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Previously developed Zn decay schemes were limited by a number of factors including
low production rates and detector efficiencies making it impossible to place weak transitions. Furthermore, most of the published results are from initial exploratory measurements
while subsequent studies in this region either ignored the data obtained from the Zn decays
or was not analyzed due to the focus on more exotic nuclei. In the current experiments, a
nearly pure beam of the Cu isotope was provided by the Holifield Radioactive Ion Beam
Facility (HRIBF) for the study of the Cu → Zn → Ga → Ge β-decay chain using the
Low-energy Radioactive Ion Beam Spectroscopy Station (LeRIBSS) setup. The high efficiency of the detector system along with the nearly pure primary beam allowed a detailed
study of the γ-ray emission from the decay chain without any member of the decay chain
being dominant. The γ-γ and β-γ coincidence data obtained from the experiment was
used to develop revised decay schemes in which statistical significance for each observed
coincidence peak was determined quantitatively. Presented in this work are updated and

expanded decay schemes with new energy levels along with new β-feeding intensities and
log(f t) values for the Zn → Ga decays.
In each of the Zn decays, a number of new energy levels and transitions have been
proposed to the structure of respective Ga isotopes in addition to correcting discrepancies
from previous works. The

74

Zn decay now has 29 new γ rays assigned to

74

Ga in addi-

tion to previous 35 transitions [54] depopulating 19 energy states, including 7 new ones.
The maximum level energy is increased from previous 1086- to 1555-keV. Similarly, the
updated

75

Zn decay scheme has its level energy increased from previous [64] 3209- to

3924-keV, with addition of 37 new energy levels and 53 new γ rays. New decay scheme
for 76 Zn is established up to 2603 keV, similar to previous literature [64] with addition of
4 new energy levels and total of 5 new γ transitions. In case of 77 Zn decay, we proposed
the decay scheme up to 3948 keV with addition of 8 new energy levels and 10 new γ-ray
transitions.

Key words: β-decay, γ spectroscopy, Exotic nuclei, LeRIBSS, γγ coincidence, Energy
levels, Shell model, Level feedings
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CHAPTER I
INTRODUCTION

1.1

Background Information
The origin of stability of a nucleus comes from its constituents: protons (p) and neu-

trons (n). The neutron to proton ratio and total number of nucleons in a nucleus play a
huge role in determining whether a nucleus is stable. In most cases, an excess number of
either protons relative to neutrons or neutrons relative to protons makes a nucleus unstable.
On the other hand, there are certain combinations of proton and neutron numbers in nuclei
that make them relatively more stable compared to others. Those numbers are called magic
numbers. The magic numbers for nuclei near stability are 2, 8, 20, 28, 50, 82, and 126.
Any nucleus which has either its protons or neutrons equal to a magic number is known as
a magic nucleus. A doubly magic nucleus is the one which has a magic number of both
protons, and neutrons and they are more strongly bound with more stable structure than
adjacent nuclei.

40
78
20 Ca, 28 Ni,

and 100
50 Sn are some examples of doubly magic nuclei.

The Chart of Nuclides in Figure 1.11 shows the valley of stability of nuclei along with
corresponding magic numbers in the nuclear landscape. In the chart, proton number (Z)
is plotted against the neutron number (N ) and it can be seen readily how the combination
of these two numbers determine the stability of atomic nuclei. The central black region in
1

source: https://www.nndc.bnl.gov/chart.
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Figure 1.1: Chart of Nuclides, displaying the Valley of Stability and different decay modes.

the chart represents the stable nuclei, known as the Valley of Stability. As we go far from
the valley of stability, the number of protons or neutrons in nuclei increase respectively,
making them more and more unstable.
There are only 283 nuclear species that are stable in nature out of some 6,000 to 7,000
distinct nuclear species which are known to exist (i.e. have finite lifetimes) [1]. So, there
must be some way to study this large number of nuclei to know more about their structures,
properties and nuclear interactions. New facilities, such as Facility for Rare Isotope Beams
(FRIB), can provide an excellent opportunity for the studies of such nuclei, but still, they
have their own limitations and may not be sufficient to uncover every aspect of these nuclei.
In this regard, building new tools and techniques for better understanding of the new and
existing isotopes is necessary.
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There are different ways to studying nuclear properties; but most of them fall under two
important categories: nuclear reactions and nuclear radioactive decay. Nuclear reactions
are the cases where there is an interaction of a nucleus with another nucleus or with some
other particles like protons or neutrons. Nuclear fusion is one of the common examples
of a nuclear reaction where new elements are formed by the interaction of two elements.
Another example would be the induced fission process. In fission, a nucleus splits into
different fragments with or without the use of an external particle hitting the nucleus; the
latter is the case of spontaneous fission and exemplifies a nuclear decay whereas the latter
is induced fission, an example of a nuclear reaction. The main characteristic of a nuclear
reaction which makes it different from radioactive nuclear decay is that the time scale over
which particles are produced in nuclear reactions are very short. Because of the short
time scale, the reaction methods may not be suitable for sensitive measurements of any
prompt radiation when there are several reaction channels available. This is especially true
for reactions like spallation, fragmentation, and induced fission where there might be the
possibility of hundreds of reaction channels.
Radioactive nuclear decay such as β decay and the γ emission process, on the other
hand, is a weak process that has a much longer timescale (half-lives ranging from tens of
ms to 1015 years) [1] and requires only a single particle in the initial state for the process
to take place. The origin of nuclear decay is primarily inside the nucleus. The longer
timescale of the nuclear decay process is beneficial for the separation of desired species
from several other products of a nuclear reaction, providing better selectivity and hence
increasing the sensitivity of the measurement. Though the radioactive decay does have
3

some limitations in terms of studying nuclei, it is considered a primary tool for identifying
new nuclei and examining their properties.
The nuclear decay study of nuclei (or isotopes) provides significant information on the
nuclear structure and different properties of these nuclei (or isotopes) which are needed
to understand not only the fundamental aspects of these elements but also to gain insights
into the basic nuclear forces and their interactions, explaining the observed magic numbers
and also predicting their nuclear masses.
The study of nuclear decay starts from understanding the Chart of Nuclides in Figure 1.1 where decay modes of various nuclei present in the nuclear landscape are also
shown using different colors according to the type of decay. The region above to the valley
of stability is the proton-rich region where nuclei undergo Electron Capture (EC) or β + decay to reduce the excess number of protons. The region immediately below the valley
of stability is the region of nuclei which undergo β − -decay to reach the stable nuclei by
reducing the excess number of neutrons. The limits of these two ends regions are bounded
by the proton and neutron drip lines (Figure 1.2). These drip lines are the boundary in
the nuclear chart that indicates the limits for the number of protons or neutrons that can
be bounded within the nucleus. Two important nucleosynthesis processes, the rapid proton capture process (rp-process) and the rapid neutron capture process (r-process) occur
towards the proton-rich side and neutron-rich side of the valley of stability, respectively.
Further, the heavy and super-heavy elements (SHE) lying at the extreme top right of the
chart are represented by yellow and green colors. These nuclei decay mostly by α emission
or the spontaneous fission process. What we seen from the chart in the Figure 1.1 is that
4

Figure 1.2: Chart of Nuclides with proton and neutron driplines.

the farther a nucleus is from the valley of stability, the more unstable it becomes and such
instability leads it to follow different decay modes including β decay, which is the most
common decay mode for off stability.

1.2

Different Decay Modes
The fission fragments formed as a result of either spontaneous or induced fission are

unstable, as mentioned above, and are in the excited states which undergo different decay
processes where electromagnetic radiation and particles are emitted for a time scale which
is very short compared with the subsequent radioactive decay of the ground state [1]. α
decay is very common among heavy elements (large Z). In Figure 1.1, the α decay mode is
indicated by the yellow region at the top of the Chart of Nuclides. But, most of the elements
with low or mid-range Z undergo β decay which can be either β − decay or β + decay (or,
5

EC) depending on whether it is taking place towards the neutron-rich side (represented by
pink region in Figure 1.1) or proton-rich side (represented by blue region in Figure 1.1)
of the stability line, respectively. In the following sections, decay modes relevant to the
nuclei which were studied in this thesis are discussed briefly.

1.2.1 β Decay
The β-decay process occurs when a high-energy electron or positron is emitted from the
nucleus keeping mass number A constant. It is the most common type of nuclear ground
state decay. During the process, there is a transformation of a proton into a neutron or vice
versa. There are 3 distinct types of β decay process: β − -decay, β + -decay and Electron
Capture (EC). For a nucleus A
Z XN , with Z protons, N neutrons and mass number A, the
three processes can be written as:

A
−
β − decay : A
Z XN → Z+1 XN −1 + e + ν e + Qβ −
A
+
β + decay : A
Z XN → Z−1 XN +1 + e + νe + Qβ +
A
EC : A
Z XN → Z−1 XN −1 + νe + Xray + QEC

where e− , e+ indicate electron or positron, ν e and ν e indicate electron neutrino or electron
anti-neutrino, while Qβ − , Qβ + and QEC are the β-decay Q values, i.e. the maximum
energy released. Here, the energy released during the β-decay process is the difference
between the Q value and the final state excitation energy and is shared by the e− , the ν e
and the recoiling nucleus. For any single β-decay to take place, Qβ ± > 0. When single β
decay is energetically forbidden, there is possibility of double β decay.
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β-decay is considered as a slow process described by the weak interaction. The weak
interactions are mediated by charged and neutral vector bosons, W ± and Z 0 and are very
short ranged pertaining to massive exchange particles [2]. Thus, the half-lives of the β
decays are comparatively long extending from a few milliseconds to thousands of years.
This research work is most relevant to β − decay. Figure 1.3 shows a portion of periodic
table where this particular study of β-decay has been carried out. More detail discussion
will be given in Chapter 2.

Figure 1.3: One of the decay chains used for current β-decay study.

1.2.2 γ Decay
Typically, when a nucleus in an excited state goes to a lower-lying state (not necessarily
the ground state), the excess of energy is released in the form of electromagnetic radiation,
i.e., a photon. This is called γ decay. During γ decay, there is no change in A, Z or N of
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the excited nucleus. Since β-decay can populate one or more excited states in a nucleus,
these γ rays are also called as β-delayed γ rays. The γ rays so emitted are mono-energetic
and can have energies ranging from a few keV to several MeV.
The angular momentum and parity must be conserved in γ decay between the initial
and final states. The parity is a property of a physical system related to the spatial inversion
of the coordinates or symmetry of the wave function and such a discrete transformation is
governed by a unitary operator P with eigenvalues ±1 [2]. The angular momentum carried
way by a photon during the transition from initial state Ii to final state If is λh̄ and is given
by the range of values
|Ii − If |h̄ ≤ λh̄ ≤ (Ii + If )h̄,

(1.1)

where λ is called the multipolarity which has values such as 1 for dipole, 2 for quadrupole
and 3 for octupole, and so on. Since the intrinsic spin a of γ-ray is 1h̄, λ = 0 transitions are
forbidden.
The γ-ray transitions can be electric or magnetic depending upon if the radiation produced is coming from a shift in the charge distribution (e.g., the transition of a proton
between two orbitals) or the current distribution (e.g., change in direction of the proton
orbital). The parity of an emitted photon is dependent on the angular momentum as well
as the type (either electric or magnetic) of transition. In fact, for given multipolarity λ, the
electric and magnetic radiation have opposite polarity. Table 1.1 summarizes the γ-decay
selection rules with their corresponding estimates for the transition rates given by the Weisskopf estimates [5]. The Weisskopf estimates assume that a single-particle transition takes
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place from an initial state to a final state. From the table, we immediately see that the transition probabilities are higher for lower multipolarities than the higher ones, and for the
same order of multipolarity, the electric radiations are more favorable than the magnetic
radiations by about two orders of magnitude.

Table 1.1: The γ-decay selection rules for the first four multipolarities of electric and
magnetic transitions with the Weisskopf single particle transition rates, The γ-ray energy
(Eγ ) is in MeV. Taken from Ref. [5].
λ Radiation Type
1
E1
1
M1
2
E2
2
M2
3
E3
3
M3
4
E4
4
M4

Name
∆π
Electric dipole
Yes
Magnetic dipole
No
Electric quadrupole
No
Magnetic quadrupole Yes
Electric octupole
Yes
Magnetic octupole
No
Electric hexadecapole No
Magnetic hexadecapole Yes

Transition rates (s−1 )
1.0x1014 A2/3 Eγ3
3.1x1013 Eγ3
7.4x107 A4/3 Eγ5
2.2x107 A2/3 Eγ5
3.5x101 A2 Eγ7
1.1x101 A4/3 Eγ7
1.1x10−5 A8/3 Eγ9
3.3x10−6 A2 Eγ9

In some cases, it is possible for two significantly different configurations of nucleons
to exist in a single nucleus at a very low excitation energies. These configurations differ
enough in their angular momenta so that a transition between the states will be strongly
hindered due to the multipolarity of the transitions. Such states have a half-life much
longer (ns or higher) compared to the usual electromagnetic transitions (1f s to 100f s).
These long-lived states are called the isomeric states and the transition between them is
called an isomeric transition or IT-decay. If the half-life of the state is is sufficiently long,
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greater than a few milliseconds, then competition can exist between β-decay and γ- decay
modes.

1.2.3

Internal Conversation

Internal conversion is another electromagnetic process competing with γ decay where
an excited nucleus interacts electromagnetically with the orbital electrons (most favorably
with K-shell electrons) to knock them out of the nucleus, transitioning the nucleus to a
lower energy level. The momentum is conserved leading to recoil of the nucleus. It is a
radiation-less process. Also, unlike the β-decay process where the electrons are created in
each decay, there is no new creation of electrons in internal conversation. The electrons
ejected are the ones which were previously present in the atomic states. The energy of the
internal conversion electron, EIC , is given by
EIC = Etransition − EBE = (Ei − Ef ) − EBE

(1.2)

where, Ei and Ef are the initial and final state energies respectively, and EBE is the binding energy of the electron. As described earlier, both internal conversion and γ decay
contribute to the electromagnetic decay. So, if λem , λe , and λγ are the decay constants for
electromagnetic decay, internal conversion and γ decay respectively, we can write

λem = λe + λγ

10

(1.3)

These decay constants are the measure of probability for a nuclear decay per second.
The internal conversion coefficient, α, provides the ratio of the contribution from internal
conversion to γ-ray emission and is expressed as

α=

λe
number of decays from internal conversion
=
number of decays from γ emission
λγ

(1.4)

Therefore, we can write,

λem = λγ (1 + α)

(1.5)

The most preferred channel for conversion electron emission is from the K electron shell
due to high probability, but it can originate from any of the other nuclear electron shells
like L, M, N... etc. as well. The high probability for the K shell is due to the fact that K
electrons are close to the nucleus and spend more time around the nucleus than electrons
in other shells. Thus, the total internal conversion coefficient can be written as the sum of
the probabilities from each of these decay paths i.e.

αtotal = αK + αL + αM + ...

(1.6)

where, αK , αL and αM are internal conversion coefficients for K, L and M shells respectively. The value of the total internal conversion coefficient depends on Z of the nuclide,
the multipolarity of the transition, the energy of the transition, and the atomic shell in-
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volved. The approximate value for both electric and magnetic transitions can be written as
[5],

α(Eλ) =

2
e2
Z3 λ
4 2me c λ+5/2
)(
)
(
)
(
n3 λ + 1 4π0 h̄c
Eγ

and
α(Mλ) =

2
Z3
e2
4 2me c λ+3/2
)
(
)
(
n3 4π0 h̄c
Eγ

where Z is the atomic number of nucleus taking part in conversion, n is the atomic shell
number of the electron ejected,

e2
4π0 h̄c

is the fine structure constant which is approximately

1/137 and Eγ is the energy of the γ-ray. From these equations, we see that internal conversion is favored by heavier nuclei with low energies and higher transition multipolarities.
For a given nucleus (Z), the conversion coefficient decreases (as
shells.
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1
)
n3

for higher atomic

CHAPTER II
THEORETICAL PERSPECTIVE

The goal of this research work is to study the β-decay of neutron-rich nuclei which
are close to 78 Ni, a doubly magic nucleus with 28 protons and 50 neutrons. The analysis
also includes comparing the results with previously existing models and interpreting them
with more updated information. So, it is important to have a good understanding of the
nuclear models used to better illuminate the mechanism of nuclear forces and nucleon
interactions. In this chapter, some theoretical considerations on the nuclear shell model
relevant to nuclear structure are discussed in the first part. The second part elucidates on
the origin of the tensor force as a characteristic of the nuclear force, and its mechanism
leading to shell evolution. In the third part, a more detailed picture of the β-decay process
is explained as a type of weak interaction along with its transition mechanism and selection
rules.

2.1

Shell Model and Nuclear Structure
Fundamental forces that govern the structure of a nucleus were the matter of curiosity

since the atomic nucleus was first discovered in 1911 by Ernest Rutherford. Since then,
countless effort has been put forwarded by researchers to delve into this mystery. With
such tremendous interest and effort, today it is established that a nucleus is composed
13

of two type of nucleons; protons and neutrons. These nucleons are bound together by
a strong, short-range force that comes from the exchange of mesons - mostly Pions. In
search of providing more explanations on the nature of such a force and its overall behavior
on the addition or removal of a number of nucleons, different theories and models have
been suggested. Among these, the shell model is the most tried and tested theoretical
model having been verified time and again with experimental evidence. The first evidence
pointing toward a nuclear shell model came from observation of the magic numbers. The
shell model predicts that the structure of low-lying states in nuclei follow a trend based
on the number of nucleons present either outside or inside of a closed core which then
determines the stability of the nucleus. The closed cores so characterized were represented
by a specific set of numbers called magic numbers which have set values of 2, 8, 20, 50,
82 and 126. The prediction is accurately validated by several studies thereafter. One of the
strong validations for the model comes from the relatively high first excitation energy of
the even-even nuclei with magic numbers of protons or neutrons making them more stable.
The shell model assumes that the motion of a single nucleon is influenced by the potential created by all other remaining nucleons. The predicted energy levels and spins of
the states occupied by the nucleons are determined by the nuclear potential used. Several
potentials were proposed in trying to reproduce the magic numbers. Three that were tried
for the purpose were of the form:
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• The infinite potential well:

V (r) =







-V0 ,






0,

0≤r≤R
(2.1)
r>R

• The Harmonic oscillator potential:
1
V (r) = mω 2 r2
2

(2.2)

• The Woods- Saxon potential potential:
V (r) =

−V0
)
1 + exp( r−R
a

(2.3)

where V0 is the depth of the potential, m is the effective mass of the nucleons, ω is the
frequency of the oscillator, r is the radial distance from the center of the potential, R =
1.25A1/3 is the mean radius of the nucleus and a = 0.524 fm is the surface thickness. These
potentials are summarized in the picture shown in Figure 2.1. The first two potentials were
able to reproduce the magic numbers up to 20 correctly, but unable to find other numbers
beyond 20. The Woods-Saxon potential was then considered as an intermediate to the
first two potentials and thought to be more realistic. To find the nuclear energy levels, the
time-independent Schrodinger equation is used, which has a form:
H=−

h̄2 ~ 2
∇ + V (~r)
2m

~ 2 is the Laplacian operator and V (~r) is the nuclear potential. The above equation
where, ∇
in the radial direction can be written as


h̄2 1 ∂ 2
h̄2 `(` + 1)
r+
+ V (r) − E R(r) = 0
−
2m r ∂r2
2mr2
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(2.4)

The solutions of the equation, R(r), are given by the spherical Bessel functions defined as,
R(r) = (kn` ), with
r
knr =

2mEn`
h̄2

(2.5)

where n is the principle quantum number and ` is the orbital angular momentum quantum
number which also represent the number of degeneracies of the major shell . Eq. 2.5
indicates the quantization of the energy levels since En` depends on n and `. This put
forward a number 2(2` + 1) as the number of nucleons that can be filled in each closed
shell. Based on this approach, one can only obtain the first three magic numbers (2, 8 and
20) but it is not possible to obtain higher magic numbers.

Figure 2.1: Various nuclear potentials proposed to explain the shell model.
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Even using different nuclear potentials did not solve the problem of not observing the
higher magic numbers. Then the concept of a strong spin-orbit interaction was introduced
in 1949 by Mayer, Haxel, Sues, and Jensenas as a correction to the nuclear potentials. The
corrected potential is of the form:
~ · S,
~
Vtotal (r) = V (r) + Vso L

(2.6)

~ S
~ is the spin-orbit interaction term between
where Vso is spin-orbit coupling constant and L·
~ and the orbital angular momentum L
~ . The addition of
the intrinsic spin quantum number S
the spin-orbit term to the nuclear potential removes a degeneracy in the energy levels. To
understand the effect of the spin-orbit interaction, lets start by considering the total angular
~ which is given by
momentum operator J,
~ +S
~
J~ = L
~ ·S
~ is determined by squaring the total angular momentum operator
Now, L


~ + S)
~ 2 =L
~2 + S
~ 2 + 2L
~ ·S
~
J~2 = L

and, rearranging the equation to obtain
1  ~2 ~ 2 ~ 2 
~
~
L·S =
J −L −S
2

(2.7)

Since we are dealing with a quantum system, expectation values should be taken. Hence,
the equation is rewritten as


~ ·S
~ >= 1 < J~2 > − < L
~2 > − < S
~2 >
<L
2
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(2.8)

with
< J~2 > = h̄2 ( + 1)

(2.9)

~ 2 > = h̄2 `(` + 1)
<L

(2.10)

~ 2 > = h̄2 s(s + 1)
<S

(2.11)

The intrinsic spin quantum number for nucleons (a Fermion) is s = 12 . We finally obtain
2
~ ·S
~ >= h̄
<L
2



3
( + 1) − `(` + 1) −
4

(2.12)

Now since  = `± 1/2, each state with quantum number n and ` is split of into two states
by
~ ·S
~ >=
<L







h̄2
2




 -

`,

for  = ` + 1/2
(2.13)

2

h̄
2

(` + 1),

for  = ` - 1/2

Eq. 2.13 shows that there is a splitting of the energy level for a given ` state by the introduction of the spin-orbit interaction term in the central potential for every ` > 0. This splitting
causes energy gaps between the different single particle states as is shown in Figure 2.2.
In the figure, the usual notations such as s, p, d, f etc. represent the different orbitals.
The standard notation then uses π or ν to represent proton or neutron, respectively, the
appropriate letter to indicate the angular momentum, and the total spin as a subscript. For
example, a proton in an ` = 2 with d orbital coupled to total spin of j = 5/2 is denoted
as π2d5/2 while the notation for the same orbital for neutron is represented as ν2d5/2 . It
can be seen that the larger the value of `, the larger the splitting, and thus the energy gap is
greater. Proton and neutron magic numbers, which are supposed to provide added stability
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to the nucleus, are well reproduced using the spin-orbit interaction. One of the experimental evidences for added stability for magic numbers is the excitation energy Ex (2+
1 ) of the
first 2+ state in even-even nuclides as shown in Figure 2.3 [4]. Clearly, the excitation energy Ex (2+
1 ) energy increases near the neutron magic number indicated by the sharp peaks
in the plot indicative of closed shells. Similar closed shell response can be seen for the
proton separation energy corresponding to the proton magic numbers.

2.2

Origin of the Tensor Force and the Single-Particle States
The shell model with a Wood-Saxon potential and spin-orbit interaction is a powerful

tool for understanding nuclear structure near the Valley of Stability and accounts for a
proper set of nucleon magic numbers for closed shells around that region. However, it
does not completely explain the structure of nuclei away from the Valley of Stability arising
from large asymmetric ratios between neutron and proton numbers. Experiments show that
the magic numbers in neutron rich nuclei are not as rigid as has been described by the shell
model [6]. In fact, it is predicted theoretically that the closed shell effects at magic numbers
are vanishing beyond Z = 82 and N = 126 and at large N/Z ratios [7]. One of the causes of
change in shell structure towards the neutron or proton drip lines is due to the change in the
single-particle states of these nuclei as neutrons or protons are added [9]. It is shown that a
tensor force [10] is the primary mechanism for such a redistribution of the single-particle
states in exotic nuclei. The tensor force comes from a potential of the form
(2)

VT = (~τ1 · ~τ2 )([~s1~s2 ] ).Y
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(2)

Z
(r)

(2.14)

Figure 2.2: Shell model terms after including spin-orbit interaction [5]

20

+
Figure 2.3: Excitation energy Ex (2+
1 ) of the first 2 state in even-even nuclides as a function of neutron number.The line connects isotopes. Figure is adopted from [4]

where ~τ1,2 (~s1,2 ) is the isospin (also called isobaric spin) of nucleons 1 and 2, and [..](K)
is the ranking of angular momentum for coupling of the two operators ~s1 and ~s2 in the
bracket. The isospin is a quantum number related to the symmetric property of the strong
interaction and comes from the flavor symmetry of the nucleons. Similarly, Y (2) represents
the spherical harmonics for the Euler angles of the relative co-ordinate and

R

(r) is a func-

tion of the relative distance, r. To understand the effect of the tensor force, the “monopole”
component of the tensor force can be examined whose potential is expressed as [11]
X
(2J + 1) < ij|V |ij >JT
VijT =

J

X

,

(2.15)

(2J + 1)

J

where i and j indicate the orbits of the two interacting nucleons and < ij|V |ij >JT is the
matrix element of the interaction. J and T represent the coupled total angular momentum
and coupled total isospin. The monopole interaction obtained is responsible for shifting
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the effective single particle energies and its main spectroscopic effect is to modify the
spin-orbit splitting. The shell gap due to the shift in the single particle energies is given by
1
T =1
0
p (j 00 ) = {VjT00 =0
j 0 + Vj 00 j 0 }nn (j )
2
0

(2.16)

00

where, j and j are the orbits occupied by the neutrons and protons, respectively, and
0

0

00

nn (j 0 ) is the neutron number in the j orbit. Now, j and j can have values
0

0

00

00

j< = ` − 1/2

0

0

or

j> = ` + 1/2

or

j> = ` + 1/2

for neutrons

and,
j< = ` − 1/2

00

00

for protons

From the above discussions, it can be shown that [10],
00

00

(2j> + 1)VjT00 ,j 0 + (2j< + 1)VjT00 ,j 0 = 0
>

(2.17)

<

0

0

0

where T can have values of 0 and 1, and j is either j> or j< . From Eq. 2.17, it can inferred
that if both j> and j< orbitals are completely filled, the tensor force does not have any
effect on the orbits. In other words, the effect of tensor force comes into play only when
there are some unoccupied neutron or proton orbitals, which is in agreement with the shell
model principle. It can be further shown that [10]
00

VjT00 =0
= 3 × VjT00 =1
,j 0
,j 0

forj 6= j

0

(2.18)

which indicates that the proton-neutron tensor monopole interaction is three times as strong
as that due to proton-proton or neutron-neutron interaction. The effect of the monopole
interaction on the effective single particle energies can be pictured as in the Figure 2.4(a).
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Figure 2.4: The effects of monopole interaction: (a) Show a decrease in energy gap due to
monopole interaction (b) the intuitive direction of the tensor force . (Picture is taken from
[10])

We see that there is a change in the energy gap due to the spin-orbit interaction caused
by the monopole component of the tensor force, thus influencing the structure of the nucleus. This is one of the reasons leading to nuclear shell evolution with the appearance
and disappearance of the nuclear magic numbers [14]. The direction of the monopole
tensor force determines the change in shell gap whether it reduces or increases, affecting
the single particle energies. The direction is intuitively presented as in the Figure 2.4(b).
0

00

0

00

The tensor force is attractive for two nucleons in orbits j< and j> (or j> and j< ). In this
case, because of the high relative momentum between the two nucleons, the spatial wave
function of their relative motion is spread and is distributed in the direction of their orbital
0

00

0

motion bringing them together. But, when nucleons are in the orbits j< and j< (or, j> and
00

j> ), the wave function of their relative motion is stretched in the direction of the motion
and they repel each other [10].
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Figure 2.5: Change in proton effective single particle energies due to tensor force observed
in the range from a) 40 Ca to 48 Ca and, b) 68 Ni to 78 Ni (taken from Ref. [10])

The effect of the tensor force on the effective single-particle energies (ESPEs) has
several evidences. For example, in the Figure 2.5(a) [10], a decrease in the energy gap
between π1d3/2 and π2s1/2 in 40 Ca to 48 Ca can be seen with increase in neutron number by
the experimental result shown by the dots in the plot which are in agreement with such a
change in the spacing arising because of the tensor force. On the right side in Figure 2.5(b),
the calculated proton ESPEs are shown for proton pf -shell orbits as a function of neutron
number from 68 Ni to 78 Ni. This is also the region of nuclei where this particular study is
concentrated. From Figure 2.5(b), as the number of neutrons occupying the ν1g9/2 orbital
0

00

00

(j> ) increases, the proton orbitals (j> or j< ) are shifted because of the tensor force. We can
00

see that the π1f7/2 (j> ) orbital is shifted up due to repulsion with the ν1g9/2 orbital while
00

the π1f5/2 (j< ) orbital is shifted down due to attraction with it as the number of neutrons
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increase. This is the reason there is an expected decrease in the Z = 28 shell gap going
from 68 Ni to 78 Ni.

2.3 β Decay
As introduced in Chapter 1, the β-decay process can be represented as :
β − decay :

n → p + e− + νe

β + decay :

p → n + e+ + νe
p + e− → n + νe

Electron Capture :

As can be seen, β − decay takes place in neutron-rich nuclei where conversion of a
neutron to a proton occurs emitting an electron and an anti-neutrino, while β + decay and
electron capture occur in proton-rich nuclei. For β + decay, a proton decays to a neutron
emitting a positron and a neutrino, while in electron capture a proton captures an inner
shell atomic electron converting it to a neutron with emission of a mono-energetic electron
neutrino. This study is about the decay of neutron-rich nuclei which undergo β − decay.
The β-decay process produces excited states in the daughter nuclei which then follow
γ decay to go to the lower excited states. However, if the excited state is at an energy that
is more than the neutron separation energy, a neutron is emitted with the daughter nucleus
being left with atomic mass (A − 1). This kind of decay is called β-delayed neutron
emission. The β-delayed neutron emission is more likely to take place farther from the
valley of stability where the energy released in the decay is larger and the binding of the
last neutron is weaker.
25

The mechanism of the β − decay process is shown by the Feynman diagram in Figure 2.6 [12]. As suggested by the standard model according to which all matter is built
by small fundamental spin 1/2 particles called fermions of which there are 6 quarks and
6 leptons [2], a neutron consist of 3 elementary quarks particles; up, down and down,
represented as udd and as shown in the figure. These quarks, when undergoing a weak
interaction, change flavor mediated by the heavier (≈800

GeV
c2

) W − boson. During this in-

teraction, one down (d) quark is converted to an up (u) quark with a final quark combination
of udu, which is the quark structure of a proton.

Figure 2.6: The Feynman diagram representing the β − decay process in accordance with
the standard model

The change in angular momentum during the β decay is given by [5]
∆I = IP − ID = Lβ + Sβ
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(2.19)

where, IP and ID are the spins of the parent nucleus and the daughter nucleus, Lβ is the
orbital angular momentum carried away by the emitted electron, and Sβ is the coupled spin
of the electron-neutrino pair. For allowed transition, Lβ = 0 and Sβ = 0, or 1 so that ∆I =
0, or ±1. Now, when Sβ = 0, the electron and neutrino have their spin anti-parallel. This
is called a Fermi transition (or, Fermi decay). For Sβ = 1 , their spins are parallel to each
other and ∆I has all possible values 0, or ±1. Such transitions are called Gamow-Teller
(or, simply GT) transitions. GT transitions, though, exclude 0+ → 0+ transition due to
angular momentum coupling and parity considerations. For higher order Lβ values (where
Lβ > 0), the transitions are more suppressed relative to the allowed transitions and are
called forbidden transitions. The probability decreases as the value of Lβ increases. All
the transitions with Lβ = 1 are called first forbidden transitions, transitions with Lβ =2
are called second forbidden transitions, and so on. Since the parity of the wave function
is given by (−1)L , it can be seen that the first forbidden transitions must change their
parity. Also, it is noted from the above discussion that most first forbidden transitions can
be a mixture of Fermi and GT transitions, the exception being ∆I = ± 2 where the only
possibility is a GT transition. Such transitions are called unique first forbidden transitions.
The transition rate for β decay, as given by Fermi’s golden rule, is [5]

λβ =

2π
2π
| Vif |2 ρ(Ef ) =
|< ψf∗ | V | ψi >|2 ρ(Ef )
h̄
h̄

(2.20)

where, ψf∗ and ψi are the wave functions for the final and initial states, V is the perturbation
potential and ρ(Ef ) is the density of final states available for the transitions. In β-decay,
the wave function for the initial state is related to the parent nucleus in the ground state
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and can be represented as φgs (AZ ), while the final state is related to the wave function of a
state in the daughter nucleus. So, they can be written as
ψ = φgs (AZ )
ψ ∗ = φ∗j (AZ )φ∗ (e)φ∗ (ν)
where, φ∗ (e) and φ∗ (ν) correspond to the electron and neutrino wave functions which are
coupled with the wave function of daughter nucleus in some excited state φ∗ (AZ ).
With some simplification, the transition rate is expressed in terms of the Fermi integral
f (ZD , Q), the strength parameter g, and the nuclear matrix element Mif as [5],
λβ =

g 2 | Mif |2 m5e c4
f (ZD , Q)
2π 3 h̄7

(2.21)

Since the half life (t1/2 ) of the decay is given by
t1/2 =

ln(2)
λβ

(2.22)

Eq. 2.21 can be rewritten as
f (ZD , Q)t1/2

2π 3 h̄7
K
= ln(2) 2
= 2
2
5
4
g | Mif | me c
g | Mif |2

(2.23)

where
K = ln(2)

2π 3 h̄7
,
m5e c4

a constant.

Ignoring the constant, we see that
ft ∝

g2

1
| Mif |2

which is simply referred to as the f t value.
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(2.24)

The f t-value, also called the comparative half- life, is a measure of the transition probability. Smaller f t values imply a greater transition probability. The f t values are generally
taken on a logarithmic scale and presented as log(f t) values.
The matrix element | Mif |2 contains all the information about the structure of the
nucleus, and as can be seen from Equation 2.23 on the preceding page, is related to the
comparative half-life of the transition. In fact, | Mif |2 has two components, namely; the
Fermi component B(F ) and the Gamow-Teller component B(GT ), where [1]

and,

B(F ) =|< ψ ∗ | τ | ψ >|2

(2.25)

B(GT ) =|< ψ ∗ | στ | ψ >|2

(2.26)

where σ is the Pauli spin matrices and τ is the isospin transition matrix. The Pauli matrices
are 2×2 matrices which are associated with the spin quantum number of the electrons.
With these contributions, f t can also be written as [1]
ft ∝

gV2 B(F )

1
+ gA2 B(GT )

(2.27)

where gV and gA are the weak interaction vector and axial-vector coupling constants which
measure the interaction between the particles. The range of log(f t) values corresponding
to each decay type along with the selection rules related to parity and angular momentum
changes for the β transitions are tabulated in Table 2.1.
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Table 2.1: Type of β decay transitions and their corresponding selection rules. The log(f t)
values indicate that the smaller its value, the higher the transition probability and thus the
more allowed the decay is. Table adopted from Ref. [5]
Lβ

Decay Type

∆π

∆I (GT)

log(f t)values

No

∆I
(Fermi)
0

0

Superallowed

0

2.9 - 3.7

0

Allowed

No

0

0, 1

4.4 - 6.0

1

First forbidden

Yes

0, 1

0, 1, 2

6 - 10

2

Second forbidden

No

1, 2

1, 2, 3

10 - 13

3

Third forbidden

Yes

2, 3

2, 3, 4

>15
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CHAPTER III
MOTIVATIONS FOR THE STUDY

The things that motivated us to carryout this research work have various facets. This
chapter goes through some of the important aspects. In the first section, motivation on the
theoretical aspect is explained with regard to physics far from the valley of stability and the
underlying decay heat problem. The second section elaborates more on the experimental
motivations compared to previous studies and also sheds light on the discrepancies in the
National Nuclear Data Center (NNDC) database giving emphasis on the need to update it
with current results.

3.1

Theoretical Motivations
The study of nuclear structure far from the valley of stability is the key for acquiring

the empirical information on the nucleon-nucleon interactions, single particle energies, and
the evolution of nuclear shell structure. The nuclei near the drip lines do not necessarily
follow the general trends which are observed close to the valley of stability and not enough
studies have been carried out in these exotic regions due to experimental and theoretical
complexities. In some cases, theoretical predictions are present but not verified experimentally due to the unavailability of enough nuclear data. Thus, there is a need for a thorough
understanding of nuclear structure far from the valley of stability to better predict the nu31

clear properties, especially in the context of the availability of new tools and techniques in
experimental methods. This study concentrates specifically on a small set of neutron-rich
nuclei which are in the vicinity of the so called doubly-magic nuclide, 78 Ni [24, 25], which
has a shell closure at Z = 28 and N = 50. Much important information is either missing or
unavailable for Copper, Zinc and Gallium isotopes in this region and some of the available
information is also contradictory. For example, the presence of an isomeric state in 76 Cu
was proposed by Winger et al. [15] but contradicted by Roosbroeck et al. [16] in their
respective studies. Also, this is the region where there is a significant effect in the size
of the Z = 28 gap by a shift in the proton single-particle energies (SPE) as the ν1g9/2
shell is filled by neutrons going from N = 40 towards N = 50 [17]. When increasing
neutron numbers above the N = 40 subshell gap, there is a sudden decrease in the energy
of the π1f5/2 excited state relative to the π2p3/2 ground state in 71,73,75 Cu observed in βdecay studies indicating inversion of theses orbitals [18]. Such an inversion was predicted
at N = 48 [17] for the proton effective single particle energies (ESPE) in the Ni isotopic
chain shown in Figure 3.1.
As another example, the zinc isotopes, which are the primary interest of this study, also
follow a similar trend. The evolution of the 1/2− state relative to the 9/2+ and 7/2+ states
is shown in Figure 3.2 [19]. From the figure, a decreasing trend in the energy of the 9/2+
state relative to the 1/2− ground state with progressive increase in the number of neutrons
can be seen up N = 43. This eventually leads to

75

Zn as a transitional structure in the

region where ground state is a three quasi-particle configuration in the ν1g7/2 orbital with
the single-particle ν2p1/2 and ν1g9/2 states lying at higher energies. The β-decay study of
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Figure 3.1: Proton ESPEs for the Ni isotopes chain. The inversion of 2p3/2 and 1f5/2 can
be seen at N = 48 [17].

Figure 3.2: Low level systematics of odd Zn isotopes and evolution of 1/2− state in 77 Zn
[19].
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the isotopes in this region is thus very important and it can provide a more complete picture
of the nuclear structure of the 78 Ni neighborhood as a whole.
The region of nuclei under this study is also important to the field of nuclear astrophysics since β-decay competes with neutron capture in this region. Phenomena such as
nucleosynthesis have a significant interest among the scientific community trying to understand the stellar environments in which heavy nuclei are produced. For nuclei up to
A ≈ 60, the majority of the synthesis process is dominated by an equilibrium proton or
neutron capture process where production of nuclei is directly related to their nuclear stability [5]. The more stable the nuclei, the higher is its yields. But for nuclei with A > 60,
rapid neutron or proton capture is the leading nucleosynthesis process. Of particular interest are two nucleosynthesis processes: r-process and rp-process. The former is the
rapid-neutron capture process which occurs on the neutron-rich side of the valley of stability (Figure 1.2), while the latter is the rapid-proton capture process which proceeds on
the proton-rich side of the valley of stability. In both cases, the capture process occurs
on a time scale much shorter than β-decay allowing them to move away from the valley
of stability. For example, because of the low neutron binding energy, the process is fast
and successive neutron capture by seed nuclei takes place until there is neutron emission
from photo-disintegration (γ, n) of the nucleus before another neutron can be captured.
The β − decay process is then followed to move the process back toward stability until the
capturing process can resume. The predicted path for the r-process starts close to the line
of stability and runs across the region extending up the neutron drip line. Understanding
this path requires more experimental data, and studying the decay properties of related
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neutron-rich nuclei close to the path is a way moving forward if more refinement in our
present knowledge is desired about the creation of heavier elements in stellar processes.
Another motivation for the study of the group of isotopes presented in this dissertation
is to unravel more on the reactor decay heat problem and to better understand the pandemonium effect. The pandemonium effect arises when transitions and thus level feedings,
to high-lying states of a daughter isotopes with large Qβ value are missing or misplaced
due to measurement from high resolution (but, less efficient) Germanium detectors. This
causes a discrepancy between the summation calculations and actual experimental results
because of the underestimation of γ-ray energies over the β-particle energies [8]. After a
nuclear reactor is shutdown, the energy released in the form of radioactive decay is called
the decay heat. It is approximated that the decay heat is about 8% of the total energy
produced during the fission process [21, 23]. This decay heat is associated with the γ-ray
and β-decay energies produced by the fission fragments during the process. In designing
a new reactor, decay heat is calculated computationally based on known nuclear data and
existing decay properties of the fission products to be produced. It has been observed from
current nuclear reactor design that there is a discrepancy between the amount of decay heat
observed experimentally versus the decay heat predicted based on known nuclear properties, especially for short time scales (less than 3000 seconds) [21, 26]. This discrepancy
is known as the decay heat problem. Hence, it is apparent that reliable and extensive data
on the decay properties of fission fragments which contribute to the decay heat must be
known well for efficient operation of the nuclear reactor, proper handling of the nuclear
wastes, fuel storage and also for nuclear safety when designing new nuclear reactor sys35

tems. However, the data used in such computations may be erroneous and/or incomplete.
In many cases, the experimental data suffers from so called ‘Pandemonium’ effect [22]. In
most cases, the issue is that a large number of weak γ rays are emitted from the higherlying states with these γ rays being below the detection limit of the experimental system.
So, the calculation underestimates the total γ-ray energy released during the β decay of the
fission fragments resulting in a wrong calculation of the decay heat. Therefore, updating
the nuclear data library with the most recent experimental results is another driving force
behind this work.

3.2

Experimental Motivations
Most of the experiments carried out in the early years studying the β-decay of exotic

nuclei were engrossed with two fundamental limitations. The first one is having to do with
the efficiency of the detector used. Failure to increase the detector efficiency while maintaining the same resolution has been a serious challenge. The consequence of this is that
low-intensity γ rays could not be observed and/or assigned very well in the decay scheme
leaving us with incomplete information. The second striking limitation was the ability to
produce a pure beam of the source which was free from unwanted contaminants. When
the first studies were made using reactions on stable nuclei followed by chemical separation, the nuclei of interest were not separated 100% because other isotopes with similar
chemical properties could be produced as well in the reaction. Low resolution magnetic
separators developed afterwards improved the situation a bit by separating a single isobaric
chain; but the members of the chain close to the stability were so strongly produced in the
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fission or spallation process that their dominance in the spectrum still continued to exist.
The tape transport systems were developed which allowed fast removal of the source thus
enhancing the γ rays from a short-lived decay relative to the longer-lived isobaric daughters; but, the isobaric contaminants would still dominate and often obscured the γ rays that
were being observed. The consequence of not obtaining a single source was that there
was a major issue in determining any absolute level feedings in the study which requires
a absolute normalization constant. Hence, the development of a high-resolution magnetic
separator along with a charge exchange cell used to remove the zinc ions at ORNL provided us a great opportunity to produce a pure copper beam in contrast to all previous
experiments. The experiments performed at the Holifield Radioactive Ion Beam Facility (HRIBF), ORNL utilized the Low energy Radioactive Ion Beam Spectroscopy Station
(LeRIBSS) setup (more details in Chapter 4) and a more efficient detector systems as well
as a beam with enhanced purity compared to previous studies. So, with the LeRIBSS set
up in mind and hoping to get good coincidence data, we were encouraged to move forward
with this study.
Another motivation for the study comes from discrepancies present in the nuclear
database found at the National Nuclear Data Center (NNDC). One specific example is
presented in Figure 3.31 . The figure shows all the information obtained from the β-decay
measurement of 74 Ga from two different studies conducted by Camp et al. [28] and Taylor
et al. [29]. Of the 113 γ rays identified in the decay scheme of 74 Ga, there are only 59 that
are in agreement between both experiment, which is just about 52%. Further, there are 10
1

Figure Courtesy: J.A. Winger.
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γ rays which are doubly placed in the decay scheme, but without being firmly supported
by either researcher. It is very likely that similar issues occur with zinc isotope decays in
this region as well. Such a possibility is supported in part by the fact that there are very few
studies of zinc isotopes that have been carried so far, and even those, which are studied,
suffer from poor beam purity and limited detector systems. So, we took this work as an
opportunity to clean up the NNDC database a bit and update it with new information based
on new experimental data.
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Figure 3.3: Discrepancy in β-decay measurement of 74 Ga found in NNDC database
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CHAPTER IV
EXPERIMENTAL TECHNIQUE

The experimental work for this research was carried out at the Holifield Radioactive
Ion Beam Facility (HRIBF) of Oak Ridge National Laboratory (ORNL) using the Isotope
Separator On-Line (ISOL) technique to produce neutron-rich unstable nuclei. One advantage of the ISOL technique is that if a suitably high resolution mass separator is provided,
the technique can produce a high purity single species source with an excellent intensity
[27, 1]. The downside to the ISOL technique is the introduction of lag time for studying
short-lived isotopes because of the requirement of an ion source. For extremely short lived
nuclei, or those which do not readily come out of an ion source, the projectile fragmentation technique is more applicable. Additional information on the ISOL technique can be
found in Reference [32], for example. This chapter provides details on the experimental
tools and techniques used for this β-decay study.

4.1

Experimental Setup using ISOL at HRIBF
The schematic diagram for the ISOL setup at HRIBF is given in Figure 4.1.1 The

fission fragments were produced by bombarding the ORIC (Oak Ridge Isochronous Cyclotron) accelerated 54-MeV protons onto a uranium carbide (UCx) target thus inducing
1

Figure courtesy: J.A. Winger.
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Figure 4.1: HRIBF at ORNL. For description, see the text

fission of

235

U. The ORIC provides proton beam of 54-MeV with beam-on-target inten-

sities of up to 20 µA and the target is a low-density, high-porosity carbon matrix coated
with a thin layer (∼ 10 µm) of uranium carbide [34]. The fission fragments were then
thermalized and ionized to form a singly charged positive ions before being accelerated to
an energy of 40-keV. Since fission products are of a wide range in mass, they were directed
into a low-resolution mass separator (M/∆M ∼ 600) where only a desired single isobar
was selected leaving out the other masses. The simple principle here is that for a single
isobar chain, the path radius (r) inside the magnetic field (B) only depends on its mass (m)
given the same energy (E) for similar ions (q), as suggested by Lorentz force equation:
2E √
m.
qB

√

r=

Here, removed from the beam are those masses or ions which have a differ-
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ent radius r due to a different mass (m). In some experiments, the beam was then passed
through a charge exchange cell containing Cesium vapor with a density 1015 atoms/cm3 ,
in which the positive ions either become neutral or negatively-charged by collecting electrons. This process was primarily required for those ions which were to be injected into the
tandem accelerator for post-acceleration. However, there was another advantage. Those
elements in the beam which could not be negatively charged due to their negative electron
affinities could be removed completely from the beam. Removal of Zn from a Cu beam
is one of such instances utilized in this experiment. This was a great achievement considering previous experiments [30, 16] where Zn dominance was a serious concern. The
beam, whether or not it passed through the charge exchange cell, was accelerated again
to ∼ 160 keV and sent to a high-resolution isobar separator with M/∆M ∼ 10000 which
was sufficient to remove almost all Ga components, providing essentially a pure beam of
Cu. The beam was then transported either directly to LeRIBSS [33] or by way of the
ORNL Tandem accelerator to the Ranging Out (RO) station [36] depending upon the type
of experiment being done, which will be described in forthcoming sections.

4.2

LeRIBSS vs. RO Setup
The LeRIBSS was used exclusively in the study of 74 Zn and 75 Zn, while for 76 Zn and

77

Zn both LeRIBSS and the RO mode were used. One advantage of LeRIBSS over the RO

setup was that post-acceleration of the beam was not necessary in this case since it was
located just past the high-resolution isobar separator. This prevented any loss in the beam
intensity due to post-acceleration, which was the case in the first experiments at HRIBF
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[30, 31]. Further, the LeRIBSS experimental station works for both positive and negative
ions since Tandem acceleration that requires negative ions is bypassed. For using the RO
setup, on the other hand, the beam of negative ions was passed to the Tandem accelerator and accelerated to 2-3 MeV/A before sending them to the RO setup. The Tandem is
an electrostatic high voltage accelerator operating between 1 to 25 MV. It is positioned
inside a 100-ft tall and 33-ft diameter pressure vessel filled with insulating SF6 gas at 7
atmospheres. The direction of negative ions sent into the Tandem from the bottom were
reversed by a 180o magnet and the reversal in charge was made possible by using strips of
ultra-thin carbon foil. For both experimental setups, the same basic detector system was
used for the decay measurement.

Figure 4.2: Schematic diagram for Ranging-Out mode. Picture adopted from reference
[36]
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The RO setup and its different components are shown in Figure 4.2 and Figure 4.3.
This technique was able to remove isobaric contaminants of higher Z as well as measuring
absolute branching ratios, i.e. absolute normalization constant, directly from the information in the γ-ray singles spectra [30]. In this setup, the negative beam ions were first of
all passed through the HRIBF Tandem and accelerated to 2 to 3 MeV/A before passing
through the micro-channel plate detector (MCP) for time-tagging. Then the tagged ions
were passed through a six segmented multi-sampling ionization chamber (IC) filled with
CF4 gas and chamber length of ∼ 7 cm for identifying various isobars. As soon as the
ions enter into the IC, they loose energy in the six segments and such energy loss allowed
for the identification of the atomic number Z of the various isobars. Since energy loss by
an individual ion is proportional to Z 2 , energy loss is greater for the higher-Z components
of the beam could be removed by increasing the pressure until only the Cu ions made it
through. The zinc ions were already removed from the beam by the charge exchange cell
as explained earlier. Therefore, the beam only contained copper, gallium and germinium
etc. and during its passage through IC, only copper ions were well separated in the energy
loss process from the higher-Z componets. There were two modes of operation in the RO
setup depending upon the half-life of interest: 1) Ranging Out (RO) mode and 2) Pass
Through (PT) mode.
The RO mode was operated by placing the MTC implantation point just past the exit
window of the IC (position 1 in Figure 4.2). The decays were measured after the ions were
collected by the MTC and then taken away from the implantation point into the center of
the detector array. This mode was run when the pressure inside the IC was high and was
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Figure 4.3: Picture of the the ranging out (RO) setup showing CARDS and MTC (taken
from Ref. [27])

more appropriate for styding those species whose half-lives were relatively longer than the
MTC transport time. The PT mode was operated by directly placing the MTC implantation
point at the center the detector array (position 2 in Figure 4.2). This mode was run under
the low IC pressure and, since the detector array was immediately located at the point of
deposit, a high percentage (∼ 99%) of exact Cu ions implanted could be directly measured
which allowed for the direct determination of the branching ratios.
Although the RO setup was good for particle identification, counting, and tagging before sending into the detector array, the major drawback was that beam intensity was compromised significantly due to post-acceleration through the Tandem which was not neces-
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sary in the case for LeRIBSS. The efficiency of the RO setup was 22% at about 100 keV
and 5% at 1.33 MeV. More information on the RO setup can be found in Ref. [36].

4.2.1

Moving Tape Collector (MTC)

The incoming ions from the high-resolution mass separator were implanted onto the
MTC where the implantation point was located either at the center of the detector array or
at a point upstream from the detector-array. The two position allow the MTC to operate in
two different modes: move-in mode and take-away mode. The LeRIBSS utilized only the
take-away mode where MTC behaved as a source carrier transporting the radioactive ions
from the point of implantation in the detector system to a shielded location as needed to
remove long-lived components in the source. However, Ranging Out (RO) setup utilized
both of the mentioned modes. For the RO mode measurements (high pressure) the MTC
was operated in the move-in mode, while in the Pass Through (PT) mode measurements
the MTC was operated in the take-way mode at low pressure. The MTC uses a 35 mm
aluminized photographic film stored in a cartridge similar to a printer ribbon. The MTC
has a range of transport times between 200 to 300 ms (depending on the type of seup used)
which further makes it a good choice for studying short-lived nuclei. The function of the
MTC was governed by a standard MTC cycle. A normal MTC cycle involved a growth
period with beam deposition, decay period with beam deflection, and then the movement
of the tape. Timing signals were produced by the MTC controller indicating the start of an
MTC cycle (beam on), end of the beam on period (beam off ), start of the tape move, and
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end of the tape move. Data were obtained during both beam on (growth cycle) and beam
off (decay cycle) periods.

Figure 4.4: Detectors used in the LeRIBSS setup.

4.2.2

CARDS

The Clover Array for Recoil Decay Spectroscopy (CARDS) is a system which utilizes
four clover γ-ray detector arrays along with β scillintillators for β detection.

4.2.2.1

γ-ray Detectors and Efficiency Calibration

The γ detector array consisting of four high-purity Germanium (HPGe) clover detectors, each of which was composed of four crystals, making the total crystals count to be
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16. Such a multi-crystal structure benefits from a sharp signal rise time and better energy
resolution, although it lacks efficiency in comparison to a single crystal of the same volume
in which case, however, the coincidence summing effects (to be discussed later) would be
much larger. The architecture also benefits from the fact that not only γ-ray singles information but also γγ coincidence information can be measured easily. In all but the

74

Zn

decay experiment, this study utilized 16 crystals for γ-ray spectroscopy including γ-ray
singles and γγ coincidence measurements. In the

74

Zn decay study, only 3 clover detec-

tors totaling 12 crystals were used due to radiation damage for one of the clover detectors
from previous experiments. In each clover detector, four of these high resolution HPGe
crystals were packed together in a close geometry. To increase the solid angle for better
efficiency, two of the four clovers were placed as close as possible to the β detectors as
shown in Figure 4.4. The CARDS was positioned to surround the MTC implantation site
circumscribing the beam pipe. The measured absolute photopeak efficiency of CARDS for
the

75

Cu decay experiment in the LeRIBSS setup was 29% at about 100 keV and 5% at

1.33 MeV [19].
The data obtained in the experimental work was first of all stored as a channel number.
Then, initial calibration of ADCs was done for gain matching. Since four clover array of
detectors were used with a total of 16 crystals in most of the experiments and these HPGe
crystals might respond differently due to their state of purity or radiation damage during
the experiments, and the amplifier gains could vary, the raw data will be different for each
crystals. Thus, each of the crystals was calibrated for photopeak energy using standard
γ-ray sources having well defined γ-ray energies.
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The efficiency calibration brought the uniformity in the measurement of the data regardless of their physical state at the time of experiment. The absolute photopeak efficiency curve for both LeRIBSS and RO setup is shown in Figure 4.5. The efficiency was
determined for the array as a whole . Following paragraphs provide more details on how
the curve is generated and various standard reference sources used.
For the LeRIBSS setup, two separate efficiency calibrations were generated, one for
the four-detector setup, and one for the three-detector setup. In both cases both an absolute photopeak (or, full-energy peak) and a total efficiency curve were produced. The
absolute photopeak efficiency is a measure of the probability that all γ rays of a particular energy emitted by a radioactive source will appear in the full energy peak, while the
absolute total efficiency is defined as the probability that an emitted γ-ray will produce
any detected signals. The latter can also be defined as the ratio of the number of events
detected by a detector to the total number of events emitted by the radioactive source. For
the four detector γ-ray efficiency curve, which was used with the 75,76,77 Cu LeRIBSS data
sets, the calibration sources were

133

Ba,

137

Cs,

60

Co,

226

Ra, and

152,154,155

Eu covering an

energy range from 53-keV to 2204-keV. For the three-detector efficiency curves, used for
74

Cu LeRIBSS data set only, a subset of the four-detector calibration source data from

the three functioning detectors was combined with new data from calibration sources of
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Co, 109 Cd, 137 Cs (including the X-rays), 210 Pb, 241 Am, 139 Ce, 113 Sn, 88 Y, and 60 Co which

cover an energy range from 32-keV to 1836-keV. The additional sources in the later data
set allowed for a better mapping of the efficiency in the energy range below 400 keV. A
log-log plot of absolute photopeak efficiency as a function of energy was initially plotted
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over the energy range from 300- to 3-MeV, which shows a linear behavior (see Figure 4.5)
. Since we were dealing with γ-ray energies higher than 3 MeV, the extension of the curve
to deal with those higher energies was needed. This was done by comparing the behavior
of other similar detector systems available, such as GRIFFIN (Gamma-Ray Infrastructure
For Fundamental Investigations of Nuclei) [40] and TIGRESS (TRIUMF-ISAC GammaRay Escape Suppressed Spectrometer) [39] HPGe clover detectors, and Ge clover detectors
[38]. The respective comparison indicated that although the overall behavior was significantly different below 300-keV, they all show a similar downward bend in the absolute
photopeak efficiency whenever the energy was more than ∼ 3.5 MeV. By adjusting the
overall normalization and slope in the region from 300- to 2200-keV, consistent values for
the absolute photopeak efficiencey were obtained in the 3- to 9-MeV range, which provided
the basis for extrapolation of the efficiency curve up to the 5 MeV range of our observed γ
rays.
The efficiency for the RO setup, used with 76,77 Cu RO data sets, was determined using
calibration sources of

133

Ba,

152

Eu,

60

Co,

88

228

Y, and

Th covering an energy range from

53- to 2614-keV. We did not worry about extending this efficiency curve since all we really
needed was the efficiency of a few γ rays around 200-keV.
To obtain the efficiency curve, the data points were fit to a six-term polynomial with
some terms fixed to zero and plotted as log(γ ) vs log(Eγ ) as shown in Figure 4.5. The
six-term polynomial is of the from
2 +Dx3 +F x4 +Gx5 )

Efficiency() = 10(A+Bx+Cx
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(4.1)

Figure 4.5: The absolute photopeak efficiency curves for LeRIBSS and RO setups. Two
separate curves for LeRIBSS setup: one for all 4 clover detectors used with the 75,76,77 Cu
data sets and another for 3 clover detectors used with 74 Cu data set only are generated
separately. See text for details.
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where, x = log10 (Eγ /1000) and Eγ is the energy of the γ-ray in keV for which efficiency
is being determined.
The relative photopeak efficiencies were needed for determining the relative intensities,
while the absolute photopeak and total γ-ray efficiencies were used for summing corrections. It was noted that the latter efficiencies (both photopeak and total) have higher uncertainties compared to the former, although that did not have a huge effect on the uncertainty
values calculated in the correction factor. The uncertainty in the efficiency included both
variance and covariance terms from the error matrix along with χ2ν . For our calculations
throughout the analysis process, the data points for the efficiency were directly fit within
the MASTER program, and hence no separate input was required to provide the efficiency
for each γ ray during the calculation.

4.2.2.2

β Scintillators

Two plastic scintillators, each 3 mm thick, 20 cm long and bent into a semicircular
shape placed centrally around a 0.5 mm thin aluminum beam pipe were used as β particle
detectors (Figure 4.4) thus allowing for βγ coincidence measurements. The use of an organic scintillator, such as plastic, has the added advantage that back-scattering of electron
can be minimized. The back-scattering in this case is the 1800 scattering of the electrons
when hit on the scintillator surface and increases with atomic number, Z. Since organic
scintillators have lower Z, they are best suited for detecting β-decay electrons. The detectors used in our study completely surrounded the implantation site covering almost a 4π
solid angle. One end of each scintillator was connected to a Photo-Multiplier Tube (PMT)
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which converted the scintillated photos into an electric pulse. The βγ coincidence measurement greatly helped removing not only the background γ rays, but also unwanted γ
rays from the long-lived components from the beam. High-energy β particles which have
energies more than 1 MeV are easily detected by the β scintillators since they can penetrate through the 0.5 mm aluminum beam pipe with ease. However, β particles with either
small energies or entering the beam pipe at smaller angles, do not penetrate enough to be
precisely detected. So, efficiency of a β detector is energy dependent. Since the value of
Qβ determines the maximum possible β particle energy to an excited state of a decay and
is different for different parent nuclei, the detection efficiency is dependent on a particular decay and hence on a particular parent nucleus. This information was very helpful in
assigning γ rays to a particular decay. The β detection efficiency for 74 Cu with Qβ value
equal to 9.75 MeV was close to 50%, while for 74 Zn with Qβ = 2.29 MeV, the efficiency
was much lower at around 10%.

4.3

Data Acquisition (DAQ)
Data was collected using a trigger-less digital data acquisition system which prevented

loss of any valid data. The acquisition system utilized a digital spectroscopy measurement
frame work called DGF (Digital Gamma Finder) manufactured by X-ray Instrumentation
Associates (XIA), LLC [41, 42, 43] in both experimental setups explained above. In the
RO setup, the first generation DGF-4C models were used which had a sampling frequency
of 40 MHz with 25 ns as the corresponding sampling time (or, so called time stamp),
while the LeRIBSS setup utilized the next generation DGF Pixie-16 modules. The Pixie53

16 module is a sixteen-channel digitizer (digitizing analog-to-digital converter or ADCs)
with a sampling signal frequency of 100 MHz providing 10 ns time stamp.
A high voltage provided to each Ge crystals caused each to act as a reverse-biased pnjunction diode where energy deposited by interaction of a γ-ray with the crystal resulted in
a small current across the band gap of the diode. This signal was picked up and converted
into a voltage signal by a pre-amplifier placed near to the HPGe detectors. The voltage
signals were then sent to Pixie-16 modules (or, DGF-4C in case of RO setup) along with
the timing signals produced by the MTC controller. Thus, every event from the HPGe
detectors, plastic scintillators and MTC were collected and time-stamped using the Pixie16 (or, DGF-4C) digital data acquisition system. The raw data were filtered and digitized
by code packages reading the Pixie-16 so that the data could be analyzed offline. The data
were stored as events in LDF files in which energy (as a channel number) and absolute
time of each detected event was recorded. The LDF files carry logging information for all
the decay events completed by the server during the experiment along with time stamp for
those events for easy recovery. The data was then scanned offline with the program called
SCANOR which contains the source code which when compiled with the HRIBF DAQ
libraries is used to generate a combined histogram files. The histograms are generated
based on definitions provided within the program using energy calibration information
supplied for each detector. Hence, SCANOR code is specific to each experiment.
In order for the SCANOR to take the raw data and convert it into useful spectra in
the form of histograms, either 1D or 2D, the raw spectra from each HPGe crystal needed
to be gain matched. The gain matching was done using some selected peaks from the
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decay chain or room background which were previously known to be distinct and pure.
There are two aspects of this statement. First, the peaks had to be previously known so
that an energy was available. Second, the peaks needed to be distinct (large) and pure (no
doublets) so that we had confidence that the fitted centroids corresponded to the desired
energy. This allowed gain matching to a specific energy per channel with the resulting
spectrum essentially linear in energy. We could not know this for certain, so a separate
energy calibration was also used involving a large number of peaks.
In case of 74 Cu decay, for example, the gain matching and energy calibration was done
using the peaks shown in Table 4.1 which are known γ rays from 74 Ga, 74 Zn and also from
low to some higher energy region of

74

Cu [20, 35]. The reduced chi-square method was

used for the energy calibration of all the crystals used in the array. The channel numbers
were also re-adjusted as necessary to avoid overlapping of the peaks and thus to get more
confidence in their Gaussian fitting at the time of their analysis. Such adjustment to the
gain (for example, 0.4-kev/Channel in 74 Cu decay chain) relating to specific decays will be
explained later in their respective studies.The final histograms were obtained by summing
each of the histograms from the 16 HPGe detector crystals (total 12 in the case of
decay) into complete γ-ray singles spectra.
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74

Cu

Table 4.1: Peaks used for gain matching and energy calibration of the HPGe crystals. See
text for more discussion.
Peak Energy (keV)

Isotope

gf3 Channel (0.4 kev/Ch.)

56.559(10)
143.137(24)
192.212(19)
346.46(5)
452.55(9)
492.936(6)
595.847(6)
867.898(6)
961.055(10)
993.67(6)
1101.27(12)
1204.208(12)
1443.38(7)
1489.43(6)
1745.17(17)
1829.82(6)
1940.461(14)
1946.1(5)
2014.59(5)
2257(1)
2298.85(19)
2353.62(7)
2579.66(13)
2785.86(4)
2970.91(6)
3210.923(23)
3353.98(8)
3957.6(7)
4255.4(6)
4288.96(10)
4574.9(4)
4832.4(6)
4965.7(8)
5488.7(9)

Zn
Zn
Zn
Zn
Cu
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Cu
Ga
Ga
Cu
Ga
Ga
Ga
Ga
Ga
Ga
Cu
Cu
Cu
Cu
Cu
Cu
Cu

141.601(10)
358.234(7)
480.951(5)
866.777(17)
1131.695(24)
1232.599(18)
1489.941(3)
2169.907(17)
2402.95(7)
2484.89(13)
2753.6(3)
3010.85(3)
3608.59(6)
3723.77(8)
4363.02(12)
4574.63(11)
4851.98(5)
4864.8(4)
5036.56(17)
5642.79(12)
5746.77(4)
5883.851(13)
6448.8(3)
6964.0(3)
7425.76(17)
8026.9(3)
8383.97(28)
9893.1(3)
10637.52(21)
10720.77(20)
11434.91(20)
12077.1(6)
12411.9(6)
13715.4(13)
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CHAPTER V
METHOD OF ANALYSIS

This chapter outlines the methods and techniques applied for studying the decay mechanism of Zn isotopes presented in this dissertation. Although methods specific to the
certain isotope being studied will be discussed in their respective chapter, the common
approach used for all of them is presented in this Chapters.

5.1

Histogram Generation
As mentioned earlier, all the β particles were detected by the plastic scintillators whereas

the γ rays were measured by the HPGe detectors. All detected events were time stamped
by the DAQ system allowing for off-line generation of γ-ray singles spectra, and also γγ
coincidence matrices, both of which may or may not be β gated. A ‘gated spectrum’ means
that more than one detected event is being recorded within some specified event-time window referred to as the coincidence time. Because of the multi-crystal structure of the HPGe
detector system, a γ-ray may have a Compton scattering event with only a portion of its
energy being detected in one crystal while the scattered γ-ray may be detected in another
crystal, resulting in a double counting of the γ-ray and a false coincidence. These scattered
γ-ray events downgrade the efficiency of the detector system. To address this issue, addback spectra were also created for each HPGe clover detector. This was done by adding
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all the γ-ray energies deposited in a single clover detector within the specified event-time
interval. The addback feature helps rebuild the γ-ray energy profile minimizing the Compton scattered background in the spectra. In all RO experimental data sets, the addback
feature was utilized. However, issues were found with the energy sums using the addback
feature which resulted in significant worsening of the peak shapes and therefore the detector resolution. Consequently, the addback spectra were only used with the γγ coincidence
matrices where it would remove or lessen backscatter peaks. In addition, the energy dependence of the β detection efficiency, as discussed earlier (Ch. 4, Section 4.2.2.1), would
add an additional level of complexity to the determination of the overall efficiency for the
detection of a particular γ ray. Therefore, the ungated γ-ray singles spectra without addback were used to determine energies and relative intensities of all the observed γ rays in
the decay in case of the LeRIBSS setup. The γγ coincidence matrices, with and without
addback, were used to develop the decay scheme of the given isotopes into its respective
daughter nuclei. A typical coincidence matrix from the 75 Cu decay experiment is shown in
the Figure 5.1.
The coincidence matrix, also called the γγ matrix, is a two dimensional plot of different
γ ray emissions happening in a cascade. In other words, the plot shows the γ-ray energy
observed in one detector versus the γ-ray energy observed in any other detector within
some defined coincidence time (or event window). Thus, a certain γ-ray detected within the
same event window as another constitutes a count in the coincidence spectrum. Each event
is placed in both possible array points. By setting a ‘gate’ on channels along the horizontal
axis, a projection of the coincidence γ rays on the vertical axis is obtained. The prevalence
58

Figure 5.1: γγ coincidence spectrum for the A = 75 data set

of of the 229- and 421-keV lines in Figure 5.1 at all energies in the coincidence spectrum
is due to the fact that most of the γ rays in the decays of 75 Zn and 75 Cu, respectively, are in
coincidence with these transitions resulting in a strong Compton background over a long
energy range.
The following sections are devoted for more detailed methodological approach used
in building the decay scheme of the Zn isotopes studied in this work along with more
descriptions on the techniques used for solving the cases of actual doublets found in their
structure.

5.2

Peak Fitting
A base Gaussian peak of the form
(x0 −x)2
(x0 −x)2
1
G(x) = √ e− 2σ2 = h · e− 2σ2
σ 2π
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(5.1)

is used to fit to each peak to determine the peak height, its characteristics width (σ) and the
centroid (x0 ). The centroid of the Gaussian fit provided the energy of the peak while the
heights and width are combined to determine the area which is utilized to determine the
intensity of the peak as will be described in more detail in following sections.
However, the pure Gaussian peak shape described by Eq. 5.1, that would be used to fit
each γ-ray in the spectrum, is not correct due to the influence of different factors during
the measurement such as physical or radiation damage to the detectors, the presence of
impurities in the crystal, incomplete charge collection in the pre-amplifier etc. Thus the
actual peaks are skewed with a tail on the lower energy side of the peak. Therefore, a
skewed Gaussian of the form [13]
Gskew (x) = R · e

−

(x0 −x)2
2σ 2

·

σ

r

βskew

1 x0 − x
σ 
π
· erf c √
+
= G(x) · E(x)
2
σ
βs kew
2
(5.2)

is a better choice for the fitting the peak. Here, G(x) is the original Gaussian as specified
above and E(x) is the skewed part of the original Gaussian given as
σ
βskew

r

1 x0 − x
σ 
π
· erf c √
+
2
σ
βs kew
2

where βskew provides the measure of ‘skewedness’ and R provides the height of the skewed
0

Gaussian peak (h ) as
0

h = h · (1 −

R
)
100

(5.3)

with h being the height of the original Gaussian function G(x).
Furthermore, there is also a high possibility of some of the scattered γ rays during the
decay process to have a secondary interaction with the detector before coming out of it
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leading to production of secondary γ rays. Such process has an effect of generating extra
background to the peaks lying at lower energies. To minimize the effect during the peak
fitting, a “step function” of the form,
 x − x0 
step(x) = S × erf c √
2σx

(5.4)

is used, where S is the parameter determined through the iterative fitting process.
A non-linear least-square peak fitting program called gf3, which is found in the RadWare software package was used for fitting the γ-ray spectra. This software was developed
by David Radford and is used predominantly in analyzing γ-ray spectra from Ge detectors.
The gf3 program can perform 50 iterations per run to find the best reduced χ2 values for fit
parameters and can simultaneously fit up to fifteen peaks from a portion of the spectrum.
The results from the fitting of γ rays were stored in an output file called gf3.sto as centroids
and areas.

5.3

Decay Scheme Development
The γγ coincidence information was used for placement of γ rays in the decay scheme

for this study. If there were any γ rays which were identified to belong to a certain decay
but could not be placed due to limited or inconsistent coincidence information, then they
are discussed and tabulated for completing the information. When two or more γ rays are
emitted in coincidence with each other in a decay, their transitions must follow a cascade
in the decay scheme. By gating on a γ-ray, we project a γγ coincidence spectrum for that
γ-ray, which allows us to isolate the decay path. A normal procedure then has been to use
the coincidence information along with energy sums and differences with consideration
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of γ-ray intensities to place each of the γ rays into the decay scheme which populate the
structure of the daughter nucleus. In this procedure, a peak gate which accepts most of the
events associated with a specific γ-ray is constructed along with its associated background
gate. The background gate is then subtracted from the peak-plus-background gate to obtain
the resultant background-subtracted coincidence spectrum. The procedure works fine for
strong peaks in the coincidence spectrum which have higher counts; but for weak peaks
which have low counts, this subjective procedure of determining the coincidence has a
huge setback. Problems also arise while determining the coincidences for mixed and overlapping peaks in the spectrum because the gating procedure may not be fully subtracting
out adjacent peaks due to issues with improper background selection. So, in spite of success with the approach, it is more of a qualitative method and highly dependent on simple
visual observation of the peaks for placement without defining any specific criteria. This
may lead to incorrect placement of γ-ray transitions and thus developing wrong decay information. So, a more quantitative statistical approach is presented by our research group.
This is called the ‘statistically significant γγ coincidence method’ and is used for all the
decay scheme development in this study.
Before going in detail for the method used to develop the decay scheme in this study,
there are two points worthy of mentioning at this time. The first is, each γ-ray peak observed in the γ-ray singles spectrum was assigned to a particular member of the decay chain
based on analyzing the γγ and βγ coincidences. The ungated γ-ray singles spectrum was
utilized (instead of β-gated spectrum) to find the intensity of the γ rays by the peak areas
determined from the Gaussian fit using the gf 3 software. Due to the energy-dependence
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of the β efficiency, the β-gated spectrum was not used to calculate the intensities. The
second point is, the centroid of the Gaussian fit which was stored in gf3.sto file provided
the exact energy of the peaks in the γ-ray singles spectrum. For the decay, the intensities
were initially determined relative to the most strongest γ-ray of the decay under study, and
later summing corrected to obtain the final relative intensities.

5.3.1

Using Statistically Significant γγ Coincidence Method

In this new approach, each γ-ray peak in the coincidence spectrum is analyzed by
fitting a Gaussian peak to both the peak-plus-background gate (PG) and the background
gate (BG) to quantitatively determine a parameter called the significance factor (S) defined
as:
S=

(AP − AB )
∆A
=q
σ∆A
σA2 P + σA2 B

(5.5)

where, AP and AB are the Gaussian peak areas for PG and BG, and σAP and σAB are their
respective uncertainties. The parameter S is the statistical measurement of coincidence for
any observed γ-ray peak in the spectrum and is the sole factor which determines whether
a coincidence is considered significant. To determine the level of significance, S is given
some criteria, again on the basis of pure statistics. If S ≥ 3.75, then the coincidence is definite; but if 2.00 ≤ S < 3.75, there is a possible coincidence. So, on the basis of this criteria
on S, all coincidences, for which S is 2σ above the background (95.45% confidence level),
are deemed valid and are included in the cascade for constructing the decay scheme. The
choice in upper limit of 3.75σ for significance factor S validates a > 99.98% confidence
level in selecting a pure coincidence peak without background. This approach provides a
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more reliable placement of γ rays to new levels based on a quantitative measurement of the
statistical significance of the coincidence between the γ rays. Furthermore, a significant
increase in the count rate due to enhanced purity of the beam used in this study provided
more flexibility in gating and fitting of blended and overlapped peaks carried out in this
study.
An example for the sequence of procedures described above is highlighted in Table 5.1
for the γ-ray energy gated on the 45-keV peak in 74 Zn decay. The first column represents
all possible peaks whose validity of coincidence with the 45-keV γ-ray is to be determined.
The second, third and fourth columns in the table show the the Gaussian fitted areas for
peak plus background, background only and the difference of those two as a net peak area,
along with their uncertainties provided inside the parenthesis. In the fitting procedure, the
centroids of the peaks are taken from the background-subtracted spectrum and are held
fixed during the Gaussian fitting. The calculated value of the significance factor ‘S’ is
indicated in the fifth column while the last column is self descriptive as it simply indicates
whether a γ-ray peak in the first column is in coincidence with the 45-keV γ-ray by the
value of the significance factor listed in the previous column.

5.3.2

Separating Doublets by Intensity Calculations

In the decay of isotopes in this study, there are several cases where an observed γ-ray
peak is composed of two or more actual γ rays which may come from different cascades
of same β decaying isotope or may even belong to different isobars of the decay chain.
These γ rays, in many cases, have very close energies and can not be separated easily by
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Table 5.1: A sequence of procedures used to develop the decay scheme in this study. An
example here shows the determination of the validity of coincidence of different γ-ray
peaks found in possible coincidence with the 74 Zn 45-keV γ ray. See text for details.
Energy
(keV)

Peak + Background Area

Background
Area

Net Peak
Area

Significance Coincidence
Factor (S)
Placement

52.1

1331(209)

956 (106)

375 (234)

1.60

No

56.8

3678(331)

1440 (160)

2238 (368)

6.09

Yes

97.4

834(136)

477 (138)

357 (194)

1.84

No

125.9

412(85)

46 (57)

366 (102)

3.58

Maybe

149.7

967(290)

259 (171)

708 (337)

2.10

Maybe

666.3

274(24)

181 (20)

93(31)

3.00

Maybe

752.5

123(17)

67 (13)

56 (21)

2.61

Maybe

791.7

301(25)

66 (13)

235 (28)

8.48

Yes

837.3

102(16)

50 (11)

52 (19)

2.70

Maybe

983.4

246(22)

45 (10)

201 (24)

8.50

Yes

1028.9

30(9)

8 (6)

22 (11)

2.02

Maybe
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usual gf3 fittings to determine their energies and intensities for proper placement in a decay
scheme resulting in an erroneous feeding prediction to the excited state. To identify these
compound peaks and to place the γ-ray doublets correctly in the decay scheme, we have
developed an intensity calculation technique based on their placement in the decay scheme
and based on the coincidence information available. The techniques used are discussed
below.
Let N0 be the number of decays of the parent and Ni the number of γi singles observed
in the spectrum. If Bi is the branching ratio, which represents the absolute probability that
the γi is emitted in the decay of the parent, and εi is the absolute photopeak efficiency of
γi , then we can write
Ni = N0 εi Bi

(5.6)

which comes from the probability that γi is emitted in the decay (N0 Bi ) multiplied by
the probability that the γ-ray is detected. Furthermore, we do not directly measure the
intensity, so Eq. 5.4 needs to be converted to relate to something that can be measured
X  Ni 
represents the summed intensity
directly. If Ii is the intensity of γi and I`i = C ·
εi
i
de-exciting a level “`i ” when γi feeds into it, then
 
Ii = C Nεii
with C being a common normalization factor for the decay.
⇒ Ii = C Bi N0 ,
(using Ni = N0 εi Bi )
 
Thus, the ratio II`i gives the probability of emission of any γj from level `i when γi feeds
i
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into the level `i . Different techniques for determining the coincidence area of the doublet
peaks based on the coincidence probabilities are presented below.

5.3.2.1

De-exciting Transition Technique

Figure 5.2: Illustration of a de-exciting transition within a decay to determine the intensity
of an unknown γ-ray transition.

Consider a simple case of a de-exciting transition as shown in Figure 5.2. The level `1
is fed by two γ rays represented as γk and γj and is depopulated by various γ rays, one of
them being γi . Assuming γk to be an unknown part of a doublet and, γi and γj both are
clean peaks, the number of counts associated with γk can be determined using the technique
presented in this section. As shown in the figure, a gate is constructed at γi and then the
corresponding coincidence counts of γj and γk are determined using the Gaussian fitting
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of the coincidence spectrum. If γγi/k and γγi/j represent the number of coincidence
counts for γk and γj when gating on γi , the number of counts are respectively given by

and

γγi/k = (N0 εi Bi )εk

Ik
IL`1

γγi/j = (N0 εi Bi )εj

Ij
IL`1

Then, the ratio of these two counts becomes,

γγi/j
=
γγi/k



εj
εk



Ij
Ik




=

Nj
εj



 C
εj
Nj
.  =
εk
Nk
C Nεkk


⇒ Nk =


γγi/k
.Nj
γγi/j

(5.7)

(5.8)

which is the number of counts expected for γk in the γ-ray single spectrum. Here, Nj is the
number of counts for γj obtained from the γ-ray single spectrum. Now that Nk is known,
the intensity of γk can be determined.

5.3.2.2

Feeding Transition Technique

Consider another case as shown in Figure 5.3 where level `1 is fed by several γ rays
including γi and is depopulated by two γ rays indicated as γj and γk . To determine the
number of counts for unknown γk assuming it is a part of a doublet, a similar procedures
as done in the first technique are followed. A gate is constructed on γi and its corresponding
coincidence counts with γj and γk are determined from the coincidence spectra. Since the
gated γ-ray (γi ) has a common energy level `1 with γj and γk (i.e. no intermediate state
involved) as in the case of the de-exciting transition technique described above, it follows
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a similar expression for the number of counts expected for γk in the γ-ray singles spectrum
(Nk ), and is given by

Nk =

γγi/k
γγi/j


· Nj

(5.9)

where Nj is the number of counts for γj obtained from the γ-ray single spectrum. Now,
using Nk , intensity of γk can be determined.

Figure 5.3: Illustration of a feeding transition within a decay to determine the intensity of
an unknown γ transition.
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5.3.2.3

Intermediate Transition Technique

Consider a cascade of three γ rays as shown in Figure 5.4. This is a type of cascade
where an intermediate state is involved. The number of γj coincidences observed when
gating on γi is given by,
γγi/j = Ni εj

Ii
IL`1

= (N0 εi Bi )εj

Ii
IL`1

(5.10)

Similarly, the number of γk coincidences observed when gating on γi is given by
γγi/k = (N0 εi Bi )εk

Ii Ik
Ik
. = (N0 εi Bi )εk
IL`2 Ii
IL`2

(5.11)

Now, there are two different cases for this approach.

Figure 5.4: Intensity determination using an intermediate transition with in a γ-ray cascade
in the decay scheme.
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• Determining Nk by the ratio of γγi/k to γγi/j and using Nj
For this case, the ratio between the number of coincidences for γk and γj when gating
on γi can be written as,


γγi/k
=
γγi/j

εk
εj



IL`1
IL`2



Ik
Ij


(5.12)

But we have



Ik
Ij

Nk
εk

C


=


C

Nj
εj



 =

 
εj
Nk
.
Nj
εk

(5.13)

and,
C


IL`1
IL`2



X N 

C

X
`2

where,

X N 
`1

ε

ε

`1

=

X N 

ε
`1
=X
 
N
N
ε

`2

(5.14)

ε

represents all the γ rays de-exciting the level `1 and so on. So,
X N 
ε  Nk 
γγi/k
`1
= X 
N
γγi/j
Nj
ε
`2
X N 


ε
γγi/k `2

 .Nj
⇒ Nk =
γγi/j X N
ε
`1

(5.15)

(5.16)

which gives the number of unknown γk singles since coincidence information and
X N 
Nj are known entities from the Gaussian fit of the peak, and
values are
ε
`
determined by the observation of γ rays feeding in and out of those state. The value
of Nk so found can be used to calculate its intensity.
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• Determining Nk by the ratio of γγi/k to γγi/j and using Ni
For this case, the ratio between the number of coincidences for γk and γj when gating
on γi can be written as,
  
Ii
Ik
Ij
Ii

(5.17)

  C
  
Ii
Ni
εj
=  =
.
Ij
Nj
εi
N
C εjj

(5.18)

γγi/k
=
γγi/j
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IL`1
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As we know,
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C
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C
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εi



 =

 
Nk
εi
.
Ni
εk

(5.19)

Now the ratio can be written as
  
  
εj
εi
IL`1
Nk
Ni
.
εi
εk
IL`2
Nj
Ni

  
Nk
IL`1
Ni
=
IL`2
Nj
Ni

γγi/k
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γγi/j



εk
εj



(5.20)
(5.21)

But,
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(5.23)
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Consequently,
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εi
εj



Nj
Ni

 1 +



1 +

εj
Nj

X N 
`1

εi
Ni

ε






other 

X N 
`2

72

ε



other

(5.24)

So,

γγi/k
=
γγi/j
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(5.25)

ε

#
Ni

(5.26)

other

which can be used to determine the expected counts of γk in the singles spectrum.

5.3.3

Level Feedings and log(f t) Values

When two or more γ rays produced in a cascade during the β decay process from an
excited nucleus are simultaneously detected by a detector within its resolving time, the
two interactions can not be distinguished by the detector separately and are falsely treated
as a single event with their summed energy being added together [44]. Such coincidence
effects are responsible for the summing-in and summing-out of the observed counts in the
γ-ray singles spectrum resulting in incorrect γ-ray intensities. The overall repercussion
of the summing effect is that there is unusual increment of the sum peaks at the cost of
the full energy peaks, and thus correction is needed to account for the effect. So, after
completing the decay scheme for a particular isotope, coincidence summing corrections to
all the observed γ rays was performed to fix the observed relative γ-ray intensities (Iγ ).
The MASTER program was used to perform the summing correction by providing it with
information about the γ-ray transitions in the decay scheme and their intensities.
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For the cases where direct β-decay feeding to a state occurs, it is expected that the
feeding intensity of all γ-ray transitions into that state is less than or equal to the total
intensity of the γ-ray transitions decaying out of that state. So, the additional amount
of intensity that is observed originated from the decaying state, i.e. the intensity is not
contributed from the feeding transitions coming into that state from higher energy levels,
has an origin directly from the β decay to the state. This β-decay feeding thus can be either
positive or zero unless a level is identified as a isomeric state. In the decays where there are
still some unplaced γ rays due to insufficient coincidence statistics, the feeding intensity
calculated may not be exact and only relates to limitations of our data set.
After determining the feeding intensities for each observed level, they are converted
into log(f t) values. As introduced in Chapter 2, log(f t) values are the comparative halflife of energy states in the decay scheme and are calculated using the tools available at the
NNDC website. The log(f t) values range from about 3 up to 20. Although the values
are not definitive, they provide a reference for comparing the observed β-decay feedings
by removing the energy dependence of the excited states. In general, the lower the value
of log(f t) the higher the transition probability and more allowed is the decay, of course,
meeting all other criteria related to spin and parity changes between initial and final states.
Table 2.1 provides information on log(f t) values and the corresponding decay type.
After log(f t) determination, the level schemes are compared with the shell model predictions for theoretical estimation. It is to be noted, however, that although shell model
comparisons are a good thing to have, they are still limited in providing information on nucleon interactions and single particle states for nuclei far from the stability. The next step
74

is to suggest spin and parity assignments to the different energy states based on selection
rules and log(f t) values. More details on spin and parity assignments will be discussed in
the forth-coming chapters.

5.4 β detection efficiency (βef f )
To determine the relative γ-ray intensities presented in this work, two methods were
applicable depending upon the strength of the γ-ray transition. While it was possible for
strong transitions which fit cleanly to determine their intensities from the γ-ray singles
spectrum, the β-gated spectrum was utilized to determine the same for the cases where
the background was a significant problem. Determining the β detection efficiency (βef f )
was thus necessary for the purpose of making use of the β-gated γ-ray singles spectrum to
determine the relative intensities for the latter cases because the efficiency is related to the
amount of energy carried away by the β particles. The β detection efficiency (βef f ) as a
function of effective Q value (Qef f ) for the LeRIBSS measurement is shown in Figure 5.5
[47]. Here, the Qef f is the effective β-decay energy of a level determined by subtracting its
energy from the ground state to ground state β decay energy (the Q-value) of the parent. It
is based on both direct as well as indirect feeding to a level. It is assumed for the efficiency
calculation that the γ rays chosen had their feeding correctly determined from the decay
scheme. In fact, there is always a trade off between βef f and Qef f in terms of feeding
to a level. For a high-lying transition which is not fed from higher-lying states, there is a
precise Qef f value but with more uncertainty in the βef f due to low statistics. In contrast,
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for higher intensity, lower-lying transitions where βef f is more accurate tend to have Qef f
with more uncertainty due to indirect feedings. The Qef f for a level was determined from
Qef f = Qβ − E

0

(5.27)

with
P
‘

E =

where

P

Iγin and

P

Iγout −

P


P
0
Iγin Elevel + Iγ Elevel
P
Iγout

Iγout are the γ-ray intensities coming in and out of the level,

(5.28)
P

0

Iγ Elevel

is the total γ-ray feeding intensity to the level and Qβ is the ground state to ground state
β-decay energy.
The βef f curve in Figure 5.5 was fitted to a linear function with the data points determined from the γ rays of several daughter decays, especially for the lower energy part of
the curve. The β detection efficiency of the LeRIBSS was found to vary from 15 to 65%
[27].
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Figure 5.5: β detection efficiency curve [27]. The dashed lines represent the ±2σ limits.
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CHAPTER VI
β DECAY STUDY OF 74 ZN

This chapter covers the first of four β-decay studies presented in this dissertation. It
starts a with brief background including the specific experimental setup related to this
decay. An extended decay scheme along with elaborated discussion will be presented in
the following sections with comparison to previous results and shell model discussions.
Finally, a brief conclusion will follow to wrap up the study.

6.1

Introduction

74

Zn is an even-even nuclide consisting of 30 protons and 44 neutrons. Thus 74 Zn has

2 protons and 16 neutrons outside of the N = Z = 28 stable core. Simple shell model calculations of the even-A neutron-rich N >38 Zn isotope have protons in the π1f5/2 , π2p3/2 ,
π1p1/2 and π1g9/2 shells, but neutrons are confined to the ν2p1/2 and ν1g9/2 shells. These
calculations are in general agreement with experimental results for states below 2.0 MeV in
the excitation energy [48]. The β-decay of 74 Zn forms odd-odd 74 Ga. The odd-odd nuclei
are in general less studied both theoretically and experimentally because of the complex
nature of their nuclear levels. This study delves into the ground state and excited states of
74

Ga fed through the β decay of its even-even precursor 74 Zn.
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Erdal et al. [49] first reported on

74

Zn β decay in 1972 using isotopically separated

samples by ISOLDE facility. The half-life and Qβ -value of the isotope were determined
to be 98(2) s and 2.1 MeV respectively. A study carried out by Runte et al. [50] in 1983
identified 19 total γ rays (of which 16 were placed) establishing 9 excited states up to 894
keV. Van Klinken and Taft [51] studied the 74 Ga 60-kev isomeric state with a half life of
9.5s in 1974. The half-life of the 56.5-keV level in 74 Ga was measured to 31(5) ns by the
same group in 1977 using delayed coincident summing [52]. The half life of 74 Zn decay
was reported to be 95.6(12) s by the Nuclear Data Group [53] in 1987 based on an average
of the previous measurements. The most recent and complete study of

74

Zn decay was

carried out by J.A. Winger et al. [54] in 1989. A total of 39 γ rays were placed in the 74 Zn
decay scheme with 11 excited states up to 1086-keV excitation energy.
The study presented here demonstrates a significant increase in the number of γ rays
assigned to the decay of

74

Zn suggesting some additional higher-lying 1+ states of

74

Ga.

The 1+ states are expected to be populated by β decay of even-even nuclei in which decays
are dominated by allowed 0+ → 1+ transitions. The decay scheme along with estimated
log(f t) values for the excited states have been used to assign the spin-parity of new states.
This study also takes into account doublets that have been identified in the decay scheme
and determined how the observed counts should be split between members of the doublets.

6.2

Experimental details
The 74 Zn β decay presented in this study is a part of the decay chains starting from a

74

Cu parent beam and ending with stable

74

Ge. The half-lives for the 3 members of the
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decay chain are: 1.63(5)s for

74

Cu, 95.6(12)s for

74

Zn and 487(7)s for

74

Ga. The exper-

imental work was performed at the Holifield Radioactive Ion Beam Facility (HRIBF) of
Oak Ridge National Laboratory using the Low energy Radioactive Ion Spectroscopy Station (LeRIBSS) setup. The advantage of using LeRIBSS was that it is placed immediately
past the high resolution isobar separator used for purifying the beam. This setup completely bypassed the post acceleration stage of the ion beam by the Tandem accelerator
preventing loss in the beam intensity which had been the case in most of the previous experiments [30, 16]. As explained in Chapter 3, the fission fragments were produced from
proton induced fission of UCx and directed into the low resolution isobar separator for isobaric separation of the A = 74 mass. To remove the undesirable A = 74 contaminants like
74

Zn and

74

Ga from the beam thus avoiding the daughter-dominance problem, the beam

was then passed through the high resolution (M/4M ∼ 10000) mass separator before being sent to LeRIBSS where the ions were implanted onto a Moving Tape Collector (MTC)
located at the center of the detector array consisting of four high-purity germanium (HPGe)
clover detectors for γ-ray measurements and two plastic scintillators each covering approximately 50% of the 4π solid angle for β-decay events detection. Only data from 3 out of
4 clover detectors were utilized for analysis in this experiment as one of the detectors had
severe radiation damaged from previous experiments. The collective absolute photopeak
efficiency of the 3 clover detectors was measured to be 3.5% at 1.33 MeV. A plot of the efficiency curve is shown in Figure 4.5. More details on fitting and plotting of the efficiency
curve is provided in Chapter 4 under Section 4.2.2.1. The efficiency curve that is utilized
in this case is the one with 3-Detector fit shown in Figure 4.5.
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Four data runs were performed during the experiment:
• First run: lasted for 309 s, used to confirm A =74 decay chain and to see if contaminants from 74 Zn and 74 Ga were present.
• Second and third runs: lasted for 3133 and 2863 s respectively, observed build up
of the γ-ray peaks at 606 keV (74 Cu) and 595 keV (74 Ga, to a similar height.
• Fourth run: lasted for 1810 s, observed an increase in height of the 595 keV peak
to be 50% greater in height compared to the 606 keV indicating it slightly shift in
the beam.
All four runs were made with the MTC stationary (saturation mode). The first run was
short because it was determined that some contaminants were left over from the previous
mass so that the MTC was moved a few time before a new run was started. The MTC was
not moved again after that. Hence, all the data is related to building of the source. The
middle two runs do show the two primary peaks for 74 Cu and 74 Ga building to about the
same height, but the last run having more

74

Ga indicates a change in the composition of

the beam.
Since the purity of the parent

74

Cu beam was enhanced by using the high resolution

mass separator, the longer-lived components of the decay chain do not become dominant.
At this point it is noteworthy to discuss the relative strength as the saturated sample grew.
For the first run, the run time is enhanced for

74

Cu over the other decays, but less so for

the 74 Zn γ rays. By the end of the second run, everything is in saturation so that we would
not expect to see any variation in the relative peak heights for the later two runs. This is
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why we presumed there is a change in the composition of the beam for the last run. Only
a small drift in the high-resolution magnet was needed to have this occur since 74 Ga was
much stronger in the beam coming out from the low resolution separator.
The raw spectra obtained from the 12 γ-ray detectors were energy matched using well
established γ rays from

74

Ga,

74

Zn and

74

Cu and combined to produce both the ungated

γ-ray singles spectrum as well as a β-gated γ-ray singles spectrum and the γγ coincidence
matrix. The coincidence matrix is a two dimensional plot of γ-ray energy observed in
one detector versus a γ-ray energy energy observed in any other detector within a defined
coincidence time. Each event is placed in both possible array points. By setting a “gate” on
channels in the horizontal direction, a projection of the coincidence γ rays on the vertical
axis is obtained constituting a coincidence matrix.
If signals were detected in two or more of the four γ-ray detectors in a clover cluster
within a prescribed time window, then the energies were added to produce an ‘add-back’
spectrum for that clover detector. The three add-back spectra were then combined to produce a single add-back γ-ray singles spectrum. This mode helps to recover into the full
γ-ray energy photopeaks the Compton scattered events which are commonly observed in
clover-type Ge detectors. However, the resolution obtained in the add-back γ-ray spectrum was much worse than that of the regular γ-ray singles spectum so that the former
was not used in the analysics to determine energies and intensities. The add-back spectra
were used to generate one coincidence matrix to reduce the backscatter peaks present in the
coincidence gates. Both coincidence matrices, normal and addback, needed to be consid-
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ered to determine coincidence relationships, but only the first could be used to estimate the
splitting of doublets since a non-addback spectrum was used for the γ-ray single spectrum.
A representative γ-ray singles spectrum for mass A = 74 using the LeRIBSS setup
and all data runs is shown in Figure 6.1. The spectrum shows the γ rays associated with
A = 74 decay chain including Cu, Zn, and Ga marked accordingly. The spectrum was
analyzed to obtain centroids and areas which were then converted into energies and relative intensities. The relative intensities for the γ rays are given with respect to the 192-keV
γ-ray normalized to 100 as was done in Winger et al. [54]. This information is provided in
Table 6.1. The energies of all the observed γ rays were obtained by analyzing the ungated
γ-ray singles spectrum without add-back while γγ coincidence spectra with or without
add-back were analyzed to establish coincidence relationships. Since the Qβ value of 74 Zn
decay is only ∼ 2300 keV, the observed γ rays fed by the decay only go up to 1447-keV
in the spectrum and are also weaker in comparison to other members of the decay chain.
Consequently, gating on the weak γ-ray peaks correctly along with their background to
generate the coincidence information was one of the challenges in this decay study. Nevertheless, coincidence gates were set for each possible peak related to 74 Zn decay identified
in the spectrum to obtain γ-γ coincidence spectra. The coincidence energy spectra were
then analyzed using the method in Chapter 5 to establish definite and possible coincidence
relationships. The resulting information on coincidence is provided in Table 6.1.
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Figure 6.1: γ-ray singles spectrum for the A = 74 data set with nearly pure 74 Cu beam.
The γ rays assigned to 74 Zn are indicated with their respective energies. Other decay chain
members are indicated by symbols: • for 74 Cu decay and ∇ for 74 Ga decay. The symbol
‘B’ indicates strong background peaks.
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6.3

Decay Scheme of 74 Zn
The decay scheme developed in this study is presented in Figure 6.2. A total of 65 γ ray

transitions with 18 excited states up to 1555 keV are proposed to the 74 Zn decay scheme
from the present study which is an approximately 66% increase in the number of γ-ray
transitions and 64% increase in the number of energy levels than previously proposed by
Winger et al. in 1989 [54].
In the decay scheme shown in Figure 6.2, the levels and transitions which are established with strong confidence in their coincidence information as evident from the ‘S factor’ calculations are shown with solid lines. For those which are consistent with the coincidence information but lack strong evidence to support them statistically are shown with
dashed lines. There are also some cases of unresolved doublet transitions coming out from
the decay of two different isotopes; 74 Zn and others. These γ-ray transitions included the
366-, 785- and 1000-keV and are indicated in Table 6.1 by italicized text. The intensity of
the transition in such cases is determined based on their placement in the respective decay
scheme using the different techniques presented in Chapter 5.2. Their intensity determination relating to 74 Zn decay will be discussed in more detail later.
All the energy levels and all but four transitions proposed by Winger et al. in 1989
are retained in this study in addition to 7 new excited energy levels up to 1555-keV, and
21 new γ-ray transitions which represent a more than 50% increase in overall information
compared to the previous decay scheme. The initial lower excited states observed at 57-,
60-, 102-, 109-, 141-, 145-, 228-, 252-keV are reproduced as in the previous study. As
mentioned earlier, the 59-keV state is an isomeric state with half-life 9.5 s found by Van
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Table 6.1: γ rays assigned to 74 Zn β decay, along with the proposed de-exciting energy
level, relative intensity, and γγ coincidence information where γ rays in parenthesis indicate possible coincidences.
γ-ray (keV)
36.23(13)*
39.39(4)*
41.91(3)*
45.60(3)
47.21(3)*
49.06(2)

141
102
102
109

Intensity (rel)
0.62(20)
8.37(22)
15.8(3)
33.2(5)
7.32(7)
274.8(7)

52.21(2)

109

95.9(6)

56.56(2)

57

508.9(18)

84.76(3)
88.50(3)
102.28(3)
106.78(3)
110.60(7)
119.21(2)
125.57(3)
141.39(2)
143.20(2)
145.00(5)
149.57(2)
168.23(5)
171.31(6)
182.93(14)*
185.86(5)*
192.28(2)
195.30(2)
209.98(13)*
228.1(3)*
295.15(14)*
313.97(22)*

141
145
102
252
252
228
228
141
252
145
252
228
228

6.44(10)
12.52(11)
6.85(10)
5.31(10)
2.92(20)
22.42(25)
5.04(12)
42.7(3)
144.6(3)
3.83(18)
11.43(12)
1.97(14)
2.06(15)
0.21(3)
3.36(17)
100.0(3)
13.25(23)
1.24(15)
0.29(9)
0.28(3)
0.76(17)

E. level

438
252
252
438
228
455

γγ Coincidences (keV)
(753)
57, 126, 150, (753), 792, 983
57, 126, 150, 666, 753, 792, 837, 983, (1029)
119, 143, (210), 329, 346, 439, (448), 456,
(481), 630, (642), 666, 785, 837, 977, 1228,
(1282), (1345), (1447)
57, 119, 143, 346, 439, 630, (642), 666,
(754), 785, 977, (983)
46, 52, 85, 88, 107, 119, 126, 143, 150, 171,
195, 346, 366, 398, 411, 439, 456, 481, 529,
574, (630), 642, (648), 666, 749, 753, 785,
792, 834, 837, 941, 977, 983, 1029, 1228,
(1345)
57, 753
57, 83, 107, 366, 411, 575, (666), 749, 941
126, 150, 666, 792, 983
57, 88, 145
(85), 141
49, 52, 57, 210, 228, 666, 858, 1228, 1282
(42), (46), 57, 102, 666, 1228
111, 314, 753
49, 52, 57, 186, 204, (366), 481, 642, 834
107, 749, (941)
42, 46, 57, 102, 834
666
57, 666
630
143, 192, 456, 648
186, 481, 642, 834
57, (642), 834
(49), 119, 456, 648
(666)
119
141, 439
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Table 6.1: (continued)
γ-ray (keV)
329.5(5)*
346.45(2)
366.09(2)*
395.41(8)
398.30(8)
410.5(4)*
438.83(3)
447.82(19)*
456.23(8)*
480.97(12)*
529.24(16)*
574.58(20)*
630.45(2)
642.18(5)
648.02(8)*

E. level
438
455
511
455
455
556
894
556
894
733
1086
1086
1086
894
1086

Intensity (rel)
0.6(3)
31.13(20)
0.94(15)
2.05(14)
2.34(18)
1.3(3)
6.79(20)
1.10(19)
3.03(21)
1.98(19)
2.51(25)
1.09(19)
10.13(18)
3.78(15)
2.71(18)

666.20(2)

894

31.7(4)

695.19(9)*
720.89(18)*
748.87(5)
752.53(2)
785.07(2)
791.53(3)
834.17(5)
837.28(3)
846.44(11)*
857.65(25)*
940.59(17)*
976.96(7)
983.32(3)
999.58(12)*
1026.02(5)
1029.04(4)
1227.56(14)*
1281.6(6)*
1345.1(4)*
1446.65(18)*

894
894
894
894
1086
894
1086
1086
1086
1086
1455
1086
1086
1455
1509
1455
1555

0.38(3)
0.94(13)
5.38(17)
46.1(3)
13.6(10)
8.59(19)
6.90(20)
18.5(3)
0.38(3)
0.90(16)
2.8(3)
5.0(3)
9.29(19)
1.15(3)
1.39(4)
7.48(21)
2.19(19)
0.56(21)
0.68(15)
2.43(25)

γγ Coincidences (keV)
49, (52), 456, 648
49, 57, 439, 630, 1000
49, (52), 57, 88, (145), 574
439, 630
57, 439, 630
57, 88, 529
49, 52, 57, 314, 346, 395, 398
(49), 529
49, (52), (57), 119, 186, 192, 210, 329
(49), (52), 57, 143, 192
49, (88), (410), 448
57, 88, 366
49, (52), 57, (119), 346, 395, 398
49, (52), (57), (107), 143, (171), 192, 195
49, (52), (57), (119), (143), 186, 192 , 210,
329
(42), 45, 49, 52, 57, 83, 88, 102, 119, 126,
168, 171, (228), 695
666, (720)
666, (695)
57, 88, 145
(39), 57, 85, 141
49, 52, 57
42, 45, 57, 102
49, 57, 143, (150), 193
57
56
(49), (57), 119
57, 89
49, 52, 57
42, 46, 57, 102
346, (1000)
57
49, (52), 57, 119, 126
49, 119
49, (57)
(49)
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Klinken and Taft [51]. The difference in energy between the 60- and 57-keV levels suggests the possible existence of a 3.2-keV γ-ray which would compete with β decay of the
isomeric state . This γ-ray is unobserved in our study because it is well below the energy
cut-off of the detectors, and such a γ-ray would be expected to be nearly totally converted
with estimated internal conversion coefficient of (α ∼ 2.9 × 105 [70]). Also, there is no
clear indication for the presence of a 60-keV γ-ray in the γ-ray spectrum. The β-gated
spectra obtained in this study allowed independent measurement of 56-keV transition for
its standalone presence with proper intensity determined irrespective of the 59-keV isomer,
since the small 3-keV transition was too low to be included.
A new γ-ray of energy 36-keV is observed and listed in the Table 6.1. This γ-ray
could possibly connect 145-109-keV levels, but there is no solid evidence to support the
argument.
Two new γ-ray transitions, 39-keV coincidence with 752-keV γ-ray and 42-keV in
coincidence with 791-keV γ-ray are placed in the decay scheme depopulating the known
levels at 141- and 102-keV, respectively. The 39-752-keV and 42-791-keV ordering sequence is supported from the fact that other rays feeding those levels are seen by the 752and 791-keV γ rays in their respective coincidence information listings shown in Table 6.1.
For example, the 752-keV γ-ray is in coincidence with the 85-142-keV γ rays depopulating
the level at 141-keV while the 791-keV γ-ray is in coincidence with the 102- and 45-keV
γ rays depopulating the level at 102-keV.
The first new level at 438 keV is proposed based on the mutual coincidence of the
49- and the 329 keV γ rays. The 49-keV γ-ray is firmly placed as de-exciting the 10888

keV level, so the 329-keV γ-ray is placed feeding into the 108-keV level to establish the
level at 438 keV. Other transitions placed as depopulating the 438 keV level are the 186and 210-keV γ rays which have mutual coincidence which support their placement. All
three γ rays are in strong coincidence with the 456- and 648-keV γ rays. Based on this
coincidence information, the 456- and 648-keV transitions can be firmly placed as deexciting the previously established levels at 894- and 1086-keV.
In this lower energy range below 500 keV, we did not observe three previously proposed γ-ray transitions based on availability of the coincidence information presented in
the Table 6.1. They are: 85-, 109- and 252-keV. The 85-keV γ-ray was placed at 145keV level previously with a dashed line indicating an uncertain transition by Winger et
al.. Also, no coincidence information was provided of the γ-ray. We are unable to verify
the placement in the current work. We also do not have sufficient evidence to support the
placement of 109-and 205-keV transitions in the current decay scheme. The 109-keV γray was firmly placed de-exciting the 109 keV level while the 252-keV γ-ray was placed
tentatively at 252-keV level in previous study [54] with a dashed line. It is possible that
these previously observed γ-ray peaks were misidentified sum peaks.
For the already existing level at 455-keV, a new 314-keV transition is added de-exicititg
the level. The 314-keV γ-ray is in coincidence with the 439- and 141-keV γ rays, both of
which have the 314-keV γ ray in coincidence within their respective coincidence gate. The
significance factor for the 314-keV peak determined for both γ rays is greater than 3.75,
making the coincidence definite.
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Figure 6.2: Proposed decay scheme for 74 Zn from this study. The solid dots represent
definite coincidences where as open dots indicate possible coincidences based on the coincidence statistics described in the text. Blue labeled transitions and red labeled states are
the ones newly identified in this study.
90

A new energy level is proposed at 556-keV based on the 411- and 448-keV γ rays
depopulating the level. The 411-keV γ-ray is placed feeding the 145-keV level based on
mutual coincidence with the 57- and 89-keV γ rays. In contrast, the 448-keV γ-ray only
shows a possible mutual coincidence with the 49-keV γ-ray indicating possible placement.
However, both γ rays depopulating the level show mutual coincidence with the 529-keV
γ-ray which can be placed de-exciting the known 894-keV level thus further strengthening
the placement of the 556-keV level.
A new energy level is proposed at 511 keV based on a strong coincidence relationship connecting two known levels by a two γ-ray cascade. The 366-574-keV cascade is
established with a strong S factor both ways. Both show a strong coincidence with the 8956-keV cascade indicating a connections between the known levels at 1086- and 145-keV.
The ordering of the two transitions is based on their observed relative intensity shown in
Table 6.1. The 366-keV γ-ray is a component of a double peak which also appears in the
decay of

74

Cu. So, the intensity of the 366-keV γ-ray is split as indicated in Figure 6.3

and discussed later. Since the intensity of both the γ rays is close enough, their placement
could not be affirmed. Placement of 574-keV de-exciting the new level at 720 keV with
the cascade 57-89-574-keV followed by a subsequent placement of 366-keV γ-ray at 1086
keV level can not be ruled out. In this case, we followed the first case and placed 366keV γ-ray de-exciting the 511 keV level. Since actual ordering of the cascade could be
switched, the level is tentative as indicated by a dashed line.
Similarly, the strong coincidence of 481-143-keV and also 481-192-keV establishes
the level at 733-keV.
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A new level at 733 keV is proposed based on a single γ-ray of energy 481-keV. The
strong coincidence between the 481-143-keV γ-ray and also the 481-192-keV γ-ray establishes the level. No crossover transitions are observed, but the level is considered firm.
There are three new energy levels proposed above the previous highest level at 1086keV. The 1455-keV level has three transitions, two of which show definite mutual coincidences, so it is solidly placed. The 1509-keV level is based on a single γ-ray of energy
1282-keV. Since the 1282-keV γ-ray is in definite mutual coincidence with the 119-keV
γ-ray as seen from the Table 6.1, the level at 1509-keV is solidly placed. The 1555-keV
level is proposed by placing a γ-ray of energy 1447-keV which is in possible mutual coincidence with the 49-keV γ-ray indicating that the level should be dashed as shown in
Figure 6.2.
Our results also support the non-existence of levels at 752- and 775-keV as suggested
by Winger et al. [54] which were initially proposed by Singh and Vignars [53] who placed
the 753-and 666-keV γ rays feeding the ground state. This is from the fact that the 752keV γ-ray is in strong coincidence with the 141-keV γ-ray as well as 85-57-keV cascade.
Observation of the 753-39-keV coincidence supports the placement of the 39-keV transition. Similarly, the 666-keV γ-ray is in strong mutual coincidence with almost all γ
rays placed in the de-excitation of the 228-keV level as shown in Figure 6.2 rather than
otherwise proposed previously.
It is worth mentioning here that the 366-, 785- and 1000-keV γ rays are in fact doublets
present in two different cascades or two different decays. In such cases of confirmed
compound peaks, the area of the peak is divided to get the exact contribution of the peak
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in the respective decay as described by the various techniques in Chapter 5.2. Here an
example for the 366-keV doublet is presented showing how to obtain its intensity in the
74

Zn decay. This γ-ray has been assigned to the decays of

74

Cu and

74

Zn. The cascade

involving the 366-keV in both decays is presented in Figure 6.3. The cascade for

74

Cu

decay is taken from Reference [20]. The technique used is described below briefly showing
the important steps.

Figure 6.3: The level schematics for the 366-keV doublet present in 74 Zn decay (left) and
74
Cu decay (right).

• For 74 Cu decay:
Equation 5.16 gives,
X N 

N366 =

γγ2091/366
γγ2091/606



`2697

X
`606
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ε
N
ε

 · N606

(6.1)

where, all the symbols have their usual meanings defined in Chapter 5.2. Now, taking
data from our Gaussian fits and simplifying


γγ2091/366
γγ2091/606


= 0.64(9)

and,
X N 



ε

`2697

N2091
ε2091

X  N  · N606 =
`606



ε

+

N2697
ε2697

N606
ε606


· N606 = 34865(965)



So, from Equation 6.1, N366 = 22174 (3256)
• For 74 Zn decay:
Equation 5.8 gives,

N366 =

γγ89/366
γγ89/106


· N106

(6.2)

In this case,


γγ89/366
γγ89/106


= 0.066(10)

and,
N106 =24792(446)

With all these values substituted into Equation 6.3, N366 = 1650 (256).
The total counts for the 366-keV γ-ray from the singles spectrum is 34132(380). It
is possible that there might be another component of the 366-keV doublet in some other
decays that possibly accounts for the rest of the missing counts.
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6.4

Level Feedings and Spin/Parity Assignments
After completion the decay scheme, the coincidence summing correction was applied

for all observed γ-ray intensities associated with the

74

Zn decay. The conversion coeffi-

cients needed for the summing corrections were taken from Ref. [70].The intensities were
determined considering the 192-keV γ-ray to have a relative intensity of 100% and presented in Table 6.1. The MASTER program, utilized during the process, also determined
the energies and relative β-feedings for each levels in the decay scheme.
The ground-state spin and parity of 74 Zn is 0+ and the first excited state at 57 keV and
the isomerice state at 60 keV have spin and parities 3− , 2− and 0+ [53, 54], respectively.
So, any transition to these states from the ground state of 74 Zn would be at best first forbidden unique and thus any direct β feeding to these states are assumed to be minimal.
Further, although there is a stronger intensity de-populating the level at 57-keV than the
observed feeding coming into this level from higher states through observed transitions,
the 3-keV isomeric transition (IT-transition) can be responsible for all the missing feeding,
thus not requiring any additional direct β-decay feeding to the isomeric 60-keV state.
For the reasons stated above, the normalization factor for the summing correction was
determined by the total summed relative intensities of the γ rays feeding directly to the
ground state of daughter nuclide, 74 Ga. Total summed relative intensity directly feeding to
the ground state was found to be 562.7(18) and thus yielding 17.8(6) as the normalization
factor for 192-keV γ-ray. It is to be noted, however, that the normalization factor determined here is based on some assumptions. The first assumption is that no further γ-ray
transitions to the ground state are available from the higher lying states and the second
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Table 6.2: Proposed energy levels in 74 Ga, their β-feeding intensities, estimated log(f t)
values and spin/parity assignments for NNDC. The levels marked * are newly found in this
study.
Levels (keV)

Iβ (rel)

log(f t)

J π (NNDC)

56.59(2)
59.73(2)
102.21(2)
108.74(2)
141.39(2)
145.09(2)
227.81(2)
251.89(2)
437.72(4)*
455.18(2)
511.18(3)*
556.40(12)*
732.86(12)*
893.93(11)
1085.67(2)
1454.94(9)*
1509.4(6)*
1555.39(18)*

59.4(5)
-75.70(21)
2.59(15)
29.6(4)
1.54(13)
0.08(12)
0
48.42(15)
0
3.27(9)
0
0
0.41(4)
26.9(3)
10.81(16)
0.80(5)
0.12(4)
0.47(5)

4.72
6.04
5.00
6.23
7.50
4.64
5.62
6.24
4.23
4.37
4.90
5.62
4.93

(2− )
(0+ )
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(1+ )
(1− , 2, 3+ )

(1+ )
(1+ )

(1+ )
(1+ )
(1+ )
(1+ )
(1+ )

is that no further direct ground state to ground state feeding between the parent 74 Zn and
daughter 74 Ga is possible. Both of these assumptions are not perfectly valid and thus normalization factor must be considered as an upper limit in this case. The absolute β-feeding
determined for each level is presented in Table 6.2 along with respective lower limit values
for the log(f t) which were calculated using the NNDC website [3].
β-feedings determined for some of the levels were negative and thus a blank space is
lef in the Table 6.2 for their respective positions. The observed β-feedings obtained from
this study can be compared with the results from Winger et al. [54], especially for those
levels which were proposed as 1+ states with direct feeding coming in from the β decay.
From the table, it can be seen that there is a decrease in observed feeding for the lowest
level at 109 keV. The decrease in apparent level feeding can be attributed to the fact that
a number of new transitions feeding the level have been identified. The impact of these
new transitions from higher energy states can also be observed from the pattern of constant
increase in apparent level feeding to levels at higher energies as can be seen from the table.
The increase is significant for the levels at 894- and 1086-keV. This trend will continue
if more and more new transitions from the higher energy states are found in the future.
However, such possibilities are still limited due to the fact that there are very few possible
transitions to the lower lying levels that are missing from the decay. On the contrary, the
feeding is more likely to decrease for the 894- and 1086-keV levels if any weak unassigned
γ rays feed the states. The corresponding log(f t) values of these levels are < 6, indicating
strongly fed 1+ allowed states with only the 455-keV level being a little doubtful because
of the log(f t) value being close to 6. For all the new levels proposed above 1086 keV
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level, although the apparent level feeding is not so strong compared to 894- and 1086-keV
level, the log(f t) values determined are all less than 6, indicating a possible 1+ states.

6.5

Nuclear Structure Considerations
The levels below 800-keV are a mixture of both negative and positive parity states.

However, most of the levels, including those newly found above 800-keV are only expected
to be 1+ states due to allowed β feeding. The spin assignments to the ground state and
initial two excited states, 57- and 60-keV, were made initially by two groups (in the order
starting with g.s.): Van Klinken et al. [51, 52] as 4− , 3− and 1+ , and B. Singh et al. [53] in
their Nuclear Data Sheets as 3− , 2− and 0. Considering the non-transition of the 60-keV
level to the ground state, measured half-lives of the 57- and 60-keV states [51, 52], and
Winger et al.[54] favored the assignment made by Singh et al.. Recent J π measurements
from a hyper-fine structure study [71] and shell model calculations [74] also suggest 3−
as the ground state of 74 Ga. A dipole transition to the 3− ground state as well as expected
E1 transitions from the identified 1+ excited states make a strong case for J π = 2− for the
57-keV state. The longer half-life for the isomeric state and absence of the 60-keV γ-ray
transition to the ground state point to J π = 0+ for the 60-keV state. So we suggest 3− , 2−
and 0+ assignment for the initial 3 states based on the above discussions.
Because of apparent strong β feedings, the 252- and 455-keV states below 800-keV and
all the states above 800-keV are expected to be 1+ states. The 109-keV state has a strong
β feeding and could be a lowest-lying 1+ state. Although a 109-keV γ-ray is observed, the
intensity of the γ-ray is very low after the summing correction and thus could be explained
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as a pure sum peak. The following two observations can be made for the spin and parity
of the lower levels based on level systematics and shell model calculations. Firstly, we
observe transitions depopulating the higher lying 1+ states 894-, 1085- and 1455-keV to
the lower energy states below 500 keV except ground state. A range of possible spin/parity
assignments can be based on whether the transitions are E1 or M1/E2. If the transitions
are E1 (4J = 0, ±1 and 4π = Yes) , negative parities for the lower-lying states could be
0− , 1− and 2− and if the transitions are M1/E2 ( 4J = 0, ±1, ±2 and 4π = No), positive
parities ranging from 0+ to 3+ are possible. Hence, the spin/parity assignments that are
possible are 0± , 1± and 2± and 3+ .
Second, the spin assignments to the lower energy states can be inferred by considering
the shell model configurations of the 74 Ga nucleus. The shell model term for 31st proton
is either πp3/2 or πf5/2 orbital (due to degeneracy of the orbitals [27]) while for the 43rd
neutron, it is νg9/2 orbital. A coupling of the orbitals πp3/2 ⊗ νg9/2 and πf5/2 ⊗ νg9/2
provide 2− and 3− as the spin/parity of the states consistent with above proposed states.
A strongly paired νg9/2 orbital may cause the unpaired neutron to be in the νp1/2 orbital
leading to a πp3/2 ⊗ νp1/2 configuration with possible 1+ and 2+ states or πf5/2 ⊗ νp1/2
yielding 2+ or 3+ states. Although a πf5/2 ⊗ νf5/2 configuration with paired neutrons in
νg9/2 and νp1/2 orbitals can provide a possible 0+ state, such a state is not expected at low
energy for 74 Ga isotopes [27].
Recent shell model (SM) calculations for

74

Ga including high spin states was per-

formed by Srivastava et al. [74] and is shown in Figure 6.4. The figure shows both experimental results and theoretical predictions. The SM calculations are based on f5/2 pg9/2
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and f pg9/2 model spaces, for which the first model space is performed with the JUN45
and jj44b effective interactions developed by Honma et al. [75] and Brown et al. [76], respectively, while the second model space uses the f pg interaction reported by Sorlin et al.
[56]. We see that although the ground state and first excited states are correctly predicted
using the JUN45 interaction, the overall theoretical predictions are not consistent with the
experimental observation. Further, none of the calculations have resulted in an observed
isomeric state.
One important aspect of the ground state configuration of

74

Ga that is worth men-

tioning here is that the ground state spin-parity of 3− indicate that both πp3/2 and πf5/2
single-particle states are equally contributing to the ground state wave function of the 74 Ga
nucleus. This can be inferred from from the fact that both πp3/2 ⊗ νg9/2 and πf5/2 ⊗
νg9/2 configurations result into the spin-parity of 3− . As you go up to higher A, the πf5/2
becomes more dominant. For example, πf5/2 is the only lower single-particle state in 76 Ga
with N = 45 contributing to the 2− ground state wave function.

6.6

Conclusion
To conclude, using statistically significant γγ coincidence information, we have up-

dated the level structure of

74

Ga with 29 new transitions assigned to it, in addition to

previously assigned 35 [54] (with 4 of them not being confirmed from this work). We did
not observe a 252-and 85-keV transitions in the decay and consequently not placed in the
level scheme. Also, although 109- and 894-keV γ rays were observed, both were determined to be sum peaks based on their intensity after the summing correction, and thus not
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Figure 6.4: The shell model (SM) calculation for 74 Ga isotopes using different interactions.
The experimental result is also included for comparison. The result is taken from reference
[74], which is the most recent SM calculation for the isotope.
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placed in the decay scheme. Transitions depopulating 19 energy states, including 7 newly
proposed states, up to 1555 keV, have been placed in the decay scheme. Among the 7
new energy levels proposed, three are firmly established by multiple γ rays depopulating
the levels. The Qβ value of the parent

74

Zn is small of about 2.3 MeV. Therefore, it was

possible to populate almost all the states of the

74

Ga daughter and observe all the γ rays

with a relative intensity greater than ∼0.38 in this study. However, what is needed in future
is a high-resolution and high statistics study of the low-energy portion of the level scheme,
especially γ rays below 200-keV. Such a high-resolution study including direct measurement of the internal conversion coefficients and level lifetimes would provide a very useful
insight into the structure of 74 Ga.
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CHAPTER VII
β DECAY STUDY OF 75 ZN

The second decay study carried out in this dissertation is 75 Zn β decay. The following
sections in this chapter provide more detail descriptions of background, specific experimental setup and decay scheme with elaborate discussion on new as well as established
excited states in 75 Ga related to this decay.

7.1

Introduction
Exploring the experimental data of neutron-rich isotopes near the nuclear shell closure

is a key in determining the accuracy of shell model interactions. Special attention has been
given to neutron-rich nuclei with Z∼28 as can be seen from several recent studies since
this region is known to have significant structural changes with the addition of neutrons.
Some examples being the origin of the weak sub-shell closure at N = 40 in Ni [56] and
Cu [57], observation of collective behavior in Ga isotopes for N ≥ 40 [58], and recent
confirmation of 78 Ni as a doubly magic nuclide [59, 55] opening a new chapter in the study
of many rare isotopes in this region. As such, significant studies have been carried out on
neutron-rich odd Zn isotopes close to A = 78, and 75 Zn is studied in the present work.
75

Zn has 2 protons and 17 neutrons outside of N = Z = 28 shell closure with the

expectation from simple shell model calculations that the isotope has protons in the πp3/2
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shell, and unpaired neutrons in the νg9/2 shell indicating a ground state (g.s.) spin/parity of
9/2+ . However, most of the neutron-rich odd Zn isotopes (except 79 Zn which has a single
hole in the νg9/2 shell [60] do not seem to follow this trend given by the non-interacting
shell model from N = 41 onwards. In
as in the case of

75,77

71,73

Zn, 1/2− is assigned as the g.s. [61] where

Zn, 7/2+ is the g.s. with the 1/2− state now becoming an isomeric

state [64, 19] and in case of

79

Zn, the 1/2− isomeric state lies above 1 MeV [62]. The

systematics of the neutron-rich odd Zn isotopes is shown in Figure 7.1. These results
are consistent with recent theoretical calculations [60] in this region and are explained on
the basis of behavior of neighboring

29 Cu

and

31 Ga

isotopes where the reordering of the

proton π2p3/2 and π1f5/2 levels beyond N = 40 causes the g.s. spin to change for the
odd-Z odd-A nuclei. These effects are induced by the monopole component of the tensor
interaction [63] which leads to a decrease in the size of Z = 28 shell gap as N increases.
So, study of the decay of the transitional 75 Zn isotope into 75 Ga can provide a very in-depth
understanding of the neutron level systematics as we approach to the N = 50 shell closure.
The β-decay half life of

75

Zn was measured by B. Grapengiesser et al. [65] and K.

Aleklett et al. [66]. An initial level scheme for 75 Ga was proposed by Rotbard et al. [68]
in 1978 using
of

75

70,72,74,76

Ge(d, 3 He)69,71,73,75 Ga reactions. The first detailed β decay study

Zn was carried out by Ekstrom et al. [64] in 1986 in a study to determine neutron-

rich nuclear masses through Qβ measurements. They utilized a co-axial HPGe-detector,
a planar HPGe-detector and scintillator for the detection of γ and β particles. The Zn
isotopes used were obtained from the isotopic separation of the fission products produced
at the OSIRIS ISOL facility at Studsvik, Sweden. γ-ray singles as well as γγ and βγ
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Figure 7.1: Illustration of neutron-rich odd Zn systematics from N = 37 onwards. See text
for discussion.

coincidences measurements were performed for the study. From the study, they proposed
103 γ-ray transitions with 40 energy level up to 3209 keV. The level scheme for 75 Ga was
further updated by Kay et al. [69] in 2009 using a polarized deuterium beam with the
reaction 76 Ge( pol d, 3 He)75 Ga to obtain information on asymmetries and parities of some
energy levels. Further, Stefanescu et al. [67] populated some excited states in neutronrich 71,73,75,77 Ga nuclei through a deep-inelastic reaction of a 76 Ge beam at 530 MeV and
identified some high-spin bands built upon the 9/2+ , 5/2− and 3/2− states which added a
few more γ-ray transitions and levels associated with 75 Ga. The current work is the study
of 75 Zn β decay to obtain updated structure information for excited states in 75 Ga.

7.2

Experimental Specifics
For the study of this decay, the LeRIBSS setup at HRIBF was used which has been

described in detail in Chapter 4. Obtaining a 75 Cu beam as pure as possible was one of the
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main aims of the experimental work. Starting with a pure beam along with proper choices
for growth and decay MTC cycles on the basis of the half-lives of the different components
in the decay chain made it possible to easily assign γ rays to the various decays. Before
sending the beam to LeRIBSS, the Zn components were removed by the charge exchange
cell and use of the high-resolution isobar separator essentially removed all the differentmass contaminants from the 75 Cu beam with only a small 75 Ga component being present.
Since 75 Ga has a longer half-life (126 s) compared to 75 Cu (1.22 s) and 75 Zn (10.2 s), it was
possible to remove its effects using proper MTC cycles. So, a 5 s MTC growth-in period
was enough to accumulate 75 Cu ions to near saturation [19] (5s ∼ 4t1/2 ). This was followed
by a longer MTC decay time of 7 s to provide ample decay time to measure the 75 Cu halflife. This MTC cycle (5 s growth / 7 s decay) was used to minimize the effects of the 75 Ga
as well as the

75

Zn decay chain members. Data was also taken for a saturation spectrum

after the MTC run was over. With an average ion rate of > 2000 ions/s for the purified
75

Cu beam, the entire experiment was completed in less than 3 hours. A trigger-less digital

data acquisition system was used to collect data with each event collected as a time stamp
storing energy and absolute time of each γ-ray detected during the decay process. After
initial efficiency calibration of the detectors and energy matching of the raw spectra, βγ
and γγ coincidence spectra were generated along with a γ-ray singles spectrum. The γ-ray
singles spectrum for the 75 Cu decay chain is shown in Figure 7.2. Only γ rays belonging to
75

Zn decay are labeled in the spectrum, where those labeled with red are the newly found

transitions from this study.
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Figure 7.2: γ-ray singles spectrum for the A = 75 decay chain starting with a purified
Cu beam. Only the peaks assigned to 75 Zn are labeled with their respective energies.
The peaks which are labeled in “red” are newly assigned peaks from this study.

75
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7.3

Decay Scheme of 75 Zn
The decay scheme of

75

Zn was developed based on the statistically significant γ-γ

coincidence method described in Chapter 5. Each of the γ-ray peak observed in the γray singles spectrum was assigned to a particular member of the decay chain based on
analyzing the γγ and βγ coincidence spectra along with comparison of the MTC cycle and
saturation spectra. The ungated γ-ray singles spectrum was utilized (instead of β-gated
spectrum) to determine the centroids and areas of the γ rays by Gaussian fitting of the
peaks using the RADWARE gf 3 software [46]. The results of the fitting were used as
input for the MASTER program for further analysis. The reason for not using the β-gated
spectrum is due to energy dependence of the β efficiency. The centroid of the Gaussian
fit was used along with an energy calibration to determine the energies of the peaks in the
γ-ray singles spectrum. For this decay, the intensities were initially determined relative to
the 228-keV γ-ray, the strongest γ-ray of the decay, and later summing corrections were
made to obtain the final relative intensities.
To build-up the decay scheme, first of all, the 228-keV γ-ray was placed feeding the
ground state with a level created at 228 keV. Then, other stronger γ rays from the decay,
most of which had some information from the previous study, were placed in order (as
much as possible) based on their coincidence information obtained from this experiment.
Finally, weaker transitions were placed carefully based on their low coincidence statistics.
A total of 144 γ rays were found to be associated with 75 Zn β decay, of which 56 of them
were new transitions from this study. The total number of energy levels constructed from
all of the placed transitions is 67 with energy up to 3924 keV. Among them, 35 are new
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compared to the previous β-decay measurement by Ekstrom et al. [64]. Seven energy
levels previously proposed for this decay by Ekstrom et al. were not observed in this study
based on new coincidence information for the γ rays depopulating those levels indicating
either the γ rays were not observed in the current data or they should be placed elsewhere
in the decay scheme. A level at 3105.45 keV was slightly modified to 3104.46 keV based
on the position of new centroid of the γ-ray depopulating the state.Table 7.1 provides the
specific details of all the γ rays used for the construction of the decay scheme in this study.
The γ-ray intensities presented in the table were normalized relative to the 228-keV γ
ray as discussed above. The intensities were also corrected for summing effects. There
were also 7 cases of doublet peaks at 177-, 583-, 724-, 1227-, 2485-, 2634- and 3190keV energy, for which intensities and energies were corrected using methods described in
Chapter 5.2.
The decay scheme for 75 Zn is shown in Figure 7.4 and Figure 7.5. The levels presented
by the solid horizontal lines are those which are established either by two or more transitions depopulating the levels, or by a single transition with a strong S-factor measured
both ways, or by a decay cascade with statistically significant coincidence information.
The dashed levels presented are based on single γ-ray transition which has a weak coincidence relation. Table 7.2 provides a summary of proposed energy levels, their β-feeding
and associated log(f t) values. In the following sections, the decay scheme has been discussed in detail with proposed changes in energy levels and γ rays relating to the structure
of the 75 Ga.
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Table 7.1: γ rays placed for 75 Zn decay, along with the proposed energy levels, relative
intensities, and γγ coincidence information. γ-ray in parenthesis indicates the possible
coincidence and those marked * are newly found in this study.
γ-ray (keV)
155.65(8)

E. level
178

Intensity (rel)
67.78(24)

174.01(8)

606

17.85(20)

177.44(8)
228.42(7)

178
228

4.89(17)
100.0(7)

255.26(7)
275.08(9)
377.69(7)

432
881
606

6.86(16)
2.12(13)
27.33(21)

409.59(7)

432

26.03(17)

427.87(7)

606

4.73(11)

432.12(6)

432

77.0(3)

449.38(7)

881

10.03(19)

γγ Coincidences (keV)
(255), 428, 628, 703, 713, 727, (825), (899),
911, 993, 1094, 1140, (1192), 1227, 1320,
1366, (1409), 1583, 1673, 1973, 1993, 2095,
2212, 2456, 2486, 2603, 2635, 3304, 3746
(410), 432, 523, 899, (1094), (1231), 1258,
(1628), 1652, 1666, 1784, 1830, 1993,
(2029), 2031, 2130, 2259, 2807, 2876
(993), (1366), 2095
(275), 378, 628, 653, (689), (712), 748,
(825), 901, 911, (938), 1000, (1045), 1094,
1140, (1164), 1231, (1258), (1282), 1316,
1391, 1402, (1409), 1428, 1445, 1489,
1636, 1652, 1666, (1685), (1700), 1718,
1748, 1753, 1787, 1830, 1993, 2010, 2029,
2034, 2045, 2185, 2259, (2278), 2328, 2415,
(2584), 2649, (2876), (3186), 3254, (3267)
156
(156), 378, 606, 628, (1487), 1718
275, 228, (523), (606), 628, (686), 899,
1000, 1094, 1231, 1258, (1360),(1489),
1652, 1666, (1830), 1993, (2029), 2034,
2259, (2781), 2807, 2876
(174), 449, (502), 628, 739, 842, (899),
938, 1094, 1113, 1140, 1190, 1802, 1806,
1826, 1982, 2079, (2125), 2230, 2350, 2446,
(2482), 2726, (3068), (3190)
156, (174), (177), 842, 899, (1113), 1982,
1993, 2034, 2259
174, 449, 502, 628, (712), 739, 748, (815),
(825), 842, 899, 938, 1094, 1113, 1140,
1190, 1498, 1574, 1583, 1591, 1640, (1718),
(1753), 1802, 1806, 1826, (1965), 1982,
1987, 1993, (2034), 2079, 2125, 2230, 2259,
2350, 2446, 2482, 2726, 3068, 3190
410, 432, 628, 748, 1094, (1227), (1391),
(1487), (1685), (1700), 1718, 1753
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Table 7.1: (continued)
γ-ray (keV)
502.20(8)
523.09(8)*
583.39(10)
605.95(6)

E. level
2736
1129
606
606

Intensity (rel)
2.27(12)
2.22(10)
0.65(4)
41.25(19)

624.16(8)
627.88(6)

2640
1509

2.47(12)
32.8(3)

630.40(6)*
653.01(6)

2865
881

2.95(23)
21.4(3)

685.86(9)
688.66(8)

1292
2234

1.97(11)
3.21(14)

703.12(7)*
712.65(6)

881
2257

3.60(12)
5.05(11)

724.23(15)
726.58(7)
739.43(7)
748.04(6)
812.5(3)*
814.8(4)*
824.64(6)

2234
2999
1171
2257
3182
2436
2369

3.1(3)
4.61(14)
2.97(12)
5.88(21)
0.65(14)
0.43(12)
10.13(13)

841.69(6)
863.44(12)
881.68(5)

1274
2369
881

14.56(17)
2.00(15)
14.82(22)

898.83(6)*

1505

13.01(24)

901.15(6)
911.19(6)*
930.86(13)*

1129
2456
2436

11.24(20)
5.25(12)
1.34(13)

γγ Coincidences (keV)
(410), 432, (688), (1316), 1628, 1802
(174), (228), 378, 606
(899)
275, (502), 628, (686), 899, (931), 938,
1000, 1094, 1231, 1258, 1360, 1628, 1652,
1666, 1784, 1830, 1993, (2029), 2034, 2130,
2259, 2271, 2781, 2807, 2876
228
156, 228, 275, (378), 410, 432, 449, 606,
653, 703, 724, 748, 882, 938, 1018, (1094),
1134, 1227, 1355, 1402, 1445, 1489, 1535,
1603, 1685, 1700, 1729, 2168
689, 1802
228, 628, 748, 1355, 1445, 1489, 1685,
1700, 1718, 1753, 2278, 2313
(228), (378), (842), 863, (882), (1487), 1551
(228), 502, 630, 1113, 1316, 1366, 1545,
1551
156, 628, (1718)
(156), 228, (432), 938, 1113, 1316, 1366,
1545
(228), 628, 653, 881
(156), (228), 628, 653, 882, 2094
410, 432
228, (378), (432), 449, 628, 653, 882, 938
824
(410), (432), 1190
(156), (228), 432, (686), 813, 1316, 1366,
1982
410, 432, 1140, 1461, 1591, 1640, 1965
(174), (178), 378, (686), 899
628, (727), 748, (938), 1227, 1355, 1391,
1445, 1489, 1535, 1685, 1718, 1753, 2278
(156), 174, 228, 378, (410), 428, (432), 606,
863, 931, 1094, 1134, 1231, 1234, 1358,
1416
228, 1428, (1514), 1748
(156), (228), 1316, 1366
(606), 899
111

Table 7.1: (continued)
γ-ray (keV)
937.55(6)

E. level
3195

Intensity (rel)
7.60(24)

992.79(6)
999.94(7)
1017.98(9)*
1044.95(6)
1094.49(7)

1171
2864
2527
1274
2599

3.40(11)
2.97(13)
1.99(13)
8.63(15)
5.1(3)

1112.85(11)
1134.1(4)*

1545
2643

3.9(3)
1.17(25)

1139.73(7)
1163.49(12)
1189.55(8)
1191.67(9)
1226.94(5)
1230.99(7)
1258.46(11)
1267.45(16)*
1281.6(4)*
1316.31(6)

2414
1392
1621
1370
2736
2736
1865
2813
1509
1545

5.42(20)
1.64(13)
5.40(23)
4.04(20)
1.26(5)
4.35(18)
3.86(24)
1.10(11)
0.11(4)
12.35(19)

1319.93(10)*
1331.98(10)*
1355.26(19)
1359.73(7)
1366.27(6)

2865
2877
2865
2865
1545

2.42(13)
2.06(13)
1.65(18)
5.18(18)
9.08(17)

1391.22(13)*
1401.80(22)*
1408.95(8)*
1428.37(8)
1445.48(17)
1487.19(25)
1489.27(17)
1498.44(12)*
1513.6(3)*
1534.9(3)*
1544.90(6)

2273
2911
2954
2557
2954
2369
2999
1930
2643
3044
1545

1.47(13)
0.91(15)
3.06(14)
5.45(25)
2.35(25)
1.6(3)
2.8(3)
2.72(15)
0.81(15)
1.28(20)
9.71(17)

γγ Coincidences (keV)
(228), 410, 432, (606), 628, 712, 748, 1445,
1545, 1652, 1826
156
228, (378), 606, 1258, 1636
628
(628), 1140
(156), 228, (378), (449), (606), 842, 899,
1316, 1366, (2168)
410, 432, 713, 1190
(228), (378), (449), (628), (606), (881),
(899)
(410), 432, 842, 2095
(228), (1316), 1366
410, 432, 815, (1113), 1574, (1587)
156, (1316), 1545
(156), (228), 628, (653), (882)
(174), 228, 378, 606, (628), 899
(174), (228), (378), 606, 1000
1316, 1545
228
228, 689, 713, 825, 911, 1094, (1163), 1190,
1267, 1332, (1409), (1652), (1666)
(156), 1316, 1366, 1545
1545
606, 628, 653
(228), (378), (606), (882), 899
156, (177), 689, 713, 825, 911, 1094, 1163,
1320, 1826
228, 653, 882
228, (628)
(228), 1316
228, 901
432, (449), 628, (653), 882
228, (378), (449), 628, (653), (686), 882
228, 628, 653, 882
(410), 432
(228), 901
228, 628, 653, 882
689, 713, 911, (938), 1190, 1267, 1332,
(2486)
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Table 7.1: (continued)
γ-ray (keV)
1551.37(6)*
1573.79(16)*
1583.25(21)*
1587.1(3)*
1590.6(4)*
1602.53(19)*
1628.15(9)*
1636.20(25)
1639.86(13)
1651.60(12)
1666.40(9)
1672.64(14)*
1685.32(6)
1700.20(18)
1717.99(8)
1729.01(16)*
1747.54(20)*
1752.91(11)
1762.92(6)
1765.14(6)
1784.08(13)*
1787.03(14)
1801.93(8)
1806.47(10)*
1825.68(8)
1830.20(9)
1964.66(25)*
1972.6(3)*
1981.81(7)
1987.0(3)*
1993.33(12)
2009.55(24)*
2028.60(18)
2033.80(10)
2044.51(14)
2078.64(13)*
2094.61(8)
2125.28(11)

E. level
3785
3195
2016
3209
2865
3112
2234
1865
2914
2257
2273
1851
3195
3209
2599
3238
2877
2634
2369
2371
2390
2016
2234
2238
2257
2436
3238
2151
2414
2419
2599
2238
2634
2640
2273
2511
2273
2557

Intensity (rel)
9.66(25)
2.06(18)
1.35(14)
1.18(16)
1.5(3)
2.01(20)
3.88(19)
1.21(15)
2.72(18)
3.82(23)
3.64(17)
1.96(15)
3.4(12)
2.15(20)
5.44(17)
1.87(18)
2.4(2)
3.07(16)
4.33(21)
2.22(23)
2.36(17)
2.81(18)
6.00(21)
3.71(18)
6.36(21)
4.08(19)
1.25(17)
2.2(3)
11.7(21)
0.97(15)
10.1(7)
1.30(16)
2.50(19)
4.77(17)
2.46(16)
2.40(14)
11.93(20)
2.86(15)

γγ Coincidences (keV)
689, (713)
(410), 432, (842), (1190)
(410), 432
432, 1190
432, 842
628
378, (606)
(228), (432), 842, 1000
(228), 432, 842, (1000)
(156), 174, (228), (378), 606, 938, 1316
174, 228, 378, (432), 606, 1316, 1366
156
228, (449), 628, (653), (882)
(228), 628, (653)
(228), (275), (432), 449, 653, 703, 882
(653), 628
(228), 901
228, (432), (449), 653, 882, (901)
174, 228, 378, 432, 606, (686)
(174), 228, 378, 606
174,(378), 606
228, 624
410, 432, 502, 630
410, 432
410, 432, 938, (1366)
174, 228, 378, 606
842
156
410, 432
(228), 410, 432, (653)
174, 228, 378, 432, 606
(228)
(174), 228, 378, (606)
174, 228, 378, (432), 606
228, (825)
(410), 432
156, (178), (727), 1227
228, (378), (410), 432, (606)
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Table 7.1: (continued)
γ-ray (keV)
2129.97(12)
2168.10(14)*
2185.09(9)
2212.19(19)*
2229.6(3)*
2258.74(12)
2271.34(16)
2277.33(18)
2313.1(4)*
2328.48(11)
2349.52(10)
2391.57(12)
2414.9(3)*
2445.52(13)
2456.05(9)
2482.01(12)
2484.97(9)*
2584.4(3)
2602.67(21)*
2634.64(13)
2640.13(11)
2648.65(15)*
2662.76(14)*
2726.13(14)*
2781.4(4)*
2806.86(17)*
2812.78(11)
2875.98(16)
3067.6(5)*
3186.1(5)*
3190.51(17)*
3254.3(3)*
3266.82(17)*
3303.9(4)*
3745.8(3)*

E. level
2736
3677
2414
2390
2663
2865
2877
3158
3195
2557
2781
2414
2643
2877
2634
2914
2663
2813
2781
2813
2640
2877
2663
3158
3387
3413
2813
3104
3500
3415
3623
3483
3495
3483
3924

Intensity (rel)
3.31(17)
3.14(23)
6.96(20)
2.78(20)
2.2(4)
7.5(3)
2.53(18)
2.24(18)
0.83(18)
2.67(13)
4.63(15)
3.59(14)
0.72(12)
2.26(13)
15.15(18)
3.78(16)
1.36(20)
0.98(13)
2.27(19)
1.18(19)
5.14(15)
2.08(14)
3.47(14)
2.55(14)
1.68(34)
1.93(14)
6.40(13)
2.13(15)
1.2(3)
0.88(16)
1.16(17)
1.048(14)
0.62(8)
1.07(17)
1.09(13)

γγ Coincidences (keV)
(174), 228, (378), (432), 606
(628)
228, (825)
156
410, 432, (842)
174, 228, 378, (410), (432), 606
(606)
(156), (228), 653, 881
(653), 882
228, 882
410, 432
228
410, 432
156
410, 432
156
228
156
156
228
(228), 410, 432
(606)
(174), (378), (606)
(174), (228), 606
174, 228, 378, 606
432
(228)
432
228
(228)
156
156
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7.3.1

New γ rays Depopulating Existing Energy Levels

A total of 17 new γ-ray transitions were added to the existing energy levels proposed
by Ekstrom et al. [64]. The addition of new γ rays to the previously proposed levels
helps us firmly confirm the presence of the levels in the decay scheme thus providing more
confidence in the structure of 75 Ga.
A γ-ray transition of energy 703-keV was identified by Stefanescu et al. [67], but was
not observed by Ekstrom et al. [64]. We confirm the presence of this γ-ray de-exciting the
previously proposed level at 881-keV. The 703-keV γ-ray is in mutual coincidence with
156-keV γ-ray thus placed feeding the 178 keV level. It is also in mutual coincidence with
the 628-keV γ-ray which is known to feed the 881-keV level. With strong coincidence in
both directions, the transition is indicated by a solid line. A gated spectrum for 703-keV
γ-ray is shown in Figure 7.3.
A new γ-ray transition of energy 1282-keV is placed de-exciting the previously proposed level at 1509 keV. The 1282-keV γ-ray is in possible mutual coincidence with 228keV γ-ray thus placed feeding the 228 keV level. Due to a weak coincidence, the transition
is dashed.
A new γ-ray transition of energy 1583-keV is placed de-exciting the previously proposed level at 2016 keV. The 1583-keV γ-ray is in mutual coincidence with 432-keV γ-ray
thus placed feeding the 432 keV level. Due to strong coincidence in both directions, the
transition is indicated by a solid line. The coincidence information of the γ-ray gated on
1583-keV is shown in Figure 7.3.
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A new γ-ray transition of energy 1628-keV is placed de-exciting the previously proposed level at 2234 keV. The 1628-keV γ-ray is in possible mutual coincidence with 606keV γ-ray thus placed feeding the 606 keV level. Due to a weak coincidence, the transition
is dashed.
A new γ-ray transition of energy 1391-keV is placed de-exciting the previously proposed level at 2273 keV. The 1391-keV γ-ray is in possible mutual coincidence with 882keV γ-ray thus placed feeding the 882 keV level. Due to a strong coincidence in both
directions, the transition is indicated by a solid line.
Two new γ-ray transition of energies 815- and 931-keV are placed de-exciting the
previously proposed level at 2436 keV. The first 815-keV γ-ray is in possible mutual coincidence with 432-keV γ-ray thus placed feeding the 432 keV level. The transition is,
however, dashed since the coincidence is weak in both directions. The second 931-keV γray is in definite mutual coincidence with 899-keV γ-ray in both directions and thus placed
as a solid transition feeding the 1505 keV level.
A new γ-ray transition of energy 1267-keV is placed de-exciting the previously proposed level at 2813 keV. The 1267-keV γ-ray is in definite mutual coincidence with both
1316- and 1545-keV γ rays thus placed feeding the 1545 keV level. Due to a strong coincidence in both directions, the transition shown as a solid line.
Three new γ-ray transition of energies 630-, 1320- and 1591-keV are placed de-exciting
the previously proposed level at 2865 keV. The first 630-keV γ-ray is in mutual coincidence
with both 689- and 1802 keV γ-ray in both directions leading its placement feeding the
2234 keV level. The second 1320-keV γ-ray is in definite mutual coincidence with 1366116

keV γ-ray in both directions and thus placed as a solid transition feeding the 1545 keV
level. Furthermore, the third 1591-keV γ-ray is in definite mutual coincidence with 842keV γ-ray in both directions and thus placed as a solid transition feeding the 1274 keV
level as indicated in the decay scheme shown in Figure 7.5.
Three new γ-ray transitions of energies 1332-, 1748- and 2649-keV are placed deexciting the previously proposed level at 2877 keV. The 1332-keV γ-ray is in mutual coincidence with the 1545-keV γ-ray in both direction leading its placement feeding the 1545
keV level. The new 1748-keV γ-ray is in definite mutual coincidence with 901-keV γ rays
thus placed feeding the 1129 keV level. The transition is indicated as a solid line for the
same reason as above. Furthermore, An observed new γ-ray of energy 2649-keV, feeding
down to the 228-keV level, is placed de-exciting the level at 2877-keV. The 2649-keV γray is in definite mutual coincidence with 228-keV γ-ray prompting its placement between
the indicated levels.
A level at 3195-keV was proposed by Ekstrom et al. by placing the 938- and 1685-keV
γ rays feeding down to the 2257- and 1509-keV levels, respectively. We confirm two new
observed γ rays of energies 1574- and 2313-keV are also placed de-exciting the level based
on the current work. The 1574-keV γ-ray is in definite mutual coincidence with the 1190keV γ-ray indicating its placement feeding the 1621-keV level. Similarly, definite mutual
coincidences between 1685-628-keV in both direction along with most of the γ rays from
cascades depopulating the 1509-keV level lead us to place 1685-keV depopulating the level
at 3195-keV.
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Figure 7.3: γ-ray coincidence spectra for the gates on 703-, 1583-, 1784-, and 2010-keV
transitions. The 1583-keV gate includes the single-escape peak (SEP) for the 2094-keV
γ-ray.
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Finally, the 3209-keV level was the highest energy level established by B. Ekstrom et
al. in their measurement. This level was proposed by placing a single γ-ray transition
of energy 1700-keV feeding down to the 1509-keV level. In addition to preserving this
transition, we have added a new 1587-keV γ-ray de-exciting the level at 3209-keV. The
1587-keV γ-ray is in mutual coincidence with 1190-keV γ rays while 1190-keV γ-ray
only sees it as a possible coincidence thus 1587-keV γ-ray being placed as a dashed line
feeding the 1621 keV level.

7.3.2

γ rays and Energy Levels Not Observed in This Study

The current work supports and confirms the majority of the energy levels and γ-ray
placements that were previously proposed for 75 Zn β decay by Ekstrom et al. [64]. However, there are still some γ rays and energy levels that were not observed and/or could not
be placed in the current study which were found previously in the decay of 75 Zn or from
various other studies [64, 68, 69, 67]. Their absence in the decay scheme could stem from
several possibilities. Some γ rays (1054-, 1713- and 2277-keV) were too weak (beyond
detection limit) in intensity to be observed in the γ-ray singles spectrum while in some
cases, the observed γ-ray could be positively assigned to another decay based on the coincidence information. This does not rule out a component of any observed peak being
associated with

75

Zn decay, only that there is a lack of coincidence information to place

such a component in the decay scheme for
75

75

Zn. Furthermore, we have the issue where

Cu decay γ rays can mask the 75 Zn decay γ rays making them hidden in the spectrum.

We have removed a total of 13 γ rays from the work of Ekstrom et al. in the current study.
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They are: 352-, 847-, 868-, 969-, 1054-, 1120-, 1238-, 1433-, 1443-, 1712-, 1779-, 2216and 2224-keV.
The 352-, 847-, 868-, 969-, 1120-, 1238-, 1433-, 1712-, 1779-, and 2216-keV γ rays
were previously reported to belong to

75

Zn decay by Ekstrom et al., but were not placed

in the decay scheme. The 1238-keV γ-ray was also reported by Stefanescu et al. [67] and
placed as de-exciting the level at 3896-keV without any supporting data. From the current
study, we do not have enough evidence to support the placement. In fact, the 352-, 847-,
969-, 1120-, 1238- and 1779-keV γ rays are identified as being room backgrounds in our
data since the peaks are completely removed in the β-gated spectrum and they lack any
coincidences. The 847-keV γ-ray was previously [64] reported to be in coincidence with
the 1140-keV γ-ray. However, we did not find any evidence to support this coincidence
and since the β-gated single spectrum does not show any evidence for this γ-ray, it is a
confirmed background line. The 1433-keV γ-ray had been placed by the NNDC evaluators as feeding the 432-keV level based solely on an energy difference. However, we
observe this γ-ray to be in coincidence with the 156-keV and 511-keV γ-ray indicating it
to be the double escape peak from the 2456-keV γ-ray. The 868-, and 2216-keV γ rays are
associated with 74 Ga, and 75 Cu decays respectively based on coincidence information. Finally, the 1712-keV γ-ray which was proposed by the NNDC evaluators to feed 1398-keV
level based on energy difference, and which had a reported relative intensity of 1.2(2) by
Ekstrom et al., is not observed in our single spectrum.
The γ rays, which were previously identified by Ekstrom et al. [64] and were placed in
their decay scheme, that are unable to be confirmed in the current work are 1054-, 1443120

and 2224-keV. The 1054-keV γ-ray was reported to be in coincidences with the 228-, 378-,
628-, 653- and 882-keV γ rays and placed de-exciting the level at 2564-keV in previous
study. However, we did not observe a γ-ray at this energy in the singles spectrum and
none of the γ rays that were proposed to be in coincidence with 1054-keV γ-ray, show any
significant peak at this energy, leading us to believe that it is not associated with 75 Zn decay.
The NNDC evaluators placed the 1443-keV γ-ray de-exciting the 1622-keV level based on
energy differences. Although the γ-ray is present in the singles spectrum overlapping with
a 1445-keV γ-ray, we do not see any solid evidence to place it in the decay scheme at this
location based on our work since it is not in coincidence with the 156-keV γ-ray to place
in it feeding the 178-keV level. In fact, the 1443-keV γ-ray is in coincidence with the
596-keV γ-ray assigned to

74

Ga in the delayed-neutron branch. Similarly, the 2224-keV

γ-ray was reported to be in coincidence with the 229-keV γ-ray, but placed de-exciting
the 3105-keV level based on an energy difference by Ekstrom et al.. Our result do not
support this placement since no distinct peak at 2224-keV is observed in the γ-ray singles
spectrum, and the 228-, 653-, and 882-keV gates do not show any γ-ray of this energy.
A γ-ray at 2222.75(9) keV is observed, but is firmly assigned to

75

Cu β decay based on

coincidence information.
Besides the 13 γ rays above, we could not confirm the presence of 8 energy levels from
the previous work of Ekstrom et al. [64]. They were: 1508-, 1655-, 2506-, 2564-, 2602-,
2739-, 2869- and 2955-keV.
The 1508 keV level was previously proposed based on the coincidence information
between 901- and 606-keV γ rays. We found 901-keV γ-ray in mutual coincidence with
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228-keV γ-ray leading its placement de-exciting the new 1129 keV level. The 1655 keV
level was proposed by Ekstrom et al. based on a single γ-ray transition of energy 1427keV. In our work, the the γ-ray to be coincidence with 901-keV γ-ray leading its placement
de-exciting the 2557 keV level feeding down to the level at 1129 keV. Similarly, the 2277keV γ-ray that established the level at 2506 keV previously has been placed de-exciting
the 3158 keV level in the current work based on its mutual coincidence with the 653- and
882-keV γ rays in both directions thus not providing evidence for the level at 2506 keV.
The 2564-keV was proposed based on a single γ-ray of energy 1054-keV de-exciting the
level. But, we did not observe the 1054-keV γ-ray and thus the energy level itself must be
removed.
Furthermore, the 2602 keV level was previously proposed by placing a γ-ray transition
of energy 1094-keV based on its coincidence with 901-keV γ-ray feeding 1508-keV level.
We found the 1094-keV γ-ray in mutual coincidence with 899-keV γ-ray and placed deexciting the level at 2599 keV and feeding the 1505 keV level. A 1231-keV transition
was previously placed de-exciting the level at 2739-keV feeding the 1507-keV level which
followed the decay cascade 1231-901-378-228-keV. However, we observed 1231-keV γray in definite coincidence with the 899-keV γ-ray following the cascade 1231-899-378228-keV and thus placing it de-exciting the 2736-keV instead of 2739-keV level. The
2869-keV was established previously [64] by placing two γ rays of energies 1359- and
2640-keV de-exciting the level. However, the 1359-keV γ-ray is now placed depopulating
the level at 2865-keV and the γ-ray 2640-keV has been placed at 2640 -keV level based
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on lack of coincidences. Both the evidences presented do not support a level at 2869-keV.
The level at 2955 keV is modified in energy to be 2954 keV which will be discussed later.
There are levels at 1167-, 1256-, 1935-, and 1976-keV, which were proposed by Rotbard et al. [68] and Kay et al. [69] from their work on cross section and polarization
asymmetry measurement using deuteron and polarized deuteron beam respectively. We
did not find any evidence to indicate feeding to or through these levels in 75 Zn β decay. So,
they are not included in the current decay scheme.

7.3.3

Proposed New Energy Levels

The levels at 22-, 178-, 228-, 432-, 606-, 881-keV, which were proposed previously
in several experiments [64, 68, 69, 67] are firmly confirmed in this study . No new level
is established below 1.0 MeV, neither any level is changed. The low lying 22-keV level
is established by 156- and 410-keV γ-ray transitions feeding into this level from 178 keV
and 432 keV levels. The presence of a 22-keV transition could not be confirmed in this
study because it was below our energy threshold. Further, the conversion coefficient for
22-keV transition is, α = 56(9), which indicates that it is highly converted. The transition is
placed in the current decay scheme as has been done previously. Furthermore, the 583-keV
γ-ray was observed by Ekstrom et al. and placed at 606 keV level with some doubt. We
found the 583-keV γ-ray to be a compound peak with majority of its component coming
from

75

Ga decay. Thus, its intensity is split to find the component belonging to

75

Zn

decay. Furthermore, a evidence for a weak 899-keV line is found in the 583-keV γ-ray
gate and thus placed at the 606 keV level with some confidence. . A new level at 1129
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Figure 7.4: Proposed decay scheme for 75 Zn determined in the energy region below 2.6
MeV. The solid dots represent definite coincidences whereas open dots represent possible
coincidences based on the statistical coincidence factor described in the text. The “blue”
colored transitions and “red” colored energy levels indicate new γ rays and energy levels,
respectively, found in this work respectively.
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Figure 7.5: (Continued...) Proposed decay scheme for 75 Zn above 2.6 MeV.
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keV is proposed by placing two observed γ-ray transition of energies 523- and 901-keV.
The new 523-keV γ-ray is in mutual coincidence between the and 378-keV γ-ray in both
direction thus placed feeding the 606 keV level. The 901-keV γ-ray was previously placed
de-exciting the 1508 keV level based on the coincidence information between 901- and
606-keV γ rays. As discussed above, we found 901-keV γ-ray in mutual coincidence
with 228-keV γ-ray leading its placement de-exciting the new 1129 keV level. Further, the
1748-keV gate only sees the 901- and 228-keV γ-ray and placed de-exciting the previously
proposed level at 2877 keV and the combination of 901- and 1428-keV gates establish a
1428-901-228-keV cascade providing an extra evidence for 1129 keV level with respect to
previously established 2557 keV level.
A new level at 1171 keV is proposed by placing two observed γ-ray transitions of
energies 992- and 739-keV. Both of these γ rays were identified previously, but not placed
in the decay scheme. We found the 992-keV γ-ray in mutual coincidence with 156-keV γray thus placed feeding the 178 keV level while the 739-keV γ-ray is found to be in definite
mutual coincidence with both 410- and 432-keV γ rays leading its placement feeding the
432 keV level.
A 685-keV γ-ray transition was previously identified by Ekstrom et al. but not placed
in the decay scheme. We found the γ-ray is in possible coincidence with 377- and 228-keV
establishing a new level at 1292-keV. Since coincidence significance factor is less than 3.75
in both ways between 685- and 377-keV, the level is only proposed as tentative, with both
the transition and level dashed as shown in the decay scheme.
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A new level at 1369 keV is proposed by placing an observed new γ-ray transition of
energy 1192-keV. The 1192-keV γ-ray was previously identified by Ekstrom et al. but not
placed in the decay scheme. We found the γ-ray in coincidence with 156-keV γ-ray while
the 156-keV γ-ray only sees as a possible coincidence leading its placement feeding the
178 keV level and dashed.
A new level at 1505-keV proposed by a 899-keV transition which was dentified by
Stefanescu et al. [67], but was not observed by Ekstrom et al. [64]. We confirm the
presence of this γ-ray feeding the level at 606 keV based on its mutual coincidence with
almost all the γ rays de-exciting the 606 keV level.
A new level at 1851 keV is proposed by placing an observed new γ-ray transition
of energy 1673-keV. The 1673-keV γ-ray is in strong mutual coincidence with 156-keV
γ-ray in both directions leading its placement feeding the 178 keV level. Due to strong
coincidence, both the transition and level are indicated by a solid.
A new level at 1930 keV is proposed based on an observed new γ-ray transition of
energy 1498-keV. The 1498-keV γ-ray is in definite mutual coincidence with 432-keV γray in both directions leading its placement feeding the 432 keV level. Both the transition
and level are indicated by a solid line due to strong coincidence.
A new level at 2151 keV is proposed based on an observed new γ-ray transition of
energy 1973-keV. The 1973-keV γ-ray is in mutual coincidence with 156-keV γ-ray in
both directions leading its placement feeding the 178 keV level. Both the transition and
level are indicated by a solid line due to strong coincidence.
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Two new γ-ray transitions at 1806- and 2010-keV proposes a new energy level at 2238keV based on coincidence information as presented in Table 7.1. The 1806-keV γ-ray is
in strong mutual coincidence with both the 410- and 432-keV γ-ray leading its placement
feeding the 432 keV level. Further, 2010-keV γ-ray is in possible coincidence with the
228-keV γ-ray thus feeding the level at 228 keV. Due to weak coincidence, the 2010keV γ-ray is dashed. The coincidence information for gated 2010-keV γ-ray is shown in
Figure 7.3.
A new 2371-keV level is proposed based on an observed new 1765-keV γ-ray which
is in strong mutual coincidence with the 606-keV γ-ray depopulating the 606-keV level.
The 1764-keV γ-ray was previously identified by Ekstrom et al., but was not placed in the
decay scheme.
A new level at 2390 keV is proposed by placing multiple new γ-ray of energies 1784and 2212-keV. The 2212-keV γ-ray is found to be in strong mutual coincidence with 156keV γ-ray thus feeding at 178 keV level, while the 1784-keV γ-ray is in mutual coincidence
with 174-, 377- and 606-keV [Figure 7.3], all of which de-excite the level at 606-keV.
A new level at 2419 keV is proposed by placing an observed new γ-ray of energy
1987-keV. The 1987-keV γ-ray is in strong mutual coincidence with the 432-keV γ-ray
thus feeding the 432-keV level.
A new level at 2456 keV is proposed based on an observed new γ-ray transition of
energy 911-keV. The 911-keV γ-ray is in strong mutual coincidence with both 1316- and
1366-keV γ rays in both directions leading its placement feeding the 1545 keV level. Due
to strong coincidence, both the transition and levels are indicated by a solid line.
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A new level at 2511 keV is proposed based on an observed new γ-ray transition of
energy 2079-keV. The 2079-keV γ-ray is in strong mutual coincidence with both 410- and
432-keV γ rays in both directions leading its placement feeding the 432 keV level. Due to
strong coincidence, both the transition and levels are indicated by a solid line.
A new level at 2527 keV is proposed based on an observed new γ-ray transition of
energy 1018-keV. The 1018-keV γ-ray is in strong mutual coincidence with 628-keV γray in both directions leading its placement feeding the 1509 keV level. Due to strong
coincidence, both the transition and levels are indicated by a solid line.
A new level at 2643 keV is proposed based on observed three new γ-ray transitions of
energies 1134-, 1514- and 2415-keV. All transitions go down to lower states with strong
or possible coincidences. An an observed 2415-keV γ-ray, which is in mutual coincidence
with the 228-keV γ-ray [Figure 7.6], is placed feeding the level at 228 keV. Another γ-ray
of energy 1514-keV is in strong mutual coincidence with 901-keV γ-ray thus placed feeding the 1129 keV level. Further, an observed 1134-keV γ-ray is in possible coincidences
with the 628-keV γ ray in both directions among others and is placed feeding the 1509-keV
level with a dashed line.
A new level at 2663 keV is proposed based on three newly observed γ-ray transitions
of energies 2230-, 2485- and 2663-keV. The 2230-keV γ-ray is in definite mutual coincidences with 410- and 432-keV γ rays in both directions leading to its placement feeding
the level at 432 keV. The 2486-keV γ-ray is in definite mutual coincidence with 156-keV
γ-ray leading its placement feeding the 178 keV level. The third observed γ-ray of energy
2663-keV is assigned to 75 Zn decay based on its β efficiency (∼24.7%) compared to near
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Figure 7.6: γ-ray coincidence spectra for the gates on 1535-, 1729-, 2415-, and 3746-keV
transitions.
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by

75

Zn decay transitions and found to lack coincidences among other γ rays. Thus it is

placed de-exciting the 2663 keV level.
A new level at 2781 keV is proposed based on 2350- and 2603-keV γ rays feeding
the levels at 432- and 178-keV, respectively. Of these two, the 2603-keV γ-ray is newly
observed in this study. The 2350-keV γ-ray was placed de-exciting the 2955-keV level by
NNDC evaluators based on an energy difference. In this work, we find it in definite mutual
coincidences with 410- and 432-keV γ rays leading to its placement as feeding the 432
keV level. Similarly, the 2603-keV γ-ray is observed in definite mutual coincidence with
156-keV γ-ray and hence placed feeding the level at 178 keV.
A new 2911-keV level is tentatively proposed by placing a observed γ-ray transition
of energy 1402-keV feeding the level at 1509-keV. The 1402-keV γ-ray is in possible
coincidence with the 628-keV γ-ray which de-excites the 1509-keV level. The level at
2911-keV and the transition itself are dashed due to lower confidence in the coincidence
information obtained in this work.
A level at 2955 keV was first proposed by Ekstrom et al. by placing an observed γray transitions of energy 1445-keV feeding the 1509-keV levels. The 1445-keV γ-ray was
previously identified by Ekstrom et al. [64] and placed de-exciting the 2955 keV level
along with the 2350-keV γ-ray. However, from the current measurement, we placed the
2350-keV γ-ray de-exciting the 2781 keV level and is not assigned to 2955 keV level. The
1445-keV γ-ray is in definite mutual coincidence with the 628-keV as well as with several
other γ rays in the cascade below this, indicating feeding into 1509-keV level supporting
its placement de-exciting a 2955-keV level. Another γ-ray of energy 1409-keV is a newly
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found in this work and is in definite coincidence with 1316-keV γ-ray; but, the 1316-keV
γ-ray only sees the 1409-keV γ-ray as a possible coincidence, prompting placement deexciting a possible new level at 2954-keV. This indicates that the 1409-keV γ-ray does not
likely to come from the same 2955 keV state; but from a new state at 2954 keV which has
almost the same energy. The transition at 1409-keV is dashed.
A new level at 3044 keV is proposed based on an observed γ-ray transition of energy
1535-keV. The 1535-keV γ-ray is in definite mutual coincidence with the 628-keV γ-ray
along with several γ rays in the cascade between this transition as can be seen in Figure 7.6
thus supporting its placement as feeding the 1509-keV level.
A new level at 3112 keV is proposed based on an observed γ-ray transition of energy
1603-keV. The 1603-keV γ-ray is in definite mutual coincidence with the 628-keV γ-ray
supporting its placement as feeding the 1509-keV level.
A new level at 3158 keV is proposed based on two observed γ-ray transitions of energy
2277- and 2726-keV. The 2277-keV γ-ray was previously identified by Ekstrom et al. and
placed de-exciting the 2506 keV level based on its proposed coincidence with 228-keV γray. In current work, we found the γ-ray in strong mutual coincidence with 881-keV γ-ray
in both directions leading its placement feeding the 881 keV level. The second 2726keV γ-ray is in definite mutual coincidence with 432-keV γ-ray both ways supporting its
placement as feeding the 432 keV level.
A new level at 3182 keV is proposed based on an observed γ-ray transition of energy
813-keV. The 813-keV γ-ray is in definite mutual coincidence with the 824-keV γ-ray
supporting its placement as feeding the 2369-keV level.
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The new level at 3238 keV is proposed based on two observed new γ-ray transitions
of energies 1729- and 1965-keV. The observed 1729-keV γ-ray is in strong mutual coincidence with the 628- and 653-keV γ rays [Figure 7.6] leading to its placement as feeding
the 1509 keV level. Further, we observed a 1965-keV γ-ray in definite mutual coincidence
with the 842-keV γ-ray which de-excites the 1274-keV level. Two firm coincidences establish this 3238 keV level a definite level.
A new level at 3387 keV is tentatively placed based on an observed γ-ray transition of
energy 2781-keV. The 2781-keV gate shows a possible coincidence with the 606-keV γray while the 606-keV gate shows 2781-keV as a definite coincidence γ-ray leading to the
possible placement of the 2781-keV γ-ray as feeding the 606 keV level. Both the transition
and level are dashed.
A new level at 3413 keV is tentatively proposed based on an observed γ-ray transition
of energy 2807-keV. The 2807-keV γ-ray is in possible coincidence with the 174-, 378and 606-keV γ rays while each of these γ rays shows a definite coincidence with the 2807keV γ-ray. Since the coincidence is not definite in both directions, the placement of the
γ-ray and the level is dashed.
A new level at 3415 keV is tentatively placed by an observed γ-ray transition of energy
3186-keV. The 3186-keV γ-ray is in possible coincidence with the 228-keV γ-ray in both
directions leading to its placement as feeding the 228 keV level. Due to low coincidence
statistics in both directions, the transition as well as the level are dashed in the decay
scheme.
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A new level at 3482 keV is proposed based on two newly observed γ-ray transitions
of energies 3254- and 3304-keV. The observed 3254-keV γ-ray is in strong mutual coincidence with the 228-keV γ-ray in both directions supporting its placement feeding 228 keV
level. Furthermore, we observed the 3304-keV γ-ray being in definite mutual coincidence
with the 156-keV γ-ray leading its placement feeding the 178 keV level. With two strong
coincidence established, the level is firmly proposed with a solid line.
A new level at 3495 keV is tentatively placed by an observed γ-ray transition of energy
3267-keV. The 3267-keV γ-ray is in possible mutual coincidence with the 228-keV γ-ray
in both directions leading to its placement as feeding the 228 keV level. Due to weak
coincidence, both the transition and level are dashed.
The level at 3500 keV is proposed by placing an observed γ-ray transition of energy
3068-keV. The 3068-keV γ-ray is in definite mutual coincidence with the 432-keV γ-ray
in both directions leading its placement as feeding the 432 keV level.
A new level at 3622 keV is proposed based on an observed strong γ-ray transition of
energy 3190-keV. The 3190-keV γ-ray is in strong mutual coincidence with 432-keV γ-ray
leading to its placement as feeding the 432 keV level.
A new level at 3678 keV is tentatively proposed by an observed γ-ray transition of energy 2168-keV. The 2168-keV γ-ray is in possible coincidence with 628-keV γ-ray while
the 628-keV gate shows the 2168-keV γ-ray as a definite coincidence leading to its placement as feeding the 1509 keV level. The transition and level are dashed.
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A new level at 3785-keV is established by an observed strong γ-ray transition of energy 1551-keV. The 1551-keV γ-ray is in definite mutual coincidence with 689-keV γ-ray
leading to its placement as feeding the 2234 keV level.
A new level at 3924-keV, the maximum energy level that is proposed in the study,
is based on an observed γ-ray transition of energy 3746-keV. The 3746-keV γ-ray is in
definite mutual coincidence with 156-keV γ-ray as shown in Figure 7.6 which lead us to
propose its placement as feeding the 178 keV level.

7.4 β-feeding and associated log(f t) values
The next step after the completion of decay scheme is to apply the coincidence summing corrections for all the observed γ-ray intensities associated with

75

Zn decay. The

internal conversion coefficients needed for summing correction are taken from Reference
[70]. As said earlier, those intensities were calculated relative to the strongest transition
of the decay, the 228-keV γ-ray peak, considering it to have a relative intensity of 100%.
The relative intensities so calculated are tabulated in Table 7.1. The MASTER program,
which was utilized during the process, also determined the relative β-feedings for each
level in the decay scheme. The β-feeding intensity of a level is the net γ-ray intensity
feeding out of the level, and it is an important factor in determining the strength and type
of β-decay transitions. To find the absolute intensities and also absolute β-feedings, a normalization factor, which is the number of 228-keV γ rays emitted per 100 decays of 75 Zn,
was determined as discussed below.
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Table 7.2: Proposed energy levels in 75 Ga, their β-feeding intensities, estimated log(f t)
values, and spin and parity assignments from NNDC. Here, # indicates spin parities based
on polarization asymmetry measurement [69], all other are based on level systematics and
log(f t) values from the previous β decay study of 75 Zn [64]. Level marked * are newly
found in this study.
Levels (keV)

Iβ (rel)

log(f t)

J π (NNDC)

22.44(5)
178.05(3)
228.48(3)
432.06(3)
606.08(3)
881.45(3)
1129.37(5)*
1171.15(6)*
1273.69(5)
1291.94(10)*
1369.72(10)*
1391.97(12)
1505.05(5)*
1509.38(4)
1544.78(3)
1621.55(8)
1850.68(15)*
1864.62(7)
1930.49(12)*
2015.66(8)
2150.7(3)*
2233.96(5)
2238.46(10)*
2257.47(5)
2272.61(6)
2369.13(5)
2371.22(7)*
2390.18(11)*
2413.68(5)
2419.1(3)*
2436.17(8)
2455.97(7)*
2510.69(13)*

0
0
0
0.2(8)
1.6(5)
0.5(3)
1.56(18)
2.06(5)
4.04(19)
0.70(4)
1.29(6)
0.53(4)
0
0
0.52(21)
0.57(14)
0.63(5)
0.71(12)
0.89(5)
0.56(10)
0.69(10)
0.4(3)
1.64(8)
4.9(3)
4.89(13)
6.31(16)
0.79(8)
1.72(9)
9.1(7)
0.32(5)
2.13(10)
1.89(4)
0.79(5)

7.9
7.0
7.4
6.8
6.6
6.3
7.0
6.7
7.1
7.1
6.9
6.8
6.8
6.6
6.8
6.7
6.8
6.2
5.7
5.7
5.6
6.5
6.1
5.4
6.8
6.0
6.0
6.4

1/2−
3/2− #
5/2− #
5/2−
7/2−
7/2− #
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9/2−

(5/2, 7/2, 9/2− )
(11/2− )
9/2+ #
7/2− #
7/2− #
(5/2, 7/2, 9/2)
7/2− #
(5/2, 7/2, 9/2− )
(5/2, 7/2, 9/2− )
(5/2, 7/2− )
(5/2, 7/2, 9/2− )

(5/2)
(5/2, 7/2, 9/2− )

Table 7.2: (continued)
Levels (keV)
2527.36(10)*
2557.43(7)
2599.48(6)
2634.26(7)
2639.91(7)
2643.29(20)*
2662.94(8)*
2736.19(5)
2781.42(10)*
2812.64(7)
2864.59(5)
2877.11(7)
2911.18(23)*
2913.84(10)
2953.92(8)*
2999.11(8)
3044.2(3)*
3104.46(17)
3111.90(19)*
3158.42(11)*
3181.7(3)*
3194.89(5)
3209.29(16)
3238.38(14)*
3387.5(4)*
3412.94(17)*
3414.6(5)*
3482.50(25)*
3495.30(18)*
3499.7(5)*
3622.57(17)*
3677.48(15)*
3785.33(8)*
3923.9(3)*

Iβ (rel)
0.85(6)
3.83(12)
7.6(3)
6.85(11)
4.07(9)
1.03(13)
1.43(8)
4.36(12)
2.24(8)
2.91(10)
9.17(23)
3.90(14)
0.39(6)
2.24(9)
2.10(12)
2.95(16)
0.54(9)
0.69(5)
0.85(9)
1.65(8)
0.28(6)
5.7(6)
1.36(11)
1.26(10)
0.59(12)
0.68(5)
0.29(5)
0.68(7)
0.20(3)
0.40(9)
0.38(6)
1.34(10)
4.04(19)
0.35(4)

log(f t)
6.4
5.7
5.4
5.4
5.6
6.2
6.1
5.5
5.8
5.5
5.1
5.5
6.5
5.7
5.7
5.5
6.2
6.1
6.0
5.7
6.4
5.1
5.7
5.7
6.0
5.9
6.2
5.8
5.8
6.0
6.0
5.4
4.8
5.8
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J π (NNDC)

(5/2+ , 7/2+ )
(5/2+ )

(5/2+ , 7/2+ , 9/2− )
(5/2, 7/2−
(5/2, 7/2, 9/2− )

(5/2, 7/2, 9/2− )

(5/2, 7/2, 9/2)

(5/2+ , 7/2+ , 9/2+ )
(5/2, 7/2, 9/2)

The ground-states spins of 75 Zn and 75 Ga are 7/2+ [64, 19] and 3/2− [64, 74], respectively. This means that, a first-forbidden unique β-transition is required for direct feeding
to the ground state of 75 Ga. Thus, we can safely assume a very little (estimated at <0.03%
absolute), if any, direct feeding to the ground state of the daughter. Therefore, the total
summed relative intensities of the γ rays feeding directly to the ground state of the daughter nuclide (75 Ga) was used to determine the normalization factor. The 11 observed γ rays
with energies 22-, 177-, 228-, 432-, 606-, 882-, 1544-, 2391-, 2640-, 2663- and 2812-keV
were directly feeding to the ground state providing total relative intensity to 262.7(9), and
thereby yielding 38.10(13) as the normalization factor for the 228-keV γ-ray. Here, the
22.2-keV transition, which de-excites the level at 22.2-keV, was below the energy threshold for measurement by HPGe γ-ray detectors and as such was not observed in our work.
The conversion coefficient calculated for this transition was 56(5) [70], which suggested
that it was also entirely possible to have it converted totally. We, however, speculatively
used the previous measurement of its intensity by Ekstrom et al. as a reference for this
work. The value for the normalization constant here is solely based on the assumptions
that no further γ-ray transitions to the ground states are available from higher levels and
no direct ground state to ground state feeding between the 75 Zn parent and 75 Ga daughter,
both of which may not be perfectly valid, as many other weak transitions may be missing
from the decay or have not been placed due to several reasons, including weak coincidence
statistics. Thus, the normalization factor determined must be considered as an upper limit
in this case which lead us to overestimation of the β-feeding intensity to the levels . The
absolute β-feeding was then determined for each of the observed levels established and is
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tabulated in Table 7.2 along with a possible lower limit for the log(f t) value. The log(f t)
values were calculated from the NNDC website [3], which uses a input the parameters
such as the Q-value, half-life and β-feeding intensity of a β-decayed nuclide. We used Qβ
= 5906(3) keV [64, 73] and t1/2 = 10.2(2) [65, 66, 64] for the calculation. The spin and
parities listed in Table 7.2 are adopted from the NNDC unless specified for the new levels.
In Table 7.2, the β-feedings for some levels are left blank because they are negative.
For the 228-keV level, a small negative β-feeding of -2.4(3) was observed. Two different
possibilities can explain the feeding: a 50-keV M1+E2 transition from this level to the 178keV level or, a 206-keV E2 transition down to the 22-keV level. The estimated conversion
coefficient for the former case is 9(5) and for the latter is only 0.0433(6), suggesting that
a 50-keV γ-ray M1+E2 transition could possibly correct the β-feeding at the level and the
fact that it is not observed is due to large conversion. Other small negative feedings are
consistent with zero and are assumed as such and no log(f t) value is presented in Table 7.2.
A schematic comparison of the β-feeding profiles of

75

Zn decay from this work with

previous work by Ekstrom et al. is shown in Figure 7.7. We can instantly see two important
features of the β-feeding profile in the Figure 7.7. The first one is that the region of maximum β strength in 75 Ga lies between 2.5- to 3.0 MeV in both studies.This is also the case
for 77 Zn decay which will be discussed in Chapter 9. The second feature is the reduction in
β-feeding values for lower energy levels and subsequent increase of those values for higher
levels in the present work in comparison to previous work by Ekstrom et al.. This is due
to the fact that a significant number of transitions have been identified in this work that are
feeding to lower levels from higher ones which were either proposed from previous studies
139

Figure 7.7: β-feeding profile comparison of present work for 75 Zn decay with Ekstrom et
al. [64].
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or, established from the current work. For example, the β-feeding observed for 432-keV
level in this work is ∼ 0% compared to 7.3% by Ekstrom et al.. This disagreement is due
to addition of 9 new γ-ray transitions in addition to the previous 13 which were identified
as feeding the level. The new placements have totally changed the net feeding profile of
the level. Similar is the case for the level at 1545-keV whose β-feeding is decreased from
5.6% [64] to 0.52% due to addition of new transitions feeding into the level. On the other
hand, for obvious reason, the feeding of levels at high energy such as 2369-, 2599- and
2865-keV have increased significantly to 6.31%, 7.6% and 9.17%, respectively, from their
previous values of 1.72%, 3.7% and 2.6%. Further, the new levels established beyond previously proposed 3209-keV level have successfully extended the β-feeding profile of the
decay.

7.5

Shell model approach and spin parity assignments
A shell model comparison to the decay scheme shown in Figure 7.4 and Figure 7.5 pro-

vides a significant insights into the possible spin and parities of the levels. The most recent
shell-model (SM) calculation for Ga isotopes including high spin states was performed by
Srivastava et al. [74] and is shown in Figure 7.8. The result shows both experimental
results and theoretical predictions. The SM calculations are based on a f5/2 pg9/2 model
space when using the JUN45 and jj4b effective interactions developed by Honma et al.
[75] and Brown et al. [76], respectively, and the f pg9/2 model space with the f pg interaction reported by Sorlin et al. [56]. Results from the f5/2 pg9/2 model space with their
effective interactions are included in the Figure 7.8.
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The ground state spin and parity of 75 Ga is known to be 3/2− from various experimental
results [64, 19, 78]. A low lying 1/2− state is observed experimentally [67] in all oddeven 67−77 Ga isotopes except 73 Ga. The energy states at 178-, 228- and 882-keV are also
firmly established as a series of negative parity states (see Table 7.2) from the experimental
works done by Rotbard et al. [68] and Kay et al. [69] through polarization asymmetry
measurement in a (d, 3 He) transfer reaction. The theoretical SM calculations in Figure 7.8
are in general agreement with all of these level assignments, although not all interactions
reproduce the 1/2− level. The 432- and 606-keV levels are assigned as 5/2− and 7/2− ,
respectively by Stefanescu et al. [67]. Other confirmed assignments from their study was
7/2− for each of the levels at 1545-, 1621- and 2015-keV.
The 1274-keV level connects to the 432- and 228-keV levels both of which are 5/2− .
Based on the β-decay study by Ekstrom et al., it was tentatively assigned to be 9/2− assuming an E2 transition, which was later confirmed by Stefanescu et al. in their high-spin states
study of Ga nuclei. From the current work, We calculated the log(f t) value for the level
to be 6.49 consistent with a first forbidden transition which is what we expect for 7/2+ →
9/2− . The same group also proposed 11/2− for the level at 1505-keV, which is supported
by the SM calculation in Figure 7.8 that shows a 11/2− in the energy range 1300-1800 keV.
This is also in consistent since there is no apparent feeding to this level just as we would
expect for 7/2+ → 11/2− . The two close lying states at 1507- and 1509-keV were initially
proposed in the β-decay study. However, we have rejected the 1507-keV level. The level
at 1509-keV was assumed by Stefanescu et al. to be 9/2+ due to a dominant g9/2 character
in this region . The case for 1509-keV is strengthened due to the systematics of lighter Ga
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Figure 7.8: The shell model (SM) calculation for 75 Ga isotopes using three different interactions. The experimental result is also included for comparison. The result is taken from
reference [74], which is the most recent SM calculation for the isotope.
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nuclei showing feeding predominantly to a 7/2− level. In our case, the feedings to 882-keV
7/2− level through a 628-keV transtion. SM calculation (only for the f pg interaction) also
predicted just one 9/2+ at such a low energy. In the current work, our calculated log(f t)
value for the 1509-keV level is 6.89 which is in agreement with Ekstrom et al. suggesting a strong E1 transition for the 628-keV γ-ray with 4J = 1 and with change of parity.
Other possible spin parity assignments in the Table 7.2 are based on logft values and type
of transitions (E1, E2, or M1+ E2) from the β-decays studies [64].

7.6

Conclusion
we have updated the

75

Zn decay scheme extensively, raising the higher observed en-

ergy level from previous 3209-keV [64] to 3924-keV, with the addition of 35 energy levels
and 56 new γ rays. Eight previously assigned energy levels at 1508-, 1655-, 2506-, 2564-,
2602-, 2739-, 2869- and 2955-keV were either removed or modified based on new coincidence information in the current study. Also removed are 13 γ-ray transitions which were
either not seen in the γ-ray singles spectrum or lacked sufficient evidence to place them in
the decay based on statistically significant coincidence factor described in the main text.
The observed β-feeding to all the levels were determined and their experimental log(f t)
values were also calculated. A schematic comparison of those feedings with the previous
study was made for better insight into the results. Finally, theoretical SM calculation for
the states in 75 Ga were included to explain different experimental works done to assign the
spin and parity of the levels in the decay.

144

CHAPTER VIII
β DECAY STUDY OF 76 ZN

76

Zn β decay is the third study included in this dissertation. Starting from a short back-

ground and specific experimental work carried out for this decay, the following sections
in this chapter detail out more on the proposed decay scheme with new and established
excited states and shell model considerations for this nucleus.

8.1

Introduction and experimental specifics
76

Zn is a neutron-rich nucleus close to the valley of stability. It is an even-even nucleus

with 30 protons and 46 neutrons and its presence near the double shell closure at

78

Ni

has prompted a interest in this nucleus which decays to odd-odd 76 Ga. The nuclei at this
neutron-rich region are important for nucleosynthesis processes in astrophysics since they
lie at the beginning of the r-process path. Also, because of their presence near 78
28 Ni50 , the
extent of magic number influence on nuclear structure far from the stability can be studied
which helps in predicting mass systematics for more neutron-rich nuclei. The half-life of
the 76 Zn is 5.7(3) s [64] and the Qβ value is 3993.6(25) keV [72].

76

Zn β decay was first

studied extensively by Ekstrom et al. [64] in 1986 using Zn isotopes obtained as isobaric
separated fission products at the OSIRIS ISOL facility at Studsvik, Sweden. The ion beams
so obtained contained a mixture of several isobars due to the poor mass resolving power
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of the separator. The study proposed 58 transitions populating 22 excited states up to 2602
keV.
One difficulty in having enough information on Zn nuclei with A > 74 is that no stable
nuclei are available to use as targets for simple transfer reactions [15]. So, the structure
of Zn nuclei with A > 74 are studied by the β decay of the A > 74 Cu nuclei. This 76 Zn
β − decay study was carried out using a

76

Cu beam produced using the ISOL technique

at the HRIBF, ORNL which is described in Chapter 4 in detail. For this experiment, the
both RO (Ranging Out) setup (Figure 4.2 [36] and 4.3 [27]) as well as LeRIBSS setup [33]
were used. However, for current study, only data from LeRIBSS were used. More detail
of the experimental setup utilized can be found in Chapter 4. The γ-ray singles spectrum
corresponding to 76 Cu decay chain is presented in Figure 8.1. Only those γ rays associated
with 76 Zn decay are labeled in the spectrum. The γ rays labeled with ‘red’ are newly found
transitions in this study.

8.2

Decay scheme of 76 Zn
The decay scheme of

76

Zn was developed by using the statistically significant γ-γ

coincidence method described in Chapter 5. As described in previous decays, each of the
γ-ray peaks observed in the γ-ray singles spectrum was assigned to a particular member of
the decay chain based on analyzing the γγ and βγ coincidences. The ungated γ-ray singles
spectrum was utilized (instead of the β-gated spectrum) to find the energy and intensity of
the γ rays by Gaussian fitting of the peak positions and areas using the RADWARE gf 3
software to provide input from the MASTER program. The centroid of the Gaussian fit
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Figure 8.1: The summed γ ray singles spectrum for the A = 76 data set with a purified
76
Cu beam. Only the peaks assigned to 76 Zn are labeled with their respective energies. The
peaks which are labeled in “red” are newly found in this study.
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provided the exact energy of the peaks in the γ-ray singles spectrum based on a fitted
energy calibration. For this decay, the intensities were initially determined relative to the
199-keV γ-ray, the most strongest γ-ray of the decay, and later summing corrected to
obtain the final relative intensities. The coincidence information associated with each γray belonging to 76 Zn with their relative intensities and placement is presented in Table 8.1.
To begin with, the 199-keV γ-ray was identified as the strongest γ-ray in the 76 Zn decay
and was placed feeding the ground state to establish a level at 199-keV. Then, strong γ rays
associated with the decay were placed prioritizing by their intensities (with stronger γ-ray
being placed first into the decay scheme) based on the coincidence information obtained
from the current study. Finally, weak γ-ray transitions were placed in the decay scheme
carefully keeping in mind their low-intensity and thus low coincidence statistics. A total of
59 γ rays associated with 76 Zn decay were identified, of which 51 are placed in the decay
scheme establishing 25 excited states up to an energy of 2603 keV. This includes a total
of 5 new γ rays and 4 new energy levels identified to belong to

76

Ga as compared to the

previous β-decay study by Ekstrom et al.. There were also cases of some γ rays which
we observed but could not be placed in the decay scheme due to not having sufficient
coincidence information. The unplaced γ rays that belong to the 76 Zn decay are also listed
in Table 8.1 without being assigned to any particular level. We did not observe one energy
level from the previous study by Ekstrom et al. and three other levels were modified
slightly based on new energy and coincidence information, as is the case for 4 previously
placed transitions which were not observed in this study. More details on these and other
transitions and energy levels will be discussed in forthcoming paragraphs.
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Table 8.1 provides details of all the γ rays associated to

76

Zn β decay and were used

for the constructions of the decay scheme in this study. The γ-ray intensities presented in
the table were normalized relative to the 199-keV γ-ray, since it is the strongest transition
observed in the decay. All the possible γ rays which are in coincidence with the 199-keV
γ-ray is shown in Figure 8.3. The intensities were also corrected for summing effects after
the decay scheme was developed and in the case of compounds peaks, their intensities are
corrected using methods described in Chapter 5.2.
The decay scheme developed is presented in Figure 8.2. The levels represented by
the solid horizontal lines are those which are established either by two or more transitions
depopulating the level, or by a single transition with strong S-factor measured both ways, or
by a decay cascade with statistically significant coincidence information. The dashed levels
presented are based on a single γ-ray transition which has a weak coincidence relation.
Table 8.2 provides a summary of proposed energy levels, their β-feeding and associated
log(f t) values.
Low lying energy levels 172-, 199-, 275-, 282-, 369- and 565-keV which were initially
proposed by Ekstrom et al. [64], are firmly established in this study. For the 369 keV level,
although the intensity of 1456-keV γ-ray is larger, the conversion coefficient of the 94-keV
γ-ray (α94 = 0.906 (14) for an E2 transition) is sufficient to make outgoing intensity greater
than the incoming intensity to the level and thus preserved.
A new transition of energy 283-keV is added de-exciting the 565-keV level based on
its definite mutual coincidence with the 82-keV γ-ray. The 82-keV γ-ray, however, sees
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Table 8.1: γ rays associated for 76 Zn decay, along with the proposed energy levels, relative
intensities, and γγ coincidence information. γ-ray in parenthesis indicates the possible
coincidence. Those marked * are newly found.
γ-ray (keV)
75.47(8)

E. level
275

Intensity (rel)
29.75(13)

81.85(8)
87.10(8)
93.40(11)
102.65(9)
109.35(8)
172.34(7)

282
369
275
282
172

3.79(10)
0.90(11)
1.11(8)
1.25(7)
1.53(7)
9.35(8)

199.55(7)

200

100.00(16)

275.27(7)

275

6.21(10)

281.63(7)
283.45(7)*
290.22(9)
365.88(7)
393.16(8)
480.98(13)
508.96(7)
565.07(7)
609.21(6)
735.76(20)
748.72(6)
755.04(6)
763.5(3)
785.94(11)
830.81(6)
857.91(8)
864.60(12)
979.93(28)
1069.46(12)
1185.03(20)

282
565
565
565
565
681
681
565
781
1104
1030
1030

4.15(9)
0.19(11)
1.50(8)
1.22(17)
2.09(8)
1.09(9)
6.9(3)
4.37(15)
1.5(5)
0.46(8)
5.71(9)
8.41(10)
0.29(8)
0.92(8)
2.83(9)
2.02(10)
1.00(9)
0.38(8)
1.03(11)
1.06(14)

1030
1030
1545
1545
1750
1750

γγ Coincidences (keV)
(172), 199, 290, 755, 1252, (1386), 1456,
(1797), 1816
199, (283), 749, (755), 1264, 1287, 1469
199, (736), (1252), 1456, (1797)
172, 755
172, 749, 1264, (1287), (1469)
(75), 103, 109, (290), 393, 509,
(609), 749, 755,(786), 858, 865, 1069,
1264,(1411),(1373), (1396), (1456), (1469),
1578, 1725,(1919)
75, 82, 93, 290, 366, 481, 736, 749, 755,
831, 865, 980, (1069), (1185), 1251, 1264,
1287, 1346, 1370, 1456, 1469, 1550, 1611,
1797, 1816, (2223), (2404)
(290), 755, (1251), 1457, (1703), (1797),
(1816) (1848), (1907), 2052
749, 1264, 1287, 1469, (1695)
82
75, (172), 199, 275, (1297)
199, 980, (1185), (1396), (1509)
172
(199), 865, (1069)
172, 865, 1069
(1185)
172
(75), (93), 199
82, 109, 172, 199, 282
75, 103, 172, 199, 275

199
172
172, (199), (481), 509, (680), (1296)
199, 366, (481)
172, (199), 481, 509
275, 366
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Table 8.1: (Continued)
γ-ray (keV)
1251.34(19)
1263.94(8)
1286.71(11)
1310.1(4)
1346.06(8)
1367.9(4)
1370.04(19)*
1373.06(5)
1385.52(19)*
1396.41(15)
1411.37(5)
1456.47(8)
1468.94(8)
1509.24(8)*
1545.55(10)
1549.69(6)
1577.92(21)
1611.39(16)
1695.42(6)
1702.52(6)
1724.7(3)
1751.33(23)
1797.0(3)
1816.15(12)
1919.5(6)
1976.74(17)
2052.2(5)*
2091.5(25)
2223.25(22)
2403.7(3)

E. level
1620
1545
1569
1545
1569
1545
1661
1569
1584
1825
1750
2074
1545
1750
1750
1811
1978
1897
2072
2091
2091
1978
2091
2423
2603

Intensity (rel)
0.74(10)
2.50(10)
1.30(9)
0.33(9)
2.79(10)
0.54(14)
1.09(14)
0.18(9)
0.61(9)
0.82(9)
0.20(10)
2.02(9)
0.34(12)
2.09(10)
1.64(10)
0.21(11)
0.70(10)
1.07(10)
0.28(8)
0.12(5)
0.46(9)
0.55(9)
0.37(9)
1.26(9)
0.27(10)
0.88(10)
0.39(11)
2.58(14)
1.43(20)
0.50(9)

γγ Coincidences (keV)
75, (93), 199, (275)
82, 109, 172, 199, 282
82, (172), (199), 282
199
199
(172)
(75)
(172)
(172)
75, 93, 199, (275)
82, 199, 282
(366)
199
172
199
(75), (199)
172
(75), (199), (276)
75, 199, (275)
(172)
(275)
(199)
199
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the 283-keV γ-ray which depopulates the level at 282-keV as only a possible coincidence.
Hence, the 283-keV transition is placed as a dashed line in the decay scheme.
Another new γ-ray of energy 1370-keV is added to previously proposed level at 1569
keV. The 1370-keV γ-ray is in definite mutual coincidence with 199-keV γ-ray in both
ways leading its placement feeding the 199 keV level as shown in Figure 8.3. Due a
definite coincidence observed from both ways, the γ-ray is kept solid in the decay scheme.
Although our current work supported and validated most of the energy levels and γ
rays that were proposed previously for the β-decay of 76 Zn by Ekstrom et al. [64], there
are still some γ rays and energy levels that have not been confirmed in the current study
and have been either modified, removed or not assigned to a level for various reasons. One
reason for the removal of a γ-ray and its corresponding level is the absence of the γ-ray
in the γ-ray singles spectrum may be due to very weak intensity and, even if observed in
the spectrum in some cases, not being able to place it in the decay scheme confidently
due to insufficient coincidence statistics. A second reason to remove a γ-ray being that,
sometimes, the coincidence information on which a γ-ray placement was based is not
observed or is changed relative to the present information, leading to removal of the γray and modify the associated level accordingly. Finally, the contaminants present in the
source that was used in the previous work is another cause for missing out on some of the
γ rays and energy levels in this work. In the current work, 4 γ rays: 405-, 969-, 681- and
1030-keV from the previous study [64] were not assigned to 76 Zn decay. The first two γ
rays were too weak to be detected within our detection limit and thus not observed in the
γ-ray singles spectrum while the other two γ rays were identified to be pure sum peaks
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Figure 8.2: Proposed decay scheme for 76 Zn. The solid dots represent definite coincidences
where as open dots represent possible coincidences based on the statistical coincidence
factor described in the text. The “blue” colored transitions and “red” colored energy levels
indicate new γ rays and energy levels found153
from this work respectively.

based on the current data and thus all of them were not included as γ rays associated with
this decay.
Furthermore, evidence was also not found for the placement of an energy level at 2167keV. The energy level at 2167-keV was proposed by Ekstrom et al. by placing a single
γ-ray of energy 1797-keV de-exciting the level. However, we placed the 1797-keV γ-ray
de-exciting the 2072-keV level based on its possible mutual coincidence with the 75-keV
γ-ray along with a lack of evidence for the 1797-93-keV coincidence. Hence, evidence
for placement of the previous level at 2167-keV has not been observed. The new level at
2072-keV is dashed.
Also, as shown in the decay scheme in Figure 8.2, three levels at 1106.3-, 1621.22- and
2602.44-keV were modified in energy to 1104.28-, 1619.86- and 2603.39-keV based on
the energy of the γ rays observed in this study.
A total 4 new energy levels are proposed in this work. They are: 1584-, 1661-, 2072and 2074-keV. A new level at 1584-keV is proposed based on an observed γ-ray transitions
of energy 1411-keV which was previously identified and placed by Ekstrom et al. at 2091keV level. From the current coincidence information, we found the 1411-keV γ-ray in
possible mutual coincidence with 172-keV γ-ray leading its placement de-exciting the level
at 1583-keV. Pertaining to weak coincidence statistics, the level is dashed.
A new level is proposed at 1661-keV due to placing of an observed γ-ray of energy
1386-keV feeding the 275-keV level. The γ-ray is in possible mutual coincidence with the
75-keV γ-ray in both directions leading to its placement as de-exciting the possible 1661-
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Figure 8.3: γ-ray coincidence spectrum for the gates on the 199-keV transition, which was
the strongest γ-ray transition of the decay.
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keV level. Due to low coincidence statistics measured by the S-factor in both directions,
the transition as well as the level are dashed in the decay scheme.
Two closely lying new levels at 2072- and 2074-keV are proposed based on two new
γ-ray transitions of energies 1797- and 1509-keV, feeding down the levels at 275- and 565keV, respectively. As mentioned above, the 1797-keV γ-ray is in possible coincidence with
the 75-, 199-, and 275-keV γ rays in both directions leading to its tentative placement deexciting the 2072-keV level. Similarly, possible coincidences between the 1509-keV and
366-keV γ rays tentatively place a level at 2074-keV. Further, due to the weak coincidence
statistics, the transitions and new levels are placed tentatively in the decay scheme and,
therefore, are dashed.
The maximum energy level proposed from this study is 2603 keV which is similar to
that proposed by Ekstrom et al..

8.3 β-feeding and log(f t) values
After completion of the decay scheme development, the coincidence summing correction was applied for all observed γ-ray intensities associated with 76 Zn decay. The internal
conversion coefficients (α) were determined using the BrIcc code from Reference [70].
The use of α values corrects the observed intensity for internal conversion to avoid errors
in the β-feeding values. For the summing corrections, final intensities were determined relative to the strongest γ-ray, 199-keV, being set to 100%. The observed relative intensities
so determined are tabulated in Table 8.1 for all the γ rays related to this decay. To find the
absolute intensities and also absolute β-feedings, the normalization factor was determined
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using the assumptions discussed below. Just to remind, the normalization factor, in this
case, is the number of 199-keV γ rays emitted per 100 decays of 76 Zn.
The ground-state spins of

76

Zn and

76

Ga are 0+ [15] and 2− [71], respectively. This

means that a direct β-feeding to the ground state of daughter

76

Ga is less probable due

to the unique first-forbidden transition involved. Thus, we first assume very little, if any,
direct feeding to the ground state of the

76

Ga. Therefore, to determine the normalization

factor, the total summed relative intensities of the γ rays feeding directly to the ground
state of the daughter is used. There are altogether 8 observed γ-ray transitions of energies
172-, 199-, 275-, 281-, 565-, 1545-, 1977- and 2091-keV that are feeding directly to the
ground state providing total relative intensity to 129.2(3), and thereby yielding 77.40(18)
as the normalization factor for the 199-keV γ-ray which is comparable to 77.5(8) from
previous study [64]. Another assumption that is subtly made in the above discussion for
calculating the normalization factor is that no further γ-ray transitions to ground state are
available from the higher lying states. Both of the above assumptions, however, may not be
perfectly valid. This is because many transitions, including the unplaced transitions listed
in Table 8.1, are missing from the decay and their feeding into the lower-lying states may
significantly alter the value of the normalization factor. Furthermore, several transitions
previously placed have not been observed in current study. For that reason, it is considered
as an upper limit in this case which will result in an overestimation of the β-feeding intensity to levels. The absolute β-feeding calculated for each levels is tabulated in Table 8.2
along with possible lower limit log(f t) values. The log(f t) values were calculated using
the NNDC website [3]. For the calculation, we used Qβ = 3993.6 (25) keV [72] and t1/2
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Table 8.2: Proposed energy levels in 76 Ga from the decay of 76 Zn, including the relative βdecay feeding, estimated log(ft) values in their lower limit and spin and parity assignments
from NNDC. See text for more discussion. Those marked * are newly found.
Levels (keV)

Iβ (rel)

log(f t)

J π (NNDC)

172.26(4)
199.64(4)
275.12(4)
281.54(4)
368.51(12)
565.24(4)
680.91(6)
781.47(7)
1030.26(4)
1104.27(23)
1545.47(4)
1568.61(9)
1583.63(7)*
1619.85(22)
1660.63(20)*
1749.87(5)
1811.03(16)
1824.97(14)
1896.9(3)
1977.54(7)
2072.1(3)*
2074.49(9)*
2091.39(8)
2422.88(22)
2603.38(30)

0
39.4(11)
16.6(3)
0
0
4.1(3)
4.8(3)
1.2(4)
15.4(5)
0.43(9)
6.6(3)
2.59(18)
0.16(9)
0.70(10)
0.54(8)
2.85(22)
0.86(8)
1.91(13)
0.37(8)
0.74(9)
0.33(8)
1.86(9)
3.15(15)
1.15(17)
0.40(7)

4.75
5.08
5.54
5.41
5.95
4.70
6.21
4.73
5.12
6.32
5.65
5.74
4.95
5.42
5.07
5.72
5.36
5.64
4.87
4.63
4.75
5.02

(1+ , 2+ , 3+ )
1+
1+
1+
(≤3)
(≤3)
1+
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1+
1+
(1+ )
1+
(1+ )
1+
(1+ )

1+
(1+ )
(1+ )

= 5.7 (3) [65, 80]. Although log(f t) values alone do not provide any concrete information
on spin and parity, the values are useful references to identify if a decay is allowed or forbidden. The spin and parities in Table 8.2 are adopted from the NNDC unless otherwise
stated.
From Table 8.2, we see that the observed feeding has been determined to a maximum
energy similar to the previous work by Ekstrom et al. and resulted in reduction of intensities feeding to lower levels. For example, the β-feeding observed for the 275-keV level
in the current work is 16.6% compared to the 28% in previous work [64]. This difference
is due to placement of 2 new γ-ray transitions of energies 1386- and 1797-keV feeding
into the level from higher-lying states in addition to the γ rays previously placed feeding
the same level. However, no significant changes in overall feeding is achieved from the
available data and hence no significant improvement in the decay scheme of 76 Zn could be
made.
A noticeable feature of the feeding profile shown in Table 8.2 (also in the decay scheme
in Figure 8.2) is that there are more than one group of close lying states in the energy
regions of 500-700-keV, 1000-1200-keV, 1500-2000-keV and around 2500-keV. Understanding these closely grouped levels in odd-odd Ga isotopes may require extensive and
detail theoretical calculations and further studies.

8.4

Shell model discussion and spin parity assignment
The ground state spin of 76 Ga was initially proposed by Ekstrom et al. to be 2+ or 3+ .

The evidence for allowed β decay feeding to 2+ or 4+ levels in 76 Ge suggests J = 3 and π
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= + [77]. A recent laser spectroscopy experiment performed by Mane et al. [71] measured
the ground state of

76

Ga and

78

Ga to be J π = 2(−) from the hyperfine spectra of the Ga

isotopes. Several 1+ states, especially at higher energies, are proposed by Ekstrom et al.
and the NNDC evaluators above the ground state of

76

Ga. This is observed in our data

based on strong allowed β feedings that are tabulated in Table 8.2. In fact, this is one of
the features of the 76 Zn decay scheme.
Some lower lying levels (except the ground state) where there are transitions from
higher 1+ states can have a range of spin/parities depending on the type of transition. An
E1 transition will limit the spin parity of those levels to 0− , 1− and 2− whereas an M1/ E2
transition will provide a range of positive parity states with spins between 0 and 3. Further,
since the ground state spin parity of the

76

Ga is measured to be J π = 2− , any positive

parity state connecting to it needs to have a spin of 1, 2 or 3. Hence, for low lying levels,
0± , 1± , 2± and 3+ are the possible spin/parity assignments. Levels exhibiting this behavior
include the levels at 281-, 369-, 681- and 782-keV. The following paragraphs provide some
insights based on a shell model approach.
A simple shell model picture of odd-odd 76 Ga is shown in Figure 8.4. The 31st proton
is placed in either the πp3/2 or πf5/2 orbital (both being nearly degenerate in this region)
and the 45th neutron into the νg9/2 orbital. Only one combination of the coupling (i.e,
πf5/2

N

νg9/2 ) between these states provides 2− as the ground state which indicates that

the πf5/2 must be the lower single-particle orbit at N = 45 contributing dominantly to the
ground state wave function. Just as a reminder, both πp3/2 and πf5/2 are equally dominant
single particle states in the case of

74

Ga which has a ground state spin-parity of 3− . The
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Figure 8.4: A simple shell model picture for 31st proton and 45th neutron in odd-odd 76 Ga
isotope.
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change in ground state spin indicate that as N increases towards N = 45, the πf5/2 orbital
drops in energy relative to the πp3/2 orbital.
For other states, a strong pairing initiated in the νg9/2 orbital may causes the odd neutron to occupy the νp1/2 orbital resulting a 1+ or a 2+ state through the (πp3/2 )1
coupling. A stronger coupling such as (πf5/2 )1

N

N
(νp1/2 )1

(νf5/2 )1 could possibly explain a spin

0 state, but such an interaction is not expected at low energy. More careful theoretical
calculations are needed to understand the nuclear states of this odd-odd nucleus.
The most recent shell-model (SM) calculation for Ga isotopes was performed by Srivastava et al. [74] and is shown in Figure 8.5. The result shows both experimental results
and theoretical predictions. The SM calculations are based on f5/2 pg9/2 and f pg9/2 model
spaces, of which the first model space was used in calculations performed with the JUN45
and jj4b effective interactions developed by Honma et al. [75] and Brown et al. [76], respectively, while the second model space was used in calculation with the f pg interaction
reported by Sorlin et al. [56]. The experimental result for the ground state, which is expected to be correct, does not seem to match with the theoretical calculations for any of the
N
interactions used. The first two shell model calculations seem to favor the (πp3/2 ) (νg9/2 )
N
coupling for the ground state with the (πf5/2 ) (ν99/2 ) placed slightly higher. This indicates that flipping of the 3− and 2− state is possible with slight adjustment of the single
particles states. But, all the apparent 1− states observed in the decay can be explained from
this. The last interaction which indicates 2+ as the ground state spin/parity also can not be
ruled out and is possible from (πp3/2 )

N
(νp1/2 ) coupling as indicated above. However, for

such a coupling, the density of states is low and only allows for a single 1+ state. Overall,
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Figure 8.5: The shell model (SM) calculation for 76 Ga isotopes using three different interactions. The experimental result for some of the highly fed levels is included for comparison. The result is taken from reference [74].
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we can say that the SM calculations for 76 Ga are un-predictive and do not tell much about
the spin and parity of higher lying states including the observed 1+ states.

8.5

Conclusion
The decay of 76 Zn was studied using the LeRIBSS setup. Though the decay was previ-

ously studied by Ekstrom et al., the current measurement provides additional information
and updates to the decay. A new decay scheme is proposed with maximum energy level
determined to be 2.6 MeV, similar to the previous study [64] with the addition of 4 new
energy levels and a total of 5 new γ transitions (including both placed and unplaced). We
were unable to confirm the placement of four transitions and one energy level, while two
transitions are modified from the previous work based on new information. The observed
β-decay branching ratio was determined and used to evaluate both β-feeding profiles and
experimental log(f t) values for each level. Finally, a brief account on the spin and parity
of different states, including the ground state, was presented along with recent shell model
calculations. More extended theoretical and experimental work is needed to understand
odd-odd 76 Ga in detail.
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CHAPTER IX
β DECAY STUDY OF 77 ZN

This is the fourth and the last decay study of neutron-rich Zn nuclei covered in this
dissertation. In the following sections, results from the β decay measurement of 77 Zn are
presented to provide more information on the structure of 77 Ga and its excited states. The
particular experimental setup utilized and brief background information on the nucleus are
also discussed.

9.1

Introduction and Experimental Specifics
The atomic nucleus 77 Zn contains 30 protons and 47 neutrons. If we see this through a

shell model point of view, it has two protons outside the Z = 28 shell and three neutrons
less than the neutron magic number N = 50. This configuration places the nucleus not only
close to the neutron-rich side of the valley of stability, but also in the vicinity of the doubly
magic shell closure at

78

Ni. Similar to

75

Zn, this nucleus being an odd neutron-rich Zn

isotope, (7/2)+ has been measured for the ground state instead of the 9/2+ that is predicted
by simple shell model considerations owing to an expected unpaired neutrons in the νg9/2
shell. When 77 Zn undergoes β-decay, it populates states in 77 Ga nucleus with Z = 31 and
N = 46. The half-life of the parent

77

Zn nucleus is 2.05 s [64]. The

77

Zn β-decay has

been previously studied by Ekstrom et al. [64] in1986. Later in 2012, Stefanescu et al. [67]
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populated some excited states in neutron-rich 71,73,75,77 Ga nuclei through the deep-inelastic
reaction of a

76

Ge beam at 530 MeV and identified some high-spin bands built upon the

9/2+ , 5/2− and 3/2− states which added a few more γ-ray transitions and levels associated
with 77 Ga. The current work is intended to provide new information as well as updates to
the previous study through due the availability of a relatively pure beam of 77 Cu, a more
efficient detector system, and better coincidence data.
A

77

Cu ion beam was produced through the same method as

75

Cu using the ISOL

technique described in Chapter 4 and 7. Both RO as well as LeRIBSS setups were used
for the

77

Cu decay study. However, the work presented here is associated with the data

taken with the LeRIBSS setup only. Here, fission fragments obtained from proton induced
fission of uranium carbide (UCx) were first mass separated and then separated isobarically
using the high resolution (M/4M ∼ 10000) isobar separator to remove the majority of the
mass 77 isobars before implanting the beam on the tape placed at the center of an array of
Ge detectors in the LeRIBSS setup. This setup consisted of four HPGe clover detectors for
the measurement of γ rays and a pair of plastic scintillators for β electron detection. The
measured efficiency of the clover array was 29% at 100 keV and 5% at 1.33 MeV [47].
A growth and decay MTC cycle of 3-s each was used for the decay study of 77 Cu. Since
sufficient purity of the

77

Cu beam was achieved, build up of subsequent daughter nuclei

was manageable. A saturation measurement was also made with the resulting γ-ray singles
spectrum shown in Figure 9.1. This is an ungated single spectrum, so background peaks
along with the A = 77 peaks are seen. The identified peaks in the spectrum are the γ rays
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associated with

77

Zn decay. The newly found γ rays in this study are labeled with ‘red’

color.

9.2

Experimental Results and Discussions
After the successful completion of the experiment, an energy calibration of the raw

spectra for each of the 16 HPGe crystals was performed as described in Chapter-5. Then
the raw spectra were summed up to produce γ-ray singles (Figure 9.1), βγ and γ-γ coincidence spectra. While the γ-ray singles spectrum was utilized for Gaussian fitting to
determine the γ-ray energies and intensities, the β-gated spectrum and γγ coincidence
data were used for identification of the γ-ray peaks belonging to a particular isotope in
the decay chain, and also to develop the decay scheme using the measured statistical significance factor, S, as described in Chapter 5. Since a triggerless digital data acquisition
system, which recorded the energy and the absolute time for each γ ray detected, was used,
establishing the coincidences spectrum for offline analysis was possible. The followings
sections provide details on the experimental results obtained from the current β decay study
of 77 Zn.

9.2.1

Decay Scheme of 77 Zn

As a first step towards developing the decay scheme, the strongest γ ray of the decay,
189 keV, was placed feeding the ground state with a level created at 189 keV. Then, more
stronger γ rays from the decay were placed in order of their intensity (as much as possible)
based on their coincidence information. Finally, weak transitions were placed carefully
based on their low coincidence statistics. Table 9.1 provides the specific details for all the
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Figure 9.1: γ-ray singles spectrum for the A = 77 data set from a purified 77 Cu beam. Only
the peaks assigned to 77 Zn are labeled with their respective energies. The peaks labeled in
“red” are newly found peak in this study.
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γ rays assigned to 77 Zn decay and which were used for the construction of decay scheme
in this study. The γ-ray intensities presented in the table are normalized relative to the 189keV γ ray which is the strongest transition observed in the decay. The intensities were also
corrected for summing effects after completion of the decay scheme. In cases of doublets,
intensities were corrected using methods described in Chapter 5.2. A total of 95 γ rays
were found to be associated with 77 Zn β decay, of which 10 are new to this study. A total
of 90 γ rays were placed in the decay scheme with energy levels 40 up to an energy of
3948 keV, and among them 8 are new. Two levels previously reported for this decay were
not supported by evidence in this study.
The decay scheme developed is shown in Figure 9.2. The levels presented by the solid
horizontal lines are those which are established either by two or more transitions depopulating the levels, or by a single transition with strong S-factor measured both ways, or by
a decay cascade with statistically significant coincidence information. The dashed levels
presented are based on single γ-ray transition with only weak coincidence information.
Table 9.2 provides a summary of proposed energy levels, their β feeding and associated
log(f t) values. Also, some of the γ rays which are associated with 77 Zn decay, could not
placed due to a lack of coincidence information. These are shown in Table 9.1 with their
level placement left blank. More details on the decay scheme is provided in following
paragraphs.
All but two energy levels proposed by Ekstrom et al. [64] are preserved in this work.
We observed two new γ-ray transitions of energies 1298- and 1866-keV which are placed
between energy levels previously proposed by Ekstrom et al. [64]. The former is placed
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Table 9.1: γ rays associated with 77 Zn decay, along with the proposed energy levels, relative intensities, and γγ coincidence information. A γ ray in parenthesis indicates the
possible coincidence and those marked with * are newly observed.
γ-ray (keV)
55.24(10)
105.30(8)

E. level
161
105

Intensity (rel)
9.4(6)
50.3(6)

152.23(8)

626

15.8(5)

160.79(8)

161

36.3(7)

189

1.9(5)
100.0(9)

167.56(3)
189.35(7)

194.20(24)
219.07(14)
235.63(24)
247.14(16)
284.52(11)
291.08(14)
305.92(7)
313.05(10)
361.47(37)
368.47(8)

1477
2357
873
474
2149
2138
474
1477
474

2.9(6)
5.1(6)
2.7(6)
4.4(6)
7.7(6)
0.8(2)
25.1(7)
10.2(6)
1.6(6)
14.5(8)

378.42(35)
399.28(7)

2349
873

1.8(6)
21.9(7)

408.32(30)
437.01(8)
443.05(12)*
465.57(16)
474.11(6)

1282
626
632
626
474

2.1(6)
12.8(7)
6.0(6)
7.2(6)
81.9(11)

γγ Coincidences (keV)
105, (313)
55, (152), (291), 368, 399, (465), 808, 1128,
(1298), (1664), 1752, 1866, 2135, (2265),
(2370), 2748, (3057)
(105), (284), (368), 474, (551), (670), (851),
(1512), (1759)
313, (399), 465, (551), (713), (842), (852),
(1243), 1265, (1512), (1988), (2074), 2266,
(2723), 3107
(285), 437, (443), 552, (561), (655), 670,
684, (808), 836, (851), 854, (856), 912, 927,
(1092), 1097, (1326), (1421), (1512), 1609,
(1642), (1664), 1752, 1839, (2673), (2822),
(3341), (3758)
(474), 552, 808
306, (474), (1265), (1664)
(437), (626)
189, (1358)
(1858)
(219), (474), 561, (598), (1233), 1358, 1832
161, (399), (808)
552, (670), (927)
105, (399), (490), 808, (1358), (1664),
(2627)
(854)
105, (284), (312), 368, 474, (1000), 1097,
(1155), 1265, (1483)
(873)
189, (247), (552), (851), 1512
(189)
105, 161, (552), (851)
152, (194), (219), 306, 399, (517), 552, 561,
670, 746, 760, 808, 836, 851, 856, (1000),
(1042), 1097, 1155, 1265, 1358, (1483),
(1555), 1664, (3057)
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Table 9.1: (continued)
γ-ray (keV)
489.89(20)
516.73(9)
551.72(8)

E. level
1116
2349
2029

Intensity (rel)
4.6(7)
15.2(8)
15.8(7)

560.87(9)
598.52(6)
626.51(6)

2699
1832
626

22.8(59)
5.1(13)
53.3(25)

655.2(7)*
670.04(8)

845
2699

1.5(7)
12.3(15)

670.92(8)
683.99(12)
689.27(56)
713.11(18)
746.79(39)
759.64(28)
800.45(6)
808.21(8)

2699
873
1970
873
2029
1234
2829
1282

7.1(17)
7.5(7)
1.7(7)
4.5(7)
3.2(8)
3.4(7)
3.9(26)
14.9(8)

835.72(8)
841.98(21)
851.10(11)
853.75(9)
856.09(21)
873.49(8)
912.45(37)
919.57(57)
926.95(7)

2806
3268
1477
1970
2138
873
2029
1116

17.5(8)
3.9(7)
11.2(8)
19.9(10)
5.8(8)
23.8(12)
2.3(7)
1.4(7)
26.5(9)

999.79(5)
1041.92(16)
1092.14(29)
1096.89(8)
1116.11(6)
1128.32(21)
1154.98(14)
1233.72(20)
1242.26(7)

1873
1516
1282
1970
1116
1234
2028
1234
1403

3.6(18)
6.7(8)
3.3(7)
17.3(9)
12.4(27)
4.7(8)
7.9(8)
8.9(14)
4.9(14)

γγ Coincidences (keV)
(105), 152, (437), 627, 854
(920), 1358, 1832
(105), 152, (161), 189, (194), 361, (437),
627, 670, (808), 851, 927
306, 474, (1664), 1832
(105), (306), 1234
(247), 490, 552, 670, 851, 1344, (1404),
1512, (1759)
189
189, (361), (474), 552, (746), (808), 851,
(873), (912), 927
189, (437), (474), 627,(873), (1155), 1839
189, (670), (1265)
(808)
161
(474), 808
474, (598)
(474), (1839)
(152), (161), (368), 474, (670), (689), 746,
856
189, (399), (474), 854, 873, 927, 1097
(161), 2426
(152), (161), (437), 551, 627, 670
189, (378), (490), 836, 927
474, 808
836, 1000, 1097, 1155, 1265, 1483
(189), (670), (927)
(189), 1832
189, (368), (415), (552), (627), 670, (836),
854, (912), (1270)
(399), 873
(189), 474, (927)
189, (856), 1270
399, (474), (684), 836, 873
(854)
(105)
105, (189), 399, (474), (670), 873
(306), 598
161
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Table 9.1: (continued)
γ-ray (keV)
1264.78(9)
1269.89(5)
1297.6(3)*
1326.5(5)
1344.2(3)
1358.32(11)
1385.4(4)
1401.2(7)
1403.56(12)
1421.7(10)*
1436.3(3)
1483.38(19)
1512.01(24)
1555.04(16)
1608.8(7)
1642.39(22)
1664.26(12)
1752.11(16)
1752.63(16)*
1759.1(4)
1832.42(8)
1839.37(7)
1858.07(26)
1865.9(4)*
1987.5(8)
2134.9(6)*
2265.92(31)
2426.2(5)
2672.7(8)
2722.7(8)*
2748.4(8)*
2793.6(8)
2821.94(10)*
3057.6(4)
3107.2(5)
3267.82(12)
3340.74(13)
3758.12(15)

E. level
2138
2386
1403
1516
1970
1832

Intensity (rel)
17.4(10)
3.2(10)
3.6(8)
2.7(10)
4.1(9)
17.8(12)

1403
1611
3268
2357
2138
2028
1798
1832
2138
1858
1942
2386
1832
2028
1858
1970
2149
2240
2426
2426
2862
2884
2854
3268
3011
3530
3268
3268
3530
3948

2.9(8)
2.3(10)
15.2(12)
1.2(8)
4.1(8)
6.0(8)
5.2(8)
2.4(4)
1.9(10)
1.3(41)
16.3(11)
3.3(8)
6.0(3)
2.9(8)
41.8(14)
20.0(21)
4.9(9)
3.6(8)
1.7(8)
2.2(10)
5.5(10)
3.2(8)
1.8(8)
1.8(8)
2.0(8)
1.8(8)
3.5(17)
4.9(9)
2.9(8)
10.5(34)
3.9(39)
3.2(20)

γγ Coincidences (keV)
399, 474, 684, 873
927
(105)
(189)
(105), (161), (627)
(105), (161), (189), 306, (313), (368), 474,
517

(189)
1832
(399), 873
(189), (437), (627)
(474)
189
(189)
105, (368), 474, (561)
105
189
(189), (437), (626)
306, 517, (920), (1436)
189
(291)
105
(161)
105
105, 161
(842)
(189)
161
105
(474)
(189)
474
161
189
(189)
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as a dashed transition de-exciting the level at 1403 keV based on its possible mutual coincidence with the 105-keV γ ray and the latter is placed de-exciting the level at 1970 keV
based on a definite mutual coincidence with the same 105-keV γ ray thus feeding down to
same level at 105 keV. Furthermore, the 1642-keV γ-ray previously identified by Ekstrom
et al., but was not placed in the decay scheme, is a dashed transition γ-ray de-exciting the
level at 1832 keV based on its possible coincidence with the 189-keV γ ray.
There are 2 energy levels and 12 γ rays previously observed for 77 Zn β decay that have
not been identified and/or placed in the current decay study as we did not observe them.
The reason for non-observation of the γ rays is either due to being hidden by stronger a
γ-ray from another member of the decay chain or a low intensity below the detection limit
for our experiment. The 12 γ rays that are not observed in the current study are: 197-, 358, 387-, 441-, 668-, 756-, 1022-, 1560-, 2195-, 2546-, 2960- and 3380-keV. Of these, the
197-, 668-, 756-, 2195- and 2546-keV γ rays could be hidden by stronger γ rays from other
decays, while the remaining were not observed because they were too weak in intensity to
be observed.
As a result of non-observation of the 358-keV γ-ray in our data, the associated energy
level at 2327 keV is also not reported in our work. Another energy level that could not
be confirmed based on this study is at 3243 keV. The level was previously proposed by
Ekstrom et al. by placing a γ-ray transition of energy 1385-keV feeding the 1858 keV
level. Although the 1385-keV γ-ray is observed in the current work, its placement to the
3243 keV level could not be confirmed.
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Further, there were some γ-ray transitions and energy levels which were only populated
by Stefanescu et al. [67] through the deep-inelastic reaction of a 76 Ge beam at 530 MeV
while studying high-spin bands built upon the 9/2+ , 5/2− and 3/2− states in 77 Ga daughter.
These levels are at 2209- and 2621-keV depopulated by γ rays of energies 1092-, and 592keV, respectively. No distinct peak is observed for 592-keV in the γ-ray singles spectrum in
our work while the 1092-keV peak we observed is placed de-exciting the level at 1282-keV
based on its definite mutual coincidence with the 189-keV γ-ray as shown in the Figure 9.2,
rather than at 2207-keV as suggested by Stefanescu et al. Its not surprising that the states
were not observed because these are high spin states which are probably not fed in β decay.
The first new level at 632 keV is tentatively proposed by placing a γ-ray of energy
443-keV feeding the 189-keV level. The 443-keV γ-ray is in possible mutual coincidence
with 189-keV γ-ray in both direction leading its placement as de-exciting the 632-keV
level. However, the energy level at 632-keV is dashed in the decay scheme due to low
coincidence statistics of the γ-ray placed to it.
A energy level at 1611 keV is tentatively proposed by placing an observed γ-ray transition of energy 1422-keV feeding the 189-keV level. The 1422-keV γ ray is in possible
coincidence with the 189-keV γ-ray supporting the placement as de-exciting the 1611 keV
level. Coincidence spectra for the 1421-keV γ-ray is shown in Figure 9.3. The level is
dashed based on its tentative placement.
A level at 1942 keV is proposed based on a 1752 keV γ-ray doublet as shown in Figure 9.3. The 1752 keV γ-ray is a compound peak which has two different decay paths
within the same isotope. The first is the 1752-105-keV cascade establishing the level at
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Figure 9.2: Proposed decay scheme for 77 Zn. The solid dots represent definite coincidences
whereas open dots represent possible coincidences based on the statistical coincidence
factor described in the text. The “blue” colored transitions and “red” colored energy levels,
respectively, indicate new γ rays and energy levels found in this work.
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1858 keV where both 1752- and 105-keV γ-ray are in mutual coincidence. This level is
previously proposed by Ekstrom et al.. The second 1752-189-keV cascade is the origin
of the new level at 1942-keV where the 189-keV γ-ray is in mutual coincidence with the
1752-keV γ-ray. The two possible cascades are shown in the Figure 9.4. Intensity for both
components of the doublet is determined using the method described in Chapter 5.3.2.1. It
is observed that ∼ 65% of the intensity goes through the component following the 1752189-keV cascade.
A level at 2240 keV is proposed based on an observed γ-ray transition of energy 2135keV feeding the 105-keV level. The 2135-keV γ-ray is in definite mutual coincidence with
105-keV γ-ray in both directions leading its placement as de-exciting the 2240-keV level.
The coincidence spectrum for the 2135-keV γ-ray is shown in Figure 9.3.
A level at 2854-keV is proposed based on an observed γ-ray transition of energy 2748keV feeding the 105-keV level. The 2748-keV γ-ray is in definite mutual coincidence
with 105-keV γ-ray in both directions (as shown in Figure 9.3) supporting its placement as
de-exciting the 2854-keV level.
A level at 2884-keV is tentatively proposed based on an observed γ-ray transition of
energy 2723-keV feeding the 161-keV level. The 2723-keV γ-ray is in definite coincidence
with the 161-keV γ-ray, while the 161-keV γ-ray sees the 2723-keV γ -ray only as a
possible coincidence. Hence, the transition and level are both dashed in the decay scheme.
A level at 3011-keV is tentatively proposed by placing an observed γ-ray transition of
energy 2822-keV feeding the 189-keV level. The 2822-keV γ-ray is in possible mutual
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Figure 9.3: γ-ray coincidence spectra for the gates on 1422-, 1752-(doublet), 2135-, 2748and 2822-keV transitions.
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Figure 9.4: Two decay paths for the doublet peak at 1752-keV. The intensity calculated is
determined based on methods discussed in Chapter 5.

coincidence with 189-keV γ-ray suggesting its placement as de-exciting the 3011-keV
level. The coincidence spectra for the 2822-keV γ-ray is shown in Figure 9.3.
The previously proposed maximum energy level by Ekstrom et al. was at 3946-keV.
This level is preserved in the current work, but with a slight change in energy. In the
current work, the level is at 3947.5-keV instead of previous 3945.89-keV, due to change in
the measured energy of the the γ-ray de-exciting the level.
The β decay of 77 Zn contains two close lying states of energies 2028.46- and 2028.86keV which were identified by Ekstrom et al. in their β decay study using the delayed
coincidence method. They measured a lifetime for the higher of these two states to be
4.4(8) ns and assigned it as a 9/2+ state. The placement for the two states was established
in this study by splitting the observed 670-keV peak into two γ rays. Relatively clean 551keV γ-ray was used to determine the intensity and energy of a component of 670-keV peak
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which was found to be 670.04(8) keV with intensity 12.3(15). The intermediate transition
technique discussed in Chapter 5.3.2.3. was utilized for the intensity determination. The
second component was determined to be 670.92(8) with comparatively small intensity of
about 7.1(17). Both the γ rays were placed de-exciting the 2699-keV level feeding their
respective states at 2028.86- and 2028.46-keV.

9.2.2 β-feedings and log(f t) values
Similar to the case of

75

Zn decay, because of the first-forbidden unique β-transition

occurring between the two ground-states of

77

Zn and

77

Ga with their g.s. states spins

being 7/2+ [64, 47] and 3/2− [64, 74], respectively, the total summed relative intensities
of the γ rays feeding directly to the ground state of the daughter nuclei (77 Ga) can be
used to determine the normalization factor. All the assumptions made previously for its
calculation in 75 Zn β decay (Chapter 7.3.3) apply in this case too. The internal conversion
coefficients needed for the summing corrections were taken from Reference [70]. After
summing correction were applied to establish the intensities relative to the 189-keV γ ray,
the total relative intensities direct feeding to the ground state were found to be 442.7(60),
and thereby yielding 22.59(3) as the normalization factor for the 189-keV γ ray. As with
the case of 75 Zn and for the same reasons, the normalization factor so determined must be
considered as an upper limit in this case which will eventually result in an overestimation of
the β-feeding intensity to the levels. The assumed absolute β feeding was then determined
for each levels and is tabulated in Table 9.2 along with possible lower limit log(f t) values
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Table 9.2: Proposed energy levels in 77 Ga fed by 77 Zn, their β-decay feedings, estimated
log(f t) values and spin and parity assignments from the NNDC. See text for more discussion. Level marked with * are newly proposed.
Levels (keV)
105.46(5)
160.83(5)
189.41(4)
474.04(4)
626.38(4)
632.46(13)*
844.6(7)*
873.48(4)
1116.27(4)
1233.79(7)
1282.21(7)
1403.19(7)
1477.17(7)
1515.95(16)
1611.1(10)*
1798.2(7)
1832.3(5)
1857.69(14)
1873.26(7)
1942.09(17)*
1970.28(7)
2028.46(17)
2028.86(18)
2138.27(5)
2148.77(19)
2240.4(6)*
2349.03(10)
2357.17(12)
2386.14(7)
2426.25(17)
2699.23(7)
2805.99(10)
2829.23(8)
2853.8(7)*
2862.1(8)
2883.5(8)*
3011.35(11)*

Iβ (rel)
1.4(8)
1.2(7)
0
1.9(8)
10.1(7)
1.22(12)
0.30(15)
0.9(6)
2.8(7)
2.2(5)
1.5(5)
4.3(4)
0
1.9(3)
0.24(16)
0.40(20)
4.0(11)
1.33(23)
0.81(4)
1.21(7)
6.1(5)
2.3(4)
4.2(7)
8.9(17)
0.51(18)
0.44(20)
3.76(24)
2.6(3)
1.4(3)
0.9(3)
10.9(18)
4.56(24)
1.0(7)
0.40(16)
0.37(16)
0.36(17)
0.7(3)

log(f t)
6.90
7.0
6.66
5.89
6.80
7.35
6.9
6.29
6.36
6.51
6.01
6.33
7.2
6.90
5.89
6.36
6.57
6.37
5.66
6.06
5.80
5.43
6.66
6.69
5.72
5.88
6.13
6.31
5.11
5.44
6.1
6.48
6.51
6.51
6.16
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J π (NNDC)
(1/2− )
(3/2− )
(5/2− )
(5/2− )
(7/2− )

(7/2− )
(9/2− )
(3/2− ,5/2− )
(7/2− ,9/2− )
(11/2− )

(+ )

(11/2− )
(9/2+ )

(+ )
(+ )

Table 9.2: (continued)
Iβ (rel)
4.5(7)
0.8(8)
0.6(4)

Levels (keV)
3268.02(10)
3530.15(14)
3947.53(16)

log(f t)
5.23
5.9
5.7

J π (NNDC)
(+ )

. The log(f t) values were calculated from the the NNDC website [3] using Qβ = 7203(31)
keV [64, 73] and t1/2 = 2.08(5) [64] for the calculation.
From the absolute β-feeding determined from the 77 Zn decay and is shown in Table 9.2,
It can be seen that most of the β strength is concentrated around the 2.5 MeV which is
similar to the case for

75

Zn decay. The feeding comparison also shows that there is a

reduction in β-feeding values for lower energy levels and a subsequent increase of those
values for higher levels in the present work in comparison to the previous work by Ekstrom
et al.. However, the changes in feeding are very minimal in this case since only a few new
transitions and energy levels are proposed from the available data. One notable change in
the β-feeding intensities at lower excited states is for 189-keV whose feeding is almost
reduced to 0% from its previous value of 6.2%.

9.2.3

Shell Model Discussion and Spin Parity

A comparison of the decay scheme established in Figure 9.2 with shell model calculation provides some insight into the spin and parities for the excited states. Recent
shell-model (SM) calculations for Ga isotopes including high spin states was performed by
Srivastava et al. [74] and is shown in Figure 9.5. The figure shows both experimental re-
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sults and theoretical predictions. The SM calculations shown are based on f5/2 pg9/2 model
space performed with the JUN45 and jj44b effective interactions developed by Honma et
al. [75] and Brown et al. [76] respectively.
The ground state spin and parity of

77

Ga is assigned to be 3/2− from various experi-

mental works [64, 47, 78] in line with the shell model calculations. Other low lying states
were proposed based on the multi-polarity of the transitions and also from comparison of
the level structure with heavy As isotopes which indicated a series of three low spin levels
near to the 3/2− ground state. We observed the 105-keV level as the first excited state along
with the 160- and 189-keV levels as other low lying states with presumed spins 1/2− , 3/2−
and 5/2− which decay through strongly allowed M1 transitions, in agreement with the previous work [64]. The 105-keV level with spin 1/2− in 77 Ga was also observed recently in
the experiment by Stefanescu et al. [67]. The SM calculation in Figure 9.5 agrees with all
of these arguments. From the figure, we see that the first positive parity state 9/2+ predicted
by the JUN45 and jj44b interaction is close to 2.0 MeV which is in general agreement with
the experimental results shown in the left although at a slightly higher energy. Ekstrom
et al. observed this state as a meta-stable (4.4(8) ns) state with energy 2028.7-keV and
proposed J π = 9/2+ populated by an allowed transition in the β-decay of 77 Zn. This state
decays to lower levels with transitions connecting to the 1116-, 1477 and 1282-keV where
the first two levels have been assigned with spins 9/2− and 11/2− . This indicates strong E1
transitions from the 2028.86-keV level. A log(f t) value of ∼5.9 for the level in Table 9.2
is high, but not inconsistent with an allowed decay. The presence of isomers in N = 47
nuclei is probably due to the closeness in energy of the νg9/2 orbital to the νp1/2 orbital.
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Figure 9.5: The shell model (SM) calculation for 77 Ga isotopes using three different interactions. The experimental result is also included for comparison. The result is taken from
Reference [74].
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The 626-keV level was assigned a spin of 5/2 by Ekstrom et al.. Later, spin assignments
of 7/2− and 11/2− for the 626- and 1477-keV levels were proposed by Stefanescu et al..
The latter assignment is also supported by the fact that a 551-keV presumed E1 transition
de-exciting the isomeric 9/2+ state at 2028.89-keV is feeding into the 1477-keV level. The
energy level at 1970-keV is also proposed to be 11/2− by the same group. The log(f t)
value determined for the 1970-keV level is 5.7 from this work which strongly suggests an
allowed β decay transition in agreement with the Stefanescu et al.. Similarly, the 3218-kev
level was assigned to be 17/2− from the high spin study [67] based on a E2 transition of
energy 1011-keV to level 2207-keV, which could not be confirmed from our work since
the transition supporting the assignment is not observed in the present work. The SM
calculation in the Figure 9.5 also shows high spin states calculated with the two interactions
for comparison to states observed by Stefanescu et al.. We did not see these higher spin
states which are not fed in β decay; but the calculation is consistent with the states proposed
by them [67].

9.3

Conclusion
Producing and utilizing a purified beam of 77 Cu at HRIBF, an update on the β decay of

77

Zn was carried out in this work. The development of a decay scheme based on statisti-

cally significant γγ coincidence is used for more accuracy in the placement of the γ rays.
Using this technique, we updated the

77

Zn decay scheme from previous study [64] with

the addition of 8 new energy levels and 9 new γ rays. We did not observe evidence for 2
energy levels and 15 γ-ray transitions previously proposed by Ekstrom et al. in their study.
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The observed β-feeding to all the levels was determined and their experimental log(f t)
values tabulated. A recent theoretical shell model calculation for the states in

77

Ga was

included to compare it with the experimental results. Although information updated in this
study is the best available, the decay scheme itself is not complete and there still remains
a large β-decay window above the current maximum energy level (3948 keV), as the Qβ
for the 77 Zn isotope is 7.2 MeV. So, further extensive study of the isotope is needed both
theoretically and experimentally.
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CHAPTER X
CONCLUSION

β decay and γ-ray spectroscopy is one of the primary tools for the study of nuclear
structure towards the neutron-rich side of the Valley of Stability. In this work, we used
this tool to understand decay spectroscopy of 74−77 Zn nuclides. The study of higher-lying
states which were either missed or misplaced from previous studies of these isotopes, can
provide a better insight into the pandemonium effect and its relation to other possible nuclei
that can be brought under the radar for future study. The study of decay properties of
these nuclides also help in understanding the nucleosynthesis processes where there is a
competition between the rapid neutron-capture and β decay (also called r-process).
To perform the decay study, neutron-rich Cu isotopes were produced at the HRIBF
facility at ORNL and were isobarically purified using the high resolution separator. The
utilization of the LeRIBSS setup, along with the RO setup incase of 76,77 Zn, with a more
efficient clover HPGe detector system provided better experimental data for us to revisit
the

74−77

Zn isotopes for more updated information on their decay leading to structure of

the respective Ga isotopes. An objective method, called the statistically significant γγ coincidence method, was used for the first time to analyze the coincidence data rather than a
subjective approach that was used in the earlier works. Introduction of the statistical factor
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“S” , and setting up its criteria based on statistics to determine the validity of coincidence
provided more confidence in placing γ rays building up the decay scheme. Decay to each
of the Zinc isotopes is proposed in this work with more comprehensive and detailed level
schemes and observed level feeding intensities leading to a better determination of log(f t)
values which are tabulated for each decay in their respective sections. Although the log(f t)
values are not definitive, they can be used as a useful reference. The shell model calculations are also used for comparing to the observed states with the theoretical predictions,
although such comparison are still limited far from the stability. Proposed new transitions
and energy levels has significantly increased our knowledge on the decay properties of
these Zinc isotopes, and in many cases also corrected the placement of γ-ray transitions
and energy levels based on new experimental data.
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