
Isomer and β-delayed gamma-ray
spectroscopy for structure studies

of heavy, neutron-rich nuclei

Nawras M. S. Al-Dahan

Submitted for the degree of Doctor of Philosophy

Department of Physics,

Faculty of Engineerings and Physical Sciences,

University of Surrey.

June 2010



2

Abstract

β decays from heavy, neutron-rich nuclei with A ∼ 190 have been investigated

following their production via the relativistic projectile fragmentation of an E/A = 1

GeV 208Pb primary beam on a ∼2.5 g/cm2 9Be target. The reaction products were

separated and identified using the GSI FRagment Separator (FRS) and stopped in

the RISING active stopper. The active stopper consisted of an array of 5 cm × 5 cm

Double Sided Silicon Strip Detectors (DSSSDs), each pixellated into 16 strips in both

horizontal and vertical directions to measure the position of the implanted ions and

correlate these with subsequent β decays detected in the same pixels. γ decays were ob-

served and correlated with these secondary ions on an event-by-event basis such that

γ ray transitions following from both internal (isomeric) and β radioactivity decays

were recorded. The particle identification procedure was confirmed by the observa-

tion of the previously reported isomers in 188Ta, 190W, 192Re and 193Re. The current

data also show evidence for previously unreported isomeric states in 187Hf, 189,190Ta

and 191W. A number of discrete, β-delayed γ-ray transitions associated with β decays

from 194Re to excited states in 194Os have been observed, including previously reported

decays from the yrast Iπ = (6+) state. Three previously unreported γ-ray transitions

with energies 194, 349 and 554 keV are also identified; these transitions are associated

with decays from higher spin states in 194Os in the present work. A β-decay half-life

for 194Re has been determined for the first time in this work by measuring the time

differences between the implanted secondary ions in the active stopper and their sub-

sequent correlated β particles in the same pixel. The results of these investigations are

compared with theoretical predictions from Nilsson Multi Quasi Particle (MQP) cal-

culations and potential energy surface calculations. The structure of the neutron-rich

N = 128 isotones 208Hg and 209Tl has also been investigated following their production

via relativistic projectile fragmentation of a E/A=1 GeV 238U beam. Decays from
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metastable states in these nuclei have been identified and the yrast structures up to

spin-parity 8+ and 17/2+ respectively have been observed. The results are compared

with restricted basis shell model calculations, which allow the first detailed verification

of the shell-model approach in the region determined by magic numbers Z < 82 and

N > 126.
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“Contentment is wealth that does not
diminish”

Imam Ali (a.s.)
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Chapter 1

Introduction

An atom consists of an extremely small, positively charged nucleus surrounded

by a cloud of negatively charged electrons. The diameter of the atom is around 1

Angstrom (10−10m) but the nucleus, which contains almost all of the mass of the

atom, is of the order of Fermi (10−15m). Nuclei consist of positively charged protons

and electrically neutral neutrons which move independently of each other and interact

via the strong and Coulomb forces. It is the aim of nuclear physics to understand how

protons and neutrons interact together and how they affect the creation of the elements

in the universe.

The production and study of the most neutron-rich isotopes is one of the frontiers

of current nuclear structure research [1, 2]. There are just under 300 stable nuclei that

do not undergo radioactive decay from their ground states, but a total of approximately

7000 different unstable nuclei are thought to be particle bound. To date, almost 3000

of these have been created and studied in the laboratory [3]. The investigation of heavy

(A >170) neutron-rich nuclei poses an experimentally challenging area to study due to

difficulties in populating such neutron-rich nuclei.

The projectile fragmentation technique provides opportunities to observe nuclei

far from stability [4]. Fragmentation has proved to be an efficient tool for producing

exotic nuclear species and when combined with high sensitivity γ-ray detection arrays,

structural information can be gained for otherwise inaccessible nuclei [5, 6, 7, 8]. The

highest sensitivity is achieved with both isomeric and β-delayed γ-ray spectroscopy

techniques. Information on the excited states populated in this way can be obtained

when producing only a few hundred nuclei of interest [9, 10]. In its simplest form the

19
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Figure 1.1: Schematic section of the nuclear chart displaying the region of interest

in the current study. The red lines show the nuclei which have magic numbers of

protons (Z = 82) or neutrons (N = 126). The black squares represent the stable

nuclei. The red stars represent nuclei in which isomers were observed in the current

work. The red nuclei were populated and studied in the current work using the

Fragment Separator at GSI, Germany.

technique is sensitive to isomeric decays with lifetimes between 100 ns and 1 ms. The

lower limit comes from the flight time through the fragment separator (approximately

300 ns), the upper limit is determined by the necessity of correlating the delayed γ-rays

with the implanted ion.

It is well established that many nuclei with Z and N values between the closed

shells are permanently deformed in their ground states. The deformation arises due

to the way valence nucleons arrange themselves in an unfilled shell. The shape of the

nucleus tends to drive to a non-spherical shape, becoming greatest when the shell is

about half filled. The tendency to deformation is reversed and sphericity is restored
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when the shell closure is complete. The nuclei at closed shells resist becoming deformed

in their ground states and permanently deformed (ground state) nuclei are found only

when both neutron and proton shells are partially filled.

Neutron-rich nuclei with A ∼ 190 show a wide variation of nuclear structural

properties and are characterized by the presence of different ground-state shapes, for

example prolate, oblate, triaxial / γ-soft and spherical. The lighter isotopes of nuclei

in this region are prolate deformed in their ground states and by adding more and

more neutrons the shape becomes oblate [11, 12]. At the N = 126 closed shell, the

nuclei become spherical [13, 14]. Figure 1.1 shows a schematic of the nuclear chart for

A ∼ 180 − 220.

1.0.1 A ∼ 190 Region

The single particle motion and the residual interactions of nuclei near closed

shells (i.e. only a few valence nucleons) can be used to predict the low-lying excitation

energies of these nuclei. The properties of the low-lying states arise from the motion of

these few valence nucleons. Such an approach is limited and has proved unsuccessful for

predicting structural properties for nuclei near the mid shells and / or with a significant

numbers of valence nucleons [15].

The Os-Pt region is known to be structurally very complex [16, 17, 18] with ev-

idence of oblate, γ-soft and triaxial deformations. As such, it offers a rather sensitive

testing ground for nuclear models [19, 20]. The Os isotopes exhibit a transition be-

tween deformed and spherical nuclei with increasing neutron number [21, 22]. These

characteristics suggest that the study of the neutron-rich Os isotopes help to under-

stand the interplay between complex nuclear modes [21]. The nucleus 194Os has two

neutrons above the heaviest stable Osmium isotope, 192Os. The study of the low-lying

energy spectrum of 194Os helps to illuminate the approach of phase / shape transition

in this region [21, 22]. The spectroscopy information from the current study therefore

helps to test the theoretical predictions on this nucleus and also to confirm the limited

previous structural information of this nucleus.

It is necessary to describe the properties of such “transitional”nuclei not simply

in terms of the motion of a few valence nucleons, but rather by the collective properties,

in which many nucleons contribute cooperatively. The collective model [24] considers
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Figure 1.2: The experimental energy of the first excited state, E(2+), versus neutron

number for even-even nuclei between Nd and Hg (Z = 60 → 80) and for N = 82 →
N = 126. These data are taken from Ref. [23].

the nucleus as a single object, responsible for all the nuclear properties. The collective

properties are found to vary smoothly with the valence product [25, 26].

Two key signatures of the low-lying excitations are used to investigate the collec-

tive characteristics of the nuclear structure for even-even nuclei [15, 25, 26]:

(i) The excitation energy of the first 2+ state (E(2+)) [27]: The E(2+) decreases

smoothly as a function of the N and is remarkably constant for the even-even nuclei

in the region from N = 92 to N = 116 and Z = 60 → 76, as shown in figure 1.2, lower

E(2+) generally indicates more collective nuclei; and

(ii) The ratio of the first excitation energies 4+

1 and 2+

1 (R4/2 = E(4+

1 )/E(2+

1 )): The

E(4+

1 )/E(2+

1 ) ratio for even-even nuclei in the region from N = 92 to N = 116 and

Z = 60 → 74, as shown in figure 1.3. The ratio evolves form a value of < 2 for nuclei

near the closed shells, to ∼ 2 for vibrational structures [28], to ∼ 3.33 for well-deformed

axial rotors near the mid shell [29].

The first part of this thesis focusses on the structure study of the heavy neutron-
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N = 82 and N = 126, data taken from Ref. [23].

rich Osmium isotopes, specifically 194
76Os118.

1.0.2 Z < 82 N > 126 Studies

The understanding of how shell structure arises and develops is a major goal in

nuclear physics. To this end, it is of particular importance to measure the structural

properties of nuclei in the vicinity of closed shells. Information on the single-particle

energies, proton-neutron interactions and two-body residual interactions can be de-

rived from experimental observables such as binding energies, energies of the excited

states and electromagnetic transition probabilities. The proton-neutron (p-n) inter-

action [30, 31], particularly among the valence nucleons, is an important factor in

controlling the onset and development of collectivity and deformation in nuclei. It has

a characteristic behaviour that can be understood in terms of the spatial overlaps of

the valence nucleons, at least near closed shells. Since the residual p-n interaction

is primarily short range and attractive, it should be strongest when the protons and
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neutrons are in orbitals with greatest spatial overlap [32]. Valence p-n interactions

can be extracted experimentally from double differences of binding energies. While

many nuclei in the 208Pb region have been studied, there have, until now, been no

values for the p-n interaction for any even-even nucleus with Z < 82 and N > 126;

nor are there any spectroscopic data for any even-even nuclei in this region. Yet, such

nuclei, representing the “fourth”quadrant (the hole-particle sector) surrounding 208Pb,

are critical for understanding the effects of seniority, the onset of configuration mixing

and collectivity, and the drivers of nuclear deformation.

The region around the doubly magic nucleus 208Pb presents a unique testing

ground of basic nuclear physics concepts. With the results on 208Hg presented in

the current work, this is the only region of the nuclear chart (above 48Ca) where the

information is available on excited states on all four neighboring even-even nuclei (see

figure 1.4).

Recently, the mass of 208Hg was measured [32]. This has been used to determine

the p-n interaction strength of 210Pb, the first value in the hole-particle, h-p quadrant.

It also of note, that the r-process path passes through the quadrants where 208Hg lies

(Z < 82, N > 126) and the properties of these r-process path nuclei influence the

abundances of heavy nuclei in nature. The half-lives of these nuclei, one of the main

ingredients in the r-process calculations, are determined by the occupancy of these

orbitals in the ground state configurations.

The second part of this thesis provides the first spectroscopic data on an even-

even nucleus with Z < 82 and N > 126, namely 208
80Hg128. Knowledge of the properties

of heavy neutron-rich nuclei at or near the N = 126 shell closure is very limited. In

the case of nuclei with N > 126 and Z < 82 excited states have been reported to

date only in 208Tl [33] and 209Tl [34, 35, 36, 37]. The lack of information on nuclei in

this region is mainly due to the difficulties in creating and populating excited states in

these neutron-rich nuclei. Decays from isomeric states in the N = 128 isotones, 208Hg

and 209Tl have been identified for the first time in the current work.
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Figure 1.4: Experimental excitation energy range of E(2+
1
) values and the

E(4+

1
)/E(2+

1
) energy ratios around 208

82Pb126. Only even-even nuclei are considered.

Four quadrants are defined by the Z = 82 proton and N = 126 neutron shell closures.

The red box with black square is the first experimental results for 208Hg from the

current work. Other data are taken from Ref. [23].

1.1 Outline of thesis

In the two separate studies described in this thesis, projectile fragmentation re-

actions were used to populate the nuclei of interest which were identified using the

Fragment Separator (FRS) [38] at the GSI laboratory in Darmstadt, Germany. The

decays of these nuclei have been studied following both β and isomer-delayed γ-ray

spectroscopy using the Rare ISotope INvestigations at GSI (RISING) γ-ray spectrom-

eter [38]. The β-delayed studies utilized the new RISING Active Stopper [39] which

enabled positional and temporal correlations to be determined between the implanta-

tion of a specific exotic isotope and its subsequent β decay.

The first specific area of research presented in this thesis is the production and



1.1 Outline of thesis 26

structural investigation of the most neutron-rich isotopes of the elements Rhenium (Re,

Z = 75) and Osmium (Os, Z = 76) studied to date and the correlation of the decay

of 194Re nuclei with γ rays from transitions in their daughter 194Os nuclei. Previously

unreported γ-ray transitions with energies 194, 349 and 554 keV are identified, these

transitions were confirmed to be associated with decays from higher spin states in

194Os in the present work. This study also provides the first measurements of β-half-

lives in 194Re. The results on the low-lying states in 194Os are compared to energy

systematics in the region and with predictions of shape calculations on this nucleus.

Candidates for the (three) β−-decaying states identified in 194Re are also presented,

based on the results of Nilsson Multi Quasi Particle (MQP) calculations for axially

symmetric prolate and oblate configurations.

The second part of this work is aimed at obtaining information on the structure

of heavy neutron-rich nuclei with Z < 82 and N > 126. This study provides the first

spectroscopic data on an even-even nucleus in this region, namely 208
80Hg128. Isomeric

states in the N = 128 isotones, 208Hg and 209Tl have been identified for the first time.

The experimental results are compared with the results of restricted basis shell model

calculations which suggest well-defined shell model configurations for the observed iso-

meric states. Some of the work presented in this thesis has been reported in conference

proceedings [40, 41, 42], and published in Ref. [43].

The Chapters of the thesis are presented as follows: Chapter 2 gives an outline of

the relevant nuclear structure theory; the experimental techniques used in the current

work are described in Chapter 3. Chapter 4 describes the experimental details and par-

ticle identification techniques used in projectile fragmentation spectroscopy, together

with the experimental results and discussion of the 194Re β-decay to 194Os. In Chap-

ter 5 the experimental details, the experimental results and discussions of N = 128

isotones, 208Hg and 209Tl are presented. Finally, Chapter 6 gives a summary of this

study.



Chapter 2

Theory of nuclear structure

2.1 Nuclear models

2.1.1 Nuclear shell model

The study of nuclear properties shows evidence of nuclear shells similar to those

observed in atomic structure. One piece of clear evidence in the nuclear case is the sharp

discontinuity in nucleon separation energies for certain numbers of Z (proton number)

and N (neutron number), known as magic numbers 2, 8, 20, 28, 50, 82 and 126, where

the separation energy of the last nucleon is notably larger than the corresponding value

in the neighboring nuclei. Further evidence for this shell structure is the energy required

to excite nuclei which contain a magic number of protons or neutrons. In the case of

the electronic shells in atoms the picture is very clear, since there is a central Coulomb

potential due to the charge carried by the nucleus and electrons [44]. Therefore, there

are regular and smooth variations of atomic properties within a subshell, but rather

sudden and dramatic changes in properties when filling one subshell and entering the

next [26]. Figures 2.1 and 2.2 show the effect of the change in subshell occupancy on

the ionization energy of the elements and the analogous measured separation energies

(of protons and neutrons) with the nucleon number.

In the case of the nucleus there is no external potential (such as the Coulomb

potential in the atomic case) but the nucleons move in the potential that itself arises

from the combined effect of all the nucleons. The Spherical Shell Model was introduced

to describe spherical nuclei. It utilises a Woods-Saxon [46] potential coupled with a

27
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Figure 2.1: Ionization energy of the elements. The smooth variations in these prop-

erties correspond to the gradual filling of an atomic shell and the sudden jumps show

transitions to the next shell, figure taken from Ref. [26].

spin-orbit interaction. The spin-orbit term arises from a coupling between orbital

angular momentum l and the intrinsic angular momentum s of the individual nucleons

such that
−→
j =

−→
l +−→s . For each j-shell the energy levels are degenerate with (2j +1),

possible occupancies which are further labelled by the magnetic quantum number mj

(the projection of j). The Woods-Saxon potential can be described by [46]:

V (r) =
−V◦

1 + exp[ r−R
a

]
(2.1)

where r is the radial distance from the centre of the potential and a is the skin

thickness diffuseness parameter, R is the radius (R = 1.25A1/3) and V◦ defines the depth

of the potential. Figure 2.3 shows the single-particle energy levels of the independent

particle shell model.

For high-j orbitals the spin-orbit coupling causes the l+1/2 partner for a given j

value to be pushed down in energy relative to the l−1/2 spin-orbit partner. Therefore

one of these “high-j intruder”orbitals appears in a major oscillator shell lower that it

would have been without the spin-orbit term. This is precisely the effect required in

order to reproduce the magic numbers. A real shell (bounded by the magic numbers)

contains a majority of levels of one parity and one orbital of the opposite parity. It
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Figure 2.2: Top: Two-proton separation energies of sequences of isotones. Bottom:

Two-neutron separations energies of sequences of isotopes. The sudden changes show

the magic numbers. The data are differences between the measured values [45] and

the predictions of the semi-empirical mass formula. This figure is taken from Ref.

[26].
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is conventional to call this orbital an “intruder” or “unique parity” orbital [47]. This

model can explain many features of spherical nuclei but needs modifying to describe

nuclei with many nucleons outside closed shells; the residual interactions between these

many valence nucleons may be more simply described in terms of deformed potentials

[25].

2.1.2 Nuclear deformation

Nuclei with proton (Z) and neutron (N) numbers far from the closed shells are

not described well by using the independent particle spherical shell model. It is useful

for a deformed potential to be assumed for these regions of the nuclear chart. Some

experimental observations such as the presence of rotational band structures and large

ground state / 1st excited state quadrupole moments are able to be explained by using

the assumption of a nuclear (charge) deformation away from a spherical shape. The

nuclear radius of a deformed nucleus can be described [49] by the expression:

R(θ, φ) = Rav[1 +

∞
∑

λ=2

λ
∑

µ=−λ

αλµYλµ(θ, φ)] (2.2)

where αλ,µ are the coefficients of the spherical harmonics Yλµ(θ, φ) and Rav is the

average radius, Rav = R◦A
1

3 . The radius of axially symmetric nuclei (independent of

φ) can be expressed as

R(θ) = Rav[1 + β2Y20(θ)] (2.3)

where the deformation parameter β2 = α20 is related to the axes of the spheroid

by:

β2 =
4

3

√

π

5

△R

Rav
(2.4)

△R is the difference between the semi-major and semi-minor axes of the ellipse.

If β2 > 0 the nucleus has the elongated form of a prolate ellipsoid, if β2 < 0 the nucleus

has the flattened form of an oblate ellipsoid, and if β2 = 0 then the nucleus is spherical.

A larger value of β2 represents a more deformed nucleus. In the case where the nucleus

has axially asymmetry, a second parameter γ enters into the description of the nuclear

shape. The relationship between the γ deformation and the αλµ coefficients can be
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Figure 2.3: The single-particle energy levels of the independent particle shell model.

Left: A Simple Harmonic Oscillator potential (SHO), center: Woods-Saxon potential

and right: A Woods-Saxon potential coupled with a spin-orbit potential. This figure

is taken from Ref. [48].
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Figure 2.4: Diagram showing extreme versions of oblate, spherical and prolate shapes.

This figure is modified from Ref. [25].

described as follows [50],

α20 = β2cosγ (2.5)

α22 = α2−2 =
1√
2
β2sinγ (2.6)

The γ deformation is measured in degrees; γ = 0◦,−120◦ and γ = 60◦,−60◦

correspond to prolate and oblate shapes respectively. Others γ values correspond to

triaxial shapes. Figure 2.4 is shown a schematic diagram for idealised oblate, spherical

and prolate shapes.

2.1.3 Collective model

The nuclear shell model is based on the assumption that the neutrons and protons

are arranged in stable quantum states in a potential well which is common to all of

them. Many nuclei can be described as though most of the nucleons form an inert

core and low-energy excited states are determined by excitations of a few nucleons

“outside ”the core [15]. The nuclear shell model has proved successful in reproducing

the ground-state properties and low-lying excited states for many nuclei, especially near
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Figure 2.5: Schematic of the angular splitting of a i 13

2

state into its individual mag-

netic substates in a deformed potential taken from Ref. [25].

shell closures. However, it fails to describe the properties of the nuclei between the

shell closures (i.e. nuclei with a significant number of valence neutrons and protons).

Therefore, it is necessary to identify not simply the motion of a few valence nucleons,

but rather the whole nucleus. These properties are known as collective properties, in

which many nucleons participate cooperatively [26]. The two main kinds of collective

motion in nuclei are rotations and vibrations:

Nuclear rotations

For nuclei with a non-spherical shape, collective rotational motion can be observed

(the rotational motion can be observed only if there is a deviation from spherical sym-

metry). Therefore, deformed nuclei such as those with a prolate shape (see section

2.1.2) can rotate about one of its axes, but not about its third (symmetry) axis. Clas-

sically, the rotational angular momentum is given by Jw, where J is the moment of

inertia and w is the the angular frequency of the rotation. The rotational energy for

the classical relation is obtained by [15, 25]:

Erot(I) =
1

2
Jw2 (2.7)

The moment of inertia is equal to:
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w =
I~

J (2.8)

Combining the two equations above we obtain

Erot(I) =
1

2

(I~)2

J (2.9)

Substituting the quantum mechanical results for the value of the square of rota-

tional angular momentum, this gives

Erot(I) =
~

2

2J [I(I + 1)] (2.10)

For a perfect, idealised axially symmetric deformed even-even nucleus, the rota-

tional levels take the following rotational energy values [26, 25]:

E(0+) = 0 (2.11)

E(2+

1 ) = 6
~

2

2J (2.12)

E(4+

1 ) = 20
~

2

2J (2.13)

E(6+

1 ) = 42
~

2

2J (2.14)

Therefore, for a perfect axially symmetric rotor, the energy ratio E(4+

1 )/E(2+

1 )

is equal to 3.33 [25].

Nuclear vibrations

The shape of nuclei with Z and / or N numbers close to shell closures is assumed

to be near-spherical. It is possible for such nuclei to vibrate about this spherical shape

due to the residual interaction between the few valence nucleons. The quantum of

vibrational energy is called a phonon which is of described by a defined multipolarity,

λ. A λ = 1 deformation corresponds to a collective electric dipole excitation, which

represents a shift in the centre of mass of the nucleus and which cannot occur for a
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Figure 2.6: Schematic representation of the lowest three nuclear vibrational modes.

This figure is taken from Ref. [26].

nucleus as a whole in the absence of external forces [15]. Figure 2.6 shows a schematic

representation of the lowest three energy vibrational modes of a nucleus.

The quadrupole (λ = 2) excitation is the next lowest order vibrational mode. This

requires no compression or separation of protons and neutrons. The ground states of all

even-even nuclei have 0+ [25], therefore by adding one quanta of the vibrational energy,

a quadrupole phonon (two units of angular momentum), means that the first excited

state has spin / parity 2+. For two-quadrupole phonons of vibrational excitation, a

triplet of states with spin of 0+, 2+ and 4+ with about twice the energy of the single-

phonon state are observed [25].

Octupole vibrations are associated with λ = 3, which carries three units of angular

momentum and has negative parity (the parity, π, is given by (−1λ)). The energy of

the (3−) octupole vibrational states are usually found to lie somewhat higher than the

energy of 2+ vibrational state [15, 25, 26].
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2.1.4 Multi-quasiparticle excitations

The proton and neutron separation energies exhibit an odd-even effect, indicating

an extra binding in the 0+ ground states of even-even nuclei [25], this behavior is

described in terms of the pairing interaction. The pairing interaction in nuclei is very

important and is defined to be an attractive interaction acting only on two identical

particles coupled to total angular momentum 0+ states [25]. The extra binding energy

provided by pairs of nucleons can be appreciated through the relative abundance of

even-even (166), even-odd (110) and odd-odd (9) stable nuclear ground states across

the Segré chart [51].

For deformed nuclei, the probability for the kth orbital to be occupied and unoc-

cupied by a pair of nucleons are vk and uk respectively, so

| v2

k | + | u2

k |= 1 (2.15)

In the ground state of a nucleus, pairs of nucleons occupying orbitals near to the

unoccupied level can move to the “empty ”single-particle states. When a single nucleon

is excited to a previously unoccupied level, the energy, εk, is changed due to the fact

that pairs of nucleons cannot move to single occupied levels (this is called blocking).

The state at the new energy is called a single-quasiparticle state with energy given by

Ek =
√

(εk − µ)2 + △2 (2.16)

where µ is the Fermi energy which lies in the region between the occupied and

unoccupied orbitals and △ is the pair gap given by

△ = G
∑

k 6=kj

ukvk (2.17)

G is called the monopole pairing strength, and kj indicates singly occupied levels.

2.1.5 The Nilsson model

The Nilsson model provides a microscopic basis for descriptions of rotational and

vibrational collective motion that is directly linked to the spherical shell model [25].

In the Nilsson model [52], a deformed harmonic oscillator potential is used to solve the
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Figure 2.7: Schematic representation of the quantum numbers associated with an

axially symmetric deformed nucleus, taken from Ref. [53].

Schrödinger equation. The orbital angular momentum, l, is no longer a good number

and each single particle state is split into (2j + 1)/2 levels. The energy of the orbit

depends on its orientation with respect to the nuclear symmetry axis. Each j orbital

undergoes an energy splitting of its magnetic sub-states and therefore each individual

sub-state has an orbital plane at a different angle to the symmetry axis (see figure

2.5). The orientation of the orbital can be specified by the magnetic sub-state of the

nucleon which is the projection of the total angular momentum on the symmetry axis,

Ω. For multiparticle states, K is sum of Ω for all valence nucleons, K =
∑

i

Ωi and

both K = |Ω1 ±Ω2| are allowed. The energy of a nucleon depends on the angle of the

orbital θ, which is approximately equal to

θ = sin−1(Ω/j) (2.18)

The low-Ω values correspond to the orbital motion near the bulk of the nuclear

matter (see figure 2.6), and vice versa. Therefore the nucleon is on average further

away from the rest of the bulk nuclear matter when it has a large angular momentum

projection (i.e. for high Ω). Nilsson orbits are labelled as follows:

Ωπ[NnzΛ] (2.19)
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where Ω is the projection of the total angular momentum on the symmetry axis,

π is the parity of the orbital, N is the principal quantum number denoting the major

shell, nz is the number of nodes in the wave function in the z direction and Λ is the

component of the orbital angular momentum along the z (i.e. the symmetry) axis.

The value of Ω can be defined as Ω = Λ±Σ (where Σ = 1

2
, and is the projection of the

intrinsic nucleon spin on the symmetry axis). Figure 2.8 shows the Nilsson diagram

for protons 50 ≥ Z ≥ 82, taken from Ref. [54].

2.2 Radioactive decay

2.2.1 Gamma decay

Many α and β decays and indeed most nuclear reactions leave the final nucleus

in an excited state which decays to its ground state through the emission of one or

more γ rays. The study of γ-ray emission is of particular importance in the use of the

nuclear spectroscopy.

Let us consider a γ-ray transition from an initial excited state of energy Ei,

angular momentum Ii and parity πi to the final state Ef , angular momentum If , the

parity πf and M◦ is the rest mass of the nucleus. The energy of the γ ray can be

described by [26]:

△E = Ei − Ef = Eγ +
E2

γ

2M◦c2
(2.20)

where △E ≫
E2

γ

2M◦c2
and the angular momentum will be within the limits [26]:

|Ii − If | ≤ L ≤ Ii + If (2.21)

For electric (E) and magnetic (M) transitions respectively, the parity change in

the transition is given by the selection rules [26]:

△π(EL) = (−1)L (2.22)

△π(ML) = (−1)L+1 (2.23)
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Figure 2.8: Nilsson model for protons, 50 ≥ Z ≥ 82(ε4 = ε2
2/6). This figure is taken

from Ref. [54].
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where L is the angular momentum of the transition. Note that the same order

of electric and magnetic multipoles always have opposite parity. Since photons have

an intrinsic spin of 1~, the transitions between two 0+ or 0− states, i.e. pure △L = 0

are forbidden to proceed via γ decay. Such transitions may proceed via internal pair

formation (creation of an e+ e− if Eγ > 1.022MeV) or internal conversion.

The total electromagnetic transition probability can be determined by [55]:

λfi(λL) =
8π(L + 1)

~L((2L + 1)!!)2

(

Eγ

~c

)2L+1

B(λL; Ji → Jf ) (2.24)

where B(λL) is the reduced transition probability for a transition of multipolar-

ity, λ, which carries Eγ (in MeV) of energy and L units of angular momentum (~).

These reduced transition probabilities are given by the reduced matrix elements [55]

for electric and magnetic transitions by the following equations:

B(EL; Ji → Jf) =
1

2Li + 1
|〈f |QL|i〉|2 (2.25)

B(ML; Ji → Jf ) =
1

2Li + 1
|〈f |ML|i〉|2 (2.26)

QL and ML are the electric and magnetic multiple operators respectively. Tran-

sition probabilities in terms of the Weisskopf single-particle estimates are given by

[55]:

λ(EL) =
8π(L + 1)

L((2L + 1)!!)2

e2

4πε◦~c

(

E

~c

)2L+1 (

3

L + 3

)2

cR2L (2.27)

and

λ(ML) =
8π(L + 1)

L((2L + 1)!!)2

(

µp −
1

L + 1

)2 (

~

mpc

)2 (

e2

4πε◦~c

) (

E

~c

)2L+1 (

3

L + 3

)2

cR2L−2

(2.28)

where R = R◦A
1/3, µp is the magnetic moment, mp is the mass of the proton.

It is customary to replace the factor

(

µp −
1

L + 1

)2

by a factor of 10, which gives

the estimates for the lower multiple order [26], see Table 2.1. These represent the

Weisskopf estimates for different multipolarity [26].

Based on these Weisskopf single-particle estimates, two conclusions about tran-

sition probabilities can be obtained [26]: (i) The lower multipolarities are dominant,
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Table 2.1: Weisskopf single− particle estimates for different electromagnetic mul-

tipolarities. Values are in s−1 units when E in MeV and A is the atomic mass number

[26].

T (E1) = 1.0 × 1014A2/3E3 T (M1) = 5.6 × 1013E3

T (E2) = 7.3 × 107A4/3E5 T (M2) = 3.5 × 107A2/3E5

T (E3) = 3.4 × 101A2E7 T (M3) = 1.6 × 101A4/3E7

T (E4) = 1.1 × 10−5A8/3E9 T (M4) = 4.5 × 10−6A2E9

increasing the multipole order by one unit the transition probabilities reduces by a

factor of 10−5 [26]; and (ii) For a given multipole order, electric radiation typically has

a higher transition probability than magnetic radiation by two orders of magnitude in

medium and heavy nuclei [26].

2.2.2 Internal conversion

Internal conversion is an electromagnetic process that competes with γ-ray emis-

sion [26]. In the case of internal conversion, a bound electron (usually from the inner

K or L atomic shells of the atom) is emitted. In contrast to β decay, the electron

is not created in the decay process but rather, previously occupied a bound state in

the atomic shell [26]. The competing γ-ray transition energy for such a decay is the

difference between the initial and final states, Et = Ei − Ef , minus a small amount of

kinetic energy for the recoiling nucleus. The electron emitted in the competing internal

conversion process will have a kinetic energy such that

Ek
∼= Et − Bi (2.29)

where Bi is the binding energy of the electron in the ith electron shell. The

emission of the electron and the resulting rearrangement of the electrons in the atomic

shells will lead to the emission of characteristic X-rays or Auger electrons. The internal

conversion coefficient [26] can be defined by:
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Figure 2.9: Theoretical total internal conversion coefficients for Os isotopes, taken

from Ref. [56].

α =
Ie

Iγ

(2.30)

where Ie and Iγ are the decay probabilities due to electron conversion and γ-ray

emission respectively. The total internal coefficient, αT , is described by the sum of the

individual coefficient for each atomic shell, such that:

αT = αK + αL + αM + ... (2.31)

The total decay probability λT is related to the γ-ray partial decay probability

by the relationship:

λT = λγ(1 + αT ) (2.32)

The internal conversion coefficients for electric and magnetic multipoles are given

by the following equations [26]:

α(EL) ≈ Z3

n3

(

L

L + 1

) (

e2

4πǫ◦~c

)4 (

2mec
2

Et

)L+
5

2

(2.33)
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α(ML) ≈ Z3

n3

(

e2

4πǫ◦~c

)4 (

2mec
2

Et

)L+
3

2

(2.34)

where Z is the atomic number, E is the transition energy and n is the principal

quantum number of the electron shell. The main features of the conversion coefficients

can be given in the following (approximate) expressions [26]:

(i) The conversion coefficients increase as Z3 and so the electron conversion process is

more probable for heavy nuclei than for light nuclei.

(ii) The conversion coefficients decreases rapidly with increasing transition energy.

(iii) The conversion coefficients increase rapidly as the multipole order increases.

(iv) The conversion coefficients decrease as 1/n3 for higher atomic shells (n > 1).

(iiv) The conversion coefficients have higher probability for magnetic transitions com-

pared to electric transitions of the same multipole order.

Figures 2.9 and 2.10 shows the theoretical total internal conversion coefficients for Os-

mium and Mercury isotopes respectively as a function of the transition energies [56].

2.2.3 β− decay

An unstable nucleus on the neutron-rich side of the line of stability has a finite

probability of undergoing β− decay. When this process of decay takes place a neutron

in the nucleus decays as follows:

n → p + β− + νe (2.35)

where n and p are a neutron and proton respectively, β− is a β-minus particle

(an electron, created and emitted during the β−-decay process) and νe is an electron

antineutrino [57]. The probability of this process depends on the relation between the

wave functions of the initial and final nuclear states.

In the allowed approximation, the electron and neutrino can not carry any orbital

angular momentum and the only change in the angular momentum of the nucleus must

result from the spins of the electron and neutrino, each of which has the value s =
1

2
~.

These two spins can be coupled parallel (total S = 1) or antiparallel (total S = 0).

If the spins are antiparallel (which is known as a Fermi decay) then in the allowed

approximation (l = 0) there can be no change in the nuclear spin [26]:
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Figure 2.10: Theoretical total internal conversion coefficients for Hg isotopes, taken

from Ref. [56].

△I = |Ii − If | = 0 (2.36)

If the electron and neutrino spins are parallel (which is called a Gamow-Teller

decay), they carry a total angular momentum of 1~ and thus Ii and If must be coupled

through a vector of length 1, such that:

−→
Ii =

−→
If + 1 (2.37)

This is possible only if △I = 0 or 1. If the electron and neutrino carry no orbital

angular momentum, then the parities of the initial and final states must be identical

since the parity associated with orbital angular momentum l is (−1)l. The selection

rules for allowed β decay are thus defined as the follows [26]:

△I = 0, 1 △ π (parity change) = no (2.38)
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Forbidden decays, are (usually) less probable than allowed decays, but if there is

no probability for an allowed decay (from the above selection rules), then the forbidden

decays are the only ones that can proceed. The most frequent occurrence of a forbidden

decay is when the initial and final states have opposite parities [26]. To accomplish the

change in parity, the electron and neutrino must be emitted with an odd value of the

orbital angular momentum relative to the nucleus [26], and like allowed decays, they

can occur with both Fermi couplings with the electron and neutrino spins opposite,

(S = 0), and Gamow-Teller coupling with the spins parallel (S = 1). The coupling of

S = 0 with l = 1 for the Fermi decays gives total angular momentum of one unit carried

by the β-decay, so that △I = 0 or 1. Coupling S = 1 with l = 1 for the Gamow-Teller

decays give 0, 1, or 2 unit of total angular momentum, so that △I = 0, 1, or 2. Thus

the selection rules for the first-forbidden decays are [26]:

△I = 0, 1, 2 △ π (parity change) = yes (2.39)

Coupling intrinsic spins of 0 or 1 to angular momentum of l = 2, in principle can

change the nuclear spin by any integer amount from △I = 0 to △I = 3. The △I = 0

and △I = 1 cases fall within the selection rules for allowed decays, so the selection

rules for the second-forbidden decays are [26]:

△I = 2, 3 △ π (parity change) = no (2.40)

2.3 Projectile fragmentation reactions

Fragmentation is the reaction mechanism which occurs during the collision be-

tween two nuclei at relative energies higher than the Fermi velocity of the nucleons

(vF ∼ 107 m/s), such that the target nucleons are effectively static during the fragmen-

tation reaction. The collision of a heavy-ion projectile with a target can be described,

to a first approximation, using a geometrical parameterisation. According to the size of

the impact parameter, the collisions will be either central or peripheral [58]. In the first

case, the collisions lead to processes such as multi-fragmentation. Peripheral collisions

can result in the formation of fragments with masses close to the projectile, which can

be described by a two-step abrasion-ablation model [59]. The abrasion model, relies

on the concept of a clean cut of the projectile nucleus by the target (and vice versa).
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Figure 2.11: A schematic view of the projectile fragmentation reaction mechanism.

According to this model, if the relative velocity of the reaction partners is much higher

than the Fermi velocity of the nucleons, the nucleon-nucleon collisions are restricted

to the overlap zone. The parts of the nuclei outside the overlap zone, called specta-

tors or pre-fragments, are not affected by the initial collision. The impact parameter

determines the number of nucleons removed from the projectile and the target. In

the second, ablation stage, the hot prefragment either fissions or boils off/evaporates

nucleons until the final fragment is formed with an excitation energy below the parti-

cle emission threshold. In the fragmentation process it is possible to populate many

different nuclear species. This geometrical description is shown schematically in figure

2.11 and discussed in further detail in the Refs. [60, 61].

2.4 Isomeric states

Isomeric states are metastable states which correspond to excited states [62] of

a nucleus with a lifetime longer than expected for a typical intrinsic state. A nuclear

isomer occupies a higher excitation energy state than the ground state. The nuclear

isomer will eventually release its excitation energy and decay towards the ground state.

There is no strict formal limit on the half-life for an excited state to be considered as

isomeric. The lifetimes of collective nuclear excited states are typically approximately

10−12 s. By contrast the isomeric state in 180Ta has a half-life greater that 1015 years



2.4 Isomeric states 47

[63]. A challenge for scientific discovery lies in the understanding of the formation of

nuclear isomers (through a better comprehension of nuclear structure) and the ability

to excite and de-excite isomers at will for a broad range of nuclear applications, includ-

ing the exploration of nuclei with isomeric states in nuclear astrophysics to determine

how they affect the creation of the elements in the universe. There are four main types

of nuclear isomer: seniority, spin-trap, K and shape isomers.

2.4.1 Seniority

Seniority refers to the number of unpaired nucleons (ν) in a state of angular

momentum J in the configuration jn (i.e. the number of nucleons which do not couple

to J=0). In the nuclear chart, seniority behavior (i.e. where seniority can be considered

as a “good”quantum number) is most likely to be found near magic numbers where the

collectivity inducing valence p− n interactions are likely to be weak [25]. For example

in 210
82Po128 [64], a Jπ = 8+ state is formed by the coupling of two protons in h9/2

orbital and this state has seniority of two (ν = 2). The ground state has ν = 0 as

all the nucleons are paired to Jπ = 0+. Therefore, to form state of higher spin it is

necessary to break a pair of nucleons. Transitions from the 6+ → 4+ → 2+ states all

have ν = 2 and thus ∆ν = 0 while the transition from 2+ to the ground state 0+ which

has ν = 0 is therefore ∆ν = 2.

2.4.2 Spin traps

The existence of spin traps depends on the difficulty in meeting spin (and parity)

selection rules, which are required to conserve angular momentum in electromagnetic

decay. A decay from an excited state which requires a large change in the nuclear

spin means that the electromagnetic radiation emission must proceed via a high mul-

tipolarity, (λ) transition to match the change of the spin. From the electromagnetic

selection rules, selection a decay with larger change in angular momentum is related

with smaller probability and longer half-life associated with that transition.
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Figure 2.12: A schematic representation of seniority quantum numbers, this figure is

taken from Ref. [65].

2.4.3 K isomers

This kind of isomer arises only in axially symmetric deformed nuclei which are

found away from the closed shells. Most K-isomers have been found in A ≈180 nuclei

region. K represents the projection of the total nuclear spin along the symmetry axis

of the nucleus and is a quantum number in axially symetric nuclei [62]. The selection

rule for an allowed electromagnetic decay with multipolarity λ, between initial and

final states of Ki and Ki respectively given by

|Ki − Kf | = △K ≤ λ (2.41)

Transitions with △K > λ violate this selection rule and are hindered. The degree

of K-forbiddenness for a transition, ν, is defined as follows

ν = △K − λ (2.42)

The extent of the hindrance to the transition probability is related to the degree

of forbiddenness and the K-mixing which violates the K-quantum number [51]. The
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hindrance per degree of K forbiddenness (or the reduced hindrance) is given by

fν =

[

tγ
1/2

tW
1/2

]1/ν

(2.43)

where tγ
1/2

is the partial γ-ray half-life and tW
1/2

is the corresponding Weisskopf

single-particle estimate.

2.4.4 Shape isomers

Shape isomers occur when there is a secondary energy minimum at large elonga-

tion of the nucleus, the primary energy minimum correspond to the ground state [62].

Decay to the ground state by γ-ray emission in very heavy nuclei can compete with

fission into two lighter nuclei for so called “fission”isomers [66].



Chapter 3

Experimental technique: Preparing

the nuclei of interest

The experimental technique used for the production of heavy neutron-rich nuclei

in the current work is the fragmentation of relativistic heavy projectiles. The experi-

ments discussed required the use of a heavy-ion accelerator to provide the relativistic

primary beams together with a high-resolution magnetic spectrometer with different

detectors for identifying and separating the projectile residues produced in these re-

actions. The SIS/FRS facility of the Gesellschaft für Schwerionenforschung (GSI) is

one of the best suited for these kinds of experiments. In this chapter the experimental

equipment which was used for the beam delivery and for the production of the heavy

neutron-rich nuclei is described.

3.1 The GSI accelerator system

The GSI accelerator complex facility located in Darmstadt, Germany, is one of the

leading facilities for relativistic heavy-ion nuclear research. The accelerator system at

GSI comprises of a two step accelerating process. Ions are first accelerated to energies

of around 11.5 MeV per nucleon by UNIversal Linear ACcelerator (UNILAC). The ions

are then injected into the SchwerIonen Synchrotron 18 (SIS-18) for full acceleration.

Thin carbon foils at the front of SIS were used to increase the charge state of the

ions of interest, which is needed to be able to reach the desired final energy [58]. The

maximum energies achieved by SIS are determined by its maximum magnetic bending

50
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Figure 3.1: Schematic view of the GSI accelerator facilities and experimental areas

taken from Ref. [67].

power of 18 Tm. The accelerating system at GSI has been able to provide heavy stable

ion beams from hydrogen to uranium at maximum energies varying from 1 to 4.5 GeV

per nucleon [38]. Figure 3.1 shows a schematic view of the GSI accelerator facilities

and experimental areas [67].

3.2 Fragmenting the primary beam

The GSI FRagment Separator (FRS) is a high resolution magnetic spectrometer

designed for research studies using relativistic heavy ions [38]. Heavy-ion beams with

magnetic rigidities ranging from 5 to 18 Tm can be analysed using this spectrometer.

The FRS has four stages, each one consisting of a 30◦ dipole magnet and a set of

quadrupole and sextupole magnets for focusing (see figure 3.2). There are quadrupole

doublets at the entrance and exit to each dipole magnet volume. Quadrupole triplet



3.2 Fragmenting the primary beam 52

magnets provide the correction optics for the focal planes. Sextupole magnets were

positioned to enable fine adjustments to the optics. The total orbital length of the

FRS is approximately 70 m. The FRS, being a magnetic spectrometer, separates the

fragments according to the ratio of mass number over the ionic charge, and velocity

according to the magnetic rigidity, where

Figure 3.2: Schematic outline of the FRS at GSI adapted from Ref. [38]. Highlighted

in red are the dipole magnets, the quadrupole magnets are blue. Localities along the

separator are labelled by S1, S2, S3 and S4; the number index increases after each

dipole magnet.

Bρ =
p

qe
= γβc

m

qe
=

A

q
βγ

uc

e
(3.1)

B is the magnetic field of the dipole magnets, ρ is the bending radius, p is the

linear momentum from the relativistic parameters with (β = v/c, where v is the velocity

of the ion and c is the speed of light), u is the atomic mass unit, q is the ionic charge

state of the fragment and e is the electron charge (1.6 x 10−19C). The fragmented

nuclei leaving the target pass through a thin Nb foil which causes the majority of

the fragments to be fully ionized. The main reason for this extra ionization of the

secondary beam is for the benefit of particle identification and selection. The particle
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separation process is highly dependent on the ionic charge state (q). A second benefit

of electron stripping is the inhibition of internal conversion decay in flight. The time of

flight for typical fragments through the FRS is ∼300 ns. During this time, the highly

ionized nature of the transmitted ions results in a prohibiting of internal conversion and

some highly converted isomeric half-lives can be effectively extended in-flight, allowing

for measurements of some (short-lived) isomers which would have otherwise decayed

in-flight [7].

3.3 Components of the FRagment Separator

All of the multiple species of reaction products from fragmentation can in principle

be transmitted to the final focal plane of the FRS. Therefore it is necessary to achieve

unambiguous particle identification of the ions. In the RISING set-up [38] used in the

present work, this was achieved using measurements from three three kinds of beam

line detector: (i) plastic scintillators for the time of flight determination (TOF) [68];

(ii) transmission ionization chambers for the atomic number measurements △E (∼Z)

[69]; and (iii) multiwire proportional chambers for position measurements [70]. By

combining the data collected from these beam line detectors and the deduced magnetic

rigidity (Bρ) of the dipole magnets, quantities such as the mass to charge ratio (A/Q)

and the atomic number (Z) can be evaluated and used to identify unambiguously which

nuclear species have arrived at the final focal plane. Figure 3.3 shows a schematic view

of the detector configuration at the final focus of the GSI Fragment Separator for the

first experimental campaign of the Stopped RISING Active Stopper [71].

3.3.1 Dipole magnets

Dipole magnets are used for their ability of bend charged particles. The dipole

magnets in the FRS have fixed bending radii and the magnetic field can be operated up

to 1.6 T. The magnets are set up such that particle dispersion is across the horizontal

plane, commonly referred to as the x dimension. The maximum acceptance width for

particles is 100 mm either side of the beam centre. The nominal curvature radius of

11.25 m of the 30◦ dipoles constrains the maximum magnetic rigidity accepted by the

FRS to 18 Tm.
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Figure 3.3: Schematic of the detector configuration of the GSI Fragment Separa-

tor. D=the dipole magnets; MW= MultiWire detectors; Sci=plastic scintillation

detectors; MU=MUlti Sampling Ionising Chamber detectors. The number 2 and 4

corresponds to the detectors being placed at the intermediate and final focal plane

of the GSI Fragment Separator respectively.

3.3.2 Quadrupole magnets

Quadrupole magnets are placed throughout the FRS. Quadrupoles are positioned

before and after the dipole magnets. The geometric separation of these magnets com-

bines with the magnetic field strengths for an optimum optical focus of the beam. They

correct dispersions due to in-beam matter interactions prior to the dipole magnet and

variances in the dipole magnet bending effects. Sextupole magnets are also placed

before and after the dipole magnets to make second order corrections to the beam

focusing.

3.3.3 Scintillator detectors

The scintillation detectors of the FRS are used for both time of flight measure-

ments and for determining the horizontal position of the ions as they pass through the

separator. Two plastic scintillation detectors were used at the intermediate (Sci21)

and final focal planes (Sci41) of the FRS. The scintillators are made of Bicron BC420

[58], a plastic characterised by a high efficiency in the production of light, which has a

fast time response of ≈ 5 ns.
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The signals coming from the photo-multipliers were used as the start and stop

of a Time to Amplitude Converter (TAC). The analog output of the TAC was then

read by an Analog to Digital Converter (ADC). Figure 3.4 shows a simple diagram of

the operation of a scintillator detector. The ions pass through Sci21 at time T2 and

through Sci41 at time T4. However, before the signals arrive at the TAC, the output

of the photomultipliers at Sci21 have to travel through a longer cable and therefore the

arrival times of all signals at the TAC are rather close in real time. A time delay, T0,

is chosen in such a way that T2+T0 >T4.

The measured Time of Flight, TOF ∗, is the average of the right and left hand

signals so that,

TOF ∗ =
TOF ∗

L . αL + TOF ∗
R . αR

2
= T2 + T◦ − T4 (3.2)

where αL and αR are the calibration factors used to convert the left and right

TOF ∗
L and TOF ∗

R respectively into nanoseconds. The true TOF is then equal to

TOF =
d◦

v
= T4 − T2 (3.3)

where d◦ is the flight path and v is the velocity of the ion.

3.3.4 Slits

Several pairs of slits are placed in the beam line. These slits are pairs of thick

blocks of copper and are thick enough to stop any fragment incident on them, thereby

allowing only particles between the two blocks to continue along the FRS. The copper

blocks are adjustable across the x-plane of the beam and can be used asymmetrically.

They are used to remove unwanted nuclei from the secondary beam by effectively

reducing the maximum 200 mm width of the beam.

3.3.5 MultiWire proportional counters

A schematic drawing of the multi-wire (MW) counters [72] which were used in the

current work for measuring the position of the particles in the x and y planes is shown

in figure 3.5. These detectors consist of a gas filled chamber with four sets of wires

in parallel planes, each holding a different potential. The MW counters have 100µm
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Figure 3.4: Schematic outline of a Multi-wire (MW) counter taken from Ref. [72].

Ti or 25µm krypton windows and are filled with a mixture of Ar, CO2 and alcohol

at atmospheric pressure. The output signal of the MW was achieved by a delay line.

Each wire corresponds to a different delay time which is converted to a digital signal

using Time to Digital Converters (TDCs). The MW detectors have the disadvantage

that their wire structure introduces inhomogeneities in the projectile fragment beam.

For this reason the MW were used for the calibration measurements only and then

they were taken out of the beam line during the actual experiments.

3.3.6 Degraders

There are two degraders in the FRS, both of which are made from Aluminum.

One is placed at the final focal plane of the FRS (S4) and is used to reduce the velocity

of secondary beam particles. The other degrader is at the intermediate focal plane

of the FRS (S2) and is angular (wedge shaped). The latter is used to separate the

beam particles and provide a degree of channel selection in the transmitted secondary

fragments. The angle of this wedge results in a varying thickness of the Aluminum

across the horizontal plane of the beam line. Thus particles passing through the de-

grader at different positions pass through different thicknesses of material. There are

two different modes which can be operated using this degarder, namely the achromatic

and monochromatic modes:
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Figure 3.5: Contour plot of the ions distributions at the final focal plane of the FRS

for the achromatic (upper panel) and monochromatic modes (lower panel) of the

degrader. This figure is taken from Ref. [73].
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Achromatic mode

The achromatic mode allows a relatively wide horizontal separation of isotopes

at the final focal plane. The first stage of the separator selects in A/Z (assuming that

all the ions passing the separator are fully stripped). It selects a band of isotopes along

the line A/Z = constant, the width of which is determined by the velocity spread of

the fragments [73]. The energy loss in the degrader is analyzed in the second part of

the separator in terms of momentum change, which imposes a second cut in the (A, Z)

plane. Therefore, in this way a single isotope species can be selected [73]. In the April

2008 experiment, the achromatic mode was used (see section 5.2).

Monochromatic mode

The monochromatic or “mono-energetic”mode is used to give a good separation

of isotopes by range for experiments in which it is essential that the ions of interest

are implanted precisely in the Silicon detector (at the final focal plane of the FRS) as

a function of well defined depth. The energy loss of the fragment after traversing an

intermediate monochromatic degarder does not depend on its position at the interme-

diate focal plane. In the March 2007 experiment (see section 4.2) the monochromatic

mode was used for two specific reasons: (i) the implanted ions were implanted in the

active stopper with similar energies for a given species. This improved the identifica-

tion of the implanted ions and the correlations of their subsequent beta decays; and

(ii) The mode minimized the probability of having several implanted ions in the same

pixel within a typical correlation time (i.e. the use of monochromatic mode allowed

the distribution of the implanted ions across as wide an area as possible in the active

stopper). Figure 3.5 shows a schematic contour plots of the ion distributions at the fi-

nal focal plane of the FRS for the achromatic (upper panel) and monochromatic modes

(lower panel) of the degrader [73].

3.3.7 MUlti-Sampling Ionisation Chambers

At the final focal plane of the FRS two Multi Sampling Ionisation Chambers

(MUSICs) were installed. There were used to determine the atomic number (Z) of

the fragments passing through them. Figure 3.7 shows a schematic view of a MUSIC
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Figure 3.6: Schematic drawing of a MUSIC detector adapted from Ref. [69].

detector. The MUSIC chamber is a gas-filled container with an anode and cathode that

are kept at a given working voltage. A fragment passes through the active region of

dimension (276 x 150) mm2. This generates a cloud of gas ions and free electrons, the

amplitude of which depends on the speed of the incoming particle and is proportional

to the square of its charge (i.e. △E ∝ Z2). In the current work, the MUSIC chamber

was 600 mm long and had exit windows made of thin krypton (C22H10O5N2) foils each

of 25 µm thickness (to minimise the secondary interactions of the fragments). The

chamber was filled with P10 gas (90% Ar and 10% CH4) under atmospheric pressure

at room temperature. Inside the chamber there were six anodes, but only the middle

four were used for actual measurements (each one is 100 mm long), with the outer two

used to assure the homogeneity of the electric field.

3.3.8 High-Purity Germanium Detectors

High-Purity Germanium (HPGe) detectors must be used at low temperature

because of the effect of noise associated with thermal excitations; therefore the HPGe

detectors were cooled during the experiments by using liquid nitrogen (T=77 K). A

range of different possible interaction mechanisms for γ rays with matter are known

but the most important these are described individually below, these being (i) the

photoelectric effect, (ii) Compton scattering and (iii) pair production.
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Figure 3.7: γ-ray photopeak efficiency response of the RISING array. This efficiency

was measured using: 241Am, 133Ba, 137Cs and 60Co sources.

Photoelectric effect

The incident photon interacts with a bound atomic electron from the inner shells,

usually the K and M. This results in the total absorption of the photon energy. The

electron will be released from the atom with a kinetic energy (Ee) given by:

Ee = hν − Eb (3.4)

where h is the Plank constant, ν is the photon electromagnetic wave frequency

and Eb is the binding energy of the electron in its atom. After the emission of the

electron, a vacancy in one of the bound shells is created. This vacancy is directly

filled through the capture of a free electron or via rearrangement of the electrons from

other shells of the atom. Therefore, a characteristic X-ray or Auger electron will be

generated. The photoelectric effect is the dominant type of interaction for γ rays of

relatively low energy. The probability of the photoelectric absorption per atom is given

by [74]:
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τ ∼= constant × Zn

E3.5
γ

(3.5)

where Z is the atomic number and n varies between 4 and 5 depending on energy

region of interest and Eγ is the photon energy.

Compton scattering

In Compton scattering process, the incident photon interacts with a quasi-free or

weakly bound atomic electron. The photon transfers a portion of its energy to that

electron and scatters the rest of the energy through continuous possible range of in

various angles. The energy of the scattered photon (Eγ ′) depends on the scattering

angle and its given by the following equation [74]:

Eγ ′ =
Eγ

1 +
Eγ

m◦c2
(1 − cosθ)

(3.6)

where Eγ is the energy of the incident photon, m◦c
2 is the rest mass energy of the

electron and θ is the scatter angle of the γ ray. The probability of Compton scattering

increases linearly with the atomic number (Z).

Pair production

If the energy of incident photon is greater than twice the rest mass energy of

an electron (1.02 MeV), the pair production process is energetically possible. The

probability of this process remains very low until the energy of the γ ray approaches

several MeV, however this process is dominant for high energy γ rays (Eγ > 5 MeV).

This interaction takes place between the incident photon and the coulomb field of a

nucleus. The photon disappears and is replaced by an electron-positron pair [74]. The

positron will subsequently annihilate after the slowing down in the absorbing material.

Therefore two annihilation photons are normally produced with energy 511 keV as

secondary product of this interaction.
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3.4 The RISING Ge array

The aim of the RISING (Rare ISotope INvestigations at GSI) collaboration [75]

is to use GeV range beams from the GSI/SIS synchrotron to study exotic nuclei pro-

duced through heavy-ion projectile fragmentation. This production technique coupled

to a powerful germanium array using detectors from the decommissioned Euroball IV

setup [76], with the use of the GSI fragment separator for the selection and identifi-

cation of the produced ions, makes RISING a very powerful tool for the study of the

internal structure of exotic nuclei [77]. In the configuration used in the current work,

15 germanium cluster detectors each with seven large volume crystals were placed in

a high-efficiency arrangement. The detectors were positioned in three angular rings at

angles of 51◦, 90◦ and 129◦ to the primary beam axis, each containing seven cluster

detectors (see figure 3.8). The measured photopeak γ-ray efficiency for the array in this

geometry for sources placed in the centre of the focal plane was approximately 15% at

661 keV [78]. The energy signal was processed by full digital electronics using DGF-4C

modules from the XIA company [78]. These modules have an internal clock with a 25

ns step which was used for the γ-ray timing signal from the germanium detectors. Two

additional analogue timing signals were also produced by short-range (SR) and long-

range (LR) TDCs. Figure 3.7 shows the measured γ-ray photopeak efficiency curve of

the RISING array for DGF models. This efficiency was measured using: 241Am, 133Ba,

137Cs and 60Co point sources.

3.4.1 Active stopper

In the first phase of the RISING Stopped Beam experimental campaign a passive

stopper was used for experiments [80]. In the experiments described in this thesis, the

active stopper [39] was used for the first time in conjunction with the RISING γ-ray

array. The ions of interest were implanted in the active stopper detector set-up. This

consisted of a highly-pixelated Silicon detector stack which allows for correlation in

time and space of the signal from the implanted ion and subsequent signals produced

by β decays. The position of the implanted ion was correlated with its subsequent

β decay (detected in the same pixel) and both implants and beta-decay events were

measured using the active stopper.
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Figure 3.8: Photograph of the Stopped RISING array coupled to the RISING beam

line at the focal plane of the FRS [79].

The RISING active stopper consists of up to 9 (Double Sided Silicon Strip Detec-

tors) DSSSDs, each with 16 horizontal and vertical strips respectively, giving 256 pixels

per DSSSD. Three DSSSDs were used in March 2007 experiment and six for the April

2008 one. Each DSSSD is 5 cm by 5 cm in overall dimension and 1 mm thick. These

silicon detectors are pn junction diodes, operated with reverse bias voltage to form a

sensitive region where free charge carriers can be generated by implanted radiation.

The motion of a carrier (either an electron or a hole), produced by ionization

inside a silicon detector, can be described by [58]:

ν = µ(E).E (3.7)

where ν is the carrier velocity, E is the electric field and µ is the charge mobility,

which depends on the electric field. To add position sensitivity, these detectors are

highly segmented into individual horizontal and vertical strips. The DSSSDs were used

to determine the energy and position for both (i) the implanted secondary fragment

of interest produced directly from the projectile fragmentation reactions and (ii) β-

particles following the subsequent radioactive decay of the (often highly exotic) nucleus
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Figure 3.9: Photograph of the DSSSDs at the centre of the RISING array in its

stopped beam configuration. The active stopper is housed in the light tight box in

the middle of the opened RISING γ-ray array.

of interest and subsequent daughter decays.

The ultimate aim of the device is to correlate β-decay events with specific ex-

otic radioactive mother nuclei on an event-by-event basis. Figures 3.9 and 3.10 show

photographs of the bare DSSSDs and their position within a light-tight box placed in

the middle of the RISING gamma-ray array. One of the challenges in designing the

electronics for implantation and β-decay correlation experiments is the large difference

between the two main types of events. A fragment implantation may deposit between

3 and 5 GeV of energy into the DSSSDs, while a β particle (typically a few 100 keV in

a strip/pixel) deposits less that 4 MeV [58].

This issue was solved by using a preamplifier for the DSSSD energy signals,

which was linear in the low-energy response range followed by a logarithmic response

at higher gains. Semi-logarithmic preamplifiers were used which provided a linear

amplification up to 10 MeV and logarithmic amplification for the 10 MeV→3 GeV

range [39]. The linear part allowed for both measurements of β− and internal conversion

electrons [81] and in principle, also spectroscopy of delayed charged particle decays.
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Figure 3.10: Photograph of the bare DSSSDs used in the RISING active stopper

in their holder with the light-tight outer box removed. (Note this was not the final

geometry used for the three DSSSDs in the current work).

This range was calibrated using an open, internal conversion electron 207Bi source,

yielding an energy resolution of FWHM=20 keV and a minimum detection threshold

of approximately 150 keV [39]. The logarithmic part of the DSSSD output range

allowed for the determination of the implantation position in an individual pixel (i.e.

the pixel with maximum energy output compared to its neighbours) and was calibrated

for energy response using a pulser [39]. Scintillation detectors were placed both in front

of and behind the DSSSDs, allowing off-line suppression of most of those fragments

which were destroyed in the slowing down process. Further details on the response of

the semi-logarithmic pre-amplifier can be found in Ref. [71].



Chapter 4

β−-decay of 194Re −→ 194Os

4.1 Introduction

In this chapter, the production and structural investigation of neutron-rich iso-

topes of the elements Rhenium (Re, Z=75) and Osmium (Os, Z=76) is presented.

These nuclei were produced in highly energetic projectile fragmentation reactions and

identified using the FRS at the GSI laboratory in Darmstadt, Germany. This exper-

iment was performed in March 2007. The decays of these nuclei have been studied

following both beta and isomer-delayed γ-ray spectroscopy using the RISING γ-ray

spectrometer. The β-delayed studies utilised the RISING active stopper which en-

abled positional and temporal correlations to be determined between the implantation

of a specific exotic isotope and its subsequent β decay. The β−-decay lifetimes of three

low-lying states in 194Re isotope are measured. Decays from states populated in the

daughter nucleus, 194Os, following β-decay are also identified.

4.2 Experimental details

The nuclei of interest were produced following the interaction of a 208Pb primary

beam at 1 GeV per nucleon from the SIS-18 synchrotron at GSI, with a 9Be target

of thickness 2.54 g/cm2 located at the entrance of the FRS. The typical time length

per ion spill was about 1 second. The FRS was operated in monochromatic mode

using an aluminum wedge-shaped degrader [38] at the intermediate focal plane (S2).

In this experiment the active stopper consisted of three 5 cm × 5 cm DSSSDs, each

66
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Table 4.1: Experimental parameters details for the FRS setting, centred on the

transmissions of 190Ta, 192Ta and 194Re respectively.

S2 degrader S4 degrader Beam Spill Total Time

Setting Bρ1 Bρ2 Thickness Thickness Intensity Repetition of Collection

(Tm) (Tm) (mg/cm2) (mg/cm2) (ion/spill) (s)

190Ta 13.08 9.59 5050 3320 108 20 62 hours

192Ta 13.23 9.75 5050 3450 109 15 66 hours

194Re 13.05 9.45 5050 3040 4 × 108 7 6 hours

with 16 individual strips on the front and back faces, with each strip separation of 1

mm. This was used to measure the position of the implanted ions and correlate it with

its subsequent β decay detected in the same or neighbouring pixels of the DSSSDs.

Figure 4.1 shows a schematic of the detector configuration at the final focal plane of

the FRS at GSI which is used in this work. In the active stopper configuration the right

hand side DSSSD was placed behind the central DSSSD and used as a veto detector

to identify those ions not stopped in the first DSSSD. Following the initial calibration

setup for the experiment it was noticed that most of the ions were implanted in the

central and left DSSSDs and almost nothing was implanted on the right hand side

DSSSD position.

To maximise the number of fully stripped (q = Z) nuclei passing through the FRS,

niobium foils of 223 mg/cm2 and 108 mg/cm2 thicknesses respectively were placed both

after the target and the degrader at S2. Three FRS settings are discussed in the current

work, namely those centred on the transmission of fully stripped 190Ta, 192Ta and 194Re.

Table 4.1 gives a summary of the experimental details of these settings. Note, that

unless stated otherwise, the results shown this chapter are from the summed data of

the three settings outlined in Table 4.1.
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Figure 4.1: Schematic of the detector configuration at the final focal plane of the FRS

used in the present work, for the March 2007 experiment. Three of the possible six

positions (black boxes) in the active stopper were occupied by DSSSDs in this partic-

ular experiment. MW= MultiWire detectors; Sci= Scintillator detectors; MUSIC=

MUlti Sampling Ionising Chamber detectors. The secondary ions were transmitted

from left to right on this schematic. The label “4”indicates that the detectors are

placed at the final focal plane of the FRS.

4.3 Identification of the reaction products

4.3.1 Selection of projectile fragments

A cocktail of the secondary beams was created following the interaction of the

208Pb beam with the 9Be target at the entrance of the FRS. The products from this

reaction can be classified as either fission fragments or projectile fragments. Those

fragments which were transmitted to the final focal plane are shown in figure 4.2 using

the energy loss in the MUSIC 42 detectors. The main aim of the present work was to

study the projectile fragmentation reaction products, therefore the fission fragments
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Figure 4.2: Energy loss measurements in the MUSIC 42 detector which shows the

fission and projectile fragments for 194Re centred setting.

were excluded from the off-line analysis. For the final particle identification procedure,

offline software conditions were applied to both MW41 and MW42 detectors to ensure

proper corrections and selection of projectile fragments.

4.3.2 Reactions in scintillation detector Sci42

The charge state of the ions can change through the exchange of either one or

more electrons when the ions pass through material, such as the degrader at the S4. By

measuring the energy of the ions before and after the degrader at the S4 it is possible

to observe whether these interactions of the ions take place at this degrader. Therefore,

the Scintillator detector (Sci42) was used to measure the ions after the S4 degrader

(i.e. to check that there were no nuclear reactions of the ions in the S4 degrader and in

the Sci42), as well as to slow down the ions before reaching the active stopper. Figure

4.3 shows the spectrum of the energy loss in MUSIC41 detector versus the energy loss

in the Sci42 detector for the 190Ta, 192Ta and 194Re centred settings. In this figure,
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the red line surrounds those events which have no nuclear reaction in the S4 degrader.

These events were used in the full analysis, with the other events removed from the

off-line analysis.

Figure 4.3: Energy loss in the MUSIC41 detector versus the energy loss in the Sci42

detector for the summed data. The red line surrounds those projectile fragmentation

ions associated with “no nuclear reaction”in the S4 degrader.

4.3.3 The Veto: Scintillation detector Sci43

The final stage for removing the unwanted events from the off-line analysis was

performed by using the Scintillation detector (Sci43), which is also called the veto

detector. If the fragment does not stop in the active stopper, it should appear in the

veto detector. This allowed the removal of these fragments from the off-line analysis.

The energy loss of the veto detector for summed data from the 190Ta, 192Ta and 194Re

centred settings is shown in figure 4.4. The events after the red line were removed from

the final off-line analysed data. The spike at the beginning of the spectrum arises from
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Figure 4.4: Energy loss in the veto Scintillator Sci43 for the 190Ta, 192Ta and 194Re

centred settings. Those events after the red line were removed from the subsequent

off-line analysis.

a pulser which is connected to the detector.

4.4 Particle identification

4.4.1 Charge state identification

The particle identifications in the current work were made on event-by-event

basis. There are two stages for the particle identification of the heavy ions in this type

of study. The first step is a selection on in-flight changes in charge state. The FRS

selection is dependent on the charge-changing properties of each ion as it passes through

the detector and degrader materials of the FRS. “Fully stripped” ions correspond to no

charge state change between the first and second sections of the FRS (△q = 0), while

“hydrogen-like” ions correspond to the pick-up of one electron at the intermediate focal

plane (△q = −1), and “helium-like” ions correspond to the pick-up of two electrons
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Table 4.2: The total numbers of the fully stripped nuclei transmitted from the

summed data for the 190Ta, 192Ta and 194Re centred settings.

Number Nucleus Number of Nuclei

1 186
72Hf 1307

2 187
72Hf 2249

3 188
72Hf 2088

4 189
72Hf 927

5 188
73Ta 2413

6 189
73Ta 5741

7 190
73Ta 3537

8 191
73Ta 1836

9 190
74W 2568

10 191
74W 11098

11 192
74W 10647

12 193
74W 6515

13 192
75Re 1280

14 193
75Re 13013

15 194
75Re 10353

16 195
75Re 10238

17 196
75Re 3122

18 195
75Os 1451

19 196
75Os 5059

20 197
75Os 6404

21 198
75Os 5798
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Figure 4.5: Charge state selection plot of nuclei centred on the transmission of fully

stripped ions from summed data, using monochromatic mode (see text for details).

(△q = −2). Charge state selection was achieved by the using the position of plastic

scintillators at the intermediate and final focal plane of the FRS to define the velocities

and magnetic rigidities of the secondary ions. The difference in magnetic rigidity

between the first and second stage of the fragment separator can be used to estimate

the energy loss of the ion through the degrader. This information together with the

energy loss of the ions as measured at the final focus plane using the MUSIC detectors

allows a degree of charge state discrimination. This technique is of particular use in the

case of heavy neutron-rich nuclei (see Ref. [82] for more details). For the separation

of different charge states, it is necessary to derive the dependency of A/q and Bρ on

each other. The magnetic force on a particle with charge q moving with velocity v is

given in equation 4.1, where B is the field strength.

−→
F = q(−→v ×−→

B ) (4.1)
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Figure 4.6: Energy loss in MUSIC 42 versus the energy loss in MUSIC 41 plot for

the summed data.

The magnitude of the centripetal force on a particle in a circular motion is given by

equation 4.2,

F =
mv2

r
(4.2)

where r = ρ is the magnetic bending radius (which can be measured directly); v

is the velocity, v = cβ; γ is equal to
√

1/(1 − β2); p is the linear momentum (which

can be written in terms of the fragment mass (m) and the velocity).

The mass is rewritten in terms of the atomic number A [83], then 1

Bρ =
A

Q
βγ

uc

e
(4.3)

According to the charge state calculations using the GLOBAL code [84], 95.4% of

1see Appendix A for derivation
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the 194Re ions were fully stripped exiting the target and 83.6% after the intermediate

focal plane. The number of the implanted nuclei of the combinations of 190Ta, 192Ta

and 194Re centred setting for the fully stripped (△q = 0) ions is given in Table 4.2. For

the FRS setting centred on the transmission of 190Ta, 192Ta and 194Re, the identification

of the three charge state groups is show in figure 4.5.

4.4.2 Identification of atomic number (Z)

The ions lose energy as they pass through various detectors, which can be used to

infer the atomic number (Z) of the ions. The energy loss in the MUSIC detectors were

used to measure the electronic number of the ions. The Bethe-Block formula [74] can

be used to estimate the energy loss of the ions in a given absorber, using the following

equation:

−dE

dx
=

4πe4z2

m◦v2
NB (4.4)

where

B = Z

[

ln
2m◦v

2

I
− ln

(

1 − v2

c2

)

− v2

c2

]

(4.5)

where v and z are the velocity and the charge of the primary particle, N and Z are

the number density and atomic number of the absorber atoms, m◦ is the electron rest

mass and e is the electronic charge. The parameter I represents the average excitation

and ionization potential of the absorber. For a beam of charged particles with the same

velocity interacting with a specific target, the only factor that may change the loss of

energy in Eq. (4.4) is z2 [74]. Therefore, the particles with the greatest charge will

have the largest specific energy loss [74]. The energy loss in the MUSIC42 detector

versus the energy loss in the MUSIC41 detector for the 190Ta, 192Ta and 194Re centred

settings is show in figure 4.6.

4.4.3 Particle identification plot

One is now able to analyse each group of charge states differences separately.

The mass-to-charge ratio of the ions, (A/q), was determined from their Time Of Flight

(TOF) and magnetic rigidity measurements in the second part of the FRS. The TOF

in the second stage of FRS was determined by measuring the time difference of the ions
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Figure 4.7: Particle identification plot for the summed data from the 190Ta, 192Ta

and 194Re centred settings for fully stripped ions (△q = 0).

as they passed between two plastic scintillators which were placed (i) before the S2

degrader and (ii) at the final focal plane of the FRS. The change of the magnetic rigidity

of ions was measured before and after they passed through the degrader at S2 which

was used to obtain information on any change in charge state. The energy deposition

of the identified fragments, which gives information on the atomic number (Z), was

measured as they passed through two MUlti Sampling Ionization Chambers (MUSIC).

By determining A/q, the charge state, the position at the final focal plane and Z,

an unambiguous event-by-event identification can be obtained. Further details of the

particle identification technique are given in Ref. [14, 80, 81, 85]. The transmitted

ions were slowed down in a variable thickness aluminum degrader at S4 and finally

implanted into the active stopper. Figure 4.7 represent the particle identification plot

for the summed data assuming fully stripped ions (△q = 0). In this figure, the atomic

number, Z which is calculated from the energy loss of the ions in the MUSIC detector,
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Figure 4.8: Time Of Flight (TOF) projection for the Re isotopes identified from the

summed data from the three settings, assuming fully stripped ions (△q = 0).

is plotted versus the measured time of flight TOF in the second half of the FRS, which

is related via the magnetic rigidity to the mass-over-charge ratio of the transmitted

ions. Figure 4.8 shows a projection of the particle identification plot onto the x-axis

(TOF) for the Re isotopes.

4.5 Particle implantations and beta decays

The March 2007 experiment was the first time the RISING active stopper [39] was

used in conjunction with RISING γ-ray array [77, 78]. γ-ray decays were observed and

correlated with the implanted ions on an event by event basis such that transitions from

both internal (isomeric states) decays and also the subsequent β decay of the implanted

ions could be measured. The isomeric states were produced by the fragmentation

interaction of the initial beam with the target. Ideally, isomeric products should have

a lifetime similar to or longer than the time required to traverse the length of the
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Figure 4.9: 2-D matrix γ-ray energy versus detection time after implantation of fully

stripped 188Ta ions. Note the presence of the line associated with the previously

identified isomeric decay in this nucleus [7].

FRS to reach the active stopper. Shorter lifetimes of isomeric decay products have

been measured due to suppression of the electron conversion decay branch for highly

stripped ions (i.e. the in-flight ionic half life is substantially longer than the neutral

atom half life) [7]. The implanted mother nuclei decay to the daughter nuclei via β-

particle emission which can be followed by γ-ray (or internal conversion) decay if the

β decay populates excited states in the daughter nucleus [86]. Two triggers were used

to detect the γ ray in the RISING array, namely the implantation and decay triggers.

A signal is given to the logical electronics of the RISING Ge array to be opened

for up to 400 µs if the selected ions passes through the Scintillator detector, (Sci41),

to allow for the measurement of γ rays decaying from isomeric states in the mother

nuclei. Then, the RISING Ge array data acquisition was closed until receiving either

(i) another signal from the Sci41 trigger or (ii) a signal from the decay trigger of the
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Figure 4.10: The projection of γ-ray energies of the 188Ta nuclei for a time range

∆t = (0.05 − 25.63)µs following the implantation in the active stopper. The inset

figure is the decay time curve associated with the isomeric decay in 188Ta [7].

active stopper. The decay trigger provided a signal to the RISING Ge array to be

opened only if there were no ions crossing the Sci41 detector, and the energy of the

signal should be above a defined lower threshold. In this case, the RISING Ge array

was again opened for up to 400 µs to detect the γ rays of the populated isomeric states

following β−-decay in the daughter nucleus.

4.5.1 Identification of decays from isomeric states

The secondary ions were separated, selected and identified preliminarily according

to their A/q values. The ions were implanted in the three DSSSDs. The identification

plot was confirmed by correlating ions with decays from previously reported isomers

[7, 87, 88, 89]. This was achieved by making two-dimensional matrices of the detected γ-

ray energies versus the measurement of their decay time relative to the ion implantation.
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Figure 4.11: γ-ray spectra from isomeric decays in (a) 187Hf for a time range ∆t =

(0.03−12.68)µs, (b) 188Ta for a time range ∆t = (0.05−25.63)µs, (c) 189Ta for a time

range ∆t = (0.1−10.6)µs, (d) 190Ta for a time range ∆t = (0.03−3.33)µs, (e) 190W

for a time range ∆t = (0.05−90.28)µs, (f) 191W for a time range ∆t = (0.03−3.33)µs,

(g) 192Re for a time range ∆t = (0.05 − 90.28)µs and (h) 192Re for a time range

∆t = (0.15 − 90.35)µs, from the present work [7, 87].
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Figure 4.9 shows this matrix for isomeric decays associated with fully stripped 188Ta

ions. The isomeric decay was previously reported in Ref. [7] and reported subsequently

in Ref. [87]. The prompt flash is the first observable feature in this matrix and is mainly

associated with Bremsstrahlung radiation which is produced by the slowing down of the

implanted ions in the active stopper at the final focal plane of the FRS. The isomeric,

discrete γ-ray transitions can be identified as horizontal lines extending (in time) to

the right as demonstrated in figure 4.9. The delayed γ rays are of specific interest

and therefore a condition gate was applied to this matrix (shown by the red polygon

in figure 4.9), in order to identify delayed γ rays following the prompt flash. The

prompt flash reduces the effective efficiency of detecting the γ rays for a period of time

depending on the γ-ray multiplicity of the flash [90]. Figure 4.10 shows the energy

projection of 188Ta in which the 291 keV γ ray transition from the previously reported

isomeric decay in the this nucleus is clearly identified [7].

4.5.2 Confirming the identification

The particle identification procedure was confirmed by observation of decay tran-

sitions from previously reported isomers [7] in 188Ta, 190W, 192Re and 193Re. The

current work also shows evidence for the isomeric decays in 187Hf, 189,190Ta and 191W

which have beeb reported in Ref. [87]. The particle identification procedure provided

an independent validation for the γ-ray energy and timing setups. Figure 4.11 shows

the final γ-ray energy spectra corresponding to decays from isomeric states which are

identified in the summed data from the 190Ta, 192Ta and 194Re centred setting, for fully

stripped ions. Details of the specific decays are presented in the section below 2:

187Hf

The delayed γ-ray spectrum associated with 187Hf nuclei from the present work is

displayed in figure 4.11 (a) showing delayed γ-ray energies of 233 and 264 keV. Table

4.3 listed the measured γ-ray energies and relative γ-ray intensities of 187Hf nuclei for

fully stripped ions from the current work.

2These data (although analysed separately) are reported in Ref. [87]



4.5 Particle implantations and beta decays 82

Table 4.3: The measured γ-ray energies and relative intensities of nuclei from the

summed data from the 190Ta, 192Ta and 194Re centred settings.

Nucleus γ-ray energy (keV) Counts εABS
γ Nγ △t

187Hf 233.0(4) 7(3) 0.25 27(12) (0.03-12.68)µs

263.9(2) 17(4) 0.23 73(17)

188Ta 291.2(1) 95(10) 0.23 405(59) (0.05-25.63)µs

57.2(2) 28(7) 0.24 117(31)

83.2(2) 21(6) 0.30 69(21)

135.1(3) 29(7) 0.30 95(25)

154.2(2) 72(9) 0.29 243(39)

189Ta 200.0(2) 30(5) 0.27 110(21) (0.1-10.6)µs

245.8(6) 17(5) 0.25 68(21)

283.5(2) 22(5) 0.23 93(23)

388.5(2) 35(6) 0.20 175(35)

481.5(2) 28(6) 0.17 160(38)

190Ta 175.1(2) 45(7) 0.28 158(29) (0.03-3.33)µs

58.4(6) 59(20) 0.24 246(87)

205.4(3) 62(12) 0.27 230(50)

190W 357.4(2) 56(9) 0.21 265(50) (0.05-90.28)µs

483.7(2) 59(9) 0.17 337(62)

693.2(3) 37(7) 0.13 274(59)

58.3(1) 135(13) 0.24 563(78)

67.2(2) 150(13) 0.27 545(72)

191W 82.0(3) 11(4) 0.30 36(14) (0.03-3.33)µs

99.7(7) 17(9) 0.31 54(29)

126.7(1) 12(5) 0.30 39(17)

167.4(1) 49(7) 0.29 169(30)

192Re 159.1(1) 76(9) 0.29 259(40) (0.05-90.28)µs

60.0(8) 375(24) 0.25 1488(177)

193Re 68.7(2) 58(13) 0.28 207(51) (0.15-90.35)µs

144.7(3) 122(17) 0.30 405(70)
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188Ta

The delayed γ ray spectrum associated with 188Ta nuclei is shown in figure 4.11

(b). The observed delayed γ-ray energy with 291 keV is in agreement with previ-

ously reported work on this nucleus by Caamaño et al. [7]. The measured half-life is

T1/2=4.1(5) µs, see the inset to figure 4.10. Table 4.3 shows the energies and relative

intensities of 188Ta nuclei for fully stripped ions of the summed data.

189Ta

Figure 4.11 (c) shows the delayed γ-ray spectrum associated with 189Ta nuclei

for fully stripped ions from the summed data. Nine γ-ray transitions with energies 57,

83, 135, 154, 200, 246, 284, 389 and 482 keV together with the characteristic Ta Kα

X ray (with energy 57 keV) are clearly identified. Only transitions with energies 154,

284, 389 and 482 keV are in agreement with previously reported work on this nucleus

by Steer et al. [88]. The experimental energies and relative intensities of 188Ta nuclei

for fully stripped ions from the summed data is listed in Table 4.3.

190Ta

A single γ-ray transition of energy 175 keV is identified in figure 4.11 (d) which

shows the delayed γ-ray spectrum associated with 190Ta nuclei for fully stripped ions

from the summed data. Table 4.3 shows the energy and relative intensity of 190Ta nuclei

for fully stripped ions for the combination of 190Ta, 192Ta and 194Re centred settings.

190W

Figure 4.11 (e) shows the delayed γ-ray spectrum associated with 190W nuclei

for fully stripped ions for the summed data. Four γ-ray transitions with energies 206,

357, 484 and 693 keV together with the characteristic W Kα X ray (with energy 58

keV) are clearly identified. These transitions are in agreement with previously reported

work on this nucleus by Podolyák et al. [89] and Farrelly et al. [91]. The energies and

relative intensities of 190W nuclei for fully stripped ions from summed data is presented

in Table 4.3.
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Figure 4.12: The characteristic energy response of the logarithmic MPR-32 pream-

plifier used with the DSSSDs, taken from Ref. [39].

191W

The delayed γ-ray spectrum associated with 191W nuclei from the present work

is displayed in figure 4.11 (f). A γ-ray transition with energy 167 keV together with

the characteristic W Kα and Kβ X ray with energies 58 and 67 respectively is clearly

identified. These transitions are in agreement with previously reported work on this

nucleus by Steer et al. [88]. Two γ-ray transitions with energies 99 and 127 keV are

also identified in the current data. Table 4.3 shows the energy and relative intensity of

191W nuclei for fully stripped ions from the summed data.

192Re

A single γ-ray transition with energy 159 keV is clearly identified in figure 4.11

(g) which shows the delayed γ-ray spectrum associated with fully stripped 192Re nuclei



4.5 Particle implantations and beta decays 85

0 2000 4000 6000 8000
Energy measured in the Si detector strips (a.u.)

0

1000

2000

3000

4000

5000

6000

7000
C

ou
nt

s 

Fission fragments 

Projectile fragments 

-decay electrons

Light particles

β-

Figure 4.13: Total deposited energy in DSSSDs for the summed for the 190Ta, 192Ta

and 194Re centred settings. The double peaks at the centre of this plot represent the

deposited from the implantation (right) and fission fragments (left) respectively.

from the current work for the summed data. This transition is in agreement with

previously reported work on this nucleus by Caamaño et al. [7] and Steer et al. [88].

Table 4.3 shows the energy and relative intensity of 192Re nuclei for fully stripped ions

from the summed data.

193Re

Figure 4.11 (h) shows the delayed γ-ray spectrum associated with 193Re nuclei

for fully stripped ions from the summed data. The γ-ray transition with energy 145

keV together with the characteristic Re Kα and Kβ X rays with energies 60 and 69

respectively are clearly identified. These transitions are in agreement with previously

reported work on this nucleus by Caamaño et al. [7] and Steer et al. [88]. The energy

and relative intensity of 192Re nuclei for fully stripped ions from the summed data is

shown in Table 4.3.
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4.6 Active stopper and β−-decay measurements

4.6.1 Measurements with the mesytec logarithmic

preamplifier

One of the challenges in designing the electronics of the detection system for such

experiments was the range of the charged particle energies that must be measured [39].

The implanted ions deposit more than 1 GeV total energy when stopped in the DSSSDs,

while their subsequent β decays typically deposit less than 1 MeV [39]. This issue was

solved by utilizing a new counting system designed to measure both the implanted ions

and their β decays in the same, or neighbouring pixels in the DSSSDs. The Mesytec

MPR-32 preamplifier was used for the 16 front and 16 back strips of a single DSSSD

[39]. The Mesytec MPR-32 preamplifier provided combined linear and logarithmic

response modes [39]. The linear preamplifier with a range up to 10 MeV was used to

measure the beta particles while the logarithmic part measured the implanted ions with

energies up to 3 GeV. Figure 4.12 shows the response characteristics of the logarithmic

MPR-32 (this figure taken from Ref. [39]). The linear part of the preamplifier was

calibrated using a 207Bi source which emits monoenergetic conversion electrons [39],

(see Appendix B2). The energy resolution of the 976 keV electron line was measured

to be approximately ∼ 15-20 keV (FWHM) [39]. The logarithmic part was calibrated

by using simulated high energy signals from a pulser. The detection limit for the

electron measurements using this counting system was approximately 150 keV at room

temperature [39].

The total energy spectrum of the implanted ions and β− particles in DSSSDs

1 and 2 for the summed data from the 190Ta, 192Ta and 194Re centred settings are

shown in figure 4.13. The left-hand peak in figure 4.13 correspond to the β− particles

emitted after the implantation. Light particles which pass through the Sci detectors

at the final focal plane of the FRS are also visible in figure 4.13. The two peaks in the

centre part of figure 4.13 represent the implantation in DSSSDs 1 and 2. The left-hand

peak corresponds to transmitted fission fragments while the right-hand peak are the

transmitted, heavy projectile fragments (which are the events of interest in the present

work). A software condition was applied in the off-line analysis to the total deposited



4.6 Active stopper and β−-decay measurements 87

0

500

1000

1500

2000

0

200

400

600

C
ou

nt
s 

0 2000 4000 6000 8000
Deposited energy within the DSSSDs (a.u.)

0

500

1000

1500

All the implantations

Projectile Fragments

Fission Fragments

Figure 4.14: (Upper) Total energy spectra in the silicon active stopper detector ;

(Middle) the energy deposited associated with heavy, A∼190 projectile fragments;

(Lower) the energy deposited transmitted projectile the fission fragments. These are

for the summed data for the settings centred on the transmission of the 190Ta, 192Ta

and 194Re for fully stripped ions.

energy spectrum of the DSSSDs (see figure 4.14) to select the projectile fragments ions.

4.6.2 Implant-decay correlation technique

The technique of correlating the implanted ions with their subsequent β decay

is based on the measurement of two main parameters: (i) the identification of the

implantation position in the DSSSDs detector and (ii) the correlation time between

the implanted ions and subsequent β particle in the same or 8 neighbouring pixels. In

the current experiment, the FRS was operated in a monochromatic mode [73], which

had the effect of distributing the implanted ions across a relatively wide area on the

DSSSDs. This approach was required because of two advantages; first to minimize

the probability of having multiple implantations in the same pixel during a typical
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Figure 4.15: β-delayed γ-ray spectrum showing decays from excited states in 194Os.

The correlation time range was ∆t = (0 − 50) s show these data the difference of

applying only the correlation between the implantations and decays in the same pixel

(lower panel (a)) and implantations and decays in the same pixel plus decays in the

8 neighbouring pixel upper panel.

correlation time; and second to minimize the distribution range of the ions of a given

species within the active stopper, (therefore, selected isotopes were stopped in a single

layer in the active stopper silicon detectors). The ions were implanted in the active

stopper and their positions determined by measuring the implantation strip positions

as a coordinate of (x, y). The absolute measurement of the implantation time was made

with a digital, (absolute) time stamp. Valid implanted events were identified by the

production of a high-energy signal in the active stopper detector (> 10 MeV) measured

using the logarithmic part of the pre-amplifier response. For the isomer measurements,

the implant-γ-ray correlation time for the γ-ray electronics DGF modules were fixed

to be between 0→400 µs. After this time the γ-ray DGF electronics were closed for

that event. If a subsequent decay signal was detected in the DSSSD, the decay trigger
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logic gave a logic signal for the γ-ray electronics to be opened again. For such events,

the DGF electronics were opened for a further 400 µs period following the β trigger.

To measure the decay signal, the linear region of the DSSSD pre-amplifiers were used.

For each implanted pixel and for a specific period of time after the implantation,

energy deposited above the threshold (150 keV [39]) was considered to arise from the

emission of a β particle from the last radioactive ion implanted in the same pixel. Due

to the finite β-range in the DSSSDs and to increase the efficiency of measuring ion-

correlated β particle decay events in the off-line software analysis, a matching program

was developed to record the decays in the directly neighbouring pixels to that of the

original ion implant. Therefore, the correlation algorithm considered implantations

and decays in the same pixel and decays in 8 neighbouring pixels (i.e. the β particles

were not always measured in the same pixel to that which their radioactive mother ion

was implanted).

In this chapter, the β-delayed γ-ray spectroscopy of the 194Re → 194Os decay

is discussed. The difference between applying the ion-β correlation only between (i)

the implantations and decays in the same pixel and (ii) decays in the same pixel plus

in the 8 neighbouring pixels for the β-delayed γ-ray spectrum for the 194Re decay is

shown in figure 4.15. The lower panel of the figure 4.15 has fewer statistics but a

better signal-to-noise ratio than the spectrum in the upper panel. For this reason,

the correlation algorithm applied to these data was only between the implantations

and decays in the same pixel in the DSSSDs. This approach was applied for all β-

delayed γ-ray spectra of the nuclei in the particle identification plot (see figure 4.7).

To confirm this approach, good agreement was obtained from the comparison between

the β-delayed γ-ray spectrum for excited states in 190W from the current work with

the previous reported results of this nucleus from isomer spectroscopy [89, 91]. Figure

4.16 shows the β-delayed γ-ray spectrum for excited states in 190W from the decay of

190Ta. This decay has been reported separately in Ref. [87].

4.6.3 β-decay half-life measurements

β-decay half-lives were measured in the current work. The decay half-lives of the

mother nuclei were deduced from the time correlation between the implantation time

of the identified fragments in the DSSSD detector and the subsequent β-decay in the
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Figure 4.16: β-delayed γ-ray spectrum for excited states in 190W, the ion-β corre-

lation time range was ∆t = (0 − 60) s. These data are discussed in detail in Ref.

[87].

same pixel. The time correlation was determined using the same DGF time stamping

system used in the isomer decay analysis, providing a resolution of 25 ns [39]. The time

differences were histogrammed and used to generate a β-decay curve for the identified

fragments. These data could then also be further gated by the condition that specific

discrete γ rays associated with decay in the daughter nuclei were also observed. The

decay curves were fitted to single-component exponential decay using a least square

fitting minimization method and assuming a constant background level. Using the

β−-correlation only approach, the half-life measurement for the 192Re measured here

of 16(2)s is consistent with the literature value for this decay of 16(1) s [23, 92]. The

decay time curves for both 190Ta and 192Re from the current work for ion-β-correlations

are shown in figures 4.17 and 4.18 respectively for the summed data from the 190Ta,

192Ta and 194Re centred settings.
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Figure 4.17: Decay time curve for β-decay of 190Ta → 190W from ion-β time corre-

lations in the current work. By using a least squared fit the data were fitted to a

single exponential decay function plus a constant background level.

4.7 Results

4.7.1 β−-delayed γ-ray spectroscopy of the 194Re → 194Os decay

γ rays emitted following the β−-decay of 194Re (Z = 75) to populate excited states

in the daughter nucleus 194Os (Z = 76) were measured. The β-delayed γ-ray spectrum

of 194Os for ion-β correlation times (in the same pixel) of ∆t (implant − β) = 0− 50 s

is shown in figure 4.19. The previously reported decays from the yrast 2+, 4+ and 6+

states in 194Os with energies 218 [21, 93, 94], 383 [21, 94] and 530 [94] keV together with

the characteristic Osmium Kα1, Kα2 and Kβ1 X rays with energies 63, 61 and 70 keV

respectively are clearly identified in this spectrum. A discrete γ-ray transition with

energy 478 keV is also clearly observed, consistent with the previously reported decay

[21, 93] from the Iπ = 0+

2 state in the 194Os. Three previously unreported transitions

in 194Os with energies 194, 349 and 554 keV are also observed. To verify that these
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Figure 4.18: Decay time curve for β-decay of 192Re → 192Os from the ion-β-time

correlations in current work. The published half life value for 192Re of 16(1) s [23, 92]

is consistent with the value deduced from the current work of 16(2) s.

three transitions are associated with decays in the 194Os daughter nucleus, β−-delayed

γ-ray spectra for all the nuclei in the particle identification plot of fully stripped ions

from the summed data were examined for short (∆t(implant − β) = 30 s) and long

correlation (∆t(implant− β) = 120 s) times, see figures 4.20, 4.21, 4.22 and 4.23. The

γ-ray transitions with energies 194, 349 and 554 keV are only associated with the decay

of 194Re into 194Os. Table 4.4 shows the experimental energies and relative intensities

for the γ-ray transitions associated with 194Os in the current work for ion-β-correlation

times.

194Re is the heaviest isotope of this element studied to date. A β-decay half-life

for 194Re of T1/2=7(1) s is obtained by measuring the time differences between the

implanted ions in the active stopper and their subsequent correlated β particles in the

same pixels, (see figure 4.24). Note that this represents the pure β-ion correlations

times. By investigating the different of ion-β decay profiles gated on specific γ-ray
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Figure 4.19: β-delayed γ-ray spectrum of 194Os for correlation time ∆t (implant −
β) = 0 − 50 s for fully stripped ions from the summed data. Previously unreported

peaks were labelled in red.

transitions in the 194Os daughter, information could be inferred which leads to the con-

clusion of at least two and probably three individual β−-decaying states in 194Re, each

with a different decay half-life. The background level in the decay curve of 194Re of

approximately 10 counts, is notably higher than the background levels associated with

decays from other nuclei, such as 190Ta and 192Re (see figures 4.17 and 4.18 respec-

tively). Therefore, γ-ray gated β-decay time spectra associated with all the identified

transitions in the β-delayed γ-ray spectrum of 194Os were measured for different corre-

lation times between ∆t (implant − β) = 0 → 1000 s in steps of 40 s, see figures 4.25

and 4.26.

For the 530 keV transition (see figure 4.25 (d)), there is intensity associated with

the decay transition after 160 s while in case of 478 keV transition (see figure 4.25

(c)), no such intensity is apparent above the constant, random background level after

40 s. The 194Re decay half-life associated with feeding to the 478 keV transition was
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Figure 4.20: β−-delayed γ-ray spectra of the Tantalum and Tungsten daughter iso-

topes for short correlation times ∆t(implant − β) = 30 s from the current work.
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Figure 4.21: β-delayed γ-ray spectra of Rhenium, Osmium and Iridium daughter

isotopes for correlation times of ∆t(implant − β) = 30 s from the current work.
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4.7 Results 97

0

2

4

6

2

0
10
20
30
40

2

4

6

2

4

6

0
5

10
15

C
ou

nt
s 

/ k
eV

15
30
45

5
10
15

200 400 600 800
0

15

30

50

100 2

0 200 400 600 800

Eγ (keV)

2

0 200 400 600 800 1000

2

190 192

195191

192

193

193

194

195

196

196

197

198

Re Os

IrRe

Re

Re

Os

Os

Os

Os

Ir

Ir

Ir

60

18
4

33
7

60
70

18
6

22
8

33
8

36
2

38
5 41

6
44

5
51

1
61

7
63

1

74
1

61
10

6 16
7

20
1

61
71

10
3

16
7

19
3

25
2

27
0

28
5

51
1

51

51
1

64

18
6

33
2

35
5

51
1

66
8

61
71

11
0

16
8

25
2

41
1

51
1

55
8

72
8

15
2

51
1

62
75 12

5

62

16
8

73

96
17

7

63 16
4

63
70 19

4

34
9

38
3

47
8 53

0
55

4

21
8

Figure 4.23: β-delayed γ-ray spectra of the Rhenium, Osmium and Iridium isotopes

daughter for correlation times ∆t(implant − β) = 120 s from the current work.
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Figure 4.24: Decay time curve for 194Re obtained from the time differences between

the implanted ions in the active stopper and their subsequent correlated β particles

in the same pixel for fully stripped ions from the summed data.

measured to be 9(2) s, consistent within the experimental uncertainties of the half-life

value from the decay time from the pure ion-β correlation shown in figure 4.24. The

half-life measurements indicate that there are at least two (and likely three) β decays

associated of 194Re → 194Os with different half-lives. There is evidence for a decay with

T1/2=7(1) s (see figures 4.24 and 4.25 (c)) which feeds to the 0+

2 . Note that by the

standard β decay selection rules, this also implies a significant degree of feeding in the β

decay of 194Re direct to the Iπ=0+ ground state of 194Os, which not be associated with

any co-incident, β-delayed γ-ray transition. This is consistent with the observation

of a half-life of 7(1) s obtained in figure 4.24 for the correlations between ions and

beta-particles only. A second decay with of approximately 21(6) s was measured from

the β-delayed γ-ray projection gated by the 554 keV transition, see figure 4.26 (c).

There is also evidence for a third decaying state in 194Re with a longer half life of
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Figure 4.25: β-delayed γ-ray gated time spectrum for previously reported transi-

tions 218, 383, 478 and 530 keV associated with 194Os for different correlation times

∆t(implant − β) = 0 → 1000 s in steps of 40 s from the current work.

a approximately 100 s which feeds the 6+

1 state in 194Os. The long half-life explains

the “non-observation”of the 530 keV transition for short correlation times in the β-

delayed γ-ray spectrum of 194Os, see figure 4.27. The three previously unreported γ-ray

transitions with energies 194, 349 and 554 keV have been independently associated with

transitions in 194Os using deep inelastic reactions by Dracoulis et al., [95]. Dracoulis et

al., placed these transitions in a level scheme of 194Os as decays from states with spin

/ parites Iπ ∼ 10− − 11− [95]. Table 4.4 shows the energies and observed intensities of

194Os for fully stripped ion from the summed data. Figure 4.28 shows the experimental

level scheme of 194Os.
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Table 4.4: Experimental energies and relative intensities of 194Os nuclei for short

correlation times ∆t(implant − β) = 0 − 10 s, ∆t(implant − β) = 0 − 40 s and

long correlation time ∆t(implant − β) = 40 − 440 s of fully stripped ions from the

combination of 190Ta, 192Ta and 194Re setting.

Correlation time Ii → If γ-ray Absolute

(∆t implant − β) Energy Counts Photopeak Nγ

(s) (keV) Efficiency

193.4(3)a 23(5) 0.27 83(20)

2+ → 0+ 218.3(4)b 35(7) 0.26 132(30)

348.6(3)a 16(4) 0.21 75(20)

0-10 4+ → 0+ 383.8(5)c 8(3) 0.20 40(15)

0+

2 → 2+ 477.6(4)d 12(4) 0.17 70(24)

6+ → 0+ 530.1(6)f 3(3) 0.16 18(18)

554.1(2)a 8(3) 0.15 50(20)

193.6(4)a 24(6) 0.27 87(23)

2+ → 0+ 218.1(2)b 57(8) 0.26 214(37)

349.0(3)a 33(6) 0.21 154(32)

0-40 4+ → 0+ 383.3(4)c 20(5) 0.20 99(27)

0+

2 → 2+ 477.8(5)d 14(4) 0.17 79(24)

6+ → 0+ 530.1(6)f 3(3) 0.16 18(18)

553.9(3)a 15(4) 0.15 94(27)

193.6(4)a 18(9) 0.27 65(33)

2+ → 0+ 218.2(2)b 80(11) 0.26 301(51)

348.9(2)a 40(7) 0.21 187(38)

40-400 4+ → 0+ 383.2(3)c 33(8) 0.20 163(43)

0+

2 → 2+ 477.9(6)d 12(7) 0.17 68(40)

6+ → 0+ 530.4(3)f 16(9) 0.16 97(55)

553.9(3)a 11(5) 0.15 69(32)
a Transitions associated with the decay of the 194Os nucleus

b See Ref. [21, 93, 94], c See Ref. [21, 94]

d See Ref. [94]f See Ref. [21, 93].
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Figure 4.26: β-delayed γ-ray gated time spectra for the previously unreported tran-

sitions 194, 349 and 554 keV transitions associated with decay in 194Os for different

correlation times ∆t(implant − β) = 0 → 1000 s in steps of 40 s from the current

work.

4.8 Discussion

4.8.1 Multi Quasi Particle (MQP) calculations for 194Re

Multi Quasi Particle (MQP) calculations have been performed by Dracoulis [96]

to predict the spin and parity of the low-lying states in the 194Re mother nucleus. These

have been performed for both the prolate and oblate deformations in this nucleus as-

suming axial symmetry, see Tables 4.5 and 4.6 respectively. The MQP calculations

predict that in case of the 194Re nucleus there is a low-lying competing prolate config-

urations with Iπ=11−, arising from the coupling of neutron orbital 13/2+[606]↑ to the

proton orbital 9/2−[514]↑ respectively. For oblate deformation, the lowest predicted

energy states from these calculations have Iπ=0+, 1− and 1+ arising from the coupling

of neutron 1/2+[660]↑ with the 1/2+[411]↓, 1/2−[550]↑ and 3/2+[402]↓ proton orbitals



4.8 Discussion 102

0

10

20

0

10

20

C
ou

nt
s 

/ k
eV

0 100 200 300 400 500 600 700 800
Eγ(keV)

0

10

20

30

21
8

19
4

34
9

38
3

47
8 55

4

53
0

55
4

55
4

53
0

53
0

47
8

47
8

38
3

38
3

34
9

34
9

21
8

21
8

19
4

19
4

51
1

∆t (implant-β)=0-10 s 

∆t (implant-β)=0-40 s 

∆t (implant-β)=40-440 s 

Figure 4.27: β-delayed γ-ray spectra showing transitions in 194Os for different corre-

lation time ∆t(implant − β) = 0 → 10, 0 → 40 and 40 → 440 s, from the decay of

194Re of fully stripped ions from the combination of 190Ta, 192Ta and 194Re settings.

Previously unreported transitions are labelled in red.

respectively.

Assuming that there are three beta decaying components with three different half

lives from the 194Re mother nucleus, from the half life measurements one possibility is

that an oblate, low spin (0+, 1− or 1+) state decays to the 0+

2 state with a 7(1) s half-

life (see figure 4.25 (c)), while the predicted 11− state prolate feeds to the higher-spin

sequence associated with the 194, 349 and 554 keV transitions. Evidence for a third

decay state comes from the longer apparent feeding time to the yrast 6+ state in 194Os.

Note, the MQP calculations predict 28 separate two-quasi-particle intrinsic states in

the 194Re to lie below 400 keV, compared to just a single state in the even-even 194Os

daugher nucleus.
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Table 4.5: Results of the Multi Quasi Particle (MQP) calculations for the 194Re

mother nucleus performed by Dracoulis [96] of the spin and the parity of low-lying

states in this nucleus for axially symmetric prolate deformation. The quadrupole

(ε2) and the hexadecapole (ε4) deformation parameters are taken from Ref. [97]a.

Iπ Neutron orbital Proton orbital Energy Vb
R Net

(ν) (π) (keV) (keV) (keV)

6+ 3/2−[501]↑ 9/2−[514]↑ 22 (22)

3+

7+ 13/2+[606]↑ 1/2+[411]↓ 91 +70 161

6+ 91 -70 21

9+ 13/2+[606]↑ 5/2+[402]↑ 24 -84 -60

4+ 24 +84 108

10+ 13/2+[606]↑ 7/2+[404]↓ 337 +63 400

3+ 337 -63 274

2− 3/2−[501]↑ 1/2+[411]↓ 67 (67)

1−

4− 3/2−[501]↑ 5/2+[402]↑ 0 (0)

1−

5− 5/2−[503]↓ 5/2+[402]↑ 264 (264)

0−

11− 13/2+[606]↑ 9/2−[514]↑ 46 -71 -25

2− 46 +71 117

12− 13/2+[606]↑ 11/2−[505]↑ 304 -71 233

1− 304 +71 375
a ε2 = 0.125, ε4 = 0.067 for the prolate deformation;

b Empirical Residual interactions.
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Table 4.6: Results of the Multi Quasi Particle (MQP) calculations for the 194Re

mother nucleus performed by Dracoulis [96] of the spin and the parity of low-lying

states in this nucleus for axially symmetric oblate deformation. The quadrupole (ε2)

and the hexadecapole (ε4) deformation parameters are taken from Ref. [97]a.

Iπ Neutron orbital Proton orbital Energy Vb
R Net

(ν) (π) (keV) (keV) (keV)

1+ 1/2+[660]↑ 1/2+[411]↓ 64 +70 134

0+ 64 -70 -6

2+ 1/2+[660]↑ 3/2+[402]↓ 2 +70 72

1+ 2 -70 -68

3+ 3/2+[651]↑ 3/2+[402]↓ 174 +70 244

0+ 174 -70 104

1− 1/2+[660]↑ 1/2−[550]↑ 0 -70 -70

0− 0 +70 +70

2− 3/2+[651]↑ 1/2−[550]↑ 173 -71 102

1− 173 +71 244
a ε2 = −0.158, ε4 = 0.033 for the oblate deformation.

b Empirical Residual interactions.
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Figure 4.28: Experimental level scheme of 194Os

4.8.2 Structure of 194Os

Hartree-Fock calculations with a Woods-Saxon single-particle potential, performed

by Nazarewicz at al. [98], predict a ground-state oblate deformation for 194Os with

β = −0.14. The possibility of 194Os having an oblate deformed ground state has also

been proposed by Casten et al., [93]. The yrast states in 194Os have been reported up

to Iπ = (10+) by Wheldon et al., using deep inelastic reactions [94]. The theoretical

shape evolution with the number of nucleons for different chains of Yb, Hf, W, Os, and

Pt isotopes for neutron number N = 110 → 122 has also been studied by Sarriguren

at al., [12] using Skyrme Hartree-Fock plus BCS approach.

4.8.3 Low-lying collective excitations in 194Os

A signature for a transition from prolate to oblate shapes was predicted as the

number of neutrons increases from N = 110 → 122 for Os isotopes [12]. The lighter

Os isotopes exhibit a rotational behaviour which changes gradually toward γ-soft as

the number of neutrons increases [12]. The results of this study are supported by

recent theoretical calculation using the same approach performed by Robledo et al.,

[22]. Their conclusion was the prolate to oblate transition takes place at N = 116 [22]

and that there is a tendency toward triaxial shapes as the proton number is increased

for fixed neutron numbers [22]. The current results on the excited states in 194Os can
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be compared with recent theoretical studies [11, 99] by using the Raman estimate [27],

which relates the excitation energy of the first 2+ state with the quadrupole deformation

of the nucleus. The experimentally derived value of 218 keV for the first 2+ state gives

an estimate for the ground state deformation for 194Os of β2 ∼ 0.16.

4.8.4 Systematics of 194Os collective states

The energy of the lowest excited states can be used to infer information about

the quadrupole character of the nuclei [25]. Systematics related to the yrast 2+, 4+,

6+, the second 2+ state (2+

2 ) as well as the theoretically calculated 6+ states (6+

Th.) are

presented in figure 4.29. The energy of 6+

Th. state was calculated by using the following

relation [100]:

6+

Th. =
(

3 × E(2+

1 )
)

+ (3 × ε) (4.6)

where ε is calculated assuming the Anharmonic Vibrator (AHV) Model using

following expression [100].
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ε = E(4+

1 ) −
(

2 × E(2+

1 )
)

(4.7)

where E(2+

1 ) and E(4+

1 ) are the excitation energies of the first 2+ and 4+ excited

states respectively. By using the E(2+

1 ) data, information about the collective character

of the nuclei can be inferred. For the Osmium isotopes, the yrast 2+, 4+, 6+ and 6+

Th.

energies increase with increasing neutron number, N , while the excitation energy of the

Iπ = 2+

2 decreases up to N = 116 and increases for heavier N values, as shown in figure

4.29. Similarly, the anharmonicity parameter, ε, increases with N until N = 114 and

decreases for heavier N values (see figure 4.30), while the ratio of ε/E(2+

1 ) decreases

with N for both Tungsten and Osmium isotopes (see figure 4.31).

4.8.5 E(4+
1 )/E(2+

1 ) systematics

The E(4+

1 )/E(2+

1 ) energy ratio (R4/2) of the excitation energies of the yrast Iπ =

4+ and Iπ = 2+ states is related to the collectivity of the nuclear system [25]. For even-

even nuclei this ratio has a value of 2.00 for the perfect harmonic quadrupole vibrator
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[12, 101] and idealized value of R4/2=3.33 for a perfect symmetric rotor [12, 102]. Its

has a value of R4/2=2.5 for a γ-soft rotor [103]. Figure 4.32 shows the ratio R4/2 versus

N for even-even Hf-Hg (Z = 72 → 80) nuclei between N = 104 and N = 122 [23]. For

Os isotopes the ratio of R4/2 smoothly decreases with N . The experimental ratio of

R4/2 for 194Os is approximately 2.7, suggesting that 194Os is a transitional, or γ-soft

nucleus.

4.8.6 1/E(2+
1 ) systematics

For many new exotic nuclei often only the excitation energy of the first 2+ state

is measured. In general, the value of E(2+

1 ) decreases as the number of the valence

nucleons increases [104], which is opposite to the magnitude of the R4/2 ratio. There-

fore, systematics of the inverse of the first 2+ state (1/E(2+

1 )) should follow a similar

behaviour to that of R4/2 ratio. Cakirli and Casten [105] recently showed that by us-
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ing the empirically derived observables of R4/2 ratio and 1/E(2+

1 ), subshell closures in

different regions of the nuclear chart could be identified. Figure 4.33 shows the experi-

mental values of 1/E(2+

1 ) for even-even Hf-Hg (Z = 72 → 80) nuclei between N = 104

and N = 122, these data taken from Ref. [23]. For Os isotopes the ratio of 1/E(2+

1 )

smoothly decreases as N increases.

4.8.7 E(2+
2 )/E(2+

1 ) systematics

The E(2+

2 )/E(2+

1 ) energy ratio has been used to infer regions of prolate-oblate

shape transitions [93]. Systematics of the E(2+

2 )/E(2+

1 ) energy ratios versus N for

even-even Hf-Hg (Z = 72 → 80) nuclei between N = 104 and N = 122 are shown in

figure 4.34 [23]. The neutron number N = 116 appears to be a transitional point for

Os isotopes, which indicate the maximum γ-softness in this isotopic chain.
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4.8.8 Deformation systematics

In A ∼ 190 region, for even-even Hf-Pt (Z = 72 → 78) nuclei, the lighter isotopes

are prolate deformed and by adding more and more neutrons the shape becomes oblate

[11, 12]. As the closed shell at N = 126 is approached, the shape of the nuclei is

predicted to be become spherical [14, 13]. For the prolate-oblate transition region, the

nuclei have a potential with similar energy minima corresponding to prolate and oblate

shapes [8]. Figure 4.35 shows the potential energy plots as a function of β deformation

(axial quadrupole moment Q20) for the 70Yb, 72Hf, 74W, 76Os and 78Pt isotopes with

neutron numbers N = 110 → 122 [22]. The axially symmetric quadrupole moments

is equivalent to Q20 > 0 for prolate and Q20 < 0 for oblate shapes respectively, while

the γ deformations are equivalent to γ = 0◦ for prolate and γ = 60◦ for oblate shapes

respectively. From these calculations, 194Os has two competing minima which lie quite

close in energy [22].
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) versus N for even-even

Hf-Hg (Z = 72 → 80) nuclei between N = 104 and N = 122 [23].

4.8.9 Total Routhian Surface (TRS) calculations

A further method used to predict the ground state configurations of Os isotopes

are Total Routhian Surface calculations (TRS) using the prescription described in

Refs. [106, 107, 108]. These have been performed for the 190,192,194,196Os isotopes,

corresponding to neutron numbers N = 114−120. The results of these calculations are

shown in figure 4.36, which is taken from Ref. [94]. In these calculations the potential

energy is shown as a function of β deformation and the γ degree of freedom. A value

of γ = 0◦ corresponds to axially symmetric prolate shapes and γ = 60◦ corresponds to

axially symmetric oblate shapes. These calculations predict an evolution from γ-soft

prolate potential at 190Os to a well defined oblate shape for 196Os. In case of 194Os,

there are both oblate and prolate γ-soft minima [94] (i.e. competing prolate and oblate

shapes), but the overall potential is rather shallow in the γ-plane.
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Figure 4.35: Potential energy plots as a function of β deformation (axial quadrupole

moment Q20) for 70Yb, 72Hf, 74W, 76Os and 78Pt isotopes with neutron numbers

N = 110 → N = 122. These calculation were taken from Ref. [22].
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Figure 4.36: Total Routhian Surface calculations (TRS) for the ground state config-

urations of Osmium isotopes: 190
76Os with β2=0.17; 192

76Os with β2=0.15; 194
76Os with

β2=0.16 and 196
76Os with β2=0.12. The energy contours in this figure are separated

by 200 keV, this figure is taken from Ref. [94].
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4.8.10 Mean field calculations

The evolution of the ground state shape of Yb, Hf, W, Os and Pt isotopes has

been studied recently with neutron numbers ranging from N = 110 → N = 122

using a Skyrme Hartree-Fock puls BCS pairing approach [22]. These calculations were

performed including the γ degree of freedom, and the results are shown in figure 4.37.

From these, general conclusions can be extracted obtained about the predicted shape

evolution in this region of the chart. These are (i) increasing the proton number Z for

fixed N drives the corresponding nuclei toward triaxiality [22]; and (ii) by increasing N

for fixed Z, there is a transition from prolate to oblate shapes. At N = 116 and Z = 70

(186Yb), there is a sharp transition from a prolate (N < 116) to an oblate (N > 116)

ground state. In case of the Os isotopes (higher values of Z), the ground state is already

triaxial or γ-soft and remains so up to N = 122. These conclusions are consistent with

other theoretical calculations using different interactions [11, 19, 94, 98, 109].

4.9 Summary of 194Re → 194Os decay study

The results indicate that there is likely to be (at least) three β-decaying states

from 194Re with three different half-lives which feed the:

(1) 0+

2 state and direct to the 0+ ground state of 194Os with T1/2=7(1) s.

(2) (11+) high spin state in 194Os (T1/2=21(6) s).

(3) (6+) yrast state in 194Os (T1/2=100 s).

MQP calculations assuming axial symmetry give a number of possible prolate

(high-spin) and oblate (low-spin) candidate configurations for these β−-decaying states

based on Nilsson configurations. E(4+

1 )/E(2+

1 ), 1/E(2+

1 ) and E(2+

2 )/E(2+

1 ) systematics

for 194Os are consistent with a rather γ-soft nucleus as predicted by TRS and HF

calculations.
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Figure 4.37: Potential energy surfaces as a function of β and γ deformations for the

70Yb, 72Hf, 74W, 76Os and 78Pt isotopes with neutron numbers N = 110 → N = 122.

This calculations were taken from Ref. [22].



Chapter 5

Isomeric states in N = 128 isotones

5.1 Introduction

In this chapter, the production and structural investigation of the heavy neutron-

rich nuclei with N > 126 and Z < 82 are presented. Specifically, experimental details

and results of the N = 128 isotones, 208Hg and 209Tl are reported.

5.2 Experimental details

Heavy neutron-rich nuclei were populated via a relativistic energy projectile frag-

mentation reaction. The primary 238U beam at an energy of E/A =1 GeV was provided

by the SIS-18 accelerator at GSI. The maximum primary beam intensity was ∼ 109

ions/spill. The ∼ 2 s long spills were separated by ≃ 2 s long periods without beam.

The 238U ions impinged on a target composed of 2.5 g/cm2 9Be + 223 mg/cm2 Nb.

The Nb foil was used to increase the electron stripping efficiency for the reaction prod-

ucts. The nuclei of interest were selected and identified in flight on an event-by-event

basis by the GSI FRagment Separator (FRS) [38]. Figure 5.1 shows a schematic of the

detector configuration at the final focal plane of the GSI Fragment Separator used in

the April 2008 experiment.

The FRS was optimised for the transmission of 205
78Pt127 ions. Compared to pre-

vious experiments [14, 81] there were some improvements in the FRS detector setup,

including: (i) Time Projection Chambers (TPC) were used to track the ions by mea-

suring the X and Y position at both in the S2 and S4. The previous standard setup

116
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Figure 5.1: Schematic of the detector configuration at the final focal plane of the

GSI Fragment Separator used in the April 2008 experiment. Six DSSSDs (black

boxes) were used in this particular experiment. TPC=Time Proportional Chamber

detectors; MW= MultiWire detectors; Sci= Scintillator detectors; MUSIC= MUlti

Sampling Ionising Chamber detectors. The secondary ions were transmitted from

left to right on this schematic. The label “4”indicates that the detectors are placed

at the final focal plane.
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Figure 5.2: Energy loss measurements in the MUSIC41 detector which shows the

transmitted fission projectile fragments for the 205Pt setting.

used slower Multiwire (MW) proportional chambers for tracking at S4 and a single

scintillator detector to obtain the ion position at S2. The high rate acceptance of

TPCs also allowed tracking at S2, which was previously not standard in the FRS set

up. (ii) An automatic correction for pressure change of the MUlti Sampling Ionization

Chambers (MUSIC) was also incorporated.

5.3 Identification of 208Hg and 209Tl isomers

A cocktail of the secondary beams was created following the interaction of the 238U

primary beam with the 9Be target at the entrance of the FRS. The same techniques of

particle identification were used to identify the nuclei of interest as described previously

in Chapter 4. The energy loss in the MUSIC41 and the scintillator Sci41 detectors for

the 205Pt centred setting are shown in figures 5.2 and 5.3 respectively. These were

used to identify the projectile and fission fragments. Figures 5.4 and 5.5 show the

spectra for the energy loss in MUSIC41 detector versus the energy loss in the Sci42L
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Figure 5.3: Energy loss measurements in the Sci41 detector showing the fission and

projectile fragments for the 205Pt setting.

detector and the energy loss in MUSIC41 detector versus the energy loss in the Sci42R

detector respectively for 205Pt setting. In these figures, the red line surrounds those

events associated with no nuclear reactions before and after the interaction with the

S4 degrader. The energy loss of the veto detector for the 205Pt setting is shown in

figure 5.6; those events after the red line were removed from the final off-line analysed

data. The spike at the end of the spectrum arises from a pulser which is connected to

detector.

After the production target the magnetic rigidity of the fully stripped nuclei of

interest was close to those of the intense He-like primary 238U beam. In order to prevent

the high-intensity charge states of the primary beam from reaching and damaging the

detectors at the intermediate focal plane (S2), a degrader of thickness 2176 mg/cm2 Al

equivalent was placed at the first, dispersive, focal plane (S1). The FRS was operated

in achromatic mode with a wedge shaped degrader at the intermediate focal plane of

the separator (S2). This degrader had a total thickness of 2.8 g/cm2 Al equivalent
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Figure 5.4: Energy loss in the MUSIC41 detector versus the energy loss in the Sci42L

detector. The red line surrounds those ions with the same atomic number before and

after the interaction with the S4 degrader.

and included a fast scintillator and a Nb stripper to maximise the number of fully

stripped (q=Z) nuclei passing through the FRS. According to calculations performed

with the GLOBAL code [84] 92.2%, 82.0% and 70.7% of the 208Hg ions were fully

stripped leaving the target, the S1 focal plane and S2 focal plane, respectively. The

energy loss in MUSIC 42 versus the energy loss in the S2 degrader is shown in figure

5.7, which represents the charge state selection for the 205Pt centred setting. The (red)

gate is predominately fully stripped ions with △q = 0 while the region defined by the

black locus represents the H-like ions with △q = −1. Figure 5.8 shows the particle

identification plot of 205Pt setting for fully stripped (△q = 0) ions. The number of

implanted nuclei from the 205Pt centred setting, for fully stripped (△q = 0) ions, is

given in Table 5.1.

The particle identification for this experiment was confirmed by the observation of

the γ-ray decay from previously reported isomeric decays in 204Au [110], 205Au [88, 111]
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Figure 5.5: Energy loss in the MUSIC41 detector versus the energy loss in the Sci42L

detector. The red line surrounds those events associated with “no nuclear reaction”

before and after the S4 degrader.

and 206Hg [112]. The γ-ray spectra for the isomeric decays associated with 204Au, 205Au

and 206Hg in the present work are shown in figure 5.9.

5.4 Isomeric states in N = 128 isotones

5.4.1 208Hg

Evidence of decays from isomeric states in the N = 128 isotones 208Hg and 209Tl

is observed in the current work for the first time. Delayed γ rays associated with

208Hg nuclei are shown in figure 5.10(b). Three γ ray transitions with energies 203,

425 and 669 keV, together with characteristic Hg Kα X ray are identified. The three

γ-ray transitions are in mutual coincidence as shown in figure 5.11 and have similar

apparent decay half-lives within experimental uncertainties. Figure 5.12 shows the

time difference between these transitions. The time difference was approximately 50
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Figure 5.6: Energy loss in the veto Scintillator Sci43 for 205Pt setting.

ns which corresponds to the prompt response between germanium detectors in the

RISING array, suggesting these transition come from the decay of a single isomer

followed by a prompt (T1/2 < 1 ns) cascade. The measured half-life is T1/2=99(14)

ns, see figure 5.10(b). The relative γ-ray intensities associated with the isomer in the

present work are given in Table 5.2. Assuming that the three γ-ray transitions form a

single cascade, the total transition intensities must be equal. Under this assumption,

the internal conversion coefficient of the 203 keV transition can be inferred, assuming

that it and both the 669 and 425 keV transitions are all of a pure, stretched E2

character. From these intensity balance arguments, the internal conversion coefficient

for the 203 keV transition is thus inferred to be αExp.=0.36(6). This compares to the

theoretical value for a 203 keV E2 transition in 208Hg of αThe.=0.37(6), see Table 5.3

for details. The intensity of the measured Kα X-rays following the conversion electron

emission is also in agreement with the fluorescence yield expected for a 203 keV E2

internal conversion branch in this decay [113].
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Table 5.1: Number of implanted nuclei for different neutron-rich species populated

in the 205Pt setting for fully stripped. These values all assume fully stripped nuclei

transmitted through the FRS only.

Number Nucleus Number of Nuclei Ions/Hour

1 208
81Tl 147 2.26

2 209
81Tl 616 9.48

3 210
81Tl 343 5.28

4 211
81Tl 234 3.6

5 206
80Hg 587 9.03

6 207
80Hg 612 9.42

7 208
80Hg 699 10.75

8 209
80Hg 243 3.74

9 204
79Au 877 13.49

10 205
79Au 677 10.42

11 206
79Au 276 4.25

12 207
79Au 225 3.46

13 208
79Au 302 4.65

5.4.2 209Tl

There is also evidence for a ∼ 100 ns isomeric decay in 209Tl in the current work.

Discrete γ rays with energies of 138, 323 and 661 keV, together with characteristic Tl

Kα X rays have been identified, see figure 5.10(c). The 138, 323 and 661 keV transitions

are in mutual coincidence, as shown in figure 5.13. They are also prompt (△t < 50

ns) with respect to each other, as shown by the time different spectra shown in figure

5.14.

The measured time difference was approximately 50 ns which corresponds to the

FWHM of the prompt instrument timing response of the RISING array. This suggests

a single isomeric state in 209Tl followed by a prompt (T1/2 < 1 ns) cascade. No parallel

branches are observed in the current work. The measured, relative γ ray intensities

for the three transitions observed in 209Tl are given in Table 5.2. As in the 208Hg
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Figure 5.7: Energy loss in the MUSIC42 detector versus the energy loss in S2 de-

grader, the red gate surrounds the fully stripped ion events, and the black gate the

H-like ones.

isomeric decay discussed in the previous section, under the assumption that the three

γ-ray transitions form a single cascade with no parallel branches, the total transition

intensities must be equal. Under this assumption, the internal conversion coefficient

of the 137 keV transition can be inferred, assuming that the 661 and 323 keV decays

are both of an E2 character. From these intensity balance arguments, the internal

conversion coefficient for the 137 keV transition was deduced to be αExp.=1.54(31).

This compares with the theoretical value for a 137 keV stretched E2 transition in the

209Tl of αThe.=1.64(23), see Table 5.2. The intensity of the Kα X-rays following the

conversion electron emission is also in agreement with expectation from the florescent

yield following internal conversion. The measured half-life for the isomer decay in 209Tl

is T1/2=99(11) ns, see figure 5.3(c).
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Figure 5.8: Particle identification plot from the 205Pt setting for fully stripped ions

(△q = 0).

5.5 Discussion of N = 128 isotones for Z ≤ 82

Prior to the current measurement no experimental information was available on

the excited states of 208Hg. Excited states of 209Tl were previously studied via the alpha

decay of 213Bi and in the (t,α) reaction [34]. The alpha decay of 213Bi populates both

the first excited states as well as the ground state of 209Tl [34]. The γ ray depopulating

the first excited state was observed at 324 keV [34]. A recent evaluation [35], based

on intensity balance measurements in α decay, concludes that this transition has an

mixed E2 / M1 character, with a mixing ratio of δ=1.26(16). Six excited states were

identified in the (t,α) reaction on a radioactive 210Pb target [34], with an estimated

energy uncertainty of 10 keV [37]. The results were described as an odd-proton hole

coupled to the 210Pb core [117].
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Figure 5.10: γ-ray spectra from isomeric decays in 206Hg, 208Hg and 209Tl measured

in the current work. (a): 206
80Hg γ rays detected between 125 and 11250 ns after the

implantation. Inset: Decay curve associated with the 364 keV γ ray from the current

work. (b): 208
80Hg γ rays observed between 100 and 2450 ns after the implantation.

Inset: Decay curve of the 203, 425, 669 keV γ rays. (c): 209
81Tl γ rays detected

between 100 and 1625 ns after the implantation. Inset: Decay curve of the 137, 323,

661 keV γ rays. A γ ray with energy of 323 keV in 209Tl was previously reported in

References [34, 35].
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Table 5.2: Experimental γ ray intensities for transitions in 208Hg and 209Tl from the

current work.

Nucleus γ-ray Counts Absolute Conversion Iγ Total Intensity

Energy Photopeak Coefficienta

(keV) Efficiency

203 94(10) 0.27 0.3710 77(11) 104(15)

208Hg 425 91(10) 0.18 0.0405 107(16) 110(16)

669 62(8) 0.13 0.0138 100(16) 100(16)

137 45(9) 0.30 1.5960 42(9) 110(25)

209Tl 323 79(9) 0.22 0.0877 100(15) 111(17)

661 48(8) 0.14 0.01484 96(19) 100(19)
a Electron conversion coefficient for a pure E2 transitions, taken from Ref. [56].

5.5.1 Shell model calculations

In order to obtain a quantitative understanding of the underlying single-particle

structure of the excited states in the N = 128 isotones 208Hg and 209Tl, shell-model

calculations using the OXBASH code [118] have been performed. The shell model

single-particle space consisted of the proton orbitals 2d5/2, 2d3/2, 3s1/2, 1h11/2 below

the Z=82 closed shell, and the neutron orbitals 2g9/2, 1i11/2 1j15/2 above the closed

N=126 shell. Therefore, no core excitations across the 208Pb double shell closure were

allowed in these calculations. The single proton-hole and neutron-particle energies

were taken from the experimental spectra of 207Tl and 209Pb, respectively. The Two-

Body interaction Matrix Elements (TBME) were taken from Ref. [119]. These were

based on the Kuo-Herling realistic interaction [120] for proton-proton and neutron-

neutron TBME derived from a free nucleon-nucleon potential with core polarisation

renormalisation due to the finite model space. The proton-neutron interaction is the

bare H7B G-matrix [121] without core polarisation as justified in Ref. [119]. The only

additional correction made in the present work is a shift of +40 keV to the (νg9/2)
2
8+

two-body matrix element to obtain the correct experimental ordering of the spin/parity

6+ and 8+ states sequence in 208Hg. As a first step the excited states of the two-proton
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condition is (100-2450) ns for each of these spectra. (a): Gate on 204 keV. (b): Gate

on 425 keV. (c): Gate on 669 keV.

hole 206Hg and the two-neutron particle 210Pb nuclei were calculated. The partial level

schemes obtained in the current work together with the predominant single-particle

configurations are shown in figure 5.15.

208Hg calculations

The 208Hg nucleus has two-proton holes and two-neutron particles outside the

double magic 208
82Pb126 core. The results of the shell model calculations are shown

in figure 5.8. The comparison with the experimental information suggest an Iπ=8+

assignment for the observed isomer. The three observed transitions at 669, 425 and

203 keV are then assumed to correspond to the 6+ → 4+ → 2+ → 0+ decay sequence.

It is assumed here that the 8+ → 6+ transition directly depopulating the isomer is not

observed due to the high conversion coefficient (and low efficiency of the detector) at
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Table 5.3: Theoretical and experimentally inferred conversion coefficient (E2) values

for 208Hg and 209Tl, theoretical values are taken from BrIcc v2.2b website.

Nucleus Energy Iγ αa
The. αExp. 〈x〉b

keV

203 77(11) 0.371(6) 0.447(93) α(203)=

208Hg 425 107(16) 0.0405(6) 0.36(6)

203 77(11) 0.371(6) 0.313(68)

669 100(16) 0.01381(20)

137 42(9) 1.642(23) 1.84(50) α(137)=

209Tl 323 100(15) 0.178(1)c 1.54(31)

137 42(9) 1.642(23) 1.35(40)

661 96(19) 0.01484(21)
a The conversions coefficient αThe. for E2 transitions, are taken from Ref. [56].

b 〈x〉 is the weighted value for the αExp.

c This value is taken from Ref. [35] for a mixed M1 / E2 transition transition.

low energies (Eγ < 80 keV). Each these states are predicted to be of predominantly

νg2

9/2
shell model character. The rather low intensity of the observed Kα line indicates

that the energy of this missing transition is below the binding energy of the Hg K

electron, i.e. below 83.1 keV. The transition strength extracted from the experiment

is slightly larger than the calculated value of B(E2)=1.22 W.u., (see Table 5.5). The

experimental B(E2) values were calculated by using expression [55, 122].

B(E2) =
9523

T1/2.E5
γ .A

4/3

BR

1 + α
(5.1)

where T1/2 is the EM decay half-life in ps, Eγ is transition energy in MeV, A is

the mass number, α is the conversion coefficient and BR is the branching ratio, B(E2)

values are in Weisskopf units.
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Figure 5.12: γ-ray time difference spectra on 208Hg isomeric, γ-rays showing the

prompt coincidence nature of the cascade observed in 208Hg.

209Tl calculations

The 209
81Tl128 nucleus has one-proton hole and two-neutron particles outside the

double magic 208
82Pb126 core. The results of the shell model calculations performed for

the current work are shown in figure 5.9. The calculation suggests a 17/2+ isomeric

state which would decay via a 17/2+ → 13/2+ → 9/2+ → 7/2+ → 3/2+ → 1/2+

sequence. The isomer is predicted to have a predominantly ν(g9/2)
2
8+ ⊗πs1/2 character

and to decay via a low-energy, (unobserved), E2 transition into the mainly ν(g9/2)
2
6+ ⊗

πs1/2, Iπ=13/2+ state. The 17/2+ → 13/2+ decay transition is the analogue of the

8+ → 6+ decay in 208Hg. The similar B(E2) transition strengths in the two N =

128 nuclei are consistent with this interpretation. The 137 and 661 keV transitions

are interpreted as connecting the 13/2+ →9/2+ and 7/2+ →3/2+ states respectively.

The expected low energy 9/2+ →7/2+ transition is also not observed in the current

work. The low intensity of the observed Kα lines indicates that the energies of both



5.5 Discussion of N = 128 isotones for Z ≤ 82 132

0
10
20
30
40
50

0
1
2
3
4

0
1
2
3

0 100 200 300 400 500 600 700 800 900 1000
Energy (keV)

0

2

4

Singles

X
-r

ay
73

13
7 32

3

66
1

Gate on 137 (keV)

Gate on 323 (keV)

Gate on 661 (keV)

13
7

13
7

32
3

32
3

66
1

66
1

C
ou

nt
s 

pe
r 

ke
V

∆t=(100-2025) ns

Figure 5.13: Singles and coincidence γ-ray spectra gated on 209Tl and the time gate

is (100-1625) ns. (a): Gate on 137 keV. (b): Gate on 323 keV. (c): Gate on 661

keV.

unobserved transitions are below the binding energy of the Tl K electron, i.e. below

85.5 keV.

There is a clear similarity between the low-lying level structure of 210Pb and

208Hg. The excitation energies of the 4+, 6+ and 8+ states are very similar, indicating

that the proton admixture into these states in 208Hg is small. However it is notable

that the yrast 2+ state in 208Hg lies 130 keV lower than in 210Pb. This lowering would

be caused by mixing the πs1/2d3/2 configuration (which is the dominant component of

the predicted yrast Iπ=2+ wave function in 206Hg) with the (νg9/2)
2
2+ configuration.

A closer look at the calculated wave functions reveals that the situation is even more

complex. The occupation of the (νg9/2)
2
0+(πs1/2)

−2 configuration in the ground state

is only about 50%. The rest of the strength is made out of different excitations,

including neutrons in the νi11/2 and protons in the πh11/2 orbitals. The occupancy of
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Figure 5.14: γ-ray time difference spectra for dated on 209Tl. γ-rays showing the

prompt coincidence nature of the cascade observed in 209Tl.

these orbitals are of particular interest since the ground state decay half-life of 208Hg,

and indeed other nuclei in this region, are determined largely by the first forbidden

(parity chaning) νg9/2 → πh11/2 and νi11/2 → πh11/2 β-decay transitions.
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Table 5.4: B(E2) and internal conversion coefficient (α) values 208Hg and 209Tl for

different energies. B(E2) values are given in Weisskopf units.

208Hg 209Tl

Energy αa B(E2) Energy αa B(E2)

keV keV

10 97540 8.00(1.14) 10 106200 7.61(88)

20 12500 1.95(39) 20 13530 1.87(22)

30 1676 1.92(27) 30 1817 1.83(22)

40 405.9 1.87(27) 40 440.3 1.79(21)

50 136.2 1.82(26) 50 147.8 1.74(20)

60 56.17 1.76(25) 60 60.97 1.68(20)

70 26.72 1.68(24) 70 29.01 1.60(19)

80 14.12 1.58(22) 80 15.33 1.51(18)

90 8.692 1.36(19) 90 9.309 1.33(15)

100 5.545 1.19(17) 100 5.917 1.17(14)
a These values are taken from BrIcc v2.2b website.

Table 5.5: Comparison between experimental and shell-model B(E2) transition

strengths. Values are given in Weisskopf units.

Nucleus Transition B(E2)exp B(E2)calc

210Pb 8+ →6+ 0.64(7) [114, 115] 0.69

206Hg 10+ →8+ 0.99(18) [112, 116] 0.87

208Hg 8+ →6+ 1.95(39)–1.58(22)a 1.22

209Tl 17/2+ →13/2+ 1.87(22)–1.51(18)a 0.96
a Assuming a transition energy between 20–80 keV
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Chapter 6

Summary and Future work

6.1 March 2007 experiment

A number of discrete, β-delayed γ-ray transitions associated with β decays from

194Re to excited states in 194Os have been observed, including previously reported

decays from the yrast Iπ = (6+) state in this nucleus. Three previously unreported

γ-ray transitions with energies 194, 349 and 554 keV are also identified. At least three

separate β-decaying states, together with their decay half-lives have been established for

194Re for the first time in this work. In addition, previously unreported isomeric states

in 187Hf, 189,190Ta and 191W are identified. Nilsson Multi Quasi Particle calculations for

prolate and oblate (axially symmetric) deformations predict a variety of possible low-

lying candidates states in 194Re which would be expected to β decay to excited states

in 194Os. Specifically, both prolate (high-spin) and oblate (low-spin) configurations are

predicted for 194Re with spin/parities consistent with the expected decays which are

observed to populate discrete levels in the 194Os daughter nucleus.

6.2 April 2008 experiment

Metastable states in the N=128 isotones, 208Hg and 209Tl have been identified.

The data provides the first comprehensive experimental test of shell-model calcula-

tions and residual interaction for the model space Z<82, N>126. The present results

and those of reference [32] for the first measurement of the empirical p-n interaction

strength in 208Hg, represent the first beginnings of nuclear structure studies in this

137
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entire, heretofore unknown, major shell quadrant to the southeast of 208Pb.

6.3 Future work

Future directions for this work include the studies of more neutron-rich species

of the isotopes studied here. To this end, there have been recent experiments at GSI

using a 238U beam to populate more neutron-rich Re and Os isotopes. The structure

of these systems should be investigated to see if the predicted change from prolate to

oblate shapes is completed for higher neutron numbers. Additional potential studies

in this region also include the measurement of B(E2) values for the low-lying excited

states in these nuclei to establish transition quadrupole values which would allow a

comparison of the evolution of deformation as the N=126 shell closure is approached.

Decays from seniority isomers for N>126 systems are also expected in Z<80 isotopes

and would provide additional input to the question of proton-hole/neutron-particle

residual interactions in nuclei about the 208Pb double shell closure. Such studies are

anticipated using the next generation of projectile fragmentation experimental facility

at the Facility for Anti-proton and Ion Research (FAIR) in the coming decade.



Appendix A

The magnetic force on a particle with charge q moving with velocity v is given in

equation below, where B is the field strength.

−→
F = q(−→v ×−→

B ) (A.1)

The force on a particle in a circular motion is given by the following equation:

F =
mv2

r
(A.2)

where r = ρ is the magnetic bending radius (which can be measured directly);

v is the velocity, v = cβ; p is the momentum (which can be written in terms of the

fragment mass (m) and the velocity). By equal these equations A1 and A2

mv2

r
= qvB (A.3)

Re-arranged eq. A.3 and substituting r = ρ

Bρ =
1

q
mv (A.4)

For the relativistic mass and velocity, the relativistic parameter γ is includes,

where γ =
√

1/(1 − β2));

139
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Then,

Bρ =
1

q
γmv (A.5)

where v = cβ

Bρ =
1

q
γmcβ (A.6)

where q = Qe

Bρ =
1

Q
γcβm

1

e
(A.7)

for the mass is rewritten in terms of the atomic number m = Au

Bρ =
A

Q
βγ

uc

e
(A.8)



Appendix B

Calibration

B.1 Energy calibration of the RISING

Germaniums array
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Figure B.1: Energy calibration spectrum of the RISING germanium crystals using

two sources: (i) A mixed source of 241Am, 137Cs and 60Co; and (ii) a 133Ba source.
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B.2 Energy calibration of the Silicon detectors
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linear preamplier part of the silicon active stopper.
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Publications

C.1 Peer-Reviewed Publications

N. Al-Dahan, Zs. Podolyák, P.H. Regan et al. [+53 others],

Nuclear structure “southeast”of 208Pb: Isomeric states in 208Hg and 209Tl

Phys. Rev. C 80, 061302(R) (2009).

N. Al-Dahan, Zs. Podolyák, P.H. Regan et al. [+51 others],

Isomeric States in 208Hg and 209Tl Populated in Fragmentation of 238U

Acta Phys.Pol. B 40, 871 (2009).

P.H. Regan, N. Alkhomashi, N. Al-Dahan et al. [+39 others],

First results with the rising active stopper

Int. J. Mod. Phys. E 17, 8 (2008).

P.H. Regan, N. Alkhomashi, N. Al-Dahan et al. [+40 others],

New Insights into the Structure of Exotic Nuclei Using the RISING Active

Stopper

AIP Conf. Proc. 1090, 122 (2009).
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Angular Momentum Population in Fragmentation Reactions
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Structure of N > 126 nuclei produced in fragmentation of 238U

AIP Conf. Proc. 1090, 145 (2009).
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Phys. Rev. C 81, 024322 (2010).
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[69] M. Pfützner et al., Nucl. Instr. Meth. B 86, 213 (1994).

[70] H. Stelzer, Nucl. Instr. Meth. A 310, 103 (1991).

[71] P. H. Regan et al., Int. J. of Mod. Phys. E. 17, 8 (2008).



Bibliography 151

[72] http://www-linux.gsi.de/weick/frs/mwpc.html.

[73] G. Münzenberg, Nucl. Instr. Meth. B70, 265 (1992).

[74] G. F. Knoll, Radiation Detection and Measurement (John Wiley and Sons, New

York, 2000).
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