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Introduction

The recent development of Radioactive Ion Beam Facilities (RIB) [1] triggered
a renewed interest in studying nuclear structure far from stability by producing
and measuring exotic beams close to the neutron and proton drip lines. These far-
from-stability nuclei exhibit some properties unpredicted by the standard nuclear
structure models. Understanding such exotic phenomena is crucial in order to
construct more elaborate and unified models with an improved predicting power.

In the present paper I will discuss the gamma spectroscopy study of 3Ga fol-
lowing the beta decay of °Zn produced at the ISOLDE facility of CERN, Geneva,
Switzerland. This measurement was part of the IS441 experiment which took place
in 2009 and 2011 and was dedicated to systematic ultra-fast timing studies of
neutron-rich Zn nuclei.

In the first chapter I will present some of the most important aspects of the
nuclear Shell Model. The second chapter is a brief overview of the observables sig-
nificant for studying nuclear structure in the single-particle Shell Model framework,
required in understanding the results which make the object of this thesis. Part of
the theoretical background is based on [2].

For my Bachelor Degree, 1 presented the offline data-sorting algorithm which
I developed in order to interpret the 8°Zn beta-decay data collected during the
2009 run of the 1S441 experiment. In the third chapter I will present the results I
obtained from both 2009 and 2011 runs of the experiment. By using the data-sorting
algorithm I was able to create event-lists readable by the GaspWare dedicated
analysis software. This allowed me to build ~-singles spectra and 5 — y(t) — y(t)
coincidence matrices for both HPGe and LaBrs:Ce detectors in order to extract fast-
timing information or investigate transition placement inside the level schemes. At
the end of the chapter I present a comparison between the measured observables and
shell-model calculations using two widely used interactions for this region, jj44bpn
and JUN45. The calculations were performed by Dr. Gary Simpson with the
NuShellX@MSU program and were verified by myself with the Antoine code using
the JUN45 interaction.






CHAPTER 1

Nuclear structure models

1.1 Historical Overview

Humankind wondered about the structure of matter since the ancient Greek
philosophers, among which Democritus (c. 460 - c¢. 370 BC), influenced by his mentor
Leucippus, postulated for the first time that everything is composed of "atoms"
which are physically indivisible. For more than 2000 years no breakthrough was
made to support this idea until the English chemist, meteorologist and physicist
John Dalton enunciated the Gas Laws based on the assumption that atoms combine
into molecules.

The discovery of the electron in 1897 by the British physicist Sir Joseph John
Thomson was the first evidence that atoms have internal structure and he proposed
the Thompson atomic model (also called "plum pudding" model) that explained
the electrical neutrality of matter by placing electrons inside a sphere of positive
charge. Albert Einstein brought the first empirical evidence for the atomic theory
by interpreting the Brownian Motion of polen grains and publishing his finding in
1905 in the "Annus Mirabilis" papers [3].

In parallel with the development of atomic theory, the French physicist Antoine
Henri Becquerel discovered radioactivity in 1896 by observing how a uranium salt
would impress a photographic plate even if it was kept in darkness, and discovered
thorium, polonium and radium helped by his doctoral students Marie Sklodowska-
Curie and her husband Pierre Curie. The radiation emitted by the radioactive
elements was later classified by the British physicist Ernest Rutherford, known
as the father of nuclear physics. The classification was based on the penetration
distance: alpha (the shortest), beta and gamma. His most notable experiment was
the Gold Foil experiment [4] performed in 1909 in which his students, Hans Geiger
and Ernest Marsden bombarded a thin gold foil with alpha particles produced by
a radium source and detected some of the particles at backwards angles. The
experimental setup is shown in Fig. 1.1. The Thompson model could not predict
this, and Rutherford published in 1911 a paper which explained his finding and
established the Rutherford Atomic Model in which the negatively charged electrons
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would orbit a positively charged nucleus.

Figure 1.1: Photo and cross-section of the original apparatus of Rutherford, Geiger
and Marsden: collimator (1), a-particle source (2), metal foil (3), scintillation screen
(4), microscope (5), fitting (6), vacuum chamber (7), hole (8) and tube (9). [Source:
Grehn, Metzler Physik; Demtroder, Experimentalphysik 3]

The internal constituents of the nucleus were unknown even though Rutherford
noted a disparity between the atomic number of an atom and its atomic mass which
could be explained by the existence of a neutrally charged particle within the atomic
nucleus but he viewed it as a electron-proton pair. The experimental discovery of
the neutron as we know it today was made in 1932 by the British physicist Sir James
Chadwick who placed a polonium source near a beryllium target and producing an
unknown form of radiation at that time which displaced protons from a paraffin
wax [5].

Once it was established that the atomic nucleus is made of neutrons and protons,
physicists elaborated various models for describing the forces that keep the nucleons
together. At first, the nucleus was viewed as an incompressible liquid, the "Liquid
drop" model, proposed by the Russian physicist George Gamow. Based on this
model, Carl Friedrich von Weizséicker and Hans Bethe in 1935 [6] introduced the
semi-empirical mass formula which was successful in predicting nuclear radii and
binding energies for most nuclei. Nevertheless, it was unable to predict a "magic"
class of nuclei with enhanced stability compared to their neighbors.

Experimental measurements established the nuclear magic numbers 2, 8, 20, 28,
50, 82, 126 which represented the number of neutrons and protons for which the
enhanced stability occurred. This suggests an internal shell structure for the nucleus
similar with the atomic shell structure. The model was developed in 1949 through
the independent work of several physicists, most notable being Eugene Paul Wigner

4



1.2. Spherical shell model

and Maria Goeppert-Mayer.

It must be noted that at the present time there is no model capable to describe
the nuclear structure as accurately as in the case of atomic structure due to the
fact that the nuclear force is more complex than the electromagnetic force and is
more difficult to probe. There has been made remarkable progress in improving
single-particle and collective models in order to fit experimental data and we have
a good understanding of nuclei near the stability line. Most of the problems appear
as we approach the drip lines and physicist propose more complicated models, for
example taking into account 3-body forces [7] as in QCD, in order to explain the
behavior of exotic nuclei.

1.2 Spherical shell model

The atomic shell model explains the periodicity of chemical and physical prop-
erties and the fact that elements having the atomic number 2, 10, 18, 36, 54, 86
have an increased stability, forming the group of noble gases. The main conditions
that must be satisfied in order to have this shell structure are:

1. In a first approximation it is considered that electrons move as independent
particles in the attractive point-like coulombian field of the nucleus.

2. Reciprocal interaction between electrons is very small and is treated as a
perturbation.

3. Electrons obey the Fermi-Dirac distribution.

At a first glance, the only similarity between the nucleus and the atom is that
nucleons and electrons are fermions governed by the Fermi-Dirac statistics. Inside
the nucleus we assumed a constant density such that we cannot discuss about an
attractive center. Also, reciprocal interaction between nucleons is the attraction
force which holds the nucleus together and cannot be disregarded. These simple
observations clearly forbid a shell model interpretation of the nuclear structure and
plead in favor of the collective models.

The study of static and dynamic properties of nuclei evidenced a certain period-
icity regarding the number of protons and neutrons, similarly with atomic physics
where the electrons are placed in certain shells around the nucleus. The nuclear
magic numbers are 2, 8, 20, 28, 50, 82, 126. There is a staggering experimental ev-
idence supporting these magic numbers, one of them being the natural abundances
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of certain isotopes having these specific numbers of protons or neutrons. Another is
the excitation energy of the first 24 state in even-even nuclei as shown in Fig. 1.2.
Based on the analogy with atomic physics, it is clear that we need more energy
to excite a nucleon between two shells than to excite it inside the same shell. In
the case of magic nuclei, the first excited state can be achieved by an inter-shell
excitation.

Z=82

----------

Z, number of protons

v
116E+3
W274E+4 822842
W1 o3E+4 578E+2
Wi35E+4  407E+2
Wos7E+3  287E+2
W6 74E+3 | 202642
Wa74E+3 [[]1.426+2
3.34E+3 []1.00E+2
2.35E+3 [7.05E+1
1656+3 [Ja.07E+1
1.16E+3 [|3.50E+1
unknown

TN=126

z=50 ]

T N=82

z=28 I wamnas

z=20 saspan ® “N=50
T

O} O 0 4
samnnpunnfl
7=8 JMununaf
e ' TN=28
es “N=20 N, number of neutrons
—_—

N=8

Figure 1.2: Excitation energy of the first 2% state. Figure taken from NNDC.

To construct the nuclear shell model in agreement with the experimental evi-
dence we need to make the following hypothesis:

1. The bi-particle interaction between nucleons can be summed as a central
interaction.

2. Inside the central field, the nucleons move independently.

We will discuss only about the single-particle shell model, which is a simpler
but still efficient version of the nuclear shell model where we neglect the residual
interaction between nucleons. The only interaction we consider is between each
independent nucleon and the central mean-field. To reproduce the experimental
magic numbers, the central potential (Fig. 1.3) must be described by the following
formula:

- 1d
V ==-Vof(r,Ro,a)+ bls”Vo;%f(r, Ry, a) + Veou.
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where the potential well shape is described by the Woods-Saxon form factor

1
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and we have the Coulomb repulsion term for the protons
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Figure 1.3: Qualitative representation of the potential well corresponding to the
neutron and proton self-consistent field. Only the protons are affected by the
Coulomb field. Figure taken from [8].

By neglecting the spin-orbit and Coulomb interactions and considering only the
central potential V; where the orbital angular momentum [ is conserved, we have
the following Hamiltonian:

72

Ho(i) = Ti + Vi =

By solving the Schrédinger equation

Ho()9(i) = Ev(i)

we obtain the single-particle energies Effl) which have a radial symmetry and de-
pend on the radial quantum number n and orbital quantum number [. If we con-
sider a harmonic oscillator potential well, we obtain the following magic numbers:
2,8,20,40,70,112, ...
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Figure 1.4: Nucleon orbitals in a model with a spin-orbit interaction. The two left-
most columns show the magic numbers and energies for a pure harmonic potential.
Figure taken from [9]



1.3. Deformed shell model

The spin-orbit interaction was introduced in 1949 by M.G. Mayer and indepen-
dently O. Haxel, J.D. Jensen and H. Suess as an addition to the central mean field in
order to reproduce the experimental magic numbers. The total angular momentum
j is defined as the sum of the orbital angular momentum [ and the intrinsic spin
of the nucleon 3. We should also note that |3] = 1/2 and for l = 0,1,2,3,4,5,6, ...
corresponds the s,p,d, f, g, h,i,... notations. The single particle (i) spin orbit (so)
Hamiltonian can be written as:

Hooli) = V)i = 57— 2 = VD ()

The outcome is that a new degree of degeneracy is introduced, depending on
the alignment between the spin and orbital momentum. Each level having a fixed
orbital momentum [ will gain 2(2] + 1) degeneracy, each sublevel characterised by
the total angular momentum j = [ + 1/2. The previously deduced single particle
levels Er(;z) are split into Er(fl)] as shown in Fig. 1.4. Introducing the radial functions
RSI) we can find the expectation values

EYW = <RSI)|H0(2')|RSI)) (similar to neglecting the spin-orbit interaction)

nl —

0 _ ( RSI)WS(OZ') (r)] Rﬁfb (energy splitting difference)

nl —

We get the spin-orbit splitting single particle energy levels

o _ JE +3e! it j=1+1/2
WO EY L) i j=1-1/2

The single-particle shell model is very successful in predicting spins and pari-
ties for ground and excited states for many spherical nuclei without the need for
introducing the residual interaction. It also explains the selection rules for gamma
transitions, but this will be discussed in Chapter 3.

1.3 Deformed shell model

The spherical shell model does not have the prediction power to describe suc-
cessfully nuclei having a permanently deformed ground state configuration. This is
expected due to the fact that previously we considered a spherical symmetry for the

9



1.3. Deformed shell model

central mean field. The surface of a deformed nucleus is most probably an ellipsoid,
thus we can describe the radius by

R(0) = Ro(1+ Y0 (0))

where [ is the deformation coefficient (parameter).

The deformed shell model is based on the same mathematical approach as the
spherical shell model, the only difference is the Woods-Saxon form factor that must
contain R(f) instead of Ry and considering a small .

1 1 d
f(r,R(0),a) = L+ er—zj(e) = i 6%6%?@0 ~ f(r, Ro,a) — ROBYZOJJC(T, Ry, a)

The deformed self-consistent potential has the following expression

- 1d
V=-VWf(r,R(0),a)+ blsﬁVo;%f(r, R(0),a) + Veou.

- 1d
= _%f(/ra R07 a) + bl%;%f(rv R07 (I)“—

2

d - d
+ VoRoyzogf(T, Ry, a) — blsVoRy Yo y

rdr?

f(rv RO> CL)+
+ VC’oul.

The Schrodinger equation can only be solved numerically in order to obtain
the single-particle spectra shown in Fig. 1.7. The total angular momentum j is
not a "good" quantum number anymore, as it was the case of the orbital angular
momentum after we introduced the spin-orbit interaction.

In the case of an elliptically deformed nucleus, the total angular momentum
describes a precession around the symmetry axis z as shown in Fig. 1.5. The
mean-value of the perpendicular component is zero, so the only observable is the
longitudinal component K. This new quantum number can take 2j+1 values between
—j and j. Due to the reflection symmetry, states with spin projection K and -K
will have the same energy, so we conclude that K will take (25 + 1)/2 values:

K=1/2,3/2,...7—1,j

10
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Figure 1.5: Schematic representation of the total angular momentum projection.

Figure taken from [10]
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1.3. Deformed shell model

The parity will be given by the same formula (—1)". Numerical calculations

show that for the prolate nuclei (5 > 0) a high K sub-level will have a higher
energy and it is the opposite for the oblate nuclei ((8 < 0). This is shown in
Fig. 1.6. To evaluate the energetic spectra of a deformed nucleus, one must extract
the deformation parameter S from the experimental measurement of the electric
quadrupole moment.

The single-particle deformed shell model also disregards the residual interaction
and cannot make correct predictions for even-even or odd-odd nuclei without making
the same additional hypothesis as in the case of the spherical shell model. If we
consider the case of large deformations the levels can rearrange such that new
"magic" numbers will appear and will result permanently deformed ground states
for nuclei having that specific deformation.

12
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CHAPTER 2

Nuclear structure observables

2.1 Spin and parity of nuclear levels

The single-particle shell model can predict spins and parities for ground states
and excited states for many nuclei in agreement with the experimental measure-
ments. There are different considerations that have to be taken into account for
even-even, odd-odd and odd-even nuclei, although the main hypothesis is that only

the unpaired nucleon influences nuclear properties such as spins, electric and mag-
netic moments, transition probabilities. It is often named a "valence" nucleon. The
rest of the paired nucleons form an inert core that has total spin I = 0. This can
be proven by considering the residual interaction for an even number of nucleons.
The total energy of the configuration will be minimal when the nucleons pair up
such that the intrinsic spins will cancel each other resulting in a total spin I = 0.

15
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Figure 2.1: Schematic representation of the shell filling for **O and '7O. The filled
proton shells do not contribute to the structure. Figure taken from [11].



2.1. Spin and parity of nuclear levels

Even-Even nuclei

The single-particle assumption is based on the experimental evidence that even-
even nuclei have spin I = 0 ground states. There is no exception for this observation.
Excited levels are obtained by one or more nucleons going on higher single-particle
states. If there is a full shell occupancy, the next excited state will have a higher
energy because of the large inter-shell gap. This is how we can explain the large
excitation energy of the first excited state of the double magical nuclei compared
to the neighbouring nuclei.

Odd-even nuclei

In this case, the ground state spin is equal to the angular momentum j of the
unpaired nucleon and the parity of the ground state is (—1)!. This rule is valid for
most of the known nuclei except some cases around mass A = 20 and for heavier
masses for which:

63<Z <73 Z>89
89 < N < 107; N > 141

The reason is that in most of these exceptions the electric quadrupole moment
is different from zero meaning that nuclei in these regions are deformed and the
present model is inadequate. Nevertheless, some of the exceptions are represented
by spherical nuclei and the explanation is related to the strong pairing effects.

The first excited states in odd-even nuclei are usually represented by the excita-
tion of the unpaired nucleon. If we have a single outer shell nucleon, we can neglect
the residual interaction, as it is the example of 7O (one neutron in 1ds /2). 1If we
have more nucleons on the last single-particle level we must consider the residual
interaction and the calculations are more complex.

The experimental level scheme of 5INi is shown in Fig. 2.2. The ground state

spin and parity 3/27 corresponds to the 2ps/, unpaired proton and also the first two
levels are its successive excitations on the 1f5/, and 2p, » single-particle levels. The
next excited states cannot be explained in the same manner because we considered
an inert core. In reality the core can have a collective excitations that will couple
with the successive or simultaneous single particle excitations.

A similar approach can be applied for nuclei missing a nucleon in order to have a
full shell. From a quantum physics point-of-view, the missing nucleon can be seen as
a "hole" or an "anti-nucleon" having the same spin and parity but negative charge.
Its successive excitations are on the lower levels till it is energetically favorable for

16
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Figure 2.2: Level scheme of the first excited states in 3{Ni.

a nucleon to "jump" in the next shell.

Odd-odd nuclei

The ground state configuration will be dictated by both the unpaired proton
(np, lp, Jp) and neutron (n,, l,, j,). For most nuclei (n,, {,, j,) will be different from
(N, by, jn) because neutron levels will be filled in advance of the proton levels. The
parity will be given by the product (—1)(—1)" and the spin will take any integer
value in the range:

|jn—jp‘ Slgjn‘i‘jp

By considering the residual interaction we can find out which spin corresponds
for the ground state. To avoid this calculation, Nordheim proposed a semi-empirical
rule based on the spin alignment of the proton and neutron in the deuteron for which
the spin and parity is experimentally measured as I™ = 1*. This corresponds to
parallel orientation of the two nucleons. The Nordheim rule states that:

a) If j,=10,+1/2 and j,=1I,F1/2
the ground state spinis I = |j,, — Jp|
a) If j,=0+1/2 and j,=10,£1/2

17



2.2. Properties of gamma decay

the ground state spinis I = j, + jj,

The excited states will be defined by the vectorial coupling between the excited
odd proton and neutron. Similar to the ground state, the single-particle shell model
cannot establish the ordering and the spins and parities for the excited states. Only
by considering the residual interaction we can obtain this information.

2.2 Properties of gamma decay

2.2.1 Energy conservation

Gamma radiation is usually emitted by nuclei in excited states which decay to
a lower energy state or to the ground state. This decay can be direct or through
a cascade of several transitions. The energy difference between the initial and fi-
nal state is transformed into electromagnetic radiation having energies in the range
of few keV (kilo electron-volts) to several MeV. The decay mechanisms of an ex-
cited nuclear state are only dependent of the characteristics of the initial and final
states and are not influenced by the mechanism through which the initial state was
populated.

If the energy difference between the initial and final levels is higher than the
separation energy of a particle (alpha or nucleon) then gamma decay is less prob-
able than the particle emission mechanism. These high energy states can only be
achieved through nuclear reactions. If particle emission is energetically forbidden,
the only decay mechanism is through electromagnetic gamma radiation. If the
gamma energy is higher than 2m.c? =1.022 MeV, gamma radiation will be in com-
petition with electron-positron pair generation. If the energy difference is of the
order of a few keV or tens of keV, the main decay mechanism is electron conversion.
This mechanism will be covered in a future section.

According to Fig. 2.3 and considering the nucleus initially at rest, the following
energy and momentum conservation laws apply:

m;c? = mf02 +Tn + E,

0=pn+p;

Gamma radiations are photons without mass and have total energy E, = hw
i — 3 — B
2my 2my 2mpc?

and momentum p, = % The recoil energy of the nucleus Ty =

18



2.2. Properties of gamma decay
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Figure 2.3: Simple nuclear level scheme showing a transition between two excited
levels and the corresponding notations. The ground state is considered to have
excitation energy zero.

is of the order of a few eV and is negligible in most cases except when considering
the Mossbauer effect.

Considering the mass of the nucleus in the ground state mgc? we can define the
excitation energies of the two excited states as:

2 2
Ei = mgoC” + mycC

Ef = m002 + mf02

2.2.2 Spin and parity conservation

We define the gamma ray multipole L as the total angular momentum trans-
ferred by the gamma transition. Considering the spin and parity of the initial and
final levels I and I7, we have the following spin and parity conservation rules:

[—i+I

T = MMy

For particles with mass, the total angular momentum is defined as the sum of
the angular momentum and the intrinsic spin. In the case of photons, which are
massless particles, we define the spin as the minimum value of the total angular
momentum. Experimental evidence has shown that the photon spin is 677 =1.

—

L=10,+T1

19



2.2. Properties of gamma decay

The transferred angular momentum can take any integer value greater than 1
according to the relation:

L—I;|<L<IL+1I; L>1

The parity of the gamma transition establishes its electric (E) or magnetic (M)
character

(—1)% EL transition
Ty = Tlf =
L (—=1)E*t ML transition

We get the following gamma multipolarities depending of the initial and final
parity of the nuclear states:

M1+ E24+ M3+ FE4+ ... for m,=+1
Fl1+ M2+ E3+ M4+ ... for 7, =—1

For example, considering both spin and parity conservation for the states I =
5/27 , IF = 3/2" we obtain the following possible gamma multipolarities:

(5/2—3/2) <L < (5/2+3/2) = L=1,2,3,4
m = (=1)(+1) = -1
= E1,M2,E3, M4

The result is a mixing of several multiploarities with different transition proba-
bilities. If one of the states has spin zero, the resulting transitions is a pure electric
or magnetic transition. If both states have spin zero, gamma decay is forbidden
because the resulting photons will have total angular momentum zero.

2.2.3 Transition probabilities

Experimental evidence has shown that the transition probability is rapidly de-
creasing for higher multipoles and, for the same multipole, the electric type is more
probable than the magnetic one. Let us consider L,, = ]I: — ]}] the smallest value
of the gamma multipole between two states. We can observe experimentally the
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2.2. Properties of gamma decay

mixing M L,, + E(L,,+1) in comparable ratios (mixing ratios) or E'L,,+ M (L,,+1)
where the electric transition is several orders of magnitude more probable than the
magnetic transition. For single particle level transitions, the transition probabilities
Ay have the following formulas:

ML) = (2L + )12 AL

1 8 L 1 2L+1
T i (f) B(XL),
C

Where B(XL) are electric (EL) or magnetic (ML) nuclear matrix elements that
describe the transition between the initial and final state. They may be calculated
with a theoretical model for comparison with experiment.

2

B(XL), =) _ { / U500 (X L)V,di

M

Here, U,(7) and U(7) are wavefunctions for the single particle states and we
sum all the possible values of the angular momentum projection M. O(XL) is the
magnetic or electric transition operator. Weisskopf derived the the following single
particle estimates for these matrix elements based on the shell model:

Bsp(FL) = 2 ( ] )2

 4rbE \3+ L
R2L—2 3 2
Bsp(ML) = 7= <3+L>

Where b = 1072* ¢m? and R = 1.2- 1073 AY2 e¢m. A simple observation is that
the gamma transition probability is proportional with the energy and is lower if the
transferred angular momentum is higher. The various multipoles plotted in Fig. 2.4
separate relatively well except for E1 and E2 that have similar lifetimes. The
increased strength of the E2 transitions is due to collective quadrupole motions of
several nucleons and E1 transitions are usually viewed as single nucleon transitions.
The single particle transition half-life can be calculated based on the Weisskopf
estimates:

T o(XL)sp =
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2.2. Properties of gamma decay
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Figure 2.4: Experimental transition lifetimes as a function of E.,. Figure taken from

9.
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2.2. Properties of gamma decay

It is usually observed experimentally the mixing between M1 and E2 due to
similar orders of magnitude. The mixing ratio is simply defined as:

) AE2; JF = J7)
5 =
B N(ML; JF — JF)

Table 1. Formulae for single-particle transition
half-lives, corrected for internal conversion.

Electric  t{n(s) Magnetic  t{»(s)
i -5
E1 §.72><12C; M1 _2.20><310
EyA ) E; )
9.52x10 3.10x10
E2 = M2 E

43 23
E{’A o E.f‘A .

s 200"y 680
e b 1032

o OSVITY| 21240
Lo S
2.89x10 9.42x10

E5 - . M5 ST
114103 11 2843

E A E;'A

Table 2. t,,(W.u.)it, ,(exp) (Recommended Upper Limits)

Multipolarity =~ 5<A<44?®  45<A<90 91<A<150  A>151
E1 (isovector) 0.5° 0.01 0.01 0.01
E2 (isoscalar) 100 300 300 1000
E3 50 100 100 100
E4 50 100 30
M1 (isovector) 10° 3 3 2
M2 (isovector) 5 1 1 1
M3 (isovector) 10 10 10 10
M4 30 30 10

20.002 for E1 (isoscalar), 5 for E2 (isovector), 0.05 for M1 (isoscalar),
and 0.2 for M2 (isoscalar).

0.1 for 21<A<44
5 for 21<A<44

In Table 1, taken from [12|, are represented some simple equations for single-
particle half-lives of L. = 1 — 5 order transitions. Systematics for the ratio of the
single-particle half-life to the experimental half-life can be used to help restrict the
range of possible transition multipolarities. In Table 2 are shown the recommended
upper limits derived by P.M. Endt [13] for A<150. These limits apply with a good
agreement for spherical nuclei. In deformed nuclei, £2 transitions are collectively
enhanced such that the experimental half-life is even smaller and the recommended
upper limits should be raised by an order-of-magnitude.
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2.2. Properties of gamma decay

2.2.4 Branching ratio

A nuclear level can de-excite through several transitions. The total transition
probability of the level which is measured experimentally is the sum of individual
transition probabilities for each decay channel including internal conversion:

)\TI%:Z/\ZjLZ/\fC

The partial transition probabilities can be deduced from the intensity of each
decay channel. The branching ratio is proportional with the transition probability
and measured experimentally as the intensity ratio between each decay channel and
the most intense transition normalised as 100.

The only method that can be used in order to measure partial transition lifetimes
is possible only for levels which decay both by gamma transitions and internal
conversion. By stripping all the electrons from the atomic electron shell, the internal
conversion mechanism is blocked and the measured lifetime is higher than in the
full electron shell case.

2.2.5 Internal conversion

Internal conversion represents the process through which an excited nucleus di-
rectly transfers it’s excitation energy to an atomic inner shell electron. The electron
will have kinetic energy T, equal with the difference between the total transition
energy Ejy and the electron binding energy for the corresponding shell j:

T,=FEy—B;; j=K,LM,..

The resulting electrons from shells K, L, M, ... | will be mono-energetic, their
spectra being the discreet lines overlapping with the continuous spectra of the beta
electrons as it is shown in Fig. 2.6. The hole left in the electron shell by the ejected
conversion electron will be filled by another atomic electron. This transition will
produce characteristic X-rays and Auger electrons. The production mechanism of
the Auger can be understood as an atomic analogy of the nuclear process of internal
conversion.
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2.2. Properties of gamma decay

Figure 2.5: Schematic representation of the internal conversion mechanism. Note
that the undulated line represents the electromagnetic interaction between the nu-
clear field and the electron and should not be considered a gamma radiation. Figure
taken from [9].

713"

137CS _
112 v (90%)

4 internal conversion
B2y (10%)

137’Ba
137Ba internal
conversion
N8
137CS beta spectrum |
v ‘ ||
*T
iy
o
I

electron momentum

Figure 2.6: Beta-decay spectrum of ¥7Cs and internal conversion lines from the
radiative decay of the first excited state of 3"Ba. Figure taken from [9].
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2.2. Properties of gamma decay

The internal conversion mechanism is a single step process and not a two step
process in which a gamma ray produced by the excited nucleus will transfer it’s
energy to an atomic electron. This is supported by the following experimental
evidence:

1. Conversion electrons appear even in gamma forbidden L = 0(0 — 0) transi-
tions

2. The internal conversion probability is higher when the energy difference be-
tween the initial and final states is lower and the spin difference is higher.
This is the opposite compared to the gamma transition probability.

The competition between the two decay processes can be described by the in-
ternal conversion coefficient a:

where A is the decay probability, proportional with the intensity of the corre-
sponding decay process.

We can also define the internal conversion coefficient as a sum of partial conver-
sion coefficients for each atomic shell:

(I:M:CYK‘I—QL'FW
Ay
Due to the fact that the K shell is closer to the nucleus, ak is higher than a;,
and so on. From the simple beta decay scheme shown in Fig. 2.6 we can estimate
the partial internal conversion coefficients by measuring the area A; corresponding
to each shell and normalising to the total number of beta electrons:

J— Ai .
C Ag— (Ax + AL+

i=K,L M,..

Q;

The experimental evidence is confirmed by theoretical calculations, evidencing
the same dependency of the internal conversion coefficient with the electric or mag-
netic transition multipole L, gamma energy FE., atomic number Z and principal
quantum number n, for the K, L, M atomic shells.
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2.3. Properties of beta decay

O 2 L+5/2 1

(EL) =273 = —
“ ( ) ( E, ) ni
2m,c? L+3/2 1

ML) =23 = —
s ) ( E, ) n3

The total decay probability for a nuclear level must take into account the internal
conversion coefficient:

A=A+ A =\(1+a)
1 Ty
M(1+a) 1+a

1
A

T =

2.3 Properties of beta decay

Beta decay can occur in three possible ways which must involve another charged
particle to conserve electric charge. The charged particle, originally called a
particle, was later shown to be the electron.

n—p-+e +v £~ decay
p—nite v BT decay
pte —=n+v electron capture (¢)

The first process is known as negative [ decay and involves the creation and
emission of an ordinary electron. The second process is positive [ decay or positron
decay, in which a positively charged electron is emitted. In the third process,
an atomic electron that strays too close to the nucleus is swallowed, allowing the
conversion of a proton to a neutron. The latter two processes occur only for protons
bound in nuclei, being energetically forbidden for free protons or for protons in
hydrogen atoms.

In all three processes, another particle called a neutrino is also emitted, but
since the neutrino has no electric charge, its inclusion in the decay process does not
affect the identity of the other final particles. In a nucleus, g decay changes both Z
and N by one unit: Z — Z+1, N - N F 1 so that A = Z + N remains constant.

We define the 3 value to be the difference between the initial and final nuclear
mass energies. This released energy is shared between the electron and the neutrino.
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2.3. Properties of beta decay

The maximum energy of the electron F,,,, is approximately ()3 provided that the
neutrino has zero energy. Let us cosider a typical negative beta decay process in a
nucleus:

A A / — —

2
(Q = | ma — maA —m C
B ( 72X Z1 X' e>

The above expression represents a decay between two nuclear ground states. If
the populated state in the daughter nucleus is an excited state, the () value must
be decreased by the excitation energy of the populated state:

Q%I - Q%S — Feg

. 3;«141\1 1 )

~

ERER
.
SRER

Figure 2.7: Schematic representation of the beta decay of *O. This decay is pre-
dominantly to the first excited state (07) in N followed by a radiative decay to
the ground state (1*). There are two valence protons, both of which can decay into
a neutron. Figure taken from [9].

2.3.1 Decay lifetimes and logft values

The transition probability of a beta emitter can be derived using the first-order
time dependent perturbation theory. The transition mean lifetime 7 is expressed
in terms of the squared matrix element describing the initial and final states and
a statistical factor which indicates how the energy is distributed among the beta
particles.
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2.3. Properties of beta decay

1 Emaax
Vo= =GP [ P2 B)(Buws ~ EFEunidE.

where p. is the momentum and F,,,, is the maximum energy FE,. of the beta
particles. G? is the Fermi coupling constant. The F(Z, E,) function varies slowly
at small values of Z but more rapidly after Z = 20. The value of the integral can
be represented as a function f(Z, Enaz)

1 9 9 1
;—G \M*f(Z, Emaz) — fT_W

In practice we use the logarithm of f7 or ft value which depends on the atomic
number Z, the end point energy Qs (or E,,..) and the mean life 7 or half-life
T/ = 0.693-7. The allowed or forbidden nature of the beta transition is determined
by the ft value. Higher values are related to a large spin change in the transition
which are usually forbidden. Thus we can describe beta transitions in terms of the
log ft systematics as shown in Fig. 2.8.

60 B Superallowed

O Allowed

Ml First forbidden (non-unigue)

B First forbidden (unique)

B Second forbidden (unique and non-unique )
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Figure 2.8: Distribution of known logft values for various beta emitters. Figure
taken from [14].
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2.3. Properties of beta decay

2.3.2 Selection rules for beta decay

The two resulting leptons, electron/positron and antineutrino/neutrino can be
emitted in a singlet state (spins antiparallel) or in a triplet state (spins parallel).
The Fermi selection rule requires that the neutrinos and electrons to be emitted in
a singlet state, thus §j = 0 (j; = jy). In the triplet state j; = j; or jr = j; £ 1
, which are Gamow-Teller transitions. One exception is the 07 — 07 transition
which is forbidden according to the Gamow-Teller selection rule. This represents
a pure Fermi transition and it is shown in Fig. 2.7. The beta decay selection rules
can be summarized as follows

Aj=0; AP =0 — Fermi rule
Aj==£1,0; AP =0 — Gamow-Teller rule (j; =0 — j; =0 is forbidden)
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CHAPTER 3

Gamma spectroscopy of Ga
following the 8-decay of %VZn

3.1 Scientific motivation

The recent availability of clean, intense beams of radioactive isotopes close to the
presumed doubly magic nucleus ®Ni has triggered renewed interest in this region.
The nucleus “®Ni is doubly magic in the 1.5 coupling scheme, though its suitability
for use as a closed core in shell-model calculations remains uncertain. As it is the
most neutron-rich doubly magic region currently accessible for experimental studies,
then comparisons between spectroscopic data on the nuclei here and state-of-the-
art shell-model calculations play a key role assessing the impact of neutron excess
on effective nucleon-nucleon interactions. Spectroscopic information also allows
the evolution of single-particle orbit energies to be followed, as a function of Z
and N. In the present work v decays of the three-valence-proton, one-valence-hole
nucleus *Ga have been observed and compared to the predictions of shell-model
calculations, allowing a sensitive test of neutron-proton interactions in this region.

Nuclear structure is an important input into rapid neutron-capture-process (r-
process) nucleosynthesis calculations. The key parameters of interest are ground-
and isomeric-state half-lives, and delayed-neutron emission probabilities, which are
all influenced by shell structure. Any erosion of the Z = 28 and N = 50 shell
closures would have an obvious impact on the direction and speed of the r-process
reaction around the A ~ 80 abundance peak. Possible experimental evidence for
the less-than-robust nature of the these shells includes mass measurements, which
indicate that ™Ni is not the most tightly bound nucleus of this region [15]. Recent
shell-model calculations require the inclusion of orbits from below the Z = 28 shell
closure in the valence space to correctly reproduce measured magnetic moments in
the Cu isotopes [16].

A recent collinear laser-spectroscopy experiment has identified a 6~ isomeric
state in 8°Ga, with a half-life > 200 ms [17], lying at an unknown energy above the
3~ ground state. Half-lives for the two -decaying states were recently reported as



3.2. The ISOLDE facility and the 1S441 experimental setup

1.9-s and 1.3-s, although the spin and parity could not be established [18|.

3.2 The ISOLDE facility and the IS441 experimen-
tal setup

The on-line isotope mass separator ISOLDE [19] is a facility dedicated to the
production of a large variety of radioactive ion beams for many different experiments
in the fields of nuclear and atomic physics, solid-state physics, materials science
and life sciences. ISOLDE, an acronym for Isotope Separator On Line DEvice, was
originally proposed at the 600 MeV Proton Synchrocyclotron in 1964 at CERN, the
European Organization for Nuclear Research. The first experiments started there
in 1967. ISOLDE underwent several upgrades until it was finally moved to the
PSB in 1992. It is operated by the ISOLDE collaboration, whose present members
are Belgium, CERN, Denmark, Finland, France, Germany, Greece, India, Ireland,
Italy, Norway, Romania, Spain, Sweden and the United Kingdom.

Figure 3.1: 3D layout of ISOLDE. Figure taken from http://isolde.web.cern.ch/

The facility has been in operation since its start in 1967 and is presently receiving
protons from the Proton Synchrotron Booster (PSB) of CERN. The success of
ISOLDE is due to the continuous development of new radioactive ion beams and
improvement of the experimental conditions. With the upcoming high energy and
intensity upgrade HIE-ISOLDE, the possibilities for experiments with exotic nuclei
will be further boosted.

The 5~ decay spectroscopy of ®Zn was performed at ISOLDE as part of sys-
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3.2. The ISOLDE facility and the 1S441 experimental setup

tematic ultra-fast timing studies of neutron rich Zn nuclei. Two similar experiments
have been performed but using slightly different production means of 9Zn. In the
first experiment (2009), the 8Zn nuclides were produced by the CERN PS Booster
1.4-GeV proton-beam impinging directly on the thick uranium carbide target shown
in Fig. 3.2. This production mechanism was responsible for a strong production of
proton-rich impurities at mass 80. In the second experiment (2011) the PS Booster
proton-beam was directed to a neutron converter which fast neutron beam induced
fission in the uranium carbide target. The reaction products diffused from the 2000
°C' hot target via a quartz chemically selective transfer line into a tungsten ionizer
where resonant laser ionization was used to produced an intense and pure Zn ion

beam [20, 21, 22].
:

| 3

| Tantalum tube with the target material

Figure 3.2: Photo of the [SOLDE target unit. The heated tantalum container
containing UCx (uranium carbide) is connected to the ion source via a quartz
controlled transfer tube which absorbs the rubidium atoms. Figure taken from

23].

After extraction and acceleration to 40 keV, the ISOLDE high-resolution sepa-
rator was used to mass select an A = 80 beam. Around 20000 ions/s, were sent to

an aluminium catcher foil at the center of the array of 5 and v detectors shown in
Fig. 3.4.

The detection system consisted of a 3-mm thick NE111 plastic scintillator posi-
tioned less than 0.5 mm behind an Al foil at the ion collection point. This detector
was used as a fast-response [-detector. The thickness of the plastic scintillator was
chosen to yield an almost uniform time response to 3 particles within a wide range
of energies. Two conical, 1.5-in long LaBr;(Ce) crystals were used as fast-response
~ detectors. In addition, two HPGe detectors were present, with relative efficien-
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Figure 3.3: ISOLDE yields of Zn, Ga and Rb isotopes showing the difference
between sending 1.4 GeV protons directly to the UCx target and sending them
indirectly onto a tungsten converter mounted parallel to the target. For mass A =
80, Rb contamination is reduced with three orders of magnitude. Figure taken from
[22].

cies of about 60 %, covering an energy range of 30 to 4000 keV. These were used
to provide a unique selection of y-decay branches in 5 — v(E) — ~(t) fast-timing
measurements [24, 25| and to study v — ~ coincidences, in order to determine the
level scheme.

A 16-parameter PIXIE-4 digital data acquisition (DAQ) system [26] was used
to collect energy signal from all 5 detectors, along with the time of arrival of the
proton pulse on the target or convertor. Moreover, the DAQ system (Fig. 3.6)
also collected 5 time-to-amplitude convertor (TAC) signals. Four of the TACs were
started by the [ signal and stopped by each of the v detectors, whereas the fifth
TAC was started by one LaBr3(Ce) detector and stopped by the other. The TAC
range for the fast-timing detectors was set to 50 ns, whereas the one stopped by
Ge detectors had a range of 2 us. The energy and efficiency calibrations of the
7 detectors were determined using sources of '%133Ba, 138Cs and 2Eu. For the
present analysis only the g and HPGe detector signals from the 2011 experiment
and f-LaBrs(Ce) coincidences from the 2009 experiment are used.
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Figure 3.4: Photos of the IS441 detection array.
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Figure 3.5: Schematic representation of the IS441 detection setup.

3.3 Experimental results

3.3.1 Improved level scheme. Absolute gamma intensities

Gamma ray transitions that belong to the decay of excited states in °Ga were
assigned both by starting from previously known transitions, and by examining
coincidence spectra. There are a total of 86 identified transitions listed in Table 3.1.
The level scheme of 8Ga, as determined in the present experiment, is in good
agreement with the previous published results in [27] and [28]. This level scheme is
shown in Fig. 3.8. Several new energy levels are postulated by strong coincidences
between all of the previously reported ~ rays and the newly discovered ones.

In Fig.3 from [27], the placement of the 403 keV gamma ray was questionable
because no coincidence with 282 and 614 keV was observed in the current coin-
cidence spectra, as shown in Fig. 3.7. The 74, 174, 312, 403, 636 and 1116 keV
gamma rays were repositioned in the new level scheme such that the 403 keV was
directly feeding the new ground state which is 22.4 keV lower than the next excited
level. The new ground state was found based on the fact that the above mentioned
v rays were coincident with 1151, 1034 and 566 keV transitions and that 403, 174,
636 and 312 keV ~ rays were mutually coincident, as being part of a cascade. One
of the possible configurations was the four transitions would succeed each other
starting from the 1526 keV level. Their order was later confirmed by coincidences
with additional newly discovered transitions.

The level scheme and results reported in [17] suggest that the ground state has
spin and parity 6~ and would feed by beta decay the spin 8t from %°Ge reported
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Figure 3.6: Photo of the IS441 detection electronics.

in [29]. The first excited state should then have spin and parity 3~ being the long
lived isomer discovered by collinear laser spectroscopy in [17].
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Figure 3.7: HPGe v — v coincidence spectra containing transitions from %°Ga with
gates on the relevant 403-keV, 174-keV, 637-keV and 1151-keV transitions.
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Table 3.1: Gamma-ray transitions in %°Ga, as found in
the present work, associated with the level scheme shown
in Fig. 3.8. The transition intensities are normalized to
that of the 712-keV gamma ray, taken as 100. For abso-
lute intensity per 100 decays, multiply the relative inten-
sity by 0.41(6). The tentative 7 rays are marked with *.
The strong transitions were calculated from the prompt
v singles spectrum and the weaker ones from coincidence
spectra. All the errors are based on statistical uncertain-

ties and fitting approximations.

E, L, Assignment

(keV) Einitiae ~ Efinal JJ J 7
74.8(1) 10.8(2) 97.1 22.4 - 3~
75.8(1)! <02 15260 14500 -  1*
93.4(1) 3.2(6) 1450.0 1356.5 1% -
151.7(1) <0.2 1141.9  990.0 - -
154.7(1) 0.3(1) 11419 987.1 - -
159.5(1) 1.2(3) 1450.0 1290.4 1° -
169.6(1) 1.4(3) 1526.0 1356.5 - -
174.0(1) 5.6(6) 577.3 403.4 - -
176.6(1) 10.1(10) 911.3  734.7 - -
190.5(1) 2.3(2) 11419 9514 - -
203.6(1) 0.3(1) 1193.8 990.0 - -
225.7(1)  1.2(2) 15260 13005 - -
243.5(1)  0.9(2) 9514 T07.8 - (1%)
282.21(5) 4.1(4)  990.0 707.8 - (11)
282.7(1) 0.6(2) 1193.8 911.3 - -
306.4(1) 0.2(1) 4034 97.1 - -
308.3(1)  0.4(1) 14500 11419 1+ -
312.13(5) 12.4(2) 1526.0 1213.9 - -
332.17(5) 2.6(4) 1526.0 1193.8 - -
373.2(1) 0.2(1) 1526.0 1152.7 - -
403.47(3) 4.3(5)  403.4 0.0 - 6~
406.9(2)  0.8(2) 11419 7347 - -
433.9(1)  22(4) 11419 7078 - (1%
444.9(1)  08(1) 13565 9113 - -
459.9(1)" <0.2  1450.0 990.0 1" -
462.72(2)  1L1(1) 1450.0 987.1 1t -
468.3(1)  2.2(6) 2560.4 20921 (1) 1+
480.1(1)  0.7(1) 5773 9r1 - -
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518.3(1)  1.0(2) 2044.5 1526.0
538.87(5)  1.3(2) 1526.0 987.1
566.20(5)  10(1)  2092.1 1526.0
575.3(1)  0.4(1) 1152.7 577.3
577.7(2)  0.2(1)  577.3 0.0
594.9(1)"  0.3(1)  2044.5 1450.0
614.66(5) 13.3(4) 1526.0 911.3

5
621.8(1)  1.7(3) 13565 734.7
632.5(1)  3.5(4) 2677.0 20445
636.6(1)  4.5(5) 12139 577.3
642.3(1)  30(3) 2092.1 1450.0
685.4(1)  36(4) 7078 224
688.0(1)  1.8(3) 20445 1356.5
712.3(1)  100(10) 7347 224
723.2(8)

) <0.2  1300.5 5773
1

5(

.6(

3(

(

(

(

(

(1)  77(21) 1450.0 734.7
735.6(1)  2.2(4) 2092.1 1356.5
742.0(1)  21(2)  1450.0 707.8
791.3(1)  4.0(6) 1526.0 734.7
802.0(1)  0.8(2) 2092.1 1290.4
814.2(1)  1.6(2) 911.3  97.1
818.2(1)  1.1(3) 1526.0 707.8
878.2(2)  1.0(2) 2092.1 1213.9
888.9(1)  5.7(6) 911.3 224
928.8(2)  13.6(15) 9514 224
950.5(2)  1.3(3) 2092.1 1141.9
964.8(2)  32(3)  987.1 224
1034.3(2)  9.2(10) 2560.4 1526.0
1057.3(3)  0.6(2) 20445 987.1
1104.9(2)  54(7) 20921 987.1
1110.3(2)  1.8(6) 2560.4 1450.0
1116.7(2)  9.0(10) 12139 97.1
1150.9(2)  22(2)  2677.0 1526.0
1171.5(2)  3.9(5) 1193.8 224
1203.3(2)  1.1(2) 13005 97.1
1226.9(2)  3.2(8)  2677.0 1450.0
1267.9(2)  5.9(7) 12904 224
12906.2(2)  1.7(6) 2822.1 1526.0
1320.6(2)  2.0(5) 2677.0 1356.5
1334.0(2)  9.9(11) 13565 22.4
1357.2(2)  2.1(4) 20921 7347
1366.4(2)  1.0(4) 2560.4 1193.8
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1372.0(2)  1.6(3) 28221 1450.0 - 1+
1384.3(2)  1.4(3) 20921 707.8 1t (1)
1386.6(2)  1.9(4) 2677.0 12904 1+ -
1418.4(2)  0.8(1) 2560.4 1141.9 (1+) -
1427.5(2)  3.8(8) 14500 224 1t  3-
1503.6(3) 9.6(11) 15260 224 - 3~
1570.2(3)  1.6(2) 2560.4 990.0 (1+) -
1573.5(3)  0.4(2) 2560.4 987.1 (1+) -
1608.8(3)f <0.2  2560.4 9514 (1*) -
1726.5(3)  <0.2 26770 9514 1t -
1825.5(3)  0.7(2) 2560.4 7347 (1%) -
1834.9(3)  2.6(2) 28221 987.1 - -
1871.3(3)! <02 28221 9514 - -
2021.8(3)  1.3(3) 20445 224 - 3~
2378.1(3)  0.8(2) 33294 9514 - -
2428.6(3)  0.5(1) 3380.0 9514 - -
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Figure 3.8: Level scheme of levels in 8°Ga populated in the beta decay of 8°Ga. There are a total of 86 gamma transitions.
The dotted lines indicate tentative or weak transitions. The transition labels contain the energy value and the relative gamma
intensity. For total intensity, multiply by 0.41(6). S
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3.3.2 Nanosecond isomer identification

The analysis of the time-difference spectra between the LaBrs(Ce) detectors and
the fast plastic scintillator showed a long-lived decay component which corresponds
to the 685.4-keV transition, connecting the 707.8-keV and 22.4-keV 3~ levels. As
shown in Fig.3.9, a gate on the 742.0 keV transition in the HPGe spectra was used
to isolate the 685.4-keV transition in the LaBrs(Ce) detectors.

% 800 -l L) LI I L) LI L) I LI LI I L L) I L) L I LI LI I L) LI L) I LI LI I L l_
X - 685 keV b
~ 600 — (a)
@ 400 [ 642 keV J
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Figure 3.9: (a) 742.0 keV gate from v — v HPGe coincidence spectra; (b) 742.0
keV gate on HPGe in the 8 — ympge) — V(LaBr,:ce) SPectra. The time was recorded
with Time to Amplitude Converters between the plastic scintillator (8 detector)
and each LaBrs:(Ce) detector. The time spectra has an offset of 6 ns; (¢) Delayed
(T > 8ns) [ gated spectra in LaBrs:Ce.

The half-life observed, T3, = 20.9(35) ns, is significantly longer than that of the
prompt 642.3-keV line. It was therefore possible to completely isolate the 685.4-keV
transition, by selecting only delayed LaBrs(Ce) events, with respect to prompt §—
LaBr3(Ce) ones. Having no gating condition on the HPGe detectors provided better

43



3.3. Experimental results

Table 3.2: Comparison of reduced transition probabilities
between recommended upper limits and calculations for a
686 keV transition of 18.3(5)ns half-life from a mass A=80
nucleus. We conclude that the 685.4 keV transition has
M2 multipolarity and the level at 707.8 keV has J™ = 1.

Multipolarity Reduced transition probability (W.u.)

Calculated Limits ¢
El 6.2(2) - 1078 0.01
M1 3.7(1) - 107 3
E2 9.9(3)-1073 300
M2 0.60(2) 1
E3 2.44(7) - 103 100
M3 1.48(4) -10° 10

® Recommended upper limits taken from [13]

statistics and hence a more precise half-life measurement, yielding 7}/, = 18.3(5) ns,
which is the adopted value. In Table 3.2, a comparison is shown between the reduced
transition probabilities for different possible multipolarities and the recommended
upper limits [13]. Only an M2 multipolarity has a reduced transition probability
of the same order of magnitude as the recommended upper limits. The very low
reduced transition probabilities for an F1, M1 or E2 transition would suggest
extremely hindered transitions, which are highly unlikely in this mass region. The
E3 or M3 reduced transition probabilities are more than one and four orders of
magnitude higher, respectively.

3.3.3 Conversion coeflicient and multipolarity assignment for
the 74.8 keV transition

The conversion coefficient for the 74.8-keV transition between the 97.1-keV and
22.4-keV levels is determined to be >0.15(18), from the intensity balance in the
level scheme and with the assumption that the 97.1-keV level is not directly 3 fed.
On the other hand, the conversion coefficient was found to be equal to 0.20(20)
from the coincidence probabilities involving the 74.8-keV transition. We therefore
adopt a conversion coefficient of <0.40 for the 74.8-keV ~ ray. The multipolarity
of this transition can therefore be assigned as E'1 or M1, from a comparision with
theoretical conversion coefficiencts (a(E1) = 0.15, a(M1) = 0.15, a(E2) = 2.08,
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a(M2) = 2.10) [30].

3.3.4 Spin and parity assignments

The 17 spin and parity assignment for levels at 2677.0, 2092.1 and 1450.0 keV is
based on logft values calculated for the strongly beta-fed levels. The 11 assignment
for the 2560.0 level is only tentative.

Based on the M2 multipolarity of the 684 keV transition we propose a (1)
assignment for the 707.8-keV level, even in the absence of observed strong 3 feed-
ing to confirm this. This assumption is in agreement with the previous tentative
assignment [27].

3.4 Comparison with Shell-Model calculations

In [16], the authors address the quenching of the Z = 28 gap around "®Ni in
the shell-model framework with a large valence space containing pf orbitals for
protons and pfs/2g9/2 orbitals for neutrons. The calculations are able to correctly
reproduce the systematics of low-lying states and magnetic moments in Cu isotopes,
underlining the importance of including protons from the f7/, shell. It is also
claimed that the Z = 28 shell closure is diminished when the neutron gg/, orbital is
filled, thus pointing to the relevance of proton core excitations in order to understand
the structure of neutron-rich nuclei in the vicinity of “®Ni.

Honma and co-workers [31] have developed the JUN45 effective interaction for
nuclei in the upper part of the pf shell. The model space used is f5/2pgg/2, including
the single particle orbits ps/2, f5/2, p1/2 and gg/a.

A more recent effective interaction (jj44bpn) was developed by Brown and Liset-
skiy [32] and calculations for "'~"Ga were published in [33] with the remark that
for the heavier isotopes the jj44bpn interaction is quantitatively better that JUN45.

Shell-model calculations with the NuShellX@MSU code [34] were performed
using the jj44bpn and JUN45 effective interactions. The calculations employ a *°Ni
core, and the valence protons and neutrons are allowed in the pf5/2g9/2 configuration
space. In Fig. 3.10 a comparison is shown between the shell-model calculations and
the present experimental results for 8°Ga. The calculations predict a 6~ ground
state, and a group of states with spins and parities 37, 47, 5~ and 67, the lowest
of these above 300 keV. These states are part of the 7fs/p-1/g9/» multiplet,with the
2~ and 7~ states lying higher in energy (above 500 keV).
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15(%) log(ft)

3380.0
3329.4

2822.1

13.1(10) 4.5(11 1"
7.2(6) 4.8(1) (1)

2077.0
256004

334)4.6(1) 1=

Exp.

Figure 3.10:

lations. The experimental level scheme is the same than the one presented in Fig.
3.8. The model space used for both interactions was ps/ofs/2pi1/289/2. The region
0 — 600keV contains all the predicted levels. Due to high level density, regions
600 — 1800keV contain only the predicted levels with J < 3. The > 1800 keV
region contains only the levels with J™ = 17. The experimental Iz values were
measured by intensity balance between the gammas feeding and de-exciting each

level.

In addition, the jj44bpn interaction provides better estimations for the both the
energies and [ feeding of the proposed (1) levels and the B(M2) of the 685.4-keV
transition. The latter is predicted to be 0.11 W.u. (Weisskopf units) which agrees
well with the experimentally determined value of 0.6 W.u. The value calculated

46

15(%) log(ft)
02 55 1° 2047
42 43 1* 2745

25 46 1t 3
348 35 1° 2

1.7 49 1t 94

3” 1794
2 1671
0" 1542
3~ 1499
40.1 37 I >——__1472
2* 1323
P — T 7]
7 1059
3~ \ / 1022
. N ——  oha
2 2!
53 4.7 m_ﬁﬁﬁz
3r /T 847
2+ 726
5- 566
4~ 477
4~ 294
3~ 256
5- 222
o 0
jj44bpn

15(%) log(ft)

0.6 50

59 41

8.8 4.0
49 44

0.004 7.5

0.6 544

152 42
50.0 3.7

1" 2866
1" 2437
1" 2219
1" 2090

;
3* 1735
e

T\
L/—\_ﬁ
3- 1327
0" 1116
2" 945
1° 944
31 941
2 \ / 712
1" 686
2- 569
4~ 500
5~ 489
2+ 273
3 246
S 146
5- 111
3 99
6 0

JUN45

Comparison of the experimental levels (left) and shell model calcu-



3.4. Comparison with Shell-Model calculations

using the JUN45 interaction is a factor of 18 smaller. Quenched g factors of g; =
0.7gfrec Were used in these calculations, which were found in [17] to reproduce the
magnetic moments of the ground states of neutron-rich Ga nuclei. The dominant
configuration of the 708-keV, 11 level is predicted to be 7 fg’/Q ® Vp;/g and that of
the 3~ isomer 7 f§/2 ® 1/99’/12, explaining the slow nature of transitions between these
two states.

In Fig. 3.10, the 3-feeding intensities of states in ®°Ga, populated following the
decay of the parent nucleus 8°Zn are shown. The predictions of the jj44b interaction
are generaly in better agreement with the experimental data than those of the
JUN45 interaction. In particular the strong 3 feeding of the 15 state state is well
reproduced by the calculations using the jj44b interaction. The 17 state is however
the strongest fed state when the JUN45 interaction is used, despite both interactions
predicting similar dominant configurations for these two states.

47






Conclusions

The present S~ decay study brings significant new information regarding the
structure of the neutron-rich N = 49 nucleus %°Ga. The spin and parity of the
ground state is firmly assigned to be 67, and the previously unknown excitation
energy of the low-lying isomer observed by collinear laser spectroscopy [17] is now
fixed at 22.4 keV. This is in agreement with the ground state assignment based on
the shell-model calculations in [31, 17]. A new isomeric level with the half-life of
18.3(5) ns was observed in the present experiment, and is proposed as a candidate
for the first 1 state. A comparison between the measured and predicted half-life of
this level and the 3~ feeding intensity distribution over the excited states of ¥Ga
proved to be a sensitive test of the shell-model interactions. The predictions of the
jj44bpn interaction are in a more reasonable agreement with the experimental data
than the results obtained with JUN45.

The results discussed in this thesis were presented in a preliminary stage at
the "Nuclear Structure and Dynamics 2012" conference which was held in Opatija,
Croatia and published as conference proceedings in AIP Conf. Proc. 1491, 97
(2012). Currently, all the results are submitted to Phys. Rev. C. for publication as
a regular article and are under peer-review.
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