis of the fast
6-s activities. The locations of the maxima of the random correlations correspond to
the average counting rate of the fusion-like ERs in the individual DSSD pixels during
the experiment (3700 s; 2.7 · 10−4 Hz/pixel). The half-lives and number of events of
the fast α activities were extracted by using fits shown as the black dashed lines of
a two-component density distribution function given by Eq. 3.17. The blue and red
components correspond to the fast (real) and slow (random) activities obtained from
the fits, respectively.

The time distribution of the ER-α(7.57(3) MeV) correlations were investigated in the
same manner as in Fig. 4.7 and 42 events were estimated for the fast activity from
the two-component fit made according to Eq. 3.17 to the time distribution. The initial
assigments of the 7.57-MeV α activity to the decay of 240Cf and the assignment of the
8.19-MeV and 8.09-MeV activities to the decay of the new isotope 240Es were made
based on the measured half-lives and α-particle energies with further support given by
investigations of ER-α1-α2 correlations that are described in the next section.
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Figure 4.5. Two-dimensional plot of the correlated ER-α times on a logaritmic
axis from the 34S + 209Bi reaction as a function of the α-particle energy measured in
the DSSDs and vetoed with the gas counter (MWPC) and the Planar detector. The
maximum search time for the ER-α pairs was 200 s. Region 1 that was assigned to
decay events of transfer-reaction products is indicated with a dashed red line. See text
for more details.
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by a second α decay event within 1200 s where the E(α2) corresponds to the known
α-particle energy of 236Cm. The fast components that were identified as decays of
transfer-reaction products as shown in Fig. 4.5 (Region 1) have been excluded from the
spectra. The α-particle energies assigned to 240Cf and 240Es are marked by dashed red
and dotted blue lines, respectively. See text for more details.



50 4. Discovery of the new isotopes 240Es and 236Bk

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

Time (s)

5

10

15

20

C
o

u
n

ts

(b) ER-α (8.09 MeV)

2

4

6

8

10

(a) ER-α (8.19 MeV)

T
1/2

 ~ 6 s

T
1/2

 ~ 6 s
x 0.2

x 0.2
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α-particle energy was (a) 8.19(3) MeV and (b) 8.09(3) MeV. The dashed black line is
the sum function of the two components where the blue (red) curve corresponds to the
fast (slow, random) component of the fit. Note the change in the scale at 100 s. The
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Prompt γ rays detected in the focal-plane germanium detectors in coincidence with the
TR correlated α particles within a search time of 2 s is shown in Fig 4.8(a). The peak at
an energy of 63 keV originates from the 4+

1 to 5+
g.s. transition in 208Bi that is populated

in the α decay of the transfer-reaction product 212mAt. The same 63-keV peak is also
visible in panel (b) of Fig. 4.8 where the prompt γ rays in coincidence with the ER
correlated α particles of Region 1 of Fig. 4.5 are shown because the low-energy tail of
the TRs still pass through the gate conditions that were set for the ERs.

In Fig. 4.8(c) the γ rays (or X-rays) in prompt coincidence with the ER correlated 8.09-
MeV α particles with a search time of 30 s (excluding Region 1 of Fig. 4.5) are shown.
Six photon events at the energies of 125(3) keV (three events), 112(3) keV, 89(3) keV
and 67(3) keV were detected with the 8.09-MeV α particles. Two of the energies are
similar to the X-ray energies from Bk (E(Kα1) = 112 keV, E(Kβ1) = 127 keV and
E(Kβ3) = 125 keV, [Firestone96]), however, the relative intensities are inconsistent
with the assumption that the 125-keV events would be X-rays. In addition, no prompt
γ rays were detected with the higher energy 8.19-MeV α particles. Therefore, the
125-keV events were tentatively assigned to be γ rays depopulating the excited states
in 236Bk after the α decay of 240Es. The attribution of the 125-keV to the decay scheme
is tentative due to the low statistics. An internal conversion coefficient for the 125-keV
transition was estimated to be 4(3) by using an estimated absolute γ ray efficiency for
the germanium detectors of 25(5)% that was based on simulations [Andreyev04]. It is
possible that the 112-keV event is a X-ray from Bk and, as such, would support the
assignment of the 8.09-MeV α particles to the α decay of 240Es.
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Figure 4.8. Energy spectra of the prompt γ rays measured in the focal-plane germa-
nium detectors in coincidence with (a) the α particles following a TR implantation
within 2 s; (b) the α particles following an ER implantation in Region 1 of Fig. 4.5; (c)
the 8.09-MeV α particles following an ER implantation in Region 2 of Fig. 4.5 within
30 s as also shown in Fig. 4.6(b). The total number of TR/ER-correlated α-like events
are indicated in (a) and (b).

4.2.4 ER-α-α correlations

Following the pairs of ER-α correlations, second α particles were searched for in the
same pixel of the DSSDs. The maximum search times in the ER-α1-α2 events were
∆tER−α1 < 200 s between the ER implantation and the first α1 event and ∆tα1−α2 <
1200 s between the α1 and α2 decay events. The correlated events that were found are
shown in Fig. 4.9 as a two-dimensional α1-α2 correlation plot (α2 energy against the
α1 energy). Most of of the events originate from random correlations due to the high
number of α decays of the transfer-reaction products at the expected α-particle energies
that have been marked with dashed red lines. Several of the mother α-particle events
are followed by daughter α-particle energies that appear not to have a random origin in
the range of 6.85-7.05 MeV that has been indicated by the green solid lines.
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Figure 4.9. The mother (α1) and daughter (α2) particle energies of the correlated
ER-α1-α2 events in the 34S + 209Bi reaction. The maximum search times were 200 s
for the first pair (ER-α1) and 1200 s = 1 h for the second pair (α1-α2). The expected
random correlations arising from the α decays of the transfer-reaction products are
indicated with dashed red lines. The Eα2 range between the green lines corresponds to
the known α-particle energy of 236Cm. See text for more details.
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A projection of Fig. 4.9 is shown in Fig. 4.6(c). where the energy spectrum of the
mother α events is displayed for those events where the daughter α-particle energy is in
the range of 6.85-7.05 MeV. Based on the good agreement of the measured α-particle
energies and the average lifetime ∆tα1−α2 ≈ 430 s with the literature values, the chains
were attributed to populate 236Cm that decays further by α decay (Eα = 6.954(20) MeV,
T1/2 = 410(50) and bα = 18(2)% [Khuyagbaatar10]).

Four of the correlated ER-α1(7.57 MeV)-α2(236Cm) events shown in Fig. 4.9 and
Fig. 4.6(c) were attributed to the α decay of 240Cf in the α-decay chain α1(240Cf)-
α2(236Cm). The cross section of the direct production of 240Cf as an ER in the p2n
exit channel of the 34S+209Bi fusion reaction was estimated to be at least an order
of magnitude smaller than the 3n channel according to calculations made with the
HIVAP code [Reisdorf81]. Consequently, the contribution of directly produced 240Cf
was estimated to yield less than one event of the type ER-α1(7.57 MeV)-α2(236Cm).
Thus, within statistical uncertainties, most of the correlated α decay events of 240Cf are
likely to originate from the EC decay of the new isotope 240Es.

Five more chains of the type ER-α1-α2(236Cm) were observed where four had Eα1 =

8.09 MeV and one chain had Eα1 = 8.19 MeV. These five chains were attributed to
the α decay of 240Es. After α decay to the daughter 236Bk, it decays further by EC
decay to 236Cm that finally decays by α decay. The fact that such genetic decay chains
leading to known α decay of 236Cm are observed at these two previously unassigned α
energies strongly supports the assignment of these two α activities found also in ER-α
correlations of Fig. 4.6(b) to the α decay of 240Es. In addition, two decay chains that
appear to be of non-random origin were observed where energy of the first α particle
corresponded to about Eα1 = 8.02 MeV and Eα1 = 7.97 MeV. These two α energies
show up as weak peaks that were observed in the ER-α correlations at the α energies of
8.02(3) MeV and 7.97(3) MeV in Fig. 4.6(b) and have half-lives of about 5.2 s and 4.4 s,
respectively. Based on the observed ER-α1-α2(236Cm) correlations and the similar
half-lives, also these two groups of α particles were tentatively assigned to the α decay
of 240Es. No α decays of 236Bk were detected following the ER correlated α decays
associated to 240Es.

Finally, following the ER correlated 8.19-MeV and 8.09-MeV α particles correspond-
ing to 240Es, two correlated α-decay chains of α(232Pu)-α(228U)-α(224Th)-α(220Ra)-
α(216Rn)-α(212Po) were observed with similar α particle energies and reasonable life-
times in the careful event-by-event analysis. The low number of the observed long
chains was expected, since 232Pu (α-decay daughter of 236Cm) has an α-decay branch
of only about 20% (see e.g. [Laue00] and references therein). Some of the α decays in
the long chains were missed because of the possibility for the α particle to escape the
detector or to be marked as piled-up events due to the very short half-lives of 216Rn,
212mPo or 212Po.
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4.2.5 ER-fission and ER-α-fission correlations

Fission-like events were searched for in correlated events of the types ER-fission and
ER-α-fission. The fission-like events following ER implantation signals were required
to have a high energy deposited in the Y-side of the DSSDs (E > 50 MeV) and in
anticoincidence with MWPC signals. The time distributions of the correlated ER-
fission events is shown in Fig: 4.10(a). Similar to the ER-α times in Fig. 4.7(a) and (b),
two separate components were observed in the distributions. The long-lived component
that was fitted with a one-component density distribution function from Eq. 3.17 shown
with a red line was attributed to random correlations.
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Figure 4.10. The time distributions of (a) the ER correlated fission-like events without
α-like or escaped α-like signals between the ER and the fission; (b) the fission-like
events following an ER correlated α particle with an energy of 8.09(3) MeV or an
escaped α-particle event. In panel (a) and (b) the blue curve corresponds to the fast (real)
components that were plotted with the time distribution functions using the calculated
half-lives obtained from the maximum-likelihood method and the number of events. In
(a) the slow (random) component was fitted with a one-component time distribution
function showing negligible contribution to the fast (real) activity. Additionally, in (b)
the events where full-energy (escape) α decays were seen are marked with blue (red)
lines. See text for details.

The fifteen fission-like events shown in 4.10(a) were assigned to belong to the decay
of 240Es based on their half-life. The half-life of the events was calculated using the
maximum-likelihood method to be 5(2) s that is within error bars and similar to the
half-life observed for its α decay. It is well known that unpaired nucleons cause extra
hindrance against fission of many orders of magnitude [Hoffman89, Heßberger17].
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Therefore, these fission-like events are very unlikely to originate directly from the
ground state of the odd-odd nucleus 240Es. Additionally, they cannot originate from
the ground state of 240Cf that has a spontaneous-fission branch of only bSF(240Cf)=
1.5(2)% [Khuyagbaatar10] due to the large number of observed fission events com-
pared to the total number of events that was deduced from the ER-α correlations.
Moreover, the observed half-life of the fission activity is much shorter than that of
240Cf. Consequently, these fission-like events were attributed to occur directly from the
excited states of 240Cf that are populated in the EC decay of 240Es. Thereby, they were
assigned to the ECDF branch of 240Es.

Finally, four event chains of the type ER-α-fission were observed where all of the
ER-α events were correlated with 8.09-MeV α events assigned to the α decay of
240Es. No other ER-α-fission events were observed with a search time of the first
pair in the chain of ∆tER−α ≤ 200 s. In addition, four more chains were identified in
event-by-event analysis of the fission-like events as being ER-α(escape)-fission events,
where the α particles escaped in the backward direction from the DSSD detector
depositing only part of their energy. In three of the escaped α events, a coincident
energy deposit was registered in one of the PIN detectors that are surrounding the
DSSDs in the backward direction in a box configuration. The time distribution of
these fission-like events relative to the second decay member (α or α(escape)) is shown
in Fig. 4.10(b). Based on the similar time distributions of the eight events and the
α-particle detection efficiency of the DSSDs and the PIN detectors, these eight event
chains were attributed to originate from a single activity. The half-life calculated using
the maximum-likelihood method for the eight events was T1/2 = 22+13

−6 s. By taking into
account only the four events where the full energy of the α particles was measured, a
half-life estimate of T1/2 = 22+22

−8 s was obtained. Because only α decays of the known
236Cm was detected following the correlated α decay events of 240Es, a high EC-decay
branch is indicated in 236Bk. Thus, all of these eight correlated fission-like events were
attributed to the ECDF branch of 236Bk.

The exact full energy of the fission-like events could not be extracted reliably due to
the limited energy range in the DSSDs, the pulse-height defect and calibration that
was extrapolated from the α calibration. Therefore, most of the energies of the fission
events were saturated. Further support of the classification of the high-energy events
as fission events was found by searching for coincidences with γ rays detected at the
focal plane. Fission is typically followed by the emission of multiple γ rays from the
de-exciting daughter nuclei. It should be noted that γ rays were detected in coincidence
with most of the fission-like events in the fast components of Fig. 4.10(a), whereas,
most of the fission-like events in the random component do not have any γ rays in
coincidence. Furthermore, at least one γ ray was detected in coincidence with all of
the eight fission-like events shown in Fig. 4.10(b).
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4.3 Discussion

Combining all of the information obtained from the ER-α, ER-α-α, ER-fission and
ER-α-fission correlations allowed decay schemes for the new isotopes 240Es and 236Bk
to be constructed. In addition, the measured correlated fission-like events showed
that there is an ECDF branch present in both of the new isotopes. The experimental
probabilities of the ECDF were determined for 240Es and 236Bk and are compared to
the systematic behaviour of Es, Bk and Am isotopes.

4.3.1 Decay schemes

The proposed decay schemes for the new isotopes 240Es and 236Bk is shown in Fig. 4.11.
The branching ratios of bα = 70(10)% and bEC = 30(10)% for 240Es were determined
based on the total number of produced 240Es and 236Bk nuclei obtained from the ER-α
correlations using all four α groups assigned to 240Es, taking into account the EC and
ECDF branches, and corrected with the full-energy α detection efficiency of the DSSDs
of εα = 55%. The total number of events could also be extracted from the ER-α-α
correlations and agree within error bars with the values presented here, however, the
statistical uncertainties are much larger. The PECDF = 16(6)% of 240Es was estimated
from the ER-fission events together with the ER-α1(240Cf correlations to estimate the
EC-decay branch in 240Es.

Using the highest energy (8.19(3) MeV) α particles attributed to the α decay of 240Es
of , an α-decay Q value of 8.33(3) MeV was calculated. The measured half-life of
6(2) s was determined from the ER-α correlations of the two most intense α activities
of 8.09(3) MeV and 8.19(3) MeV of 240Es. The half-life estimated from the ER-fission
correlations to be 5(2) s with less statistics is well within the error bars. The measured
half-life is close to the theoretically calculated estimate of ≈ 7 s given in [Möller97].
However, the predicted decay branches [Möller97] of bα = 13% and bβ = 87%
are not consistent with the measured values. The measurement indicates that the
decay proceeds faster and mostly via α decay. The maximum α-particle energy of
8.03 MeV calculated from the predicted Q value of 8.17 MeV from [Möller97] is close
to the measured value, given that the theoretical (extrapolated) masses typically have
systematical uncertainties of the order of hundreds of keV. From the relative intensities
of the α particles it seems that the α decay to an excited state with the 8.09-MeV α
(about 60% of the α decay intensity) particles is favoured and corresponds to a decay
between states of similar structure. The 8.19-MeV α particles decay to a lower state
in 236Bk that could be the ground state. However, it is also possible that most of the
intensity decays with the 8.09-MeV α particle emission and the 8.19-MeV peak is
formed due to summing effects in the DSSD with internal conversion electrons. This
interpretation is further supported by the observed increased width of the 8.19-MeV α
peak relative to the 8.09-MeV α peak.
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Figure 4.11. The proposed decay scheme for the new isotopes 240Es and 236Bk. The
indicated measured values for 240Es and 236Bk are from this work, 240Cf from [Silva70]
and 236Cm from [Khuyagbaatar10]. See text for more details.

The hitherto unknown isotope 236Bk was populated in the α decay of 240Es. As shown
in Fig 4.11, only the EC branch in 236Bk could be observed via its ECDF branch.
The measured half-life T1/2 = 22+13

−6 s has a high uncertainty as it is based on only
eight correlated ER-α-fission events. The PECDF = 4(2)% of 236Bk was estimated
from the ER-α-fission events together with the ER-α1(240Es)-α2(236Cm) correlations to
estimate its EC-decay branch and assuming that bEC(236Bk) = 100%. Decay branches
of bα = 18%, bβ = 82% and α-particle energy of about 7.63 MeV have been predicted
for 236Bk in [Möller97] with a half-life of about 42 s. The calculated decay branches
of 236Bk are more in agreement with the experimental results than in the case of
240Es. It is possible that the α-decay branch of 236Bk was too small to be observed
in this experiment or the α-particle energies may overlap with the α decays of the
transfer-reaction product 211Po.

Due to the lack of statistics and the typically complicated level structures of the odd-odd
nuclei, the present data did not allow precise assignments of the properties of the states
such as the spins and parities in 240Es or 236Bk. However, some tentative predictions
and assignments can be suggested based on theoretical calculations and systematics
that are available in the region. The active orbitals near the Fermi surface in this region
are the π 7

2
+[633] (from i13/2) and π 3

2
−[521] (from f7/2) for the protons and ν 5

2
+[633]

(from g9/2) and ν 5
2
−[752] (from j15/2) for the neutrons. Based on the lighter N=141

isotones, heavier Es isotopes and theoretical calculations [Parkhomenko04, Zhang12]
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the ground-state proton and neutron configurations of 240Es could be π 7
2

+[633] and
ν 5

2
+[633], respectively. Possible alternatives are π 3

2
−[521] for the proton and ν 5

2
−[752]

for the neutron. In turn, the likely active Nilsson orbitals for 236Bk are π 3
2
−[521] for the

protons and ν 5
2
−[752] for the neutrons, based on the heavier Bk isotopes and the lighter

N = 139 isotones. Possible alternatives for 236Bk could be π 7
2

+[633] and ν 5
2

+[633].

All of the possible configurations from the aforementioned orbitals for the ground-state
spins and parities are given in Table 4.2. The possible combined total angular momenta
are given and the state expected to have the lowest energy is underlined in each case
was estimated by using the Gallagher-Moszkowski rules [Gallagher58] for the coupling
of the angular momenta in an odd-odd nucleus. From these combinations the ground
state of 240Es can be expected to be 1+ from the π 7

2
+[633] ⊗ ν 5

2
+[633] coupling or 1−

from the π 3
2
−[521] ⊗ ν 5

2
+[633] being a possible alternative. The ground state of 236Bk

can be expected to be 4+ from the π 3
2
−[521] ⊗ ν 5

2
−[752] coupling. Alternatively, a

ground-state spin and parity of 6− could be possible from the π 7
2

+[633] ⊗ ν 5
2
−[752]

configuration. The assignments here are purely tentative due to the low statistics and
the lack of precise experimental data about the spins and parities of the ground states
in this region.

Table 4.2. Possible ground-state Nilsson orbital configurations for the protons and
neutrons in 240Es and 236Bk and the resulting total angular momenta Iπ after the
coupling. In each case, the spin and parity that is expected to lie lowest in energy using
the Gallagher-Moszkowski rules [Gallagher58] is underlined.

Configuration I = |Ωπ −Ων| I = Ωπ + Ων Nucleus

π 7
2

+[633] ⊗ ν 5
2

+[633] 1+ 6+ 240Es, 236Bk
π 7

2
+[633] ⊗ ν 5

2
−[752] 1− 6− 236Bk, 240Es

π 3
2
−[521] ⊗ ν 5

2
−[752] 1+ 4+ 236Bk, 240Es

π 3
2
−[521] ⊗ ν 5

2
+[633] 1− 4− 240Es, 236Bk

The internal conversion coefficients obtained using the BrIcc calculator [Kibédi08] for
a 125(3)-keV transition in a Bk (Z=97) nucleus are 4.0(3) and 7.3(9) for transitions of
M1 and E2 character, respectively. A measured value of 4(3) was determined from the
number of prompt 125-keV events that were observed with the 8.09(3) MeV α particles,
under the assumption that the events are γ rays. The measured value is closer to the
calculated value for a transition with M1 character that would be expected between
two states of the same parity and with a spin difference of unity. Such a structure of
the excited states would be expected in 236Bk at low excitation energies from all of the
tentative configuration assignments given in Table 4.2. However, the uncertainty in
the determined internal conversion coefficient is very large and partly overlaps with
the calculated estimate for an E2 transition. Furthermore, an energy difference of
102(3) keV was calculated from the Q values using the two higher α particle energies
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of 8.19(3) MeV and 8.09(3) MeV, which is within error bars but not exactly consistent
with the γ-ray energy of 125(3) keV. Due to the very low statistics the 125-keV γ ray
could be placed in the level scheme only tentatively.

4.3.2 Electron-capture delayed fission probabilities

Often in the earlier studies of ECDF, the measured ECDF probabilities (PECDF) have
been presented as a function of QEC, which results in an exponential dependence
as expected in quantum mechanical tunneling. However, a more elaborate way is
to present the PECDF by also taking into account the fission barrier in the daughter
nucleus. In this way it is possible to extract information on the fission barriers in
nuclei [Veselský12]. A simple mathematical concept and a variable that describes the
structure of a fission barrier is the height of the fission barrier (Bsf) used to calculate
probabilities of spontaneous fission in nuclei. The dependence of the PECDF on the quite
simple difference QEC−Bsf was already introduced earlier (see e.g. [Hall90b, Möller09]
and the references therein). However, this dependence is still not well understood.
Starting from simple empirical descriptions, the exponential dependence of the PECDF
on QEC − Bsf has been shown [Hall90b, Ghys15] to follow from approximations on the
fission decay width that depends heavily on the energy available in the EC decay (QEC)
and the structure of the fission barrier.

The previously measured ECDF probabilities (closed symbols) in Es (black), Bk
(blue) and Am (red) isotopes together with the values obtained in this work (open
symbols) are shown in Fig. 4.12 as a function of the difference in the theoretical
QEC value [Möller97] of the mother nucleus and the theoretical fission barrier height
Bsf [Möller15] in the daughter nucleus of the EC decay. The finite-range droplet model
(FDRM) and the finite-range liquid drop model (FRLDM) were used in the calculations
of QEC and Bsf , respectively. According to the previous experimental studies in a chain
of four neutron-deficient odd-odd einsteinium isotopes of 242Es [Shaughnessy00],
244Es [Shaughnessy02] and 246,248Es [Shaughnessy01], a relatively high PECDF was
predicted for the next lighter isotope 240Es as indicated by the exponential fit of the
PECDF as a function of QEC − Bsf that is shown with a black dashed line. The data on
the odd-odd Es isotopes represents the longest chain of isotopes of one element where
the PECDF have been measured.

Similar behavior as in the Es isotopes was predicted for the Bk isotopes from the data
that is available for 240Bk [Galeriu83] and 238Bk [Kreek94] as shown by the blue dashed
line in Fig. 4.12. The measured values for 240Es and 236Bk follow the exponentially
increasing trend and no deviations from this behaviour can be observed.

The measured values of the PECDF in a chain of three odd-odd Am isotopes of
234Am [Hall90b], 232Am ([Andreyev13] and references therein) and a recently re-
ported value for 230Am [Wilson17] have been included in Fig. 4.12. The lower limit
of the PECDF > 30% in 230Am is the highest ECDF branch measured so far in all
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nuclei. Note that three separate values of PECDF are given for 232Am that are not
consistent with each other within uncertainties as discussed in [Wilson17]. Several
lines on the logarithmic scale as in the case of Es and Bk isotopes could be fitted
depending on what data point is used for 232Am. The most recent and the lowest value
of 6.9(10) · 10−4 [Hall90a] is considered to be the most accurate. A line drawn through
the two values for 234,232Am would nicely follow a similar dependence (slope) as seen
in Es and Bk isotopes but would greatly underestimate the PECDF measured in 230Am.

Several interesting features can be identified from the measured values of PECDF
presented in Fig. 4.12. For instance, by following the dashed lines and extrapolating
to the next lighter isotopes of 238,236Es, 234,232,230Bk and 228Am, one could expect that
the probability for the fission in the EC-decay branch saturates, i.e. PECDF → 1. This
means that the fission will dominate over other mechanisms of de-excitation of the
excited states in the nucleus. In such cases the role of the fission barrier may be
negligible. The expected locations of the QEC − Bsf values calculated in these isotopes
have been indicated by the arrows on the upper x-axis. It should be noted that the
discovery of the α-decaying isotope 234Bk was recently reported in [Kaji16] where the
evaluation of the PECDF was unfortunately not possible despite the large number of
fission events that were observed. However, from the reported α-decay chains it can be
deduced that the PECDF is not yet saturated in 234Bk.

Another outstanding feature in Fig. 4.12 is the relative difference of the PECDF prob-
abilities between the isotopic chains of Es, Bk and Am. This implies that the simple
macroscopic variable QEC − Bsf may not fully describe the process. One important
factor that is not included in the variable is the actual shape of the fission barrier. For
example, “two-humped” or “multi-humped” fission barriers exist especially in heavy-
nuclei [Möller15] that strongly affect the tunneling through these total barriers. Thus,
the shape and width of the fission barrier can have a large impact on the value of PECDF.
On the other hand, the measured PECDF as a function of the variable QEC − Bsf could in
turn provide information also about the shape of the total fission barrier [Andreyev13].
The relative decrease in the PECDF when moving from Es to Bk and further to Am
isotopes could be associated with the widening of the total fission barriers when going
from Cf to Cm and further to Pu, respectively.

Finally, it can be seen from Fig. 4.12 that the increase in the PECDF of 230Am is rapid
when compared to the heavier Am isotopes 232,234Am as well as to the slopes of the
lines (on a logarithmic scale) that are shown for Es and Bk isotopes. This effect could
be due to the population of the excited states well above the barrier that could break
the simple dependence of PECDF on the variable QEC − Bsf . In the semi-empirical
descriptions it was assumed that only states close to the barrier height can be populated
in the EC decay [Hall90b, Ghys15]. Above the fission barrier the influence of the
beta-decay strength function (S β) may play a stronger role in this process [Wilson17].
In 230Am the difference QEC − Bsf = 2.61 MeV is the highest among the data points
that are shown in Fig. 4.12 meaning that excited states well above the fission barrier
height in 230Pu can be populated.
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It should also be noted that other mass models and estimates of the fission barrier heights
can be used and the resulting dependence of the PECDF on the variable QEC − Bsf may
change. These differences between various different fission models have been recently
investigated in [Ghys15].
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Figure 4.12. The electron-capture delayed fission (ECDF) probability (PECDF) as a
function of the difference QEC − Bf in the neutron-deficient Es (black), Bk (blue) and
Am (red) isotopes. The data points for 240Es and 236Bk (open symbols) are from this
work , the other measured PECDF (closed symbols) are from [Andreyev13, Wilson17]
and references therein. The QEC − Bf values of 238,236Es, 234,232,230Bk and 228Am
are marked with arrows where PECDF have not been measured and are expected to
saturate (PECDF → 1). The calculated values of QEC (parent) and Bsf (daughter) are
from [Möller97, Möller15], using the finite-range droplet model (FRDM) and the
finite-range liquid drop model (FRLDM), respectively. Note that for the PβDF of 232Am
three separate values are presented. See text for more details.
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4.4 Future prospects

A large amount of information on the decay properties of the new isotopes 240Es and
236Bk were extracted in this work from the experimental data that was obtained from
the fusion-evaporation reaction with a relatively small cross section and containing
low statistics. The identification of the isotopes was made challenging by the random
contributions from the transfer-reaction products. However, more statistics would be
needed to understand the complicated structure of these odd-odd isotopes in more
detail. A new and dedicated decay spectroscopy experiment would be needed in order
to improve on the uncertainties in the α-particle energies, the decay branches and the
values of PECDF. In addition, sparse information is available on the nuclei in this region
of the nuclear chart that could be investigated in future experiments using different
fusion-evaporation reactions.

Further experimental data on the PECDF and its dependence on QEC − Bsf in the more
neutron-deficient isotopes of Es, Bk and Am would provide more information on the
very complicated ECDF decay process. In particular, the inconsistency of the measured
values of PECDF in 232Am would require a new measurement. Furthermore, a new
measurement of the PECDF in 234Am would give more confidence for predicting the
slope of the dependence of PECDF on QEC − Bsf in the Am isotopes.

An interesting open question remains whether the PECDF values presented in Fig. 4.12
become saturated already in the next lighter isotopes in the chains. However, experi-
mental studies will become more challenging when approaching the proton dripline
because the cross sections via fusion-evaporation reactions decrease quickly. Fur-
thermore, the β-decay branches will decrease compared to the α-decay branches, the
spontaneous fission branches of the ground states in the mother nucleus may start to
compete with β+/EC decay and the spontaneous fission may become dominant in the
even-even daughter nuclei that may have very short half-lives. Finally, estimating
the β+/EC-decay branches in the EC-decay daughter nuclei may impose their own
challenges.



Chapter 5

In-beam spectroscopy of 244Cf

In this chapter the details of the experiment, data analysis, results and discussion related
to the in-beam spectroscopic study of the neutron-deficient californium nucleus 244Cf
are presented. The main aim of the experiment was to study the excited states and
the identification of the ground-state rotational band in 244Cf and to examine its decay
properties. Additionally, an attempt to measure the excited states and to study the
decay properties of the odd-A nucleus 243Cf was made in the same experiment. The
experimental results from this work are compared to the systematic behaviour of the
even-even N=146 isotones as well as to available theoretical calculations that have
been performed for nuclei in the region.

5.1 Experimental details

The experiment was carried out in November, 2015 at the Accelerator Laboratory of
the Department of Physics, University of Jyväskylä, Finland. The isotopes 244Cf and
243Cf were produced as evaporation residues (ER) of the 246Cf∗ compound nucleus that
was formed in the fusion reaction 48Ca+198Pt. The 48Ca10+ ion beam was produced in
an ECR ion source and accelerated by the K=130 MeV cyclotron. The self-supporting
198Pt targets were enriched to 95% and had thicknesses of 644 µg/cm2 and 858 µg/cm2.
The total time of the irradiation was about 220 h. Typical beam intensity during the
experiment ranged from 20 to 40 pnA. A carbon foil with a thickness of 40 µg/cm2 was
used as a “charge reset” foil on the downstream side of the target. The ritu gas-filled
recoil separator was coupled to the jurogamii germanium array at the target position to
measure the prompt γ rays and the great spectrometer system was used at the focal
plane.

63
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The fusion-evaporation reactions 198Pt(48Ca,2n)244Cf and 198Pt(48Ca,3n)243Cf were
used in this study to produce the 244Cf and 243Cf isotopes of interest, respectively.
The excitation functions of the 2n and 3n channels in the reactions were determined
by measuring the production rate at different beam energies at the beginning of the
experiment.

5.1.1 Calibration

The horizontal (Y) strips on the back (downtream) side of the DSSDs were used with
low gain in order to measure the recoil and α-particle kinetic energies. In contrast,
the vertical (X) strips were used with higher gain in order to be sensitive to measure
low-energy internal conversion electrons. The X strips of the DSSDs were calibrated
using an external 133Ba electron source. The Y strips of the DSSDs were calibrated
with an external mixed three-line α source. The daughter nucleus in α-decay deposits
only part of its recoil energy in the DSSDs due to pulse-height defect. Therefore, the
α-particle energies measured in the DSSDs were corrected for by subtracting 70 keV
from the measured α-particle energies to match to the known energies of the most
intense α decays that originated from 240,242Cm. The energy resolution of the DSSDs
was determined from the sum spectrum of all of the Y strips to be about 25 keV at
7.05 MeV. The PIN silicon detectors were also used with low gain to detect escaping α
particles from the DSSDs and calibrated with an external mixed three-line α source.

The detectors in the jurogamii germanium array were calibrated for their energy and
relative efficiency using 152Eu and 133Ba sources that were placed at the target position.
The Planar detector was calibrated using the γ rays from an open 133Ba source placed
inside the vacuum chamber upstream from the DSSDs. The two Clover detectors
placed at the sides of the focal-plane vacuum chamber and the large-volume great
Clover on the top of the chamber were energy calibrated using 152Eu and 133Ba sources
placed outside the vacuum chamber.

5.2 Results

The analysis of the experimental data was performed using the grain software package.
The software trigger conditions for creating the events was set on any of the individual
DSSD strips with an event length of 5 µs offset by a −2.5 µs delay. The triggering of
another event within 2.5 µs time window was prevented by using an artificial deadtime
condition on the software trigger. The time structure of the event definition is illustrated
in Fig. 5.1.
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Figure 5.1. Definitions of the event structure that was used in the data analysis in the
grain software.

5.2.1 Recoil identification

The fusion-evaporation products (hereafter: ER, recoil) from the 48Ca + 198Pt reaction
were distinguished from other reaction products by using the time-of-flight information
(ToF) between the MWPC and the DSSD, the energy loss in the MWPC (∆E) and the
final energy deposit in the DSSD (E). Matrices of the ToF versus E and ∆E versus the
ToF are shown in Fig. 5.2(a) and (b), respectively. The approximate locations of the
two-dimensional gate conditions that were placed for the recoils are indicated by the
red areas. The remaining recoils that did not pass these conditions were discarded from
further correlation analysis. The locations of the final recoil gates that were used in the
analysis were found by searching for the subsequent α decays in the same DSSD pixel
corresponding to the α energies of 244,243Cf.

5.2.2 α-particle energy spectrum

The measured energy spectrum of the α particles measured in DSSDs from the 48Ca +
198Pt reaction vetoed with the gas counter (MWPC) and the Planar detector is shown
in Fig. 5.3. A contaminant peak at an α-particle energy of about 6.11 MeV was
attributed to 242Cm (Eα = 6.110(3) MeV [Asaro52]) originating from the long α-decay
chain that starts from 254No that was studied in a preceding experiment. The peaks
at energies of about 5.12 MeV and 5.31 MeV were attributed to the α decays of 208Po
and 210Po, respectively. The 208Po and 210Po activities were produced in the α-decay
chains starting from 220Th and 222Th, respectively, that were produced in a preceding
experiment for calibration purposes. These three α activities were still present because
the same DSSD detectors were used in this work.

The remaining peaks in the spectrum were assigned based on their energies and the
observed half-lives (See Section 5.2.5) to 244Cf ([Sikkeland67a]); Eα = 7.21(2) MeV,
T1/2 = 19.4(6) min, 243Cf ([Sikkeland67a]; Eα = 7.06(2) MeV, T1/2 = 10.3(5) min)
and 240Cm ([Singh08]; Eα = 6.290(5) MeV, T1/2 = 27(1) d). 240Cm is a long-lived
daughter nucleus produced in the α decay of 244Cf. The measured α peaks were
fitted with Gaussian functions and correspond to energies of Eα = 7.21(3) MeV
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(a) Time-of-flight (ToF) between the MWPC and the DSSD versus the energy deposited in the DSSD (E).

(b) Energy loss in the MWPC (∆E) versus the time-of-flight (ToF) between the
MWPC and the DSSD.

Figure 5.2. Recoil identification matrices in the 48Ca + 198Pt reaction using the (a)
E-ToF and (b) ToF-∆E methods. The approximate gates used in the analysis are
indicated by the red regions. Please see the text for further details.
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Figure 5.3. Energy spectrum of the α particles from the 48Ca + 198Pt reaction measured
on the Y side of the DSSDs and vetoed with the gas counter (MWPC) and the Planar
detector.

and Eα = 7.05(3) MeV for 244Cf and 243Cf, respectively. The uncertainty in the
measurement is mostly due to the lack of a proper internal calibration that may cause
systematic error on the measured energies. The α-decay branch in 239Cm (the α-decay
daughter of 243Cf) has been reported to be very small and was not observed in this
work. An upper limit of bα(239Cm) = 1.0 · 10−5 is given in [Qin08].

It should be noted that 7.17(1) MeV α-particles attributed to the α decay of 243Cf
that were observed in the low-energy shoulder of the 7.21-MeV α activity of 244Cf
in [Fields67] were not seen in [Sikkeland67b, Sikkeland67a] or in this work. The
energy resolution of the DSSD detectors used in this work was sufficiently high so that
an α peak at the energy of 7.17 MeV should have been resolved if the intensity ratio is
2.5 (ratio of 7.06 MeV compared to 7.17 MeV) as given in [Fields67]. Nevertheless, it
is possible that the intensity ratio is higher or the α-particle energy overlaps with the
7.21-MeV peak from 244Cf making the observation of the 7.17-MeV α particles not
possible in this work.

5.2.3 α-decay branch of 244Cf

A measurement of the electron-capture (EC) decay branch in 244,243Cf was not possible
in this work due to the long half-lives and very low α-decay branching ratios of
243Bk [Thompson50c] (T1/2 = 4.6(2) h, bα = 0.1%) and 244Bk [Chetham-Strode56a]
(T1/2 = 4.35(15) h, bα = 6(2) · 10−3%). Therefore, an α-decay branching ratio of
bα = 14.0 % for 243Cf that has been estimated in the literature [Nesaraja14, Browne14]
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using data from [Sikkeland67a] and [Fields67] was adopted. It should be noted that an
estimate of EC/α = 10 is given in [Sikkeland67a].

A measurement of the α-decay branch of 244Cf has not been reported previously. An
estimate of bα = 70(20) % that was based on theoretically calculated β-decay half-
lives was recommended in [Akovali98]. In this work the α-decay branch of 244Cf
was estimated from experimental data from an earlier study of the decay properties
of 248Fm [Ketelhut10]. A value of bα = 75(6) % was determined by comparing the
number of α decays from 248Fm and 244Cf from a gas-vetoed α-particle energy spectrum
measured during the experiment that is shown in Fig. 5.4. The uncertainty that is given
is only based on the determination of the peak areas. Systematic error may be caused
by possible losses when the data acquisition was not collecting data of α decays from
244Cf due to its long half-life which was not taken into account. Therefore, the actual
α-decay branch can be somewhat higher than the value presented here.
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Figure 5.4. Energy spectrum of the α particles from the 48Ca + 202Hg fusion reaction
measured in the DSSDs and vetoed with the gas counter (MWPC) from an earlier study
of 248Fm [Ketelhut10]. Note that the energies plotted on the x-axis are not corrected
for the partially detected recoil energy of the daughter nucleus (≈ 70 keV due to the
pulse-height defect).

5.2.4 Excitation functions

The production of ERs in the fusion reaction of 48Ca+198Pt was measured as a function
of the excitation energy of the compound nucleus 246Cf∗ ranging from E∗ = 23 up to
31 MeV in the beginning of the experiment to optimise the yield of the 244Cf and 243Cf
nuclei of interest. The 48Ca beam was accelerated to energies of 207, 208, 211 and
213 MeV. The thickness of the 198Pt target used in the cross section measurements was
644 µg/cm2 with an enrichment of 95%. Other possible isotopic abundances in the
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target are e.g. 196,194Pt. Fusion-evaporation reaction channels with 196,194Pt would lead
to more neutron-deficient products and are expected to have much lower cross sections.
Two carbon foils with thicknesses of 216 and 413 µg/cm2 were used in front of the
target for the reduction of beam energies in the 211-MeV runs. The excitation energies
E∗ were calculated by using the atomic mass data from AME2003 [Audi03] and the
LISE++ code [Tarasov04], and correspond to the excitation energies at the centre of
the target. The energy loss of the beam particles in the first half of the target was
∆E ≈ 2.5 MeV. The beam energies at the centre of the target correspond to excitation
energies of the compound nucleus 246Cf∗ of about 23, 26, 27, 30 and 31 MeV.

The following factors were used to estimate the cross section [Sarén]: RITU transmis-
sion, DSSD coverage and DSSD full-energy α detection efficiency of 33(5) %, 83(5) %
and 55(5) %, respectively. The main uncertainty in the data points comes from the
beam dose estimate that is obtained from the integral of the total rate of the recoils
observed at the focal plane and from the uncertainty in RITU transmission. Only the
uncertainty of the beam energy from the cyclotron (±0.5% · Ebeam) was taken into
account when calculating the uncertainties in the excitation energies E∗. The α-decay
branches of bα = 75(6) % and bα = 14.0 % were used for 244Cf and 243Cf, respectively.

The measured cross sections for the 2n and 3n evaporation channels are shown in
Fig. 5.5 and listed in Table 5.1 with more details. The maximum values for the
measured production cross-sections of σ(2n, max) = 120(40) nb and σ(3n, max) =

170(80) nb were found at the excitation energies of about 26(1) MeV and 30(1) MeV at
the centre of the target, respectively.

Table 5.1. A list of the measured cross sections of the fusion-evaporation reactions
198Pt(48Ca,2n)244Cf and 198Pt(48Ca,3n)243Cf determined in this work. The bombarding
energy of the 48Ca beam Ebeam is as obtained from the cyclotron. The excitation
energies E∗ of the compound nucleus 246Cf∗ correspond to the energies at the centre of
the target. The thickness of the 198Pt target was 644 µg/cm2.

E∗ (MeV) Ebeam (MeV) Degrader (C, µg/cm2) σ(244Cf, 2n) (nb) σ(243Cf, 3n) (nb)

23(1) 211(1) 413 30(20) –
26(1) 211(1) 216 120(40) –
26(1) 207(1) – 110(40) 70(20)
27(1) 208(1) – 110(40) 90(30)
30(1) 211(1) – 60(30) 170(80)
31(1) 213(1) – 9(3) 80(30)

The calculated cross section estimates obtained from the HIVAP [Reisdorf81] code
for the 2n and 3n evaporation channels in the used reaction are also shown in Fig. 5.5
for comparison. The input parameters of the calculations were optimised to describe
the fusion reactions of 34S+208Pb (dashed curves) and 48Ca+208Pb (dotted curves).
The calculations overestimate the cross sections by roughly an order of magnitude.
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Figure 5.5. The measured cross sections of the 244,243Cf produced in the fusion
reaction 48Ca+198Pt as a function of the excitation energy E∗ at the centre of the target
of the compound nucleus 246Cf∗. The solid lines are fits to guide the eye. The dashed
and dotted lines are estimates that have been calculated using the HIVAP code with
the input parameters adjusted to describe the reactions of 34S+208Pb and 48Ca+208Pb,
respectively. See text for details.

However, the predicted excitation energies E∗ of the maxima, the overall shapes and
relative magnitudes of the excitation functions are rather well reproduced by the HIVAP
calculations.

5.2.5 Correlation analysis and half-lives

Correlated events where an ER implantation was followed by an α decay in the same
pixel of the DSSDs was made with a maximum search time of up to 100 min. The α-
particle events were assumed to have an energy in the range of 5 MeV≤ Eα ≤8 MeV and
in anticoincidence with gas counter (MWPC) or Planar detector signals. The resulting
correlated α-particle energy spectrum is shown in Fig. 5.6. The total numbers of the
correlated ER-α(244Cf) and ER-α(243Cf) pairs were about 2000 and 400, respectively.

In order to improve on the statistics in the tagged γ-ray spectra, also the PIN array
of silicon detectors were used in the correlation analysis and the tagging procedure.
A two-dimensional histogram of the energies of the correlated events where a recoil
implantation was followed by an escape-α event measured on the X side of the DSSDs
and a coincident event in the PIN detector within 100 min is shown in Fig. 5.7. The sum
of the two energies indicated with the red area containing about 1000 events corresponds
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Figure 5.6. Energy spectrum of the ER correlated α particles following a recoil
implantation within 100 min from the 48Ca + 198Pt reaction measured on the Y side of
the DSSDs and vetoed with the gas counter (MWPC) and the Planar detector.

to the full-energy α particles from the α decays of 244,243Cf. The α particles attributed
to the α decays 240,242Cm and 210,208Po are also clearly visible. It should be noted that
the statistics obtained in the experiment were not sufficient to make a proper energy
calibration of the full-energy α particles as measured from the DSSD+PIN correlations.
Therefore, the energy resolution obtained from the sum of the two energies is much
worse than in the full-energy α peaks of the spectrum in Fig. 5.6. Furthermore, the
α particles corresponding to 244,243Cf cannot be distinguished properly. However, the
contribution of the α decays from 243Cf in the observed escape-α events is of the
order of a factor of 1/5 roughly estimated from the ratio of the observed correlated
full-energy α-particles of 2000/400.

The half-lives of the activities assigned to 244,243Cf were determined from the time
differences of the correlated ER-α events that are shown in Fig. 5.8. In the cases of
244Cf (Fig. 5.8(a)) and 243Cf (Fig. 5.8(b)) α-particle energy gates of Eα=7.12–7.27 MeV
and Eα=6.98–7.09 MeV (compare with Fig. 5.6) were used, respectively. Only the
full-energy α-particle events were used in the half-life analysis. The search time
was expanded to include the random background components. Double exponential
functions of the form given in Eq. 3.15 were used to fit the measured ER-α time spectra
of Fig. 5.8(a) and (b). The half-lives deduced from the fitted parameters of the decay
constant (λ) and the rate of the component arising from the random correlations (r) were
T1/2=19.3(12) min and r=8.4 · 10−5 for 244Cf and T1/2=10.9(5) min and r=8.4 · 10−5 for
243Cf. The measured values are consistent within error bars with previously reported
values [Sikkeland67a] of T1/2 = 19.4(6) min for 244Cf and T1/2 = 10.3(5) min for 243Cf.
The random background rates from both of the fits are well in agreement with the
average counting rate of the ERs in the individual DSSD pixels during the experiment
of about 1 · 10−4 Hz/pixel.
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Figure 5.7. Energies of the correlated α-like events in the PIN detectors versus the
energy deposited in the X side of the DSSDs following a recoil implantation within
100 min. All of the events have been vetoed with the gas counter (MWPC) and the
Planar detector.

5.2.6 Ground-state rotational band of 244Cf

The prompt γ-ray singles spectrum measured at the target position with jurogamii
and associated with fusion-evaporation residues (recoil-gated γ-ray singles) is shown
in Fig. 5.9(a). An additional time gate to select γ rays was made by placing two-
dimensional polygonal gate conditions on a matrix of the MWPC-DSSD ToF vs. the
time difference between the jurogamii γ-ray event and the recoil implantation in the
DSSD. The obtained recoil-gated γ-ray singles or the γ-γ coincidence spectra were
not clean enough to clearly identify and distinguish the transitions in 244Cf, 243Cf and
other reaction products. However, X-rays originating the produced Cf nuclei are clearly
visible. In addition, a large number of X-rays from Pt as well as the 2+

1 → 0+
g.s. and

2+
2 → 2+

1 transitions from the Coulomb excitation of the 198Pt target can be seen. The
407-keV peak is very broad mostly due to the Doppler correction that is applied to the
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Figure 5.8. The measured time differences of the correlated ER-α events correspond-
ing to (a) 244Cf and (b) 243Cf with a maximum search time of up to 12·103 s shown.
The dashed lines in blue (decay constant λ + r) and red (decay constant r) correspond
to the two components of the fitted decay curve according to Eq. 3.15 that is shown in
black.

γ-ray energies that are measured in the jurogamii detector rings positioned at different
angles with respect to the beam direction but also due to the straggling effects in the
target and the fact that Coulomb excitation is a binary reaction.

The recoil-decay tagging (RDT) method was used to obtain γ-ray spectra corresponding
only to 244Cf. The prompt γ-ray singles spectrum tagged with the α decays of 244Cf
is shown in Fig. 5.9(b) and up to γ-ray energies of 1 MeV in Fig. 5.10. In addition,
the PIN array was used in the tagging procedure with the approximate gate shown in
Fig. 5.7 to improve the statistics by detecting those α particles that escape the DSSDs
depositing only part of their full energy which are then stopped in the PINs. In this
γ-ray spectrum the X-rays from 244Cf are still clearly visible. The measured γ-ray
spectrum shows a clear sequence of eight transitions with regular spacing. Such a
cascade is characteristic of a rotational band of a deformed nucleus. The transitions
associated with the ground-state rotational band have been labelled with their transition
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Figure 5.9. Prompt γ rays measured at the target position with jurogamii. (a) Recoil-
gated γ-ray singles; (b) 244Cf α-tagged (DSSD+PIN) γ-ray singles; (c) Projection
of the 244Cf α-tagged (DSSD) γ-γ coincidence matrix. The locations of the peaks
corresponding to the ground-state rotational band have been indicated by the dotted
lines.

energies and marked with dotted lines. At least one peak at an energy of 704(1) keV
visible in Fig. 5.10 possibly originates from a side band feeding the low-spin states of
the ground-state rotational band.

The assignment of the regularly spaced transitions to the ground-state rotational band
of 244Cf is further supported by Fig. 5.9(c) where a total projection of the 244Cf α-
tagged γ-γ coincidence matrix is shown. Only the full-energy α decays in the DSSD
corresponding to 244Cf were used in the tagging procedure to produce the spectrum
to reject possible contamination from transitions belonging to 243Cf. The rotational
sequence remains visible and the background is greatly reduced in the projected γ-γ
spectrum and by gating on the transitions in the γ-γ matrix they appear to be a cascade
of coincident transitions. However, due to the low statistics in the γ-γ coincidence data,
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the assignment of the 470-keV γ ray to the band should be taken as tentative. It should
be noted that the peak at 407 keV corresponding to the 2+

1 → 0+
g.s. transition from the

Coulomb excitation of the 198Pt target completely disappears in the γ-γ spectrum. The
statistics in the γ-γ coincidences were not sufficient to determine which state is fed by
the 704-keV transition. It is highly likely that the transition feeds one of excited states
with the lowest spins in the ground-state rotational band and the coincident transitions
are not seen due to the fact that the low-energy transitions are highly converted.
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Figure 5.10. Prompt γ rays with energies up to 1 MeV measured at the target position
with jurogamii and tagged with 244Cf α decays in the DSSDs+PINs.

The measured peak energies of the transitions in the ground-state rotational band are
listed in Table 5.2 with the tentative spin assignments and relative intensities corrected
with the γ-ray detection efficiencies and the internal conversion coefficients calculated
using BrIcc [Kibédi08] under the assumption of transitions with E2 character. The
peak energies and areas were extracted from fits to the 244Cf α-tagged γ-ray singles
spectrum of Fig. 5.9(b). Transitions up to the tentative spin and parity of Iπ = 20+ were
identified with reasonable confidence. The 314-keV transition is possibly a doublet
based on the increased width and higher than expected intensity of the transition. The
width of the peak is more apparent in the γ-γ coincidence spectra. Therefore, the peak
area of the 314-keV transition was estimated with two Gaussian functions with the
peak widths fixed to 2 keV. Determination of the 399-keV peak area is challenging
from the spectrum due to the overlap with the wide 407-keV peak from 198Pt.

The two lowest transitions of 4+ → 2+ and 2+ → 0+ in the ground-state rotational
band could not be observed because they proceed mostly via internal conversion. The
calculated internal conversion coefficients [Kibédi08] are 1045(19) and 19.4(10) for
the 45-keV and 103-keV transitions of E2 character, respectively. The unobserved
transition energies were determined by extrapolating from the fitted kinematic (J (1))
and dynamic (J (2)) moments of inertia of the rotational band according to the Harris
formalism [Harris65] using Eq. 2.6, 2.7 and 2.11. The same procedure was followed
that has been used e.g. in the studies of the rotational properties of 256Rf [Greenlees12]
and 252No [Herzberg01, Sulignano12].
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Table 5.2. The measured transition energies and tentative assignments for the ground-
state rotational band of 244Cf. The extrapolated 4+ → 2+ and 2+ → 0+ transitions are
also shown. The relative intensities have been corrected for γ-ray detection efficiency
and internal conversion.

Ji → Jf Eγ (keV) Relative intensity (%)

(2+ → 0+) 45(1)†

(4+ → 2+) 103(1)†

(6+ → 4+) 160(1) 100(22)
(8+ → 6+) 214(1) 60(10)
(10+→ 8+) 266(1) 54(8)
(12+ → 10+) 314(1)‡ 30(10)
(14+ → 12+) 358(1) 31(8)
(16+ → 14+) 399(1) 33(11)
(18+ → 16+) 436(1) 13(6)
(20+ → 18+) 470(1) 7(6)
† Transition energy extrapolated from the Harris fit.
‡ Transition is assumed to be a doublet.

The measured J (1) and J (2) as a function of the rotational frequency (~ω) calculated
using Eq. 2.5 and 2.8 are shown in Fig. 5.11. The transition with the lowest observed
energy of 160 keV was assumed in the fitting procedure to originate from a state with
Iπ = 6+ that is typical in this region in the isotones as well as in the region of the heavier
elements such as No and Fm. Any other choice for the initial spin assignment of this
transition would not give reasonable results from the fitting. The Harris parameters
(J0,J1) obtained from the fit ofJ (1) to the five lowest transitions of the rotational band
using Eq. 2.6 were J0 = 67.3(2) ~2MeV−1 and J1 = 250(10) ~2MeV−3. The resulting
fit of J (1) that has been plotted using Eq. 2.6 is shown in Fig. 5.11. The dashed line
corresponding to J (2) has been plotted using Eq. 2.7 and the same parameters that
were obtained from the fit to the low-spin part of J (1) data. The transition energies
extrapolated for the two lowest transitions by using the obtained Harris parameters and
Eq. 2.11 were Eγ(4+ → 2+) = 103(1) keV and Eγ(2+ → 0+) = 45(1) keV.

Further support for the 103-keV transition energy of the 4+ → 2+ transition was found
by estimating the intensity ratio of the Cf Kα/Kβ X-rays. The ratio matches closely to
the literature value and does not show an excess of possible γ-rays from the 4+ → 2+

transition that could overlap with the Kα peaks. On the other hand, with the internal
conversion coefficient calculated with BrIcc for the transition assuming an E2 character
being as high as 19.4(10) would mean that only few γ rays could be observed with the
level of statistics that is available in this work. It should also be noted that the 103-keV
region in the α-tagged γ-ray spectra is very clean from background and does not show
any peaks.
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Figure 5.11. The kinematic J (1) and dynamic J (2) moments of inertia of the ground-
state rotational band of 244Cf as a function of the rotational frequency (~ω). The lines
are plotted with Eq. 2.6 and Eq. 2.7 by using the Harris parameters obtained from a fit
to the low-spin part of the J (1) data with Eq. 2.6. See the text for more details.

5.3 Discussion

The proposed level scheme that was deduced for 244Cf in this work is shown in Fig. 5.12
showing the ground-state rotational band up to a tentative spin of Iπ = 20+. Observation
of the rotational band and the excitation energy determined for the first excited 2+ state
shows that it has a similar deformation when compared to other nuclei in the region.
In fact, prolate quadrupole deformation parameters (β2) of 0.239 [Sobiczewski01] and
0.249 [Möller16] have been obtained from the theoretical calculations for 244Cf.

The observed high-energy γ-ray transition of 704 keV in the spectra could not be placed
exactly in the level scheme due to low statistics. The absence of γ-γ coincidences
suggests that it feeds one of the low-spin states of the ground-state rotational band. It
possibly originates from a negative parity side band and the transition could have E1
character if coming from a state with spin and parity of 1−. Alternatively the spin and
parity could be 3−, 5−, ... if it is feeding an excited state higher in energy in the ground-
state rotational band. This negative parity band could be an Kπ = 0−, 1− octupole-
vibrational band built from the strong coupling of an octupole phonon excitation to
the quadrupole deformed core [Donner66]. Such rotational band-head states with
negative parity and odd spins have been identified and interpreted at low excitation
energies of 0.6-1.0 MeV in the even-even N = 146 isotones of e.g. 240Pu [Hackman98,
Wiedenhöver99] and 238U [Ward96].
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Figure 5.12. The proposed level scheme of 244Cf from this work showing the transition
energies and the tentative spin and parity assignments.

Another possibility for the origin of the 704-keV γ-ray transition is a two quasi-particle
(2-qp) excitation that would lie at an excitation energy of about E∗ = 1 MeV. According
to theoretical calculations [Delaroche06] a neutron 2-qp state with a configuration of
(Kπ1

1 =5/2+, Kπ2
2 =7/2−) giving possible spins and parities of Iπ=1−, 6− has been predicted

at an excitation energy of about E∗=0.9 MeV.

The statistics obtained for 243Cf were not sufficient in this work to associate any prompt
γ-ray transitions to this nucleus. The low α-decay branch in 243Cf did not allow to take
full advantage of the use of the recoil-decay-tagging method in order to extract a clean
prompt γ-ray spectrum corresponding to 243Cf.
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5.3.1 Systematics in the N = 146 isotones

The measurement of the transitions in the ground-state rotational band of 244Cf up
to a tentative spin and parity of Iπ = 20+ in this work allows a comparison to be
made for the first time with a complete set of even-even neutron-deficient uranium and
transuranium N = 146 isotones and their rotational properties.

The measured kinematic J (1) and dynamic J (2) moments of inertia of the ground-state
rotational bands as a function of the rotational frequency (~ω) in the even-even N=146
isotones are shown in Fig. 5.13(a) and 5.13(b), respectively. The results that were
obtained in this work on 244Cf (open symbols) are compared to previous measurements
(closed symbols) of 238U [Ward96], 240Pu [Hackman98], 242Cm [Abu Saleem04] and
246Fm [Piot12]. The lines are drawn using Eq. 2.6 and 2.7 and the Harris parameters
that were obtained from fits made to the low-spin part of the measured J (1) data of
each nucleus in the same way as was described for 244Cf in Section 5.2.6.

The absolute values of the kinematic moments of inertia at low-spin are closely related
to the energy of the first excited 2+ state. In turn, the energy of the first excited 2+ state
can be further related to the quadrupole deformation [Pomorski73]. Moreover, in the
region of the deformed shell gaps the lowering of the 2+ states can be related to reduced
pairing correlations [Sobiczewski01]. The reduction in the pairing correlations result
in an increase in the moment of inertia. Fig. 5.13(a) shows that among the presented
even-even N = 146 isotones, 242Cm has the highest value of the kinematic moment of
inertia at low spin (J (1)) just above that of 240Pu. The J (1) value of 244Cf obtained in
this work is closer to and only a little higher than that of 238U. Finally, 246Fm has the
lowest J (1) value of the group. More interesting features are revealed by comparing
the behaviour of the dynamic moments of inertia (J (2)) of these isotones.

From the J (2) data shown in Fig. 5.13(b) and Fig. 5.11 it is evident that there is a sharp
increase in the dynamic moment of inertia in 244Cf at a rotational frequency of about
~ω = 0.2 MeV. A similar up-bend has been observed clearly in 238U and is very likely
to occur also in 246Fm based on the highest transitions that have been observed in the
ground-state band and a next tentative transition in the band [Piot]. In contrast, 242Cm
and 240Pu that have a higher kinematic moment of inertia J (1) do not show any signs
of up-bend in the dynamic moment of inertia J (2) up to rotational frequencies as high
as ~ω = 0.25 MeV. One possible physical explanation for the up-bending behaviour
is the alignment of coupled protons or neutrons in the high- j orbitals to the rotational
axis of the nucleus due to the Coriolis effect. With high angular momentum the strong
Coriolis force can break the pairing correlations of the coupled nucleons resulting in
band-crossing phenomena and changes in the moment of inertia of the system.

In a few cases it has been studied experimentally whether the alignment is caused by the
protons or the neutrons in high-j orbitals. For example, it has been shown by g-factor
measurements that the up-bend at ~ω ≈ 0.25 MeV of the ground-state band in 238U
and 232Th (N = 142) results mostly from the alignment of a pair of protons in the i13/2
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Figure 5.13. The (a) kinematic J (1) and (b) dynamic J (2) moments of inertia of the
ground-state rotational bands as a function of rotational frequency (~ω) in the even-even
N=146 isotones 238U [Ward96], 240Pu [Hackman98], 242Cm [Abu Saleem04], 244Cf
(from this work) and 246Fm [Piot12]. The lines represent (a) fits to the low-spin part of
the J (1) data using the γ-ray transition energies with Eq. 2.6 and (b) J (2) plotted using
Eq. 2.7 and the Harris parameters obtained in (a). See the text for more details.
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orbital according to [Zhu10, Häusser82]. However, in 232Th a small contribution from
neutron alignment was estimated [Häusser82]. Additionally, in [Hota14] it has been
shown that in the N = 151 isotones of 245Pu, 247Cm and 249Cf the alignment behaviour
is mostly caused by i13/2 protons on the basis of odd-neutron orbital blocking arguments.
Similar studies and results were proposed [Abu Saleem04] on 241Cm (N = 145) and
237Np (N = 144) based on blocking arguments. In [Hurst10] the alignment in 235Np
(N = 142) was studied and the role of j15/2 neutrons has been proposed, although, the
proton contribution could not be ruled-out. Therefore, it seems that in most cases
the alignment effects are in fact caused by the protons active in high-j orbitals and
experimental evidence for the neutrons contributing to the alignment effect is sparse
or not conclusive. In theoretical calculations on the rotational properties such a clear
distinction between the proton and neutron alignment is not evident, as discussed
further in the next section.

5.3.2 Theoretical calculations

Only a few recent theoretical calculations have been made on the rotational properties
of the ground-state bands in the region of the heavy even-even N=146 isotones that are
discussed and closely related to this work.

The cranked relativistic Hartree-Bogoliubov (RHB) theory has been applied by Afanas-
jev et al. [Afanasjev13] to perform extensive calculations in the actinides and light
superheavy elements including the heavy N=146 isotones. It is remarkable that the
absolute values ofJ (1) and the relative differences between all of the even-even N=146
isotones presented in Fig. 5.13(a) are rather well reproduced at low spin. However,
an up-bend is predicted in all of the isotones by the calculations and the up-bend in
238U and 240Pu is predicted to occur at lower rotational frequency than in 242Cm, 244Cf
and 246Fm. Furthermore, in all of the cases the calculations indicate that both the
neutron and proton contributions to the alignment occur simultaneously at the same
frequency. Moreover, the calculated contribution of the neutrons to the kinematic
moment of inertia is larger than that of the protons in all of the isotones. The calculated
J (1) of 244Cf as a function of the rotational frequency is shown in Fig. 5.14 with
the contributions from the protons (red) and neutrons (green) shown in the inset. It
should be noted that octupole correlations are not taken into account in the calculations.
In 240Pu it has been suggested that the non-observation of the alignment is due to
strong octupole correlations [Wiedenhöver99, Wang09]. Likewise, a self-consistent
mean-field calculation of 240Pu with the SLy4 interaction that does not include octupole
correlations predicts an up-bend in J (2) [Bender03].

Considering the ground-state deformations and the role of the octupole correlations,
it is interesting to note that in [Agbemava16] a non-zero octupole deformation (β3) is
predicted for the ground states of 242Cm and 240Pu as well as for 238U by using the
RHB and covariant density functional theory (CDFT). Despite the possibly similar
calculated octupole correlations in their ground states, experimentally 238U shows
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alignment effects starting at rotational frequencies of about ~ω ≈ 0.2 MeV, whereas,
240Pu and 242Cm do not.

Another theoretical study has been made using the cranked Hartree-Fock-Bogoliubov
method with the Gogny D1S force on the even-even actinides [Delaroche06]. In their
work, the experimentally observed up-bend in 244Cf is not predicted. In the case
of 240Pu an up-bend is again predicted possibly due to the missing treatment of the
octupole correlations. In 246Fm the predicted up-bend is delayed up to a rotational
frequency of ~ω ≈ 0.3 MeV. The predicted results are consistent with experimental
results for 238U showing an up-bend at ~ω ≈ 0.2 MeV and no alignment features in
242Cm at ~ω ≤ 0.3 MeV.

In another recent theoretical study of nuclei in the region of 252,254No [Liu12] the
up-bend in 246Fm at ~ω ≈ 0.2 MeV is predicted correctly, although, the absolute value
of J (1) at low spin is overestimated. In that work, Total Routhian Surface (TRS)
calculations based on the cranked shell model including pairing correlations were made.
Another theoretical calculation using spectroscopic quality energy-density functionals
based on the Skyrme Hartree-Fock-Bogoliubov and Lipkin-Nogami methods were used
to calculate the rotational bands of nuclei in the nobelium region [Shi14] in which an
up-bend in 246Fm was predicted. Unfortunately, the calculations reported in the latter
two studies did not include the lighter N = 146 isotones that are discussed in this work.

New calculations were performed by Y. Shi and J. Dobaczewski for the ground-state
band of 244Cf by following the same theoretical methods and framework as were used
in [Shi14]. The results for the kinematicJ (1) moment of inertia from the calculation are
shown with a dashed black line in Fig. 5.14 together with the measured data points from
this work. Calculations of J (1) from [Afanasjev13] using the NL3∗ parametrisation
are included in the same figure with a dash-dotted red line. The inset shows the proton
(red) and neutron (green) contributions to the moment of inertia. It is evident, that the
up-bend in J (1) is predicted by both calculations. According to [Afanasjev13], the
alignment would occur at the same frequency for protons and neutrons and that the
neutrons have a larger contribution. Strikingly, the absolute value of J (1) at low-spin
calculated by Y. Shi et al. is very close to the experimental value and well within the
uncertainties.

In all of the available extensive theoretical calculations [Afanasjev13, Delaroche06,
Bender03] both neutrons and protons in high- j orbitals contribute to the up-bend
in the the moments of inertia. Moreover, in [Afanasjev13] the contributions of the
different nucleons to the alignment have been extracted and presented explicitly and
they appear to mostly align simultaneously at the same rotational frequency. On
the contrary, measurements to date have shown no clear evidence for the neutron
alignments meaning that only protons in high- j orbitals would be responsible for the
alignment. More theoretical calculations including the effects of octupole correlations
are needed in this region in order to understand and reproduce the experimentally
observed alignment properties in the presented N = 146 isotones.



5.3. Discussion 83

0 0.05 0.1 0.15 0.2 0.25
Rotational frequency (MeV)

60

70

80

90

100

ℑ
(1

)  (
 h_

2
 M

eV
-1

)

ℑ
(1)

, measurement

ℑ
(1)

 from Y. Shi et al.

ℑ
(1)

 from Afanasjev et al.

0 0.1 0.2 0.3 0.4
Rotational frequency (MeV)

20

40

60

80

100

ℑ
(1

)  (
 h_

2
 M

eV
-1

) neutron
proton

Figure 5.14. The kinematic J (1) moment of inertia of the ground-state rotational band
of 244Cf as a function of the rotational frequency (~ω). The measured values from this
work are compared to theoretical calculations provided by courtesy of A. Afanasjev
using the NL3∗ parametrisation (dash-dotted red line) [Afanasjev13] with the inset
showing the calculated proton (red) and neutron (green) contributions. Calculations
performed in a similar way as described in Y. Shi et al. [Shi14] (dashed black line) are
also included. The solid line represents a fit to the low-spin part of J (1) data using the
measured γ-ray transition energies with Eq. 2.6. See text for details.
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5.4 Future prospects

This study was challenging mostly due to the long half-lives of 244Cf and 243Cf and
the need to use RDT in order to obtain clean prompt γ-ray spectra. The recoil gating
method was not sufficient due to the poor separation of the ERs from target-like reaction
products. In addition, the small α-decay branch of 243Cf does not allow to use the
recoil-decay tagging up to its full potential. It would be interesting to try to disentangle
the complex level-scheme structure of the odd-A nucleus 243Cf and to study its poorly
known decay properties with higher statistics in a future experiment. A dedicated
experiment using a higher bombarding energy than in this work would be needed to
enhance the production of 243Cf nuclei in the 3n reaction channel. Alternatively, more
data would be needed to determine the origin of the high-energy γ-ray transitions in
244Cf that could be feeding the low-spin states in the ground-state rotational band.

Furthermore, it would be of interest to extend the systematic studies of the excited
states to the neighbouring Cf nuclei such as 246Cf and 242Cf. The first excited 2+ energy
in the neutron mid-shell Cf isotopes is expected to be at the minimum in either 246Cf
or 248Cf [Theisen15]. In contrast to e.g. Fm and No isotopes that exhibit features of
a deformed shell gap occurring at N = 152, the shell gap appears to be shifted down
to N = 148 or N = 150 in californium [Theisen15]. To date, there are no theoretical
explanations for this effect and it is not yet fully understood. In addition, more data
would be needed in the ground-state rotational band of 246Fm in order to confirm the
possible up-bend.



Chapter 6

Summary

In this work the hitherto unknown neutron-deficient nuclei 240Es and 236Bk were
synthesised by using the fusion-evaporation reaction 209Bi(34S,3n)240Es and the ritu
gas-filled recoil separator coupled to the great spectrometer. The half-lives of the
isotopes were measured to be 6(2) s (240Es) and 22+13

−6 s (236Bk). The α particles with
energies of Eα = 8.19(3) MeV and 8.09(3) MeV were assigned to the α decay of 240Es.
Furthermore, two weaker α activities with Eα = 8.02(3) MeV and 7.97(3) MeV were
tentatively assigned to 240Es. The assignments were supported by the observed corre-
lated α-decay chains leading down to the previously known 236Cm. Electron-capture
(EC) decay and electron-capture delayed fission (ECDF) branches were assigned to
both isotopes and PECDF were estimated to be 16(6)% and 4(2)% for 240Es and 236Bk,
respectively.

The measured ECDF branches in both of the new isotopes extend the experimental data
that is available in the heavier odd-odd Es and Bk isotopes. Furthermore, the ECDF
branches showed a continuation in the exponential increase of the ECDF probabilities
(PECDF) as a function of QEC − Bsf when approaching the proton dripline. This depen-
dence has not yet been fully understood and may strongly be affected by the shape
of the fission barrier. Obtaining more experimental data on PECDF values in the more
neutron-deficient isotopes of these elements would shed more light on this complicated
decay process.

The second part of this work was devoted to an in-beam γ-ray spectroscopic study of
244Cf. In the experiment, the neutron-deficient californium nuclei 244,243Cf were pro-
duced in the fusion-evaporation reactions 198Pt(48Ca,2n)244Cf and 198Pt(48Ca,3n)243Cf,
respectively. The excitation functions of the two reaction channels were measured.
The half-lives of 244Cf and 243Cf were estimated from the ER-α correlations to be
T1/2 = 19.3(12) min and T1/2 = 10.9(5) min, respectively. The α-decay branch of 244Cf
was estimated in this work by using data from a previous experiment to be bα = 75(6) %,
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however, due to the long half-life the actual α-decay branch can be somewhat higher
than the value presented here. The excited states in 244Cf were studied for the first time
in this work. The ground-state rotational band was identified up to a tentative spin and
parity of Iπ = 20+.

The deduced moments of inertia of the ground-state rotational band of 244Cf indicate
an up-bend due to a possible alignment of nucleons in high- j orbitals at a frequency
of about ~ω = 0.2 MeV. The results were compared to other even-even N = 146
isotones as well as to theoretical calculations where available. The observed up-bend
in 244Cf was successfully predicted by some of the theoretical calculations. However,
the calculations are challenged to correctly describe all of the rotational features in the
N = 146 isotones due to possible contributions from octupole correlations.
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