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CHAPTER 1

INTRODUCTION

The intent of this thesis is to demonstrate several thingss hot only a presentation of
the cutting edge research that has been accomplished wahks but also a presentation of how
these things have been learned. The thesis, especiallgttiodiictory material, is intended to be
understood by the advanced undergraduate or a graduaemstudamiliar with nuclear physics.
This approach was chosen because it could be used by otliemstuvho wish to learn about

nuclear deformation or spectroscopy techniques.

1.1 Physics of Neutron Rich Nuclei

Human beings throughout history have continually devaddpels to test the structure and
consistency of the world around us. Our curiosity fuels onovations, and as questions are asked
and answers are discovered, it fuels more questions. Whegoaytis hypothesized in science, it
is tested repeatedly and it is only valid within the context/hich it has been tested. The general
relativistic theory of gravity is perhaps the most famouaragle of this. Within our context on
earth, Newtonian gravity that varies as2lworks very well. Observations had to be made on
stellar and planetary systems at much larger scales to begest the theory of relativity. In
order to further this theory, and fully understand quantuaviy, scientists need a way to probe
sources of large gravity at small scale. In the same way #arigss of nuclear physics, which were
developed at and near the line of stability, are tested icdiméext of nucleon excess. In this work,
the focus is on neutron-rich nuclei.

The intent is to show how theories of nuclear deformation stndcture have been devel-

oped, and in this present context if and to what extent theyalid. The framework for discussing



deformation is the multipole expansion of Electromagnitaments. The electric moments arise
because of charge distributions in the nucleus and the niagnements arise from charged cur-
rents in the nucleus. When structure is discussed, whatasmnage things like the nuclear shape,
modes of rotation, vibration, and the quantum mechaniagbgnties associated with the states in
the nucleus. The nucleus is a complex, energetically degenestrongly bound, fermionic many-
body system and structures can be associated with few, oy masteons. This is shown in Fig.
1.1[1]. This figure shows how the observed structure of thdeus may depend on the energy
scale involved. At low energy, in the range of a few tens of 'ke¥®ollectivity dominates the de-
scription and as energy increases, more of the intrinsiccttre of nucleons and sub-nucleonic
matter becomes evident. Because of this level of completkigre is at present no single theory
that can explain the many and different structures that easden in nuclei. Therefore, a few
simple models are selected and their validity is tested) tie understanding that these models

have known limitations and may be expected to fail.

1.2 Outline of the Thesis

This thesis comes in five basic sections and eight chaptdrapt€r 2 describes the details
of the necessary building blocks for discussing nucleassy Chapter 3 presents the theoretical
physics of deformation that are being tested. These theare older theories that were devel-
oped near stability and at low spin. Namely, the shell motia, Interacting Boson Model, the
collective model, and a geometric model for reflection aswtnim nuclei. These are theoretical
constructs that are most easily associated with experinbawiations from these models are data
that may reveal new physics. This section is followed by sdetails on modern and microscopic
theoretical approaches. These are better approaches al&imtechniques are an attempt toward
a universal and microscopic theory as opposed to quakt@inenomenology. In chapter 4 are
the details of the experimental setups used to access thei oficnterest. Both production of
fission fragments and measurement techniques associdtegnompt and beta-delayed gamma

emmission are presented. The experimental results arestt@m in the last three chapters. In
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chapter 5, the structure &f°Ag near the Z=50 shell is explored, and it is shown in comparts
the anharmonic vibrational model. In chapter 6, nuclei énatquadrupole deformed are examined
in the framework of the collective model of Bohr and Motteisd-inally, in chapter 7 octupole

deformation and reflection asymmetric shapes are discussed

1.3 Broader Impact

It is also important to highlight the significance of the wprkesented. Not only do the exper-
iments probe basic nuclear structure, butin general, ibesamphasized that these studies of basic
science have an impact on other fields and have real worldcapiphs. The connection between
nuclear physics and astrophysics is especially rich anddasieeds for nuclear data. Astrophys-
ical processes thought to be responsible for stellar nesy@thesis are shown in Fig. 1.2. Nuclear
astrophysics needs inputs of capture cross sections a&] masses, decay branching ratios, and
lifetimes. Our collaboration has recently published suatad2—7]. The decay spectroscopy with
which our collaboration has been involved has had apptinatio the measurement of total decay
heat and branching ratios for reactor physics [8, 9] andratewdose measurements for isotopes
used in PET scans [10]. Specifically, the study of nucleapsti@and moments has application
to tests of fundamental symmetries [11, 12], spintronicottecence [13], the fission and fusion

processes [11, 14] and the production of super-heavy elefiEh 16].



How does the physics of nuclei impact the physical universe?

X-ray burst supernova

neutron star

proton number

neutron number N

Figure 1.2: The chart of nuclides, showing astrophysicatesses where there is a need for
nuclear physics input [1]



CHAPTER 2

NUCLEAR DECAY

Our primary method of determining structures depends ostwiarthy experimental data
and its comparison to theoretical interpretations. A gdmbty recommends observables that are
testable. The primary method used in this study to accessdises is to measure the gamma
rays emitted from excited states in a nucleus populated fieta decay or spontaneous fission.
Coincidence information is gathered, and with that infatiorainferences are made regarding the
guantized energy levels present in a nucleus. A level scliemelt and this picture can lend itself
to a structure interpretation. It is also possible to meathe quantum mechanical character of the
radiation emitted from a nucleus. The gamma radiation cadssified as electric or magnetic and
carries angular momentum away from the nucleus. Measureohémese properties can also help

identify the spins and parities of nuclear states. Thedeigaes will be discussed in chapter 4.

2.1 Introductory Material for Nuclear Physics

Itis importantto first discuss basic nuclear radiative peses and useful mathematical struc-
tures and tools for analyses of radiative processes whekssential concepts for the analyses of
nuclear decay. Notice that the Chart of Nuclides [17] canrgamized in terms of decay processes.
This is shown in Fig. 2.1. It shows that by far the most commatess i3 decay. When a nu-
cleus has excess nucleons of one type it can become more stalileta decay by converting a
proton to a neutron or vice-versa. If the imbalance is to@igoee or more nucleons are emitted
and at a certain point the last neutron cannot be bound toutleus. These limits are called the
proton and neutron drip lines, respectively. As the nuceidme heavy, and?ZA becomes large,

a particle emission dominates. Then, &/&becomes even larger, spontaneous fission becomes
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Figure 2.1: A map of the Chart of Nuclides showing decay m¢tiék

more likely. Eventually, there may be a limit of how heavy &leus can be before it ceases to

bind at the fission limit.

2.1.1 Building Blocks

There is some commonality between nuclear processes, amdslsome necessary language
that is required to explain decay or radiative processess. mhterial can be found in many places
but, unless otherwise noted, is compiled from the followogks [18—20] and references therein.
Radioactive decay is a statistical process that is enegdlgtimotivated. The representation of a
transition from one energy level to another is shown as arggrievel diagram. An example is
shown in Fig. 2.2. In this figure, X represents the higher gnéevel and is therefore the energy
of the transition to the level at 0.0 which is labeled nexthe arrow. Most often, when 0.0 is
used it means that the ground state (i.e. the rest mass, fhae been used to define the relative

energy scale to be used. For low-energy nuclear structysiqs) the typical energy scale is keV



0.0

Figure 2.2: An example diagram for the transition betweeméwergy states

(kilo-electron volt).

All nuclear levels, unless they are the ground state of destaliclide, undergo radioactive
decay. When that happens, they follow the exponential d&nay It is easy to construct this
law assuming only that the random process and thereforeshituiege in the number of states is

proportional to a decay constant, the current number ofgbestand the change in time. That is:

dN(t) = —AN(t)dt (2.1a)
tANE) Ot
Nty = /O)\dt (2.1b)
In(%):)\t (2.1c)
N(t) = N(0)e ™ (2.1d)

So then the decay constahis in units of inverse time, with the mean life of a nucleateta
defined ag = Al and the half-lifeT; , =In(2)T = '”/\ﬁ in units of time. This is governed in practice
by the laws of statistics and measurement. In reality, slargial population and sufficient time
is required to make an accurate measurement of the half-life

Any nuclear state also has quantized (in unitg)htrinsic angular momentum called spin.



It also has an associated symmetry parameter called peailyd + or -, odd or even. Though there
are many other parameters that may be associated with aangtd¢e, these are the only ones that
are physically measurable. Any other properties are iafear are model dependent.

Because of the statistical nature of nuclear decay theitleasagprobability of a given transi-
tion occurring. If there are multiple pathways from a staeré will be some probability for each
pathway. But in order to to discuss that in more detail forrtigiation of electromagnetic waves it
is necessary to discuss the classical approach to the lagésatfomagnetism [21].

The four laws called Maxwell's equations, began to be derive~1830. They were de-
veloped and tested by a host of scientists including Caéderich Gauss, André-Marie Ampere,
and Michael Faraday. James Clerk Maxwell’s contributios waorrection to Ampere’s Law and
a coherent electromagnetic theory of light [22]. When platmgether, the set is referred to as

Maxwell’s equations. They are shown in equations 2.2a-diorescopic, differential form.

DeE=F (2.22)
&
DeB=0 (2.2b)
oB
OxE=-— (2.2¢)
U x B= LpJ -l—[JoEod—E (2.2d)

ot

The four Maxwell’s equations, where E is the electric fieldhB magnetic fieldp is the charge
density, J is the current density, the permeability of fieecepo = 41110~ N*A ~2, and the
permitivity of free spacey = ﬁ ~ 8.854+ 10 12Fm~1 and is defined relative tgg and c the

speed of light in vacuum.

One of the solutions to these equations (which exists inwaus a free, self-propagating

electro-magnetic wave traveling at the spee%——o, the speed of light. The amazing thing is that



there is no reference frame specified to define this speed.l§dd Einstein to form his relativistic
theories, and scientists are still trying to understaniy thie ramifications of the absolute speed of
light and general relativity. In order to derive this sotutj one setg and J to zero since currents

and charges will be absent in free space. After some maripu)ahis becomes the equations

2.3a-b.
(?Z—E—CZDZE =0 (2.3a)
ot2 N '
B, ,
—z ~C0B=0 (2.3b)

These equations have a sinusoidal solution and can be tiseiuderstand a host of phenom-
ena including reflection, refraction, diffraction, and @aation. If it is assumed that there is only
one frequency in the composition of the light wave, then the#fication leads to the Helmholtz
equations for E or B. It is then possible to solve these eguoatin terms of multipole moments
of order (I,m), and character E or M 2.4a-b, where | and m ageian momenta and projections
respectively. The electric or magnetic character of a hgéte comes from having two equations

that need to be solved.

E=d® Z VIT+Dlae(l,mES +aw(l,mE )] (2.4a)
,m
B= é“ﬁzma +1)[ae(l,m)B{ o +am(l,mB|] (2.4b)
,m
So, EI(,En) and Bﬁ are the electric multipole fields of order (I,nﬁ(y'\rf]) and Bl(f\r/'n) are the

magnetic multipole fields of order (I,m) and a is the ampitatithe field. They are proportional
to spherical Hankel functions, and vector spherical hafosdn (r x 0)Y] m.

The electromagnetic theory of light describes light in teiwhelectric or magnetic character.

10



But for nuclear physics a quantum mechanical formulatioresded to understand the origination
of the radiation. It can be shown that accelerating chargeduee radiation. Typically the ac-
celeration is a rotation or vibration that can be based uplps@ne, or even a single particle in
the nucleus. The acceleration is based on the charge denghg charged current density. The

operators for a transition from the statg)(@a — b (equations 2.5a-b) are as follows:

Qun(ab) =e [ F'p¥n(6.9)h (1) ga(F)dr (2.50)
Mhm(a,b):—l’jr—'“l (Y5 (8, @) e [F x f(a,b;F)]dr (2.5b)

It can then be seen that the parity operation, which changesr, will be proportional to
(—1)" for theQ m and proportional tg—1)'*+1 for the M m. For simplicity, these characterizations
of light emitted are called E1,E2,. .. EL for electric mutiips of Lth order and M1,M2,. .. ML for
the Lth order magnetic multipoles. For a transition from b,t81,M2,E3 .. . transitions will have a
change in parity and M1,E2,M3 ... will not. More will be dissed of the nature and significance
of these light rays in the paragraphs on gamma decay.

The spherical harmonic¥, m(8, ), introduced above are an extremely useful complete set
of orthogonal functions that map out the angular part of fifeesical coordinate system. The or-
thogonality and recurrence relations of this set have miaele tespecially useful for simplifying
complex summations and for describing geometrical distidims. They are used in quantum me-
chanics, astrophysics, computer science, and optics.hiostudy they are used to parameterize
the shape of the nucleus (Fig. 2.3) and quantum mechanieghtmps as was discussed previously.
For quadrupole deformation, it is convenient to define twapeeters 3, andy. Where the radius,
Ris:

)

R(6,®) = Ro[1+4 B2 Cogy)Y2,0(6, @) + 7

Bz Sin(y){Y22(6,9) +Y2,2(6,9)}] (2.6)
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In this equation3, describes the overall magnitude of the deformation prla parameter that
transforms the deformation from a prolate sphergid() to an oblate spheroid/£60°). The
function repeats anti-symmetrically for every°6@nd between Oand 60 describes a triaxial

shape.

Figure 2.3: Nuclear shape in terms of spherical harmoniosordler from top to bottom, left
to right, sphere, prolate spheroid (quadrupole deformaalate spheroid (quadrupole deformed),
octupole (axial deformation), tetrahedral (octupole defed, m=:2), and hexadecupole deforma-
tion.

The argument is that this variety of nuclear shapes occuusaily. It is energetically driven,
and this can be seen in a simple system. Consider the deriatj23] as an example. The author
begins with free particles bound in a sheet and solves Sdimger’'s wave equation 2.7. Inside
of a planar region one side of length a and the other of lengtindére the potential V is 0, and
beyond V iseo so that no part of the wavefunction goes outside the box.

—R2

2 _
S DAV =Ep (2.7)

To put it in words: the Hamiltonian{) acting on the wave functiog, is an operator that
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returns the wavefunction and the enefgiy = Ey). Inside of the sheet, the potential part of the
Hamiltonian is zero and the kinetic energy term remalitis: K = p2/2m = (iA01)2/2m. Now,
y=a/b can be used to parameterize deformation and it can Iseelsnch thag>1. The solutions
are separable and go as W), and n=1,2,3,. in either x or y independently. The total

energy is then:

2
o

=~ 7m @2t (2.83)
R b a2
E=omala T o) " amaly T (2.8b)

where the area is A = a*b.

The minimum is found when the change in the function with eesgoy is 0. That is,
%_5 =0= n§ — ”—5 It is possible to see that iy = ny then the minimum of this function ig=1,

i.e. a square. But, if there is an energy degeneracy in oeettin as opposed to the other, say
n§ = 4,n2 = 1, then a deformation of 4 in one side over the other minimizesnergy.

This symmetry breaking is called the Jahn-Teller effect] amas first seen in molecular
physics/ chemistry. It occurs when energetic degeneratiasystem can be removed by defor-
mation. Typically, some states are pushed higher in enardyothers are pushed lower in energy
yet, the summation of energies is lowered. The same thindnappen in the nucleus and can be
seen in section 3.3. The difference is the nature and strerfighe forces/potentials and how these

can drive various kinds of deformation. In order to see winesmay be true and if so examine it

in more detail, the science and methods of decay spectrgsatibe discussed.

2.1.2 Nuclear Decay Processes

To reiterate, the goal is to study neutron rich nuclei beeabss is the testing ground for
nuclear models and is an important region where new physiosasonably expected. They are

tested as they decay and these decays are mediated by toatean be studied, in the same way
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as the strength of gravity from observation of falling oltgamight be studied.

Fission

The production mechanism for these neutron-rich nucleihig study was nuclear fission.
There are two types of nuclear fission: spontaneous fisSQrgi®d induced fission. With sponta-
neous fission, a heavy nucleus IA&Cf will release energy by splitting. The distribution of ghit
mass and a heavy mass fragment is shown in Fig. 2.4. Typitla#lye is a heavy fragment and a
light fragment and several evaporated neutrons and itsetelaundreds of MeV of kinetic energy.
This can be shown by evaluating the masses of nuclei invaivéids process. For examp@2Cf
will very likely fission into one barium(Ba) and one molybdem(Mo) isotope with the emission
of 4 neutrons. We then set up an equation ( 2.9a-c) repregghié conservation of energy in units
of MeV (i.e. the rest mas&y = mc?). The decay following SF?°%C f —192Mo+146Ba+ 4n will
have the following energy balance, where m is the mass of tlckens in parenthesis and KE is

the residual kinetic energy.

mM(33%C f)c? = [m(39°Mo) + m(2%Ba) + 4+ m(n)]c? + KE (2.9a)
KE = m(332C f)c? — [m(392Mo) + m(£2%Ba) + 45 m(n)]c? (2.9b)

KE = 2348125 — (949288 -+ 1359331+ 4% 939565MeV =| 192 MeV (2.9¢)

Notice that this accounts for all protons and neutrons, 2858 (protons) and 252=102+146+4
(the sum of protons and neutrons). In some rare caseg, @article or al®Be nucleus may be
released as a ternary particle. Cold spontaneous fissiogrewlo neutrons are released is also
possible, but rare [24-26].

Fission, in some cases, may be induced by the energeticaedstween a small particle
and a heavy nucleus. In the case of producing nuclides fardestay studie$38U was bombarded

with accelerated protons and the excited nucleus fissiohat distribution is shown in Fig. 2.5.
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Figure 2.4: Figure of mass distribution from SF

This demonstrates that the distribution from these pre&sess different and each process can
access different products. The uranium (A=92) fission ithstion is centered aroungyTe and
41Nb and spans from neagNi to g4Gd. However, the&>Cf distribution is centered aroungBa
+4oMo and goes from neafsZn to ggEr. In practice, our study of°2Cf fission has not found
anything with more protons thapGd.

The nuclides produced from these processes are measurdffienerd ways as well. In
the first case, a fissioning source is placed in a detectimy @amd as soon as the fragments are
produced, since they are created in an excited state, tHegmit gamma radiation in order to
de-excite. The radiation is measured in the detecting areaprded and analyzed. This is prompt
radiation and spectroscopy. This gives access to high sgessn nuclei because of the dynamical
aspects of nuclear fission. It requires sophisticated detlysis techniques and database manage-
ment, as all the data come in a single set.

Alternatively, fragments may be accelerated from the pofrpproduction (either induced
fission or SF) to the measurement station. This is delayettrgiseopy, it requires an exotic beam
facility such as the HRIBF at Oak Ridge National Laboratditye fragments will beta decay after

being accelerated to the measurement station and thenegglydvia gamma rays. Because there
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Figure 2.5: Figure of mass distribution from the proton ioeld fission of38U[Batchelder, J.C.
(private comm.)]

is a hindrance against beta decays with large changes imspiween the states, the levels able to
be accessed via delayed spectroscopy are limited by theofiie parent nucleus. But, because
the fragments travel along a beam line, they may be separagesuperconducting magnet by the
charge to mass ratio. This gives better purity within thexd&tt and may not require the statistics
or data analysis techniques to be certain of the discovdrg Was particularly useful in the case
of gadolinium because many of the band structures in thiomegre very similar in energy and

difficult to distinguish from each other.

Gamma Decay

In the case of prompt decay, when the nuclei are produceddrexcite via gamma radia-
tion. In the quantum mechanics, order | of the multipole &diis related to the angular momen-
tum carried away from the initial state. Angular momentum \&ctor that can only be coupled via
an interaction in a certain way. This gives rise to a very ingd rule called the “triangle rule”.

Given an initial nuclear state of spipand a final state of spihy, the transition may carry angular
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momentum anywhere betwegn — I;| <| <1t +1;.
The probability@ ) that a given type of transition will occur( 2.10) is as fell®, where X
represents either electric or magnetic character caraivay angular momentum L, B(XL) is the

reduced transition probability,&s the transition energy in Mev ariat is 197.3 MeV fm.

8m(L+1 E 2L+1
Ap(XL) = L[(27If(-|— 1)!!>]zﬁ (ﬁ—é) B(XL) (2.10)

Then, there are estimates as to what a transition probaitild be if only a single particle were
involved in the nuclear transition 2.11a-b. These are dalNeisskopf Units (W.U.) [27], where e
is the base unit of electrical charge amgl is the Bohr magneton. Also listed in table 2.1 are the

first four estimates of each type of multipole transition.

122/ 3 \?

B(ELwy. == — <m> A3 f Pt (2.11a)
122910/ 3 \?

B(ML)wu. = - <L+ 3) AZL=D/3)2 fpP(L—1) (2.11b)

Table 2.1: The single particle transition probabilitiegle Weisskopf estimate for electric and
magnetic transitions of multipole order 1 through 4.i€in MeV

L] AJEL) (s | Ay(ML) (s |
1|1.02x10“A%3E} | 31510 E]
2 | 7.28+10' AY3E} | 2.24%10" AP E?
3| 339+ 10A%E/ 1.04x 10A3 E/
4| 1.07x10° A2 E) | 3.27x10  A2E)

Because of how drastically the probabilities change wigfard to character and angular mo-
mentum, the typical gamma-ray transitions observed arelpiMEL, or E2 type and M1 and E2
transitions are often mixed. That is, there is a probabihigt the state will decay as an E2 and
a similar probability that it will decay as an M1. This is alsalled dipole/quadrupole mixing.

These estimates can also be used to give evidence that atgawsition involves many particles
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or is a collective transition as opposed to a single partrelesition. The intensity,lis the actual
measured quantity as the number of counts divided by thbresdid efficiency. Measuring life-
times or a process called Coulomb excitation can be used &sune the absolute B(XL) and the
relative intensities (probabilities) can then be inferr€de next paragraphs give specifics of other
radiative processes and their transition probabilitiesthe experimental methods for determining
them.

Depending on the energy, other processes may compete witmgalecay. At energy scales
less than 200 keV, there is a competition between gamma dewhyhe process of internal con-
version. The electrons orbiting the nucleus have a proibabil existing inside the nucleus. When
it interacts with the nucleus, the electron can be givenggnand ejected, another electron from
a higher orbital can occupy the vacancy created by the ejedeetron via an atomic transition
by emitting an X-ray. The ratio of the probabilities for dl@n conversion to gamma emmision
is called the total internal conversion coefficient and llgdabeleda. These X-ray energies are
different for every element and are useful for identificatpurposes. They differ by about 1 keV
for AZ=1 nuclei. The X-rays come in sets with diminishing prottigpfor each higher electronic
orbital, fromKy g ,Lg . ,-.. (K,L correspond to the vacancies created in the correspgndi
electronic shells andr, 3 are the subshells.) and all of th& andKg X-rays are measured.
Also, at energies greater than twice the rest mass of the@hed.02 MeV), a photon can sponta-
neously create an electron-positron pair. The positrotesant within the electron in the detector

and a peak at 511 keV will be in the experimental spectra.

Beta Decay

When delayed spectroscopy is performed, beta decay pepudttes in its daughter nucleus
which, in our case (beta minus), has one less neutron and oreeproton. It can be shown in the

following decay from nucleus X to nucleus Y:

QXN - é+1lel<—1 +B" + Vet KE(recoils) (2.12)

18



where the * indicates that the nucleus Y is created in an eddatate. These excited states then
gamma decay. It is possible to measure the beta ray emitiedtfie nucleus, but often a more
versatile array optimized for gamma ray detection is usetlata decay properties are inferred.
Some details on the theory of beta decay are useful for utaaelisg the relevant mechanisms.
Unfortunately, the use of logft’s are limited in their uskekess for determining spins and parities.
First it is necessary to understand the coupling of angulamenta in this process. From
a wealth of observations in many different contexts, momnent conserved. Thg particle and
neutrino both have spin 1#2 therefore there are two ways to orient them relative to edbbr,
anti-parallel (to spin 0, called a Fermi decay) or paratielspin 1, called a Gamow-Teller decay).

Succinctly, we can express the following:

lp=Ip+Lg+Cp, (2.13a)

T (—1)ts (2.13b)

I
Sl

Here is given, pp, which is the spin of the parent and daughter state, resedgtiL, which is
the angular momentum associated with the electron; C, wikithe coupling factor (1 or 0) for
the electron and the neutrino; ards the parity (+ or -) for the states considered. Becausetarg
angular momenta require emmision farther from the centdrehucleus and therefore additional
energy, the most favored process are decays from a nuclagbe aenter of the nucleus. These
are decays from an initial state with spin O to a final statepih  and no parity change (i.e.
Lg=C=0) are most favored. This type of decay is called a sujpevall transistion. If 1g=0,
allowed transitions occur ang kE O then spin changes of zero or one are available depending
on whether it is Fermi or Gamow-Teller decay. Beyond thid, 4&0, then the L value is the
degree of forbiddenness for the transition (First Forbigd&econd Forbidden,.). First forbidden
transitions can have al= 0,1,2 and will have a change in parity. These degrees afrhirce to
beta decay have an effect on the lifetime of the nuclear staidh respect to beta decay. These

effects are quantified in the following way.
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Beginning with Fermi's Golden Rule 2.14, the probabilitysoflecay occurring is given by
some constants multiplied by a squared matrix elemeht|€) containing the interaction strength,
the perturbative potential coupling initial and final waweétions and the available phase space

factor (pe (E)), which counts (statistically) the density of states awdddo the final state.
21T,
A = —IHsil*pr (B) (2.14)

Using methods from statistical mechanics, the phase spater fcan be expanded to show that it
is the change in the number of available states verses timgehia the Q-value or energy gap)E
for the reaction %), which is equal to:

1 4npZdpe 4rtpsdpy

PE) =98 2m?e 2m)? (2.15)

This can be shown via conservation of energy to have thewoligp form:

p(E) = é%;%'?[(&— E)? —myc')/%(Eo — E)dE (2.16)
This creates a bell shaped curve with zeros at p=(Enrd E, that is when the electron is not
emitted at all and when the electron carries away all of gndrpwever, this may be simplified
further. The neutrino mass termrmy) and recoil energy term (implicit in E) are negligible and
in that case the decay probability can be written 2.17a-ke ifteraction term|Hsi|) has been
simplified as well in terms of g = 0.88 * 1¢ MeV fm, an interaction strength. It is also argued

that to first order, the out going plane wave wavefunctionthefneutrino and electron are equal

to unity. Therefore|Hs;| = g|Mysi|, which contains only the interaction with the nuclear finadl a

initial states.
pmax
A =C/ p*(Eo—E)?F(Z,p)dp (2.17a)
0
2 2
97 Mil
C=% 73 (2.17D)
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A correction factor, F(Zp), has been added and is a Coulomb term to acoount foretiites
in the spectra o™ andB~ decays. This term is well known, and can be found in tablegphp

or programmed [17]. The variable C is written separatelyeinforce the idea that these are

constants. Now, sinck = % and this integral part, with some extra terms to make it esg] is

called f(Z,Eg). Then, the following can be written:

In(2) x2mh" 619G

£(Z Eg)Ty/p = ft = _
(2:EoTy2 g?mRctM¢i2 My

(2.18)

Because the beta-decay half-lives of nuclei can range front fo 10?0 s, it is useful to
take the logp of ft and call it a logft. The following Fig. 2.6 shows some ®matics of logft
values [28]. It should also be mentioned that in 2012 [29]ldveest known superallowed logft
was measured to be 2.62;5. Mainly, what this figure shows is the large role that nuckteaucture
plays in the determination of this parameter. It also shdwesuinfortunate overlap of many types
of transitions. It is therefore very difficult to assign spand parities firmly from the measurement

of logft. This figure also shows, that by far, the most likdling to occur is @\J=0 or 1 transition.

There are other nuclear decay processes (such as alplaegpantission) that are important,

but will not be discussed as they are not relevant to thisgmtasourse of study.
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CHAPTER 3

NUCLEAR THEORY

This section describes the models that first predicted wanphenomena that have or may
be seen in nuclei. Many of the patterns, most notably sheitgtre and collective rotations and
vibrations, have analogs in atomic and molecular physibss Jection intends to explain a simple
and qualitative picture of the origin of phenomena in nualail what is the expection as a result.
These models are the most generally relatable theoriesmpa@ with experiment. However,
also presented is a sketch of the modern approach that ceulddd in a specific case to give
guantitative results. Nuclear theory can give band strest(patterns of levels, spins and parities),
excitation modes, transition probabilities (half-livelsinding energies, and nucleon densities and
currents. These observables can be compared either dicedtidirectly to experiment. Just as
much is learned, if not more, from examining in what ways ¢h@edels fail as how they correctly

explain phenomena.

3.1 Nuclear Shells

One of the most notable advances in nuclear physics was gwipgon of various phe-
nomena that indicated shell structure in the nucleus. Antboge of importance were stability,
neutron capture cross sections, and the energy of the ficgedxstate when compared to those
even one nucleon away. In 1955, Maria Meyer and Hans Jen&§¢symarized their findings,
which showed that when a spin-orbit coupling term is addetiédHamiltonian in the mean field
of a harmonic oscillator potential, it accurately recredtee regions where these phenomena of
stability had been observed. These regions of increashbtlitstéead to what are “magic numbers”

of protons and neutrons and are shown in Fig. 3.1. When thedlegsoupings are filled, there is
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a large energy gap between the full states and the next enapeyasvailable. Because the shape of
the nucleus is spherical at this point, vibrational degrddseedom are suppressed, all rotations
are energetically degenerate, and all excitations aregouséry high in energy.

The potential used in this case was a spherically symmeteit W (r) = —Vo[1— (£)?].
The states in this model can be characterized by n, |, and gemdften written in spectroscopic
notation in the form nl, where n is the principal quantum number related to the wailiton
of energies of the quantum harmonic oscillator, | is the tattangular momentum and equal to
0,1,2,3.. (which can be written as s,p,d,f..., respecgtjvahd j=H-1/2. This one half comes from
the fact that the nucleons are fermions (spin s = 1/2). Fomglkathe 2p,, state has associated
guantum numbers n=2,1=1,j=1/2. The direction and mageitfdhe splitting was worked out and
the schematic of spherical shell gaps can be seen. The gquamdghanical formalism can be used
to show that these states have 2j+1 energetically degermrbttates.

This figure shows that there are regions of stability for rubr proton number equal to
2, 8, 20, 28, 50, 82, ...and so on. A “doubly magic” nucleuhenta nucleus that has a magic
number of protons and neutrons. Examples of such nucleidvoglloxygen-16, calcium 40 and
48, nickel 56 and 78, etc.. As an example of the predictivegraf this model, we can see that
160, with Z=N=8 has spin 0 in its ground state because all nucleons have paired off.inkdal
nucleon to'%0 gives either!’F or 17O both which have a ground state with séiJﬁ, can be seen
to originate from the 1g}, orbital. If a nucleon is removed to credf® or 1N, then it would be
expected to have a valance particle in the, dshell and they would be expected to have ground
states of{ and so they do. This is only true, however, if it is only the lagpaired valence particle
that contributes to the ground state. It is especially diffito predict the ground state spins and

parities of odd-N, odd-Z nuclei.

3.2 Collective Model

The collective model was developed by Aage Bohr and Ben Ekth [31]. It was devel-

oped to explain the occurrence of larger quadrupole momemtsrtain regions that could not be
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Figure 3.1: From left to right: The harmonic oscillator $helnd spacings, the closed shells pro-
duced in the shell model that explained the phenomenon titpkarly stable nuclei among other
indicators of shell structure, the deformed shell modé§$tin Model) with asymptotic quantum
numbers for neutrons (and protord)N n A] Fig. 3.2.
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predicted by the shell model. It predicted the observalilaswould be expected if all nucleons
were involved in collective motion. This would have the plegschemistry analog to a dumbbell
molecule (rigid rotor) such as the collective rotations &imtations of B or some other diatom.
Rotations, vibrations, the K quantum number, and then bandtsres and decay strengths in and
between these modes will be presented. For the collectiviehamd the deformed shell model, it
is helpful to see the following diagram of important quantmombers for angular momenta (Fig.

3.2).

Laboratory axis

Figure 3.2: A schematic view of angular momenta and theijggetmns onto the symmetry axis
as used in collective and Nilsson models [32].

For collective rotations of a quadrupole deformed nucléus rotational energy is one-half
the square of the angular momentum operator divided by theeno of inertia. The operator
R2 would act on the¥; m characterizing the state and this solution is well knowryigtds E, =

zh—Dle (I+1). Itis important to say as well that oddare ruled out in this case, because the,Y
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change sign for oddl upon reflection in the x-y plane. However, the nuclear shasymmetric
under this operation. Therefore, otldire disallowed on physical grounds for even-even nuclei.
The ground state band or yrast band (meaning the lowestaoéhtstate of a given spin), follows
this spacing with the spin sequence 0,2,4,8wnith positive parity. This spacing holds true if the
rotation is aligned (K=0) and is pure rotational. For othrgeractions with the rotation, correction

terms of the formB(I(1 +1))2, C(I(1 + 1))3, and so on may be applied. If#0, thenE, =

fL_2<I(I+1)—K2

5 5+ E—j). Here,[; is the moment of inertia perpendicular to the symmetry amis[ag

is the moment parallel to it. An example of a good rotor wouwd¥Gd which has a 75.3 keV
first excited 2 state with a half life of 2.72 ns. In the Weisskopf estimate, half-life one would
expect (for a single particle transition) is In(228+ 107 « 16043 x (.0753°%= 4.5 us which is
different by a factor of 1664. This indicates the colledsiof this transition. According to I(I+1)
spacing, the 4 state built off of the 75.3 keV 2 state should have an energyi?ﬂf:é*—20 keV =251
keV and the state is found experimentally to be at 248.5 keV.

Collective vibrations come in a variety of forms, surfaceilt&tions about a spherical shape
(discussed in section 3.4) and vibrations of deformed shapeh as beta, gamma, and octupole
modes, which have associated rotational bands. The appation of the nuclear medium as being
incompressible, turns out to be very good even though it hdiffse edge. Without going into
to much detail, this limits the vibrational modes. In one dyugole vibrational mode, the cross-
section across the long axis remains circular, while theatibn across the other axes alternate.
This mode changes the paramefgras described in equation 2.6, and is called beta vibration. |
should produce an excited spin sequenc&s0, andl=0,2,4, .. with positive parity. The other
mode describes an alternate compression in the directitmeafhort axes while the endpoints of
the nucleus on the long axis remains fixed. This is a changeand is therefore called gamma
vibration. This produces a spin sequence Wth2 andl1=2,3,4,.. with positive parity. Axial
octupole vibration ha&=0, and describes a reflection asymmetric vibration, betveespheroid
shape and that of a pear. It should produce a sequence of. 1,8;Bh negative parity, indicating

its asymmetric shape.
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In some cases, an excited state in a hucleus may be basedginkadpantum number. This
is most likely do to single particle or quasiparticle paiesrig excited in the nucleus. In which case
there is an angular momentum barrier against making a tramsif this type. A transition with a

high AK =| K; — K | can be hindered by a factor called= AK — L. Then the hindrance factor,

f=1y/TWwu. (3.1)

and reduced hindrance factor,

f, = f1/V (3.2)

can be used to quantify the reduction in probability. Thianmgation factor may be applied
to gamma or beta decay processes and is evidenced by ansedidatime of the state over that
which would typically be expected for the transition of tlaere order. This is is one reason that
an isomer or a meta-stable state may occur in a nucleus. T9wmsers are called K-isomers.

The collective model also predicts estimates for diffetgpés of transitions. For a transition
from a one phonon state to a non-phonon state the collectnlfj31] ch. 6) gives

":LZ
AME,

B(EA)ph= %ZzezRé (3.3)

for the reduced transition probability. For a transitioonfr a beta vibrational state to a non-beta
vibrational state

B(E2; li — It) = B(E2)pn(li 2K O I; 2 I K)? (3.4)

and for a transition from a gamma vibrational state to a namga vibrational state

i2K+2 F2|1; 211 K)?> K#0
B(E2; I — I1) = B(E2)pn s T2zl 7 K# (3.5)
2(1i22 -2|1i21: 002 K=0

is what can be used. Where the formulae in bra-kets are GleBscdan coefficients derived from
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vector geometry. Within a rotational band the E2 and M1 titaors are

B(E2; |; —>|f):%Te2Qg<|i 2K 0|1 215 0)2 (3.6a)
B 1y = 11) = o (o )2(g0 ~ 012021 1K O[11 111 02 (3.60)

where the M1 transitions require an additional factor forlk If there is more than one option

for decay out of a state, the branching ratio is given by

(3.7)

BLIi—1f) (LK Ki=Ki|liLlfKg) 2
B(LIj — l4) (i LKi Ki =K | 1i L1 Kg)
These formulae along with those given in equation 2.10 canegful in analyzing what should

be expected for decays from various states.

3.3 The Deformed Shell Model

Not long after the development of the collective model S.@s$dn [33] created the de-
formed shell model. It added deformation parameters and tanrh to the Hamiltonian. From the
plots of the migration of single particle shells, shown ig.R3.3, one can see new magic numbers
arise for deformed nuclei where there are gaps that arigeisltells af3, = 0.

In this case, because the 2j+1 degeneracy of the spheralaktdtes are broken, new quan-
tum numbers are needed. They are called asymptotic quantumbers, and are listed in the
diagrams a®2[Nn/A]. WhereQ is the total angular momentum j=I+s projected onto the symme
try axis, N is the number for the oscillator shel},ia the number of quanta in the z direction, and

N\ is the projection of | onto the symmetry axis. These numbersafficient to label these states.

3.4 Interacting Boson Model

The collective model provides a description of harmonicafional states that are vibrations

on the surface of nuclei. Phonons, that is vibrational caacdn be excited and will create at the
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Figure 3.3: Plots of the migration of deformed shells frorhesjical in the collective model[32].
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one phonon level a2singlet, at the two phonon level a triplet of states with s@nd parities of
0", 2" and 4", and at the three phonon level a quintuplet of states o220, 3*, 4 and 6'.

In energetic terms, rotational bands hav&00keV and I(I+1) spacing. Vibrational levels,
however, should be evenly spaced that is “R” the ratio of thée¢el to the 2" level should be 2,
because each phonon should have the same energy. R foratierratlevels by contrast should be,
vial (I +1), 4*5/(2*3) = 10/3 = 3.33. In terms of selection rules, the pbos can only be created
one at a time. Therefore, the decays are limitedty, = £1. So that the 2 level (Np, = 2)
should not decay to the ground state (N ,,=0).

From very early on in the collective model{960) Cd isotopes near stability, specifically
A=110 and 112, have been thought to be very ideal candidatdedcribe a surface vibrational
mode. In order to explain these nuclei, the Interacting Bagodel (IBM) has been employed
[34]. It has be used either with or without distinguishingtans and neutrons, IBM-2 and IBM-1
respectively and accounts for 2p-4h (two particle - fouefelxcitations across the Z=50 shell gap
called intruder states. The IBM has two core assumptionrst,Fhat the valence nucleons (those
in the highest shells) are the only ones that contribute écetttitations of the nucleus. Second,
that they act pairwise and the pairs of fermions couple tmfsrand d bosons, that aré @nd
2" respectively. The bosons can have magnetic substates tipheity (21+1). That is, 1 state
for the s boson and 5 for the d boson. Therefore, the opertitatscan be formed out of this
group are subsets of the U(6) algebra or unitary operatiossxi dimensions. This group has 3
limiting subsets, U(5), SU(3), and O(6). The important algefor harmonic vibrations is U(5).
The predictions of the levels and their expected spins aritiggaare shown in Fig. 3.4 from [35]
along with the expected B(E2)'s. These B(E2)'s are first jgted by the Bohr model and then

modified to IBM in the following way.

N—ng+1

B(E2;ng —» nNg—1)igm = N

B(E2;Nph — Nph— 1) ph (3.8)

The following is a list of the fit parameters in IBM-2 that ate@used to fit the level energy

and transition strengttey, K, Xv, Xm Cov, Cov, Cay, &1, &2, &3, eS?, e§$3, e&i), e%), Qvnr O, A, B,
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Figure 3.4: The schematic pattern of spins, parities an@pgExpected for a vibrational nucleus
for a spherical quadrupole vibrator.

a.¢”/e? a1 /o 6 /e
The goal is then to connect these terms to real physical edisies. But, as with all of

these models it does not specifically address anything leypdine case. It does not give any hint
as to what to expect in the physical (non-ideal) world wheieimg of these pure modes with
other modes is likely to occur. For example, an experimemslt somewhere between a U(5)
nucleus towards something that looks like an SU(3) nucleosladvnot be able to be explained
in this limiting framework. Primarily however, there is arm®rn that this view of the nucleus
is quite narrow and perhaps misleading. If the experimetdtd does not fit this picture rather
exactly, then itis limited in its ability to explain thosartlys which may be physically realized yet
outside of its rather narrow model space. Namely, this fiaonk has provided a description of
the intruder states that may interfere and mix with the \tibreal states, but it does not address the
possibility of non-bosonic or higher order couplings norrenoollective degrees of freedom. As
in the collective model, the IBM is limited in its descripti@f mixing and correlations outside of

its model space.

3.5 Geometric Model for Octupole Deformation

Reflection asymmetry in the intrinsic frame was first preatictor nuclei neat*°Ba, in the

form of octupole deformation[36]. This was based on theIsipgrticle energy levels from the
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deformed shell model, which showed shell gaps for Z=56 an8i@\fer 33 ~ 0.1 (see Fig. 3.5).
Reflection asymmetry should be evidenced [37] by M1, alternating parity rotational bands
with opposite parities distinguishing the two. In addition octupole deformed nuclei, a dis-
placement between the charge center of mass and the total @érmass should cause strong
E1 transitions to populate and depopulate the negativéygdaviels in contrast to a band built on
octupole vibrations.

This geometrical model defines the simplex operator as a @t of parity and rotation
(by 180) operators, S 1 R~1. Ris called the signature operator and is used to explaingrhena
in quadrupole deformed nuclei, which are symmetric undierdperation. The eigenvalue of this
operator is s and?s(-1), that is, s=+1 for even-A nuclei or s=ti for odd-A nuclei. This gives
parity eigenvalues as a combination of simplex and sigeajuantum numbers as p=38& [37].

Therefore, parity alternates with spin changes of bnexplicitly this is:

s=1 —-0",1,2",3,... (3.9a)
s= -1 —-0,1",27,3" ... (3.9b)
. 1t 3= 5%
S— I %é 75 7§ DI (3-9C)
. 1~ 3t 5~
S= —i —>E 15 05 (3.9d)

There is an important note that should be made about thetsigngquantum number. The
algebraic solution of this model is that r may eqttdl, but physics discards algebraic solutions on
physical grounds all the time. It is suggested [20] that iareeven nuclei the preferred signature
is the lowest energy configuration of a pairing ofdito 1™ = O*. It is not requisite that the r=-1
band should exist. In fact, it seems to be rare. In the casesenthcould be assigned, different
signature rotational bands came, not from intrinsic symiegtbut from quasiparticle couplings
to the core in nuclei near N=2=40 [38]. In terms of octupoléd®mation and simplex, there is the

case proposed igfg“Ac where the odd valence particles have formed @fbund state and a s=-1
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and a s= +1 band have been seen and these bands are very egarigidte in energy.

A detailed review of octupole deformed nuclei and some of tw@perties and importance
is given in reference [11]. More recent calculations havenb@one that continue to support the
assignment of octupole deformation for these nuclei [39, #Bese studies also give motivation
to pursue experiments #21°%Ba. More detail on them will be shown in the following section

The geometric model [37] provides helpful analysis of neatest and trends in these nuclei.
We show the analyses in Fig. 7.18. They are found in threeltaen That these nuclei have mixed
rotational/vibrational character closer to the grountestawell established. We give the extension
of these formulae to analyze new higher spin states. Raotatiould stabilize the vibrational mode

and these formulae reveal the qualitative balance betwese tdegrees of freedom.

(E0+1)"—E(—-1)T)
2

SE()=E(I) — (3.10)

The energy displacement formula is a way to quantify demnatifrom an asymmetric rigid ro-
tor, where negative parity levels would lie halfway betwélea positive parity levels. Therefore,
OE =0 is an indication of the stabilization of octupole deforioat

The rotational frequency ratio is a collective model measwhich assumes pure rotational
levels and each gamma-ray depopulating a level has an enéfgy. The ratio of the positive
parity states to the negative parity states is then expilaasgerms of the level energies.

w()” 2E(l+1)" —E(-1)"]

w)t  [E(I+2)*—E(l —2)*] (3.11)

The limits we expect to see ar. g:g; = 1 for angular momentum stabilized octupole deformation

21-5

and the limit we expect to see for a rotational level builtarifoctupole phonon i% =51

called the vibrational limit.

Furthermore, the intrinsic dipole moment [41] is express&d

 [sB(ED)
Do = 1B(E2) Qo (3.12)
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It is a way to analyze deformation as well as other effectsrtiay be present in the nucleus [37,
41]. % ratios are found from relative transition intensity measoents. However, the afore-
mentioned E1 transitions and their strengths give stromgdeece that a band is rotational rather
than mixed rotational/vibrational in nature. Howeverstls stated cautiously because octupole
deformation is not the only thing that can cause a non-zeyoleimoment [11, 37, 41]. The in-
terpretation of the drop in §in *Ba is that there are several cancellation effects in the shel
correction contribution as well as the macroscopic coutrin to Dy. This theoretical approach,
from reflection asymmetric mean field theory, as well as athee reviewed in [11].

Very recently, S. Frauendorf has presented an alternatogeirio the axial coupling of an
octupole phonon to the intrinsic quadrupole shape. He sigdkeat Coriolis forces should anti-
align the rotation of an octupole phononz§). At higher spin values, this phonon condenses or
synchronizes with the rotation of the quadrupole and shdwsatignment with spin properties
described above as a rotating stable reflection asymmaétjmes which he calls a “rotating heart”
shape. The intent is to eventually use the new results fautius present work to further analyze

this new model.

3.6 Modern Theory

Now that the basic phenomenology is understood, the mogigmmoach is more understand-
able. Because the basic phenomena should be able to beuwepdoas well as a more quantitative
picture of moments, levels and transition strengths. Thetnmeportant connection between the
phenomenological approach and the modern approach is ¢thessful assumption that underpins
the spherical and deformed shell models: that the nucleamée treated as independent particles
moving in a mean field.

It is always necessary to make simplifying assumptions i rauclear theory. The more
modern approach, as can be seen from the UNEDF [42] and sigfiitats, is to provide a micro-
scopic description that would connect the entire nucleaddaape. For nuclei with few particles,

each nucleon can be treated as individually with its own &atitval conditions: theab initio ap-
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proach. This works well for only the lightest nucleitf®Ca) and becomes intractable very quickly.
For the heaviest and most neutron rich nuclides found frosiofis it is necessary to use a mean
field description. Hartree-Fock(HF) theory and its extensiwhich could be thesis topics in their

own right, will be outlined only.

3.6.1 Hartree-Fock (HF)

Following the procedure in [20, 43], the derivation of the Blfuations begins with an un-
derstanding of the variational principle. It can be showat the time-independent Schroedinger’s
equation,

(H—E) | W) =0, is equivalent to the variation of the energy functiodd| ¥ | = 0. Where,

WIH[Y)

o
E[W]= I (3.13)

Carrying out the variation with respect4$ one finds oW | (H—E) | W)+ (W | (H—E) | 8¥) =0.
This variation is arbitrary and can therefore in principgedomplex. It can then be shown that this
is equivalenttqd¥ | (H—E) | W) = (H—E) | W) =0, the static Schroedinger’s equation. More
importantly, it can be shown that an approximate stabej can be written in terms of the exact

state( W)). That s,

®) =3 oan| Wn). Itis found that the exact energifp < E[ ® | which is
the functional of the approximate stat®).
After making the assumption that the Hartree-Fock staterasd is a single Slater determi-
nant,
|HF) = |‘|iA:1a,-+ | —), where thes;, a;" are single particle operators that correspond to the single

particle wave functions. The HF ground state energy canlbeesritten as,

ESF :k§1<k|t|k>+%kil(kl | V| KI) (3.14a)

where, (kl | V| kI) = (kl | v| kI —Ik) (3.14b)
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where t is the kinetic energy term amds the potential energy term which has a part “kI-Ik” which

represents the character of the mean field. Namely, thapitldibe anti-symmetric under the par-

ticle exchange operation. The HF expression for the grotatd energy can be written as a density
functional which depends on nucleon densities, kineticggndensities, as well as spin and current
densities. This is the outline for finding the ground statesity or energy. Constrained HF can be
used to find the ground state deformation and the energyrelifte between one deformation and
another.

More can be done after calculating the ground state. Exsii#es can be found by adding
constraints, likewJ to find rotational excitations. Vibrational excitationsiface and giant reso-
nances) can be built on the HF ground state using the Randasepproximation (RPA). Other
physics can be added on to this basic formalism: using thsiparicle transformation (QRPA),
or even pnQRPA considering distinct proton-neutron cati@hs can be done, and pairing forces
can be added through the HF+BCS (Bardeen-Cooper-Schjiefiproach. A more general for-
malism is the self-consistent mean field + pairing theorjedaHartree-Fock-Bogoliubov(HFB).
Yet another approach is shown in the next subsection, whegimk with the Langrangian instead

of the Hamiltonian, which leads to a relativistic approach.

3.6.2 Reflection Aymmetric-Relativistic Mean keld (RAS-RMF) Theory

One example of the application of this methodology from 0l be detailed. The approach
used here is Bflection Aymmetric-Relativistic Mean keld (RAS-RMF) theory. Relativistic, in
this sense, refers to the generally relativistic approaauantum mechanics. An equation is cho-
sen with the correct relativistic properties (effectivenjeangian) and the variational principle is
applied as outlined above. Instead of Schroedinger’s exyaine instead gets the Dirac equation
(for fermions i.e. nucleons) and Klein-Gordon equatiorr (ftesons used as exchange particles
defining the interaction). Then trial wave functions ares#o(the carefully chosen®) men-
tioned before) to be the eigenfunctions of the Two Centemdaic Oscillator shown in equation

3.15.
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1 2
1 sMws(z+2z21),z2<0,
V(r,z)==Ma?r +{ 2 wi(z+2) (3.15)

2 IMw(z—2)%, 2> 0,

This equation describes harmonic oscillations in an ieteinsg double spheroid(1,2) system.
Constraints are applied simultaneously for quadrup@®)) and octupole (Qs)) moments in the

form of

(H) = (H) +5C((Qs) ~ k)2 3.16)

and a total energy surface(TES) can be created. The intandws fit terms, but they are
not individualized. Instead what is used is a global, phliaccurate parameterization based on
measured inputs (binding energies, lifetimes, etc.). Tdrameterization of terms in the effective
Lagrangian is PK1 [44] and pairing is treated via the BCS apipnation. The authors reproduce
the binding energies of known neutron-rich barium to withif% and the measurg? to within
10%. This is near the experimental errors.

They also produce two interesting figures (from private camivation with the authors
[40]). They predict quadrupole and octupole deformatiamshese nuclei by finding the energetic
minimum in theB,, B3 plane. These regions are shown in Fig. 3.6. This figure sh@eswgarison
of plots from144-159Ba. The flatness of the minimum in the TES #4f 1>“Ba means that there
is equal likelihood (in the ground state) to hg#e= 0 and#0. Therefore, one could expect to
see vibrational excitations in these nuclei. Howevet*fiBa there is a well defined barrier against
B3 oscillations. One might then be convinced to attempt a nreasent of octupole deformation
properties for the ground state of this nucleus. Spectpsdnformation could only be inferred
with additional constraints, because these moments mayehaith spin [45, 46] and therefore,
the spectroscopic observables like simplex band strustmegy change.

As was shown before, the strength of the octupole deformagioery sensitive to the loca-
tion of the Fermi level to the gaps in single particle enesgitthe nucleons. It is asserted that this

is because the interaction between these orbitals is thiegifiorce behind octupole deformation.
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Figure 3.6: The ground state TES's for neutron rich Ba isesoffrom private communication
with the authors of [40]).
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Figure 3.7: Migration of the s.p. shells and Fermi level & tlucleons with respect to neutron
number [40].

Fig. 3.7 shows that Z=56 for a N=90-100 is a very good octupwdgic number. However, there
is a difference in the migration of the Fermi level for the tmen orbitals. It shows that N=88 and
N=94 show a more pronounced gap in between the Fermi levellendearest s.p. level. So an
octupole region of particular interest is Z=56 and N=94%Ba, where both neutron and protons
shells have large energy gaps. In fact, in the ground stat€Es plot for'®°Ba has the minimum
which is largest in3s ~ 0.18.

The explanation of these theories gives tools to explaiptienomena observed in each of
the cases that have been explored experimentally. Near=h@ Zhell gap, the rigidity of shell
structure has been thought to limit the vibrational modesaafmium nuclei to pure harmonic
oscillations. In the rare earth region, near the Z=66 midiploeétween spherical shells at Z=50 and
82, strong quadrupole deformation is expected and indeztden seen. Gadolinium at (Z=64) is
probed for the structures that would be expected for a qpadeideformed nucleus. Quadrupole
deformation is fairly common in the nuclear landscape aridttyere is still room to probe the
systematics, expectations and characterization of veukinds of bands one would expect from
the collective model. More exotic is a higher order defoinorat octupole deformation, which
occurs near Z=56, in the barium and cerium region and alsbanZt=88, radium and thorium
region. The study of Ba and Ce nuclei will focus on axial oclepdeformation (pear shaped

nuclei).
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

This section discusses the methodologies in general ansptnfic setups that were used
to obtain the results in this thesis. The results came fromdifferent studies: Cd and Gd stud-
ied from beta-decay at the Low-energy Radioactive lon Bepet®oscopy Station(LeRIBSS) at
Oak Ridge National Lab(ORNL) and Gd, Ba and Ce studied fféf&f SF and Gammasphere.
LeRIBBS at the HRIBF at ORNL utilized the induced fission cdium and accelerated the nuclei
so that the beta-delayed radiation was measured. The Gagherasexperiment took place large
detecting array that utilized a fixed source of spontangdissioning Cf and measured the prompt

radiation of these fragments.

4.1 Interaction of Radiation with Matter

In general, when radiation (ionizing or non-ionizing) @sta detector a it must interact with
the atoms in the material in such a way to release chargersafrom a bound state to a continuum
state and create current. A bias is placed on the detectothanfieed charges are collected and
the number of charges i.e. the current is directly relateithéoenergy of the incoming radiation.
The trouble comes because there are multiple ways to inteftit a given material. Radiation
may enter a detector and scatter off an atom and perhaps baoktbe detector only depositing a
portion of its energy. If this scattering occurs it is cale€ompton event. Gamma radiation, if it
has greater than the 209=1.022 MeV required, can spontaneously produce an elegisiiron
pair. This can then produce false counts in the detectorlaké¥ and at the energy of the gamma
minus 511 or 1022 keV, depending on whether or not one or batticies escape the detector.

Because light can interact with electrons in this way, predeztric events occur when the incident
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light is totally absorbed by one or more electrons and egefrtam the atom(s) with some kinetic
energy. The cross-section(probability) for each of thasmes is dependent on energy and can
vary. There is a balance in detection methods between possgnsitivity, energy resolution,
detection efficiency, and electron drift velocity (how fastignal can be read out of a detector).

Therefore, detecting systems are tailor made to fit a spepifptication. The detection of
gamma rays is most commonly done with High-Purity German{tfaGe) crystals maintained
at liquid nitrogen temperature. Because of the small baqpd §a4 eV, a gamma ray (50 keV
to several MeV) will produce one electron-hole pair p€8 eV of incident energy. Therefore,
statistical fluxuations that would lead to poor resolutio@ eeduced, and a high signal to noise
ratio is achieved. Unfortunately, it performs very poony tletecting below 30 keV. Efficiency
at low energy, is proportional to cross-sectional area arngher energy to detector volume, so
a different detector is needed for low energy measuremeéntgermanium, Compton scattering
is the dominant process in the region where most radiati@mgted. One way to handle this
in a large array of HPGe detectors would be to place a high drbbs like copper coated lead
shielding in between detectors. In that case the partiaiggnse still detected, but the remainder
is not redetected. It is also possible to place an additidegdctor in between the HPGe to detect
and reject those Compton events that had just happened. détestor would need to be very
fast. Gammasphere uses bismuth germinate (BGO) to do jaist Tine peak to background can
be further improved by obtaining segmented HPGe so thatifdcbe known where in the large
volume a signal originated. Then, if it left that detectodament into another one it could be
determined where it hit and where it came from. In this waiygigamma ray tracking, a very large
effective volume is utilized and takes full advantage of dieeninant Compton process making it
work positively instead of negatively. This is the idea Imehihe GRETA and GRETINA detection
projects.

A similar semi-conductor material used for detection of lemergy X-rays and also con-
version electrons is lithium doped silicon(Si(Li)). It ised with a different geometry to achieve

better detecting efficiency at low energy. It is a lower Z mateso its photoelectric effect cross

43



section is significantly lower. Silicon in a grid formatioalled a Double-sided Silicon Strip De-
tector(DSSD), has a vertical row of strips on one side andiatwtal row on the other and can be
used to detect heavy ions or alpha particles. This is anetagiof getting position sensitivity in a

detecting system.

Electrons emitted ag radiation or neutron emmission may be detected with sktibh
type detectors. In this case, radiation enters the detaaotbits energy is absorbed and re-emitted
as light. At one end of the detector is a photo-multipliergwthich gathers the light and boosts
the signal through a series of multiplication stages andiseut the information. Plastic scin-
tillators are most common, but if fast timing is desired Lg(Betectors are the tool of choice.
One main advantage of scintillating materials is theirigbtb be used at room temperature. In
addition, especially plastic, their physical characterssallow them to be manufactured into novel
geometries.

After detection of one radiation, and recording its enefggré is much left to be done.
Some of the nuclei that have been studied by our researclp drave hundreds of gamma ray
transitions. Many nuclei share similar radiation chanasties, so how can a particular radiation
energy be associated with a specific nucleus? The key is te ma&dioactive ion beam (RIB)
and have a magnetic field steer that beam to a detectingrstafibe magnetic field’s bending
radius is proportional to the mass to charge ratio[ Bhfq. Therefore, in a magnet of fixed r, a
beam of mass component A can be steered through the cungtajusting the magnetic field.
These isobaric beams can then be further purified througdr disam optics to give a singular
nucleus. There are other ways to do particle identificatimeh radiation simultaneously like the
time-of-flight technique or through reactions where thetaats and residuals are known. In other
cases, the knowledge from previous studies is used as afbagie identification and the study
progresses from that point.

In general, the coincidence technique is also required tkenaay study of the structure
of nuclei. The desire is to be able to make a statement likddh@wing: the energy of the

first radiation measured was rathenrad, thenrads were measured. This implies that timing
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and multiple detectors are necessary. There are severa wago this, but a few things are
common. First realize that the detector signal is analodpéopbint we have described thus far.
It is a voltage spike that occurs at a given time and needs tthigugh a preamplifier and an
amplifier and then to a analog to digital converter (ADC). A¢ tsame time, it is necessary to
know whenthat energy was recorded. This can be done via a TDC(timegitaticonverter) or
an MCA(multi-channel analyzer). In principle all procexsafter the ADC could be done in the
computer, though sometimes it is necessary to employ haedfifters. The important thing is
that for accurate coincidences and to not lose efficienayutlfin dead time a fast clock and fast
digital readout system is best. With that recorded, a tinredaiv can be chosen for coincidences.
Then, anything that happened within a time window ag iadecorded as well as the time from
the beginning of the first signal. It is also important to stdiat there are physical restrictions on
the time window. Each detector takes a finite amount of timsetad an electron from one place in
the detector to another. It also takes a finite amount of tome&d out a coincident event and store
it to a file for analyses later. This analysis would consispicking out a radiation’s energy and
setting a “gate” on that energy, then the analysis programawben show a histogram of energies
of the coincident radiation.

These histograms are subject to the laws of statistical uneasent so if 25 counts in rad
are detected then the standard deviatn that number isr=1/v/N = 20% erroe+ 5. Then the
true measure of 25 counts in a peak in a histogram4s32&r 25(5). There may also be systematic

errors or error estimates that also should be considered.

4.2 LeRIBSS at ORNL

Experiments at LeRIBSS [47] at ORNL have recently made vapartant contributions [2—
7,48, 49] to our understanding of nuclear structure in sg\key areas. Further advancements have
been made in neutron-rich nuclei with a series of experiméntluding nuclei approaching?sSn
and the evolution of shell structure and levels in Cd as veellecay spectroscopy of well deformed

rare-earth nuclei. There has also been a successful effmtibcollaboration to measure single
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particle states and lifetimes of nuclei around the r-pregesgh neaf®Ni [2—7, 50].

A schematic of the experimental setup at Oak Ridge Natioahbkatory is shown in Fig.
4.1. A 10 to 18uA current of~50 MeV protons is used to bombard an UCx target on a High-
Voltage(HV) platform. As was mentioned in 2.1.2 this praceseates many fragments in a distri-
bution from 26>Z2>68, the HV platform ensures that fragments begin to moveutjinahe beam-
line. From there, the different masses are separated toarhe@d 000 by passing them through a
magnetic field. The beam is again isobarically separated@ctand magnet teone part in 20000.
At this stage there is a fast beam deflector (kicker) in plakiekvprevents the desired beam from
reaching the detecting station. This kicker is put into ankdepl out of the beamline in a correlated
way with the tape cycle, so that grow in and decay of actisiian be measured. There is also
a charge exchange cell for the elimination of some contamén®r some masses or to prepare
to send negative ions to the tandem (not done at LeRIBSS)s&tup is capable of accelerating
negative and positive ions (this has been done up to the +gelstate), which allows for isobaric
separation far exceeding that of previous studies. Thectiegestation is placed after the isobar
separator which eliminates the need for post-acceleratitine tandem (which has a factor of ten
loss of intensity). This has the effect of lowering the kioegnergy of the nuclei, but for these
decay studies this is not an issue. The result of this newpdets dramatically improved our rates
and opened up our capabilities to be able to study nuclidastypically have low fission yield,
long hold-up times in the target or poor separation. A presisetup at the facility [2, 6, 7, 51],
detailed here for comparison, utilized much of the samertiecie, except in this setup the charge
exchange cell is used to create negative ions. These iortkenresent to the 25 MeV tandem ac-
celerator and at the point of terminal voltage are strippe@turn them to a positive charge state.
The singly charged positive state is selected to be senketexperimental station. Then, a £F
filled gas cell ionization chamber is used to identify thebmis and to enhance low Z ions versus
high Z components which are typically larger in the beam.sThnging out (RO) technique has
the ability to give great selectivity of ions, but suffersses from stripping efficiency and in target

hold up times.
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Figure 4.1: A schematic of ORNL facilities: LeRIBSS and thliepous ranging out experiment.

The detector array used with LeRIBSS consists of 4 HPGe tbgtein a close configuration
around 2 plastic scintillators for beta ray detection. Tharh is deposited on a tape, which is then
moved behind shielding to avoid contamination of longegdivlaughters and other contaminants.
The scintillators are placed in a co-axial arrangementraddbe tape position to give excellent
solid angle coverage. Using digital electronics [52], tlymals were read out and analyzed. The
detectors have a 30% peak efficiency at 100 keV and 4% efficitric 33 MeV. This detector array
is versatile and can accommodate Compton shields and arsamvelectron detector, though these
were not used in the experiments presented here.

The main coincident histograms used are teny, B — y—V, y- tape cycle timef — y-
tape cycle time and related projections(the ungated suralt détected energies). It is important
to emphasize that @ coincidence in the plastic gives only a starting signal. déecting volume
of these detectors is too small to give the beta energy spactFor online use, the spectra are
compressed by a factor of 10 for online use and a 10ns pulsedfor the clock.

Shown in Fig. 4.2 is the difference in ion rates for studyingeam of neutron rich Ga at

LeRIBSS compared to the RO method. The top spectrum showksé&sr the RO method [6] and
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Figure 4.2: Online spectra §?Ga+ from LeRIBSS (bottom), show better rates over the previo
study (top). Note: the 107 keV is present in top spectrumd$uhimarked. [3, 6]

the bottom spectrum shows new results [3] from LeRIBSS. dusdhbe noted, although it is not
marked, the 107 keV line can be seen in the RO study but is neavlglobserved. By accelerating
positive ions, beam intensity is not reduced in the chargdaxge cell, nor is beam lost in the
stripping process and transmission through the tandempfigwéous RO rate [6] 0$°Ga was~1
ion/ 10 s, now at LeRIBSS we have observed a rate increase imnS(s, which represents two
orders of magnitude of enhancement.

Results from the UNISOR isotope separator[48, 53] at ORMNL_s&own in Fig. 4.3, com-
paring the experiment where there was no isobaric separations, and only separation of mass
to about 1/2000. The spectrum on the bottom is from UNISORL&RIBSS is on the top. This
is an excellent example of improvements made in beam puatysebaric separation and the use
of the charge exchange cell. For example, the study of Agydeisadramatically improved and
indicated the plausibility to study the decays of 128 or el8d (N=82) Ag. Significant suppres-
sion of cadmium and indium beam components has been acatragliThe strongest decay from

124p6g (2] — 0gs' in 124Cd at 612.8 keV) decay was seen at UNISOR only as a doubletawith
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Figure 4.3: Spectra comparing UNISOR (bottom) and LeRIB®S)(experimental results from
1220g decay
124n decay peak (8 — 45 at 614.7 keV). Shown in Fig. 4.3, in tHé°Ag decay study, the most
intense line seen was from indium decay into tify (2 Oys™ at 1140.5 keV) and dominates the
projection spectrum from the run at UNISOR. This line is s@sped to 3% of theiZ-> Ogs"
transition at 569.4 keV iR22Cd. The peaks associated witffCd are essentially pure in the top
spectrum. Experiments were performed!8fCd from both setups and both were used for these
studies to ensure that transitions and levels reportedusietysin the isotope of interest and not
from contamination. That is, a contaminant peak is assumdxta larger beam component in
the UNISOR data and is more easily identified to be contanandtom that experiment. The
UNISOR run also had BESCA (a conversion electron deteatop)ace, in an attempt to identify
conversion electrons from the high spin isomers presenginMo successful measurement could
be obtained from th&?Ag decay.

In summary, LeRIBSS witnessed beam rates and purities fa@eghkng expectations and

have allowed for much progress along the leading edge of leuge of neutron-rich nuclei.
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Figure 4.4: Curve of the Relative Efficiency of Gammasphere

4.3 Measuring Gamma-rays froff*Cf Fission Fragments

In order to study a variety of nuclei, we have also measuregptbmpt gamma rays from
the spontaneous fission fragment$¥CSf. For details of the experiment consider reference [54].
This experiment was performed using Gammasphere with 10dp8&m suppressed gamma ray
detectors and a 6RCi source. This gives us access to high statistics and accdsghacpin
states. In addition, Gammasphere also has excellent argpuarage £47%) and is well suited
to angular correlation measurements [55]. Shown in Fig.isitde fit of the relative efficiency of
this detecting array.

The efficiency of this array is 9.9% with a peak to total ratfdd®% for 1.33 MeV. The
relative efficiency for the experiment done in 2000 is fitteéh exponential of the form in equa-

tion 4.1.

Eff=exp(A+Bx+Cx¥) M+ (D+Fy+Gy?) - (4.1)

Here E is energy in keV, x = Ln(E/100) and represents the Iavggnpart and y = Ln(E/1000)

represents the high energy part, and the parameter H is th@ilcg factor between them and is
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Efficiency Parameters  Value  Energy Calibration Parameters Value

A 14.1597 a -6.2734*101
B 9.18559 b 3.337*101
C -2.7907 c -9.0093*10°8
D 6.36297 d 4.7999*1012
F -0.65056

G 0.0

H 2.09765

Table 4.1: Parameters of the efficiency and energy caldmati Gammasphere

typically near two. The values (which are very sensitivenc¢hoice of H) are shown in table 4.1.

The energy calibration is fitted to a third order polynomil a

E=a+bN+cN>+dN3 (4.2)

where N is the ADC channel number on the recorded tape. They#br this fit in table 4.1
are essentially a 0 keV offset and one third of a keV per chlanne

The2°2Cf was placed as a source inside the detecting array housepdlyethylene ball to
partially moderate fission neutrons and to act as a beta syrladr. Anti-Compton veto detectors
made of BGO were placed coaxially around the germaniumalsyand at the front to prevent the
re-absorption of backscatter gamma rays and to veto evenisg from inside the detector and
scattering back out the front. BGO was also used as a backs®psure that most of the events
detected would be those of the full energy peak.

Because it was placed as a fixed source and no additionakoletecere used (like a time-
of-flight detector), mass number cannot not be directly meitgeed. Our identification of various
nuclei relies mostly on previous research for the identifocaof isotopes and transistions that
are also in the data set. From that point relative yields neagidiermined and compared to nuclei
neighboring in Z. The basic argument is that protons areasbim the fission process and trends for
the average number of neutrons emitted in the fission prates®t vary greatly systematically.
Therefore, comparing the relative yields of known fissiontpers to the yields seen in gates in

known and an unknown nuclei reveals the element (Z) and ttss i(#g of the isotope of interest.
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Beneficially, the most well known nuclei are nearer to stahiand since relatively few neutrons

are emitted in fission, a gate on a known isotope reveals \@rtron rich isotopes.

4.3.1 Methodology

In order to analyze these data, containing more than 15@naictl nearly 3000 gamma rays
it is necessary to use the coincidence method for idengfymdividual isotopes. In our case we
now have coincident events in cubes of up to four dimensiaraibe is a matrix of values that is
symmetrically built in all axes. For example, a cascade of iamma rays is included in the cube
such that a gate on any three gamma rays shows the fourth gineriold coincidences. But, a
double gate on the 4d cube will double count the third gammarthe cascade.

By building a higher fold coincident cube, significant stitis may be lost. In general, the
gamma rays from prompt fission are rather low multiplicitiat is, in most cases less than 5 or 6
events happen simultaneously. The 3 dimensional cube testiamated 5.7*18 triple and higher
events, while the 4 dimensional cube has about a factor oiv@rfevents. This means that any
given triple gate in the 4d cube may have a factor of ten fewents than a double gate in the 3d
cube. The raw data have a size on disk of 664GB, the 4d cubse tgk&5GB of space and the 3d
cube uses only 1.3 GB.

However, in many cases, even with lower counts, many weakshat would otherwise be
disguised in the background counts can be made visible Wihuse of additional coincidences.
Because of the high line density (about 3 lines/keV betwed#hdnd 300 keV) many gates are
very complicated and show a great deal of contaminant peResidom background from each
of these contaminant peaks also adds to the already presetam background from the peaks
belonging to the isotope of interest. Adding an additioraégemoves contaminant and associated
background in out spectra. Examples of these spectra widhben in chapter 7.

All of this was done using the intrinsic programs in the cotneersion of Radware [56-58].
Much of the work on the 4d hypercube was done by E.H. Wang byeasty defining the events in

the scanning program and making some decisions to ensuriéides did not get to large.
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As was mentioned previously, electron conversion may céenpgh gamma emission. With
the coincidences in Gammasphere, it is possible to measese tnternal conversion coefficients.
In the tables presented in chapters 6 and 7 for the intessitisansitions found frorA>°Cf SF the
intensities decrease dramatically with increasing spinthé yrast band, the efficiency corrected
intensity may be less by a factor ef2 for each higher gamma ray. This is mostly affected by
the probability of producing a nucleus at high spin. HoweVfea gate is set from one gamma
ray that decays through two others and a gate is set on a fatttie end of this cascade, and
this is the only decay path, then the relative intensity leetwthese two transitions should be
100%. Alternatively, one may state that the branching sdfitw the intermediate gamma rays is
100%. My measurements of these decays where electron stmvehould not compete (E> 4-500
keV) limit the deviations from 100% to less than 5% which issistent with the statistical errors
in these measurements. Therfore, missing intensities ameecsion electron coefficients can be
measured. These coefficients can then be related to thecefeagnetic multipole of the transition
of interest. We assume in this gating scheme that the rabw@fjamma rays in a cascade with a
gate on the top and on the bottom is 100% and choose the gditéhai@mne of the transitions is

not appreciably converted. Then the conversion coefficeist

_ly(unconverted
~ Igammd converted

(4.3)

Wherel, is the measured counts divided by the efficiency. The medswefficients are
then compared to the theoretical coefficients from the BRDne computer program [59] to

determine the multipolarity of the gamma ray.

4.3.2 Angular Correlation

Angular correlations between successive quanta are a $mald%) effect in nuclei, but
given sufficient statistics it is effective for determinitige spins and parities of nuclear states.
More details of this technique can be found in [55]. The safevdeveloped by Andrey Daniel,

Chris Goodin and Ke Li is based in root [60], the graphicallgsia tool developed by CERN. This
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is a way to build on knowledge of previously done experimantgsassign the quantum mechanical
values of spin and parity to states in nuclei via the chareetiéon of transitions in nuclei. It takes
advantage of the fact that we can arrange the data from 1&0tdes into 64 separate angular bins
and draw conclusions based on the intensity of the gamma eaguned as a function of the angle
between detector pairs.

The angular correlation function was first developed by CHRmilton in 1940. It de-
scribes the angular correlation between “two successieatqll. We use a form of the function
that has been tabled [61, 62] and implemented in computed/é8) = 1+ Ay P,(Cog0)) +
A4 P4(Cog0)). This comes from the explicit evaluation of the probal@ktiof decays from an
initial state to a final state via a definite intermediateestdt physically originates in the small
coupling between radiation and matter. The initial evaturaincluded simplifying assumptions,
including an oscillator basis giving rise to outgoing plam&ves, a small nuclear velocity com-
pared to that of the propagating radiation, and a choiceitiélmuantization axis as the direction
of the initial emission (with the consequence that m, the meéig projection quantum number,
only changes byt1 unit of #2). This is then expanded in terms of multipoles to evaluapeldi
(D) and quadrupole (Q) content. It gives a way to measure pire a state if the two others
are known. That is, it would not discriminate between a 8(®JQ)—4 and a 4(Q)»>2(Q)—0
transition. Later formulations of the angular correlationction included considerations of longer
lived states that might precess around a nuclear magneticemiy along with (2,3) (Quadrupole,
Octupole) mixing, considerations of high spin states, asagdfirst-third and higher correlations.
To reiterate, if the mixing ratiod) is large this indicates that the higher multipole domisate
the transition. Because only the changes in angular momebé&iween states are taken into con-
sideration, this would not reveal direct measurement afteteor magnetic character. Though, as
discussed previously, inference based on the transitikely ko occur (gamma ray selection rules)
in an experiment can give guidance.

Since only E1, M1, and E2 type transitions are typically obseé, and mixing between

E2/M1 are the only likely ones possible out of this set, if aguwar correlation gives a mea-
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surement without mixing and is consistent with spin statd th greater by one unit of angular
momentum, it is most consistent with an E1 transition. Theargular correlation measurement
allows for the assignment of the spin and the mixing ratio maycate the parity of the state. We
always need as a given a pure transition between two stakemwain spin; this is typically chosen
as an E2 transition (and likely yrast), because M3 mixingeis/wnlikely and E2’s are assumed
(and can be experimentally confirmed) to be pure E2’s. ApheA4 for a |+2—1—I-2 pure E2
cascade is 0.102/0.009 antd1—1—I-2 is -0.071/0.000.

Some examples from a variety of different curves are shov@hemp. 7. In some cases, many
additional gates on these transitions are summed and icdkat each additional gate is checked

to ensure that contamination from other similar transgimminimized.
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CHAPTER 5

NEW LEVELS IN '?2CD AND THE STRUCTURE OF CD NUCLEI

In the recent LeRIBSS campaign the beta-decays of even-Aakg heen examined, and in
the case of the decay &4°Ag, for at least the third time. to understand the extent twivthe U(5)
symmetry (vibrator) IBM explanation of Cd isotopes is valiiature is kind to us, giving various
medium spin beta-decaying isomers in these parents soiffemedt spin levels in their daughters
can be studied. When these nuclei were first studied, thaitirey paradigm was that cadmium
isotopes were ideal vibrators, i.e. a multi-phonon, IBMt€hacting Boson Model) seemed to
describe the levels and their decay properties. Howevéiastbeen shown [35, 48, 49] that a
close analysis of what one would expect for such nuclei leve@ny inconsistencies with this
simple picture. In addition to quadrupole vibrations, thare levels that have been described as
2p-4h intruder states and mixed octupole-quadrupoleddhelt give rise to anharmonicities in the
vibration. These anharmonicities may affect the transiswengths and phonon selection rules in
the decay. In our present study, these intruder states ghemin energy and become a simpler
testing ground for the systematic description of theselseve

Fortunately, in mass 122 there have been many studies dobetbrihe Ag[63, 64] parent
and Cd[65-68] daughter nuclei in this region. Unfortunatikle data are not completely consistent
with the new observations made }%Cd. There is clear evidence of isomerism'fitAg from
the mass excess measurements reported in Ref.[69] thabasestent with predictions from the
atomic mass evaluation for an isomer to have an excitatid@00)keV. According to Ref.[64]
there is a low spin isomer ¢}J,=550(50)ms) and a high spin isomer, (7=200(50)ms). The high
spin isomer “can be associated with” a 8pin and parity and the low spin isomer “could arise

from” a configuration resulting in"L The softness of this language suggests that there is not a
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certainty to these spin and parity assignments. The autiieosstate that the intent of this study
was to demonstrate the selectivity of the laser ionizatibshort-lived nuclei. The half-life had
been measured in [63] to be 520(14) ms, but it is unclear gttd page report if this is the ground
state or a combined half life. The half-life reported in ] is 480(80)ms, which is consistent
in their report with a 3 assignment via logft assignment. An earlier work[70] sisgg@n even
higher half-life of 1.5(5) s which was thought by Ref.[66]te an isomer in this isotope. The
combined half life reported in Ref.[71] of 357(24) ms is at&®n. The summary of what is known
from these studies is the existence of three isomers: gr8und state (0.529(13) s), a Excited
state (0.55(5)), and a930(50) keV state (0.20(5) s).

One difficulty with these kinds of studies is called the “pamibnium effect”. The pandemo-
nium effect is what occurs because there is not sufficiertieffcy at high energy. For example,
a peak in the current calibration (which is extrapolated @&y uncertain as well) with 1 or 2
counts near 4 MeV may have 5-10% of the intensity in the-2 0" transition. The Q-value has
been estimated to be 9.5(2) MeV from the systematics of atomaisses[72]. With such a high
Q-value and a level scheme that only goes as high as 3.7 Me¥ itheertainly still a great deal
of missing intensity. Since values of logft and spin andtgarguments are dependent on highly
accurate intensity and beta feeding measurements, thepamium effect ensures that a woefully
incomplete picture is presented in the present work. Thet egen in the present work, there are

some inconsistencies.

5.1 Level Scheme of??Cd

Shown in Fig. 5.1 are the levels and transitions found in wWosk with all save one spin
and parity listed coming from the studies mentioned presfipuThe line width is proportional
to intensity up to 2% and written in italics above the energhe parent states listed are the
most consistent view that is possible considering the exyeental data and the previous research
but should not be considered certain. This effort is helpmtsitlerably by the work of Ref.[65]

from the2°2Cf SF data which shows the levels in the ground state band ((p4t9. There is an
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indication in this study as well as in Ref.[68] that there dsfeeding to the % state at 1329.2 keV
which was the main evidence in Ref.[67] for the assertion &f asomer in the parent. However,
if there is a 3 state, since the 1909.3 keV level is a very likely spin 3 stath only a 792.0 keV
transition decaying into it, the isomer is reported heregeeha half-life measured from the feeding
into that state of 0.32(5)s. The proposediSomer would decay into the level assigned as ar) (8
and the associated half-life measured in the activity 6k&\6gamma ray is 0.39(5) s. However, a
9~ isomer should feed the known (1Pstate at 3057.3 equally as well as the \&vel at 2823.6
keV because the energy of these states is not very diffelken233.6 keV transition is seen. The
previous studies and the current measurement are corisidten considering a"lisomer with a
longer half-life. The measurement of 0.69(13) s comes froenactivity curve of the 1135.5 keV
transition depopulating the level at 1705.2 keV. A gate as tfansition shown in Fig. 5.2 shows
no measureable feeding from higher energy states. Thedéte¢ background in this gate limits
gamma rays feeding to <1% of the 569.5 keV transition for gamays <1 MeV.

There are a number of gamma rays that are degenerate in eBégyn in Fig. 5.3 are three
spectra, in the middle spectra are the coincidences witfD888&V gamma ray and the bottom
shows a gate on 523.1 keV. In the 650.3 gate several decaysote be seen: 3488 113.9—
523.1, 348.2— 465.6 which sums to 813.8 which is also seen in the spectrume. 5P3.1 keV
gate shows only the 348.0 keV transition which is evidence im the relative intensity between
the 113.9 and 348.0 keV transitions. The reason the 113.83k8%) gamma is placed lower than
the 348.0 keV(0.7%) transition in the level scheme, in @sttto the placement of the 349.1 keV
gamma ray in Ref.[65], is because of the difference in intgn§he gate on 848.8 keV in the top
spectrum, shows the difference between the 466.8 keV shewendnd the 465.6 keV transition
seen in gate on the 650.3 gamma ray. These transitions hadysly been placed and this study
agrees with that placement. This gate also reveals a trenle feature at 1084.3 keV, which
is the detection of two separate events as one event withutihheo the energies of the two real
transitions. The probability of a “sum peak” occuring istguow but such peaks could interfere

with low intensity transitions, of the same energy. Thigtdiea can be revealed via coincidence
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Figure 5.1: New level scheme &°Cd. New transitions compared to [66] are shown in red.
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Figure 5.2: Spectrum showing the absent or week gamma fgé&timthe level at 1705.2 keV in
the gate on 1135.5 keV.

relationships or by adjusting the coincidence timing in @nalysis software. A gate on the 1085
keV peak shows 848.8 and 569.5 keV transitions but not the7#&&/ line, which does not make
sense if the 1085 keV peak were a real transition. Other ebesape seen as sums of 466+760 =
1226 keV and 560+760 = 1320 keV and these can also be seendpehzum.

5.2 Analysis of Near Spherical Nuclei

Shown in Fig. 5.4 are the systematics of level$f1%2Cd. The top four are all very nearly
stable in the ground state ahtfCd is the midshell nucleus with the first excitet §tate at 1134.5
keV. This state is associated with the intruder levels[Ti8] #he lowering at midshell of these kinds
of states are seen in other mass regions as well. As nudkefarom stability and farther from
midshell are examined, the expected behavior of thesesstater them to move higher in energy,
as they do. It was unexpected that the vibrational levellsdhe would expect to see are not seen.
Even with the very strong statistics of a recent study[49fha 3-phonon level, no'Ostate is seen
in 120Cd and in this present work there is no clear candidate foBther 2 members int?2Cd.
This is a negative argument and it cannot be said that thatessire absent only unobserved. This

is only the beginning of the inconsistency with this model.
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Figure 5.3: Spectra showing gates on 523.1(bottom), 656\grkiddle), and 848.8(top) keV.
These gates reveal doublet structures. The doublet at 34&&e be seen in the comparison to
the 113.9 keV. The doublet at 466 keV is also revealed alorly miany of the new transitions
compared to [66] marked with an *.

Shown in Fig. 5.5 are the low energy (2.5<MeV) levels that iddae in the correct energy
range to be candidates for three phonon levels or could haweterpretation as members of an
independent band structure. As was shown in Fig. 3.4, theaapon for phonon levels is that
they should decay to the N-1 levels and decays to the N-2dewvelild be forbidden. On this
basis the proposed 2-phonon{Xtate at 1367.4 keV would be questionable because 15% of the
intensity from this level goes to the ground state. In additionly the (6") level at 2178.0 keV
and the 2107.1 keV () level decay to only the proposed N-1 states. In the harmwioidel, the
decays from the 3-phononi4evel should favor decays slightly (11/7 vs. 10/7) to tHeZ2phonon

level. What is seen experimentally is a intensity ratio ob 4 favoring decay into the'4level at

1329.2 keV. Even though this is intensity and not B(E2) thergy is nearly the same and so this
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proportion should also favor decay into the when considering the B(E2) values.

Therefore, because of qualitative and quantitative inisteiscies with the data, it seems
more reasonable to group certain states in terms of an indepé band structure. This is shown
in Fig. 5.5 with two side band structures. The first is a neggarity band which has been seen
in Refs.[65, 68] and nanosecond lifetimes measured forZhg &nd (8). This band has been
associated with either a quadrupole-octupole coupled(dga€d or a high-j/low-j quasiparticles
band in these isotopes[65]. It has also been proposed, basggstematics, the 1909.3 level has
been thought to be a3evel also associated with the negative parity band of &exdel. Based on
how these levels decay it is sensible to group them into a bandture that begins to look very
much like a gamma vibrational band.

Further calculations were done in the TRS (Total Routhiarfe®a) framework[65, 74] in the
B — y plane to look for any evidence of triaxiality in these nuclBhe plots for even-A18-122Cd
are shown in 5.6 the surfaces are calculated with a constrairotational frequency§=0.0-0.2).
The top plots are fot'8Cd and show a secondary minimum which may indicate shapgistaace
in these nuclei. The defomartion characteristics of tht®sdary minimum decreases fla from
118 to 122 cadmium and increases in the triaxiality paranggmma from nearly 0 to nearly 30
(the triaxial maximum). It also appears to become the prymainimum in122Cd where there also
is little change in the mean value B$ or y parameters with increasing rotational frequency. The
tentative positive parity band structure reported in thaskvmay provide helpful evidence for a

microscopic description of that sort.
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Figure 5.5: Proposed band structure$3fCd and states that are in the correct energy range to be
potential three phonon candidates.
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CHAPTER 6

STRUCTURE OF62-165GD

This section describes the structure of nuclei near midpdirtween spherical shells (the
exact midpoint being®Dy) in the rare-earth region, which are known to be well defed and
form good rotors. This means that for these isotopes thati@mi in first order I1*(1+1) spacing
is at the 5-10% level at high spin. New levels and vibratiaaitations in%2Gd and'®4Gd are
reported. Fort%3Gd, where only 5 gamma rays had been published before, adelieme has
been established for the first time. Also the first gamma reys £5°Gd will be reported. This
chapter is unique because it represents work done from p#rienental setups. The work was
performed in collaboration with a local high school studd@htDoll from Nashville Big Picture
High School. It required, especially in the casé®tsd and'%°Gd a very careful analysis utilizing
many different measurement techniques. These experimemesanalyzed at the same time and
were highly complementary to one another. The discussidirirgi detail structures in mass 162
and then 164 from both studies and show spectra and anatgsisifoth. Then the odd mass,
which are only seen from the beta decay study will be disaclsse

First shown in Fig. 6.1 is a very impressive work [75] showihg large number of collec-
tive structures that are available to a strongly deformedaus and their extensions to high and
medium spin values. This is then the motivation for studytimgse nuclei. It is important in the
light of the phenomenon of shifted identical yrast bands-B0g to see how the systematics of non-
yrast states compare. The first non-yrast band is shown igaimma vibrational band followed
by two octupole bands one with K=2 and another with K=0. Thiijpale vibrational levels are
followed by a beta-vibrational band which is followed by gatonal band built on a quasiparticle

excitation and a K=4 vibrational band that has been hypatbdd$o be a hexadecupole vibrational
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band. This is followed by five other band structures.

Knowledge of these isotopes has been limited especiallghtdpin for the rare earth region
because it is at the edge of the production for fission. Ssuidéel been done in Gd 160 and 162
from two neutron transfer ot?8169Gd by bombarding them with tritongH), this reaction process
is called a (t,p) reaction [81]. This method only revealegls and not gammas depopulating them.
This method revealed angular correlations between theeags and were able to assign spins and
parities as well. However, because of the age of the studyletlel energy errors were estimated
by the authors to be about 7 keV. Some levels found previandlyis study (only shown are the
levels seen in both their study and ours) and from spontanisaion [80] are shown in Fig. 6.2.
This study had begun to reveal important properties of terga vibrational band and added to
knowledge of the systematics of excited States [82].

Also known in Eu were the half lives of very neutron rich imés [83, 84] which guided our
study and were able to be re-measured in some cases. Bebausaftlife had been previously
measured, the LeRIBSS tape cycle could be set to match ttidif@appropriately. The thought
process used was to allow for the accumulation of data for @asyrhalf-lives as possible but to
move the activity behind shielding before the daughtemoiges half-life began to interfere. Table

6.1 summarizes the half-lives known and tape cycles used.

Table 6.1: Table of known half lives and tape cycles used RIB&S
Isotope Mass Number Known Eu Half-life Known Gd Half-Life pe&aCycle On/Off

162 10.6(10) s[84] 8.4(2) min[85] 22s/22's
163 7.7(4) s[83] 68(3) s[85] 30s/55s
164 4.2(2) s[83] 45(3) s[86] 22s/22 s
165 1.7(3) s[83] 10.3(16) s[87] 10s/7.5s

67



_T=xud
0=y SVIT_C
S AR
+0=u N‘mm -M 621 ¥
—y -S=x 00FT + -
I e I e it v o 3 g T
+1=u) +0=23 reon 7T € omw_ +V ST O FIST 47 e -9
-e=uM 9pLT\ [T T6ONCgoo1 F VOl 46— L
—_— — * 91 L
TOIT €8I C8CLT JTeeLl € TELT 49 o IOLT |9 9SLT (1)
LZ8T P Opg1 L€ /T 3 L0381 - o781 38
e 9881 L o -
._uwmﬁ |m + [ 6¢61 -@% 6561 |®
1¥0C 8 +°___®
e II1IC_0I 001 .6
TT77 6 o F€CC 01
+
18TC 11 N@NN+O— ___*
. TEET 11
365 ;01 o o
L (ST
09T .11 e o
+ %gcmfﬁv 792,21
SLLT(£1)
____*
se6T( )

>DN©F

99C ¥

3vS L9

888 +C 126 8

SLET 0T
06vT L

0L9T ,8

881 16 To6T 21

880¢C +01

LEET 411

____® 4l
SeST Tl core +

___e
098 €1

PY L4
oOvTE (F1) OVIE, 91

Figure 6.1: Figure of the complete spectroscopy’éDy [75].

68



16" 2857.1

14+ 2376.9

P i)

14+ 22602

Known from (t,p) 582.8
541.

o

12+ Y 17941

12+ Y L 1718.6 o* 1700.7

+
Known from the prompt gamma 1458.0 2 1491.0 510.6
rays from 25?Cf SE 480.7 —_—
M 1283.5

+
10 1237.9 Known from fission

+_
{_

4117 4* 1012.0 431.3
3 I— 1

826.2 852.2

;
|
:

236.2 349.0
490.0 503.2

261.3

-
-

+ 2364 4t 241.9
ot 1648 g o+ 1686 a9
ot 716 00 162 0t 733 00

54Gd98 18434

Figure 6.2: Previously known levels and gamma&itd and®4Gd

6.1 Even-A Gd

6.1.1 162G

Shown in Fig. 6.3 are the levels and gamma rays found frometedecay ot®?Eu. Found
are several collective band structures. The first bandtsireics based on known levels previously
assigned to be part of the gamma vibrational band. The ertensf this band that have been
found continue to support this assignment as will be dissdisalso seen is a level at 1353.5 keV,
which fits best systematically with the K=4 vibrational le/éhat have been seen in neighboring
nuclei. Also seen are a number of levels that are of intendgth will be discussed.

Identification of this isotope is made by mass separatioh@beam and then confirmed by
the observation of known peaks as well as elementally unigreey radiation. An example of the
spectra seen in this study is shown in Fig. 6.4. In this spd@rof the 34 new gamma rays found in
this work are presented. This spectrum fr&tfGd is very pure though the data does contain some
contamination from the mass 81 region (Zn, Ga, Ge, As). Thkdst intensity line at 351.3 keV

from 81Zn — Ga decay is 7.5% of the 71.9 keV transition. These isotopes stadied explicitly
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as part of the campaign to measure isotopes fiéir Different magnet settings were used in
that case and better rates of mass 81 isotopes were seenaifingagrays seen in this study were
compared to those focused on mass 81 to assure their prepenptnt.

Before the structure of Gd is discussed further, the amabfsivhat can be inferred about the
parent isotope is presented. In Fig. 6.5 are some examptles bélf life curves that have been lin-
earized by plotting the logarithm of the counts against timgeconds. The slope shows the decay
constant from which the half life of 10.7(7)s is inferredrfrahe weighted average of several of
the strongest transitions. Unfortunately, there were fespeints able to be used for half life mea-
surement than there were for coincidences, thus this figwes significant statistical fluxuation.
This is consistent with the previous measurement of 10)8(Ithe strongest transitions were used
in order to minimize the error in this value. There is an iatiien however in the half life curves
of the 862.7 and 792 keV transitions of a longer half-lifettmay be able to be associated with an
additional beta decaying state in the parent nucleus. Arsbf these curves is still ongoing.

There is no firm assignment of the spin and parity®Eu. There is currently a mixed view
of the decay properties. The best systematics unfortynatelnot more recent than the work done
in 1973 [88]. Yet, even in that work[88] there is a suggestluat the ground state is 0 or land
there may be the presence of a high spin isomer in this isatopdo the “apparent population” in
160G of the 6 state and due to the probability that the 5(proton) and 5/2 (neutron) orbitals
would favor a 5 ground state.

Apparent population is the key phrase in the deca}f®u and could perhaps be an issue
in this present work. Table 6.2 shows gamma rays found inibi%, the intensity coming into a
state should equal the outgoing intensity and all missitenisity is assumed to come from direct
population by beta decay. The pandemonium effect is nokalylto be an issue here as it was in
122Ccd because of the lower Q value. However, the highest eiaité still only 1/3 of the tota3
Q value, so there is a certainty of missing intensity. Noelketbs, it is necessary to say a few things
about the population that is observed. The only levels wttexee is little or no feeding from beta

decay is seen are the levels at 236.0, and 1012.1 keV whichatihelikely 4" states. Note that
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the level and gamma ray energies are slighly different betwibe study from beta decay and the
SF study. The largest feedings seen are to the levels atatid8g62.7 keV which are both2and

to the level at 1447.6 keV with unknown spin and parity. Initidd there are two low spin states
seen from (t,p) at 1492.4 and 1700.6 keV that do not seem te &y gamma ray feeding from
above. However, the level at 1447.6 keV decays to both ag6d a (5), and is therefore limited
to spin between 4 and 7 and is most likely spin 5 as an estim&ton systematics. This state and
the gamma vibrational band states are close in energy bwesgdlifferent feedings. Since those
states are positive parity, the level at 1447.6 keV is presuto be a negative parity state. This
means that there is either significant missing intensityhie state or there is a high K isomer in
162E4, which is more likely.

It is problematic to assign the beta decaying state abétause then there should be some
first-forbidden decays to the™4and 6" states which have very littlg feeding. From the gamma
intensities there is seen beta population of both th@89.3, and potentially 1242.8, and 1578.0
keV) and 8 states(825.1 keV). The 253.0 keV 6+4" transition is seen very strongly in 6.4
and the 8 —67 transition is also seen at 335.9 keV. This could be explaed beta decaying
7~ state in the parent, but this would change the likely intémgcvalence orbitals that form the
ground state of%%Eu.

This suggests that there is not a way to determine from thik W@ potential spins and par-
ities of the ground state and isomeric levels in the parenofge, but there are hints of isomerism
as in1%%Eu and it would be beneficial to have direct studies of isorirethese isotopes. It will
also be beneficial to have studies in the odd mass isotopasiregion, this would allow for the
analysis of potential orbital couplings as well as give apafunity to study half lives and energy
levels of single particle states which inform r-processmatances in the rare earth peak.

Results from spontaneous fission in Gammasphere are shdwg i6.6; many of the collec-
tive levels are seen and much of the same decays are seee.Wdrera number of challenges with
this approach, most notably the fact that Gd nuclei (Z=6d)lae highest Z that have been seen in

the spontaneous fission data and have the weakest stat@&tidsaving the beta decay data allows
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Table 6.2: Table of gamma ray intensities found from the Hetay of'2Eu.
E; Ey, ly pB Feeding Lot
71.4 71.4 94 (6) 30(9) 6.1(1)
236.0 1645 41(1) 2(5) 7.3(1)
489.3 253.0 15.5(5) 4(2) 7.0(1)
825.1 3359 124(5) 1.7(1) 7.2(1)
862.7 792.0 12.1(7) 11(2) 6.4(1)
862.7 6.1(4)

9275 6915 2.3(8) 7(3) 6.5(1)
856.1 8.9(5)

1012.1 776.1 2.2(5) 2(2) 7.1(1)
940.7 15(2)

1117.8 6285 2.3(2) 3(2) 6.8(1)
881.8 13.3(6)

1242.8 753.7 3.1(5) 2(1) 7.0(1)
1006.7 1.4(2)

1353.5 3408 0.9(2) 7(2) 6.4(1)
426.0 1.2(9)
490.8 5.6(7)

1387.7 2699 05(2) 15(6)
898.4 1.4(3)

1447.6 205.0 3.3(5) 16(1) 6.0(1)
329.8 12.7(5)

1455.9 1024 1.1(5) 0.2(1)
4440 0.3(7)
529.8 2.1(2)

1492.4 1255.1 18(3) 1.8(3) 6.9(1)

1557.2 109.5 0.09(3) 0.09(3)

1578.0 1221 1.2(1) 0.5(2)

1700.6 8379 0.7(2) 0.7(2)

1719.3 1413 0.8(1) 1.7(3)
2645 09(2)

1780.8 9181 0.8(2) 0.8(2)

1806.0 1316.7 0.15(9) 0.15(9)

1832.0 1596.0 1.7(1) 1.7(1) 6.8(1)

1897.5 1408.2 3.2(2) 3.7(3) 6.4(1)
1660.5 0.5(1)

1943.4 5557 0.4(2) 04(2)
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Figure 6.6: New levels id%2Gd from SF. Note that level and gamma ray energies are slighly
different than those found from beta decay.

us to pick out very weak peaks from the background in thisoregit also allows us to develop
better methods for gating and background subtraction irkweannels. In total 19 gamma rays
were found, 3 of which were not seen in beta decay and 5 news|alkof which are also seen in
beta decay.

Most important is the observation of the gamma rays at 123d0145.0 keV, because these
gamma rays serve to link these levels to each other and duppassignment of a gamma vibra-
tional band to these levels.

In Fig. 6.7 the difficulties in measurements of gamma rayside $ands are illustrated.
It is easily seen how gamma rays at 329.8 and 753.8 keV couitl daave been mistaken for
background in this spectrum. Once these gamma rays are kitlbeyncan be used in gates and
new transitions can be sought after.

In order to analyze the qualitative nature of these decaysanae-examine the decay selec-
tion rules seen in section 3.2. The gamma vibrational baada$yzed first. According to equation

3.7 there is no difference for the expected decays from adrediagamma vibrational band to the
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Figure 6.7: Spectra from the gate on 163.8 and 253.6 ké¥?®d from SF

yrast band. To put it another way, the Clebsch-Gordan caafitie explain the fact that K=0 and
K=2 are equally likely quadrupole transitions. They alsedict that the 2 — 2% is more likely
than the 2 — 0" by a factor of 10/7 or about 1.4. But a pure beta vibrationabba&ould not have
the signature components giving rise to odd spin memberadadand M1 transitions. Because
we see both of these things, even though there is not a clamwe measured any more of the
spins and parities of levels in this isotope, the gamma titmal band is still reported to have
been observed. If a different spin and parity were to be nredsu future experiments, then this
assignment would need to be re-evaluated.

Considering the level at 1448, there are two possibilifiéds a 5~ level. It is either the 5
member of a K=0 or 2 octupole band or a K=5 isomeric level mnl& two neutron quasiparticle
configuration. Unfortunately, if®2Dy and in other nearby isotopes these levels are very close in
energy. Int%2Dy the K=0 and K=5 5 levels are different by only 32 keV (Fig. 6.1 [75]), SO no

assignment based on systematics can be made. The only wagignraent could be made is if
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a half-life could be measured for this state. There would beeasurable half-life for this state if
it originated as an excited quasiparticle because of theedegf K-forbiddeness in this transition.
But if it were an octupole member with K=0 or 2 there would netdn appreciable hindrance
factor. Therefore equations 3.1 and 3.2 may be employedcertasn what might be expected
from this decay. From [89] decays from these levels in Nd amdh@ve half-lives near50-100
ns. According to the methodology presented in referendef@0states in°81%0sm at 1279 and
1361 keV respectively are remeasured to be 54(9) ns (83€l@)aviously) and 72(6) ns (120(46)
ns previously). The difference is that these states decgaygtti to the ground state (K=0) instead
of the gamma vibrational band (K=2). So what would be the etqueK-hindrance factor for a
decay into the gamma vibrational band?

Hindrance factors called must be determined. This =4 (AK — A) for the K=5to O
transition and/=2 for the K=5 to 2 transition (to the gamma band). Taking¥&m level at 1381
with a T, ,=70 ns for comparison, the ratio of the observed half-lifeén\Weisskopf estimate for
this transition is found. T>(Elwu.=In(2) 160%3 (0.878)3 / (1.02*10* = 0.15 ps, therefore
f=To/Twu = 4.6*1C° and §,=147. Then this reduced hindrance factor should be the santhd
case of $=147. Continuing to work backwards the decay into the gamaradlshould have a
half-life of somewhere between 0.2 to possibly 2 ns, whiatoissistent to the quasiparticle band
in 152Dy which decays into the gamma band and has a half life of Jn8(1This measurement
would be beyond the capabilities of the Gammasphere setgube the clock used in this study
was limited to a 8 ns minimum, though this measurement woatde beyond the capabilities of
modern techniques which can have ps timing resolution. ibe#ps prediction, the measurement
was still attempted and, as expected, no half-life is medder(Fig. 6.8), therefore one is not able
to establish the structure of this level.

In the same framework of K-hindrance, it not surprising ttineg states built on a level at
1353.5 keV, thought to be a K=4 band, show exclusive decaliggamma band instead of the
ground state band. This is what we expect from the CG coettiégg the transition to the K=0

bandis(424—4| 4220=0. This assignment is further corroborated by the enenggl Epacing
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Figure 6.8: Spectra from a short and long time gated cube ff8@f examining the transition at
109.6 keV.

which is consistent with K=4 bands in nearby isotopes. Mongdrtant is that for the level at 1354
keV which, via the selection rules and probability to decgyalzertain multipole order, the spin is
limited to 2, 3, or 4h. Then the relative strengths of these decays can be exan8ivenk the 426.0
transition has the highest relative error in its intensigasurement, the ratio of the decay to the
47(340.8 keV) and the 2(490.8) members of the gamma band is considered. If K= ferstate

at 1354 then the intensity ratio of the 340.8 keV to the 49@\ is 0.75, 0.54, or 0.20 for spin 2,
3, or 4 respectively. The experimental value of 0.16(25) ésthconsistent with the assignment of
(4™) for this level. There are then two possibilities for thisidait is either a two-phonon gamma
vibrational band or, as has been suggested by ref. [91], adeexipole vibrational band. The only
gualitative difference that seems to exist is that everyeetgiion would be that the two-phonon
band would be nearer to twice the excitation of thegamma bandhead, which would be nearer

to 1700 keV instead of 1354 keV.
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6.1.2 164G

Shown in Fig. 6.9 are the levels and gamma rays found from #te tecay of-®*Eu.
Unfortunately, the counts were not high enough to measweréalf-life. Known previously, were
the levels in the yrast band[78] shown in Fig. 6.2 as well ammadamma rays found in the work
reported in ref.[83] which are marked in the figure with areask. These decays are now placed
in the level scheme in what appears to be the gamma vibrattamal. In addition to what was
known previously this study found 8 new transitions and 9 fexels.

In Fig. 6.10, two gates are shown as evidence for this leverse. First, the identification
of peaks associated with the X-ray (42.5 keV) is seen in thespctrum. From there, subsequent
gates on known and new peaks seen in this first gate, like th€ 48V shown on the bottom
spectrum, can be used to construct the level scheme. Natié&@l.3, 192.5, and 301.0 keV lines
are not seen in the gate on 491.0 keV and are placed decaymthé1094.8 keV level because
the are seen in coincidence with the 854.0 keV transition.

The new levels and gamma rays found ¥1Gd from SF are shown in Fig. 6.11, where 6
new gamma rays are seen that are not present most notablégisea transition in the proposed
gamma band at 142.0 keV, which is placed tentatively in thel lecheme based on some evidence
for an 826.7 keV decay to the 503.0 keV level. If this band issma vibrational band, then the
level at 1329.7 keV should be a(Blevel. Since the 503.0'6level is observed, the level at 1329.7
could also be populated.

It is proposed that the four levels at 1034, 1095, 1186, a2@KeV are part of the gamma
vibrational band. There is a difference however, the spilévels in the gamma band #%Gd
have an interband transition froni 5+ 3" at 190.5 keV and no other interband transitions, while
the proposed gamma band#Gd has only 5 — 41 and 4~ — 3* transitions. Therefore, even
though this band energy and spacing would be most consisténthe systematics of the gamma
vibrational band in this region, this assignment is madg ¢etatively. No conclusions can be

made regarding the structure of the remaining levels with@omparison to a more precise theory.
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Figure 6.9: New levels if%“Gd seen from the beta decay ¥fEu. Gammas previously re-
ported [83] shown with an *.

6.2 Level Systematics and Quadrupole Deformation of EvebeA

All of what has been said regarding systematics in this @raptthe even mass Gd species
are shown in Fig. 6.12 as a summary. Note, that the first ek@testate in N=100 isotones is
nearly midway between the N=96 and N=98 isotones for a eatbpe considered. This state is
also systematically lower in Gd than in Dy. The gamma viloragi bandhead in the Dy isotopes
also follow this same trend, with a maximum excitation at B=8 minimum at N=98 and near a
midpoint at N=100. Since8¢162Gd follow this same trend, it is most reasonable to guesghieat
spin and parity of the level at 1033 keV i$ 3because it would be a deviation from systematics
for the 2" level of the gamma vibrational band to be so high in energys Ehan argument for a
motivation to measure the spin and parity of this state, wioemce for its assignment. If this state
is the 3" member of the gamma band, it would fit with systematics, floegethis is the suggestion.
Also the relative excitation energy of the gamma band isaotdnich is about 100 keV higher in
Gd than in Dy. This would also make the 1033 keV level a liketlyggmma band member level.
There is also a very consistent 32" spacing within these bands sf70 keV in Dy and~65 keV
in Gd.
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Figure 6.10: Spectra from gates on peaks determined to loeiatsd with the beta decay of
1644, The top spectrum shows a gate on the Gd x-ray peak and tteerbshows a gate on the
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region and known background. New peaks are labeled with an *.
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Figure 6.11: New levels it®*Gd as seen in SF. Gammas previously reported [83] shown with a
*. Note that the level and gamma ray energies are slightfeint than those found from SF.

The K=4 ==+ band in N=96 lowers dramatically #f°Gd almost to the same level as the
gamma vibrational band. The most consistent thing acragsnss for this band is the interband
spacing of about 100 keV between the 54" band members. If it is determined that the na-
ture of these levels are two phonon rather than hexadecwgwigtional in nature some detailed
theoretical explanation is required for the behavior of thand in'%°Gd.

The octupole vibrational band is only very well known in the9% isotones, where this band
does not change its energy very much at all. However in the e&$“Dy, both the octupole and
the quasiparticle band are moved to very high in energytlaytgears that this may not be the case
for 152Gd. The 3 - 1~ spacing of 83 keV is similar in the Dy isotopes shown and iteymtics
hold a 65 keV spacing could be possible!fffGd. No levels were seen with this spacing. A
suggestion could be made however, that the level at 189%/5sken in beta decay would be a
possible candidate for the Gmember of the octupole band. It is important to suggest thcabse

if the parent has abground state, this level should be an allowed transitionstrmhgly populated
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from beta decay.

6.3 Odd-A Gd

6.3.1 163G

Now shown in Fig. 6.14 and Fig. 6.15 are the new levels and ganays populated from
the beta decay of3Eu. In this study, 66 new levels have been placed where onnfma rays
had been previously assigned[92]. Thg @lue[93] and half life[83] were also known. Some
transitions are placed tentatively because they are seteiprojection at the same energy for
which there is a level in the level scheme but not in coindidgrtes. These are high energy tran-
sitions that may feed a state that does not gamma decay lvasponds to a level energy existant
in the level scheme placed by other evidences. There areat@smnma rays with considerable
intensity, like the 2297.9 keV transition with 16.7(8)%eansity, shown in the level scheme in Fig.
6.14. Setting gates on these transitions reveals that tieeyad inconsistent with their placement
feeding the ground state in this isotope but cannot be coefirby setting gates on them. There
are also low energy transitions depopulating levels ab@@® keV and these are problematic as
to how they can compete with the very high energy transitidng=ig. 6.15 there are two such
dashed transitions. All transitions from levels in Fig. Bake placed here because there is minimal
coincidence information available for their placementhie kevel scheme.

There were significant difficulties in the analysis of thea&ad There was a nearly equal pop-
ulation of daughter (gamma ray intensity of 70.7(6)% of 8%eV) and granddaughter (intensity
of 73(5)% of the 213.9 keV gamma ray 1°Tb) decays. It has not been determined what propor-
tion of Gd decays into Tb comes from the decay chain startitiy Bu and how much comes from
direct production from fission. There were also many large@on events that appear as diagonal
lines in the two dimensional histogram. There are more tliasu2h constant sum peaks between
20 and 500 keV that are comparable in height to the real pebkaddition, there are several
peaks which have nearly the same energy and are placed irtlugé&odifferent places in the level

scheme. The peaks are revealed to be different becausedtieaspan be uncompressed to the
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Figure 6.12: Systematic comparison of collective struggiin even-even nuclei ne¥ Gd
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level of 0.1 keV per channel. The Compton events were fourzktdrastically reduced by taking

only the coincidences from detectors that directly face amather. Since most of the Compton
events are into neighboring detectors and because owt&mtare sufficient enough this method
proved very useful. Different scans of the data with diffegme windows for coincidences were

also used.

There may only be a few cases where it is possible to measeireehtromagnetic mixing
ratio. This is because there are few cases where the decayhasamore than three gamma rays.
Unfortunately, this means that the physics that can be dssalis limited until more can be known.
This is to be expected in new territory. The best technique twayate on the 42.8 keV Gd X-ray
and compare this to the gate on the Tb 44.4 keV X-ray. Thisasvaehn Fig. 6.16; here the top
spectrum is a gate on Gd X-rays, the middle is a gate on Tbh X;@ayd the bottom spectrum is a
gate on Nd X-rays. Time gated spectra were also used in tHgsihut are not as clear in some
ways. The most important thing to emphasize is the fact tieatray peaks can be resolved, as
well as other peaks which are degenerate in energy. Not shows spectrum are many high
energy peaks that are also clearly seen. All peaks placdteitevel scheme are seen in the top
spectrum or in coincidence with these gamma rays and nothereof the other two spectra. For
example, the peaks at 213.9 and 287.6 keV are seen moslydiedhne gate on Tb X-rays, and
peaks at 556, 578, and 642 are most obviously associatedtivdthd X-ray spectrum; in fact
all of these transitions and many others have been seeropsedyiin these isotopes. Based on a
weighted average of the 85.0 (minus 87 keV background) addBl&YV lines a new half life of
7.9(1) s is now reported. These half life curves are showngr6AL.3

One of the difficulties in this study is the attempt to buildexdl scheme fot%3Gd for
the first time. All other level schemes in this thesis are dase some known transitions and a
determination of the ground state. The evidence for thegphamnt of the ground state is based on
gates shown in Fig. 6.17. The first gate shown in this figureni®@00.9 keV transition (this
is seen in the Gd X-ray gate in Fig. 6.16 which shows 2 tramsiti one at 1713.7 and another

at 1758.0 keV. The remaining spectra that are shown are theidences with these two gamma
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Figure 6.13: The half life curves from the 85.0 and 191.8 kewMsitions.

rays. Importantly, the 1713.7 keV has coincidence with teeD&eV and not the 191.8 keV
transitions, while the 1758.0 keV gate shows a peak at 194\8and not 85.0 keV. These gates
also reveal several other transitions that are shown inithplified level scheme in Fig. 6.18 that
was the starting point of this work. The coincidences with 191.8 and 85.0 keV transitions do
not indicate the presence of any transitions decaying atltssfe levels. This is consistent with the
systematics of a 1/2state in N=99 isotones; this assignment is discussed fuirtrgection 6.4.
The coincidences with the 85.0 keV line are then placed orotdpe level at 236.1 keV and the
coincidences with the 191.8 keV gamma ray are placed on ttipedevel at 191.8 keV. Dashed
lines are lines seen in the projection that may correspoteltds placed in the level scheme. No
coincidence information is available for these transiion

Once the ground state has been assigned, the rest of the ¢avebe placed relative to these

levels. Shown in Fig. 6.19 are the spectra seen when gatitigeoiour transitions placed highest
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in the level scheme in Fig. 6.18. Several new high energy enwdehergy transitions can be seen
and placed in the level scheme. Notice that there is not a k&/MBtransition easily visible in
either the 138.0 or 115.9 keV gates, though it is placed ingbel scheme. However, the 481.4
keV transition is visible and the 52.8 keV transition shoatitur as electron conversion. If the
481.4 keV were not placed depopulating the level at 2297\ ikevould have the consequence
of placing as many as 6 other levels “floating” like isomers\abthe ground state which does
not seem to make sense systematically. There are alsotivassat 76.1 and 2219 keV that are
seen in both of the 138.0 and 115.9 keV gates, but are notgladhe level scheme because of
subsequent gating. There is an inconsitency in these gHttse 1713.7 and 1758.0 keV gates
decay into the 236.1 and 191.8 keV levels respectively, hé@ &d 191.8 gamma rays should be
able to be seen in the low energy region of this spectrum.tifese gamma rays are not seen. Note
that in the gates on 115.9 and 138.0 keV transitions the l@xggrregion is over subtracted, so it
is perhaps not surprising that these transitions are natisgbese gates.

There is a question of the competing transition probabegifor a~2 MeV and a <.1 MeV
gamma ray. For example, the level at 1816.5 shows a compgdimgna ray transition from a 45.2
keV transition which is surely several orders of magnitualedr in probability that the 1816.5
transition. The 45.2 transition is seen only very well in ¢fage on 531.0 keV, and is shown in Fig.
6.20. Very careful measurements of the intensities of thedpnergy transitions need to be done
before this work can be published. This is dificult becausstrabthese transitions are placed in
several locations in the level scheme. In addition, theedage uncertainties in the efficiency in
this region. The energy level spacing is similar to the epspacing seen in high lying collective
bands in other isotones and there may be collective enhanteshthe matrix element for these

transitions.

6.3.2 165Gd

A similar methodology to what was used in the mass 163 run i(gvseme decays were

known) was used in the search f§PGd (where no transitions were known). The magnet settings
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Figure 6.14: Low energy decays in the new level schem&3&d as seen in beta decay.
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Figure 6.15: High energy decays in the new level schenté3@fd as seen in beta decay
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Figure 6.16: Gamma rays seen in the mass 163 run. The topr@meshows gamma rays in
163Gd identified by an X-ray gate. The middle spectrum shows gamays in'®3Tb identified by

an X-ray gate. The bottom spectrum shows gamma ray$’md (+160) identified by an X-ray
gate. Drop lines reveal the degenerate energies as disiajle.

for moving to nearby masses are fairly accurate and the nrove 163 to 165 is confimed by the
NdO contaminates seen. Peaks are knowHIRm at 114.3 and 155.9 keV and are seen in this
data and these confirm the mass settings (16+149=165). ptspé&xtrum in Fig. 6.21 shows the
tape cycle spectrum with the long lived activity subtractgates on the X-rays were used in the
y— y (middle) spectrum and th@ — y— y spectrum. The primary contamination in this run was
from 1#°Nd decay and gates on the X-ray are shown in blue on the bottonspectra. Statistics
were too low to measure a half life. All of these gates shoalth@ce the visibility of gamma rays
associated with®®Gd. Because the previously measured half life was 1.7 (®gamma rays that
occur in the first 3-5s of the 7.5s decay curve and not in the2&s may enhance Gd. This is
seen through the observation of the 42.8 keV X-ray in thicspe. The gate on this transition
reveals a few peaks not in the gate on 38.6 keV and are seea tmth gated spectrum. Though
the bottom spectrum only shows the 288.6 very well it is stn with very few counts (20 or

so) and it is understandable to not see the 195.5 keV transitithis spectrum because of the low
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Figure 6.17: Spectra showing the evidence for the placether713.7 and 1758.0 feeding levels
at 191.8 and 236.1 levels respectively.
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Figure 6.18: The simplified level scheme that was the s@point of this work.

efficiency of the beta detector. Therefore, the first measarg of gamma rays associated with

165Gd are shown to be 288.6 and 195.5 keV.

6.4 Level Systematics and Quadrupole Deformation of OdddA G

The summary of the systematics for low lying levels in the atltks Gd are shown in Fig.
6.22. Based on these systematics it is most sensible to staygeound state spin and parity of 7/2
consistent with N=99 isotones. The parent ground state #haild be 5/2 but is unmeasured,
so it would feed lower spin states than a9/The ground state df3Gd may have been either the
1/2~ or 5/2" states had these states continued to come lower in enerdyeandhe the new ground
state. Had this been the case, a well defined band structataicimg dipole and quadrupole
transitions into the ground state should have been obseitedever, no such band structure is
seen. Had the 1/2state been the ground state, there should have been dipdagion to the 3/2,

5/2, and 7/2 band members. Had the ground state been Sfne low energy transitions should
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Figure 6.19: Spectra resulting from gates on 115.9, 5188,% and 138.0 keV (bottom to top).

700

500

300

100

250

150

50

450

350

250

150

50

350

250

150

50

H 140}
T} ™~
e Gate on 138.0 keV o
S N
L3 - 100} N
+ B
o
n
[ o (o))
™~ o
r o
=]
L M )W 20+
) Moo AN ﬂ R P . MLLMM
50 150 250 350
0 o
' f 2
Gate on 538.9 keV I N~
| < 70 -5
o L —
] N~
L 50+ —
i @
r 30 S
0]
L r —
10}
N R TR P TP TR (Y LR O A A MMN&,MMMMMM Ve o .
50 150 250 350 450 ;0L 1600 ©1800 2000 2200
i o)
L r Lo
N~
1o Gate on 516.8 keV o0f R
,q-o B ;|
ry) 70 -
50} 3
& 2 [ 8
N @ 30r ®
10f;
) nnJLnl o btk ﬂ R ! e " L . - . .
150 250 350 aso 1 1600 1800 2000 2200
© Gate on 115.9 keV N
+ 70t N
o) L
N
L)l - 50

There are some inconsistencies with what is shown (see text)

93




180+ Gate on 531.0 keV

140

1816.5

45.2

Figure 6.20: Gate on 531.0 keV (minus background from 535)k&howing the competition
between 45.2 and 1816.5 keV gamma rays.

have been observed with comparatively high intensity. &lea possibility that the 184.3 level is
the 3/2~ member of the 1/2 band, but the gammas that may have been seen are obscured, so t

spin and parity suggestion is based solely on the level sgaci
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Figure 6.21: Spectra from mass 165 run comparing 3 diffegating methods. First, a gate on
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contaminant fromt*°Nd+160 decay). Shown third, are the same gates from the beta gatecha-
gamma matrix.
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CHAPTER 7

STRUCTURE OF NUCLEI NEAR Z=56, N=88

Octupole deformation has been extensively studied in #g&on [94-101]. However, until
now firm assignments of spins and parities had not been giveretnbers of both s=+1 and s=-1
bands in any even-even isotopes. These isotopes, as wietisesinh the Ra-Th region, as reviewed
in [11], have been best described by a soft quadrupole-otdiughape in the ground state. It is
more vibrational in nature at low spin and octupole deforamabnly becomes stabilized at higher
angular momentum. There are important questions that odeel answered.

Both s= +i and s= -i bands have been clearly seen in nuclei adth mass number [95,
96, 100]. While the s= +1 band is easily seen in even-A nutte&,s= -1 band had only been
seen in**&Ce [102] with a measure of alternating parity, but not a meast the spin of each
level. Now I7, spins and parities, for the levels in the s= -1 band$*fiCe as well as*/Ba
are determined through the use of angular correlation meamnts. We show new values for the
multipole mixing ratios of transitions itf°Ba as an improvement over, but consistent with those in
reference [95]. In addition, we find extensions of existiagdis and irt*®Ba and*8Ce and new
bands built on previously known levels. We then carried o#tlgses in terms of a geometrical

model [37, 41].

7.1 Results

The discussion begins with the new levels found in this warlshowing in Table 7.1 the
list of all new levels and transitions, previously knowndes/with newly measured properties, or
those used in angular correlation measurements. Colunuwgtsie gamma ray energyyikeV),

the intensity of the transition,) the level energy (keV) of the level that the transition dayates-
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Ei, and I if known or postulated. Uncertain assignments are showh patrentheses and new
assignments and new transitions with their energy levelskown with an asterisk. Spectra, level
schemes and details regarding new assignments followebetfigures the transitions that are not
certain are shown with a dashed arrow and uncertain assiger@ee shown in parenthesis. Errors
in the gamma ray energies at0.5 keV, and errors in the intensities are estimated to rarge fr
5 to 20%. If the intensity of a transition is less than 0.1%, ¢iror in that number is high and the
measured value carries little meaning. Though certairgy sthey are not listed with any greater
detail. In order to ascertain that a given transition exisiany coincident gates are considered and
intercompared to observe complete consistency. If a leaslnot seen with certainty it is listed in
parenthesis.

Shown extensively in this section are spectra from the 4daidénce hypercube that has
been built. As was mentioned in Section 4.3.1, the 4d hyperdias been built to allow for the
possibility of finding transitions that may have been hiddgmrontamination from other transition
pathways in the data set with similar energies. Examplewisigothe advantages of using the 4d

hypercube are shown.

7.1.1 14384

The levels in*43Ba are shown in Fig. 7.1, with 7 new levels compared to eanlk [96],

and the addition of linking E1 transitions up the bands. Wiité strong statistics found in our
data, the level scheme &t3Ba has been extended up to (48)2We have added 7 new levels at
3123.6, 3699.1, 4403.7, 4588.7, 4788.9, 5432.9,and 56&%4ANo new angular correlations are
measured for this isotope and values for spins and pariea®asonable extensions of the s=-iand
+i bands, and no new band structures or transitions are gaeaxample of how we know these
new transitions exist is shown in figure 7.2. Since we knowa®e.7 and 593.8 keV transitions,
we gate on them and we see known transitions at 778.8, and B&9. This gate does not show
the 727.3 keV line, which is depopulating the state at 2988\8to feed another 691.7 keV line

in the s= -i band depopulating the 25/8tate at 2271.5 keV. This is evidence that the background
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Figure 7.1: Level scheme showing new levels and transifiorasked with * and in red) it*3Ba.

and contamination in this gate are low. We then see 4 newiti@ms(marked with an *), at 533.3,
704.6, 844.3 and 896.5 keV. A similar process is used througand many coincident gates are

checked to confirm that a given transition exists.

7.1.2 14483

The level scheme of**Ba shown in Fig. 7.3 now goes up to (20and (21) in the pre-
viously assigned s= +1 band [98]. Now, via angular correfet] very strong evidence has been
found to support the s= -1 assignment for the side band fourti03]. It should be mentioned
that the 5 level at 1882.0 keV was seen by [103] but not placed in thel lesleeme and band
structure as it is now. The decay pattern and selection apgpsed to these decays would make

a different assignment of the spin and parity of these staikkely, but with the measurement of
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Table 7.1: Details of the new gamma ray data found in this vimfk3-146Ba

Ey ly E Jr Ey ly Ei Jr Ey Iy E Jr
1434

3433 100 461.0 L |2455% 0.1 39446 ' [533.3* 1.0 3699.1* ¥
693.2¢ 0.2 3859.0 %" |697.7* 0.1 31236 & |700.3* 05 3699.1* 2~
704.6* 0.5 4403.7* ¥ | 7207+ 02 4588.7* 3" |8443* 03 4788.9* '
896.5* 0.1  5685.4* %"

14434

1107 0.3 19927 € [(113.00 <04 1769.0- (3) [213.7* 04 19927 &*
239.7* <0.1 29049 10 |331.0 100 5305 4 |341.8% 0.1 5029.1* (19)
376.2 0.1 3281.1* 1t |384.7* 0.1 5413.8* (20) | 4435 0.1 4687.3* (18)
472.6* 0.2 39930 (16) | 590.1* 0.9 23640 8 |6159* 0.1 328L1* 1t
620.0 0.3 26652 9 |636.7+ 12 19927 € |6555 23 35204 15
688.9* 0.5 21604 7+ |6943* 05 4687.3* (18) |726.5* 0.3 5413.8* (20)
739.5* 0.7 1779.0 (4) |7853* 0.2 5029.1* (19) | 804.4* 0.3 21604 T*
833.6* <0.1 5862.7* (21)|891.3* 0.8 26652 9 |930.4* 0.1 1769.0+ (3)
1030.7 0.7 19927 & |1131.0* 0.4 29049 10 |1193.7* 0.2 26652 9
11984 1.1 21604 7 |12359* 0.1 3281.1* 11 |12385* 0.2 1769.0 (3)
13515 2.1 18820 5 |1569.5* 05 1769.0* (3)

14584

1129 100 1129 I [1550 29 6183 1" |1647 28 2776 %
185.7 24 4633 I |2776 7.9 2776 § |2921* 01 39227 ¥
316.2* <0.1 3864 £ |3504 18 4633 i 3642 12 6418 17
3955 10 5084 Y 5397+ <01 3293.1* ¥ | 546.7* 012 2753.4* 2~
551.6* 0.1 38447 3 | 5842 0.1 24747* & |653.0¢ <01 3127.7% 3°
755.8* 0.2 4386.4* 4~

1484

1645+ 3.3 1968.3* (6) |169.3* 0.5 2330.3* (8) [185.0* 7.4 1968.3* (6)
192.7% 0.3  2161.0+ (7) |213.9* <0.1 37374 (16 |316.3* 0.1 31928 14
339.7 0.1 26324 12 |357.2* 28 2161.0+ (7) |362.0* 0.7 2330.3* (8)
3735 6.6 21915 9 |377.7* 41 2161.0~ (7) |386.5* 0.3 2161.0% (7)
425.1* 0.1 17745* (6) |465.1* 0.3 3176.7* (13) | 581.2* 1.0 4318.6* (18)
585.2* 0.5 2530.2 (9) |618.9* 0.1 1968.3* (6) |647.0¢ 0.5 35235* (15)
678.2* 0.6 2161.0 (7) |7122* 10 25302 (9 |793.2* 03 1818.0 (7)
811.6* 0.4 2161.0 (7) |824.8* 6.7 17833* (5) |8453* 19 1803.8* (5)
859.5* 3.9 1818.0+ (7) |948.7* 05 19735 (7) |1030.9* 13 1989.4* (7)
1261.0+ 0.8 17745* (6) | 1289.9* 0.4 1803.8* (5)
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Table 7.2: Details of the new gamma ray data found in this vimf<eCe

E, | E JT E, E Jr E, ly E JT
148Ce

1095~ 0.1 2205.3* (9) | 155.6* 0.2 1380.4* (5) | 158.7 100 158.7 @2
167.1 9.0 1953.8 & 183.2* 1.0 1024.7* 5 203.8* 4.0 1788.9 (7
204.7* 0.6 1585.1 6% |282.2* 0.2 24875 (10)|290.4* 0.6 1380.4* (5)
295.2 82 453.9 4 328.1* 6.5 13528 7 353.5 9.9 2307.3 10
363.3 7.1 1786.7 386.1 63 840.0 6 398.7* 2.4 1423.4 5*
408.5* 1.9 1788.9 (7) | 416.4* 0.2 2205.3* (9) | 444.6 34 2751.9 >
451.1 39 12911 8 463.5 35 17546 9 497.8* 11.6 1788.9 @)
552.7* 0.4 2307.3 10* | 570.8* 3.4 1024.7* 5 601.0* 2.3 1953.8 8*
663.2 22 11171 B 745.1 40 15851 ® 770.9 3.3 1224.8 %
914.2* 0.3 2205.3* (9) |926.5* 0.1 1380.4* (5) 931.3* 04 1090.0* (3)
958.4 9.1 11171 B 969.5 7.3 14234 &

angular correlations these assignments are certain.

Four new levels extend the s= +1 band including four new hght1 transitions with mea-
surable intensity. Three of these new transitions can heisdeig. 7.6, which shows a great deal
of clarity by using the 4d-hypercube.

In addition, many gammas have been found that confirm thaqus\assignment of levels
based on selection rules. Furthermore, we propose a le\i§16&.0 keV as the Blevel for the
s= -1 band. In order to find a transition of 1569.5 keV to thel@vel, we looked at the spectra
formed from a gate on 199.5 keV and its fission partners anulasttbd by a gate on the 331.0 and
199.5. This gate, shown in figure 7.5 drastically reducesawe of the background and allows
us to identify the peak at 1569.5 clearly and then gate ormigivith several other transitions to
identify it as a real peak. This same process, along with #ak ghape being very narrow, allows
us to identify the peak at 966 keV as background.

Evidence is also shown for placing the previously knownllee€.882.0 keV into the band
structure now assigned to be an s = -1 band. The spectrum shdvig 7.6 is fdrom a triple gate
on 199.5, 331.0, and 1351.5 keV shows a new transition a1/ and a known transition at
371.3 keV, which links this newly measured State to the rest of this band structure very well.

In addition, angular correlation measurements listed blid& .3 now reveal levels consistent

only with spin values of 5 at 1882.0 keV, 6 at 1992.7 keV, and Z1%0.4 keV and with mixing

101



1400+ Gate on 593.8 and 691.7 keV

625.7

1000}

778.8

600 -

Counts per Channel

I 511
533.3 %
704.6 %

844.3 %
965 =*

i

200

5’:';0 I 6é0 I 75I0 850
E, (keV)

Figure 7.2: New transitions seen in a gate on the 593.8 and &Y/ y rays in the s=-i band in
143Ba. The 625.7 keV transition is seen because of the strong &@¥ transition that decays into

it.

ratios only consistent with the alternating parity assigntmof a 5,67,7". It can be seen in
Fig. 7.7 that the shape of the correlation curve associaittiae negative parity state is inverted
compared to the positive parity states even though both-atflelltransitions. In addition, the
transitions now seen within the s= -1 and connecting the $=ant to the s= +1 band are sufficient

to assign the spins and parities of the 8", 10, and 11" levels as well.

7.1.3 14584

In 1*°Ba, we have extended both simplectic band structures oeeiqurs studies [95, 96].
The new level scheme is shown in figure 7.8. In total, we hauadd new levels and 8 new gamma
rays. The transitions from the positive parity members efsk +i band to the negative parity

members of the same band were expected but not observedveipwecause of the level energy
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Figure 7.3: Level scheme showing new levels and transitiorasked with * and in red) it**Ba.
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background.
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Figure 7.7: Angular correlations for the determinationgihs and parities of levels iH“Ba

spacing, the most likely observation could have been aitrangrom the 33/2 level at 2924.0
keV to the (31/2) level at 2726.1 keV and in the s= -i band the highest spinl ldégpopulated by
a tentative E1 transition is a 25/2evel at 2206.7 keV. So, there may not be sufficient interegity
this energy in the s = +i band. It can be seen in figure 7.8, least -i band fits well qualitatively
with what one expects for a simplectic band. Starting at fh@1level at 1098.6 keV we begin
to see interlinking transitions in this band as well as tlot flaat the energy of the=+ part of this
band falls very near to halfway in between tize - levels in this band. The evidence for the new
transitions placed in this band is shown in Fig. 7.9. Thiscapen shows the 546.7, 539.7, and
551.6 keV transitions placed on top of the clearly seen aadipusly known 566.3 keV transition
inthe s = -i band. The 584.2 keV transition in the proposreét half of this band may also be seen
via coincidence with a weak transition of 250.1 keV that isalred by a partner transition from
103\/0.

This study also differs from the previous report [96] withtsgtically poorer data where now
the level at 1940.6 keV has been removed for lack of evideoca 6546.1 keV transition in the
gate on the transitions at 527.5 and 248.2 keV. We have aldorped angular correlations on

the lower spin levels in this isotope to give better measafeéke mixing ratios for these gamma
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Figure 7.8: Level scheme showing new levels and transitiorasked with * and in red) if*°Ba

rays [95]. Though attempted, because of contaminatiorei380 keV line (which occurs strongly

in several isotopes in this data set), no new spin parityassents could be made.

7.1.4 1464

For 145Ba, we show only a partial level scheme in figure 7.13 and tepdy those bands
where there is something new to be shown, mostly over the imaed. [103]. The s=+1 structure
has been seen and extended in the+ and - bands to (20 and (17°) respectively. In addi-
tion, several transitions are seen in this band depopgl#iier= + band members, however, the
interlinking transitions from ther= - levels are obscured by contamination though there is some
evidence for them. Shown in figure 7.10 is a comparison of dldogate (bottom spectrum) on
514.7 and 583.8 keV showing a great deal of contamination fransitions int1°Ru, 138xe and
also192zr. This serves to bury the new peak at 667.2 keV, which is seech more clearly from

the triple gated spectrum shown in the top of the figure. Dtansauppression of contaminant
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Figure 7.9: Spectrum showing some of the new transitionaddn 14°Ba labeled with an aster-
isk(*). Partner transitions are labeled with a p.
peaks at 240.7, 459.0 and 151.8 keV can be easily seen.

Considering the side bands, it is interesting that much efdépopulation from different
states occurs to the 6+ level #i%Ba, and we have identified several more. Band (1) has been
extended with a new level and two new transitions. We peréarangular correlations in band (2)
with the 607.7-524.4 keV gamma-rays (A2/A4= 0.14(3)/00Land in band (3) with the 708.7-
524.4 keV cascade (A2/A4= -0.07(3)/-0.01(4)). These datiens are most consistent (but not
exclusively) with the previous assignments [103] made lf@st levels. The levels in band (2)
have now been extended to (18 In band (4), three new transitions have been found. Since
the previously known level at 2530.2 keV is now seen to decagnbwn 7~ and 9 levels, a
lower assignment of the spin of this level than the previdils{1") is determined. Intensities of
these three transitions are similar, therefore) (8 suggested. Because of the uncertainty of these
suggestions for spins and parities, no structure is indeioeband 4.

There is still no clear s= -1 band in this nucleus, but a péssét of levels in band (5) all
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Figure 7.10: Spectra showing the improved peak to backgrauma purity of a triple gate com-
pared to a double gate used to identify a new peak in the s==+band in'**Ba. Here the partner
peaks from Mo are labeled with a 'p’ and known contaminanthai’'c’.

of which are new would fit that picture if spin and parity assigents could be made there. The
decay pattern is consistent with an alternating parity b&twvever, there is only some qualitative
description of low energy interlinking transitions thahdae given at this time. The evidence for
the placement of these new levels is shown in Figs. 7.11 ad@. 7The spectrum in Fig. 7.11
shows clear evidence for new transitions at 824.8 and 8€m&ag&:s on these transitions in Fig. 7.12
show the relative counts of low energy transitions at 164d 5.0 keV compared to 357.2 and
377.7 keV respectively. The relative intensities are 1r2the 164.5/357.2 ratio and 1.8 for the
185.0/377.7 ratio. These values could potentially effeetvalue of the dipole moment &t%Ba if

spin and parity assignments could be made for the leveldtibgtdepopulate.
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Figure 7.11: Triple gate on the lowest three yrast gamma maysis a triple gate on the next
highest yrast transition. This makes side band feeding migiele. New transitions are marked
with an *.

7.1.5 148Ce

The new level scheme 3f€Ce over previous work [102] has 7 new levels, 22 new gamma
rays and 9 new angular correlation measurements. The nelslaad transitions are shown is
shown in figure 7.14. In figure 7.15, the triple gated spectstmowing a peak at 574.9 keV is
presented. This peak is not easily seen in double gates$®ocathe 576.4 keV gamma ray in the
yrast band. The higher fold coincidence has allowed us mwveshis doublet structure.

New transitions related to the s= -1 band are shown in Figs.7The 648.4 keV transition
extends this band to (18. The 601.0 keV transition is one of several new transittbaslinks this
band to the s= +1 band, and which are consistent with what augdvexpect for the assignments
of spins and parities for these states.

A gamma vibrational band is now assigned where a beta vimaltiband was thought to

occur [97]. It was thought that this state at 936.2 keV, was @faa beta vibrational band because
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Figure 7.12: Triple gates on yrast gammas with 845.3 and83RdV showing the significant
enhancement of low energy transitions (164.5 and 185.0 keWipared to high energy transitions
(357.2 and 377.7 keV).
of a systematic observation that other N=90 isotopes sut¢haae in Nd had an assigned beta
vibrational band where the-}I-2 transitions were not observed. There is no known physica
reason that this should be the case. According to the coiectodel selection rules, there should
be no difference for the transistion strength between thenga or beta band™2level and the
ground state band. The new interpretation of these levétgylpart of a gamma vibrational band
is based on the existence of interlinking gamma rays up to(@h¢ level. It is still an open
guestion as to why the-+1-2 transitions from the even spin members of this band tgythst band
are not observed. Yet, it seems that the gamma vibratiomal Aasignment is the one that is most
consistent.

Angular correlations have been measured in order to asgigs and parities for the states at
1224.8 keV and 1585.1 keV to be 4nd 6" respectively. The values for all correlations are given
in Table 7.3 and the correlation curve for the 295.2-770s¢a&de is shown in Fig. 7.17. Addition-

ally, we have been able to extend the s= +1 to high spin)22d the correlation between the 463.5
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Table 7.3: Angular Correlation values f8¥*14°Ba, and'#éCe

Gate A2/ A4 mixing ratio
(mixing D,Q,0) Coefficients o)
12435

655.5/584.7 (Q,0:Q)  0.11 (1)/ 0.04 (2) 0.02(3)
1198.4/431.5 (D,@:Q) -0.27(3)/-0.10(5)  -3.5(7)
1351.5/331.0 (D,@:Q) -0.27(2)/-0.03(3)  -4.4(7)
1030.7/431.5 (D,:Q)  0.15(6)/ 0.08 (7)  0.13 (16)
145Ba
350.0/112.9 (@:D,Q)  -0.11(1)/ 0.01(2)  0.11(4)
185.7/277.0(D,@:Q)  -0.21(2)/0.00(2)  0.20 (4)
364.0/165.0 (@:D,Q) -0.15(2)/-0.02(2) -0.18 (4)
148Ce
295.4/663.0 (@:D,Q)  0.05 (5) /- 0.24 (8) 10 (6)
969.9/295.4 (D,>Q) -0.06 (1)/-0.09(2) 9.6 (14)
363.7/969.5 (+D,Q)  0.03(2)/-0.02(3)  unk
167.1/363.5 (D,@:Q) -0.04(2)/-0.04(4)  0.04 (4)
353.0/167.0 (@:D,Q) -0.07(3)/-0.01(4)  0.00 (6)
353.5/444.6 (2:Q,0)  0.16(3)/ 0.03(5)  0.14(8)
295.2/770.9 (@:D,Q)  -0.02(2)/ 0.16 (4) 3.8 (9)
386.3/745.1 (@:D,Q) -0.07(2)/ 0.13(4)  4.5(18)
450.7/463.3(@:D,Q) -0.06(2)/-0.01(2)  0.01(3)

and 451.1 keV gamma rays yield®af 0.01(3) in the 463.5 keV gamma ray depopulating a spin
9 level at 1754.6 keV. The gamma ray is therefore assigned tf Bn E1 character and the level
it depopulates is assigned to be.9Ve also show that for the s= -1 band, two angular correlation
firmly assign the spin parity values to thé &nd 5" levels, while two other cascades, the 353.0-
167.0 keV and the 167.0-363.5 keV cascades both show thratigeo dipole-quadrupole mixing
in the 167.0 keV transition. This gamma is therefore a puratd.there is a parity shift between
the states as was previously reported from conversion ceeffimeasurement [102]. This, with
what has been seeniffBa, confirms what was first proposed [37], that even-eveojsest would
have two simplex characterized rotational bands. Until,tbese spins and parities had not been

firmly assigned. The results from all angular correlatiorrssaimmarized in Table 7.3.
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Figure 7.15: Triple gate showing a new 574.9 keV transitiepapulating a (22) level in 148Ce

7.2 Discussion

The geometric model [37] provides helpful analysis of neatest and trends in these nuclei.
We show the analyses in Fig. 7.18 They are found in three fla@nut is well established that
these nuclei have mixed rotational/vibrational characteser to the ground state. We give the
extension of these formulae to analyze new higher spinsstdteshould be noted, however, that
band (5) int*®Ba is not included in these analyses. Rotation should selite vibrational mode
and these formulae reveal the qualitative balance betwese tdegrees of freedom.

(E0+1)*"—E(—-1)T)
2

SE(I)=E() —

The energy displacement formula is a way to quantify demnatifrom an asymmetric rigid ro-
tor, where negative parity levels would lie halfway betwélea positive parity levels. Therefore,

OE =0 is an indication of the stabilization of octupole deforioat
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The rotational frequency ratio is a collective model measwhich assumes pure rotational
levels and that each gamma depopulating a level has an eakfgy. The ratio of the positive
parity states to the negative parity states is then expiaasgerms of the level energies.

wl)” 2E(I+1) —E(I—-1)7]
w)t  [E(I+2)*—E(l —2)*]

The limits we expect to see ar% = 1 for angular momentum stabilized octupole deformation

21-5

and the limit we expect to see for a rotational level builtarifoctupole phonon |§L S

called the vibrational limit. Furthermore, the intrinsipdle moment [41] is expressed as:

5B(E1)

Do =1/ 168(E2)

Qo

Itisa way to analyze deformation as well as other effectsriay be present in the nucleus [37,
41]. B ratlos are found from relative intensity measurements. ¢él@r the aforementioned E1
transitions and their strengths give strong evidence thana is rotational rather than mixed rota-
tional/vibrational in nature. However, this is stated tausly because octupole deformation is not
the only thing that can cause a non-zero dipole moment [LY4 37 The interpretation of the drop
in Do in 1%%Ba is that there are several cancellation effects in thd shelection contribution as
well as the macroscopic contribution t@.Dr' his theoretical approach, from reflection asymmetric
mean field theory, as well as others are reviewed in [11].

Energy displacementO indicates likely spin states where the nuclear angular emiom
stabilizes the deformation of the nucleus. The results fiteercurrent study are shown in Fig. 7.18
part a. The low spin states, which tend to have higher valikety have a vibrational component.
In all cases we see values, at medium to high spin, nedEtD. Forl*3Ba we now see the s=
-i band begin to turn back closer to 0, however the s= +i comt$nto increase. The s= +1 band
in 1%4Ba continues to stay very near -100 keV. For the first time ves@nt the values of these
variables in this isotope for the s= -1 and we note that thakeeg are all less than 100 keV below

SE=0. We see the values for the s= -i band4PBa are all very close to 0, but only the last two in
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the s= +i band are near 0. We also note that curvé@€e continues to be higher at high spin and
does not reacE=0 in the s= +1 band. Yet there is convincing evidence ingtslsband as well
for near zero values. This supports our argument that thressimplectic bands, because'fiBa
and148Ce therr=- and =+ members show similar rotation properties.

The rotational frequency ratio is plotted in figure 7.18 ghjt The conclusion drawn from
these curves is similar to th&E plots with regard to stable octupole deformation. The esifor
144146B5 andl4€Ce all trend, at higher spin values, toward one, the stalilgpote deformation
limit. In addition, the three new values in the s= -1 ban&*8Ba are all very nearly one. However,
the curves fot43145Ba seem to trend toward the vibrational limit at high spinisT¢tould mean
one of two things: either the band is vibrational in naturbigh spin, or because these limits are
closer together at high spin, it goes beyond the ability f $imple model to explain these trends
in detail. It is curious thadE(l) and% curves look very similar fot*8Ce 1**Ba and'*%Ba, yet
as of now no s= -1 structure has been definitively identifietftBa. This qualitative assessment
suggests that we should observe a s= -1 band, since thisstugin the other two.

In part ¢ of figure 7.18, we showdDthe intrinsic dipole moment and how the components
of this variable in each simplectic band compare to the aeerdf we separate the average of
the intrinsic dipole moment into simplectic componentss ishown that there are very different
moments in each band only #*Ba, and this may guide the theoretical interpretation of¢he
band structures. In part d, we show(D, how this value varies with spin. Notice that mean values
for Do(l) in these nuclei vary greatly with spin except fdP146Ba. This constancy is indicative of

stability in rotational properties and possibly deforroati
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CHAPTER 8

CONCLUSION

This dissertation has presented, progress that has bees imaélde understanding of the
structure of neutron rich nuclei. It has been shown thatetlage several techniques that can be
used to produce these isotopes from fission reactions, khotlger techniques as well may be
employed. These fission sources have produced nuclei inetiiieam rich region of the table of
isotopes. These isotopes have provided a new context inhvibiexamine theories that were
developed for low-spin states and isotopes near the vallstability.

The near-spherical cadmium isotopes have been examinédvety high count rates as
the intruder states are pushed higher in energy. Insteadnodra consistent picture with the
anharmonic harmonic vibrator model, the nuclei seem tofinedess consistent with that picture.
In 122Cd, a great deal has been added to the level scheme incluelegas states which could
be grouped into something like a gamma vibrational band. NM@ughts have been proposed for
the assignment of spins and parities for the states andrdstin the parent silver isotope. New
alternative explanations have also been suggested foredpative and positive parity structures
seen.

In the study of gadolinium isotopes, many structures amditifes have been measured. In
the decay ot%2Eu, the lifetime of the parent states and associated littinave been re-evaluated.
The non-yrast levels and gamma rays have been seen in bahragptal setups, where only level
energies had been known previously for non-yrast stateg. gimma and (4) band structures
have been seen along with a curious)State. There is a possibility of a band structure seen
in the work done o%Gd. Many other non-yrast levels and gamma rays have beemvedsie

164Gd and some previously observed but unplaced gamma raysibawvbeen placed in the level
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scheme. The first level scheme'8fGd is now proposed along with a measurement of the lifetime
of 163Eu and a determination of the ground state 14?Gd the first gamma rays associated with
this isotope have been observed. In all of these cases sytstsrof quadrupole deformation can
be analyzed.

In the barium-cerium region, simplectic bands associaiédan quadrupole-octupole shape
in the intrinsic frame have been observed. These band=lhkel+1 and -1 have been seen in two
even-A isotopes near Z=56, N=88. The assignment of thesdsleas simplex band structures
has been confirmed through the measurement of their spinasaigihment of their parities via
the angular correlation method. Remarkable consistently siinplectic band structures and the
geometrical model for observablég, % and Dy are seen, which may be surprising for isotopes
that are so neutron rich. Importantly this has revealedttieae may exist alternative explanations
for these structures. The data collected in this work shawesof the the best evidence to date
of the rotational consequences of octupole deformatiorvéan-@ven isotopes. Trends for these
bands in nuclei provide an important testing ground for ni®déexotic deformations. It will be
interesting to see if the deformation properties might k&l more pronounced iH€1°9Ba, as is
predicted by theory [39, 40].

This work contained in this thesis has contributed to thditeaedge of research in theory
and experiment. These studies involve three very impoisatbpic regions where near-spherical
shapes, well deformed quadrupole shapes and mixed quadengiopole shapes had been reported
to occur. This work has contributed to an experimental biisesting and challenging these
models. This thesis serves as a basis for attempting to staser the physics of neutron-rich
matter and the cumbersome nuclear many-body problem.

This work can specifically inform and motivate future expeents. It is known that re-
search groups at Liverpool[104] and at Argonne Nationa[1@b] are pursuing quantitative mea-
surements, via Coulomb Excitation, of the octupole momériasium isotopes. These exper-
iments will be very important for the understanding of théupole moment of these nuclei,

especially if they can observe trends in the octupole momatht increasing spin. The use of
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GRETA/GRETINA would significantly enhance the possibildlthis measurement. It has also
been presented that researchers at RIKEN desire to pursasumneenents of short lived isomers
across the nuclear landscape including those in Ag and Eerelis also much work left to be done
to complete the picture of the Cd isotopes by pursuing measents out td3°Cd to understand

the development of shell structure and its influence on tisedepes and to push higher in energy
the intruder levels in order to seek after an isolated pectéit the same time, it will be important

to pursue quantitative measurements of ground state giregpan cadmium isotopes and not just
the spectroscopic information. Further measurementseolifitimes of excited states in the rare

earth region should also be pursued for the role they playpimocess abundance calculculations.
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