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Abstract

The structure of the neutron-deficient nuclides 1%*Os and W has been investigated
in experiments using the JUROGAM ~-ray spectrometer and GREAT spectrometer in
conjunction with RITU separator at the Accelerator Laboratory of the University of
Jyviskyld. The excitation level scheme for 1%®Os has been extended and the life-
times of excited states in W have been measured using the DPUNS differential
plunger and the recoil distance Doppler-shift method. These states were produced
using by a fusion-evaporation reaction using a “>Mo target and a "®Kr beam. This
thesis addresses the anomalous B(E2;4] — 21)/B(FE2;2{ — 0f) ratios measured
for these neutron-deficient N = 92 isotones. The extended level scheme of %80Os
has revealed several new features. These features were investigated in a model using
the Bateman equations and based on the differential decay curve method to provide
possible explanations for the anomalous B(£2)4+ o+ ratios in 16805 extracted from
recent lifetime measurements by Grahn et al. [1]. In a complementary experiment,
the lifetimes of the 2%, 47, 67, 127 and 14% excited states in W have been mea-
sured for the first time using recoil gated v-v-coincidence spectra. The measured
reduced transition probabilities revealed a B(E2;4% — 21)/B(FE2;2T — 07) ra-
tio less than unity. The B(E2) value for the transitions between high-spin states
provides evidence for a weak interaction strength at the ground-Stockholm band

crossing.
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Introduction

The collective behaviour of protons and neutrons resulting in vibrational and ro-
tational excitations is one of the most important paradigms in nuclear physics [2].
It has long been established through experimental measurements that nucleon sep-
aration energies and the excitation energy of 2% states in even-even nuclei have
relatively high values at certain magic numbers corresponding to closed shells [3, 4].
Conversely, the observation of rotational bands and large quadrupole moments at
the mid-shells indicates that valence nucleons interact in a coherent manner to pro-
duce large average deformations [2]. The variation of such properties as a function of
proton or neutron number has allowed the evolution of collectivity in atomic nuclei
to be probed and has provided stringent constraints on theoretical descriptions.
The advent of selective tagging techniques has allowed excited states in the most
exotic nuclei to be observed for the first time. For example, the recoil-decay tagging
technique [5] that uses spatial and temporal correlations to identify v-ray transitions
in weakly populated nuclei by the subsequent radioactive decays of the emitting nu-
cleus has revealed excited states in the over 40 nuclei in the neutron-deficient region
below the Z = 82 shell gap [6, 7, 8, 9, 10]. The identification of excited states in
atomic nuclei spanning complete shells is crucial to determining the evolution of
collectivity. For example, recent tagging experiments of the light osmium isotopes
have identified excited states completing an unbroken sequence of isotopes from

1620sg6 [11] to ¥80s;a [12], which spans most of the 82 < N < 126 neutron shell.
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Energy level systematics of the Os isotopes suggest that single-particle excitations
dominate near the closed N = 82 shell but collectivity develops rapidly with increas-
ing valence neutron number. Indeed, over a range of only eight neutrons the isotopes
display features indicating behaviour related to vibrations, soft triaxiality, shape co-
existence and well deformed rotation [13, 14, 15]. In recent years it has become
possible to perform more detailed spectroscopic measurements of highly neutron-
deficient nuclei. Considerable effort has been expended on developing techniques
that allow detailed information to be determined regarding nuclear matrix elements.
The exploitation of recoil-distance Doppler shift measurements using a differential
plunger device in conjunction with recoil(-decay) tagging techniques has allowed
the lifetimes of excited states to be measured [16]. The lifetime of excited states
can be related to the reduced transition probability B(E2), which provides a direct
measure of collectivity. A systematic programme of lifetime measurements in heavy
(166 < A < 188) neutron-deficient nuclei has started to reveal useful information
about collective behaviour in the transitional nuclei above N =82 [1, 17, 18, 19, 20].

Recent lifetime measurements by Grahn et al. of the low-lying states in %%Os
have revealed ratios of reduced transition probabilities that are unexpectedly low
for a collective nucleus, B(E2;47 — 27)/B(E2;2" — 07) = 0.36(14)* [1]. Low
B(E2)4+ o+ ratios have been observed in several other cases around closed shells
due to seniority effects [21] or due to shape coexistence where the 2% and 4™ states
belong to differently deformed configurations yet this behaviour is not expected in
deformed nuclei with regular collective excitations [18, 19]. In 2004, a detailed sur-
vey of existing data was carried out by Cakirh et al. [22]. Cakirli’s work was inspired
by the lifetime measurement for **Ru, which revealed an anomalous B(E2),/, ra-
tio, which was compared with nine other nuclei with abnormal B(E2)4+ o+ ratios.

Cakirh suggested these phenomena should be investigated further using other tech-

*Hereafter labelled B(E2)4+ o+
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2004 2013

Nuclide | P Factor | B(E2)42 | Ref. | B(E2)4/2 Ref.
BRuse | 240 | 0.35(11) | [32] | 1.86(16) 23]
WiTee, | 171 | 0.84(11) | [26] | 0.84(11) 126]
WX | 286 | 0.999) | [27] | 0.99(9) [27]
BiXee | 133 | 0.76(7) | [28] | 0.76(7) 28]
8206, | 4.00 | 1.07(25) | [29] | 1.07(25) 29]
BiCe,, | 343 | 0.76(15) | [30] | 0.76(15) 130]
2Ndy, | 500 | 0.88(6) | [31] | 0.88(6) 31]
WINdg, | 1.67 | 0.73(9) | [33] | 0.98(3) [25]
166W g, 4.44 - - 0.33(5) | Present Work
1680595 | 4.00 ; - | 0.36(13) 1]
180pe s | 333 | 0.9(2) | [34] | 1.7(3) 24]

Table 1: The abnormal B(E2),/, ratios.

niques such as Coulomb excitation. Since then, the measurements for “*Ru and
80Pt have been repeated and corrected using Coulomb excitation [23] and recoil-
distance Doppler shift lifetime measurements [24], respectively. Of the remaining
cases, Coulomb excitation of '**Nd has provided a value more consistent with the
collective model [25]. These results are encouraging for the collective theory since
they suggest that the apparent abnormal behaviour may arise from experimental
limitations. However, recent RDDS lifetime measurements for 1%®Os and the lifetime
measurements for W exhibit anomalous B(E2),+ 2+ ratios that require explana-
tion. The analysis of the N = 92 isotones, '%30s and W, has revealed the two
lowest B(E2)4+ o+ values at 0.36(13) and 0.33(5), respectively. An updated survey
inspired by Cakirli et al. has been conducted in this work and is presented in Fig-
ure 1 and a comparison of B(E2)4+ o+ ratio from the recent measurements with the
work of Cakirli et al. is given in Table 1.

This thesis aims to discover the origins of the anomalous B(E2)4+ o+ ratios in
1680s and 'W. After a brief survey of the relevant nuclear physics concepts and
experimental methodology new results reporting an extension the the level scheme of

1980s are presented. The anomalous B(E2) 4+ o+ ratios are discussed in terms of these
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Figure 1: Experimental B(E2) values for 27 and 4T excited states in non-magic nuclei
in the region 40 < Z < 80. The diagonal line represents B(E2; 47 — 27) = B(E2;
2t — 07%). Filled diamonds and 152Dye6 use data from National Nuclear Data Center
(NNDC). Exceptions are in the figure are listed; **Rusy [23], 1*Teg2 [26], M4Xego [27],

134X ego [28], 132Cer4 [29],

168()g [1] 180Pt102 [24].

134Ceqy [30], 132Nd7y [31], 144Ndgy [25], 166W from present work,

21



new features, which indicate that the Grahn et al. [1] measured an apparent lifetime
for the 47 state in 1%0s due to the complicated structure of 80s. This thesis also
reports the first lifetime measurements of excited states in W, which also displays
the B(E2)4+ 2+ anomaly and compares this results with existing theoretical models.

It is apparent that the anomaly does not have a common origin in both nuclides.
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Chapter 1

Concepts in Nuclear Physics

1.1 The Spherical Shell Model

The Liquid Drop Model (LDM) [35] was the first proposed model to describe features
of the atomic nucleus. The idea of considering the nucleus as a liquid drop originated
from the saturation properties of the nuclear forces and the low compressibility and
well-defined surface of the nucleus. The goal of the LDM was to elucidate the relation
between the binding energies and the mass of the nucleus and its results are in good
agreement with the variation of binding energies as a function of mass. However,
calculations from the LDM were not sufficient to clarify the empirical high separation
energies around a few specific proton and neutron numbers [36]. These nucleon
numbers, 2, 8, 20, 28, 50, 82 and 126, are called magic numbers and are analogous
to electron shell closures in atomic physics. Experimentally observed magic numbers
led nuclear physicists to the nuclear shell model [3, 4]. The shell model assumed
that each nucleon moves independently in an average potential that is produced
by the interaction of all the other nucleons in the nucleus. In order to reproduce
these magic numbers theoretically, it was necessary to decide upon an appropriate

nuclear potential with an effective interaction. The harmonic oscillator potential
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was chosen for the potential term in the Hamiltonian of the Schrodinger equation in

Equation 1.1, since the harmonic oscillator is simple to deal with analytically [37].

Hy = Ey
Ty + V(r)h = Ei (1.1)
h

1
— V2 + —mw?r?y = Ev.
2m 2

In spite of this simplicity, the solution to the Schrodinger equation with the harmonic
oscillator potential caused two problems. The first problem was that the harmonic
oscillator potential introduced degeneracy in the energy states, for example, the N
= 4 shell contains degenerate states with [ = 4, 2, and 0 corresponding to the 1g, 2d
and 3s subshells. The second problem was that the harmonic oscillator potential was
able to yield only the first three magic numbers. Moreover, the harmonic oscillator
potential tends to infinity with increasing radius, r. However, data from nucleon
scattering experiments on nuclei suggested that a realistic nuclear potential should
be finite with a finite surface thickness and the radial dependence should lie between
extremes of the harmonic oscillator potential and the Square-Well potential [38] as
illustrated in Figure 1.1. The analytical form of the realistic nuclear potential is

usually chosen to be the Woods-Saxon potential [39] defined as

Vivs(r) = —Vo , (1.2)

1+ exp(r — RO)

where V[ is the potential well depth, a is the surface diffuseness and R is the
nuclear radius. The degeneracy of the levels produced by the harmonic oscillator
potential was removed using the Woods-Saxon potential. However, even with this
more realistic nuclear potential the magic numbers were not reproduced. There were

still a few missing pieces in the description of the atomic nucleus from a theoretical

24



30~

20—

10—

-10 -

20—

Potential Depth (MeV)

30

40

=JVYU

| | | | | | | | | | | | | | | |
-15 -12 9 6 -3 0 3 6 9 1
Distance (fm)

2 15

Figure 1.1: Comparison of Square-Well (black) Harmonic Oscillator (blue) and Woods-
Saxon (red) potentials. The potentials are produced for illustration.
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point of view. A solution was devised independently by Goeppert-Mayer and Haxel,
Suess and Jensen [3, 4]. The radial part of the Schrodinger Hamiltonian needed a
more radially dependent average field, so the spin-orbit interaction was introduced.

The spin-orbit term is defined as

‘/ls = _‘/ls(r)l'sa
1dV(r)

r dr

(1.3)

The existence of the spin-orbit coupling in the Yukawa field theory of the nuclear
forces leads to a strong splitting of the total angular momentum J into J = [+1/2,
hence the degeneracy of the single particle levels is broken by the spin-orbit potential.
The radial component of the wave function changes smoothly with the spin-orbit
force. Consequently, the main effect is that the level J = l—i—% is lowered by a higher
binding energy, whilst the J = [ —% is raised (see Figure 1.2), whereupon a gap occurs
between the levels. The gap between levels of the same total angular momentum (/)
increases with increasing angular momentum (/). Finally, a Hamiltonian using the

Woods-Saxon potential and the spin-orbit coupling gives the exact magic numbers

h -V
H=—V’4+ — ~
2mV + (T—Ro

1+e a :

— Vis(r)l.s. (1.4)
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Figure 1.2: Ilustration of Spin-Orbit effect on nuclear shell. As mentioned in the text,
a level with higher angular momentum 1A/, is lowered and a level with lower angular
momentum 1hg/y is raised.

Although the spherical shell model successfully explains many nuclear features in-
cluding the spins, the magnetic moments and the occurrence of isomeric states, it
does not provide a satisfactory explanation of large quadrupole moments [40, 41]
and the existence of rotational bands [2]. A deviation of the average mean field
from spherical symmetry to a quadrupole shape with the same volume was sug-
gested to account for the collective features of the nucleus [37]. The explanation of
the nuclear structure where these phenomena are observed has followed two related
models, both involving the concept of quadrupole shape. One takes into account the
single-particle motion of the nucleons in a deformed field, while the other emphasises
the macroscopic motions and excitations of a nucleus with a deformed shape. In
the following sections, deformation parameters, microscopic and macroscopic models

will be discussed.
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1.2 Definition of the Nuclear Shapes

Nuclear deformation is characterised by describing the nuclear surface with a radius

vector defined by spherical harmonics. The radius vector is defined as

R(6,¢) = Ry (1 oo+ YD anYaulb, ¢)) (1.5)

A=1 p=—2A

where Ry is the radius of the sphere that has same volume as the deformed shape and
the coefficient oy ensures volume conservation. The ay, terms introduce deformed
shapes, where both A and p are integers. The term A represents the shape character
(A =1 for a monopole, A = 2 for a quadrupole, A = 3 for an octupole) and ;1 depends
on the X value and varies from -\ to A. Most nuclei display some degree of quadrupole
deformation. For the A\ = 2 deformation, the nuclear surface is characterised by the

five coefficients,

Qg2, Qg1, Qigp, g1, Oi2_2. (1-6)

For an axially symmetric shape such an ellipsoid, these terms are reduced to the

three terms. Since,

Qoo = Q22

(1.7)

g1 =g =0

and the nuclear deformation is described with the three deformation parameters and
the three Euler angles. In the Lund convention, agy and sy are expressed using the

polar coordinates 8 and ~ such that

Qg9 =

! B sin 7y
=M2 )
V2 (1.8)

Qa9 = (35 €08,
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where [ represents the deviation of the nucleus from sphericity and ~ defines the
deviation from axial symmetry. The nucleus has an axially symmetric shape when
~v = n60° where n is an integer. Otherwise, the nucleus is assumed a triaxial shape
where the three axes have different lengths. Combining the deformation parameter
for A = 2 with the related spherical harmonics, the deformed nuclear surface is

defined by
R(6,9) = Ry <1 + %ﬁg(COS v(3cos?f — 1) + /3 sin ysin? 0 cos 2¢)). (1.9)
T

The solution to Equation 1.9 produces a prolate spheroid for v = 0°, 120°, 240° and
an oblate spheroid for v = 60°, 180° and 300°. In addition, if the parameter ~ is fixed
at any value, then Equation 1.9 yields prolate shapes for g > 0 and oblate shapes
for f < 0. The Lund convention, shown in Figure 1.3, represents the framework for

describing different quadrupole shapes.

1.3 Deformed Shell Model

The spherical shell model is based on the independent motion of nucleons in an
average field that is produced by the nucleons themselves. The average field is
spherical and provides for good descriptions for nuclei that have proton and/or neu-
tron numbers at closed shells or nearly closed shells. However, as nucleons are added
to or removed from closed shells collectivity develops and nuclei become deformed
as seen in the nuclei that occupy the mid-shell regions. The single-particle states
are characterised depending on the symmetry of the average field corresponding to
their energy, parity, total angular momentum J and its projection m. The states
with different m values are degenerate due to the spherical symmetry. However,
the total angular momentum is not a good quantum number since m values are

not degenerate in a deformed field. The idea of deformation [35] is able to explain
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many experimental phenomena such as the large quadrupole moments and the exis-
tence of rotational bands, which cannot be explained in terms of the spherical shell
model. The Woods-Saxon potential is already known to reproduce many features
of the average potential. Consequently, the generalisation of the Woods-Saxon po-
tential is natural and necessary for deformed nuclei. The deformed Woods-Saxon

potential [42] is given by

Vo
r— R(6,¢)]
a(0,¢) I’

V(r,0,¢) =—

(1.10)
1 +e:pp[

where a is the surface diffuseness that depends on the 6 and ¢ polar angles. In
deformed nuclei, the spin-orbit interaction must be taken into account as well and

its generalisation is presented
Vis = A(VV(r,0,¢) Ap)s (1.11)

where p is the nucleon momentum. The spin-orbit coupling promotes non-sphericity

and a finite surface thickness to the shape.

1.3.1 The Nilsson Potential

The harmonic oscillator is useful estimate for a general deformed potential but it
needs to be modified for ellipsoidal shapes. The motion of a particle in a deformed
potential using the Anisotropic Harmonic Oscillator (AHO) was described by Nils-
son [43]. The AHO potential is defined as

1
Vano = §MWL(~T2 + 92) 4+ w22 (1.12)
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Figure 1.4: Graphical representation of the Nilsson quantum numbers.

where w, is defined with a deformation parameter § that is equal to AR/ Ry.

w? = w§(5)<1 — §5> 1

where wy(8) =wo (1 + 252), W= w for e = 4 = 0 [44].

Nilsson added the term —27 uy x(1s) that introduces the strength of the spin-orbit
force and the angular momentum term —h wp rul? that flattens the potential. The
Nilsson potential takes the form

1 o
Vp = §MwL(x2 +9?) + w2z — hwy Kk(2(1s) + pl?). (1.14)

For the complete definition of orbitals, Nilsson describes the eigenstates of the

anisotropic harmonic oscillator Hamiltonian in cylindrical coordinates with four
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quantum numbers (Nilsson numbers) as illustrated in Figure 1.4,

OF[N, n., ] (1.15)

where 2 = ¥ + A is the total projection of the single-particle angular momentum
j on the symmetry axis, A is the projection of the single-particle orbital angular
momentum on the z-axis, ¥ is the projection of the single-particle spin angular
momentum on the z-axis, 7 is the parity of the state, N is the number of the
oscillator shell, n, is the number of oscillator quanta along the z-axis and [ is the
single-particle orbital angular momentum. A systematic comparison between the
Nilsson and Woods-Saxon deformed potentials can be found in the work of Bengtsson
et al. [45]. The asymptotic quantum numbers and corresponding selection rules are

employed in both the Nilsson and deformed Woods-Saxon potential.

1.4 Collective Motion

Collectivity is determined by the coherent movement of a large number of the nu-
cleons [2]. The correlations between nucleons in the nucleus give rise to a spherical
equilibrium shape or deformed equilibrium shape [46]. The spherical equilibrium
shape originates when the short-range inter-nucleon forces show a tendency to cou-
ple the particles in pairs to produces J = 0; this is the pair coupling scheme which
leads to nuclear vibration. Alternatively, the deformed equilibrium shape occurs
when each nucleon tends to align its orbit with the average field produced by all

other nucleons; this is the aligned coupling scheme which leads to nuclear rotation.
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1.4.1 Nuclear Vibration

The nuclear vibrations are oscillations in the shape of nucleus with a constant den-
sity [47]. While the average shape is spherical, the instantaneous shape is not. A
departure from the spherical shape is characterised by the time-dependent radius

vector given by

R(0,¢,t) = R0<1 +Y > aA,H(t)Y,W(H,(;S)), (1.16)

A=1 p=—-X

where the R(0, ¢,t) is the radius of surface at angles (6, ¢) and time t. The pa-
rameters ay,, A and p have already been described in Equation 1.9. The A =1
mode is related to an oscillation around a fixed point in the laboratory system [48].
The constituents of the nucleus in the A\ = 1 mode move either together as a group
causing no changes in the internal structure of the nucleus (the isoscalar (T = 0)
dipole mode) or neutrons and protons oscillate in opposite directions (the isovector
(T =1) dipole mode). The A = 2 mode defines a quadrupole oscillation of the nu-
cleus. A positive quadrupole deformation leads to a prolate shape, while a negative
quadrupole deformation leads to an oblate shape. The nuclear shape oscillates about
a sphere from oblate to prolate shapes in the A = 2 mode. The vibrational model
makes a few predictions that can be examined experimentally. If the equilibrium
shape is spherical, the time averaged quadrupole moment for the first 2% state ought
to be zero. The common features of the nuclear vibrators in even-even nuclei are
that the ground state spin J™ = 0", in most cases J™ = 27 is the first excited state

and the excitation energy ratio E(4%)/E(27) is approximately 2.

1.4.2 Nuclear Rotation

Nuclear rotation requires existence of a non-spherical equilibrium shape [2] since, one

cannot observe rotational motion where the symmetry and rotation axes coincide.
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As a consequence only deformed nuclei where the rotation axis is perpendicular to
the symmetry axis can rotate collectively. For a permanent deformation, the lowest
possible shape component is the A = 2 quadrupole distortion. The surface of the
rotational nucleus for the A = 2 mode is determined by a time-independent radius

vector,

R(0,¢) = Ro <1 + BY2,0(0, d))), (1.17)

where [ is the deformation parameter and corresponds to the eccentricity of the

ellipsoidal shape. The parameter (3 is defined as

4 |7 AR
g = 5\/;}%_0’ (1.18)

where AR is the difference between the semi-major and semi-minor axes of the
ellipse.
The kinetic energy of a rotating nucleus is
h2

=52 I(I+1) (1.19)

where J is the moment of inertia and [ is the total angular momentum of the excited

states. This expression gives the values

h2
Byt = —
o+ 2j6
h2
By =—2 1.20
v = 5720 (1.20)
h?
Egr = —42
6+ 2j

and so on. Thus, the energy ratio E + /Eq+ is equal to 3.33 for a perfect rotor. The
ratio is one the most famous results of the rotational model and is a common sign

of rotational motion and deformation [37].
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1.5 The Features of Gamma Decay

1.5.1 The Kinematics of Gamma Decay

An excited nucleus can decay to a lower energy state via 7 emission or internal
conversion [36]. The y-decay energy is determined by the masses of the initial and

final states as

M;c> = M;c* + E, + Eg (1.21)

where £, is the emitted v-ray energy and Eg is the recoil energy of the nucleus.

Linear momentum conversation implies that Pr = E, /c, where Py is the momentum

of the recoil and E,/c is the momentum carried by the 7 ray. The recoil energy is

given by

_ B
2Mc?

Er (1.22)

For a 1 MeV ~y-ray energy, a mass A = 100 recoil has a energy of about 5 eV. This
value is much smaller than the gamma-ray energy and can be neglected. Thus, the

~-ray energy is determined to be

E, = (M; — My)c. (1.23)

1.5.2 Electromagnetic Transition Rates

A real stationary state lives forever and the expectation value of its energy is constant
in time. The Heisenberg relationship implies that when AE = 0, At goes to infinity.
Therefore, a state with a certain excitation energy survives forever and its lifetime
is hindered against decay. Let us assume the system experiences a weak perturbing
potential V', in addition to the original potential V. The solutions of the Schrodinger
equation for V and V' give eigenvalues similar, but not equal to solutions for the

original potential V. The additional weak potential V' allows the system to make
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transitions between the eigenstates v, for (V + V’). Energy must be conserved
during the transitions and if the final state energy is lower than the initial state, the
energy difference between the states often appears as a v decay. A non-stationary
state has a comparatively shorter lifetime (7) or half-life (t,/,) than a stationary
state. That means it has an average lifetime before decay via a v ray or internal
conversion. The non-stationary state has an uncertainty in its energy AE, often
given as a width I'. According to the Heisenberg relation, the lifetime of the state
is constrained by

I.r>h/2. (1.24)

In the v decay from initial state 7 to final state f, the number of decays per unit
is called decay probability or transition probability and is denoted by 7' [49]. The
transition probability is given as

8 A+1

1

where k = E,/hc, E, is the energy of emitted photon, A is multipolarity of the
emitted photon and B()) is the reduced transition rate for electric or magnetic
transitions. The electric reduced transition rate, B(EA) can be given in terms of

experimentally measurable quantities as

. B o

For an electric quadrupole transition, the internal conversion coefficient a, must be

taken into account [50] and the reduced transition probability B(E2) becomes

0.0816
(£,)°7(1 + ay)

B(E2) = e2b? (1.27)
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For magnetic transition rates, a detailed explanation can also be found in Refer-
ence [50]. The electric quadrupole radiation is of special interest. Since the ground
state for even-even nuclei is 0, the first excited 2 state only decays via electric
quadrupole transitions (E2). In order to define a universal magnitude for the quan-
titative measurements of E2 rates, the B(E2) value can be used to decide whether
a given value is collective or not. The Weisskopf unit (W.u.) or e** are used as a

unit for B(E2). The relation between W.u. and e?b? is given as
1Woa. = (5.94 x 1076) 43202 (1.28)

For A = 160, 1 W.u. = 0.00515¢2b?. For transition rates between rotational states
of heavy nuclei, B(E2) is considerably larger than 1 W.u. and, in some cases, can
display values greater than 1000 W.u. In spherical vibrational nuclei typical B(E2)
values are ~ 10 - 50 W.u. The general behaviour is that B(E2) takes relatively small

values near closed shells and high values near the mid shell regions [37].

1.5.3 Selection Rules for 7-Ray Transitions

For a ~ ray transition, the first selection rule is that there are no E0 multipoles.
According to the electric tensor operator in Equation 1.29; the electric moment
is constant when A = 0. Two different nuclear states cannot be connected by a
constant. However, EQ transitions can occur via internal conversion instead of ~

decay.

EAZ ()7 Yo () (1.29)

where (F* is the phase factor, e(j) is the electron charge and \ is the multipolarity.
The ~y transitions are categorised according to their multipolarity: A = 0 is monopole,

A = 1 1is dipole, A = 2 is quadrupole, A\ = 3 is octupole etc. For the selection of
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Table 1.1: Multipolarities of v transition between an initial (/;) and final states (Iy).
For Am = no, then even electric and odd magnetic transitions are observed. For Aw =
yes, then odd electric and even magnetic transitions are observed.

) 1 2 3 4 b
mm;=-1 EI M2 E3 M4 Eb
mmp=+1 M1 E2 M3 E4 M5

~-ray transitions, the triangular condition in Equation 1.30 for angular momenta J;

and J; of nuclear states is applied

|Jf—J1’§)\§Jf+Jl (130)

the parity conservation selection rule is then applied

(—1)* for EX
T = (1.31)

(=D)AL for M
The combination of the triangular condition and the parity selection rule leads to the
classification of electromagnetic transitions in Table 1.1. For instance, for a 27 — 2+
transition may proceed via v rays of multipolarity M1, £2, M3 and E4 transitions.

Lower multipolarities are favoured although E2 transitions often compete with the

M1 transitions [51].

1.6 Natural Decay Law and Bateman Equations

The discovery of radioactivity in 1896 was followed by several years of research to
understand the decay nature of radioactivity. It was found that this is inherently
statistical, that is, it is not possible to guess an exact time for any given atom to
disintegrate [49]. Rutherford and Soddy formulated the first decay law for radioac-
tive materials. For a radioactive substance, the disintegration rates characterise the

radioactivity. The probability of such a nucleus decaying within a time interval dt
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is given by Adt, where A\ is the decay probability. If N is the number of radioac-
tive nuclei at given time ¢ = 0, then the number of nuclei decayed is given by the
following expression

dN = —\Ndt. (1.32)

The integration of this expression results in
N(t) = Noe ™, (1.33)

which is known as the radioactive decay law. A lifetime term can be introduced as
the time in which half of the original radioactive material decay, i.e. for t = t;s,
N = No/2. The relation between half-life and transition rate is ¢1/, = In2/X [52].
At this stage, it is helpful to define a mean lifetime term, which is the average time
that a nucleus exists before it decays, 7=1/X [49]. The number of decays is given
mathematically by

\ % = ANge ™ (1.34)

A= Age™ (1.35)

The number of decay per second is called the activity A which is defined by AN(t),

where AN is the activity Ag at time ¢ = 0. Units often used for activity [52] are
e 1 Curie (Ci) = 3,7x10' disintegration/s
e 1 Rutherford (Rd) = 10° disintegration/s
e 1 Becquerel (Bq) = 1 disintegration/s

Typical radioactive sources used in laboratories have activities that vary from mi-
crocuries to millicuries [49]. The time evolution of decay sequences [53] are controlled
by a set of first-order differential equations. The first-order differential equations are

called the Bateman Equations. Determination of the nuclide activity using Bateman
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equations are done as follows

dN;
E - )\Z‘,lNifl - )\zNza (136)

where \; stands for the decay constant of ith nuclide. If all daughters have a certain
concentration at t = 0, then the concentration of nth nuclide after time ¢ is calculated

by solving the differential equation

n

N1(0) & N
Nalt) === 0 I e ™ (1.37)
n i=1 1

=1 j=1j#i 7

The application of Equation 1.37 in the present data analysis will be shown in later

sections.
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Chapter 2

Experimental Methodology

This thesis explores the structure of the neutron-deficient 80Os and W nuclei.
This chapter concerns the reaction mechanism and apparatus employed at the Accel-
erator Laboratory of the University of Jyvaskyla. The facility consists of JUROGAM
Ge-detector array coupled to the RITU [54] gas-filled separator and the GREAT [55]
spectrometer at the focal plane of RITU. For the lifetime measurements, a plunger
Differential Plunger for Unbound States (DPUNS) device [56] is mounted to the
target position of the JUROGAMIT Ge-detector array. The reaction system, the ex-
perimental set-up and the experimental techniques used in order to expand level
scheme of 1%®0s and measure lifetimes of the excited states in the nuclide W are

discussed in this chapter in detailed.

2.1 Fusion Evaporation Reactions

At present, the most efficient method for producing neutron-deficient nuclei is via a
fusion-evaporation reaction [57] using a stable target and beam. Figure 2.1 shows a
schematic diagram of the fusion-evaporation mechanism in terms of the excitation

energy and angular momentum. The beam is accelerated to an energy to over-
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Figure 2.1: A schematic diagram of the process involved in the de-excitation of a com-
pound nucleus formed in a fusion-evaporation reaction.
come the Coulomb barrier fusing projectile and target nuclides to form a compound

nucleus. The mechanism of a fusion-evaporation reaction is outlined below;

e Projectiles are accelerated to an energy £, by a particle accelerator in order
to overcome the Coulomb barrier given in Equation 2.1 of the target nuclei

defined as
62 Zth
47T€0 (Tt + ’I"p> ’

Ecoutoms = (21)

where, Z,( Z;) and r,,(r;) are proton number and radius of the projectile(target)

nucleus, respectively.

e The beam and target fuse on a time scale of 1072° seconds and produce a

highly excited rotating compound nucleus.

e The compound nucleus may either fission or emit particles such as protons,
neutrons or alphas to lose energy. In case of the particle evaporation, each

emitted particle takes away at least its binding energy of ~ 8 MeV from the
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Table 2.1: The JUROGAMII array specifications. Rings are used as labels for specific
angular groups of detectors. The angles are defined with respect to the beam direction
and all angles are midpoint angles.

Rings Angle Detector Type Number of Detectors

1 158° Phase I 5
2 134° Phase 1 10
3 105° Clovers 12
4 76° Clovers 12

compound system, but not much angular momentum. Following particle emis-
sion, the residual nucleus is left with low excitation energy but high angular

momentum. Particle emission continues until threshold energy is reached.

e Statistical y-rays continue to de-excite the nucleus. The emission of statistical

transitions brings the evaporation residue close to the yrast line.

e Along the yrast line cascadey-ray transitions dominate the de-excitation of the
nucleus. E2 transitions dominate and are favoured at this stage due to their

transition probability.

Finally, the residual nucleus reaches a low-lying isomeric state or the ground state

and will undergo electromagnetic emission or radioactive decay.

2.2 The JUROGAMII ~-ray spectrometer

Gamma rays emitted following a nuclear reaction can be detected at the target
position using large arrays of spectrometers such JUROGAMII. The JUROGAMII
spectrometer is an array of Compton-suppressed hyper-pure germanium (HP-Ge)
detectors with a total photopeak efficiency 5.8 % and energy resolution 2 keV at 1.3
MeV. The array consists of 15 Phase I-type [58] and 24 Clovers [59] detectors. The
angular configuration of detectors according to the angle relative to beam direction

is given in Table 2.1.
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The Phase 1 detectors are large coaxial n-type germanium crystals of 70 mm
length and 69-75 mm diameter. The Ge crystals are tapered over front 3 cm of their
length with a cone angle of 5.7° in order to provide a uniform electric field across the
crystal. Clover detectors are segmented detectors comprising four HPGe crystals in
a four-leaf clover configuration. Each clover detector is composed of four coaxial
n-type Ge detectors of 50 mm diameter and 70 mm length. The clover detectors
are placed in the array at angles near to 90° relative to the beam direction. The
granularity of the composite detector minimises the Doppler broadening of the ~
rays emitted from recoiling nuclei. The Doppler broadening effect must be reduced

since it reduces the resolving power of the array.

2.2.1 Gas-Filled Recoil Separators

Gas-filled recoil separators are efficient tools in the spectroscopy of heavy neutron-
deficient nuclei and provide a high transmission efficiency with typical values around
50% [60] when asymmetric reactions are employed. In a gas-filled separator a rel-
atively heavy ion undergoes charge exchange collisions as it traverses a gas at low
pressure. All reaction products recoiling out of the target with the same velocity
and direction have almost identical trajectories that are independent of the origi-
nal charge state and the common average trajectory is determined by the average
charge state [54]. The interaction between recoils with an average charge state and

the homogeneous magnetic field produced by dipole magnets is given by [61]

eQave B = mv? /1, (2.2)

Br = muv/eqae = mu/(ev/vy) 23, (2.3)
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where Br is the magnetic rigidity, v is the velocity of ions and vy represents the

Bohr velocity vy = 2.19x10°m/s. The magnetic rigidity is simplified as
Br = 0.0227A/Z"3, (2.4)

where A is the mass number and Z is the proton number of the ions. Equation 2.4
shows that the rigidity is independent of the original charge state and velocity dis-

tribution.

2.2.2 The Recoil Ion Transport Unit (RITU)

The RITU [54] gas-filled separator (see Figure 2.2) is situated at the University of
Jyvaskyla. The standard magnet configuration of many gas-filled separators is DQQ.
However, RITU has a Q,DQ,Q, magnet configuration [60] with a total length of 4.8
m. The first quadrupole matches the recoil cone from the target to the acceptance
of the dipole magnet. For the reactions used in this thesis, the flight time through
RITU to the DSSD at the focal plane is ~1us and a transmission efficiency of 50%

is typical assuming the Helium filling gas is at a pressure around 0.6 mbar [62].

2.3 The Gamma Recoil Electron Alpha Tagging

(GREAT ) Spectrometer

The GREAT spectrometer [55] in Figure 2.3 was built to study the decay properties
of reaction products implanted at the focal plane of a recoil separator such as RITU.
GREAT is composed of gas, silicon and germanium detectors. These detectors are
optimised in order to detect the implantation of the reaction products and, further-
more, to relate those spatially and temporally with any subsequent decay such as

protons, «, [ particles, v and X-rays or conversion electrons. GREAT can be run
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Figure 2.2: A schematic plan view diagram of the RITU gas-filled separator [61].

either as a stand-alone device to study decay properties at the focal plane or may
be used in conjunction with a ~-ray spectrometer located at the target position to

provide a selective radioactive tag for in-beam studies.

Multiwire Proportional Counter ( MWPC )

The MWPC is placed at the entrance of GREAT. It has an 131mm x 50 mm open
space with a central vertical support rod for the thin mylar foil entrance and exit win-
dows. The entrance window prevents mixing of the isobutane gases in the MWPC
and the low-pressure helium gases in the RITU separator. The exit window also
separates the isobutane gas and the vacuum where the other GREAT detectors are
deployed. The main function of the MWPC used in conjunction with the DSSD, is
to discriminate between fusion-evaporation reaction products and their subsequent

decays.
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Figure 2.3: A schematic drawing of the Gamma Recoil Electron Alpha Tagging (GREAT)
Spectrometer [55].

DSSD

Each DSSD has an active area of 60 mm x 40 mm and a thickness of 300 pum. It is
divided into 1 mm strips in the X and Y directions in order to provide 60 vertical
and 40 horizontal strips resulting in a total of 4800 pixels. There is a 4 mm gap
between the two DSSDs, which gives an estimated typical recoil collection efficiency
of 85%. The DSSDs are in use in order to measure energies of implanted recoils and
their subsequent charged particle decays. Time-of-flight (TOF) information from
the MWPC to DSSDs is generated by using the time signals in the MWPC and

DSSDs to provide a clean separation between fusion products and unreacted beams.

Pin Diodes

Conversion electrons and back-scattered a-particles are detected by an array of 28

silicon PIN diodes, which are mounted in a perimeter perpendicular to the front

face of the DSSDs.
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Planar Ge Detector

X-rays and low-energy ~ rays are measured with a double-sided germanium strip
detector placed just behind DSSDs. The rectangular planar Ge detector crystal has
an active area of 120 mm x 60 mm and is 15 mm thick. The crystal of the planar
detector is electrically segmented into 12 horizontal and 24 vertical strips. It can

also be used to detect high-energy  particles (>2 MeV).

Clover Detector

A clover germanium detector mounted outside of the vacuum chamber is used to
measure high-energy =~ rays. The GREAT clover has four Ge crystals with a 70
mm diameter and 105 mm length. Each crystal has four-fold segmentation. A
BGO suppression shield surrounds the GREAT clover detector in order to suppress

Compton scattered v rays.

2.4 Data Acquisition

In-beam spectroscopic studies of exotic nuclei near the proton drip line employ
fusion-evaporation reactions. The v rays emitted from all the reaction products are
detected by the ~-ray spectrometer located at the target position. In some cases
only a small fraction of the detected v rays are generated by the nucleus of interest
and the y-ray spectra are dominated by emissions from other reaction channels and
fission products. Therefore, several methods have been devised in order to hinder
miscorrelation between the in-beam ~ rays and the nuclei of interest. Investiga-
tion of 7 rays in delayed coincidence with fusion-evaporation nucleus (recoil gating)
implanted in the GREAT DSSDs is the main method used in this work. In order
to achieve accurate temporal correlations the Total Data Readout (TDR) acquisi-

tion system [63] time stamps each detector signal independently relative to a global
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Figure 2.4: Schematic diagram of the TDR system’s electronics and data acquisition
adopted from Ref. [63]

100-MHz clock with a 10 ns precision. The TDR principle is shown schematically
in Figure 2.4. In the TDR system, the timing and energy signals are taken from
shaping amplifier. The analog-to-digital converter ADCs cards read the information
and timestamp the data. The metronome controls the clock distribution and pre-
serve the synchronisation of ADCs. The data is later merged into a time ordered
stream and sent into the event builder. The event builder will pre-filter the data for
any pre-set software trigger conditions and reconstruct the events using spatial and

temporal correlation.
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2.4.1 Recoil Gating

Recoil gating methods are vital and provide correlations between fusion-evaporation
reaction products and prompt «y rays emitted at the target position [64]. The recoil-
ing nuclei are transported through the RITU recoil separator and distinguished from
unreacted beam before being implanted into the detectors at the focal plane of the
GREAT spectrometer. A clear separation of fusion-evaporation products from unre-
acted beam is done by combining the timing and energy loss signals of the MWPC
used in conjunction with the DSSD signals. The time difference of the MWPC and
DSSD signals for same event is called time-of-flight (TOF). A two dimensional spec-
trum constructed from the energy loss in MWPC and TOF information is shown
in Figure 2.5. The v rays are correlated with the fusion-evaporation products by
setting a two-dimensional gate on the identified recoil distribution. Although the
method makes it possible to relate v rays with recoils, it cannot to show the differ-
ence between specific exit channels since no isotope or mass identification is possible
at the focal plane of RITU. Cases like %W and '®®Os that are studied in this work

are good examples of what can be achieved by the recoil gating technique.

2.5 The DPUNS Plunger

The Differential Plunger for Unbound States (DPUNS) [56] shown in Figure 2.6
is based on the Koln Plunger design [65]. It was designed and commissioned by
a collaboration between the Universities of Jyvaskyléa, Liverpool and Manchester.
DPUNS operates in both vacuum and dilute-gas environments. The plunger appara-
tus is employed for measuring lifetime of the excited states using the recoil distance
method. The target and degrader foils are attached to aluminium rings are located
in dedicated target chamber. The target and degrader are adjusted until parallel to

each other by stretching using screws on conical support frames. The degrader foil
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Figure 2.5: A two-dimensional spectrum present the separation of recoils from the scat-
tered beam. The time difference between the timing signals in MWPC and DSSD’s (TOF)
on the x-axis and energy loss signal in MWPC on the y-axis. The shaded area defines
recoils.
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Figure 2.6: A schematic drawing of the DPUNS plunger device [56] Target and degrader
are placed into the target chamber. Stepper motor is employed to set the tartget-to-
degrader distances. An actuator keep distance in balance during the beam bombardment.
TESA is used to calibrate the induced target voltage.

was kept at a fixed position while the target is moved relative to the degrader. A
stepper motor is used to change target-to-degrader distance by moving the target.
A piezoeletric actuator crystal is attached to the target holder in order to balance
the target-to-degrader distance during beam bombardment. A TESA GT43 axial
probe is used for calibrating the induced target voltage to to maintain distances.
The target-to-degrader distances were continuously recorded for each experimental
run. A detailed explanation can be found in the paper written by Taylor et al. [56]
. DPUNS has been used to measure the lifetimes of excited states in W reported

in this thesis.
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2.6 Lifetime Measurement Techniques

Lifetime measurements of excited states provide fundamental information regarding
nuclear structure. Lifetimes can be used to calculate transition probabilities, which
are dependent on the associated electromagnetic matrix elements. Comparisons of
those matrix elements with the predictions of nuclear models provide a critical test
of the model formalism and its relevance in describing the structure of the nucleus.
The lifetime of an excited state can be measured by different experimental methods
[66]. To measure the lifetime of an excited state it has to be populated using a
nuclear reaction that is chosen according to aims of the measurement. Once the
excited state is populated it will remain excited for a mean lifetime 7, which is

related to width I" of the state. The relation is given by

I'r=h, (2.5)

where I is the decay width, 7 is the mean lifetime and A is the Planck constant. The
methods are divided into direct and indirect methods that measure the lifetime or
the width, respectively. Figure 2.7 shows the different lifetime measuring techniques

and the range of their applicability.

2.6.1 The Recoil Distance Doppler Shift Method (RDDS)

In this work, the Recoil Distance Doppler Shift technique was employed. The RDDS
is one of the direct methods of measuring lifetimes and is capable of measuring
mean lifetimes in the 107® and 107! s range. The earliest measurements with this
technique were performed by Jacobsen et al. and Devons et al. [68, 67].

An excited recoiling nucleus is formed at ¢ = 0 with an initial velocity v in
a nuclear reaction. The nucleus will move a distance d = vt in its excited state

before it emits v rays. The mean lifetime 7 of a nuclear state is related to the time
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Figure 2.7: Chart adopted from Ref. [67] which shows the different lifetime measuring

techniques over the different time ranges.
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needed to travel a certain distance d. The RDDS method utilises a plunger device
(see Figure 2.6) in which a metal plate or degrader is placed at a short distance
away from the target. The 7-ray peak is split into Doppler-shifted or degraded

components depending on the point of emission according to
v
E=E, [1 + Y cos 9], (2.6)
c

where Ej is the energy of the v ray emitted by nuclei at rest, v is the velocity
at the point of emission and # is the angle of the observation of ~ ray relative
to the recoil direction. The intensity of the Doppler-shifted v ray is related the
number of v decays that occur before degrader. Similarly, the intensity of the
degraded component is related to the number of ~ rays that are emitted at an
attenuated velocity v after being slowed down in the degrader. Figure 2.8 shows
the convention for labelling ~-ray components as shifted or degraded according to
emission time. The intensity of shifted and degraded component depend on the
target-to-degrader distance [68, 67] and are expected to change in the region of
sensitivity. By measuring the relative intensity of these components one can extract
the lifetime using a technique such as the Differential Decay Curve Method (DDCM).

The intensity of the shifted and degraded components are calculated by inte-
grating the population of excited states for the nucleus between time interval ¢ =
0,t =T and t = T and t = oo, respectively. The population of an excited state
in a cascade is analogous to the activity in a radioactive decay series and obeys the

natural decay law

N(t) = Noe™™, (2.7)

where Ny is the number of nuclei in a given state at ¢ = 0, A is the decay probability,

N(t) is the corresponding number of decays at ¢t = ¢. Hereafter the number of decays
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Figure 2.8: A schematic illustration of the degrader and target foils adopted for recoil
tagging experiments. The shifted component is the number of v-ray emitted before the

degrader in 0< ¢t < T time interval and the degraded component is the number of ~-ray
emitted after degrader in T< ¢ < oo time interval.

per second from a specific state is referred to as the activity and is defined as

AN

Alt) = = ANge ™,
A(t) = N(t)A, (2.8)
A(t) = A06_>\t.

The intensity of the shifted component is the integration of AN (¢) within the time

interval 0 < t < T such that

T
I, = / ANpe Mdt,
0

-1
Iy = ANg—=e ™,

(2.9)



If A\ is replaced by 1/7 and T is switched to d/v then, the intensity of the shifted
component is given in Equation 2.10 as a function of the target-to-degrader distance

(d), the lifetime of excited state (7) and the recoil velocity (v)
I, = No(1 — e~ (2.10)

The intensity of corresponding degraded component of the v ray transition is

I, = / ANpe Mdt,
T

—1
Ly = ANo—=e ™,

Id — _Noef/\t/%o’ (211)
Ij = —Ny(e™>® — ),

I; = Nye 7T,

If the intensity of degraded component is written in terms of d, 7 and v it takes the
form

Iy = Noe= v (2.12)

It follows that if the velocity of the recoiling nucleus is known then the mean lifetime,
7, can be extracted from a measurement of I, and I; or the ratios I;/(I; + I) or

I/(I5+ I) as a function of distance. For example,

I, B Noe—d/vT

Li+1, N
[d — ,—d/vr
I+ I
T T R (2.13)
Ig+ I UT
—d
T =




2.7 The Differential Decay Curve Method (DDCM)

The Recoil Distance Doppler-Shift technique has been used for many years to mea-
sure the lifetimes of excited states. In principle, there are no problems in the con-
ventional analysis of RDDS data. The lifetime is extracted by fitting all observed
decay curves using a set of coupled differential equations. However, the analysis
becomes complicated and often is not easy to extract a reliable lifetime value when
a level is fed by many high-lying transitions. The Differential Decay Curve Method
(DDCM) [16, 69, 70] was introduced to decrease the complexity arising from a com-
plicated feeding history of a level. The set of coupled differential equations are
replaced for each individual level by a single first order differential equation, which
can be obtained directly from observables in cases where all feeders of the level of in-
terest are known. The analysis of a plunger data set in the framework of the DDCM
allows lifetimes to be measured reliably at only three different target-to-degrader
distances. The time interval where the shifted and degraded components vary as a
function of distance is called the region of sensitivity. In the following sections the
underlying mathematical basis of the DDCM and it’s application to a coincidence

analysis will be explained.

2.7.1 Fundamental Mathematics of DDCM

Figure 2.9 shows a hypothetical level scheme. In this scheme a level i is fed by a
transition from a higher level h and decays by a transition to lower level j. The time
evolution of number of nuclei populated in the level i is defined by the Bateman

equations
dt

= —Aing(t) + Anna (). (2.14)

The lifetime 7;(t) of level i can be calculated from the intensity of the degraded

component of a depopulating ~-ray transition as a function of target-to-degrader
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Figure 2.9: Hypothetical Level Scheme. Transition B is gated to measure the lifetime of
state ¢ in direct gating method of DDCM. Transition C is gated to measure the lifetime

of state 4 in indirect gating method of DDCM. Transition C is a high-lying feeder for the
level 4, transition B is the direct feeder and transition A is the depopulator of the state i.



distance and the derivative of that decay function. As stated above the degraded

component of a y-ray transition is determined by integrating Equation 2.14 from ¢

to oo

/ dm(t)dt:_/ )\mi(t)dt_{_/ Annp(t)dt.
t dt t t

If a decay function is defined as R;(t) for level i and Ry(t) for level h as
t
fmwzm/ na(t)dt,
t
and those decay functions are substituted into equation 2.15 one obtains

n;(00) —n;(t) = —Ri(t) + Rp(t),

—n;(t) = —R;(t) + Ru(t).

Differentiating the decay function of level ¢ yields,

ni(t) = S (R (1) o).

i

(2.15)

(2.16)

(2.17)

(2.18)

Combining equations 2.17 and 2.18 relates the decay constant (or lifetime 7) to the

decay of the feeder and depopulating transitions of level ¢,

dR;(t)
dt

= N (—Ri(t) + Rp(t)),
L _ R+ R

Ao dR(@)
dt

Ri(t) + Ru(1)

dR;(t)

dt
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This relation can be rewritten as a function of distance since t = d/v giving

r(d) = —%ﬁ;@ (2.20)

dt

(%

where 7;(d) is the lifetime of level i for an individual target-to-degrader distance,
v is the recoil velocity, R;(t) and Ry (t) are the decay functions for degraded com-
ponents of depopulating transitions from levels ¢ and h, respectively and dR;(t)/dt
is the derivative of the decay function R;(t). Equation 2.20 is the general relation
of lifetimes with direct observables but it must be modified for when considering

coincidence data.

2.7.2 DDCM for Coincidence Analysis

The first application of the recoil distance Doppler shift technique using -y co-
incidence data was made by Ward et al. who used the technique to measure the
lifetimes of excited states in ®Er [71]. In this variant of the technique the decay
path is selected by coincidences with the v ray feeding the level of interest. In this
way, the effect of the unobserved feeding is eliminated from the lifetime measure-
ment [69]. The optimum measurements are achieved using y-7 coincidence plunger
experiments with large detector arrays such as JUROGAMII or GAMMASPHERE.

In the - coincidence experiments, a cascade of transitions (like in Figure 2.9)
is observed simultaneously. Measured coincidence intensities must indicate whether
the shifted, degraded or the whole lineshape has been used for demanding coinci-
dences. This gives rise to the shorthand notation, [Xif, Y,’if], which means defines the
gating feeder transition X and the depopulating transition Y. The the time intervals
t1,ty are chosen to indicate the limits of the integral defining shifted (t = 0 — ¢),
degraded (t =t — o0) or the full lineshape shifted (f = 0 — oo). For example,

if the aim is to measure the lifetime of level ¢ in Figure 2.9 by gating on the full
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lineshape of transition B, which results in observing the full lineshape of transition

A, the intensities can be regarded as the sum of different components[70]

(B, 45) = (Bh, 4b) + (By A) + (B, 4b) + (B, A7), (2.21)

As a consequence of time ordering of the transitions (i.e. B is emitted before A) the

component

(B;"’,Aé) ~0. (2.22)

Since the quantities (Bfo, AB) and <B§°, A8°> are independent of time they produce

a useful relation for the derivatives.
d d o0 [o¢]

Using the notations given in the previous section and derivatives in this section, the

lifetime of a given excited state is determined employing following equation,
~(c.ax) + (c.B)
d
(e A°°)
dt ( !

where R;(d) = (C’, A§°> and Ry (d) = <C’, Bf"). Using Equation 2.23 and replacing

: (2.24)

T, =

(C, A;"’) with (C’, Ad) and (C, Bf") with (C, Bd>, Equation 2.24 can be re-written

as

T = <C’ A;? _ <C’ Bd’) % (2.25)
()

Often a gate is set on direct feeding transition of the level of interest. In this case,

it becomes simpler to extract lifetime from directly observables and equation 2.25
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can be simplified to

T = %% (2.26)
o (B.A

Figure 2.10 illustrates an example plot for the differential decay curve method.
Lifetime values calculated for different distances within the region of sensitivity are
presented in Figure 2.10(a), the solid line in the in Figure 2.10(b) is a fit of the
normalised shifted curve with second order polynomials to the data. Figure 2.10(c)
shows the intensity difference of the degraded component of the direct feeding and
depopulating transitions according to Equation 2.25 or the intensity of the degraded
component of the depopulating transition according to Equation 2.26 and the solid
line is the fit of derivative of the second order polynomials in Figure 2.10(b) multi-

plied by the lifetime 7 to these data points.
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Figure 2.10: Lifetime values calculated for different distances within the region of sen-
sitivity are presented in the top panel. The solid line in the middle panel is a fit of the
normalised shifted curve with second order polynomials to the data. The solid line in the
panel on bottom is the fit of the degraded component with derivative of the second order
polynomials multiplied by the lifetime 7.



Chapter 3

New Excited States in 1°°0Os

The structure of the neutron-deficient nuclide '**Os has been the focus of several
recent experiments using the JUROGAM ~-ray spectrometers at the Accelerator Lab-
oratory of the University of Jyvaskyla. This chapter reports a significant extension
to the known excitation level scheme for 1%®QOs. A parallel experiment by Grahn et
al. has measured the lifetimes of the yrast states in 1%80s using a differential plunger
and the recoil distance Doppler-shift method [1]. The ratio of reduced transition
probabilities B(E2; 4] — 21)/B(E2;2] — 07) extracted from these measured life-
times is found to be 0.36(14), which is very unusual for a collective band structure.
This chapter discusses scenarios for resolving this apparent anomaly in terms of the

newly observed features in the level scheme.
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3.1 Introduction

The osmium isotopes currently represent the best opportunity for probing the evo-
lution of nuclear collective behaviour across the 82 < N < 126 neutron shell. The
existence of the osmium isotopes in an uninterrupted sequence from $'Osgs [72]
to 2%30s94 [73] has been established through the measurement of their radioac-
tive decay properties [74]. Excited states have been established in all the known
nuclei from '020sgg [11] to %8 Osy99 [12]. The excitation level schemes reveal the
evolution of collectivity from single-particle excitations near the N = 82 closed
shell [11, 75], through weakly deformed vibrational nuclei (N = 88), v-soft rotors
(N = 92) and shape coexistence (N = 96) to well deformed rotors at the neutron
midshell (N = 104).

The nuclide '%80s occupies the transitional zone between the single-particle and
collective regimes. Excited states in 3Os were first identified in recoil-decay tagging
experiments [13] by Joss et al. who established the ground-state band, the aligned
Stockholm (vi?, /2) band and two negative-parity viiz/e ® v(f7/2, ho/2) side bands to
moderate spins and excitation energy. The excitation energy ratio E(41)/E(2%) of
16805 is equal to 2.51, which suggests a collective nucleus that is soft towards triaxial
(7) deformations [76, 77]. The ~-soft nuclei with neutron numbers in the range
88 < N < 92 are known to be sensitive to the occupation of core polarising orbitals at
the nuclear Fermi surface [13]. Moreover, '®Os lies in close proximity to the N = 96
isotones ™Os [14] and '™Pt [78, 79] that exhibit shape coexistence at low spin. The
yrast sequences of these nuclides deviate from the usual I(7+1) dependence expected
of a rotational nucleus and these perturbations are interpreted to arise from the
mixing between the ground-state band and deformed intruder bands [13, 14]. These
features provided the motivation for an RDDS lifetime measurement [68, 67] of the

yrast states in '%®Os by Grahn et al. [1]. The results of the lifetime measurements
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are presented in Table 3.1.

Table 3.1: Reduced transition probability of the low-lying 27 and 4T yrast states in
16805 taken from Grahn et al. [1].

E [keV] IF = I7 7(ps) B(E2)[e*0’]l B(E2)[W.u]
3412 27 507 41(7)  0.4L(7) 74(13)
516.1 4T — 2+ 15(5)  0.15(5) 27(9)

The reduced transition probabilities, B(E2), extracted from the lifetime measure-
ments have revealed some interesting features. The B(E2),+ s2+ ratio smaller than
unity [1], which is exceedingly rare for collective transitions and inconsistent with
model predictions [50]. Ratios of reduced transition probabilities of B(E2)4+ o+ < 1
are possible in certain physical scenarios. For example, such ratios are seen around
closed shells where the number of unpaired nucleons, seniority, is a good quantum
number [21]. However, the nuclide '®Osgy is non-magic and far away from both
neutron and proton shell closures. Another possibility for such unusual measure-
ments can be explained in terms of shape coexistence. A small B(E2;4% — 2*) and
as a result By, < 1 occurs if the 4" state has a different structure to the 2% and
07" states. These structural features are quite common in the Hg [80, 18, 19, 81, 82]
and Pb [20, 83, 84] isotopes. However, coexisting structures of this type are not
anticipated in 1%QOs at low spin. Indeed, the band mixing calculations of Joss et
al. for 198 0sg, place the deformed intruder band at a high excitation energy relative
to ground-state band (E, ~ 1800 keV), which suggests that the mixing deformed
intruder band is of less significance at low spin [13].

The motivation of this work is to propose explanations of the anomaly in the
B(E2) 4+ o+ ratio in '%0Os from an empirical point of view. This chapter reports
the results of a recent experiment using the highly efficient JUROGAM spectrometers
in conjunction with the RITU separator and GREAT focal plane spectrometer that
has led to a significant extension of the level scheme in '80s. New features in

the level scheme indicate self-coincident doublets, a more fragmented decay path
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from the 127 state and a new positive-parity band structure. These features may
have consequences for lifetimes measured by Grahn et al. [1] and are used in a
simple model based on the Bateman Equations to discuss possible scenarios for the

apparent anomalous B(E2)4+ o+ ratio.

3.2 Experimental Details

The neutron-deficient nucleus, **Os was investigated in an experiment at the Uni-
versity of Jyvaskyla Accelerator Laboratory (JYFL). Excited states in '%0s were
populated in the fusion evaporation reactions listed in Table 3.2. In each experiment
~ rays were detected with the JUROGAM Ge spectrometer array consisting of 43 Eu-
rogam Phase I-type and clover escape-suppressed spectrometers [58] arranged in six
angular groups with respect to the beam direction. Evaporation residues recoiling
from the target were separated in flight from unreacted beam and fission fragments
according to their magnetic rigidity by the RITU gas-filled separator and implanted
into the GREAT spectrometer [55] located at the separator focal plane. Recoiling fu-
sion residues were distinguished from unreacted beam by the energy loss measured
in the GREAT multiwire proportional counter and, in conjunction with the GREAT
double-sided silicon strip detectors, their time-of-flight (TOF) characteristics. These
data were recorded using the Total Data Readout data acquisition system [63] and
analysed offline using the GRAIN [85] and RADWARE [86] software packages.
Data from both experiments was analysed in a high-fold coincidence analysis
leading to a significant extension of the 1°®Os level scheme. The a-decay properties
of 1%80s are not optimal for the highly selective recoil-decay tagging technique and
all the measurements in this thesis are based on the analysis of v rays that have
temporal correlations with fusion-evaporation residues implanted with the GREAT

spectrometer.
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Table 3.2: Summary of reactions employed in the present work.

Beam | Beam Beam | Target | Thickness | Duration Exit Residual
Species | Energy | Current | Isotope | (mg/cm?) (h) Channel | Nucleus
(MeV) | (pnA)
BKrl>t | 335 7 Mo 0.5 172 2p 16805
R | 348 7 92Mo 1.0 26 2p 1680s

3.3 Results

A total of 3x107 threefold and higher coincidences were recorded in delayed coin-
cidence with any recoil implanted in the DSSDs. These data were sorted off-line
using the GRAIN software package into an E,; — F,» — I/,3 coincidence cube, which
was analysed using the LEVIT8R graphical analysis software package [86]. The
level scheme for 1%¥Os was constructed on the basis of relative y-ray intensities and
coincidence relationships from spectra generated from this cube. The deduced level
scheme for 1 Os is displayed in Figure 3.1 and the properties of 7 rays assigned to
this nucleus are recorded in Table 3.3 and 3.4. Figure 3.2 shows typical double-gated
spectra highlighting the extension to the known bands in '%®0Os. The extension to
the aligned 1/@'13/22 configuration, Band 2 in Figure 3.1, contains a 643 keV transi-
tion which is unresolved from the 642 keV (6, — 4] ) transition in the ground-state
band. Figure 3.2(a) shows v rays in coincidence with both 642 and 643 keV and
supports the placement of the 643 keV transition above Band 2. Figure 3.2 (b) and

(c) show extensions to Bands 3 and 4, respectively.
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Figure 3.1: Level scheme deduced for '%80s. The transition energies are given in keV
and their relative intensities are proportional to the widths of the arrows. Energy levels
are labelled with their excitation energies relative to the ground state and their spin and
parity assignments. Parentheses indicate tentative assignments.
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Table 3.3: Electromagnetic properties of 1680s extracted from the present work.

E, L E. L — I
(keV) (%) (keV)

1258 1O7(15) 3365 (127) (107
1405 7.6(5) 2731 (107) (97)
1445 3.3(3) 2209 (87 (77)
207.0  6.1(4) 2038 (117 (107)
2361  3.8(3) 3365 (12 (127)

237.6  10.6(7) 1737 (57)
243.3 2.31(18) 3365 (12+)
267.0 12.0(8) 1737 (57)
3411 100(7) 341 2%
3484  13.6(9) 2938 (117)
365.4 23.5(15) 3731 (14%)
382.3  10.1(7) 3365 (12+)
398.3 16.5(10) 3129 (127)
417.3  48(3) 2155 (77)
426.0 12.7(9) 3365 (137)
426.8  5.9(5) 3365 (12+)
4327 6.0(5) 2731 (107)
4355 44(3) 2590  (97)
5155  6.2(6) 3240 (10%)
5163 72(5) 857 4t

R A N A N s
v

531.1 18.3(12) 4262 (16%) (14%)
531.9  6.3(6) 3122 (10%) (97)
542.6  3.8(4) 2724 (8%) (6+)
565.5 10.8(7) 3695 (147) (127)
579.1 12.2(8) 3944 (157) (137)
582.0 2.2(3) 2182  (6%) (4+)
6122 11.5(8) 1470 (37) 4+
625.8 10.4(7) 4888  (18* (16%)
641.8 37.2(24) 1499 6+ 4+
643.1  6.8(5) 5531 (207) (18%)
656.3  6.7(5) 2155  (77) 6+
677.3 4.8(3) 6208 (22%) (20%)
688.1 6.5(5) 4383 (167) (147)
691.9 6.4(5) 4635 (177) (157)
7241 21.1(14) 2223 &* 6"
7241 21.1(14) 2223 &* 6"
7434 58(6) 1600  (41) 4+
760.1 15.5(10) 2983  10* 8+
7740  3.4(3) 5409 (197) (177)
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Table 3.4: . Table 3.3 continued

E, I, E I
(keV) (%) (keV)

7782 3.3(3) 5161 (18°) — (167)
840.8 1.04(15) 6002 (207) — (187)
851.2 1.35(16) 6261 (217) — (197)
879.9 31.3(20) 1737 (5) —  4*
11288 5.3(5) 1470 (37) —  2°
1224.8  3.0(3) 2724 (8%) — 6%
12577 2.7(5) 1600 (47) —  (47)
13252 15(3) 2182 (6%) — 4%
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Figure 3.2: Double-gated v-ray coincidence spectra correlated with a recoil implantation
in the GREAT spectrometer. (a) spectrum showing ~ rays in coincidence with the 642
and 643 keV transitions. (b) Spectrum showing 7 rays in coincidence with the 579 and
692 keV transitions in Band 3. (c¢) Spectrum showing ~ rays in coincidence with the 688
and 778 keV transitions in Band 4.
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Figure 3.3: Double-gated ~-ray coincidence spectra correlated with a recoil implantation
in the GREAT spectrometer. Spectra show a new decay path from the 127 state to the
9~ state in Band 3. (a) spectrum showing ~ rays in coincidence with the 243 and 532
keV transitions. (b) Spectrum showing v rays in coincidence with the 243 and 365 keV
transitions.
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Figure 3.4: Double-gated «-ray coincidence spectra correlated with a recoil implantation
in the GREAT spectrometer. Spectra show a new decay path from the 127 state to
Band 1. Insets to the figure show the high-energy linking transitions from the quasi-f8
band to the ground-state band. (a) Spectrum showing 7 rays in coincidence with the 516
and 516 keV transitions. (b) Spectrum showing 7 rays in coincidence with the 516 and
543 keV transitions. (c¢) Spectrum showing ~ rays in coincidence with the 543 and 582
keV transitions.
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The 121 state in Band 2 was known to have discrete y-ray branches to the
ground-state band and the negative-parity side bands, Bands 3 and 4. In this
work two further decay paths from the 12 state have been established. Figure 3.1
shows a new decay path from the 12 state comprising the 243 keV transition and
another 531 keV transition that feeds the negative-parity odd-spin structure labelled
as Band 3. Figure 3.3 (a) and (b) show 7-ray in coincidence with 243 and 521 keV
and 243 and 365 keV transitions, respectively. The figures support the link between
Band 2 and Band 3.

In addition, Figure 3.1 shows a new band structure (Band 1), which forms an-
other parallel decay path to the low-spin states of the ground state band. Spectra
in Figure 3.4 indicate y-ray in coincidence with 516 and 516 keV and 516 and 543
keV and 543 and 582 keV transitions, respectively. The spectra show a new decay
path from the 127 state to Band 1. Although, it has not been possible to measure
the multipolarities of the transitions in the new band, a positive-parity even-spin
structure is likely from the ~-ray decay branches from the lowest observed state in

Band 1 to low-spin states of the ground-state band.

3.4 Discussion

3.4.1 Configuration Assignments

The first excited positive-partity band is traditionally assumed to be based on a (-
vibrational state. However, reduced transition probabilities are required to confirm
whether this is the case for '¥0s [87]. The S-vibrational bands have been observed
in the heavier even-N Os isotopes above !"°Os in experiments probing non-yrast
states populated in the S decay of the odd-odd Ir precursors. Figure 3.5 compares
Band 1 in '%80s with the systematic trends established for the heavier isotopes.

The excitation energies in Band 1 appear to show a smooth increase below N = 96
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compared with the relatively constant trends established for the heavier isotopes.
Band mixing calculations indicate that the band head of the deformed intruder
configuration is expected be around 1800 keV and it may be possible for mixing to

perturb the regular band sequence [13].
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Figure 3.5: Comparison of the excitation energies of states in the new positive-parity
structure in 1% Os (Band 1) with the quasi-3 bands in the heavier Os isotopes. Data taken
from references [88].
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Figure 3.6 shows the alignment, I, as a function of rotational frequency for the
bands in %80s extracted from the level scheme in Figure 3.1. The ground-state band
shows an alignment gain of Al, = 11h at Aw= 0.2 MeV, which is consistent with the
rotational alignment of a pair of 4,3/ neutrons. The extension of Band 2 to higher
spin is reflected in Figure 3.6 as the beginnings of an upbend at Aw=0.3 MeV. As
the complete alignment is not seen it is difficult to assign a configuration. It is also
possible that the new transitions assigned to Band 2 are links to other unobserved
high spin structures.

The alignments extracted for Bands 2 and 3 are very similar. At low frequency,
the alignments for both bands are low but quickly achieve an alignment of around 94
at 0.2 MeV, which is lower than the alignment measured for Band 1. At rotational
frequencies hw >0.2 MeV, the alignment of both side bands increases smoothly.
These features have been interpreted previously as octupole vibrational states that
are crossed by two-quasineutron configurations formed by coupling the 73,5 and

(f7/2, ho/2) neutrons [13].

3.4.2 Reduced Transition Probabilities

Lifetimes of excited states in 1%®0Os were extracted using the differential decay curve
method using recoil-correlated v~ coincidences in a recent experiment by Grahn et
al. [1]. The reduced transition probabilities extracted from lifetime measurements
of the 2% and 4" states yielded an anomalous ratio B(E2)4+ 2+ = 0.36(14). B(E2)
ratios less than unity are seen around closed-shells due to seniority effects [21],
however, it is quite unexpected in deformed nuclei far from closed shells. The other
physical phenomenon that can produce low B(E2) ratios relate to shape coexistence.

The manifestations of shape coexistence in the osmium isotopes differ from those
displayed by nuclei closer to the Z = 82 closed shell. In Pb and Hg isotopes dis-

tinctly deformed configurations based on multiple proton-hole excitations are ob-
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Figure 3.6: The total aligned angular momentum, I, as a function of rotational frequency
for the bands in '%Os.

served while in the Pt and Os nuclei the interaction of the ground and intruder
bands result in a single mixed band with an irregular yrast spectrum. Figure 3.7
shows the variation of the excitation energy ratio E,+ o+ as a function of neutron
number in the neutron-deficient 66 < Z < 78 nuclei. The nuclei with proton num-
bers up to Z = 74 show a smooth behaviour interpreted as the variation from a

well-deformed prolate structure near the neutron midshell (N = 104) to the near
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Figure 3.7: Variation of ratio of the 47 and 27 state excitation energy in the even
neutron-deficient 66 < Z < 78 nuclie as function of neutron number. Data from National
Nuclear Data Center (NNDC).
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spherical single-particle regime at N = 82. The Os and Pt isotopes show deviations
from this smooth behaviour around N = 98, which is attributed to arise from the
perturbation of the yrast levels due to band mixing [14, 78, 88, 89]. The ratio for
the ground-state band in ®®*Os appears to be on the edge of the shape coexistence
region and follows the otherwise smooth trend for the isotopic chain. Indeed, band
mixing calculations by by Joss et al. place the deformed intruder band at a higher
excitation energy in '080s relative to the ground state when compared with the
heavier osmium isotopes [13] and show less pronounced perturbation effects. The
smooth variation of the alignment plot showed in Figure 3.6 also suggests that there
are no significant mixing at low spin. The new level scheme has revealed a second
4% state in Band 1, see Figure 3.2, but not 25 state. The 45 state is placed 750
keV above the 4] state and suggest there is little mixing between Band 1 and the
ground-state band.

The key point to explain the anomaly in B(E2)4+ o+ ratio is to understand which
state causes the problem. The B(E2) systematics have been examined for the 27
and 47 states in 1%®®Os and the neutron-deficient 66 < Z < 78 nuclei in Figure 3.8.

Figure 3.8(a) shows the B(E2) measurements of the 2 state. There is a smooth
trend as a function of neutron number with higher Z nuclei having lower collec-
tivity, which reflect their positions relative to the closed proton shell at Z = 82.
Figure 3.8(b) displays the B(E2) measurements of the 4% states. The collectivity of
the 471 state of the Dy, Er and Yb isotopes behaves in a similar way in the 2% state
systematics. However, the sudden decrease in the Os and W isotopes is striking sug-
gesting that the anomalous ratio B(E2)4+ o+ might originate from the measurements
of the 471 state.*

Figure 3.9 shows the B(E2),+ o+ ratios extracted for collective bands in the even-

even neutron-deficient 66 < Z < 78 nuclei as a function of P factor. The P factor is

*N.B. The B(E2:2+—0%) value in W also deviates from the trend for the W isotopes and
could affect the B(E2),+ o+ ratio. See next chapter.
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defined as

NN,

p=_""r
N.+N,)’

(3.1)

where N, and N, are the number of valence protons and neutrons from the nearest
closed shell, respectively. The B(E2)4+ o+ ratios for most nuclei are banded together
above B(E2)4+ o+ > 1, however '%®Os and its isotone, "W are particularly low. The

next section develops a simple model to attempt to explain the anomaly in '%80s.
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Figure 3.8: Comparison of experimental B(E2) values of the 27 and 4T state in the even
neutron-deficient 66 < Z < 78 nuclei as a function of neutron number.Data from National
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2% state in '"?W and '"¥W [90], 'T*W [91] and "W/ [92].
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3.4.3 The Model

A model based on differential decay curve method has been produced using the
Bateman Equations to explore possible scenarios for the anomalous B(FE2;4f —
27)/B(E2;2{ — 0f) ratios. In this section, the model and its mathematical foun-
dation are described. The DDCM concepts have been explained in Section 2.7. The
necessary shifted and degraded components of 7-ray transitions that are used as
input for the DDCM are modelled as a function of time using Bateman equations

for nth order y-ray cascades. The concept of activity defined as

N(t) = Noexp(—At), (3.2)

plays a key role in the model to reproduce experimentally observed shifted and
degraded components.

The objective of the model is to investigate the time behaviour of the feeder and
depopulator transitions of the level of interest. In the experimental analysis of the
1680s, lifetimes of the 2+ and 47 states were extracted using the difference between
the intensities of degraded components of the feeder and depopulator of the state
of interest. The abnormal behaviour of the B(E2),+ o+ ratio arises as a result of
the reduced transition probability of the 4T, see Figure 3.8. The new features in
the '080s level scheme may have implications for the time behaviour of the 4 state
deduced from the DDCM analysis since the 516 keV and 642/643 keV doublets were
used to extract the lifetime of the 47" state.

The effects of the following structural features in the level scheme on the lifetime

of the 4T state are explored in terms of the model.
(a) The 642/643 keV doublet.

(b) The fragmented character of the decay path from the 121 state implies a
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Figure 3.10: Hypothetical Level Scheme based on '®®0s. The labelling of the levels maps
the real spins and parities on '%®Os to the labels used in the model.

lifetime and a feeding delay.
(c¢) The 642/643 keV doublet straddling a long-lived 127 state .
(d) The 516 keV doublet.
(e) Contaminants from other reaction channels in the recoil-gated spectra.

Figure 3.10 shows a simple level scheme based on the '%80s level scheme. Level
B represents the 4 state, A is the 67 state, Y is assigned to be the 127 state that
is suggested to have a relatively (~ ns) long half-life and W indicates the 207" state
that is depopulated by 643 keV transition in Figure 3.1.

Assume a gate was set on 516 keV transition in order to obtain the degraded
component of the overlapping 642/643 keV transition. In the reaction, 8Os nuclei

can be independently populated at W, Y and A states. Once nuclei populated at
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state W, it decays via Y and A. If nuclei are populated at state Y, then they decay via
A. The last possibility is to populate nuclei directly at state A. Although the nuclei
can be populated at B, the time profile of the depopulator transition of the state B
is not under investigation at this moment. Firstly, the level population should be
determined by using Bateman equation. The objective of the mathematical model
is to define number of nuclei in a given state and subsequently estimate the activity

of the corresponding state.
Equation 3.3 represents the number of nuclei in state A populated via the decay

of state W via Y and A

NwAw)\ye_AWt n NW/\W}\ye_AYt n NwAw)\ye_AAt
Ay =Aw)Aa=Aw)  Aw = Av)(Aa = Ayv) — (Aw = Aa)(Ay — Aa)’

Ny = (3.3)

where Ny is the number of nuclei populated at state W that can be measured from
experimental data, Ay, Ay and A4 are the decay constants of states W, Y and
A, respectively. The corresponding activity for any given decay is defined by the

differential equation
dNx

— v N 4
7 AxNx, (3.4)

where X corresponds to any specific state (e.g. A, B, C, W, Y). Thus the activity

of state A can be found using

d Oy =)0 =) O =)0 =) O = ) Oy — )
(3.5)

dNy4 ( NwAw)\ye_AWt Nw)\w)\ye_AYt Nw)\W}\ye_AAt )
_— = — A'

After determining the number of decays as a function of time, the integration of

Equation 3.6 is employed within the time interval [0,t]. Equations 3.7 and 3.8 show
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the integration step by step.

/t dN 4 _ /t NWAwky/\Aefkwt NW)\W/\Y)\Aei)\Yt NW/\W)\Y)\AeiAAt i
o dt o \Qy =2Aw)Aa =2dw)  Qw =Av)Aa=Ay) Ay =Aa)Qw —Aa) |

(3.6)

t dN 4 _ Nw)\y)\A(e_)‘Wtﬂf) Nw)\W/\A(e_)‘Yt)|6 NW/\W}\y(e_)‘At)‘f)
o dt N (Ay—)\w)()\A—Aw) (Aw—)\y)()\A—)\y) (Ay—AA)(Aw—)\A) ’

(3.7)

dt Ny =2 —=Aw) | Ow = Av)a = Ay) | O — A Ay — )

(3.8)

/t dNg (NW)\Y)\A(Q_AWt -1 n NwdwAa(e i —1) N Nyy A Ay (e~ 4t — 1))
0

Equation 3.9 defines the shifted component of the 642/643 keV transition as a func-

tion of time in the decay path from W to A.

i v =) 0u =) T O =)0 =) T O =) Oy — )
(3.9)

/t dN 4 B Nw)\y)\A(l — e_Awt) NW/\W)\A(l — 6_)‘Yt) Nw)\W}\y(l — 6_)‘At)
0

Equation 3.10 defines the shifted component of the 642/643 keV transition as a

function of time in the decay path from Y to A.

/t dNag _ Nyda(l—e ™) Nydy(1—e M) (3.10)
0

dt (A4 — Ay) Ay — Aa)

Equation 3.11 defines the shifted component of the 642/643 keV transition as a

function of time in the decay path from A.

LdN
/ A Ny(1— e MY (3.11)
o dt

Equation 3.12 defines the shifted component of the second 642/643 keV transition
as a function of time. The component in Equation 3.12 refers the effect of the being

doublet 642/643 keV transition in the analysis of apparent lifetime of state B, (see
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later in Equation 3.17).

t
N
J 12
o dt

In order to extract the lifetime of the 4 state, the second gate was set on the
642/643 keV transition to obtain the degraded component of the 516 keV transition.
To examine the time profile of the depopulator transition it is assumed that %%Os
nuclei can be populated at states W then decay via Y, A and B or populated at Y
then decay via A and B or populated at A, then decays via B. The nuclei cannot be
populated at B, since the gate on 642 keV eliminates side-feeding to state B. Steps
such as the determination of the number of nuclei, activity and integration follow the
same methodology stated earlier and are not reproduced in this instance for reasons
of brevity. Equation 3.13 shows the time behaviour of the shifted component of the
516 keV transition in the decay path from W to B.

/t dNp o Nw)\y)\A)\B(l — 6_Awt) n NW/\W)\A)\B(l — 6_)‘Yt)
o dt Ay —Aw)Aa—Aw)As —Aw)  (Aw = Av)(Aa = Av)(As — Ay) (3.13)
NwAw Ay Ap(1 — 6_)‘At) NwAw Ay Aa(l — e_ABt) .

(Aw = A) Ay = Aa)(As = Aa)  (Aw = Ap)(Ay — Ap)(Aa — Ap)

Equation 3.14 shows the time behaviour of the shifted component of the 516 keV

transition in the decay path from Y to B.

ik syeny sy w R v Ty w s wam vy v S CEL)

/t dNp Ny)\A)\B(l — e_)‘yt) Ny)\y)\B(l - €_>‘At) Ny)\y)\A(l — 6_)‘Bt)
0

Equation 3.15 shows the time behaviour of the shifted component of the 516 keV

transition in the decay path from A to B.

= + (3.15)

/t dANg  Nadg(l—e 24t Nau(l — e ?8h)
o dt (A — A4) (A4 — AB)

The DDCM in coincidence mode uses the following relation to determine the lifetime
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of a state

(1) = Liep (1) = Tfee (1) (3.16)

d
Eféep(t)

The degraded components of the 642/643 keV and 516 keV transitions should be

obtained by subtracting the shifted components. Firstly, Ny, Ny and N4 should
be summed in order to determine the initial number of nuclei. The time behaviour
of the degraded components can be obtained if the sum of the shifted components
are subtracted from the initial number of nuclei. Equation 3.17 defines the degraded

component of the 642/643 keV transition as a function of time,

LdN LdN
A A
Ife. = AX Ny + Ny + Ny — —Z | + —=
o dt o dt
w Y
LdN LdN
+ [ =2 ra-n( [ BX
o dt o dt
A w

where A is a control parameter and equal to 2 if the 642/643 keV transition is a

(3.17)

doublet, otherwise A = 1. Equation 3.18 defines the degraded component of the

516 keV transition as a function of time.

tdN tdN taN
Ifllep.:NW—l—Ny—FNA—((/ df) +</ df) +(/ df) ) (3.18)
0 W 0 Y 0 A

The final formulation of the model is achieved by substituting Equation 3.17 and

Equation 3.18 into Equation 3.16 for I¢ _ and I¢

e dep.» Tespectively.

This model has been used to explore the scenarios outlined earlier. Figure 3.11
shows the variation of state B (41 state) as a function of the half-life of state Y
(12% state) using the input parameters listed in Table 3.5. The input parameter
for the half-life of state B was chosen to be 3.8 ps in the model to ensure the
B(E2)4+ o+ ratio is 1. Hence, the calculation leads to a lifetime of the 4T state to
be 5.47 ps. Figure 3.11 (a) shows that as the lifetime of the 127 increases there is a

corresponding increase in the lifetime of the 47 state. The half-life of state Y (127)
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Table 3.5: Parameter definitions in the model. Relative gamma-ray intensities extracted
from recoil-correlated ~y-ray coincidences have been used to define the Ny, Ny and Ny4.

Nw Ny Ny tII/VQ 77142 t?z
35 225 345 1 4 3.8

in the 7 < tif/Q < 2000 ps range has a significant effect on the measured half-life of
state B half-life (4T half-life). If the fragmented structure of the 127 state in '680Os
and the evolution of the shifted and degraded components as a function of target-to-
degrader distance are considered, it is seen that the 127 state (state Y in the model)
has a half-life of the order of ns. Figure 3.11(a) shows that the apparent half-life of
state B is equal to 10 ps when the state Y has a half-life above ns. The half-life value
(t1/2 = 10 ps) of state B produced by the model is equal to the measured half-life
value of the 4T state in '®Os. This supports the hypothesis that when the 642/643
doublet straddles the 127 state, it has an effect on the apparent half-life of state B.

Figure 3.11(b) shows the lifetime of the 47 state as a function of the 127 state
lifetime in the absence of a doublet. Figure 3.11(b) suggests that a short-lived
isomeric state without a doublet would have little effect on the lifetime of the 4
state measured with the DDCM technique.

The effect of the doublet 516 keV has been tested in a more complicated model,
which revealed the doublet of depopulator has no significant effect on the apparent
lifetime of the state B. The 516 keV and 640 keV also belong to the nuclide %"Re,
which is also produced in the fusion evaporation reaction used in this analysis and
contaminates the recoil-correlated v-ray spectrum. The model has been used to
assess the effect of contamination peaks from '®"Re. This model indicates that
this kind of contamination would shorten the apparent lifetime of the state B and

consequently has no impact on the measurement made by Grahn et al. [1].

93



(a)

[E—
N

[ —Y

) of the 4" state (ps)

o B~ O 0 O B

t1/2

(b)

=
W

Apparent Half-life (B
N

35+
31
25
o oo 1000 |
Half-life (Y, ) of 12" state (ps)

Figure 3.11: Variation in the apparent half-life of state B (47) as a function of the half-
life of the state Y (127). (a) The effect of a doublet with components above state Y. (b)
The variation as a function of the half-life of state Y without a straddling doublet. Blue
line indicates the measured half-life of the 4T state by Grahn et al. [1]. Red line indicates
the half-life value of the state B(the 41 state) have been extracted from calculation for a
ratio of B(E2)4+ o+ = 1.
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3.5 Summary

This chapter reports the results of an experiment performed at the JYFL Acceler-
ator Laboratory. The reaction ?Mo("™Kr,4p) at bombarding energies of ~335 and
~348 MeV Kr'%* beam populated new excited states in the neutron-deficient nuclide
1680s. Gamma-ray coincidences in delayed coincidence with recoiling fusion evapo-
ration residues revealed extensions to known band structures, two new decay paths
from the 12" state and a new positive-parity band structure. Three self-coincident
doublets were revealed in this analysis. These new features were investigated in a
model using the Bateman equations and based on the DDCM method to search for
possible explanations for the anomalous B(E2),+ 2+ ratios for 1%0s extracted from
recent lifetime measurements by Grahn et al. [1]. It is concluded that the 642/643
doublet that straddles the 127, which is assumed to have a relatively long lifetime
from its fragmented decay path, has the effect of lengthening the lifetime of the 4™
state. Thus the anomalous B([£2),/, ratios could arise from the measurement of an

apparent lifetime, which is complicated by the unique structural features of 1%Os.
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Chapter 4

Lifetime measurements of excited

states in 190W

Recent lifetime measurements for the 27 and 4" states in the neutron-deficient
nuclide '*Osgy have yielded a B(E2)4+ o+ ratio with an anomalously small value.
The motivation for this work is to find out whether this anomaly is a special case
for 1%80s or it affects other nuclei in this region of the Segre Chart. This chapter
represents the results of the first lifetime measurement of low-lying excited states in
the N = 92 isotone ®*W performed at the Accelerator Laboratory of the University
of Jyvaskyld. The lifetimes have been measured using the Recoil Distance Doppler-
shift method in conjunction with recoil tagging techniques. Reduced transition
probabilities of the excited 27, 47, 6%, 127 and 147" states were extracted for the first
time. Strikingly, the analysis of this work revealed a B(E2;47 — 27)/B(E2;2% —

07") ratio less than unity.
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4.1 Introduction

The neutron-deficient nuclide %W, which lies 10 neutrons above the N = 82 closed
shell, was first identified by Toth et al. in a-decay studies [93]. The a-decay energy
was measured to be E, = 4.739(3) MeV and has a 19.6(12) s half-life. The nucleus
decays predominantly by 8 emission and the a-decay branching ratio is measured
to be 0.03(1)% [94]. Excited states in W were established by Gerl et al. [95] up
to 26" for the yrast band and up to 197 in a negative-parity band. Subsequent
work by Simpson et al. extended the level scheme to higher spin and found a second
negative-parity side band [96] . Cranked shell model calculations were used to assign
configurations to the yrast and side bands. The ground-state band is interpreted as
a zero quasiparticle band, which is crossed by a configuration based on an aligned
(113 /2)2 neutron pair. The side-bands are interpreted as two-quasineutron configu-
rations formed by coupling the 7,3/, neutron to one of the negative-parity orbitals
originating from the mixed (f7/2, hg/2) quasineutron orbitals. The excitation energy
ratio E(4T7)/E(27) of 1%W is equal to 2.68, which is close to the ideal value of 2.5
for a ~-soft rotor. Hence the shape of W is sensitive to the occupation of core
polarising orbitals at the Fermi surface. This chapter reports the first lifetime mea-
surements of excited states in W, which provide an insight on the collectivity of

this nucleus in the transitional region between collective and single-particle regimes.

4.2 Experimental Details

Excited states in W were populated using the reaction “Mo(™Kr,4p). The ~380
MeV Kr'%* beam was accelerated by the K130 cyclotron at the Accelerator Labo-
ratory at the University of Jyviskyla (JYFL) and bombarded a 0.6 mg/cm? %Mo
target. A nominal beam intensity of 3 pnA was delivered to the target. The reaction

provided an initial recoil velocity of v/c = 4.3%. The 7 rays emitted by the recoiling
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Table 4.1: Calculated energy separation of the fully Doppler-shifted and degraded com-
ponents of excited states in %W recorded at 158° and 134° using the velocities before
and after degrader. The v/c is equal to 4.3% before the degrader and v/c equals to 3.4%
after the degrader.

IT - If  E,(keV) AE (keV) at 158 ° AE (keV) at 134°

2t — 0t 252 2.19 1.62
4T — 27 424 3.68 2.73
6t — 47 550 4.78 3.5
12 — 107" 480 4.17 3.09
14T — 127 326 2.83 2.1

nuclei were detected by the JUROGAMII Ge detector array consisting of 15 Phase
1-type [58] and 24 Compton suppressed HPGe segmented Clovers detectors [59]. A
plunger device, DPUNS [56] was installed at the JUROGAMII target position in order to
employ the Recoil Distance Doppler-Shift (RDDS) technique [68, 67]. Table 4.1 lists
the energy separation of the fully Doppler-shifted and degraded components of the
transitions under investigation. A 1 mg/cm? thick Mg degrader was employed to let
reaction products recoil into the gas-filled separator RITU [97, 98, 62] and be trans-
ported to the focal plane. At the focal plane recoils were implanted into the DSSDs
GREAT [55] spectrometer at the focal plane of RITU. A MWPC was used to record
the energy loss and time signal information produced by the recoils and unreacted
beam. The time-of-flight and energy loss information from the MwpPC and DSSDs
were used to discriminate fusion evaporation residues from scattered beam. The
GREAT triggerless data acquisition (TDR) system [99] was utilised to collect data
time stamped to a precision of 10 ns. The data analysis software package GRAIN [85]
was used to acquire y-ray spectra in delayed coincidence with implanted recoils and
NAPATAU software for the Differential Decay Curve Method (DDCM) [69, 70, 16]

was employed.
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4.3 Results

4.3.1 The 27, 4% and 6" states

The lifetimes of the 2+, 47 and 6% excited states for W have been determined
for the first time. Recoil distance Doppler shift measurements were made at nine
target-to-degrader distances ranging from 5 pm to 8000 pm as listed in Table 4.2.
Gamma-ray coincidences correlated with recoil implantations at the focal plane were
sorted into separate asymmetric two-dimensional matrices for the detectors at 158°
or 134° versus all detector angles and for each target-to-degrader distance.

It was not possible to select coincidences with the direct feeding transitions for
the 27, 47 and 67 states due to «y rays with similar energies in other parts of the W
level scheme. There were sufficient statistics to allow coincidences to be demanded
with the higher lying transitions at 480 keV and 686 keV. The shifted and degraded
components at specific angles were obtained by demanding coincidences on the ’all
angle’ axis and the resulting spectra analysed to extract the normalised shifted
decay curves. The validity of this method has been demonstrated in Ref [100]. For
these lifetime measurements only the detectors at 158° (five detectors) and 134° (10
detectors) relative the beam direction were used. The limits of the each gate were
fixed for each target-to-degrader distance. Figure 4.1, Fig. 4.2 and Fig. 4.3 show
typical coincidence spectra for the depopulating and feeding transitions of the 2+,
4% and 67 states in W, respectively.

The fitted peaks were normalised to the summed intensities of the fully shifted
and degraded components. The lifetime of the level of interest, determined by

indirect gating, was extracted using

_ {O, Ad} — a{C, Bd}

() vL{C A}
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Table 4.2: List of the target-to-degrader distances

No Target-to-Degrader Distance
D pm
100 pm
200 pm
500 pm
1000 pm
2000 pm
3000 pm
5000 pm
8000 pm

© 00 O Ui W N+~

Table 4.3: Lifetimes and reduced transition probabilities of the low-lying 27, 4T and 6™
yrast states in '06W.

E,[keV] [T — 17 7(ps) B(E2)[e’V?]] B(E2)[W.u]
252 2F — 0F 86(6) 0.81(0.05) 150(9)
424 4+ 52t 21(3)  0.27(0.03) 50(7)
550 6% — 4+ 16(4)  0.09(0.02) 18(4)

where Ay, By and A, are the quantities in coincidence with transition C' that cor-
respond to the degraded component of the depopulating transition, the degraded
component of the feeding transition of the level of interest and the shifted compo-
nent of the depopulating transition, respectively. The a parameter is the branching
ratio, which for a gating transition in a cascade is unity. The fitted peak areas from
the projected spectra at both 158° and 134° were normalised by I/(I; + I;) and
used to extract lifetimes. The DDCM was applied to the normalised shifted curves
separately to obtain lifetimes for levels of interest. Figure 4.4, 4.5 and 4.6 show the
normalised shifted curves of 2%, 47 and 6" states recorded at 134° and 158°. The
error-weighted average lifetimes of these states and reduced transition probabilities

are given in Table 4.3.
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Figure 4.1: Typical recoil-gated v-y-coincidence spectra of '6W recorded at three target-
to-degrader distances with the 10 JUROGAMII detectors at 134°. The evolution of the
shifted and the degraded components is shown as a function of target-to-degrader distance
for depopulator (left column) and feeder (right column) transitions of the 2% state in
166\y. The dotted and dashed lines indicate the position of the fully shifted and degraded
components of the depopulating transition, respectively.
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Figure 4.2: Typical recoil-gated v-y-coincidence spectra of '6W recorded at three target-
to-degrader distances with the 10 JUROGAMII detectors at 134°. The evolution of the
shifted and the degraded components is shown as a function of target-to-degrader distance
for depopulator (left column) and feeder (right column) transitions of the 4 state in
166\y. The dotted and dashed lines indicate the position of the fully shifted and degraded
components of the depopulating transition, respectively.
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Figure 4.3: Typical recoil-gated v-v-coincidence spectra of '6W recorded at three target-
to-degrader distances with the 10 JUROGAMII detectors at 158°. The evolution of the
shifted and the degraded components is shown as a function of target-to-degrader distance
for depopulator (left column) and feeder (right column) transitions of the 6% state in
166\ . The dotted and dashed lines indicate the position of the fully shifted and degraded
components of the depopulating transition, respectively.
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Figure 4.4: A graph illustrating the principles of the DDCM. Top panel shows the
normalised shifted curve of the 21 state of W extracted from spectra recorded by
detectors placed at 134°. Middle panel shows the intensity difference of the direct feeding
and depopulating transition and the solid line is the derivative of the curve shown in the
upper panel. Bottom panel shows the lifetime 7 as a weighted mean of values .

104



|_

p—
-
1
T

10100 1000
Target-to-Degrader Distances ( um)

Figure 4.5: A graph illustrating the principles of the DDCM. Top panel shows the
normalised shifted curve of the 4% state of "W extracted from spectra recorded by
detectors placed at 134°. Middle panel shows the intensity difference of the direct feeding
and depopulating transition and the solid line is the derivative of the curve shown in the
upper panel. Bottom panel shows the lifetime 7 as a weighted mean of values 7.
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Figure 4.6: A graph illustrating the principles of the DDCM. Top panel shows the
normalised shifted curve of the 61 state of W extracted from spectra recorded by
detectors placed at 158°. Middle panel shows the intensity difference of the direct feeding
and depopulating transition and the solid line is the derivative of the curve shown in the
upper panel. Bottom panel shows the lifetime 7 as a weighted mean of values 7.
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4.3.2 The 127 and 14" states

In order to extract the lifetimes of the 127 and 14" states, the analysed data set
used the nine distances between 5 pum to 8000 pm, see Table. 4.2. Gamma-ray
coincidences correlated with a recoil implantation at the focal plane were sorted
into a two-dimensional matrix. Spectra for the feeding and depopulating transitions
were obtained by demanding coincidences with the direct feeding transitions. The
gate limits for coincidences were fixed for each transition at all target-to-degrader
distances. Spectra were generated using 7 rays detected at 158° or 134° for each
distance. The low statistics required coincidences to be demanded with the full line
shape of the direct feeder. The lifetimes of the 127 and 14" states were determined

using

_ {B, Ad} - Oé{A, Bd}

)= (4.2

where A is the depopulating transition and B is the feeding transition of the
level of interest. The parameter { B, A} represents the intensity of A in coincidence
with transition B, A, is the degraded component and A is the shifted component
of the depopulating transition of the level of interest. « is the branching ratio.
The degraded component of the feeding transition, By, must be considered in order
to extract lifetimes from the direct gating method. The validity of this method
was demonstrated in Refs [18, 101]. An internal normalisation was applied to the
fitted peak areas using the summed intensities of degraded and fully shifted com-
ponents of the transition of interest in order to avoid errors arising from the time
and beam intensity differences between individual distances. The mean lifetimes,
7, were extracted from the normalised shifted components fitted separately to the
158° and 134° spectra using DDCM for each distance. The resulting lifetimes are

weighted averages of lifetimes extracted within the region of sensitivity. Evolution
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Table 4.4: Reduced transition probability of the 12+ and 14% states in "W extracted
from the present lifetime measurement.

EkeV] 7 > 17 7(ps) B(E2)P B(E2)[W.ul
480 127 —» 107 27(4)  0.11(0.01) 21(3)
326 14T — 12t 21(2)  0.98(0.08) 182(16)

of the shifted and degraded components as a function of target-to-degrader distance
for depopulator and feeder transition of the 12% state in W with 10 JUROGAMII
detectors at 134° is given in Figure 4.7. The dotted and dashed lines indicate the
position of the fully shifted and degraded components of the depopulating transi-
tion, respectively. The normalised shifted curve of the 480 keV transition which is
fitted with experimental data point using three second order polynomials, the in-
tensity difference of the degraded component of the direct feeding and depopulating
transition and the lifetime 7 as a weighted mean of values 7 are shown in Fig-
ure 4.8. The time evolution of the shifted and degraded components as a function
of target-to-degrader distance for depopulator and feeder transition of the 1471 state
in W with 10 JUROGAMII detectors at 134° is given in Figure 4.9. The dotted
and dashed lines indicate the position of the fully shifted and degraded components
of the depopulating transition, respectively. The normalised shifted curve of the
480 keV transition which is fitted with experimental data point using two second
order polynomials, the intensity difference of the degraded component of the direct
feeding and depopulating transition and the lifetime 7 as a weighted mean of values
7 are shown in Figure 4.10. Table 4.4 summarises the result obtained in the present

work for the 121 and 14*.
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Figure 4.7: Evolution of the shifted and degraded components as a function of target-
to-degrader distance for depopulator and feeder transition of the 12% state in '96W with
10 JUROGAMII detectors at 134°. The dotted and dashed lines indicate the position of the
fully shifted and degraded components of the depopulating transition, respectively.
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Figure 4.8: A graph illustrating the principles of the DDCM. Top panel shows the
normalised shifted curve of the 127 state of W extracted from spectra recorded by
detectors placed at 134°. Middle panel shows the intensity difference of the degraded
component of the direct feeding and depopulating transition and the solid line is the
derivative of the curve shown in the upper panel. Bottom panel shows the lifetime 7 as a
weighted mean of values .
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Figure 4.9: Evolution of the shifted and degraded components as a function of target-
to-degrader distance for depopulator and feeder transition of the 14% state in '06W with
10 JUROGAMII detectors at 134°.The dotted and dashed lines indicate the position of the
fully shifted and degraded components of the depopulating transition, respectively.
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Figure 4.10: A graph illustrating the principles of the DDCM. Top panel shows the
normalised shifted curve of the 1471 state of W extracted from spectra recorded by
detectors placed at 134°. Middle panel shows the intensity difference of the degraded
component of the direct feeding and depopulating transition and the solid line is the
derivative of the curve shown in the upper panel. Bottom panel shows the lifetime 7 as a
weighted mean of values .
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4.4 Discussion

4.4.1 Reduced Transition Probabilities

The ratio of reduced transition probabilities B(E2)4+ o+ =0.33(5) extracted from
the lifetime measurements in W is anomalously low. The recent lifetime mea-
surements in the N = 92 isotone %80s cited in the previous chapter also yields a
similar ratio with B(E2)4+ o+ = 0.36(11). The origin of the anomaly is puzzling since
166\ is located 8 protons and 10 neutrons away from the nearest closed shells and
features related to seniority and shape coexistence are not anticipated. Figure 3.7
shows the Ey+ o+ excitation energy ratio of the 47 and 2% states and displays a
smoothly varying trend for the W isotopes as a function of neutron number. Unlike
the Pt and Os isotopes there is no indication of perturbed levels in the W isotopes
due to the mixing of ground-state and deformed-bands [102]. The W systematics
follow a clear trend of decreasing Fj+ o+ ratio with decreasing neutron number,
which corresponds to the transition from a well-deformed prolate structure at the
neutron midshell (N = 104) towards a weakly deformed shape near the closed shell
(N = 82). Figure 4.11(a) shows the variation of excitation energies of the 2% and
47 states in the W isotopes as a function of neutron number. A smooth variation
of increasing 2% and 47 excitation energy is observed below N = 98 reflecting the
change towards a lower average deformation near the closed neutron shell.

An inverse behaviour in the B(E2) values as a function of decreasing neutron
number from the neutron midshell to the closed shell is expected [90]. Figure 4.11(b)
shows the variation of the reduced transition probabilities B(E2; 2t — 07) as a
function of neutron number. The B(E2; 27 — 07) values are approximately 190
W.u. around the neutron midshell and dip to 100 W.u. at N = 94. The B(E2;
27 — 0T) value extracted for '%®*Wg, shows an increase to 150(9) W.u. This seems

at variance to the expectation suggested by Figure 4.11(a), which shows a smooth
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increase in excitation energy corresponding to a decrease in average deformation
approaching the closed N = 82 shell. The higher deformation in W then 1®*W in
the 2" state is a possible source the anomalous B(E2)4+ Jo+ ratio in "W, since the

27" state is more deformed then it is expected.
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(a) Excitation energies of the 2% and 47 states as a function of neutron num-

ber for the W isotopes. (b) Experimental reduced transition probabilities B(E2; 27 — 07)
as a function of neutron number for the W isotopes. (c) Experimental reduced transition
probabilities B(E2; 4 — 27) as a function of neutron number for the W isotopes. Data
for excitation energies from National Nuclear Data Center (NNDC). 7 of the 2% state in
12W and 18W [90], 1™W [91] and "W [92]. %W from present work and 7 of the 4F
state from National Nuclear Data Center (NNDC).
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The corresponding figure for the B(E2; 47 — 2%) value shows a smooth de-
crease below the neutron midshell where the maximum collectivity is expected. A
comparison of the reduced transition probabilities, B(E2; 4T — 27), extracted for
the W isotopes with the trends for other isotopic chains (see Figure 3.8) indicates
the collectivity of the 47 — 2T state decreases at a faster rate in the W isotopes
than might be expected for a deformed nucleus. In '®QOs , the observed anomaly
in B(E2)4+ o+ ratio is understood to arise from complications involving the decay
of the 47 state. However, it appears that both the 2 and 4" state may cause the
anomaly for W,

In the theoretical framework of the collective model the relation between B(E2;

I — I —2) and B(E2; 2 — 0) is given by [50]

151(1 — 1)

BUERI = 1=2) = o N ar+ 1)

B(E2;2" — 0™). (4.3)

This relation yields the B(E2; 4t — 27) = 1.43B(E2; 2 — 07) and B(E2; 6 —
4%) = 1.57B(E2; 2t — 07). However, the experimental ratios have been measured
to be B(E2)4+ 2+ =0.33(5) and B(E2)g+ 2+ =0.12. These ratios are compared with
those of other nuclei with low ratios as a function of P-factor in Figure 4.12. The
present measurements indicate that W has unusually low B(E2;] — I —2)/B(E2;

2T — 07) ratios for a deformed nucleus.
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Figure 4.12: Experimental B(E2),+ o+ ratios as a function of P factor. At this point, it
makes sense including W, because it reveals a ratio less than unity by errors, relative
to 12Dy. Data from National Nuclear Data Center (NNDC). Exceptions are 1%%0s [1],
166\ from present work, % Rusy [23], 114 Tegy [26], 14 Xeqq [27], 13*Xego [28], 132Cer4 [29],
1340674 [30], 132Nd72 [31], 144Nd84 [25], 180Pt102 [24].
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4.4.2 The Level Scheme of 166W

The level scheme of %W was examined using a thin target data set from a parallel
experiment in order to determine whether the B(E2),+ o+ anomaly in W has a
similar structural origin as that proposed for '3Os in the previous chapter. The "®Kr
+ 92Mo reaction at a bombarding energy of 357 MeV favours the 4p evaporation
channel leading to W over the lower beam energies used to identify extensions
to the level scheme of 1%Os (see Table 3.2). Target thicknesses of 0.5 mg/cm? and
1.0 mg/cm? were irradiated for 172 hours and 26 hours, respectively. These data
were sorted into a recoil-correlated E.; —E,»—FE,3 coincidence cube, which contained
approximately 1.5x 108 recoil correlated vy events.

The anomalous B(E2)+ o+ ratio in '®*Os is proposed to arise from a y-ray energy
doublet that has components that straddle the 127 state. The lifetime measurements
of Grahn et al. [1] do not measure a fully shifted component even for the longest
target-degrader distances implying that the 121 state is relatively long-lived and
consequently has a fragmented decay path to the ground-state band, the negative-
parity side bands and the new non-yrast positive-parity band. The recoil-correlated
cube was used to search for similar features. Figure 4.16 show the level scheme
deduced from earlier work and confirmed in this thesis. The cube was analysed
to investigate whether the the 252 keV (27 — 07) and the 424 keV (4T — 2T)
transitions were self-coincident doublets. Figure 4.13(a) shows 7 rays in coincidence
with 252 keV and 252 keV. It is clear from the spectrum that no such decay path
involving two self-coincident 252 keV transitions exists in '%W. Figure 4.13(b) shows
the corresponding spectrum demanding a double gate on the 424 keV transitions.
Gamma rays at 224 keV, 252 keV and 550 keV are apparent in this spectrum,
however the 424 keV coincidence window is likely to overlap with the 421 keV
transition, which forms part of the decay path from Band 1 to the ground state.

Problems with this overlap have been eliminated in the lifetime measurement by
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Figure 4.13: Double-gated y-ray coincidence spectra correlated with a recoil implanta-
tion in the GREAT spectrometer. (a) spectrum showing  rays in coincidence with the
hypothesised 252 keV self-coincident doublet. (b) The 424 keV hypothesised doublet.

indirect gating on the 480 keV (12 — 107) and 686 keV (107 — 8T) transitions in
the yrast band.

Figure 4.14 shows typical double v-ray coincidences that were used to search for
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Figure 4.14: Examples of double-gated «-ray coincidence spectra correlated with a recoil
implantation in the GREAT spectrometer. (a) spectrum showing 7 rays in coincidence
with the 326 and 465 keV transitions showing transitions in the yrast band. (b) 7 rays
in coincidence with the 546 and 656 keV transitions showing transitions in Band 2. (c) 7y
rays in coincidence with the 373 and 528 keV transitions showing transitions in Band 3.
(d) «y rays in coincidence with the 326 and 911 keV transitions.

linking transitions from the 12" state to the negative-parity bands. No evidence for

linking transitions could be found suggesting that decay path from the 1271 state
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Figure 4.15: Excitation energies of quasi-# bands in '®W. Data taken from refer-
ences [102]

166W is not fragmented. The model for 1% Os revealed that the effect of the lifetime
of the 127" state with a doublet placed over it starts at given lifetime of 10 ps and
the 127 state lifetime in W is measured in this work (7=27(4) ps). However, no

analogous doublet could be identified in *6W.
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No evidence could be found for a non-yrast postive-parity structure as seen in
1680s. The absence of a quasi-# band in W is not surprising. Kibedi et al.
performed measurements of the non-yrast states in the even-N W isotopes from
18W to "W and found that the quasi-3 band has a parabolic energy dependence
on neutron number, see Figure 4.15 [102]. Kibedi et al. also noted that comparisons
of quasi-f bands in the Os, Pt and Hg isotopes revealed a trend towards higher
excitation energies for the excited 07 state as the proton number decreases from
7 = 82 providing an explanation for the absence of the quasi-# band in 6¢W [102].

A thorough search has been made to identify potential contaminants in the
coincidence spectra arising from either new transitions in W or from other fusion-
evaporation channels in this data set. No extensions were made to the level scheme
and no contaminants have been identified. Hence, it is concluded that the anomalous

B(E2),+ o+ ratios in W and '%*Os do not have a common origin.
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4.4.3 Comparison with Nuclear Models

Raman has provided a survey of theoretical B(E2:2% — 07) values using different
model approaches in the 2 < Z < 100 nuclei [29]. Figure 4.17 shows a comparison be-
tween experimental B(E2:2t — 07) and those predicted by the Finite-Range Droplet
Model (FRDM), the Woods-Saxon Model (WSM) and the Dynamical Microscopic
Model (DMM) for the 92 < N < 108 tungsten isotopes. The theoretical values for

B(E2; 07 — 27)1 in Reference [29] were corrected to B(E2; 2 — 07){ [103] using

oI + 1
2L, + 1

B(T)\;IQ — [1) = B(T,\, [1 — IQ) (44)

In the FRDM, the nuclear potential energy is calculated using a macroscopic-
microscopic model. The macroscopic part of the potential comes from the finite-
range droplet model and the microscopic part employs shell and pairing corrections
from a folded Yukawa single-particle potential. The WSM uses the Strutinsky shell
correction method. The macroscopic part of the potential is given by the Yukawa-
plus-exponential mass formula and the microscopic part of the potential is calculated
by Woods-Saxon potential. The DMM [104] is based on the generator coordinate
method (GCM) with a Gaussian overlap approximation. The nuclear potential is
calculated by the shell-correction method of Strutinsky with liquid-droplet macro-
scopic part and zero-point energy [29]. In general, all three models predict qualita-
tively the behaviour of experimental measurements. While the FRDM and WSM
calculations reproduce the magnitude of the experimental B(E2:27 — 01) values
they both fail in their prediction for the N = 92 tungsten isotope. The DMM pre-
dictions shown in Figure 4.17(c) fails to reproduce the experimental results in terms
of absolute magnitude. Figure 4.17(d) shows the DMM calculations normalised the
the experimental measurements and indicates that the B(E2:27 — 07) trends are

reproduced well for all isotopes including %¢W. The generator coordinate method
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present work.
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is often regarded as the optimal approach for describing transitional nuclei through
the microscopic determination of the collective dynamics for anharmonic vibrations
and rotations [105, 106]. While beyond the scope of this thesis, a detailed theoreti-
cal study of the DMM framework might reveal the underlying physical basis for the

unusual nature of the 2% state in the 7-soft transitional nuclide, %W,
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4.4.4 High-Spin Structure of %W

Figure 4.18 shows the systematic trends for reduced transition probabilities and level
excitation energies for the 67, 127 and 14™ states in 'W. Figure 4.18(a) and (b)
reflect a trend of decreasing collectivity with increasing spin up to the 12* state. In
the rare earth region A~160, backbending occurs due to a crossing of the g-band and
a two quasi-particle band based on 43/, neutrons at 12< I <16 [107, 108]. The 12*
and 147 states in W are expected to be the lowest transitions in the band formed
by the rotational alignment of a pair of 713/, neutrons, see Figure 4.19(a). For the
crossing bands, the two factors that give rise to S-shaped curve are the difference
between the effective moments of inertia of two intersecting band and the strength
of the interaction of the bands. Lifetime measurements in the (12-16%) backbending
region allow the E2 transition strengths to be deduced, which provides an insight
into the strength of the interaction. The lifetime measurement of 1®W revealed
a dramatic reduction in the ground-Stockholm band crossing strength [109]. The
corresponding value for the 12} — 10/ transition is a factor of 50 lower than the the
B(E2) value of the 14; — 127 transition. This dramatic reduction was interpreted
as an existence of very weak mixing between the bands with an interaction matrix
element of 10<V<19 keV.

Figure 4.19(b) shows the variation of the B(E2) transition strength with in-
creasing spin in the nuclides W and ®W. The backbending occurs of the same
rotational frequency for both W and '®W. Consequently, a similar behaviour is
expected in the evolution of the B(E2) values in the crossing region. Figure 4.19(b)
shows a sharp change in the collectivity from 12 to 14 state. In the both nuclei, the
s-g crossing occurs at the 127 — 10; transition. In conclusion, the sudden change
in the B(E2) transition probability allow us to infer a weak interaction between the

crossing bands in W,
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4.5 Summary

Lifetimes of the excited states in W have been measured for the first time. Excited
states in W were populated in the reaction %Mo ("™Kr,4p) at a bombarding energy
of 380 MeV. The lifetimes of 2+ , 4%, 6%, 127 and 147" states in W have been
determined using the RDDS method. Reduced transition probabilities extracted
from these lifetimes have revealed an abnormal B(E2)4+ o+ ratio with a value of
0.33(5). In the Bohr collective model, this ratio is expected to be approximately
1.43 [50]. The systematics of the 27 and 41 have been investigated and suggest that
the 2% state is more collective than usual and the 4% state is less collective than
it should be. The level scheme has been reviewed with a complementary single-
target experiment and no further extensions have been observed (c.f. 1%0s) that
would reveal an obvious structural origin for the anomalous B(E2)4+ o+ ratio. The
experimental 2% systematics in the W isotopes have been compared with theoretical
predictions. The Dynamical Microscopic Model based on the generator coordinate
method is able to reproduce qualitatively the experimental behaviour for 92 < N <
108 tungsten isotopes [29].

The lifetimes of the 67, 127 and 14" states in W show that the trend of de-
creasing of collectivity with increasing spin continues up to the 121 state. A sudden
change in the B(E2) transition probability occurs for the 127 — 147 transition

suggesting a weak interaction at the ground-Stockholm band crossing in W,
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Chapter 5

Conclusion and Future Work

In this work, one of the main goals was to explain the anomalous ratio of the
B(E2),+ 9+ = 0.36(13) in '®®*Os measured in an earlier lifetime experiment by Grahn
et al. [1]. In order to investigate the abnormal behaviour from an different perspec-
tive, the level scheme of 1%Os has been examined and an empirical model has been
produced. The level scheme of ¥Os has been extended in a recent experiment at
the Accelerator Laboratory of the University of Jyvéaskyld (JYFL) employing Ju-
ROGAMII and GREAT [55] spectrometer in conjunction with RITU [54] separator.
The decay of 12* state is found to be more fragmented with two new decay paths
being observed. The new decay branch via the 126 keV v-ray feeds a new positive
parity structure while the branch proceeding through the 243 keV ~v-ray feeds the
known octupole structure. The lifetime data of Grahn et al. [1] and the fragmented
decay paths reported in this thesis indicate that the 12" state has a relatively long
lifetime.

These features were investigated in a model that uses the Bateman equations
within the framework of the differential decay curve method [69] and takes into
account the long lifetime of the 12% and doublet of 642/643 keV transition, which

corresponds to the 47 — 2% transition energy. The model suggests that the long life-
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time of the 127 state has no effect on the apparent lifetime of the 41 state. However,
the combined effect of the 642/643 keV doublet components straddling a long-lived
12 state lengthens the apparent lifetime of the 4™ state. In addition, we have
observed that contamination from ~-ray emissions from nuclei populated in other
reaction channels also affect the apparent lifetime of the level of interest. For exam-
ple, 1*“Re is produced in the same reaction and has v-ray transitions that are similar
to the 67 — 47 and 47 — 2% transitions in ¥0Os. These transitions will appear at
some level in the recoil-gated y-ray coincidence spectra. The model has been used
to consider the role of contaminants and concluded that, in this case, the doublets
will shorten the apparent lifetime of the 41 state. Hence, the weak contamination
from '®"Re does not explain the anomalous B(E2)4+ o+ ratio.It is concluded that
level schemes should be checked carefully for doublets and their placement relative

to long-lived excited states if true (and not apparent) lifetimes are to be measured.

This thesis also reports the first lifetime measurements of yrast states in 1%0W,
These results come from a recent RDDS experiment that performed at the Accel-
erator Laboratory of the University of Jyvéskyla (JYFL). The differential plunger
DPUNS device [56] was installed at the JUROGAMII target position and coupled to
the RITU [54] separator and GREAT [55] spectrometer. Lifetimes of excited states
have been extracted using differential decay curve method in coincidence mode in
order to eliminate the influence of unobserved side feeding. In this study, the re-
duced transition probability B(E2) values for transitions depopulating the 2% | 47,
61, 12* and 147 states have been deduced from the measured lifetimes. The B(E2)
= 150(9) W.u. value confirmed that the 27 state has a collective behaviour. How-
ever, the collectivity of the 47 state is measured to be lower than the 2" state,
which results in an anomaly in the B(E2)s+ 5+ ratio (B(E2)4+/2+= 0.33(5)). An

examination of systematics of related states revealed that the 2% state is more col-
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lective than usual and the 47 state is perhaps less collective than it should be. The
lifetimes of the 67, 12% and 14" states in W show that the trend of decreasing
of collectivity with increasing spin continues up to the 12* state. A sudden change
in the B(E2) reduced transition probability occurs from 127 to 14" that suggests a
weak interaction between the intersecting bands in W similar to '*W [109].

A new recoil-correlated single-target experiment was used to investigate the level
of 196W. Unlike 8Os, no doublets have been observed for the key transitions and
no new bands structures have been identified. The 12% state does not have a frag-
mented structure and its lifetime has been measured in this work (7=27(4) ps).
Moreover, no fusion-reaction products have been seen in the recoil-gated spectrum
that contaminate transitions in W. It is suggested that the source of the anoma-
lous B(E2) 4+ o+ ratio in "W is different to that measured for **Os. A qualitative
comparison of the experimental B(E2;2" — 071) trends for the W isotopes with
model predictions imply that a dynamical macroscopic-microscopic model based on
the generator coordinate method [105, 106] reproduces the enhanced collectivity of
the 2% state relative to the heavier isotopes. Further theoretical work must be done
to explore this phenomenon in heavy transitional nuclei. Further experiments prob-
ing this anomaly are approved at JYFL and the Argonne National Laboratory to

measure the lifetimes of low-lying states in %¢Os and ™Os.
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