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Abstract

Nuclear structure studies are intimately tied to advanced detector arrays,
both current and emerging. The present work describes two independent projects
that have advanced detector arrays in common. The first explores the physics
of nuclear shapes and shape evolution with angular momentum in the A~180
region using Gammasphere, arguably the world’s most advanced 4n array for
high-resolution gamma-ray spectroscopy at present, coupled to CHICO2, a state-
of-the-art position-sensitive detector for heavy-ions in binary reactions near the
Coulomb barrier. The second involves simulations and analysis for GRETINA,
a next-generation segmented gamma-ray tracking array which can resolve the in-
teraction position of a gamma-ray to a few mm, and is slated to evolve into the
germanium shell GRETA, for use at the national Facility for Rare Isotope Beams.

The reasonably rare phenomenon of a transition from prolate collective to
oblate collective rotation along the yrast line, long predicted and possibly observed
recently in '8CHf, are expected to occur at even lower spins in '¥W. Prompt col-
lective excitations in 186W were populated via inelastic excitation using a 13%Xe

beam from the ATLAS accelerator at Argonne incident on a thin '86W target.



Emitted y-rays were detected using Gammasphere, coincident with the binary re-
action fragments detected in the heavy-ion counter CHICO2. Level schemes were
extended in '86W, although experimental constraints limited the observation of
states above 14*. The observed y-ray yields were compared to Coulomb excita-
tion predictions. A large staggering between the even- and odd-spin members of
the y-vibrational band suggests increased triaxiality in this nucleus. Transfer re-
action products were also analyzed, and the yrast band in !3°W extended to higher
spins. A sudden increase in signature splitting in the ground state band of ¥7W,
compared to '85W suggests a boundary for the onset of gamma softness.

The GRETINA array consists of “quad” modules of segmented position- sen-
sitive Ge crystals, each with a central contact along the cylindrical axis that collects
the electrons and 36 contacts along the cylindrical surface which collect the “hole"
current pulse generated by a y ray interaction inside the crystal. A signal decom-
position algorithm is used to fit the observed waveform from each crystal contact
with a linear combination of stored basis signals to localize the y-ray interaction
within the detector volume. In this work, the sensitivity of the hole mobility pa-
rameter for position reconstruction in GRETINA is investigated. Calibration data
on position resolution is analyzed, together with simulations that isolate the signal
decomposition dependence from electronics cross-talk. The chi-square fits exhibit
a shallow minimum for +15% variation in the hole mobility, effectively exclud-
ing it as a parameter in play for addressing remaining challenges in reconstructing

y-ray interaction points in GRETINA.
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Chapter 1

Introduction

The shape of an atomic nucleus is a fundamental property reflecting the spa-

tial distribution of the nucleons. It is governed by the interplay of macroscopic,

liquid-drop like properties of the nuclear matter and microscopic shell effects. Nu-
clei can be either spherical or deformed in their ground state. Closed-shell nuclei
are always spherical in their ground state whereas in a nucleus with partially filled
shells the valence nucleons tend to polarize the core towards a deformed mass
distribution.

In some areas of the nuclear chart the shape is very sensitive to structural
effects and can change from one nucleus to its neighbor. In addition to shape
changes with proton or neutron number, the shape can also change with excita-
tion energy or angular momentum within the same nucleus. Nuclear shapes and
their evolution as a function of spin offer insight into the complex correlations be-

tween constituent nucleons. While most quadrupole-deformed nuclei have prolate



shapes, a small number, particularly near shell closures, have oblate deformations.
Whereas collective oblate shapes at low spins and non-collective oblate shapes
at high spins have been established in many nuclei, the observation of collective
oblate rotation at high spins is quite rare.

The first half of this thesis involves the study of rotational bands in deformed
neutron-rich nuclei with A ~ 180, around the W (Z = 74) region, which exhibit
distinctive characteristics which should enable a transition from prolate to oblate
collective rotation at high spins. In this mass region, collective oblate rotation,
aided by nucleon alignments at lower rotational frequencies, is predicted to be fa-
vored over prolate shapes at high spins [1]. A recent study by the UMass Lowell
research group reported possible experimental evidence for collective oblate ro-
tation becoming favored at spins around 20% in the rigid, well deformed, axially
symmetric 3°Hf nucleus, at the highest end of angular momentum populated [2].
Theoretical calculations in this region predict a prolate to oblate shape transition in
184.186W nuclei at a lower range of angular momentum than observed in the '80Hf
nucleus. The primary focus of this project was to extend the structure of 186W to
such spins that would allow a clean observation of the predicted shape transition.

Current nuclear structure studies such as the ones presented in this work pri-
marily involve the techniques of gamma-ray spectroscopy in conjunction with
auxiliary detectors. High-resolution germanium (Ge) detector arrays have been
deployed in this field for over three decades. The first half of this thesis utilizes

Gammasphere, an array of over 100 Compton-suppressed germanium detectors,
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arguably still the world’s best high-resolution gamma-array at present [3]. In the
second half of this thesis, the focus shifts from physics to instrumentation with
next generation position-sensitive Ge detector arrays.

The reconstruction of the original direction and energy of gamma rays through
locating their interaction points in solid state detectors is a crucial evolving tech-
nology for nuclear physics, space science and homeland security. New arrays such
as AGATA in Europe and GRETINA in the U.S. have been built for nuclear science
based on highly segmented germanium crystals. With radioactive beam facilities,
such as FRIB, coming on-line in the near future, these gamma-ray tracking arrays
promises orders-of-magnitude improvement in weak signal detection for nuclear
spectroscopy. Improvements in the sensitivity of the detection system are essential
to the success of such scientific program.

The capability of reconstructing the position of the interaction with a reso-
lution at the level of a few millimeters is a fundamental requirement for reliable
tracking. It is, therefore, important to understand and quantify the limiting factors
of position resolution. Improvements in signal decomposition algorithms, which
depend on pulse shape analysis to determine the interaction points, can be real-
ized by better modeling the crystals. Specifically, we need a better understanding
of drift velocity anisotropy, which causes considerable differences in pulse shape
rise time depending on the position of the spatial charge carrier creation.

The research objective of the second part of this thesis work was to systemat-

ically investigate crystal properties, such as charge transport, of a closed-ended
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coaxial germanium semiconductor GRETINA detector. Specifically, the focus
was to study the effect of uncertainties in hole mobility on pulse shape forma-
tion and also on algorithms which determine the gamma-ray interaction position
in the crystal, with the final goal of improving tracking performance of the array.
The thesis is divided into two parts, each starting with introducing key theories

and concepts, upon which the two individual projects are based.



Part 1

Search for Shape Transitions in Neutron-rich W isotopes



Chapter 2

Theoretical Background

This chapter summarizes the important points and theoretical concepts used

in this thesis with references to literature where more details may be found.

2.1 Independent particle spherical shell model

The study of nuclear properties shows evidence of nuclear shells analogous to
those observed in atoms. Extra stability certain numbers of neutrons and protons
indicate closed shells. These "magic" numbers are 2, 8, 20, 28, 50, 82 and 126 for
both neutrons or protons. While electronic shells in atoms arise from the motion
of electrons in the central Coulomb potential of the nucleus, the nuclear shell
structure has no such external potential but the nucleons move in the potential
created by themselves.

The nuclear shell model [4] describes the energy levels for protons and neu-



trons in an attractive central potential with strong spin-orbit coupling
Vior = Veent = Vig < l.s > (2.1

where V,,, is the total potential of the nucleus, V.., is the attractive central poten-
tial dependent on the number of nucleons, and Vj; < [.s > is the potential due to
the coupling between orbital angular momentum /, and spin, s. The energy levels
calculated for nuclei with such a potential exhibit large energy gaps in the single
particle spectrum, each corresponding to a magic number which represents the
cumulative number of nucleons filling the lower levels. Nuclei with protons and
neutrons near magic numbers are spherical in shape; however, away from closed

shells, nuclei can be deformed.

2.2 Nuclear Deformation and Shapes

Nuclei in specific regions of the nuclear chart, such as the rare earth
(150 < A < 190) and actinide (A > 220) regions, are known to be deformed in
their ground states. A deformed nuclear volume can be described by modeling the
nucleus as an incompressible nuclear fluid with a sharp surface, a liquid drop. One
way to parameterize the nuclear surface is with the length of radius vector from

the origin to the surface, given by [5]

R, ) = Ro[l +i
+2)

3

@2 ¥a,(6, ¢)] (2.2)

R(8,4) = Ro |1
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where Ry = roA!/? is the average radius and @, are the coefficients of spherical
harmonics Y (6, ¢) of order A. The lowest multiple, A =2 and u = 0, corresponds
to quadrupole deformation (spheroidal shape) [6]. The next multipole, 4 = 3 and
u = 0, represents octupole deformation (pear shaped) stemming from reflection-
asymmetry in the nuclear shape [7].

Most deformed nuclei are axially symmetric in their ground state, and the
potential has a minimum at y = 0°, where vy gives the degree of axial asymmetry.
The relation between S, which gives a measure of the extent of the deformation,

to v and the nuclear radii are given as

5 2

OR, = 1/ERoﬁcos(y - -3—) (2.3)
5 2

SRy = /Z;Roﬁcos(y + —3’5) (2.4)

/ 5
OR, = \| —RopBcosy (2.5)
dr

where £ and y are defined as:

@2 = Bcosy, (2.6)
a a 1 Bsiny 2.7
2 =002 =—7= . .
V2
with @71 = @3-1 = 0. A common convention to describe the range of shapes for A

= 2 in terms of the S and y variables is the Lund convention [8]. Fig. 2.1 shows



the various shapes that result from quadrupole deformation and places them in the
(B - y) plane. In this convention the relationship between 8, y and the nuclear
radii can be observed from the change in nuclear radius in Cartesian coordinates
as a function of S and vy. For y = 0°, the nucleus is elongated in one direction and
compressed equally in the other two; this is called a prolate (American football)
shape, as shown in Fig. 2.1. For nuclei with vy = 60°, it is compressed in one di-
rection and extended equally in the other two, and is called an oblate (disk-like)

shape. A triaxial nucleus has y = 30° where all three axes have different lengths.
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Figure 2.1: Nuclear shapes for deformation parameters 8 and y using the Lund convention.

Many other complex axial asymmetric shapes can also be generated by vary-
ing y. An important property of a quadrupole deformed nucleus is its quadrupole

moment. The intrinsic quadrupole moment, in terms of B, is given as

ZR:B(1+0.18) (2.8)

3
Qo~ —
V5n
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2.2.1 The Nilsson model : Deformed shell model

In a deformed shell model, one considers the effects of deformation on single-
particle energies. The Nilsson model provides a description of single-particle
motion in a non-spherical potential. This model provides a microscopic basis
for macroscopic collective phenomena such as rotations and vibrations of de-
formed (non-spherical) nuclei. An additional frequency term, dependent on the
quadrupole deformation (8 or € or d, based on the shape parameterization con-
sidered), is included in the modified harmonic oscillator potential (or in any other
potential such as Woods-Saxon) to incorporate the effect of the deviations from

the spherical symmetry. The Hamiltonian is given by [9],

2

_ P 1 ) 2 2
Hyis = > + im [wx(x +y) + w2 ] -~ Cl.s — DI 2.9)

where w, and w, are one dimensional oscillator frequencies in the x and z direc-
tions and m and P are the mass and momentum of the particle respectively. The

oscillator frequencies are related to the deformation parameter 6 (6 ~ 0.958), as

2
Wi =Wl = w (1 - 55) (2.10)
4
w? = w) (1 - -3-5) (2.11)

where w, is the one-dimensional oscillator frequency in the y direction and wo

is the oscillator frequency for a spherical potential with § = 0. The /> and s terms
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ensure the proper order and energies of the single-particle levels in the spherical
limit (8 = 0). Positive values of deformation (8 or € or ) represent prolate shapes
and the negative values corresponds to oblate shapes.

A Nilsson diagram gives energies of various orbits as a function of deforma-

tion. A Nilsson orbit is labeled as:
Q"[Nn A] (2.12)

where N is the principal quantum number (denoting the major shell), r is the par-
ity and n, is the number of nodes in the wave function in the z direction. And, Q
and A are defined, as shown in a schematic coupling of the collective angular mo-
mentum and the intrinsic angular momentum of the valence nucleon in a deformed

nucleus (Fig. 2.2). In Fig. 2.2, angular momenta are labeled R for the rotational

A

angular momentum and J = 3/ _,

Jjn for the sum of the intrinsic angular momenta
of the valence nucleons outside the deformed core. R and J sum up to the total

angular momentum, [=T+R
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Rotational axis
XJ h
C

Figure 2.2: The asymptotic quantum numbers for deformed shell model.

For a valence nucleon in a single j orbit; we define
¢ () the projection of the single-particle angular momentum on the symmetry axis
(z axis).
¢ A the component of the orbital angular momentum of the particle along the sym-
metry axis.
e K the projection of the total angular momentum, since the rotational angular

momentum of axially symmetric nuclei is perpendicular to the symmetry axis, it
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contributes nothing to K and therefore K is the sum of all Q values of individual
unpaired nucleons.
e X projection of the intrinsic nucleon spin on the symmetry axis, (therefore K =

1
A+X=A+-).
2)

The energy of the states now depends upon the projection of j onto the sym-
metry axis, Q (shown in Fig. 2.2), for which there are (2j+1) values for each j.
Fig. 2.3 shows Nilsson single-particle energies for neutrons in the 82 < Z < 126
region. There is a relation between the permissible values of n, and A such that
their sum must be even if N is even (positive parity) and odd if N is odd (negative
parity). For example, the Nilsson states for the i;3/> orbital are 1/2[660], 3/2[651],
5/2[642], 7/2[633], 9/2[624], 11/2[615], 13/2[606].

14
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Figure 2.3: Nilsson diagram for neutrons, 82 < N < 126. The ordinate axis is labeled in units of
Fwg = 414713 MeV] [10]. Highlighted orbitals are used as illustrative examples in text.
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For example, an orbit having total angular momentum I = 5 can have val-
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ues of Q ranging from —12— to 123 The angle made by each orbital plane with the
symmetry axis is 6 = sin~!(Q/ I). From the Nilsson diagram, it is apparent that for
the same value of Q, the orientation of an orbital is different for prolate and oblate
deformations (Fig. 2.3).

For example in Fig. 2.3, the orbital 11/2[615] (N =6,1= %, with Q7 = 121—+)
is occupied at lower energy on the oblate side (€2 < 0) than the prolate (e > 0).
Oblate shapes exist only when the down-sloping high-Q orbitals are occupied by
the valence nucleons on the oblate side, leading to a lower value for a sum over
their energies thus making them more favorable than the prolate configuration.

This situation is observed only in the case of a few nuclei, and therefore prolate

shapes are preferred in deformed nuclei across the periodic table.

2.2.2 The Cranking model

As the collective angular momentum increases, the centrifugal and Coriolis
forces increasingly affect the intrinsic states. If the angular velocity of the collec-
tive rotation is not slow compared to the motion of the nucleons, then the cranking
model is needed to calculate the centrifugal and Coriolis corrections to the intrin-
sic Hamiltonian. In the cranking model the nucleus is rotated, or "cranked" with
some fixed frequency, w, to investigate its properties [11]. This provides a direct
way to understand this effect on collective rotational bands and high-spin single

particle configurations, which are the two kinds of structure that are most impor-
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tant in the vicinity of the yrast line (locus of states with lowest energy for a given
angular momentum) at high spins.

The cranking model is a further extension to the deformed shell model, which
introduces another degree of freedom, rotational frequency, Aw. Cranking mod-
els take into the account the response of nucleons to the rotation of the nuclear

potential and the Hamiltonian can be expressed as [12],
H, = Hy - &.I (2.13)

where Hp is the static Hamiltonian in the rotating frame. Our calculations use
the single-particle Woods-Saxon Hamiltonian to find the single-particle states in
the intrinsic frame. The term &.1 represents the effects of both centrifugal and
Coriolis interactions, which will modify the single-particle orbital motion. Also,

the pairing interaction is often included with the cranked hamiltonian H,, [13],
H =H, - A(P* +P) — AN, (2.14)

where H’ is the quasiparticle hamiltonian, A is the pairing gap, P*/P are the quasi-
particle f)air creation/annihilation operators, A the chemical potential, and N is the
particle number operator, included to keep the total number of particles constant.
Quasiparticles are mathematical constructs that describe excitations in terms of
linear combinations of particle and hole occupation probabilities. Using the quasi-

particle construct the particles can be replaced by non-interacting quasiparticles
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whose energies are additive. For each single-particle level there are two quasi-
particle levels, one positive and one negative, reflections of each other about the
Fermi surface. The cranking calculations are presented in this thesis in the form
of quasiparticle energies. The energies in the rotating frame are called Routhi-
ans, and are labelled by their parity and signature (7,@). Under rotation the nlj
quantum numbers and Nilsson labels are no longer good quantum numbers, and a

single (7, @) orbital will represent a mix of Nilsson configurations.

2.3 Collective excitation

A deformed nucleus can accommodate angular momentum either in the form
of collective motion (rotation and vibration) or by individual angular momenta of
the valence nucleons. In addition, there can be interplay between the individual
and collective degrees of freedom, for example, nucleon pair breaking and the
alignment of their individual angular momenta along the axis of collective rota-
tion [14]. This work involves the study of nuclear rotations and vibrations, which

are explained in the following sections.

2.3.1 Rotational motion in nuclei

Deformation is a prerequisite to collective rotation of a quantum system since
an orientation cannot be defined for a spherical system. Rotational bands, there-

fore, indicate the existence of a deformation in a nucleus. The Hamiltonian for a
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rotating rigid body can be written as [5],

h2

LY
ZSR (2.15)

Hrot =

where R is the angular momentum of the rotating core and J is the moment of
inertia. Fig. 2.2 shows the coupling scheme of the nuclear angular momenta in the
deformation-aligned case. If the total angular momentum of the system is due to
the rotating core only, which refers to the collective motion of all nucleons in the
nucleus (as is normally true for deformed even-even nuclei) then the total angular

momentum I = R, and the energies of the rotational levels are given by

2
E o(I) = %I(I +1) (2.16)

where only even I are allowed for an axially symmetric shape. Then the y-ray
energies observed between adjacent levels will be E2 transitions. When nuclear

rotational motion is superimposed on an intrinsic excitation characterized by pro-

jection K, we find R = yI(I + 1) — K2 and the energy of the state is given by
h? 2
Ero(I) = 5_—5(1(1 +1) - K%) (2.17)

Thus, for an even-even nucleus, where K = 0 in the ground state, the ratio of the
excitation energies of the I" = 4* and 2* states should be approximately 3.33. This

is consistent for a large number of well deformed nuclei. For example, in 86W
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E .
the == ratio is equal to 3.24.
2+
Experimentally, the energy E of a state is measured as a function of the total
angular momentum I, i.e the rotating nucleus can be expressed in terms of its

angular rotational frequency, w, as
1o 9
Ep(l) = Eﬂw . (2.18)

From equation 2.16 and 2.18, w in terms of I is

Jw =mJId + 1), (2.19)

Also, the relation between experimentally observed Al = 2 transition y-rays and
the rotational frequency w is

_dE() _dE,

ho=—1—7%7

(2.20)

i.e. half the y-ray energy [15]. Here, I, = yI(I + 1) — K2 is projection of the angu-

lar momentum along the rotation axis and is known as aligned angular momentum

and E, is y-ray energy between the rotational states of angular momenta I and
I - 2, which by using equation 2.16 is given as
12

E,=E-E_= -2—-5-(41 -2). (2.21)

The information derived from the relationship between E, I, I, and w can be used

20



to compare experimental results with cranked shell model calculations [16].

The moment of inertia (J) can also be determined from the experimentally
observed y-rays or energy spacings, as shown in equation 2.21. The moment of
inertia found in this way is called the kinematic moment of inertia () and in a
more general way, it is defined as the ratio of I, to the rotational frequency w and
is given as

-1
: dE] . (2.22)

x

g = h= = 1, [Zif;
The experimental alignment, I,, can further be used to investigate the rotational
properties of a nucleus. At a given rotational frequency, the difference in alignment
between rotational bands will be due to the difference in the undeﬂying particle
configurations of the bands. To facilitate measuring the increase in alignment and
the differences in alignment between bands, a rotating reference based on equa-
tion 2.16 is subtracted from the aligned spin to give the experimental alignment,
1

iy(w) =I1(w) - Ix,ref(w)- (2.23)

The rotational reference I, ,.r(w) is given by
Lires(w) = w(Jo — 1), (2.24)

where Jy and J; are Harris parameters that characterize the rotational reference,
and are chosen to give approximately zero experimental alignment for the ground

state band at low rotational frequency.
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2.3.2 Vibrational modes of excitation

Another way in which nuclei can generate collective angular momentum is by
surface vibrations. According to the hydrodynamic model [17], which is usually
applied to describe nuclear vibrations, the nucleus can undergo small oscillations
about an equilibrium shape. These oscillations are characterized by modes (4,
w) of frequency w,,, degenerate in y, and that depend on the density, the surface
tension, and the mean radius Rg (equation: 2.2). The vibrational energy of each
mode (2, y) is given by

Erpy=a,+ %)hw,l (2.25)

and the total excitation energy above the ground state, by
Eee= ) hw, (2.26)
na

where ny = 3, na, is the number of "phonons"” of order 4, for this excited state of
energy. In this case, vibrational quanta called “phonons” of multipolarity A, carry
the energy and the parity, 7, of each phonon mode is given by (-1)*. For nuclear
vibrations, it is usually assumed that there is no density variation (wg = 0), and no
pure vibration (w; = 0). Dipole (4 =1) vibrations correspond to translations of the
centre of mass of the nucleus and therefore cannot be produced by internal forces
if the protons and neutrons move together. A schematic illustration of the different

modes of nuclear vibration for A = 0, 1, 2 and 3 are shown in Fig. 2.4.
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Figure 2.4: Schematic illustration of nuclear vibration modes [18].

Vibrational and rotational excitations can co-exist in a deformed nucleus [19].
This results in rotational states, characterized by a rotational band, built on a vibra-
tional excitation. The most common rotational-vibrational states are, therefore, the
lowest orders of vibrational modes for A = 2 (quadrupole) and A = 3 (octupole).
Phonons of 1 = 2 produce low-energy quadrupole vibrations which can take two
forms, that is, 8 and y vibrations. The names £ and y-vibration come from the
fact that the -vibration corresponds to fluctuation in the quadrupole deformation,
while the y-vibration corresponds to oscillation in .

The first, B-vibrations, are shape oscillations directed along the symmetry

axis. The angular momentum vector for such oscillations is perpendicular to the
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symmetry axis, therefore, such bands are based on I" = K™ = 0" states. The
second, produces a dynamical time-dependent deviation from axial symmetry and
hence oscillations in the y shape parameter, which governs the deformation at
right angles to the 8, deformation axis. Thus the angular momentum vector of y
vibrations points along the symmetry axis (assuming a mean y of zero, the nuclei
will on average be axially symmetric), which gives rise to bands based on I" =
K™ = 2% states. Octupole vibrations are associated with 4 = 3 phonons, where the
parity of the states in negative and the sequence of spins depend on the value of
K.ForK =0, I" =17, 27, 37 and higher. The relative energies of the even- and
odd-spin members of the y-vibrational band (signature splitting) give insight into

the nature of the triaxiality of the nucleus [20] [21].

2.4 Gamma-Ray Emission

The study of y-ray emission is of great importance in nuclear spectroscopy.
Studying y emission and its competing process, internal conversion, allows the

determination of spin and parities of the excited states.

Selection rules

Excited nuclear states decay following an exponential decay time profile of
the form (e~*). Consider a 7 transition from an initial excited state of energy E;,

angular momentum I; and parity n; to a final state E¢, Ir and ny. The energy of
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the y-ray is given by [4]:
E, =Ef-E. (2.27)

The conservation of angular momentum imposes the following selection rule on

the multipolarities of y-ray transitions between two states, I; — Iz, such that,

I =1l < L < |I; +1¢|, (L #0) (2.28)

where L denotes the transition multipolarity. The electromagnetic interaction is

parity conserving, which imposes the additional selection rule,

iy =TL. (2.29)

Whether a transition is electric (E) or magnetic (M) in nature depends on its mul-

tipolarity and the change in parity it represents,

aAn(EL) = (-1)E, Ax(ML) = (-1)E*1, (2.30)

Considering only the lowest multipolarities, where the initial and final states have
the same parity, the transition will be E2 or M/ in nature, and where there is a
change in parity the transition will be M2 or EI. Transitions with the maximum
change in angular momentum of the nuclear states are called "stretched” transi-

tions.
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Internal conversion

Internal conversion is a competing process to y-ray decay, which occurs when
an excited nucleus interacts electromagnetically with and ejects an orbital elec-
tron [22]. The energy of the internal conversion electron (ICE), Ejcg, is given
as

Eice = Eyransition — Ep,. (231)

where E,, ;,sirion 18 the transition energy and Ej, . is the binding energy of the elec-
tron. The internal conversion coefficient, @, characterizes the competition between
this decay process and y-ray emission. It is the ratio of internal conversion decays,
Ajc, to the number of y-ray decays, A,. This coefficient is defined for each elec-
tron shell (i.e., the K, L, M shells etc), such that the total ratio @, = ag + ar, +

am+ ... . The total decay probability between two given states then becomes,

Atotal = /ly + e, Arotal = /Iy(l + Qotal)- (2.32)

The experimentally determined y-ray intensities were corrected for internal con-
versions, where conversion coefficients (@) were calculated using the Brlcc pro-

gram from the Australian National University [23] [24].
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Chapter 3

Motivation and Theoretical Calculations

In this chapter, a brief overview of previous theoretical and experimental
studies which provide evidence for collective oblate rotation becoming favored at
high spins in a rigid, well-deformed, axially symmetric '3°Hf nucleus is presented.
In addition, theoretical calculations predicting the same physics phenomena in the

neutron rich '86W nucleus at lower spins is also presented.

3.1 Physics Motivation

The ground states of the nuclei in A ~ 180 region are characterized by axi-
ally symmetric prolate shapes. Both valence neutrons and protons occupy high-j
orbitals, with high-Q values for prolate shapes and low-( values for oblate defor-
mation. Since nucleons in low-£ orbitals are expected to align at lower rotational
frequencies, both neutron and proton alignments are conducive to oblate shapes

being favored over prolate ones at high spins. This distinctive characteristics of
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neutron-rich, A ~ 180 nuclei has prompted us to look for rare transitions from
prolate to oblate collective rotation at high spins.

An earlier theoretical calculation by Hilton and Mang [1] predicted a novel
prolate to oblate shape change in '8Hf. As shown in Fig. 3.1, where the excita-
tion energy is plotted as a function of I(I+1), I being the spin, the predicted oblate
band becomes “yrast" (lowest energy state for a given angular momentum) at a

spin 26/ and crosses the prolate ground state band.

EXCITATION

12 ENERGY (MeV)

Y T T T T T
400 800 1200 1600

Figure 3.1: Prediction of prolate to oblate shape transition in !3°Hf [1]. Excitation energy as a
function of I(I+1)), where I is the spin. Known levels in '80Hf are indicated by dots (e).

Despite the difficulty of populating highly excited states in these neutron-rich

nuclei, recent experimental and detection advances have made it possible to study
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these nuclei through deep-inelastic and transfer reactions using heavy projectiles.
The nuclear structure group at UMass Lowell conducted an experiment to inves-
tigate and study the prompt rotational structures in '8Hf at high-spin using deep
inelastic reactions. In this experiment [2}, performed at Argonne National Labora-
tory, a 1300 MeV beam of '80Hf was incident upon a 232Th target (+20% above the
Coulomb barrier). In these studies new transitions and collective states up to spin
I = 20% were observed, extending on previously identified band structures [25], as

shown in Fig. 3.2.
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Figure 3.2: Partial level scheme for '8CHf [2], showing the relevant collective structures.

Experimentally, the even-spin gamma-vibrational band (band 2) in '3°Hf was
extended from I = 144 — 20%, and was observed to change its character beyond
spin 10%. The excitation energy (with a rigid rotor contribution subtracted) of
130Hf bands (level scheme: Fig. 3.2), when plotted against spin (I), highlights this
behavior as shown in Fig. 3.3. From Fig. 3.3, the interactions between these two

bands are apparent in the region of the band crossing with the new band. The
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odd-spin (band 3) partner of the gamma band continues to retain its vibrational
character while the even-spin gamma band (band 2) is clearly crossed by a new
band at spiﬁ 107%. In the level scheme diagram (Fig. 3.2.), there are connecting
transitions (687 and 597 keV) between the quasi-vibrational band (band 4) and
the even-spin gamma band. From the observed mixing of band 4 with the even-
spin gamma band together with supporting theoretical predictions, a collective,
oblate rotational character for band 2 at high spins was suggested [2, 26].

These studies are consistent with previously discussed theoretical predictions
that nucleon alignments would favor oblate over prolate shapes at high spins in
neutron-rich Hf isotopes. With this motivation theoretical calculations were car-
ried out to explore more neutron-rich nuclei in this mass region, as presented in

the next section.
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Figure 3.3: Excitation energy of the levels versus spin (I) for the ground state band, even and
odd-spin gamma bands and low-K quasi-vibrational band in 3°Hf [26].

3.2 Theoretical Calculations for shape evolution in !36W
Predictions of cranking calculations

Cranking calculations have been performed using standard Nilsson parame-
ters in the ULTIMATE CRANKER (UC) code [27], where the modified harmonic
oscillator potential is used with principal axis cranking. These total energy surface
calculations allow the shape evolution to be studied as a function of spin. From
these calculations the shape evolution with spin for various W (Z=74) isotopes
is shown in Fig. 3.4. For the isotope '8'W (N = 106), oblate rotation is not pre-

ferred even at the highest spins. For '82W (N = 108) and beyond, oblate shapes
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are favored at successively lower spins, with increasing neutron number. The yrast
rotational structure in the isotope %W (with N = 112) is expected to have a near-
oblate (y = 40°) shape, above I = 14%. The total energy surfaces in '86W for the
ground state and at I = 16% are shown in Fig. 3.5. It is evident that !30W (N =
112) offers the best opportunity for observation of both the prolate-to-oblate shape
transition and observation of the (near)-oblate states over a significant range of
spin. It should be noted that though an oblate shape is expected to be favored at
higher spins in %W (above I = 18%) compared to '®6W, the triaxiality parameter
in 3*W is predicted to be much closer to collective oblate (y = 60°) than in 186y,
following the shape transition. Therefore, it is also desirable to study '3*W from

this perspective.
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Figure 3.4: Predicted shape evolution for the yrast collective structures in the W isotopes. The
variation in the triaxiality parameter (), as a function of spin for (a) Z = 74 isotopes, and (b)
N=108 isotones.
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Total energy surfaces generated using Ultimate Cranker

The total energy surfaces in '3W for the ground state / = Ok and at I =
16% are shown in Fig. 3.5. The calculations predict an axially symmetric, prolate
shape with (&3, y) = (0.20, 0°) for ground state and near-oblate shape with (&2, )
= (0.19, -40°) for I = 16A. Here &, is the deformation parameter and is related to

B2, to first order by B, =~ 1.05¢;.
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Figure 3.5: Shape evolution in '36W from UC calculation. Total energy surfaces for the lowest,
positive parity states in '86W, at I = Ok (left) and at I = 16# (right), where lowest energy minimum
is indicated by a dot.

Quasi-particle diagrams

In the Nilsson diagram (Fig. 2.3), the orbitals occupied by the valence neu-

trons in '8W are highlighted (solid lines representing positive parity and positive
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signature orbitals). On the prolate side (&2 > 0), the [642]5/2 high-Q orbital is
close to the Fermi level. For the oblate side (&, < 0), the high-Q orbital [615]11/2
is near the Fermi surface. The valence nucleons in the low-Q orbitals typically
align at lower frequencies if they are close to the Fermi level. Therefore, the
alignment frequency is expected to be lower for the oblate deformed configura-
tion.

The rotational frequency at which the first nucleon pair aligns can be calcu-
lated using the cranking model. The alignment frequencies have been calculated
using a Wood-Saxon potential, and the results are presented in the quasi-particle
diagram (Fig. 3.6). Where the energy E, of the particle(hole), relative to the Fermi

level is plotted as a function of frequency.

N=112, 8,=0.213, B,=-0.068, y=0 o N=Ti2, =010, ,=0.009, r=-60
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Figure 3.6: Neutron quasi-particle levels in 186W, illustrating the difference between the crossing
frequencies for prolate (0.38 MeV) and oblate (0.15 MeV) shapes.
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For prolate shapes, the first 113/ neutron crossing is predicted at 7w = 0.38
MeV, for the [615]11/2 Nilsson orbital. For oblate shapes, the crossing is (as ex-
pected) at a much lower rotational frequency (Aw = 0.15 MeV), since the [642]5/2
Nilsson orbital (with lower-Q) is involved. For the first hj/2 proton crossing, a
similar situation is predicted, with crossing frequencies of Aw = 0.50 MeV and
hw = 0.22 MeV for prolate and oblate shapes, respectively. With both neutron
and proton alignments expected at much lower frequencies for oblate shapes than
the first alignment for prolate deformation, the oblate aligned states, which are
energetically favored by virtue of their large MOI, should become yrast.

From these calculations, it is evident that '86W (with N = 112) offers an ex-
cellent opportunity for both the observation of prolate-to-oblate shape transition

and observation of the near-oblate states over a significant range of spin.

3.3 Known prompt rotational structures in W isotopes

Nuclear structure properties along the W (Z = 74) isotopic chain have been in-
vestigated in previous studies of rotational band structures and shape transitions as
well as K-isomeric states associated with well deformed prolate shapes. The '36W
nucleus is the heaviest stable isotope of tungsten, whose low-lying structure has
been studied following B-decay of the neutron-rich parent %6Ta [28, 29, 30, 31].
Also, tungsten nuclei were extensively studied using Coulomb excitation tech-

4

niques using protons, “He, 190 and 2%8Pb beams to deduce nuclear structure infor-
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mation [32, 33, 34, 35]. To establish the role of multi-quasiparticle configurations
in the high-angular-momentum structure, high-spin isomers in '3¢W target nuclei
have also been studied by inelastic excitations using pulsed 2*¥U beams [36].
However, even though these nuclides have been studied in great detail at low
spins, experimental information on the high spin yrast states of tungsten isotopes,
specifically 8%186W, is sparse due to the neutron-rich nature of these systems. The
advent of heavy-ion accelerators and modern detector arrays now make it possible
to extract new information about the high-spin excitations of such nuclei. The
185,186y

different techniques and detection technologies used to excite and study

nuclei are described in the following chapter.
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Chapter 4

Experimental Details

The investigation of nuclear structure properties of neutron-rich nuclei, specif-
ically in A ~ 180 region with high N/Z ratio, has been a subject of long standing
physics interest. Experimentally, with increase in neutron number, it becomes pro-
gressively more difficult to study these neutron rich nuclei with stable beam/target
combinations. The challenges arise from limitations of the fusion-evaporation
reaction mechanism, where fusing two lighter nuclei in order to populate high
angular momentum nuclear states preferentially leads to neutron deficient nuclei.
Recent advances in the production of heavy beams such as Xe, Pb and U with
sufficient energies required to surpass the Coulomb barrier, have led to the in-
creased use of deep-inelastic and transfer reactions on the heaviest stable isotopes
in the neutron-rich A ~ 180 region and has proved to be an efficient mechanism
for populating high-spin states.

The nuclear structure group at UMass Lowell has performed experiments in
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180

the past to study high spin states in .5

Hf0g using similar techniques. This chapter
will describe in detail the experimental technique and setup used in the current
experiment conducted at Argonne National Laboratory, where accelerated '36Xe
ions were incident on a thin !86W target. The working details of a large y-ray

detector array which was coupled with a heavy-ion counter to facilitate particle-y

coincidence techniques, will also be discussed.

4.1 Inelastic and Transfer Reactions

Inelastic and transfer reactions are general reaction mechanisms which can be
used to excite neutron-rich nuclei to relatively high spin-states. A characteristic
feature of these reactions is that they preserve the binary character of the system,
so that the final fragments maintain some resemblance to the initial nuclei. These
reactions involve a fast redistribution of protons and neutrons among colliding
nuclei, which is governed by strong driving forces associated with the potential

energy surface of the complex nucleus.
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Figure 4.1: Schematic of deep inelastic collision.

The experiment was performed at Argonne National Laboratory (ANL). Prompt
rotational structures in '3¢W were populated using 725 and 800 MeV '*6Xe beam
energies provided by Argonne Tandem Linac Accelerator System (ATLAS), inci-
dent on a thin enriched '86W target. The Coulomb barrier energy in the laboratory

frame for the chosen beam and target is estimated to be,

1.44Z,Z
Ergy o™ = (1+Ai/A9) A X 669MeV  (4.1)
L16(A) + A)P +2)

The selected beam energies for 136Xe are ~9% and ~20% above the Coulomb
barrier, which would allow the population of sufficiently high spins, yet limit the

background from other reaction channels. Following an inelastic or transfer reac-

40



tion, the recoiling nuclei (projectile- and target-like) recoil into vacuum and are
detected using a position sensitive particle detector CHICO2 used in conjunction

with Gammasphere, as discussed in the following sections.

4.1.1 Binary reaction kinematics

The following kinematic equations refer to the laboratory reference frame,
where the nuclei in the target are considered at rest. If the reaction plane is de-
fined by the direction of the incident beam and one of the outgoing particles, then
conserving the component of momentum perpendicular to that plane shows imme-

diately that the motion of the second outgoing particle must lie in the same plane,

see Fig. 4.2.

PROJECTILE-LIKE

P

-------------------

P2

TARGET-LIKE

Figure 4.2: Reaction geometry. Projectile and target recoils define the plane of the binary reaction.
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Conservation of linear momentum gives,
Po = p;cosé; + p,cosf, and O = p;sinf; — p,sind,

where py is the initial momentum of beam, pi, p;, are the recoil momenta and 64,
6, are the scattering angles for the projectile and target nuclei respectively. From
these equations, the relation of the recoil momenta to the initial beam momentum

can be derived as,
sin(6>,61)

sin(6; + 67) (4.2)

P12 = Po

In a non-relativistic approximation the momentum is given by p = mfc¢, whereas

the relativistic momentum is given by p = mfcy where m is the mass, 8 is the ratio
i

is assumed, where the energy conservation can be given by Equation 4.1.1, then

of velocity of particle to the velocity of light and y = . If an elastic collision

using Equations 4.2 and 4.1.1 for a given recoil angle, the recoil angle of the other

fragment and the velocity of the recoils can be calculated using,

B _P, P
2Mpeam,  2my  2myp

(4.3)

Fig. 4.3 shows the calculated velocities for the projectile and target recoils in the
case of a 13Xe beam at laboratory energy of 800 MeV impinging on a '8¢W target.
Gamma rays from nuclei recoiling at these velocities require Doppler correction

techniques, as discussed in Section 5.2.2.
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Figure 4.3: Calculated velocities of the projectile and the target recoils for a *Xe beam at 800
MeV in the laboratory frame impinging on a %W target. An elastic collision and simple two-body
kinematics are assumed.

4.2 Beam and target production

The Argonne tandem-linac accelerator system (ATLAS) can accelerate sta-
ble isotopes of any element up to and including Uranium, with energies up to 17
MeV/u. For the current experiment a *Xe beam (at ~ 5.5 MeV/u) was used as
it is stable and can be reliably produced and accelerated by ATLAS. The choice
of beam is also based on the need to (a) populate high spins and (b) keep the low-

energy (< 1 MeV) region of the spectrum relatively free of transitions from the
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excitation of beam nuclei. This beam was also successfully used in earlier studies
of 180Hf. Suitable thin '86W targets (250ug/cm?) backed by a 110ug/cm? carbon
foil, were prepared in the Argonne Physics Division Accelerator target laboratory.
As shown in Fig. 4.4, the gamma ray detector array Gammasphere, situated in Tar-
get area IV, and the CHICO?2 particle detector placed in the Gammasphere target
chamber were used in coincidence detection setup, as explained in the following

sections.

Beam Line

Figure 4.4: Layout of the Argonne tandem-linac accelerator system [37].



4.3 Detectors

4.3.1 Gammasphere

Gammasphere is the national gamma ray research facility currently at Ar-
gonne National Laboratory with the main focus on nuclear structure studies. The
Gammasphere detector and data acquisition system, originally developed in the
early 1990s consists of a close-packed spherical configuration of up to 110 Compton-
shielded germanium (Ge) detectors with custom made electronics to measure gamma-
ray energy and time [38] [39] (Fig. 4.6). Each germanium detector is about 7 cm
in diameter and 8 cm long and is surrounded by bismuth germanate scintillator act-
ing as a Compton suppression shield, as shown in Fig. 4.5, resulting in enhanced
peak to Compton ratio in gamma-ray spectra.

There are several performance factors that contribute to the overall sensitivity
of such a large array of Compton-suppressed Ge detector, which includes energy
resolution, efficiency, peak-to-total, and rate [40]. These are defined as [41]:

e The ratio of counts in the full-energy peak to total counts in the entire spectrum
(peak-to-total (P/T) ratio).

¢ The energy resolution, defined as the ratio of the full width at half-maximum
(FWHM) of a given y-ray peak, AE,, to the peak energy E, .

e The effective solid angle, which is a sum of all the individual detectors in the

array.
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A typical Gammasphere HPGe detector can achieve an energy resolution of
about 2.2 keV FWHM for a 1.33MeV y-ray, an efficiency of ~75% relative to
that of a 7.62 cm x 7.62 cm Nal(Tl) detector, and a time resolution of ~8.5 ns
FWHM for ®0Co. The P/T ratio for a Ge detector is about 25% without Compton
suppression, and increases to better than 60% with suppression [41] [42]. The time
resolution of one element of the BGO shield ranges from 2.5 ns to 4 ns, while its
energy resolution is poor, of the order of a typical value of 8-10% for scintillation
detectors [43].

Another important quantity to evaluate the performance of HPGe detectors is
the resolution (or resolving power R), which in terms of FWHM and P/T ratio of

a measured y-ray is defined as [44]:

R

SE P/T 4.4
(52 om ws

where SE, is the average separation between y-rays in a cascade. A controllable
component in the resolving power of an array is AE,, which has the following
contributing factors:

e The intrinsic resolution of the detector system, AEj, which takes into account
the individual properties of the detector.

e Doppler broadening due to the velocity and angular spread of recoils, AFy and
AER, respectively. Improvements can be made with kinematic corrections.

e Doppler broadening due to the opening angle of the detectors, AEp. Clustering
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and segmentation of detectors can improve this quality.

Thus, the final energy resolution of the detector array can be written as:

8 Ey = \|AE2+ A} + AED + AED, (4.5)

Gammasphere has been successfully used for almost 25 years now and its
excellent performance has revealed many new nuclear physics phenomena. How-
ever, some aspects can still be improved and are already in progress, which can
help improve its overall performance. Due to the use of BGO shielding the ac-
tual solid angle coverage of Ge detectors is only 46% of 4 sr. Next generation
germanium detector arrays based on y-ray tracking concept, which rely on higher
segmentation and eliminates the use of Compton suppressers, would cover more
solid angle. GRETA and AGATA [45] are being built based on this technology,
where locating the first interaction point of a gamma ray in the detector would en-
able better event-by-event Doppler correction and hence higher resolving power

compared with existing arrays.
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Figure 4.5: A schematic diagram of a Gammasphere detector module showing the Ge crystal (8cm
long), the BGO/photomultiplier suppression system, the housing for the electronic control system
and also the liquid-nitrogen dewars used to cool the Ge crystal in order to suppress random thermal

signals [46).

With the need to cope with high counting rates (up to 20 kHz in each detec-
tor), a digital signal processing based data acquisition was recently developed for
Gammasphere. Previously, the system used VXI based analog electronics, where
the throughput of data was limited at high rates due to the conversion time of
the ADC and the rate of data readout. At the center of this development are the
GRETINA digitizer modules which digitize the Ge preamp signals at a 100MHz
rate [47]. Initial tests with upgraded data acquisition have shown that the Ge count
rate can be increased up to 50,000 counts/sec with digital pulse processing while

maintaining the losses due to pileup below 10% per detector and preserving good
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energy resolution [48]. The new DAQ, which is expected to significantly increase

event throughput, was used to collect data in this experiment.

4.3.2 Heavy Ion Detector: CHICO2

The design of Gammasphere allows for the use of a wide variety of auxil-
iary detectors. These include external devices, which are designed to be placed
inside the chamber [49] [50]. The CHICO (Compact Heavy Ion COunter) detec-
tor, a highly segmented 47 position-sensitive parallel-plate avalanche counter 1s
designed to detect heavy-ion binary fragments, as shown in Fig. 4.6 (b). It was
developed specifically for use with Gammasphere, to exploit the advantages of the

kinematic coincident technique [51].

Figure 4.6: (a) The Gammasphere spectrometer. (b) Gammasphere (one hemisphere) and CHICO
(one half) in their standard coupled mode.
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An upgraded version of CHICO is CHICO2, which was developed for GRETINA,
to improve 6,¢ resolution in anticipation of "tracking". Like CHICO, the geome-
try of CHICO2 has each hemisphere containing ten 6-¢ position-sensitive parallel-
plate avalanche detector panels in a conical array. As shown in Fig. 4.7, the PPACs
are housed in an (1.58 mm thick and 35.6 cm in diameter) aluminum hemisphere
shell, each mounted in fixtures epoxied to the inside of the hemisphere. A pres-
sure window made from 0.9 um thick mylar contains the detector grade isobutane
gas at 4 Torr from the high vacuum target chamber. All ten PPACs in a single

hemisphere share a common gas volume.

CHICO

Ge detector

Figure 4.7: Schematic of the experimental setup. The PPAC array (CHICO) is shown with two
representative Gammasphere Ge detectors [52].

50



In the upgraded hardware, each of the panels consists of a pixelated cathode
board coupled with the delay-line readout for the position measurement and a 5-
channel fast amplifier for processing both anode and cathode signals. As shown
in Fig. 4.8, the cathode is segmented into 1° wide 6 stripes for 12° < 6 < 85° and

95° < 0 < 168° while ¢ is segmented with +1.4° resolution.

Figure 4.8: (Upper) Layout of cathode board pixelation, where 1475 pixels are arranged such that
each 0 slice is 0.5° wide and spaced every degree and the ¢ slices are mostly 1.4° wide in 8 except
at the smaller 6 where they are wider. (Lower) Efficient delay line readouts which uses 4 output
signals to identify and interpolate the 1475 pixels per board. Also seen are the transmission lines at
the end of board, that carries the anode and cathode signals to the fast amplifiers which are outside
of the gamma detector array [52].

Also upgraded is a 100ug/cm? segmented aluminized stretched polypropy-
lene anode, from which, in addition to the time, pulse height is also recorded for

each event. The anode time resolution is = 500ps.
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Figure 4.9: Mounting an anode frame in CHICO2 [52].

The detection solid angle for CHICO2 1s 67% of 47 with a minimum flight

path of 13 cm. The measured mass resolution is Am/m ~ 5% for binary collisions.

The firmware for the new VME-based data acquisition system has been developed
in anticipation of CHICO2 serving as an auxiliary detector for GRETINA and
Gammasphere. The present experiment was one of the first to use CHICO2 cou-

pled to "Digital” Gammasphere.
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Figure 4.10: Photographs of target and target ladder. (a) An enriched '3®W thin target. (b) and (c)
Target ladder and multiple targets positioned on the ladder.

Experiment description

In the present experiment, the front face of Gammasphere Ge crystals was
fitted with 0.02" thick Ta and Cu absorbers to attenuate low energy photons and
atomic x-rays. A total of 10 parallel plate avalanche counters (PPACs) were ar-
ranged in five co-plannar pairs in the forward hemisphere. The multi-parameter
Gammapshere and CHICO2 data were collected event-by-event and saved in ex-
ternal hard drives. The acquisition master trigger required that at least one prompt
y-ray was detected in Gammasphere, together with two, co-planar binary frag-
ments in CHICO2. Typical beam currents were approximately 0.25 pnA. For a
rate of ~ 1.5 kHz per CHICO2 PPAC and = 1 kHz per Ge detector in Gammas-
phere, ~ 6 GB of data were collected per hour. Analysis techniques used to extract
the nuclear structure information from the raw data are discussed in the next chap-

ter.

53



Chapter 5

Analysis of the GAMMASPHERE-CHICO2

Data

The data reduction of y-ray spectroscopy experiments prior to physics in-
terpretation involves the sorting of raw events into histograms, and analysis of
the y-ray coincidences. Raw events stored on disk were sorted for useful infor-
mation using the DGSSort program [53] in combination with the CERN ROOT
package [54]. In this chapter, a description of the data reduction techniques will
be given. In particular, the procedures to calibrate the detectors, the kinematic
reconstruction of binary-reaction events and Doppler correction techniques for the

y-rays emitted will be discussed.
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5.1 Detector Calibration

5.1.1 Gammasphere calibration

Energy calibration

In order to extract energies and relative intensities of the y-ray transitions, the
response of the Ge detectors need to be calibrated. Calibration data were taken
both at the beginning and end of the experiment, with y ray sources (!3?Eu and
243 Am) placed at the target position inside the reaction chamber of CHICO2. A
detailed list of energies and intensities of y-rays in those standard sources can
be found in [55][56]. All the calibration events were sorted and binned into
histograms by their raw pulse heights. The energy calibration, where the pulse
heights from the Ge detectors were scaled such that the peaks in the histogram
match the energies of the sources (known from the literature) was performed with
GF3 (part of the RadWare suite of programs [57]). GF3 is used to perform least
square fitting for each of the photo-peaks and these are compared with the refer-
ence values for these sources. The main goal of an energy calibration is to obtain

a relationship between energy of the gamma ray and the ADC channel number.

Efficiency calibration

After the initial energy calibrations, “effit" (RadWare utility) was used to find

the relative efficiency of the Gammasphere array as function of energy. The data
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points from these measurements were fitted to a function:

£ =exp([(A + Bx + Cx?)"C + (D + Ey + Fy?) 61716, (5.1)
where
E
= log | =X], 5.2
v =tog 2] 52
and
- 10g (2], (5.3)
y - 08 E2 ’ .

E, is the y-ray energy in keV; constants E; and E; are 100 keV and 1 MeV,
respectively; parameters A, B, C fit the efficiency at low energies (E, < 200 keV)
and D, E, F at high energies (E, > 200 keV); and the G is the parameter that fits
the turnover between high and low energy regions.

Fig. 5.1 shows an efficiency curve obtained for the Gammasphere array in
combination with CHICO?2, with a maximum efficiency in the gamma ray energy
region of 200 - 225 keV, which decreases in the low and high energy regions.
The values of the parameters A through G in this fit are 5.246(22), 2.75(10), O,
4.826(5), -0.589(15), -0.040(15) and 11.0(0), respectively. The y-ray peak areas
can then be corrected for this energy-dependent relative efficiency to obtain true

relative intensities.
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Figure 5.1: A relative efficiency curve for Gammasphere with CHICO2, where data points corre-
sponds to '32Eu and 24> Am sources.

5.1.2 CHICO?2 calibration

The geometry and working of the cathode and anode plates for CHICO2 were
discussed in Section 4.3.2. The PPACs of CHICO2 provide signals proportional
to (a) time of ion arrival (inferred form the anode pulse) and (b) the (x, y) hit
position on the PPAC (inferred from signals arriving at each end of a cathode

delay line readout). These parameters can be mapped from tanode, teathode, lefts
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teathode, rights tcathode, up ANd tearhode, down ONtO time (t) and azimuthal and polar
angles of scattering (¢, 0) for the projectile-like and target-like particles.

When the raw data are histogrammed two calibration features can be seen:
the end of the detector (§ = 18°) and the pressure window support rib (59°). In
order to apply the correct calibration to a cathode spectrum, two channel numbers
corresponding to 6 = 18° and 59° are written in a file, and the coefficients a and b

are determined by solving the simultaneous equations for the two angles,

0° = a * channel number + b 5.9

The calibrated cathode spectrum is shown in Fig. 5.2. Here, a third feature at 6
= 36° is seen, which corresponds to the scattering angle of xenon nuclei, when

tungsten nuclei are blocked at 59° in the opposite PPAC.
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Figure 5.2: Calibrated recoil position spectrum generated from the signals detected in the cathode
board of a CHICO2 PPAC.

5.2 Data Reduction and Off-line Analysis

5.2.1 Particle Identification

The first step in understanding each scattering event is to identify the gamma
rays with their correct fragment type, i.e projectile-like-fragments (PLF) or target-
like-fragments (TLF). For a binary reaction, conservation of momentum can be

used to differentiate the two, by selecting the appropriate regions in the direct
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measurement of time-of-flight difference (Ar) and scattering angle 8, as shown in

Fig. 5.3.
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Figure 5.3: The time-of-flight difference between projectile-like-fragment and target-like-fragment
vs. @ histogram with a lower limit at 10000 counts for clarity. The gap at § = 59° is due to a support
rib (see text).

Once this differentiation is made, their momenta can be defined from their

scattered angular positions, again assuming two body kinematics (equation 4.2).
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With this information, At vs. 8 data was transformed into mass m vs. 6, as

At + g%(ml + my)

m=——g (5.5)

P M

where p; are the particle momenta and d; are the flight distances to the PPAC
planes. The flight distances from the target to the surface of the PPACs are given

by

d(6, ) = 9, (5.6)

cosésina + sinfcosa sin(Peenter)

where d, is the minimum fight path from the target to the CHICO2 detector (about
13 cm), a is the polar angle of a normal to the PPAC extending through the tar-
get center, and @.ns.r is the azimuthal angle between the particle trajectory and
the center of the PPAC. The mass transformation, as shown in Fig. 5.4, where
linearized mass is plotted against scattering angle, helps in the setting of cleaner

gates for particle identification.
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Figure 5.4: A mass (m) versus 6 histogram with a lower threshold at 3000 counts for clarity.

The one dimensional projection of a 2D mass spectrum is shown in Fig. 5.5,

where the Xe and W fragments are separated with a resolution of about = 10%.
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Figure 5.5: Mass resolution obtained from time-of-flight difference between projectile-like and
target-like fragments.

5.2.2 Doppler Correction

In using thin targets the prompt y-rays emitted in flight by the recoiling nuclei
are significantly Doppler shifted. The maximum velocities of the binary partners
in this experiment reaction are of the order of 8 ~ 11%, as shown in Fig. 4.3. The
prompt y-ray energies can be Doppler corrected on an event-by-event basis using
the polar angle deduced from the interaction position of the recoils, as measured

by CHICO2. Assuming conservation of linear momentum for the scattered beam
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and target,
_ posin(Oxew)
Siﬂ(@w + Ox.)

Pwxe (5.7)

where py = my Swc and px. = my, Bx.c are the momenta of the target nuclei
and recoiling beam respectively; 6y and 6y, are the laboratory scattering angles
of the recoiling beam and target nuclei respectively and pg is the momentum of the

incident beam. The Doppler shifted y-rays are corrected according to,

E,=E,——— (5.8)

where E, is the gamma-ray energy in the moving frame and © is the angle

between the source vector and the detector, as shown in Fig. 5.6. The angle

cos® = sindrsinb, (COSPrCOSPR + Singgsing, ) + cosfrcosd, (5.9

where 0 and ¢y are the scattering angles of the recoils (PLFs and TLFs) and

6y and ¢, are the detection angles of the y-rays in the Gammasphere.



RECOIL

Figure 5.6: A schematic view of the reaction where the position vector and scattering angles of a
recoil from the thin target along with the y-ray it emits in flight is shown in spherical coordinates.

The x-z plane is perpendicular to direction of beam, which is the along the y-axis. The opening an-
gle between the recoil and the y-ray trajectory, @, which is used in Doppler-broadening correction
is also shown.

The y-ray energies as measured in the laboratory frame can thus be Doppler
corrected for the PLFs or TLFs by using their corresponding 8 values. Note that in
each case only the y-rays emitted by the nuclei for which the Doppler correction is
made are sharper in the resulting spectrum, while those with the incorrect Doppler
correction are smeared out (Fig. 5.7). This technique provides a powerful way of

separating the y-rays emitted from the PLFs and TLFs.
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Figure 5.7: Effect of Doppler correction on spectra. Lines are sharpened when the correction for
the appropriate recoiling ion is applied and broadened if the correction for the reaction partner is
applied (see labeled peaks).

>

5.2.3 Gamma Coincidence Analysis

A nucleus can decay through many different intermediate states. Because
of the multiple detectors in Gammasphere, it is possible to detect multiple y-rays
being emitted in coincidence, i.e within a specified time interval. In an ideal ex-

periment each event should contain only y-rays from a given decay sequence, but
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realistically there are y-rays detected from other sources. Compton scattering and
time-random coincidences are the primary source of extra y-rays.

In order to limit background contribution from events arising from time-random
coincidences, a one-dimensional time-difference spectrum generated by plotting
number of counts vs. the time-difference between subsequent decays is shown in
Fig. 5.8. The time difference axis is presented in terms of channel number, with
the conversion factor of 1 channel = 10 ns. When sorting the data into histograms,
only those events within the peak were selected by defining a time cut of 25 chan-
nels on either side of the peak, resulting in a total selection of 50 channels, or an
absolute time difference of 500 ns. This is to ensure inclusion of all low-energy

gamma rays which typically have worse timing, as discussed further below.
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Figure 5.8: Spectrum shows the time difference between pairs of y-rays (ty; - t,2). Time calibration
is 1 channel = 10 ns. Note the logarithmic scale.

Also, the time difference between the detection of a particle and a 7y-ray,
shown in Fig. 5.9, is used to determine whether or not they are correlated. In or-
der to select the good events and to separate them from the random coincidences
and background, a 2D matrix of the gamma ray energy versus time difference be-
tween particle and gamma was created, as shown in Fig. 5.10: the largest part of
the events is concentrated in a limited region, around which an energy-dependent
"sliding" time-energy coincidence window is placed. The gate was + 25 ns wide
at the high-energy end, where the FWHM of the time peak is ~ 30 ns, and = 250

ns at the low-energy end of the spectrum. Events outside of this window can be
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attributed to the correlation of a y-ray with an scattered particle from a different

collision to the one which caused the excitation.
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Figure 5.9: Spectrum of the particle-y time difference (tyaicie - ty). Time calibration is 1 channel
= 10 ns. Note the logarithmic scale.
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Figure 5.10: Energy versus particle-gamma time-difference matrix for the detectors. The two
dimensional energy-dependent "sliding" gate applied is also shown.

The techniques described above allows cleaner particle-y and y y correlated
events. The further analysis to determine which specific y-ray transitions appear
in coincidence with each other, is achieved by creating 2-dimensional E, - E, ma-
trices. These matrices are made by incrementing the number of counts at position
(x, y) and (y, x) for every pair of coincident y-rays, where x and y are the y-ray
energies. Such E, - E, matrices are symmetric about x =y.

As shown in Fig. 5.11 (a), consider three y-rays with energies E, 1, E,, and
E,3, detected in coincidence with a single particle detected. The E,-E, matrix
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would then be incremented at (E,1,E,2), (Ey2,Ey1), (Ey1,Ey3), (Ey3,Ey1), (Ey2,E,3)
and (E,3,E,,). This procedure is repeated for the each particle detected. Once all
particles have been considered, it is possible to establish which y-rays are coinci-
dent by placing energy ‘gate’ in one of the dimensions, say X, on the completed
matrix.

Fig. 5.11 (b) shows the ideal spectra resulting from gates for sample level
scheme is shown in (a). As shown, If the gate contains a photopeak at energy E,,
projecting the contents of the energy gate onto the y axis results in a 1-dimensional
spectrum showing the number of events coincident with E,, over all y-ray energies.
Hence, gating E,-E, matrices creates a spectrum containing the y-rays which are

in coincidence with the transition chosen to be gate.
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Figure 5.11: Schematic of (a) a sample level scheme and (b) spectra that result from various gates
of a coincidence matrix.

The 2D gamma-gamma matrices generally consists of a high background level
due to doublets or some residual contamination from other reaction channels. This
issue can be overcome by creating a 3-dimensional energy histogram, namely E, -
E,-E, cube. In a cube, the gated spectrum contains the coincidence events with
two y-ray transitions which are also in coincidence with each other. In reference
to Fig. 5.11 (a), a "double gate" of E,; and E,, would result in projection showing

E,3; only. Although the triple coincidences in a y-y-y cube contain significantly
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lower statistics compared to double coincidences in a y-y matrix, they result in
a cleaner analysis. A set of RADWARE programs [58]: Escl8r and Levit8r for
inspecting matrices and cubes, respectively, and xmgls for building level scheme
were used.

To obtain accurate y-ray peak yields resulting from inelastic excitation Gam-
masphere and CHICO2 calibrations, Doppler correction files, a number of time
difference conditions and gates were applied to the collected raw data while sort-

ing.

5.2.4 Q-value of the Reaction

Assuming conservation of mass and energy, the Q-value of the reaction can

be defined as,

0 P; P? P (5.10)
= - + :
2Apeam |\ 2ApPLF  2A7LF

where Ap.,m is the mass of 1*°Xe beam in amu, and the terms Aprrrir tefer
to the masses of the PLFs and TLFs, respectively. In this analysis, these masses
were taken to be that of the beam and the target, since the masses of the PLF and
the TLF fragments can only be determined approximately to +8 amu, due to a
short time-of-flight for a target-to-PPAC distance of 13 cm.

Experimentally obtained Q-values are plotted against mass number in Fig. 5.12,

which can be used to cleanly separate the two reaction partners. When the Q-value
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is plotted against the scattering angle, it allows differentiation between inelastic
collisions, corresponding to a region of large energy loss, and Coulomb reaction
around a minimum Q-value loss. This capability was used in this data analysis,
where separate y-y-y cubes for the fragments corresponding to different Q-value
regions were produced by placing appropriate two-dimensional gates, as discussed

in more detail in Section 6.3.1.
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Figure 5.12: Q-value versus mass number for the two kinds of fragment.

To compare experimentally obtained yields, for events with Q-value near to
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coulomb excitations, a program which is capable of computing Coulomb excita-
tion yield, GOSIA was used [59]. This code is based on semiclassical theory of
muitiple Coulomb excitation, which was developed by Alder et al. in 1956 [60],
and is a further manifestation of the first multiple Coulomb excitation computer
program COULEX developed by Winther and de Boer in 1965 [61] [62]. This
code was used to quantitatively calculate Coulomb excitation amplitudes using an

assumed set of reduced electromagnetic matrix elements.

5.2.5 DCO ratios

A compound nucleus formed in a heavy ion fusion reaction is in a state with
its angular momentum vector perpendicular to the axis of the beam direction as
the angular momentum arises purely from the two body collision given a certain
impact parameter. Even after the subsequent emission, the residual nucleus keeps
a high degree of orientation for a long time (of the order of nanoseconds). If y-rays
are emitted from such a nucleus, the angular distribution of the relative intensities
(with respect to the beam axis) depends on the multipolarity of the transitions.

The angular correlations of y-y coincidences depend on the spins of levels
involved in these coincidence. With 4x y-ray arrays, the information about the
correlations are already available in the collected data, since the detectors are
placed at various angles with respect to the beam direction. The method of di-
rectional correlations of y-rays emitted from oriented states (DCO ratio method)

was applied to establish the multipolarity of transitions [63]. In this experiment,

75



the measured DCO ratios were subsequently used to assign level spins and parities
for the side bands in 3W. The angle of a y-ray was determined with respect to the
emitting nucleus direction. Supplementary (i.e. forward and backward) angles are
considered the same, since the beams are assumed to be unpolarized, and detectors
insensitive to the polarization of y-radiations.

Two angle-dependent y-y matrices were constructed for coincident gamma
rays. One axis on each matrix was incremented by a y-ray detected at any angle
with respect to the recoiling nucleus. The second axis was incremented by a y-
ray detected at angles 0° - 20° with respect to the emitting recoils in one matrix,
and those detected between 70° - 90° with respect to the emitting recoils in the
other. Angle-dependent spectra were generated by gating on low-lying stretched
quadrupole transitions in the ground state band on the angle-independent axis of
the two matrices. Intensities, I, for specific transition gamma rays were then
extracted from the two angle-dependent spectra. The experimental DCO ratio
Rpco for a y transition was calculated as:

L(0° - 20°)
L(70° — 90°)

Rpcog) = (5.11)

normalized to the average ratio for known stretched quadrupole transitions in the
ground state band. With this prescription, stretched quadrupole transitions would
cluster around Rpco values around 1, while stretched dipoles would have Rpco <

0.85.
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Chapter 6
Experimental Results and Interpretation

This chapter discusses the relevant aspects of neutron rich 82-187W isotopes
emerging from the experimental observations and analysis of the present work,
where 136Xe beams of 725 and 800 MeV was used to inelastically excite '86W
targets. First, spectroscopic information gathered for inelastically excited '86W
nucleus is presented, followed by, neighboring W isotopes (182183184185,187yy)
which were populated via neutron transfer reactions. Subsequently, a discussion
of the experimental results deduced from the present work in the context of previ-
ous experimental and theoretical predictions is presented, with the main focus on

185,186\ nuclei.

6.1 Collective Excitation in '3¥W, Z = 74, N = 112

As discussed in section 3.3, rotational bands in 13W established in prior ex-

perimental studies provide an important basis for the present work. Assignments
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of new y-rays observed in the present work to %W were based on coincidences
with known ones. The final level scheme for 13W deduced from this data is shown
in Fig. 6.1. It consists of a ground state rotational and newly extended vibrational
bands, where level placement was primarily determined using three-fold y-ray
data, as explained in section 5.2.3. A sum of double gates on the first five tran-
sitions in individual band generated from a cube was used for relative intensity
measurements. The energies and relative y-ray intensities, corrected for internal
conversions and detection efficiencies, for the observed y-rays are reported in Ta-
ble: 6.1. The total internal conversion coefficients () for some transitions in 1¥6W
are given in the Appendix (Table 12.1). Intensities were normalized to 1000 for
the 123 keV 2* — 0% ground state band transition. Measured DCO ratios of a
few key transitions are also included (Fig. 6.2 and Table 12.2 in the Appendix).
Following comparison with transitions of known multipolarity, any transition with
Rpco = 0.85 was assigned as a quadrupole and with Rpco < 0.85, as a dipole.
The measured DCO ratios of the quadrupole GSB transitions range between 0.89

and 1.12.
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Table 6.1: Tabulated are level energies, initial and final states, gamma-ray energy and its intensity
observed in '3¢W. Measured DCO ratio of a few specific transitions are included. Uncertainties in
the transition energies are ~ +0.3 keV.,

Ey (k@V) Band,- — Band f Ei (keV) I;r - I; Iy RDCO
90.5 4 -2 952.7 2- -3

92.7 5-4 1045.4 372"

122.6 GSB — GSB 122.6 2t >0 1000(11) 0.916(4)
126.2 4 -5 1171.6 4~ - 3"

146.6 3 —- GSB 1030.2 2t > 07

150.5 5-4 1322.1 57— 4"

164.9 4 -1 1171.6 4~ - 4*

183.1 5-1 1045.4 37 -3

214.8 4 -1 952.7 27 - 2%

218.9 4—-4 1171.6 47— 2"

268.7 3 —- GSB 1298.9 4* - 2+

268.8 1-1 1006.7 4+t — 2% 0.68(6)

2739 GSB — GSB 396.6 4" — 2% 489(5) 0.893(4)
276.7 5-5 1322.1 553"

292.2 351 1298.9 4% — 4+

292.3 3-1 1030.2 2t — 2F

307.4 5—-1 1045.4 3- -2t

309.4 42 1171.6 4= — 3+ 0.80(7)
315.4 551 1322.1 5- = 4% 0.68(6)
335.0 252 1197.3 5t - 3* 0.84(6)

343.0 4 -4 1514.6 6~ — 47 1.6(1)

373.6 3-3 1672.5 6+ — 4% 1.4(1)

388.1 2 - GSB 1197.3 5t —6*

391.4 11 1398.1 6t -4+ 43115 1.08(3)
3914 5-5 1713.5 7" -5 3.26(13)

412.7 GSB —» GSB  809.3 6" — 4+ 678(7) 1.000(3)
455.5 252 1652.8 Tt — 5% 1.13(8)

464.3 4-4 1978.9 8" -6 0.98(8)

465.8 2—->GSB 862.3 3t =47
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Table 6.1 - continued

E, (keV) Band; — Band; E; (keV) I - I} I, Rpco
470.2 3-3 2142.7 gt — 61 1.34(9)

498.4 5-5 2211.9 9~ > 17" 3.88(15)

506.0 1-1 1904.2 gt — 6F 5.21(18)

509.6 1 - GSB 2516.0 10t — 10*

540.0 GSB — GSB 1349.2 gt - 6" 571(6) 1.097(5)
558.8 1 - GSB 1904.0 8t — 8*

564.3 3-3 2707.0 10t — 8 1.34(9)

567.2 22 2220.0 9t - 7% 0.92(7) 1.10(7)
576.7 4 -4 2555.6 100 - 8~

588.8 1 - GSB 1398.1 6t - 6"

594.4 55 2806.3 11m>9" 12.7(3)

607.0 1-1 2511.2 10t - 8* 19.04(43)

610.2 1 - GSB 1006.7 4% — 4t

615.4 1 - GSB 738.0 2t —» 2°

633.7 3 —- GSB 1030.2 2t - 4t

653.2 GSB — GSB 2002.4 10t - 8* 239(3) 1.124(24)
660.0 3-3 3367.0 12t - 10  0.77(7)

667.1 252 2887.1 11" - 9* 0.38(5)

676.7 5-5 3483.0 13- > 117 1.80(12)

677.0 1-1 3193.0 12t — 10*

681.9 454 3237.5 12- = 10"

725.0 1-1 3912.2 14t - 12*

737.0 1 - GSB 737.0 2t - 07 1.45(10)

739.7 2 - GSB 862.3 3t 527 1.52(11) 0.641(19)
748.5 GSB — GSB 2750.9 12t - 10*  69(1) 1.124(21)
761.0 3 —» GSB 883.6 0t - 2%

800.8 2 - GSB 1197.3 5t - 47 0.641(13)
810.0 GSB — GSB 3560.9 14* - 12%  0.8(1) 1.02(8)
830.1 4 - GSB 952.7 2”52t

843.6 2 —» GSB 1652.8 7t — 6%

870.8 2 - GSB 11349.2 9+ — 8%

884.1 1 - GSB 1006.7 4t - 27 1.00(4)
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Table 6.1 - continued

E, (keV) Band; — Band; E; (keV) IF— I; L, Rpco
902.4 3 - GSB 1298.9 4+ — 4+ 1.02(8)
907.6 3 —- GSB 1030.2 2t - 2%

922.8 4 — GSB 1045.4 37 - 27 2.22(14)

1001.6 1 - GSB 1398.1 6" — 4* 1.02(2)
1030.2 3 - GSB 1030.2 2t >0t

1045.4 4 — GSB 1045.4 3" -0

1095.0 1 > GSB 1904.0 8" — 6"

1166.8 1 — GSB 2516.0 10t - 8*

1176.3 3 - GSB 1298.9 4% — 2% 0.62(7)

1185.6 1 - GSB 3187.2 12+ - 10*

1276.4 3 - GSB 1672.9 6" — 47 1.20(11)
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Figure 6.2: Measured DCO ratios of transitions in the decay scheme of 136W.

6.1.1 The ground state rotational band (GSB)

The ground state band in '36W was observed up to spin I" = 14*, as shown in
Fig. 6.1. This is also the maximum spin observed in previous work [35]. In order
to search for new higher-lying transitions in the ground state band of 36W, both the
data sets at 800 and 725 MeV beam energy were sorted together to make a E,-E, -
E, cube. A triples coincidence spectrum with sum of double-gate combinations of

all pairs of known transitions in %W GSB is shown in Fig. 6.3.
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Figure 6.3: Triples coincidence spectrum with sum of double-gate combinations of all pairs of
known transitions in 3¢W GSB.

In order to cleanly look for high spin states in the GSB and avoid any con-
tamination, a coincidence spectrum obtained by gating on 812 keV (14* -> 12%),
the highest transition in the GSB, is shown in Fig. 6.4. This clearly shows all of
the known lower state y-transitions in the ground state band of 186W nucleus, with
no new coincident gamma ray. Similarly, a coincidence spectrum is obtained by
gating on the 653 keV (I0* -> 8*) ground-state band y-transition. As shown in

Fig. 6.5, this gate shows relatively strong 748, and 810 keV +y-transitions, but no
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other clearly visible transition in coincidence.
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Figure 6.4: Spectrum of a single gate on the 810 keV transition in '86W GSB.

With this clean gate, it can be seen that there is a sudden drop of intensity,
about 20%, from the 748 keV to the 810 keV transition. This plot also highlights
a marked area which was scanned for possible coincident gamma ray, if the next
spin state would follow constant moment of inertia. Between the two limiting
cases, the relative intensity of any peak is seen to be about 1% of that of 748 keV.

Since the area under peak and hence the intensities are from a clean gate, this
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comparison provide a quantitative confirmation that no higher spin transition is

seen in this data.
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Figure 6.5: Spectrum obtained by setting a single gate on the 653 keV transition in '36W GSB.

This rapid drop in the transition intensities, which prevented the observation

of any higher-lying excited state, is also shown in Fig. 6.6,

86



1g
F oo %5y GsB
> I
37 0.1 3
o -
D) [
o L
e |
| o}
O _
> 0.01 3
‘f_)-‘ :
m 5
p— -
O o
a7
0.001k
: | 1 i 1 1 ] 1 1
2 4 6 8 10 12 14 16

Spin I (h)

Figure 6.6: Relative transition intensities in the '86W GSB. The last point corresponds to an upper
limit from the marked area in Fig. 6.5.

6.1.2 The quasi y-band

As shown in Fig. 6.1, band 1 which starts at I" = 2%, is a positive-parity even-
spin sequence, which was previously identified as a quasi y-band [35] up to a 12*
level. This band is confirmed in the current coincidence data (Fig. 6.7 (a)), with
an additional new 725 keV transition found linking 14™ level to 12*.

A previously assigned state with energy level of 1908 was found to be 4 keV
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lower, making 8" — 6% transition to be 506 keV. Also, three additional intra-
band transitions of 509, 1095 and 1185 keV connecting this bands 10™ to 10* of
GSB, 8* to 6* of GSB and 12* to 10* of GSB, respectively, have been found in
this work. The DCO ratios of the 884- and 1002-keV transitions are consistent
with their stretched quadrupole assignment of 4* to GSB 2* and 6™ to GSB 4,
respectively.

The positive-parity odd-spin sequence, band 2 in Fig. 6.1, was known ([35,
33, 34]) up to the (5*) level at 1197 keV. In this work, three higher transitions of
456, 567 and 669 keV were identified extending it to I” = 117 state, as shown
in Fig. 6.7 (b). Two additional intra-band transition of 844 and 871 keV have
been identified connecting 7% level to 6 level and 9* level to 8* level of ground
state band, respectively. The DCO ratios of the 740- and 801-keV transitions are
consistent with their stretched dipole assignment of 3* to the GSB 2* and 5* to

the GSB 4™ states, respectively.

88



1200
X = |X4 1867
[g\]
900} 5 e B ®)
Z ] 7
q p—
g 600
i —~ :3 & %
O ook z 7 gl & . B
M——.ﬁ-&i g‘
0

| 8 (b)
§ 200 o .
: B @ % §
™~
SwofF | 5 & L o
| & : | 8y
ol b s

100 200 300 400 500 600 700 800 900 1000

Energy (keV)

Figure 6.7: Summed coincidence spectra double-gated on transitions in band 1 and 2 of 13W, is
shown in (a) and (b) respectively. A combination of 391, 506 and 607 keV y-ray energies was
used for band 1, and 335, 455, 567 and 740 y-ray energies was used for band 2. New gamma rays
identified in the present work are indicated with asterisks.

6.1.3 The quasi S-band

As shown in Fig. 6.1, band 3 is built on the previously known state at 884 keV

which decays to a GSB 27 state by a 761 keV transition. This band was identified
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as a quasi B-band and was known up to 1299 keV (4*) [34], which decays to the
ground state band via 1176 keV (to 2*) and 902 keV (to 4*) transitions. Four new
y-rays of 374, 470, 564 and 664 keV are assigned to this band, which are shown in
Fig. 6.8. An additional intra-band transition of 1276 keV energy is also identified

as connecting 6" to 4* of the ground state band.
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Figure 6.8: Summed coincidence spectrum double-gated on 374, 470, 564 and 902 keV transitions
in band 3 of '8W. New gamma rays identified in the present work are indicated with asterisks.
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6.1.4 The octupole vibration band

As shown in Fig. 6.1, negative parity bands 4 and 5 were previously reported
as signature partners of a K™ = 27, octupole-vibrational band [33]. Only the two
lowest levels of each band, thatis, 2~ at 953 keV and 4~ at 1172 keV for band 4, 3~
at 1045 keV and 5~ at 1322 keV for band 5, were known prior to this study. In this
work, these bands have been observed up to I" = 127 and 137, respectively. While
the in-band transitions are strong, weak out-of-band transitions to the ground state
band are seen from the low lying states. Representative spectra for these bands are
shown in Fig. 6.9. The DCO ratios of the 315-keV transition is consistent with its

stretched dipole assignment of 5~ to the 4" state of the gamma band.
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Figure 6.9: Summed coincidence spectra double-gated on transitions in (a) band 4 and (b) band 5
of 186W respectively. A combination of 214, 219, 343 and 464 keV y-ray energies was used for
band 4, and 277, 391, 498, 594 and 676 y-ray energies was used for band 5. New gamma rays
identified in the present work are indicated with asterisks.

6.2 Neutron Transfer Reactions

Data analysis revealed neutron transfer reactions and production of nuclei
with both more and less neutrons than the target nucleus '®6W. The following

sections discuss structural information obtained for even-A (182134W) and odd-A
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(183185187 tungsten isotopes, separately.

6.2.1 Ground state bands in !82184W

The ground states of even-even '¥2W and '8*W nuclei have been well estab-
lished in the previous studies [64] [65], up-to spin 20" and 16*, respectively, as
shown in Fig. 6.10. The sensitivity of the current detection setup and beam-target
combination allows the observation of spins as high as 12* for both the 2n and 4n
transfer channels, '32W and !3*W nuclei, respectively. The spectra for '32W and
184W along with '®6W nuclei with sum of double gates in a y-y-y cube for 800

MeV beam energy are shown in Fig. 6.10.
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Figure 6.10: Partial level scheme of '82W and !34W, showing their ground state bands [64] [65].

The data allow a direct comparison of the population intensities of inelastic
and transfer channels. The average counts in the bottom four transitions of each
band (up to the 8" state) in a sum of their own double-gate combinations were

compared, after correcting for efficiency and internal conversion. The 2n and 4n
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transfer channels are seen to be populated at relative intensities of 2.2% and 1.1%
of the inelastic channel at 800 MeV. This can be approximately verified by the
peak counts in the double-gated spectra shown. The same ratios hold for the lower

beam energy of 725 MeV, within statistical uncertainties.
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Figure 6.11: Coincidence spectra obtained by the sum of double gates of (a) the 100, 229, 351 and
464 keV transitions in the '82W GSB, (b) the 111, 253, 384 and 504 keV transitions in the '3¢W
GSB, and (c) the 123, 274, 413 and 540 keV transitions in the 13W GSB.
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6.2.2 Ground state bands in 183185187y

The odd-neutron transfer channels lead to odd-A nuclei, where the population
intensities are typically fragmented over multiple bands. The ground state bands
of 3n and 1n transfer from target to projectile are discussed, leading to '3°W and
185W nuclei, respectively, together with the 1n transfer channel from projectile to

target, leading to the '87W nucleus.

Ground state band in '**W, Z = 74, N = 109

In earlier work [66], the stable ground state of !33W built on a v1/27[510]
neutron orbital, was observed up to the 35/27 state at 4043 keV. The level scheme
deduced from these studies is shown in Fig. 6.12. With the current experiment,

where 83W was populated via 3n transfer from target to beam, states only up to

21/27 at 1596 keV were cleanly observed.

96



35/2" 4043

33/2" 3707
-1 7527

31/ 27 777 3291

20/27 3 b, 2030

27/2= 741 2560
25/2- y glo 2222
23/2_g47 1901
2027 4 ohs 1596
19/2_ g\, 1328
17/2- 266478_ 1062
/2,0 850
13/ 2: 219375_ 631

1/2 322 475

9/2- 47166 »&g_ 309

L Tormisls
3/2- 1/2 .646

Figure 6.12: Partial level scheme for '83W, as taken from Ref. [66]. All energies are in keV.

Fig. 6.13 shows a coincidence spectrum with sum of double gates, generated
from a cube using data at both the beam energies, clearly showing the 533 keV

(21/2~—19/2") transition in the 133W,
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Figure 6.13: Triples coincidence spectrum with sum of double-gate combinations of 99, 210, 322,
431 and 533 keV transitions built on the 1/2~ ground state in '#3W.

Ground state band in W, Z = 74, N = 111

Prior to the current study, the yrast band of 3°W was established only to spin
9/2~ built on a v3/27[512] neutron orbital, from decay measurements [67]. The
level scheme of '3°W deduced from the present work is shown in Fig. 6.14, where
seven new transitions have been assigned. This work extends band 1(a) and its

signature partner band 1(b) to spin 19/2™ and 25/27, respectively. Representative
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coincidence spectra obtained from a cube, which included data at both the beam
energies, for these two bands are shown in Fig. 6.15 (a) and (b). As can be seen in
the coincidence spectrum, the two sequences of peaks are spaced characteristic of

two rotational bands.
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Figure 6.14: Partial level scheme for '®*W from the present work. All energies are in keV.
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Figure 6.15: Triples coincidence spectrum with sum of double-gate combinations of all pairs of
transitions in (a) band 1(a) and (b) band 1(b) for '8°W. New gamma rays identified in the present
work are indicated with asterisks.

Ground state band in 1¥’W, Z = 74, N = 113

The previous studies in exploring the prompt excited states of '¥7W have
confirmed that the ground state band observed up to 21/2" state at 1832.3 keV is
built on a v3/27[512] neutron orbital [68] [69] [70]. The level scheme is shown in
Fig. 6.16.
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Figure 6.16: Partial level scheme for '3’W from the present work. All energies are in keV.

Whereas a transition from the 21/2~ state to the 17/2~ (1213.3 keV) state was
tentatively placed previously, it is confirmed in the present data. Additionally, a
new gamma ray of energy 719 keV is seen in coincidence and is placed above this
state, as shown in Fig. 6.17, leading to a highest tentative spin assignment of 25/2~

for the new 2551-keV state.

101



I @ ® 187
401 = ™ $ W e
30 - 3
20
é 10} L
3158 I‘.. U” ‘m J.LI.LH 1.' u!tl. i J“i H.le.h.l . .J.Ha“.ltﬂﬂ“kﬁu
O | g |* ) S ®
100} s i g
50t x
PSRRI TR A I.u“ + o LA ‘ . Il J.L.lthuMJ willui
100 200 300 400 500 600 700 800
Energy (keV)

Figure 6.17: (a) Triples coincidence spectra with sum of double-gate combinations of (a) 201, 337,
468 and 590 keV transitions built on the 3/2~ ground state (b) 380, 503 and 619 keV transitions
built on the 5/2~ state (77 keV). New gamma rays identified in the present work are indicated with

asterisks.

6.3 Discussion of Band Structures in %W, Z =74, N = 112

6.3.1 The ground state rotational band (GSB)

As noted in the Section 6.1, the experiment failed to reach spins higher than

the previously observed maximum of 14#4. The possibility of observing a prolate-
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to-oblate shape transition is, thus, severely compromised, as this phenomenon was
predicted at spins beyond 147. The population intensities are analyzed in the fol-
lowing sections from a reaction mechanism perspective, through a comparison of
Coulomb excitation calculations to experiment. In this section, the ground state
band characteristics in '86W is compared with neighboring even-W systematics,
to scrutinize and discuss the structure evolution of '36W up to the highest angular
momenta observed in this experiment.

Woods-Saxon calculations presented in Section 3.2 predict a neutron align-
ment in the prolate minimum at w = 0.38 MeV and in the oblate minimum at zw
= (.15 MeV. The ground state band is observed to approximately 0.4 MeV, and
thus there should be some alignment indications at the highest spins. The evolu-
tion of kinematic moment of inertia J(!) as a function of rotational frequency Aw =

5E) for 182184186\ GSB bands is shown in Fig. 6.18, where '2W has been ob-
served up to 207 in earlier studies. A sudden increase in moment of inertia and a
backbend is seen in '82W at I* = 14* and %iw = 0.38 MeV, and upbends at around
the same rotational frequency can be noticed at I* = 12* for '3186W. The first
nucleon alignment in the yrast band, where a pair of high-j i13/2 neutrons unpair
and align themselves with the spin of rotating core due to Coriolis force, agrees
with calculations of quasi-particle levels using a prolate Woods-Saxon potential
(Fig. 3.6), for '3¢W. Unfortunately the data do not allow a mapping of the full
alignment behavior across the critical rotational frequency.

Theoretical calculations performed using Ultimate Cranker predict that the
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collective oblate minimum should become yrast or energetically favored at a spin
of 16x (Fig. 3.5). The inability to experimentally observe any new higher lying

spin-states above 14% in '36W GSB, as discussed in section 6.1.1, is analyzed in

the following section.

0 0.1 0.2 0.3 0.4

hw (MeV)

Figure 6.18: The kinematic moment of inertia J() versus rotational frequency #iw for 182184186y
GSB bands.
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Q-value: examining the reaction mechanism

In order to understand the failure to observe higher spin states, the various reac-
tion mechanisms contributing to total cross-section for the deep-inelastic reaction,
which depend on the beam energy and impact parameter, were explored. As ex-
plained previously (in section: 5.2.4), CHICO?2 allows a determination of the reac-
tion Q-value, which is defined as the difference between the initial and final energy
of the system, on an event-by-event basis. The Q-value is positive for Coulomb
excitation and real Q-value should be negative for quasi-elastic mechanisms. The
Q-value when plotted as a function of scattering angle enables the differentiation

between these different reaction mechanisms.
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Figure 6.19: Deduced Q-value versus scattering angle for the TLFs (Traget Like Fragments) pop-

ulated in the present reaction at 800 MeV beam energy. A 2-D graphical cut to restrict events
selection to a particular range of Q-value and particle scattering angle is shown.

As shown in Fig. 6.19, a two dimensional gate on the Q-value, to restrict the
events to lie between -25 to 25 MeV of Q-value, and scattering angles (6,45 = 20°
to G145 = 47°) is used to try and improve the signal-to-noise for Coulomb excita-
tion events, and to compare the experimental yields to calculations. The spectra
obtained both with and without this Q-value condition, were analyzed. The con-
dition on scattering angle is from a calculation of the maximum angle %W can

have, if 800 MeV beam energy '3®Xe is used. In order to measure y-ray yield
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in inelastic channel, the data for both the beam energies, 800 and 725 MeV, was
analyzed for the above conditions incorporated in the sorting routines to obtain
a two-dimensional energy matrix. The extracted yield values are given in Ta-
ble: 12.3 and 12.4 in the Appendix, and are compared with Coulomb calculations

as discussed in the next section.

Coulomb Excitation calculations

The y-ray yield for the ground state band in %W is also calculated directly
using the multiple Coulomb-excitation code GOSIA [59]. For this calculation,
information on the beam and target species, target thickness and its elemental
composition, detection set-up along with beam energy and scattering angle were
required to determine the kinematics. In addition, the nuclear-structure informa-
tion, energy levels and matrix elements of the '3¢W nucleus were taken from the
available literature [71]. All previously known transitions for yrast states up to I
= 14" are included in the calculations along with higher levels, which were esti-
mated by keeping moment of inertia constant in rigid-rotor model of equation 2.16
and assuming that transition probabilities stay constant (B(E2) = 0.87 e2b?).

The value of electric quadrupole moment (Q) = -1.57b for the 2* energy level
at 122.63 keV is used. All input information is given in Table 6.2, along with the
values used for un-observed excited states. The partner nucleus requires no struc-

ture information, since it is assumed that no mutual excitation takes place.
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Table 6.2: Input values to GOSIA calculations for '¥W yield calculations. The values of extrapo-
lated energy levels above spin state 12* are given in the parenthesis.

E(keV) E,(keV) I =T  B(E2) B(E2)

(W.u) (e*b?)
122.6 1226 2 -0Y 111(19) 0.70(12)
3966 2739 4t -2t 144 (10) 0.908 (63)
809.3 4127 6t — 4t  187(13) 1.179(82)
1349.2 5400 8 - 6" 178 (13) 1.123(82)
20024 6532 10" — 8" 151(15) 0.952(95)
27509 7485 12t > 10* 189 (20) 1.192(126)
3560.9 810  14* — 12+ 138(15) 0.870(95)
(3600) 849  14* —» 12+ 138(15) 0.870(95)
(4550) 950 16" — 14+ 138 (15) 0.870(95)
(5600) 1050 18" — 16" 138(15) 0.870(95)
(6750) 1150 20" — 18* 138(15) 0.870(95)

The calculations were performed based on known matrix elements for all the
known high spin transitions up to the highest excited 14* state, then integrating
over the solid angle subtended by CHICO2 corresponding to acceptance of both
scattered-beam and recoiling-target (20° - 47°) particles. The output results form
these calculations, which were calculated for incident '3®Xe beam at two ener-
gies, 725 and 800 MeV, are given in the Table 12.5 and 12.6 in the Appendix,
respectively. The obtained yield values are corrected for internal conversions (Ta-
ble 12.1) and detection efficiencies. These corrected yields are then compared to
the ones extracted from experimental data, as described in the previous section,
where Q-value and scattering angle selection helps explore the Coulomb excita-

tion reaction channel.
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Fig. 6.20 show the relative yield of high-spin states in the ground state band
of 13W at two beam energies from the current experiment, with and without the
Q-selection, along with that obtained from the Coulomb excitation GOSIA code.
Relative population obtained with no Q-value condition seems to be similar at both
the beam energies, whereas an appreciable difference is seen for the Coulomb
excitation (i.e. with Q-value condition) events. Also, a comparison of relative
population of high spin states in Coulomb excitation events from experiment and
calculation establishes the fact that the higher beam energy (i.e. 800 MeV), which
is further above the Coulomb barrier, brings in more angular momentum into this
nucleus. An upper limit on the relative population of the 16 state extracted in
all experiment cases are also plotted, as deduced from the non-observation of any

gamma ray in the clean 653 keV gate.
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Figure 6.20: Comparison of gamma-ray yield of ground state transitions in %W at two beam
energies from experiment (with and without Q-value condition) to that obtained from GOSIA
calculations. Here the yields are corrected for efficiency and internal conversion and are normalized
to the 2* to 0 transition yield.

The relative population of the higher spin states are seen to be significantly
higher in the experiment than expected from Coulomb excitation calculations.
Without any Q-value condition, the experimental yield ratios are even higher at
higher spins. This was the primary reason to use beam energies significantly above
the Coulomb batrrier, such that non-Coulomb excitations could populate the high-

est spin states effectively.
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The relative yields of the ground state band in %W from the present work is
compared with that of '8Hf from the prior experiment using Gammasphere and
CHICO with the same '3*Xe beam at a beam energy of 750 MeV as shown in
Fig. 6.21. The relative population curves as a function of angular momentum for
the two seem to follow each other relatively well (within a factor 2) up to spin 14.
A more detailed comparison of the actual counts in the two experiments reveals a
significant difference in statistics. The sum of all single gates in the ground state
band shows a factor of 20 lower statistics in the present experiment. Other com-
parisons with double-gated spectra confirm this more than an order of magnitude
lower statistics. This is also consistent with the beam currents noted for the two
experiments, where the Hf experiment had a 2 pnA beam while the W experiment
again had a factor of 10 lower beam. These non-optimal conditions were partly
predicated by the fact the W experiment was one of the first physics experiments
after the commissioning of Digital Gammasphere and CHICO2, which led to sig-
nificant teething problems and loss of effective beam time.

Better options for future experiments to populate higher spin states in 136W

are discussed below.
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Figure 6.21: Relative yields of GSB transitions for '36W and '80Hf using !36Xe beams at similar
energies (see text), normalized to 1 for the 2* to 0" transition in each nucleus.

The calculations using this semi-classical Coulomb excitation code, not only
helps in differentiating between relative angular momentum brought into the sys-
tem for two beam energies of 136Xe, it provides a tool to explore better beam-target
combination for future experiments. With this motivation, various higher-Z stable
beam options were explored. One option is stable 2%8Pb, for which calculations
were carried out for two beam energies: i.e 1404 and 1287 MeV which are 20%

and 10% above Coulomb barrier for 28Pb on '86W combination, respectively. The
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respective y-ray yields are given in Table 12.7 and 12.8, in the Appendix. A com-
parison of these yields with that for 1*Xe beam at two energies, which were used
for the current experiment, is shown in Fig. 6.22. This plot shows that for spins
14% and 16#, a 2%8Pb beam at 1404 MeV gives a factor of about 20 and 50 more
yield as compared to '2®Xe beam at 725 MeV, respectively. These factors, coupled
to the added factor of 20 to be gained from statistics mentioned above, suggest that
a future experiment with Pb beams could yield 2 to 3 orders of magnitude higher
counts around 14%, which would undoubtedly extend the level scheme by two or

three units of spin.
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Figure 6.22: Gamma-ray yield of ground state transitions in '®6W from GOSIA calculations, when
a 208pb beam of energy 1404 and 1287 MeV and '**Xe beam of energy 800 and 725 MeV are used
to excite !36W target. Here the yields are corrected for efficiency and internal conversion and are
normalized to the 2* to 0% transition yield.

Another comparison is possible with data from previous studies, where mul-
tiple Coulomb excitation of '86W was performed using 1020 MeV 2%8Pb beam,
which is 15% lower than the Coulomb barrier [35]. The transitions observed
within and between the ground state band and band 1 (y-band) from this work

along with the one deduced form the current work with 136Xe beam 20% above
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the Coulomb barrier is given in Fig. 6.23. This shows that this beam-target com-
bination and reaction mechanism could bring enough momentum to observe tran-
sitions in the ground state band up to spin 14% in '3W. It should be noted that the
side band, i.e the quasi y-vibrational band 1 in '3®W, was traced up to spin 12*% in
this experiment. This reinforces the results that if a heavier 2%Pb is beam is used
above the Coulomb barrier, its more likely to excite high energy states in 136w,

A heavier projectile, coupled with the requisite statistics that was planned for
in the proposed experiment as described earlier in this section, should provide a

better chance of accessing the primary physics thrust of this work.
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Figure 6.23: Comparing population of ground state band of '3¢W, (Upper) for 28 Pb beam on '36W
thin target with beam energy ~ 15% below the Coulomb barrier [35] and (Lower) *Xe on 86w
thin target with beam energy =~ 20% above the Coulomb barrier (current work). Here transitions
observed within and between the ground state band and band 1 (y-band) are indicated.
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6.3.2 Vibrational bands in 13¢W

Although the prolate ground state band was not extended beyond 14*, an
oblate potential minimum co-existing with prolate at lower spins is a distinct pos-
sibility. This was the situation in '80Hf, where one signature of the gamma vi-
brational band was observed to interact with a new band at low spins, to evolved
into a band with oblate characteristics. Thus all collective side-bands need to be
scrutinized for their specific characteristics.

Multiple new transitions are observed in bands 1 to 5 in '8W, as shown in the
level scheme: Fig. 6.1, which have the characteristics of one-phonon vibrational

excitations. The level energies of these bands as a function of I(I + 1), Fig. 6.24,

shows an effective moment of inertia similar to that of GSB, consistent with their

vibrational nature.
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Figure 6.24: Excitation energies of levels as a function of I(I+1). New found levels are found to fit
well with low-lying states built on the K™ = 0* (Band 3), 2* (Bands 1 and 2), 2~ (Bands 4 and 5)
bands in %W,

The behavior of the ground state rotational band and quasi-gamma, quasi-beta
and octupole vibration bands in '3W are clearly visible in Fig. 6.25, where the
excitation energies are plotted as a function of spin (I). For a better visibility and
comparison, the energy of a reference rotor (E - 16.3*I(I + 1)) has been subtracted
from the experimental excitation energies at each spin (I) value. For quasi-gamma

bands built on K* = 2* (band 1 and 2) and octupole K* = 2~ (band 4 and 5),

118



the slopes of the curves changes at spins higher then I = 84, indicating an onset
of configuration change. This plot indicates that the odd and even-spin quasi-
gamma vibrational bands follow each other very closely up to spin 8%. After this
point, the odd-spin partner of the gamma band continues to retain its vibrational
character however the even-spin gamma band clearly shows sign of interactions
with some other band. This is the same behavior that was observed in !%0Hf,
where the even signature partner of the gamma band interacted with a new band,
and where it was conjectured that the higher spin members of this band can be
attributed oblate character. Arguments for whether a similar situation is possible

in 13W is discussed below.
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Figure 6.25: Excitation energies of members of the ground-state band, quasi-gamma, quasi-beta
and octupole vibration bands in !3W as a function of spin. To enhance band interaction effects,
the energy of a reference rotor with E,. = 16.3*I(I+1) keV is subtracted from the level energies.

The kinematic moment of inertia versus rotational frequency (w) for each spin
state (I) is plotted for all the bands in !®®W is shown in Fig. 6.26. As in the
excitation energy plot, this also shows that the even-spin gamma band has the
same character as the odd-spin partner up to spin 8% (fiw =~ 0.25 MeV). Beyond
8h, it upbends, which could be due to it mixing with an unobserved band with

higher JV, which is also higher than the J') of ground-state band. The measured
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MOI for prolate g band (i.e. ground-state band) starts at about 24.54> MeV~! and
reach 33.4%% MeV~! at the highest rotational frequency. Where as for even-spin
gamma-vibrational band it is 3742 MeV ™! at the highest rotational frequency.
Following the analysis thread of Ref. [26], assuming rigid rotation, MOI for
oblate g band can also be obtained by J 4141 = [(1 - 0.3B8)/(1 + 0.38)proiate [15],
where I 01010 = 24.5#% MeV~! and quadrupole deformation parameter, 3, is 0.23.
According to the trend in this region [72, 73, 74], MOI of the s bands are indicated
at twice the respective values for the g bands. This gives MOI of 21.5, 43, 49#?
MeV~! for oblate g and s and prolate s bands, respectively. If the MOI parameter
for the even-signature gamma vibrational band plateaued around 43> MeV~!,
it would be consistent with the conjectured oblate band behavior in 180Hf. The

present data limits further discussion of this topic.
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Figure 6.26: Kinematic moment of inertia J!) versus rotational frequency (w) for the K* = 0*
(Band 3), 2* (Bands 1 and 2), 2~ (Bands 4 and 5) bands in %W,

6.3.3 Triaxial softness around N = 112

The evolution from axially-symmetric deformed prolate shapes around the

doubly midshell nucleus }°Dyio4 [75] towards spherical, doubly magic nucleus

28Pbi26 is predicted to pass through a region of triaxial gamma-soft and oblate
nuclei [76]. The nuclear level structure and electromagnetic properties of Yb, Hf,

W, Os and Pt isotopes have been experimentally and theoretically studied to show
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both the characteristics for triaxiality and vy softness [77, 78].

Fig. 6.27 (a) shows the systematics of the low-lying states in even-even tung-
sten isotopes with N = 108 -> 116, where a monotonic decrease in the energy of
the 27 state relative to the yrast 27 states in this isotopic chain points to increasing
y-soft behavior with the increase in neutron number. This trend is also observed
in the isotones when going from 15W 15 to 12°0s12, as shown in Fig. 6.27 (b).

The ratios of E(47)/E(2}) = 2.27 for "**W and 2.22 for '8W, decrease with
increasing neutron number along the W isotopic chain, moving away from the
perfect axial rotor limit of 3.33. This indicates increasing nonaxial behavior with
increasing neutron number. This provides a motivation to investigate y-vibrational

bands in this region and establishes !3¢W as a nuclei of interest in order to explore

such physics phenomena.
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Figure 6.27: Energies of the lowest y-vibrational levels (27, 37, 47) in (a) Z = 74 isotopes and (b)
N = 112 isotones, relative to the ground state. The 2* and 4* levels of the ground-state band are
also included.

The odd-even energy-level staggering in a y-band, analyzed in a framework of
a ground-state band and a y-band interaction, can provide an insight into the nature
of the nuclear triaxiality (soft or rigid) [79]. This approach involves extracting the
staggering parameter of the band, defined for spin I as

(E(I-1)+ E( +1)]
2

S =E() - (6.1)
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Where E(I) stands for the energy of state I belonging to the y-band. The ground-
state band and quasi y-vibrational band energies, together with the energy stag-
gering parameter S(I), are shown in Fig. 6.28, where staggering is observed to

increase with spin.
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Figure 6.28: a) Level energies of the ground-state band and y-vibrational band in 8W, as a func-
tion of spin. (b) The staggering parameter, S(I), for y-vibrational band as a function of spin.

While the y-bands are not so well developed in lighter or heavier tungsten

isotopes or in N = 112 isotones, the amplitude of the staggering effect in 136W
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is compared to "8180Hf, as shown in Fig. 6.29. The variation of staggering fac-
tor S(I) shows strong odd-even staggering or signature splitting for the y-band in
180Hf, in contrast with the neighboring !7®Hf nucleus, where odd-even staggering
is observed to stay fairly constant up to spin 15. While increased staggering typ-
ically implies increased triaxiality, the explanation for '8CHf case comes from the
mixing of the even-spin signature of the y-band with another even-spin band at
intermediate spins (Band 4 in Fig. 3.2), where an interchange of character at the
highest spins was observed [25]. Although no such additional even-spin band was
found in '86W, with the odd signature of y-vibrational band extended in the cur-
rent experiment, the S(I) values for '36W seem to follow the staggering pattern in
180Hf quite closely. This provides continued support to the possibility of a mixing
of the even signature partner of the gamma vibrational band in %W with an un-
observed positive parity even spin oblate band, where the higher lying members of
the observed gamma vibrational band may already be changing character towards

an oblate collective rotation scenario.
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Figure 6.29: Odd-even staggering in y-vibrational bands in !"8Hf, 130Hf and '8¢W.

6.4 Band Structure in '3W,Z =74, N = 111

To compare the evolution of high spin states built on v3/27[512] Nilsson
state, excitation energy of all known states in isotones (even-Z, N = 111) in the

neighborhood to '83W are plotted in Fig. 6.30.
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Figure 6.30: Excitation energies of known excited states built on 3/27[512] bandhead in the even-
Z, N = 111 isotones around '®W. Red levels in !3°W are new from present work.

In addition, a plot of excitation energies of the ground state bands in !3>187W
(N = 111, 113) is shown in Fig. 6.31, highlighting the new states observed in
185187W. Both ground state bands in these two nuclei are built on the same con-
figuration. The next lower odd-N neighbor, 183W, has a different ground state
configuration, and is excluded from this discussion. The new states in odd-W iso-

topes observed in the present work provide no surprises, and document the gradual
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increase in deformation as one moves away from the Z = 82 and N = 126 magic

numbers and approaches mid-shells.
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Figure 6.31: Excitation energies of ground state bands for A = 185 and A = 187 tungsten isotopes.
Red levels are new from present work.

In Fig. 6.32, the kinematic moment of inertia, J{1), is plotted against rotational
frequency for the ground state bands in '®>187W nuclei and compared to their
respective even-even 34186W cores (dotted lines). From this plot, it is evident

that in going from !8W to 187W at low frequencies, the kinematic moment of
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inertia trend tracks the behavior of their respective even-even cores. The a = -1/2
signature of 137W, is seen to have higher kinematic moment of inertia as compared

to its signature partner.
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Figure 6.32: Kinematic moment of inertia J() as a function of rotational frequency of the ground
state bands in '¥~18"W nuclei.

The experimental alignments (i) for '34-187W are plotted as a function of
rotational frequency (w), as shown in Fig. 6.33. Here the Harris parameters Jy =

24.5 #> MeV~! and J; = 42 #> MeV~4, obtained to ensure that the ground-state
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band of !36W has approximately zero alignment at low rotational frequency, are

used.
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Figure 6.33: Experimental alignments, i,, as a function of rotational frequency, w, for the ground
state bands of !%4-187W. Data are taken from Ref. [80] [81] for !84!86W. Harris parameters Jo =
24.5 B MeV~! and J| = 42 #3 MeV~ are used.

As discussed earlier, the even-A nuclei all exhibit alignment or begin aligning
at hw around 0.38 MeV, consistent with Woods-Saxon predictions for the breaking
of a pair of vi3/2 quasi-neutrons.

With newly identified transitions in 3°W, both signature partners of the ground
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state band in this nucleus continue to follow each other till about 0.3 MeV/# rota-
tional frequency, where a slight upbend in alignment for the o = -1/2 signature is
seen. The alignment plot also brings out signature splitting of the '8’W nucleus. To
quantitatively compare the signature splitting, defined in equation 6.1 a staggering
parameter, S(I), which characterizes the degree of splitting between the energies
of the @ = +1/2 and a = -1/2 signature components of a band, was extracted for the
ground state rotational bands in !83-187W, as shown in Fig. 6.34. In comparison

with 183.185Ww_ 187W GSB shows a significantly larger signature splitting.
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Figure 6.34: Signature splitting of the 1/2~[510] bands in 33W and of 3/27[512] bands in '83-187W
(this work). The filled (opened) symbols correspond to the @ = +1/2 (a = -1/2) signature.

As discussed earlier in Section 6.3.3 and Fig. 6.27 for even-even W isotopes,
an increase in softness towards triaxial shapes is indicated by sharply dropping
energies of the gamma vibrational bands. For odd-A nuclei, the role of the odd
particle in polarizing the core towards triaxiality has been discussed at length in
the literature, and specifically for '¥7W [68] [69]. With the new data on 8W

from the present work to compare with, one can infer a sudden marked increase in
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gamma softness for the N=113 nucleus '8’W from the staggering plots, compared
with the N=111 and N=109 isotopes of W. Thus, for W isotopes at least, the
nucleus %W seems to define a boundary for the onset of gamma softness. This is
also consistent with cranking calculations (Fig. 3.4) that predict a transition from

prolate to triaxial shapes for moderate spins along the yrast line for '36W.
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Chapter 7
Summary and Future Work

The main aim of this thesis project was to investigate the predicted prolate
to oblate shape transition at high spins in '®W, a neutron-rich stable isotope of
tungsten. A thorough search, using different spectroscopic techniques, was un-
successful in extending the prolate yrast structure in this nuclei beyond the known
states. Many previously unreported vibrational states have been established for
186W, and a comprehensive level scheme was built from the coincidence analysis.
A discussion of triaxiality in this nucleus was provided, based on the extended 7y-
vibrational band. The excitation energies of new levels in this band and their odd-
even staggering trends were compared to the known y-vibrational energy levels in
neighboring isotopes and isotones.

Transfer reaction products were also analyzed for various nuclei neighboring
186W. The yrast band in W built on v3/27[512] Nilsson state, was extended

to higher spins. A comparison of kinematic moment of inertia J1), experimental
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alignments i, and staggering trends in the yrast bands of '#*W, 185W and 187w,
define 185W as a nucleus that marks a boundary above which significant gamma
softness is observed.

Whereas, the new results have expanded our knowledge of high-spin collec-
tive structures in 13%180W nuclei, the unsuccessful attempt at populating high spin
states in '8®W yrast band still poses a question. The experiment suffered from
low statistics (more than an order of magnitude compared to a previous similar
experiment on !80Hf) for unexpected experimental limitations. In order to better
understand the reaction mechanism, the Q-value of the reaction was used to extract
yield for Coulomb excitation and the observed y-ray yields were compared to pre-
dictions from the Coulomb excitation code GOSIA. This comparison shows that
higher beam energy (800 MeV), should bring in more angular momentum to excite
the high spin states in this nucleus. Further, similar calculations were carried out
to compare and predict the possibility of using heavier 2°®Pb beam as a binary re-
action partner on '3W target. This comparison indicated that Pb+W combination
would be a more potent combination to excite high spins states in 3W, where
1404MeV 208Pb beam gave 20% higher yields for 14+ excited state. For future
experiments, heavier beams, like uranium and thorium, should also be explored
in detail, which would allow the observation of high spin states and explore the
theoretical predicted shape change.

For the future experiments, y-ray tracking array like GRETINA/GRETA with

high efficiency, high segmentation and thus high spatial resolution for Doppler
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correction, and excellent background rejection, should be considered for improved

data quality.

137



Part 2

Optimizing Hole Mobilities for Gamma-Ray Tracking
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Chapter 8
Position Sensitive HPGe Detectors

Gamma-ray spectroscopy, plays a central role in obtaining experimental infor-
mation necessary for understanding nuclear structure. In order for a gamma ray
to be detected, it must interact with detector material, and that interaction must
be recorded. Detectors based on high-purity germanium (Ge) with their excel-
lent energy resolution and efficiency are commonly used for nuclear spectroscopy
studies.

In the last decade, significant progress has been made in the development of
producing position-sensitive Ge-based detectors with fine spatial sensitivity. The
position measurement of gamma-ray interaction events in all three dimensions
includes substantial technical challenges, ranging form the fine electrode segmen-
tation with efficient charge collection to building robust algorithms to get best
spectroscopic performance of the detectors. Despite these challenges, new arrays

such as the Advanced GAmma Tracking Array (AGATA) [82] and Gamma Ray
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Energy Tracking In-beam Nuclear Array (GRETINA) [83] have been built for nu-
clear science based on highly segmented germanium crystals and are currently
being used successfully.

As gamma rays interact at random depths within the detector, the depth of
interaction in these detectors is obtained from the difference in the arrival time of
the electron at an electrode on one side of the detector and that of the holes at an
electrode on the opposing detector surface. This separate detection of the electron
and hole collection, and hence knowledge of their precise velocities, is crucial to
this technique which is aided by the segmented electrodes. This chapter presents

the basic aspects of Ge-based position-sensitive detectors.

8.1 HPGe Detectors

In most y-ray detector applications, solid material is used. The use of solid,
rather than gas-filled, detectors allows the size of the detector to be smaller, be-
cause of the higher density of solids. This advantage comes at the cost of more
challenging charge collection. Scintillation detectors can be built from solid ma-
terial, but the large energy required to produce the charge carriers responsible for
light generation (~100 eV) and the consequent small number of carriers created by
the y-ray interaction results in a very poor energy resolution (~10%). Semicon-
ductor materials, in which the number of generated charge carriers is much larger,

provide the best energy resolution performance.
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Among the semiconductors, germanium is the material of choice for y-ray
detection. Germanium has larger atomic number (Z=32) than silicon (Z=14) and
therefore a larger attenuation coefficient. Furthermore, the smaller energy gap
(at T= OK, E, = 0.75 eV, which compares to E; = 1.17 €V for silicon) results
in a better resolution (~0.3 %). Germanium has a diamond crystal lattice, with
properties varying along the crystallographic directions.

Current technology allows for the manufacture of large High Purity Germa-
nium (HPGe) crystals in different configurations, such as: planar (rectangular or
cylindrical) and Coaxial (true or closed-end coaxial). A semiconductor radiation
detector is operated as a p-n junction under reverse bias. An example of a biased
coaxial HPGe detector using a n-type (excess pentavalent impurities) crystal is
shown in Fig. 8.2. For n-type coaxial geometry the n* and p* electrical contacts
are provided on the two surfaces of the germanium cylinder. To reverse bias the
detector, positive voltage is applied to the n* contact with respect to the p* sur-
face. The depletion region, begins at the n* edge and extends deeper into the p
region. The voltage is increased until the detector is fully depleted. Impurity con-
centration of reduced value up to 10'® atoms/cm? helps in attaining larger active
detection region.

When an energetic particle strikes a semiconductor, bound electrons in the
valence band gain energy via one of the interaction mechanisms like, photoelectric
effect, Compton scattering of photon or pair production. In the photoelectric effect

the incident y-ray is totally absorbed by an atomic electron with the resulting
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photo-electron having energy
E, = E, - Eg, (8.1)

where E, is the y-ray energy and Egg is the binding energy of the atomic shell
where interaction occurs. This is an elastic scattering, which mainly involves the
K shell and hence the most tightly bound electrons. The process leaves behind
an ionized atom. The Compton scattering involves inelastic scattering of y-rays
from free electrons. After the collision a y-ray of reduced energy is obtained,
together with an electron that shares energy and momentum with the photon in the

collision. The energy of the scattered photon (Av) is given by [85]:
hv = hvo/[1 + hvo/moc*(1 - cos §)] (8.2)

where hvy is the energy of the incident photon, moc? the rest mass of the electron
and @ the angle of scattering. The third process of importance is pair produc-
tion, where the incident y-ray photon is completely absorbed, with a creation of a
positron-electron pair whose total energy is equal to hv, the energy of photon. So
we can write

hv = (T, + mpc?) + (T- + mgc?), (8.3)

where moc? is again the rest mass of the electron and T, and 7. represent the
kinetic energies of the positron and electron, respectively. If the energy gained

by the electron is higher than the band-gap, they move to the conduction band,
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leaving behind holes. When a voltage is applied to opposite electrodes, the free
electron-hole pairs feel the electrostatic force of the applied field. They start to
drift towards the contacts and induce an electric signal at the corresponding elec-

trode, as shown in Fig. 8.2.

True coaxial Closed-ended coaxial

p~ contact —,

n* contact

n-type coaxial detector

Figure 8.1: Coaxial HPGe detector configuration.

The combination of high stopping power, large sensitive volume and better
energy resolution make these detectors unique among its kind. HPGe based ad-
vanced detectors and methods of data analysis, where determination of y-ray in-

teraction position is crucial, is attained by a two-dimensional segmentation of the-
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detector surface. This enables a three-dimensional position sensitivity through the

analysis of pulse shapes, as explained in the next section.

8.2 Pulse Shape Analysis

The value of potential at any point inside a detector of defined geometry is

found by solving the Poisson equation:

,

Vp(r) = --’1(;-2 (8.4)
where p(r) = en, is the space charge density, e is the electron charge and e=¢ye,
is the dielectric constant with €,= 16 for a germanium detector, n is the impurity
concentration. After calculating the potential map in the detector, the electrostatic

field can then be found using:
E(r) = =V¢(r). 8.5)

For a simple coaxial geranium detector with inner and outer radii of r; and r;, the

electric field is given by:

P22
V+(ry—r

Er =1 2 1)} [86] (8.6)

2¢ r

where V is the applied reverse voltage. A current I(t) is induced inside the detector

because of the drift of electrons and holes towards the electrodes. This induced
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current is determined by the charge amplitude Qy, the weighting field E,(r), and

the charge drift velocity v, ,(r) = dr/dt:
dr
I(r) = QOEW(r)?iz" (8.7)

The weighting field E,, of an electrode is defined as the electric field calculated
by solving the Poisson equation 8.4, taking a potential 1 Volt on the considered
electrode and zero on all the other electrodes of a segmented detector [87].

When this induced current is integrated over the long time constant of the
measuring circuit, it gives the corresponding induced charge Q(t). For a coaxial

geometry with electric field given by equation 8.6, the induced charge is,

D 1)1 4 Vet

r
lnr1 ro

Q) =

) = In(1 - "f—(’)”) [86] (8.8)

where 1y is the position where the charges are created and ¢, and ¢, are the electron
and hole collection times respectively. The instantaneous charge reaches its max-
imum value Qg when both the electrons and holes are collected at their respective
electrodes. The induced charge is thus a function of both the electron and hole
mobility which implies that the signal has two components, one corresponding to
the drift of electrons and the other related to the drift of holes, as shown in Fig. 8.3.
This feature is exploited by the Pulse Shape Analysis (PSA) algorithms in order
to determine the location of the y-ray hit. The amplitude of a pulse corresponding

to a particular interaction point is proportional to the energy absorbed at that point.
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Figure 8.2: The moving charges induces a signal on the detector’s electrode. Here, for a coaxial
detector signal is shown to be summed contribution of electrons and holes.

Pulse Shape Analysis in a co-axial HPGe detector

The shape of the net charge pulse from either of the electrodes in a coaxial ger-
manium detector provides information about the radial interaction position [86].
Fig. 8.4 shows an example of three different interaction points labelled as 1, 2 and
3 inside a coaxial HPGe detector. For net charge signals resulting from y-ray inter-
actions occurring in the vicinity of either of the electrodes, the pulse rises slowly
because either the electrons or the holes have to travel a longer distance. Although
both the pulses (1) and (3) have long rise time, they have different shapes because
of different dominant charge clouds (holes in one case and electrons in the other).
When the interaction takes place in the middle of the detector active volume the
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pulse rises faster as electrons and holes have to travel the same distance. The ra-

dial interaction information is thus extracted from the net charge signal.
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Figure 8.3: Calculated detector signals from co-axial detector with 3 interactions at different radii.

Contact segmentation and azimuthal information

If the electrodes on the germanium detector are segmented, separate pulses
are obtained from each segment. The position sensing can be extended beyond just
the radial coordinate by comparing the size of the individual electrode signals [44].
For a photon striking a segmented detector, two types of signals are available:
(1) the net charge signal from the segment hit by the y-ray and (2) the transient
induced signals from the neighboring segments, also called mirror signals. The
motion of the charges in the segment hit by the gamma ray induces a charge in the

neighboring segment. The transient signals therefore have non-zero values only
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for the time when the charge is drifting in the segment hosting the interaction.
Transient signals carry azimuthal position information.

This is illustrated in Fig. 8.5 (a, b, c) for the case of an GRETINA crystal,
which is a 36 fold segmented germanium detector. The highlighted part of the
detector (b), shows the main segment (y, 3), where three events takes place and
rest are the adjacent segments from where mirror signals are collected. The pulse
shapes (c) shows that the mirror charge signal amplitude will be higher if the in-
teraction takes place close to the boundary of two segments and the amplitude
decreases as the distance of the interaction point from the segment boundary in-
creases.

From the above discussion of the charge pulses from a segmented coaxial
detector, it is evident that the rise time and the shape of signals from a net charge
collecting segment gives information about the radial interaction position, while
azimuthal information is given by analyzing the transient signals. The charge drift
velocity is a key parameter which directly affects the variation of the observed

signals, as discussed in the next section.
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Figure 8.4: (a) 36-fold HPGe GRETINA detector. (c) Example of charge signals corresponding to
three different interaction positions in segment 3 (as shown in (b)). For each interaction position,
the net charge signals from contact 3, corresponding to a fully absorbed y-ray, and the respective
transient charge signals induced on the eight adjacent segments are shown.
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Charge Mobility

At low-to-moderate values of the electric field intensity at a position r in the
detector, the drift velocity v, ,(r) of either the electron or the hole is approximately
proportional to the electric field, E(r). The corresponding proportionality factor is

defined as a quantity called mobility of the charge carrier.

Ven(r) = pen(r)E(r) (8.9)

At higher electric field values, the drift velocity increases more slowly with the
field. Eventually, a saturation velocity is reached which becomes independent of
further increase in the electric field. The conductivity in Germanium is anisotropic,
i.e. the mobility of electrons and holes varies depending on the direction of the
applied electric field with respect to the direction of lattice vectors.

The investigation of charge carrier drift velocities in germanium crystals at
high electric fields and low temperature, and its influence on the charge collec-
tion process in HPGe detectors has been area of continuous and active interest
for a long time. The major part of the experimental results reported in the pre-
vious works have been obtained with either the time-of-flight technique or other
techniques, like Hall effect, which are based on the measurement of the time that
electrons or holes created by a suitable ionizing radiation spend to cross a known
thickness of sample under the effect of an applied electric field E [88]. These

techniques give mobility parameters which are not affected by trapping and de-
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trapping effects. Therefore they are less useful, especially in the case of germa-
nium based detectors, where such effects are present [89].

The experimental evidence for the dependence of pulse shapes in closed-end
HPGe detectors on the electron drift velocity anisotropy has been clearly estab-
lished, as well as its influence on the signal processing methods required to per-
form the PSA [90]. In contrast to the electrons, for which a lot of theoretical
as well experimental studies have been carried out in the past, for holes no di-
rect applicable description of the anisotropic mobility exists in literature. This
is due to the rather complicated mathematical description of germanium valence
band [91]. A quantitative determination of hole mobility parameters is difficult
and away from the purpose of the present work. In section 9.3, a methodology to
determine the currently used values of these parameters for GRETINA detector is

given.

8.3 Detector Operational Characteristics
Pre-amplifier

The total amount of free charge produced in a detector by a typical gamma-
ray interaction is too small to be accurately measured. In order to operate a de-
tector it must be coupled with electronics components to process and record the

charge produced. To raise the magnitude of the signal to an appreciable level,
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and minimize the effect of electronic noise picked up between the detector and
measurement electronics, preamplifier circuitry is employed [86].

If pulse shape information is to be used to extract the position of interaction,
it is necessary to preserve the signal shape as much as possible. For this purpose,
a charge sensitive preamplifier with high gain and low noise is typically used. In
a charge-sensitive preamplifier, the charge carried by the incoming pulse is first
integrated on a capacitor and then removed by a slow discharge through a resistive
feedback network. The output pulse amplitude is proportional to the charge pro-
duced by the y-ray interaction. The time constant (RC) determines the decay rate

of the output pulse [92].

Cross-talk

The complex electronics of segmented detectors imposes limitations on the
size of the preamplifiers and the length of connection wires. One of the most
common problem is capacitive coupling between detector crystal and individual
channels associated with its electronics [93] [94]. This results in crosstalk be-
tween the channels whereby a real signal on any channel can produce an induced
transient signal on each of the others. The shape of the induced signal has two
components, one proportional to the magnitude of the real signal and one propor-
tional to the differential of this signal [95]. Electronics should be designed and
shielded in order to minimize this effect, which directly affects the pulse shape

analysis.
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An overview of state-of-the-art for pulse shape analysis to extract 3D posi-
tion information of a y-ray interaction in segmented GRETINA detector array is

presented in the next chapter.
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Chapter 9

Ingredients of Gamma-Ray Tracking

In the last decade, unprecedented R&D efforts have been made world-wide
to achieve a number of technical advances which make it possible to construct
a gamma-ray detector using the new idea of gamma-ray energy tracking. These
are: fabrication of highly segmented HPGe detectors, fast digital electronics, and
fast signal analysis algorithms, coupled with increased computing power. In this
chapter, a brief overview of gamma ray tracking and its various components in

context to GRETINA HPGe array will be discussed.

9.1 Highly Segmented HPGe Detectors

The Gamma Ray Energy Tracking In-Beam Nuclear Array (GRETINA), the
first stage of the (future) Gamma-Ray Energy Tracking Array (GRETA), is com-
posed of seven detector modules, each with four high purity germanium crystals,

each of which is segmented into 36 electrically isolated elements [96], with six
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longitudinal and six transverse outer electrical contacts, as shown in Fig. 9.1.
There are two crystal types (A and B) corresponding to the two different ir-
regular hexagonal shapes needed to approximate a spherical surface. Hence seven
four-crystal modules (Quads) are referred to in this thesis as Q1, Q2, . . ., Q7 and
their individual crystals as Q1A1, etc. Each HPGe crystal is closed-ended, n-type
with a tapered hexagonal shape designed to fit in a spherical shell arrangement
consisting of about 120 of these detectors. The length of the crystal is 9 cm, the
diameter at the back is 7 cm and the maximum diameter at the front is 4.4 cm.
The angle of the taper is 10°. The inner core has a length of 7.5 cm and diameter
of 1 cm.The six longitudinal boundaries are located in the middle of the flat sides
of the hexagonal shape. The width of the transverse segments starting at the front
(the narrow side) are 7.5, 7.5, 15, 20, 25 and 15 mm, respectively. The thicknesses
of the layers were chosen to distribute the number of the interactions more equally
among the segments for the y-rays coming from the front and to allow the study
of the influence of different thicknesses on the transient-signal sensitivity. The
Ge crystal resides in a 1 mm thick aluminum can of the same shape as the crys-
tal. This can is separated from the crystal by 1 mm to simulate a close packing
of individually encapsulated detectors.The 37 FETs for the 36 segments and the
central channel are located and cooled in the same vacuum as the crystal. Cold
FETs provide low noise which is important for optimizing the energy and posi-
tion resolution. The charge-sensitive preamplifiers are positioned on a cylindrical

motherboard next to the vacuum feed throughs in the back of the detector. These

155



preamplifiers and their mount are designed to be of small size, fast rise-time, low
noise, and excellent response properties. More details on the GRETA prototype

detector and the preamplifiers can be found in [96, 97].
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Figure 9.1: The upper part shows GRETINA prototype detector with its tapered hexagonal shape
and the arrangement of the 36 segments [96]. The lower part shows schematic representations of
an asymmetric GRETINA detector. The image on the left shows a slice through z = 0 mm while
the plot on the right shows the longitudinal segmentation by slicing through x = 0 mm [98].
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9.2 Digital Electronics and Data Storage

In addition to the highly segmented Ge detectors, the effective working of
such an array requires digital sampling electronics to extract energy, time, and
position information from the detectors output signals using pulse-shape analysis
methods. The detector module components include charge sensitive amplifiers
as assembled inside the enclosure to instrument each of the 36 segments and the
central contact. The gamma ray interaction with the germanium crystal induces
charge on the segments and central contacts. The amplifiers integrate this charge
and drive an analog voltage to the GRETINA front end electronics. Two custom

designed modules, the Digitizer/Digital Signal Processing (DSP) and the Trigger
Timing and Control (TTC), compose the electronics of the GRETINA. Fig. 9.2

shows a block diagram of the GRETINA Electronics and Computing system.
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Figure 9.2: Block diagram of GRETINA electronics and computing system [99].

Each Digitizer/DSP and TTC module is implemented using two field pro-
grammable gate arrays (FPGA): one is a smaller FPGA, which controls the VME
interface and has a steady configuration, and the other is a large FPGA which exe-
cutes the module specific algorithms. The large on-board FPGA drives an energy,
leading-edge time, and constant-fraction time from the input signal providing the
functionality of conventional analog electronics system [100]. Readout and con-
trol of the digitizer is done over a VME bus. The TTC module supports three
triggering modes: internal or self-trigger, external trigger, and validation trigger,

which makes it efficient and fiexible triggering system. The data acquisition sys-
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tem includes 100MHz 14-bit digitizer modules and trigger modules [101].

9.3 Signal Decomposition

To extract the position information from the obtained pulse shapes in real-
time, they have to be compared to shapes already known for each point of the
detector. In principle, the shapes can be experimentally registered, using tightly
collimated y-ray sources and requiring for a Compton scattered y-ray to have a
coincidence with an external collimated detector. It has however been shown that
these are extremely lengthy measurements if the required position resolution is of
~ 2mm [102, 103]. The only viable way is then to calculate these pulse shape.
The methodology for generating a basis of pulse shapes, varying according to
the position of the charge generating interactions, and determining the interaction
position using pulse shape analysis is in place for GRETINA and is discussed in

the following subsections.

9.3.1 Raw basis

The pulse shape calculations are performed by the software codes structured
in a progressive way, starting from the crystal geometry to characterize and up

to the generation of the expected pulse shapes at the contacts, as described in

Ref. [104].
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Electric field and weighting potential

The electric field intensity influences the charge carriers drift velocity. There-
fore, its distribution in the Ge volume is important in defining detectors response
characteristics like rising time, signal forming, etc. The electric field inside the
detector and the weighting potential for each outer segment contact are calcu-
lated using either the finite element method or relaxation method (Fieldgen soft-
ware [105]). The weighting potential is an artificial potential which measures the
capacitive coupling between the electrodes and the moving charge [87]. It is cal-
culated by solving the Laplace equation (i.e. Poisson’s equation with zero space
charge density) with unit voltage on the considered electrode and zero voltage on
all the others. In the calculations, both the geometry and the material properties
of the detector are carefully taken into account, including the space charge den-
sity profile provided by the detector manufacturer. Fig. 9.3 shows electric filed
and weighting potential calculated for a GRETINA detector. The solution for the
electric field and weighting potential is tabulated on a mm grid.

The electric field is used to calculate the drift path of electron and holes for a

given start position on the grid by using the following relation for velocity:

v(E(r) = u(T,E(r),e,)E(r) 9.1)

In this calculation, electric field is interpolated between the grid points and a given

time interval t of (e.g.) 2 ns, small enough to prevent discontinuities in the drift
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Figure 9.3: Left: Electric field for n-type coaxial GRETINA detector, where electric filed strength
is seen to be decreasing as we move away from the positively charged core. Right: Weighting
potential for GRETINA, where one segment is at potential 1V and rest are at OV [106].

velocity. Here mobility u is not only a function of the temperature (T) and electric
field but depends also on the angle between the drift direction and the crystal ori-
entation (£) and the angle between the electric field and the crystal orientation ().
The temperature, electric field strength and crystal orientation dependence for the
magnitude of the mobility of electrons and holes in germanium and the anisotropy
in the magnitude of electron and hole velocities for GRETINA detectors is imple-

mented using a parameterization discussed in next section.

Drift velocity parameterization for GRETINA

A drift velocity model which is based on calculation of the drift velocities of
electrons and holes, for any magnitude and direction of field, from the known drift
velocity (either measured or calculated) along the three major Ge crystal axes,
is used in the pulse shape calculation programs for creating the GRETINA ba-

sis [107]. This model also include the temperature dependence of the drift veloc-
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ity which reduces at higher temperature due to the increasing of scattering with
the lattice vibration. Drift velocities for electron and holes in high-purity Ge (|Np
- N4l) <10'%m~3 has been deduced for a wide range of temperatures 77 < T <
100°K and field 1< E <5000 V/cm applied parallel to <100>, <110>, <111>

crystallographic directions, given in Table 9.1.

Table 9.1: Tabulated are the drift velocity parameters [mm/ns] of electrons and holes along the
three principal Ge crystal axis <100>, <110>, <111> currently used in GRETINA basis genera-
tion. Heorr and Ecorr gives the temperature dependence correction coefficients for respective drift
velocities [107].

E[V/cm] €100 ell0 elll h100  hl110  hilll Hcorr Ecorr
0 0.0 0.0 0.0 0.0 0.0 0.0 -3.0 2.1
100 0.027 0.027 0.027 0.036 0.033 0.031 -2.349 -1.748
160 0.038 0.039 0.0386 0.047 0.043 0040 -204 -1.57
240 0.0490 0.050 0.048 0.056 0.051 0048 -1.72 -1.36
300 0.055 0.055 0525 0.06 0.055 0.0525 -1.533 -1.225
500 0.074 0.07 0065 0.072 0.065 0.062 -0984 -0.832
600 0.081 0.077 0.069 0.077 0.069 0065 -082 -0.70
750 0.089 0.086 0.073 0.081 0.073 0.069 -0.657 -0.581
1000 0.101 0.095 0.078 0.086 0.077 0073 -0.505 -0.461
1250 0.109 0.102 0.0825 0.089 008 0.076 -0426 -0.397
1500 0.116 0.106 0.086 0.0925 0.082 0.078 -0.380 -0.360
1750 0.119 0.111 0.087 0.095 0.084 0.08 -0.352 -0.337
2000 0.122 0.113 0.088 0.097 0.08 0.082 -0.332 -0.321
2500 0.125 0.1167 0.091 0.1 0.088 0.084 -0.310 -0.302
3000 0.1275 0.1175 0.0925 0.1025 0.091 0.086 -0.297 -0.292
3500 0.1283 0.1183 0.0928 0.1036 0.093 0.091 -0.289 -0.285
4000 0.1288 0.1188 0.0930 0.1041 0.0945 0.093 -0.284 -0.281
4500 0.1291 0.1191 0.0932 0.1045 0.096 0.095 -0.281 -0.278
5000 0.1293 0.1193 0.0933 0.1047 0.097 0.096 -0.278 -0.276
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Signal generation

The knowledge of the charge trajectory and weighting fields allows the sig-
nal shape to be derived. For each crystal, a simulation is performed where a unit
charge is placed at a given point in the crystal and the net and transient currents in-
duced on each of the 36 segment contacts are calculated (Siggen software [108]).
This procedure is carried out on a grid of points, as shown in Fig. 9.4, whose
spacing reflects the sensitivity of the detector. Fig. 9.5 shows logic scheme of a

pulse shape calculation software. The set of these simulated pulse shape signals is

termed a “basis".
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Figure 9.4: A fraction of the grid points used in the non-uniform GRETINA basis grid is
shown [109].
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Figure 9.5: Flow chart showing the basic steps used to compute the expected signal shape.

9.3.2 Detector response corrected basis

The simulation for creating a “basis" library involves the geometry of the
crystal, the bias voltage, charge carrier drift velocities and a model of the net
charge distribution arising from crystal impurities. This idealized model of the
crystal is not sufficient when applied to real signals, since corrections must be
 made for detector and electronic-response characteristics such as preamplifier shap-
ing, relative time delays, and integral and differential cross-talk. Fig. 9.6 shows
a side view of GRETINA quad housing and followed by the various electronics.
Through source measurements, these signals are then corrected for the pream-
plifier response as well as integral and differential cross-talk between segments.
Fig. 9.7 gives various steps, starting from comparing signal traces measured using
a %0Co source to a simulation, and then fitting the required parameters.

Experimental data are collected using a digital acquisition system, with a ®°Co
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source placed at a distance from the detector front face. The same source and de-
tector arrangement are modeled using GEANT4, and the signals from the gamma-
ray interactions are reconstructed from an electric field simulation. The events,
from both datasets, for which all of the deposited energy is confined to a single
segment are then identified and organized according to segment number. The sig-

nals from each segment are aligned and a mean response is formed for each [110].

our-crystal preamplifiers liquid nitrogen
compartment compartment dewar

FETs
compartment

Figure 9.6: A side-view drawing of the GRETINA detector module [110].

For the fitting procedure, the signals from each GRETINA segment, which are
read out by 37 pre-amplifiers, connected to 36 segment electrodes and one core
electrode, are concatenated in a single pulse train called “superpulse” (Fig. 9.8).
A fitting routine, which include integral and differential crosstalk, relative delays
between channels and preamplifier shaping, then compare the calculated signals
to a set of experimental signals and provide a value for the goodness-of-fit (chi-
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squared difference) between them.
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Figure 9.7: The steps for extracting detector response parameters.

The extracted parameters from the superpulse fitting procedure are applied to

the “raw basis", which now will have detector responses.
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Figure 9.8: A superpulse fit for concatenated traces from 36 segments and central contact from the
front face of the detector. Red: generated using the simulated raw basis and Blue: measured in a
prototype crystal. Inset highlights the cross talk effects in the measured traces (Blue).

As it is likely that multiple interactions occur within a crystal, the signal de-
composition process fits the observed waveform from each crystal segment with
a linear combination of these pre-calculated detector response corrected basis sig-
nals. The GRETINA decomposition algorithm uses a two-step process which
starts with an adaptive grid search for one and two interactions per segment fol-

lowed by a sequential quadratic programming (non-linear least-squares) fit which
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allows multiple interactions in multiple segments within a crystal {109, 111, 112].
This process occurs on an event-by-event basis in real time to extract the position

and energy of y-ray interactions.

9.4 Tracking principle

When a y-ray hits a germanium detector it can deposit some or all of its
energy in the detector via three main different mechanisms, as explained in Sec-
tion 8.1. The most likely mechanism is a Compton scatter where the y-ray deposits
part of its energy to create a charge cloud proportional to the energy lost and then
scatters at an angle determined by the incident energy and the lost energy. The
v-ray now does one of three things: it either leaves the detector (depending on
scatter angle and the location of the first Compton scatter), or it goes on to lose
all its remaining energy by photo-absorption somewhere in the detector, or it loses
part of its energy in another Compton scatter where part of the remaining gamma-
ray energy is absorbed, releasing another charge cloud. Typically a gamma ray
deposits energy in 3 or 4 places within a detector by 2 or 3 Compton scatters and
a final photo-absorption. At each of these 3 or 4 interaction sites a charge cloud
of electrons and holes is created (Fig. 9.9). The charge carriers are transported
towards either the cathode or the anode under the influence of the detector’s bias

voltage.
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Figure 9.9: Pictorial representation of series of interaction points for a y-ray entering in a de-
tector volume, where it undergoes 3 Compton scatters at points A, B and C, releasing charge
proportional to its energy loss at each point, before losing all its remaining energy at point D by
photo-absorption.

Gamma-ray tracking is a technique which correlates and reconstructs the mul-
tiple interactions of a single y-ray in a segmented germanium (Ge) detector or in
an array of such detectors. The tracking process uses the energies and positions
of the interaction points produced by the signal decomposition to determine the
scattering sequence for a particular y-ray. The locations of A, B, C and D are de-
termined based on the segmentation of the Ge detector, pulse shape analysis and

finally on the robustness of signal decomposition code [113].

Tracking algorithms

Different codes have been developed by the GRETINA collaboration to track

events based on Compton scattering, pair-production and photo electric interac-
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tions [114]. These rely on the fact that although points A, B, C and D in the
diagram above can be ordered in 24 different ways, only 1 of these sequences
will obey the Compton scattering formula (Equation: 8.2) relating the energy de-
posited at A, B and C to the angle between the scattered and the incoming y-ray.
The initial approach carried out to build the tracks can be either: Back-tracking
and forward-tracking algorithms [115]. Back-tracking starts with the reconstruc-
tion of the interaction sequence taking as the initial point the last interaction. It is
assumed that a photoelectric absorption has taken place and then it goes back try-
ing to reconstruct the path of the ray until the initial source is reached. Conversely,
forward-tracking codes make a clusterization of the interaction points according
to their relative angular separation in order to assign each cluster to a given y-ray.
The starting point is the emitting source and then the algorithm follows all the
interactions until the photon is fully absorbed in the detector.

Gamma-ray tracking technology opens up two new areas of detection physics:
firstly by better Doppler broadening correction and secondly the design of efficient
4r gamma ray detector arrays (germanium shells) without the need for conven-
tional escape suppression shields. To sum up this detection concept, whose suc-
cess depends on the quality of the position information, has five main advantages

over existing y-ray detector arrays:

e Increase in efficiency due to proper summing of scattered y-rays and no solid

angle lost to suppressors.
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¢ Good peak-to-background ratio using tracking plus Compton rejection.

o Excellent position resolution - better Doppler correction.

¢ Polarization sensitivity - from the angular distribution of the first scattering.
¢ High counting rate per crystal - due to the large number of segments.

The central part of GRETINA is the Ge detector modules, one of which is shown
in Fig. 9.1. These modules have been under extensive performance tests, including
energy, time and position resolution measurements, as well as pulse rise time and
cross talk properties. The position resolutions, which is a critical parameter for the

overall performance of the array, as measured using collimated sources and data

analyzed with the latest signal decomposition and tracking algorithms, are about
5 mm depending on location of the interaction point in the crystal [116] [117].
The next chapter presents the use of GRETINA’s current state-of-the-art for
basis generation, sginal decomposition and tracking algorithms to explores its po-
sition resolution sensitivity to charge carrier drift velocities, which are integral part

of signal decomposition.

171



Chapter 10

Detector Characterization and Result

Interpretation

GRETINA depends on sophisticated digital signal processing, which consists
of decomposition algorithms, for the information it needs to track gamma rays,
and therefore require these to be accurate and efficient in calculating energy and
position of an interaction. This chapter presents a Monte Carlo (MC) and exper-
imental characterization of a GRETINA germanium (Ge) detector with an aim to
check sensitivity of signal decomposition codes, specifically to the hole mobility

parameter.

10.1 Experiment: !*’Cs Source Run at NSCL

GRETINA is designed to move from laboratory to laboratory to take advan-

tage of unique capabilities at different facilities. It arrived at National Supercon-
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ducting Cyclotron Laboratory in early 2012 for its first science campaign. At
NSCL, initial experiments were carried out with the goals such as 1) source cali-
bration measurements 2) use of the results of an end-to-end analysis to determine
the detector position resolution and the accuracy of signal decomposition and 3) to
demonstrate the feasibility of using time stamps to correlate GRETINA data with
data from S800 mass spectrograph.

Data from the source calibration runs were used for the analysis. To check
the performance of GRETINA signal decomposition codes a *’Cs source run was
analyzed. To further check working of currently available tracking code, as dis-
cussed in chapter 9, the interaction points given by decomposition were used as an
input. A first look at the tracked experimental data points out that decomposition

seems to favor center and the edges of crystal, as shown in Fig. 10.1.
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Experiment

(b)

Figure 10.1: Upper panel (a) shows a single GRETINA quad. Lower panel (b) shows the interac-
tion points determined from the signal decomposition algorithm for one such GRETINA quad.
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10.2 Simulation: *’Cs Source Run Using GEANT4

" To further investigate this atypical accumulation of events, the MC simula-
tions were performed with UCGretina, a GEANT4 simulation of the GRETINA
setup [118]. The geometry of the asymmetric GRETINA detectors are defined in
this package as they are described in the detector’s technical documentation. To
compare the results with the above experiment, an open 137Cs source was placed
at same distance and simulations were carried out to collect interaction points and
energy of the gamma rays (shown in Fig. 10.2 (a) ). A tracking code utility was
then used to convert this information to an output format similar to as given by de-

composition process. As shown in Fig. 10.2 (b), the simulated events as deduced

from these algorithms are evenly spread. These inferred interaction points were

then further used to test the tracking codes.
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Simulation

(b)

Figure 10.2: Upper panel (a) shows the GRETINA quads as simulated by the GEANT4 package.
Lower panel (b) shows the interaction points determined from the tracking algorithm for one such
quad.
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10.3 Comparison Between Experimental and Simulation

The distribution of all events, deduced by the tracking code, along the GRETINA

crystal z-axis for the 137Cs source simulations and experiment, is shown in Fig. 10.3

(a) and (b), respectively. Whereas, the distribution of these inferred interactions

along the crystal z-axis drop-off with the depth as expected for both the cases,

clustering near segment edges are conspicuous for the experimental data.
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Figure 10.3: The distribution of all events, deduced by the tracking code, along the GRETINA
crystal z-axis for the 13’Cs source simulations and experiment, in (a) and (b), respectively. The
distribution profile of events for simulations show exponential fall-off as expected from the atten-

uation of y-rays in HPGe.
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From this comparison, it can be inferred that there is a problem in signal de-
composition output when looking at experimental data. Possible reasons for this
effect of accumulation of events on the segment edges and the center are discussed

in this section and the need to investigate the drift velocity parameters is identified.

10.3.1 Possible explanations

Charge sharing

Charge sharing between two neighboring segments for events that should in-
stead be seen by only one of them, poses a challenge in segmented germanium
detectors. An interaction within the crystal releases a cloud of electron-hole pairs.
The electrons will all drift towards the non-segmented core contact. The situation
for the holes is different if the interaction took place in the vicinity of the segmen-
tation lines. In fact, since neighboring segments have nearly the same potential,
the transverse component of the electric field in the vicinity of the segmentation
lines is quite weak. Therefore, the holes released by the interactions close to that
area will travel slowly and, by diffusion, will be shared between the segments.
Furthermore, part of them will not be collected within the time of the energy-
processing shaper, resulting in some false signals [119]. This effect in terms of
effective size of segmentation lines of an AGATA crystal has been discussed in

detail in Ref. [120].
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Cross talk

Given the 36-fold electrical segmentation of the outer electrode, and even
disregarding the aspect related with pulse shape analysis, the operation of the
GRETINA crystals is much more demanding than that of non-segmented detec-
tors. In addition to the difficulty of managing 36 + 1 high-resolution channels
instead of just a single core, there is the complication of the unavoidable cross-
talk among the 37 channels. Furthermore, it is known from the previous stud-
ies [102] [121] from the development of Ge-strip detectors and HPGe segmented
detectors that the segmentation produces undesirable effects on the energy spectra

which should be understood and corrected. It is therefore essential to optimize

the data analysis to include these effects in order to reach the best possible perfor-

mance.

Drift velocities

The drift velocity is an essential input to the calculation of the pulse shapes
which are used in the signal decomposition algorithms to determine the position
of the interaction points. The drift length of the GRETINA Ge detector has a
maximum distance of 35 mm. Thus to maintain an accuracy of 1 mm in position,
it is necessary (though perhaps not sufficient) to know the drift velocity with an
accuracy of 1/35 ~ 3% in all three dimensions (i.e. 3% in magnitude and 2° in

direction).
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As mentioned in section 9.3, the hole mobilities and hence their drift velocities
are not very well determined, and could very well be responsible for the observed
anomalies in determining interaction points. A quantitative determination of hole
mobility parameters is difficult and outside the scope of the present work. In the
following section, a unique approach to determine the appropriate values of these
parameters for GRETINA detector is presented. The experimental measurements
and simulations, which were carried out with an aim to ascertain the effect of hole

mobilities on GRETINA position resolution are discussed in subsequent sections.

10.4 Varying Hole Mobility: Response of Superpulse Fit

The first task in this work was to optimize the charge drift velocity parameters
by adjusting the hole mobilities and minimizing chi-square in the superpulse fit-
ting, which is used to extract detector response parameters. The hole mobility was
scaled, as shown in Fig. 10.4, over an appropriate range around its currently used
parameters (Table 9.1). Using these scaled parameters, “raw" bases were created
for a range of scaled hole mobilities, from 30% less to 30% more than the current

used values, in 5% steps.
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Figure 10.4: Solid lines show the drift velocities of electrons and holes along the three principal
Ge crystal axis (<100>, <110>, <111>) as a function of the electric field, as currently used for
GRETINA. Dashed lines show hole velocities scaled by +15%.

Not all parameters involved in this superpulse fitting procedure, however, are
truly independent. This was evident from initial findings where chi-sqaure values
were rigorously extracted for Q1A1 (Fig. 10.5) and Q4AS8 (Fig. 10.5) detectors.
Where the chi-square minima is found to be around the current parameters for

Q1A1 and about 15% above these accepted parameters for Q4AS.
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Figure 10.5: Chi-square values for varied hole mobility, when preamplifier rise time compensates
for the changes, for Q1 A1 GRETINA detector. The inset shows a finer grid of 2% variation around
the possible (i.e with 0%) minima.

182



6.26

6.2}
=P)
.E 5.99
< 6 .
>
2 5.82
S 58}
=2
@ 5.65
"= 5.6f >
O .5‘52546 -5'49

i 542
s 5.38 5.4 54
54} S 537w 535535 .5.38

12108 6 -4 2 0 2 4 6 8 10 12 14 16 18 20 22
Percentage change in hole mobility

Figure 10.6: Chi-square values for varied hole mobility, when preamplifier rise time compensates
for the changes, for Q4A8 GRETINA detector.

The pre-amplifier response rise time parameters, 7, values for each segment
corresponding to mobility change, as given in table: 12.9, in particular, are found
to be correlated with hole mobility. This is also clearly evident from Fig. 10.7,
where the average T value for all segments is seen to track the percentage change
in hole mobility. The effects of the rise time changes counteract the effects of hole

mobility changes in the fitting procedure.
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Figure 10.7: Average preamplifier rise time vs scaled hole mobilities.

Thus, in order to extract the specific effect of hole mobility changes, con-
strained fits were performed with the pre-amplifier response rise time parameters
fixed. The results, as shown in Fig. 10.8, indicate that there is a shallow minimum
in the y?2, centered around hole mobilities that are ~15% lower than the current

parameters in use.
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Figure 10.8: Scaling hole mobility to find x? from superpulse fit.

The extracted parameters from this super-pulse fitting procedure are now ap-
plied to the “raw" basis to obtain a basis that now has been corrected for detector
responses. Subsequently, signal decomposition algorithms compare measured sig-
nals to linear combinations of these simulated signals. As there are typically mul-
tiple interaction points in a given crystal for an incident photon, the best fit from
this process provides the location and relative charge deposited at these interaction

points.
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10.5 Experimental Studies

While minimizing y? in the superpulse fitting procedure optimizes the rel-
evant parameters, the real test lies in the position resolution obtained in experi-
ments. Therefore, the effect of a change in hole mobility on position resolution of
the detector was investigated by analyzing a collimated 2 mm diameter “pencil”
beam [110] of 662 keV y-rays from a 137Cs source. The beam generates a set
of events and the scatter of inferred first interaction points about the collimated
photon beam locus provides an experimental measure of the position resolution.

The GRETINA Q4AS8 detector and cryostat was placed vertically downwards
on a steel mount, as shown in Fig. 10.9. A 1mCi '¥’Cs source was then placed in
the lead collimator facing front face of the detector and other background sources
were removed as far as possible from the detector. The electronics arrangement
and data acquisition was the same as that used for GRETINA experiments, as
discussed in chapter 3. GRETINA digitizers were used to digitize the signals from

all 37 detector channels at a sampling rate of 100 MHz.
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Figure 10.9: Experimental setup at LBNL detector characterization lab, where a '3’Cs source is
mounted on a collimator. The LBNL scanning table was able to move the lead assembly, containing
a collimated 1mCi '3”Cs source in the x-y plane. The steel support frame held the GRETINA Q4AS8
cryostat in position along with its large LN2 storage dewar.
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The pencil beams were collimated to enter the Q4A8 segment face at specific
locations as shown in Fig. 10.10, where the segments are labeled A-F in azimuthal
direction and the dashed lines indicate the segment boundaries. The dots indicate
7 different collimator locations whose x-y coordinates are given in table: 10.1.
Five of these were spaced out at radial distances of 6, 12, 17, 22 and 30 mm from
the cylindrical axis of symmetry of the detectors at a fixed x position of zero in
the coordinate system shown. To explore azimuthal variations, three additional
locations were chosen at varying x positions of 0, -3.5 and -7.5 mm at a fixed y

position of 12 mm.
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Figure 10.10: Coordinate system used for the position sensitivity measurement (Q4A8 GRETINA
detector). The segments are labeled A-F in azimuthal direction and the dashed lines indicates the

segment boundaries. Black dots indicate 7 different collimator locations, where the pencil beam
measurements were carried out.
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Table 10.1: Collimation points and their corresponding x-y coordinates (in mm) in the crystal axis
where its center is at (x,y) = (0,0).

Collimation X Y

point
1 0 6
2 0 12
3 0 17
4 0 22
5 0 30
2 35 12
2" -1.5 12

In order to determine the position resolution, two conditions are imposed on
the events considered: they are limited to a single interaction point (when using
the decomposition algorithm) and the energy of this interaction is required to be
greater than 300 keV. Such an analysis was performed on detector Q4A8, where a
typical pencil beam for this crystal was reconstructed by the decomposition algo-

rithm, under the above conditions.

10.5.1 Pencil beam along the radial line

To analyze whether reasonable variations in hole mobilities might affect the
position resolution of the detectors perpendicular to the beam, the results for two
different hole mobilities, one with currently used values, and the other 15% less
than the currently used values, are compared for the five radially varying points
in Fig. 10.11 and Fig. 10.12. The collimation of the source is clearly evident in

the two-dimensional x vs z and y vs z plots. The centroids of the peaks in the
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y vs z plot reproduce the actual radial distances of the collimator locations (to
better than 1 mm). For all but point 1, there is no significant difference between
the x or y position profiles obtained with the two different hole mobilities. This
becomes more evident from Fig. 10.13, where y-projections are given for all the
pencil beams at radial points. For point 1, the difference in peak positions between
the two is ~1.5 mm, where the typical FWHM of the position distribution is closer
to 4 mm. The fact that point 1 is the only one out of the five positions that
exhibits any noticeable dependence on the hole mobility can be understood from
realizing that holes, which move away from the central axis, have to travel the
farthest distance for point 1. Since point 1 is only 6 mm from the detector axis,
the detector volume where a 15% change in hole mobility would be discernible
is, therefore, a small fraction of the total active detector volume. Also shown in

Fig. 10.14, are the x-projections whose centroid lies about the same point.

191



100
80
_. 60
£
E w
N
20
0
100
w .r
. 60
gE |
E
N L
20
0
40000,
[ ]
€
: b
8 .
1 - ?F
60 -40 -20 0 20 40 60 60 -40 -20_ . O 20 40 80 -
X (fhm) X (fhm) e T L

Figure 10.11: The upper panel shows 2D X-Z histograms for three different experimental pencil
beams (from left: 1, 3, 5 collimation points (table: 10.1)) with current hole mobility parameters
and corresponding 2D plots with 15% lowered parameters are shown in the middle panel. The
overlaid projections in the lower panel are x-projections for these different mobilities, where color
corresponds to their respective 2D plot frame.
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Figure 10.12: The upper panel shows 2D Y-Z histograms for three different experimental pencil
beams (from left: 1, 3, 5 collimation points) with current hole mobility parameters and correspond-
ing 2D plots with 15% lowered parameters are shown in the middle panel. The overlaid projections
in the lower panel are y-projections for the different mobilities, where color corresponds to their

respective 2D plot frame.
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Figure 10.13: y-projections for all the radial points overlaid for current and 15% lowered hole
mobility parameters.

194



wn
&
&
&
<
l'l[l

0=60 40 20 0 _ 20 40 60

X (mm)

Figure 10.14: x-projections for all the radial points overlaid for current and 15% lowered hole
mobility parameters.

10.5.2 Pencil beam along the azimuthal line

The azimuthal variation is explored, as shown in Figs. 10.15 and 10.16, for
the points 2, 2’ and 2”. Here again, any difference in either the x or y projections
for all three positions is below ~1 mm. Since points 2’ and 2” lie radially farther
from the central axis compared to point 2, this underscores the earlier inference

that the detector volume affected by 15% variations in hole mobility is indeed
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restricted to a small detector volume around the central contact. To summarize
this, a plot of difference of collimation point coordinates and pencil beam x and
y projection’s centroids for all the data points show that point 1 stands out with

maximum difference for either of the hole mobility (Fig. 10.17 and 10.18).
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Figure 10.15: y-projections for all the azimuthal points overlaid for current and 15% lowered hole
mobility parameters.
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Figure 10.16: x-projections for all the azimuthal points overlaid for current and 15% lowered hole
mobility parameters.
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dinates for all the pencil beam collimation points (1, 2, 3, 4, 5) along the radial line.
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dinates for all the pencil beam collimation points (2, 2’, 2”) along the azimuthal line.

10.5.3 X-Y Projections as a function of detector depth

Since the above conclusions were based on the projections for all z, i.e. the
entire depth of the crystal, x- and y-projections for six different z-windows were

generated to explore whether a 15% variation in hole mobilities affected the posi-
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tion reconstruction and resolution as the pencil beam travels deeper into the crys-
tal (Figures 10.19 and 10.20). The first two z-slices near the front face show no
discernible difference in their x- or y-projections for the two hole mobilities. Dif-
ferences are observable for the deeper z-slices for collimation points 1 and 2 as
the y ray pencil beam reaches farther into the crystal. From collimation point 3
(shown in the figures) and higher, the centroids for the two mobilities essentially
overlap. The reason for this may again lie in the fact that the crystals flare out
with depth, and, therefore, the holes have to travel farther radially to reach their

respective outer contacts.
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10.6 Simulations of Pencil Beams

To investigate whether any of the above observations from the experimen-
tal pencil beam for varying hole mobilities is inherent in the data, or may arise
from the analysis procedure itself, the same analysis was tested on a simulated
pencil beam data set. This data set was created through a GEANT4 simulation,
where pulse shapes for all the interaction points for a 2 mm uniform beam spot
(positioned at x = 13 mm, y = -11 mm) were generated using the “basis”. The po-
sitions were then reconstructed using the same signal decomposition codes used
for the experimental data. The simulated data set, which is free from electronic

effects, was analyzed and is compared with experimental results in an effort to

isolate the dependence of position resolution on hole mobility.
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Figure 10.21: The upper panel shows 2D histograms (left: X-Z, right: Y-Z) of simulated pencil
beams with current hole mobility parameters and corresponding 2D plots with 15% lowered pa-
rameters are shown in the middle panel. The overlaid projections in the lower panel are X (left) and
Y (right) for the different mobilities, where color corresponds to their respective 2D plot frame.
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10.7 Comparing Experimental and Simulated Pencil Beams

In the simulated data, there is no discernible difference in position resolution
between the two hole mobilities that differ by 15%, either in the x or y projections
(Figure 10.21). While in the experimental analysis, some artifacts, such as false
hit events reconstructed away from the centroids (possibly due to cross-talk etc)
are observed, the simulated data are quite clean in this regard. Again, neither data
set shows significant variation between the two hole mobilities considered. This
conclusion is borne out in Figure 10.22, where the ratio of counts reconstructed
using the two different mobilities is shown as a function of interaction depth.

Thus, while the chi-square minimization from the super-pulse fitting proce-
dure indicates a shallow minimum centered at hole mobility values 15% lower
than currently in use, the reconstruction of the actual positions seems fairly insen-
sitive to a 15% variation in hole mobilities, both for experiment and simulation.
Therefore, hole mobilities can essentially be considered optimized for signal de-
composition. Any outstanding challenges in position reconstruction, such as clus-
tering effects near segment boundaries, need to focus on other parameters such as,
e.g., electronic cross-talk, and/or improving tracking algorithms that isolate and

identify individual y-ray interaction points in an event.
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Chapter 11

Summary and Outlook

The position resolution of the interaction points is a key metric in the per-
formance of the GRETINA spectrometer, which directly affects the efficiency and
peak/total characteristics of the array. It also determines the effective energy res-
olution of the array when used with gamma-ray sources with high recoil veloci-
ties, where corrections for Doppler shifts is critical. The design requirement for
GRETINA is a position resolution o~ < 2mm RMS. While a number of parameters
may affect the ultimate position resolution, this work specifically explores whether
variations in hole mobility parameters is a significant contributor. The position re-
construction in signal decomposition algorithms is investigated for varying hole
mobility parameters around the currently accepted values. The chi-square fits ex-
hibit a shallow minimum in the hole mobility, centered at ~15% less than cur-
rently used values. Calibration data on position resolution is analyzed for two

hole mobility parameters, at and 15% less than the currently accepted value, to-
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gether with simulations that isolate the signal decomposition dependence from
electronics cross-talk. The results exclude hole mobility as a significant parameter
in play for addressing remaining challenges in reconstructing gamma-ray interac-
tion points in GRETINA. The position resolution should, however, be examined
more critically through experimental studies of collimated pencil-beams for clean
single-scattered events in a well defined three-dimensional position in the crystal

via coincidence scanning techniques.
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Chapter 12

Appendix

Table 12.1: Internal conversion coefficients for y-ray transitions in the %W level scheme.

E, (keV) Internal Conversion Error
Coefficient ()

122.6 1.768 0.025
268.8 0.1187 0.0017
273.9 0.112 0.016
335.0 0.0615 0.0009
373.6 0.0454 0.0007
391.3 0.0398 0.0006
412.7 0.0344 0.0005
455.5 0.0267 0.0004
470.2 0.0245 0.0004
506.0 0.0204 0.0003
540.0 0.01738 0.00025
564.3 0.01565 0.00022
567.2 0.01546 0.00022
608.0 0.01312 0.00019
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Table 12.1 - continued

E, (keV) Internal Conversion Error
Coefficient ()

653.2 0.01113 0.00016
660.0 0.01088 0.00016
667.1 0.01062 0.00015
675.0 0.01034 0.00015
737.0 0.00852 0.00012
740.0 0.00844 0.00012
748.5 0.00824 0.00012
811.5 0.00693 0.0001
922.0 0.00531 0.00008
1176.0 0.00327 0.00005
1276.4 0.00281 0.00004
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Table 12.2: DCO ratios for 15 y-rays in the '86W level scheme.

E, (keV) Gatedon Rpco Error Multipolarity Band; — Bandy

E, (keV)

122 273 0916 0.004 Quad GSB — GSB
273 122 0.893 0.004 Quad GSB - GSB
309 273 0.8 0.07 Di 5-1
315 273 0.68 0.06 Di 5-1
390 122 1.08 0.03 Quad 1-1
412 273 1 0.003 Quad GSB - GSB
412 122 1 0.007 Quad GSB — GSB
539 273 1.097 0.005 Quad GSB — GSB
539 122 1.141 0.013 Quad GSB — GSB
567 335+455 1.1 0.07 Quad 252
652 273 1.155 0.009 Quad GSB - GSB
652 122 1.124 0.024 Quad GSB — GSB
739 335+455 0.641 0.019 Di 2 - GSB
748 273 1.124 0.021 Quad GSB — GSB
801 273 0.641 0.013 Di 2 - GSB
801 335+455 0.62 0.024 Di 2 - GSB
812 273 102  0.08 Quad GSB - GSB
884 122 1 0.04 Quad 1 - GSB
902 273 1.02  0.08 Quad 3 > GSB
1001 273 1.02  0.024 Quad 1 - GSB
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Table 12.3: The relative total intensity (i.e corrected for efficiency and internal conversion) and
error of each transition of interest in ground state band of '86W, as extracted from y-y matrix with

no Q-value and scattering angle conditions.

E, (keV) Spin (%) Intensity at Error Intensity at Error
800 MeV Beam Energy 725 MeV Beam Energy
123 2+ 4.66E+04 4.21E+02 4.77E+04 4.31E+02
274 4* 3.25E+04 4.67TE+02 3.24E+04 4.67E+02
413 6* 1.98E+04 1.54E+01 1.98E+04 1.52E+01
540 8* 1.49E+04 1.32E+01 1.74E+04 1.23E+01
653 10* 6.39E+03 5.96E+00 7.57E+03 8.86E+00
748 12+ 1.03E+02 8.43E-01 1.36E+02 9.86E-01
812 14* 2.15E+01 4.17E-01 2.88E+01 5.04E-01
830 16* 9.70E-01 1.90E-01 1.23E+00 2.55E-01

Table 12.4: The relative total intensity (i.e corrected for efficiency and internal conversion) and
error of each transition of interest in ground state band of '3W, as extracted from -y matrix with
Q-value and scattering angle conditions as explained in the text.

E, (keV) Spin (%) Intensity at Error Intensity at Error
800 MeV Beam Energy 725 MeV Beam Energy
123 2 3.70E+04 3.35E+02 2.94E+04 2.66E+02
274 4 2.65E+04 3.82E+02 1.94E+04 2.79E+02
413 6 1.59E+04 1.22E+01 1.21E+04 1.00E+01
540 8 9.52E+03 8.53E+00 5.82E+03 6.53E+00
653 10 343E+03 5.76E+00 1.78E+03 4.12E+00
748 12 4.93E+01 6.03E-01 1.96E+01 3.84E-01
812 14 8.97E+00 2.81E-01 2.42E+00 1.51E-01
830 16 5.36E-01 1.75E-01 2.06E-01 1.31E-01

212



Table 12.5: GOSIA calculations: y-ray yield for 13Xe beam of 800 MeV energy on the %W
target for the scattering angles range of 20° to 47°.

NI NF II JF YIELD NORM YIELD
11 10 20 18 8.11E-09 1.06E-11

18 16 1.37E-06 1.79E-09
16 14 1.55E-04 2.01E-07
14 12 1.18E-02 1.53E-05
12 10 5.07E-01 6.60E-04
8 12.532 1.63E-02
6 15927 2.07E-01
4 71233 9.26E-01
2
0

)
o]
o

1245.6 1.62E+00
768.92 1

N W A U N3 0O
—_— N W R LN I 00
Pt
[ew]

Table 12.6: GOSIA calculations: y-ray yield for 1*Xe beam of 725 MeV energy on the 186w
target for the scattering angles range of 20° to 47°.

NI NF II IF YIELD NORM YIELD
11 20 18 4.04E-10 4.40E-13

18 16 1.08E-07 1.18E-10
16 14 1.86E-05 2.03E-08
14 12 2.19E-03 2.38E-06
12 10 1.42E-01 1.55E-04
8 53174 5.79E-03
6 103.05 1.12E-01
4 68252 7.43E-01
2
0

—

<o
|l
o

1537.5 1.6746
918.14 1

N W K OV 00 N
—_— N W SN 00 O
—

o
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Table 12.7: GOSIA calculations: y-ray yield for 2®Pb beam of 1404 MeV energy on the '36W
target for the scattering angles range of 20° to 47°.

NI NF II IF YIELD NORM YIELD

8 7 14 12 2.06E+04 4.65E-05
7 6 12 10 4.76E+05 1.08E-03
6 5 10 8 6.12E+06 1.38E-02
5 4 8 6 4.65E+07 1.05E-01

4 3 6 4 193E+08 4.35E-01

3 2 4 2 S557E+08 1.26E+00
2 1 2 0 443E+08 1

Table 12.8: GOSIA calculations: y-ray yield for 2Pb beam of 1287 MeV energy on the 3W
target for the scattering angles range of 20° to 47°.

NI NF II IF YIELD NORM YIELD

8 7 14 12 547E+03 1.03E-05
7 6 12 10 1.82E+05 3.42E-04
6 5 10 8 3.35E+06 6.31E-03
5 4 8 6 3.50E+07 6.59E-02
4 3 6 4 1.75E+08 3.20E-01

3 2 4 2 577E+08 1.09E+00
2 1 2 0 531E+08 1
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Table 12.9: Tabulated are the preamplifier rise time (1) values for all 36 segments with varied hole
mobilities, from super pulse fit.

Less 15% Less 10% Current parameters More 10% More 15%

5.31 5.39 5.12 5.05 5.08
5.89 591 5.81 5.84 5.87
4.79 4.96 491 4.93 5.02
4.75 4.72 4.51 4.5 4.57
4.37 4.67 4.39 4.43 4.5
4.19 4.54 4.31 4.39 4.53
2.75 3.64 3.6 3.71 3.85
3.45 3.99 4.39 4.68 4.95
2.34 2.84 3.25 3.56 3.81
2.66 3.36 3.5 3.71 3.88
2.48 3.33 343 3.56 3.7
1.46 2.46 2.72 293 3.17
2.34 3.44 3.54 3.79 4
2.74 3.41 4.04 4.38 4.69
2.28 2.71 3.23 3.59 3.89
242 297 3.19 3.38 3.58
2.08 3.32 3.68 3.97 4.16
1.43 277 3.09 3.58 3.99
2.28 3.28 3.7 3.91 4.19
2.18 2.66 3.35 3.73 4.15
2.51 2.52 3.12 3.42 3.75
1.67 3.06 3.37 3.48 3.61
2 2.89 3.44 3.82 4.23
1.99 3.34 3.62 4.13 4.61
2.57 2.53 3.07 3.33 3.6
2.39 2.18 2.1 27 3.08
0.41 1.98 2.15 2.37 2.64
4.05 3.44 35 3.42 3.56
1.74 3.04 3.52 4.09 4.55
1.95 3.09 3.28 3.87 4.35
1.28 1.58 1.72 2.31 2.84
-3.22 1.43 1.79 2.16 2.51
3.23 3.11 2.78 2.78 3.02
-0.43 222 2.6 2.85 3.1
1.61 2.45 2.27 291 3.53
1.6 2.37 1.71 2.43 3.19
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