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Superdeformed Bands.
 

1. INTRODUCTION
 

The first experimental evidence that nuclei could exist as prolate shapes with 

2:1 axis ratios came with the discovery of actinide fission isomers by Polikanov et al. in 

1962 [Po162]. However, it was not until 1967 that Strutinsky associated the fission isomers 

with a metastable second minimum in the nuclear potential energy surface [Str67]. The 

fission isomers' second minima are caused by shell corrections, with stabilization from the 

Coulomb force that prefers the larger average separation of the protons in the elongated 

prolate shape. It was later suggested that these superdeformed (SD) shapes could exist 

via a metastable second minimum at lower masses [Ben75][Beng75][Nee76]. Rather than 

the Coulomb force providing the requisite energy stabilization, the Coriolis force at high 

rotational frequencies lowers the SD nuclear energy, providing additional stability to the 

shell structure. Extensive experimental work followed the prediction of SD shapes at high 

spin, culminating with Twin's 1986 discovery of a discrete cascade of 19 y rays [Twi86]. 

The band was quickly shown to have a quadrupole moment near 19 eb, confirming the 

2:1 axis ratio. This was the beginning of the current era of superdeformation studies. 

In addition to the actinide fission isomers, there are four regions of superdefor

mation presently known: A 80, A N 130, A 150 and A N 190. Each SD mass region 

has many common characteristics. A SD spectrum typically consists of a long, regular 

sequence of ten to twenty 7-ray transitions in coincidence and, thus, is often referred 

to as a "picket-fence" spectrum. The y rays exhibit the angular distribution expected 

from a quadrupole field. In the cases where lifetime measurements are available, the SD 

states are shown to have mean lifetimes in the subpicosecond region. This corresponds 

to transition strengths near 2000 single particle units, as expected for the collective de-

excitation of SD nuclei. Finally, the SD bands in each mass region have similar and 

rather unique in-band intensity profiles. The intensity of the 7 rays in the SD band 

increases with decreasing energy until a plateau is reached. The plateau continues for 

several transitions until a sudden decay out of the band occurs over the lowest couple of 

transitions. 
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Each SD region also has its distinguishing characteristics. The SD bands in the 

A , 80 region have the highest rotational frequencies of any nuclei. The SD bands in the 

A -,-, 130 region should probably be called highly deformed since their deformation /32 

is < 0.4, which is not very different from the ground state deformation (,32 , 0.2 0.3) 

of these nuclei. This was the first SD mass region in which the linking transitions 

between a highly deformed band and the rest of the level scheme were determined (133Nd) 

[Bec87] [Lun95] [De195]. The spins, parities and excitation energies of the highly-deformed 

states were then able to be extracted. The excitation energy of the 133Nd bandhead was 

only about 0.5 MeV above the yrast line. In the A r, 150 region, due to the large fission 

barrier, the SD bands span the largest rotational frequencies and reach the highest spins. 

The transition energies in these SD bands range from 500 to 1800 keV and the spins reach 

,-, 70 h. The great length of the rotational cascades in this region allows subtle deviations 

from classical rotation to best be seen. The A ,,, 190 region has the lowest assigned spin 

value for a state in a SD band (6h in 194Pb) [Bri90] [Hub90]. Also, pairing correlations at 

large deformations and high spin are most influential in this region. One step decays to 

the yrast line have also been seen in mass-190 SD bands [Kho96] [Mar96] [Hau97][Hac97]. 

The excitation energies of the SD bandheads in this region are found to lie 4-5 MeV 

above the yrast line, much higher that in the A ,130 region. 

The study of SD bands has led to many nuclear structure insights and some 

exciting discoveries. One of these has been the observation of rotational bands in different 

nuclei with nearly identical moments of inertia. Even more noteworthy is the related 

discovery that neighboring, or near-neighboring, SD nuclei can have cascades of 10-20 

transitions that possess identical -y-ray transition energies. There are also SD bands 

which have transition energies that lie at the 1, 1 or 1 points of the interval between 

transition energies of a nearby band. The neighboring bands, with fixed transition-

energy relationships, are referred to as identical bands. The remarkable degeneracies 

in transition energies have motivated several theoretical explanations, but none is yet 

generally accepted. Some speculate that the degeneracies are caused by a new underlying 

symmetry. Others believe the explanation will lie in the cancellation of several effects. 

Their argument is that changes in deformation, angular momentum alignment and/or 

pairing compensate for the change in mass. 

Another interesting area of study in the spectroscopy of SD nuclei concerns the 

deformation-driving effects of specific Nilsson orbitals. A single nucleus often possesses 

several SD bands due to the occupation of different Nilsson orbitals by the valence 
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nucleons. If the deformation of these SD bands can be obtained, insight into the shape-

polarizing effects of specific orbitals will be gained. This insight can be used to test 

and improve the different theoretical techniques that model deformed nuclei, such as the 

Strutinsky shell-correction approach and the Hartree-Fock BCS approximation. 

Further progress in understanding SD identical bands and polarizing effects 

clearly depends upon experimental information beyond transition energies, such as spins, 

parities and quadrupole moments. Fortunately, with the construction of powerful -y-ray 

spectrometers, such as Gammasphere [Lee90], these quantities are becoming experimen

tally accessible. As previously mentioned, excitation energies, spins and parities of some 

SD bands in the mass-190 and mass-130 region have been determined. This thesis is con

cerned with the measurement of the lifetimes and intrinsic electric quadrupole moments 

(Qi) of SD bands in the mass-190 region (Hg nuclei). This is accomplished through the 

Doppler-shift attenuation method (DSAM). Both fractional Doppler-shift curves (F (7) 

curves) and lineshape analysis were invoked in the DSAM measurements. This thesis is 

part of a systematic mapping of the properties of SD nuclei, with the goal of gaining a 

better understanding of nuclear structure at high deformation and spin. 

Chapter 2 explains some of the basic nuclear models needed for an understand

ing of both spherical and deformed nuclei. It is demonstrated that for a thorough un

derstanding of nuclear structure both microscopic and macroscopic nuclear models need 

to be invoked. The nucleus is allowed to rotate in Chapter 3, which introduces many 

new concepts, such as the Coriolis force. Successful cranking models are explained and 

the basis of SD lifetime measurements, the electric quadrupole operator, is introduced. 

Chapter 4 discusses the population and detection of SD nuclei. This leads to an intro

duction of Gammasphere, the world's most powerful -y-ray spectrometer. In Chapter 5 

general data analysis techniques are summarized and the DSAM is covered. Chapter 

6 motivates the 192'193Hg lifetime experiment by discussing the interesting features of 

the mass-190 SD bands and, more specifically, the Hg SD bands. Chapter 7 delves into 

the specifics of the lifetime work and the results of the analysis of the Hg SD bands 

are presented. Chapter 8 then discusses the findings and compares them with previous 

measurements and current theory. 
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2. NUCLEAR MODELS 

One goal in studying nuclear structure is the description of nuclear properties 

in terms of interactions between two nucleons. Since the nature of the nuclear force is not 

well understood, and a heavy nucleus is a many-body system for which the Schrodinger 

equation has no tractable solution, simplifying assumptions are made when explaining 

nuclear properties. Different nuclear models have been developed to account for specific 

nuclear properties or to explain the nucleus in different mass, energy, spin or isospin 

regions. An explanation of superdeformation requires the invocation of both macroscopic 

and microscopic nuclear models. 

2.1 Liquid Drop Model 

There are nuclear properties which indicate the nucleus behaves, in some cir

cumstances, like a liquid drop. Examples are the saturation of the nuclear force (a 

nucleon interacts only with a limited number of other nucleons in the atomic nucleus), 

the low compressibility of the nucleus and the well defined nuclear surface. The nuclear 

surface properties can be probed with electron-scattering and muonic x-ray experiments. 

They show the nucleus has a nearly constant density that drops rapidly to zero and, to 

a good approximation, the nuclear radius (R) can be given by, 

R = 1.2A113 fm (2.1) 

where A is the number of nucleons. The saturation of the nuclear force is demonstrated 

via the roughly constant value of the binding energy per nucleon for A > 12 (Figure 2.1) 

B(N, Z) 
8.5 MeV (2.2)

A 

The binding energy is the difference between the kinetic and potential energy per nucleon 

as shown in Figure 2.2. Due to the Pauli exclusion and Heisenburg uncertainty principles, 

the kinetic energy increases at small internucleon distances, leading to a positive binding 

energy. The short range of the nuclear force makes the binding energy negligible for 

internucleon distances > 3 fm. 

Based on the liquid drop concept, Von Weizsacker, Bethe and Bacher developed 

a semi-empirical approach to predict nuclear masses [Bet36] [Wei35]. Their semi-empirical 
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20 50 100 150 200 250 A 

Figure 2.1: Experimental values of B/A for /3 stable odd-mass nuclei. Figure is from 
[Rin80] . 

-4 [rm.]2 

Figure 2.2: The kinetic and potential energies per nucleon as a function of the internu
cleon distance d. The binding energy is the difference between the kinetic and potential 
energies. Figure is from [Rin80]. 
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mass formula is 

(A 2Z)2
M(A, Z) = Zmp + (A Z)ma avA + a3A2/3 + ac Az1/ 2,3 + a + 6 (2.3) 

a A 

where 

Zmp and (A Z)ma are the mass of the protons and neutrons in the nucleus, 

respectively. 

ai,A is the volume term, which arises from the saturation of the short-range nuclear 

force. 

a3A2/3 is the surface term. Since nucleons on the liquid drop surface have fewer 

neighbors with which to interact, a correction to the volume term that details the 

reduced binding energy contribution of these nucleons is needed. The surface term 

is proportional to the surface area. 

acAzi2/3 accounts for the Coulomb repulsion between protons. 

(A -2Z)2as A reflects the tendency for stable nuclei to have similar numbers of protons 

and neutrons. This is referred to as the asymmetry term. 

6 accounts for the pairing interaction between nucleons. This interaction leads 

to greater binding between like nucleons when they are coupled to zero spin. An 

increase in the binding energy proportional to 6 occurs for an even-even nucleus as 

compared with an odd-even nucleus. For an odd-odd nucleus a decrease in binding 

energy proportional to 6 occurs. Indeed, there are many more examples of stable 

even-even nuclei than stable even-odd nuclei, and only a few stable odd-odd nuclei 

exist. 

Empirical fits of B(A, Z) to the measured binding energies give the following 

coefficients: 

av=15.8, as-=18.0, ac=0.72, aa=23.5, 6= + apA-314 or 0, ap=33.5 (2.4) 

where all units are in MeV. 
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2.2 Nuclear Deformations (Rotating Liquid Drop) 

Allowing a deformed nucleus extends the spectrum of excited states to include 

rotational degrees of freedom. It then becomes practical to parameterize the nuclear 

surface. One possible parameterization is to describe the nuclear surface by the length 

of the radius vector from an origin to the surface, which is expanded in terms of spherical 

harmonics. 
co A 

R = R(0, 0) = Ro [1 + act° +E E (4,,YA14(9, q5) (2.5) 
A=1 1.1= A 

where Ro is the radius of a sphere with the same volume and the coefficients in the sum 

determine the shape. The term aoo describes changes in the nuclear volume. If the 

nucleus has low compressibility, like a liquid drop, then a constant volume is assumed 

for all deformations and a constant a00 is justified. The A = 1 mode mainly represents 

a translation of the entire system. The parameters ali, can be fixed by the condition 

that the center of mass lies at the origin (the body-fixed coordinate system). For axially 

symmetric shapes, with the z axis as the symmetry axis, 

cap, = 0, kc S 0 (2.6) 

The parameters am are typically represented by the symbols /3A. 

Different A values specify the modes of deformation. A=2 gives quadrupole 

deformation, while A=3 gives octupole deformation. The experimental rotational spectra 

indicate that the A=2 term in equation 2.5 is generally dominant This is especially true 

in SD nuclei. Using only quadrupole terms and transforming to the body-fixed coordinate 

system, a complete spatial description of the nuclear system can be given with two real 

and independent variables. Using the convention of Bohr[Boh69], these two deformation 

variables are defined: 

a20 = 02 Cos 'y (2.7) 

a22 = 1 
p2 sin 7 =, a2-2 (2.8) 

-N,/ 

a21 = a2-1 = 0 (2.9) 

a20, a22 and the three Euler angles give a complete description of the system if the 

simplifying assumptions are correct. It is then easily shown that 

Eia212 = 40 + 242 = /4 (2.10) 

ii 
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and equation 2.5 becomes: 

R = R(0 , q5) = Ro [1 + 132 V 6-5 cos -y(3 cost -y 1) + 13- sin -y sine 0 cos 20 (2.11) 

-y is referred to as the triaxiality parameter. -y essentially quantifies the difference between 

the x and y dimensions of the nucleus, where the axis of largest deformation is the z 

axis. For a -y of 0°,120° or 240° the shape is prolate, and for a -y of 60°,180° or 300° the 

shape is oblate. When -y is not a multiple of 60° the nucleus will have a triaxial shape, 

with no two principal axes having identical lengths. Figure 2.3 demonstrates, using the 

Lund convention, the various quadrupole shapes in terms of 132 and -y. 

2.3 Shell Model 

The liquid drop model generally predicts the average binding energy per nu

cleon well, but systematic deviations occur at certain proton and neutron numbers. In 

addition, the liquid drop model predicts that, in most nuclei, the average separation of 

nucleons is r-, 0.7 fm, a distance corresponding to the minimum in the nucleon-nucleon 

force. However, the experimental data contradicts the liquid drop prediction, yield

ing an average inter-nucleon spacing of ti 2.4 fm. This can be attributed to nucleons 

obeying Fermi statistics, where the uncertainty principle and exclusion principle dictate 

that the average separation between nucleons is larger than the distance at which the 

inter-particle force is minimized. Nucleon-nucleon scattering is quite rare, and the mean 

free paths of the nucleons are large compared to the nuclear dimensions. The nucle

onic motion, in some ways, resembles a non-interacting Fermi gas, an extreme single 

particle model. Consequently, there are some properties of nuclear structure whose in

terpretations necessitate the use of a microscopic single particle model rather than the 

macroscopic liquid drop model. 

The systematic deviations between experimental data and the binding energy 

curve predicted by the semi-empirical mass formula indicate favored values of neutron 

and proton numbers where the nucleus is more strongly bound. The existence of very 

stable nuclei at well defined magic numbers (2,8,20,28,50,82,126) is a strong motivation 

for a shell model description of the nucleus. 

The nuclear shell model was first developed by Mayer, Jensen, Haxel and Suess 

[May49]. It is based on the assumption that in a nucleus of mass A, the outer or valence 

nucleon moves in a potential formed by all other nucleons. The nucleonic force is not 
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well understood, so the shell model assumes the complex set of interactions between all 

nucleons can be replaced by the motion of nucleons in an average potential. Hence, it is a 

mean field model. A sum of one body interactions is thus obtained and the Hamiltonian 

for a nucleus with A particles may be written as: 

2H 
A _v2 vi(r) (2.12) 

i=i 2m,i 

The first term is the kinetic energy of a nucleon and the second term describes the po

tential (mean field) in which it moves. Originally two potentials, the infinite well and 

the harmonic oscillator, were used to solve the three-dimensional Schrodinger equation. 

Only three of the known magic numbers were predicted though. Later the model was 

improved by including a spin-orbit term and by adopting more realistic forms of the 

potential (Woods-Saxon and modified harmonic oscillator). The improved model repro

duces the nuclear magic numbers and predicts the islands of isomerism. It also accounts 

for the ground-state spin-parity assignments of most odd-A nuclei and explains fairly 

well alpha and beta decay systematics. 

2.3.1 Infinite Square Well Potential 

The infinite Cartesian well can be defined by the potential: 

V(x, y, z) = 0, for 0 < x,y,z < a (2.13) 

V(x, y, z) = oo, for x, y, z < 0 or x,y,z > a (2.14) 

The particle is thus confined to a cubical box of dimension a. Beyond the box the 

wavefunction is nonexistent. Inside the well the Schrodinger equation is 

h2 z) a20(x, z) azgx, 
= EIP(x,y,z) (2.15)

2m ax2 ay2 aZ2 

A separable solution can be found for '0(x, y, z). The energy eigenvalues are given by: 

h22 
(nx2 ny2 n2)Enz ny nz = 2ma 

(2.16) 

This potential does not produce the experimental magic numbers and is unrealistic. 

However, it does introduce the important concept of degeneracy, as the first excited 

state has three possible sets of quantum numbers with the same energy: (2,1,1),(1,2,1) 

and (1,1,2). 
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2.3.2 Harmonic Oscillator Potential 

To a first approximation, a nucleon can be envisioned as experiencing no net 

force at the nuclear center and a sizable force towards the center when at the nuclear 

surface. Consequently, the nucleons can be viewed as subject to a spring-like restora

tive force proportional to their distance (r) from the nuclear center. This force can be 

described by the simple harmonic oscillator potential 

V(r) = -V0 [1 ( r )2] = wg(r2 R.(2)) (2.17) 

where Ro is the nuclear radius, m is the mass of the nucleon in the potential and co, is the 

oscillator frequency. The potential does not adequately describe the nuclear potential 

(it tends toward infinity), but since it is analytically soluble it may provide some physical 

insight. Solving the Schrodinger equation gives a set of energy eigenvalues 

EN=hwo(N + (2.18) 

where N is the number of oscillator quanta. The energy of the oscillator quantum, 

ruv, is approximately given by 4124-1/3 MeV. Expanding the wavefunction in spherical 

harmonics allows N to be related to the radial quantum number n (number of nodes in 

the radial wavefunction) and the angular momentum quantum number 1: 

N = 2(n 1) + 1 (2.19) 

For each N value the energy levels are degenerate D to an amount: 

1D= (n + 1) (n + 2) (2.20) 

and states within each oscillator shell (a given N) have a parity (Or) given by: 

7r = (-1)N (2.21) 

The harmonic oscillator potential reproduces only the magic numbers 2, 8 and 20. 

2.3.3 Woods-Saxon Potential 

A good approximation to the nuclear mean field is given by the Woods-Saxon 

potential 
170

Vws(r) = (2.22) 
1 + exp(r---=-6aa ) 
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The depth of the potential 170 is Pe. 50 MeV, the nuclear radius Ro=roA1/3 with 1.0 .---: 

1.2 fm, and the surface thickness a is :-,--.. 0.7 fm. The characteristics of the Woods-Saxon 

potential are between those of the infinite square well and the harmonic oscillator. The 

degeneracy with respect to 1 or n demonstrated by the harmonic oscillator potential is 

removed by the Woods-Saxon potential. 

2.3.4 Spin-Orbit Coupling 

In analogy with atomic physics, a strong spin-orbit interaction was introduced 

into the single particle Hamiltonian to account for the spin dependence of the nuclear 

force. The spin-orbit term takes the form: 

V, a = f (07 .v (2.23) 

where: 
1 dVw s

1 (r) = A , A ,--', 0.5fm2 (2.24)r dr 

The function f (r) peaks at the nuclear surface. 

The orbital (s) ) and intrinsic (spin, :54) angular momentum couple to give the 

total nucleon angular momentum ( j-7* 
): 

.=* > _,j = 1 + s (2.25) 

The origin of the strong spin-orbit coupling is not electromagnetic and is unique to the 

nuclear potential. It leads to an interaction that is opposite in sign and much larger than 

the spin-orbit interaction for atomic electrons. A one-particle Woods-Saxon Hamiltonian 

which contains the spin-orbit term may be written as: 

2 

Hws = P Vws(r) f (r)7' .54 (2.26)
2rn + 

The single-particle energy shifts (AE) are 

f (r)(1 + 1) 
, for j = / 1/2 levels (2.27)

2 

and 
f (OM 

, for j = 1 + 1/2 levels. (2.28)
2 

Introducing the Woods-Saxon potential and the spin-orbit coupling term into the single 

particle Hamiltonian reproduces the observed magic numbers and levels with approxi

mately correct energies. The spin-orbit interaction will sometimes depress the energy of 
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Figure 2.4: A schematic energy spectrum of the s-d shell states generated by various
nuclear potentials. For each potential the degeneracy and the characteristic quantum 
numbers are given. Figure is from [Eji89] 

a level, with large 1, low enough to intrude into a lower energy oscillator shell. These 

opposite parity states are known as intruder states and play important roles in deformed 

nuclei. Schematic level schemes for the harmonic oscillator, Woods-Saxon and Woods-

Saxon plus spin-orbit potentials are shown in Figure 2.4. 

2.4 Deformed Shell Model 

The extreme independent single particle model is based on the assumption 

that the nuclear potential is spherical, which is not always true. There is overwhelming 

evidence for the existence of stable nuclear deformations (nonspherical nuclei). The 

evidence includes: 

Rotational bands, which require stable nuclear deformations 
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Strongly enhanced quadrupole transition probabilities, (B(E2)) 

Large quadrupole moments observed in nuclei far from the spherical closed shells 

Single particle spectra that cannot be explained by the spherical shell model 

Fission isomers 

A deformed average potential was invoked to explain these and other observa

tions. Since the nuclear forces are short range, a potential that approximates the actual 

nuclear density distribution should be used in calculating energy levels. 

2.4.1 Deformed Woods-Saxon Potential 

The Woods-Saxon potential (equation 2.22) can be allowed to deform by para

meterizing the nuclear surface in terms of spherical polar coordinates 

Vws (r) = V (r, 0,0) = Vo [1 + exp (r R (B, 
(4') )]-1 (2.29)

a (0, 0) ) 

The spin-orbit coupling term can not be written as a function f (r) multiplied by 1 754 

when the nuclear potential is deformed. Consequently, if a spin-orbit coupling term is 

included in the potential it is generally written in the form 
h2 2 

Vs() (r) = Aso (VVws x V) - a-' (2.30)
2mc 

where m is the nucleon's mass, 7;,' is the nucleon's linear momentum operator and -6' is 

the nucleon's spin operator. 

2.4.2 Nilsson Potential 

Although the Woods-Saxon potential may be more realistic, the harmonic os

cillator potential is more transparent because it is separable. That is, the Hamiltonian 

can be written as the sum of three one-dimensional oscillators when using a harmonic 

oscillator potential. Consequently, Nilsson extended the shell model to include perma

nent deformation by using an axially symmetric deformed harmonic oscillator potential 

[Ni155]. To this potential Nilsson added a spin-orbit correlation and a correction to flat

ten the bottom of the potential (make it more box-like) for heavier nuclei. The Nilsson 

single particle Hamiltonian can be expressed as: 
,2 1


I' ' i 2 / 2 2 \ + w2z2]
H = + m Lw _L (x2 + y ) -h + CT' -s-* + D12 (2.31)
2m 2 
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The four terms are, in order: the kinetic energy of the nucleon, the axially symmetric 

harmonic oscillator potential, the spin-orbit coupling term and the flattening term. w1 

and wz are functions of the deformation parameter 5: 

4 )1/2 
WJ_ = Wx = Wy = WO (1 + 3 8 , wz = wo (1 36 (2.32) 

wz describes oscillation in the direction of the symmetry axis and w_L describes oscillation 

perpendicular to the symmetry axis. S is introduced and is a measure of the degree of de

parture from sphericity. S is related to the previously introduced deformation parameter 

p obtained by expanding the nuclear surface in terms of spherical harmonics 

1 \/1671

(2.33) 
5 6-F... 

meaning that 6 .,:i 0.953. Requiring the volume of the nucleus to be conserved under 

deformation leads to: 
1 

(2.34)Ch)sWyWz = WO 1 3 ° 

and the dependence of Lk, on 6 is: 

1/6(i. 16 63) 
(2.35)

3 27 

The Nilsson Hamiltonian can be rewritten as follows: 

H = Ho + Ho --1- dr S4 +D12 (2.36) 

where 
p2 1 

Ho = + mwg (S)r2 (2.37) 
m 

and 

14 = -64.54 (5/11/2 r2Y20 (2.38) 

Choosing the eigenstates of Ho and 12, IN/AE), as basis states, the total Hamiltonian 

can be diagonalized numerically in this representation to obtain the single particle states 

for the deformed potential. The eigenstates of the total Hamiltonian I /Ma) are linear 

combinations of the basis states: 

f2=E+A 

I NS2a) = E A/A I MAE) (2.39) 
/,A 

SI is defined as: 

52 =A+E (2.40)
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1 

where 

A = z-component of the orbital angular momentum 

E = z-component of the nuclear spin 

The Hamiltonian no longer commutes with the j2 operator. Consequently, there is 

no longer a good quantum number for the total angular momentum. Because of the 

s and /2 terms in the Nilsson Hamiltonian, the only quantum numbers that remain 

conserved are parity (7) and the component of the total angular momentum along the 

z or symmetry axis (it). See Figure 2.5. 

For small deformation j is approximately a good quantum number and equation). _,
12.36 can be viewed as a Hamiltonian for an isotropic oscillator with /2 and s terms 

plus a perturbation proportional to 6r2Y20 (0, 0). The eigenstates of the Hamiltonian, 

assuming a small deformation, can be labeled by the quantum numbers of the spherical 

single particle states: N,1, j and m. Treating the 6r2Y20 (0, 0) term as a perturbation, 

the shift in energy relative to 6 = 0 can be found 

AE (Nljm) oc 64(6) (Nljm Ir2Y20 (0, 0) 1 Nljm) (2.41) 

which leads to a result for small 6 of 

[3K2 j (j + 1)+ (j ± 1)]
AE (Nljm) cx wo(6)(N + 2)6 (2.42)

(2j 1) j (j 1) (2j + 3) 

In the limit of large deformation the spin-orbit and flattening terms become 

relatively small, allowing A, E and rt, to become approximately good quantum numbers, 

where n, is the number of oscillator quanta in the z direction. 7T and SZ remain good 

quantum numbers. These three are referred to as the "asymptotic" quantum numbers 

of the state INOct). Even when far from the asymptotic limits, it has become customary 

to label Nilsson states with [NnzAtr] or 12' [NrizA]. 

2.4.3 Nilsson Diagrams 

The deformed shell model potentials can be used to calculate the energies of 

states at given deformations, generating a Nilsson diagram, as shown in Figure 2.6 for 

both protons and neutrons. Some important features of Nilsson diagrams are: 

Deforming a nucleus causes levels degenerate in j to split into j+1/2 different 

levels, each with degeneracy two. The states with a projection of the particle spin 

j on the symmetry axis (±11) are indistinguishable. 



17 

Figure 2.5: A diagrammatic representation of the Nilsson quantum numbers. The odd-
particle orbital angular momentum and spin are 1 and s, respectively, and their corre
sponding projections on the symmetry axis are A and E. 
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Low /2 values are shifted down in energy for prolate deformations. 

Mixing can occur only between states of the same parity, which eliminates mixing 

of adjacent oscillator shells. Hence, N and N-I-2 oscillator shells are the first to 

mix. States arising from different j orbitals but with identical SZ's may mix and 

repel each other as the prolate deformation increases. 

At zero deformation the magic numbers appear at low level density regions or 

gaps. As deformation increases, the zero deformation gaps disappear but new gaps 

will emerge. These new gaps lend stability to nuclei at certain deformations and 

nucleon number. 

2.5 Strutinsky Shell Correction Procedure 

The Nilsson model predicts that, for a fixed number of nucleons, the levels 

occupied will change as the nucleus deforms. Orbitals far from the Fermi surface tend to 

remain either occupied or unoccupied, while those near it have a much higher probability 

for changing occupancy. Hence, it is reasonable to write the total shell-model energy of 

a nucleus as a sum of two parts; a smooth contribution due to the filled single-particle 

levels below the Fermi surface, and a rapidly varying contribution caused by levels in 

the valence shell. 

E shell = E shell + S E shell (2.43) 

kshell designates the smoothly varying contribution and 6. E shell is referred to as the 

shell correction term. Analyses of this type, based entirely upon the single particle 

model, do not adequately describe the nuclear deformation energy. They work reasonably 

well for moderate quadrupole deformations, such as those occurring in the ground-state 

deformations, but for larger or complex deformations the single particle methods fail. 

The problem is that the shell model describes the contribution of the valence nucleons 

fairly well, but usually fails in describing the effects of nucleons far from the nuclear 

surface. 

Strutinsky developed a method in which the macroscopic liquid-drop model and 

the microscopic shell model were given a balanced role [Str67]. The smooth part of the 

total shell model nuclear energy, Esheii in equation 2.43, is replaced by a phenomenolog

ical liquid-drop model expression, Emc,0. The expression for the total nuclear binding 
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Figure 2.6: Single-particle Nilsson levels for protons (top) and neutrons (bottom) plot
ted versus the average deformation [Sat91]. The Nilsson orbitals are labeled by the 
asymptotic quantum numbers [NnzA]S-2. 



20 

energy becomes 

Eta = Ernacro 6Eshell (2.44) 

and since the liquid drop binding energy is known, the problem reduces to determining 

the shell correction term 6Eshell . 

The shell model single-particle level density, g(e), may be written as 

g () S (c (2.45) 
i=1 

The particle number can then be expressed as 

g () de (2.46)f
A 

A -00 

and the total shell model energy follows 

A 

Eshell = f g (6) de (2.47) 
-00 

where A is the chemical potential. The single-particle level density can then be rewritten 

into a sum of the smooth and fluctuating terms 

(2.48)9 (6) = :9 (6) + 69 (6) 

where :g () is the average contribution to the shell model density and 69 (c) is the oscil

latory contribution. The particle number can be expressed as 

A = f (6) dc (2.49) 
-CO 

where' A and an expression for the average shell model energy is 

Eshell = f (6) de (2.50) 
-00 

The function .4 (6) is generally written in a form similar to 

:g (c) = g (6') f (E' 6) de' (2.51) 
'Y 

where f is a smooth Gaussian folding function with width -y, where -y is referred to as 

the smoothing range. This smoothing procedure smears the occupation probabilities of 

the valence levels. Finally, the nuclear binding energy can be given by 

Etat = Emacro (Eshell Eshell) (2.52) 
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The Strutinsky method is used to calculate contour plots of nuclear potential 

energy in the /3 --y deformation plane. The hexadecapole deformation is taken into con

sideration by minimizing the energy with respect to 134 at each point in the grid. The 

Strutinsky method has been extended to include nuclear rotation and pairing and this 

extension is called a Total Routhian Surface Calculation. 

2.6 Pairing Correlations 

To better explain many observed properties of nuclei, a residual two-body in

teraction must be added to the average nuclear potential. There are a number of ex

perimental facts that motivate the introduction of this pairing force and the concept of 

pairing correlations. The best known is that the ground state of an even-even nucleus has 

/'=0+. A related point is that the 0+ ground state in an even-even nucleus is normally 

far below other noncollective intrinsic states. The large energy gap is referred to as the 

pairing gap, and is not seen in the odd and odd-odd neighbors. Strong evidence for a 

pairing interaction exists in the odd-even mass difference, which refers to the observation 

that nucleons added to a nucleus gain more binding energy when an even-even nucleus 

is formed than when a neighboring odd mass nucleus is formed. 

There are other features which point to the need for a pairing interaction. This 

interaction favors sphericity since it desires the formation of nucleon pairs coupled to a 

total magnetic substate M=0. Consequently, near closed shells, the pairing interaction 

will inhibit nuclear deformation. A smooth transition towards deformation as valence 

nucleons are added to a closed shell is not observed. Instead, a sequence of near-spherical 

nuclei followed by a rapid transition to a region of deformation is generally seen. Finally, 

empirical moments of inertia for deformed nuclei are typically found to be ,, (40% 80%) 

less than their expected rigid body values. 

A short-range attractive interaction, that couples pairs of like-nucleons to /=0, 

can accommodate the above observations to a considerable extent. This is called the 

monopole pairing force and is the most important component of the pairing interaction. 

Occasionally, higher order multipole pair fields may be needed for the explanation of 

experimental results, but they won't be discussed here. 

In order to take advantage of the energetically favorable pairing interaction, 

the wave functions of nucleon pairs desire the largest spatial overlap possible. Because 

of the Pauli exclusion principle this is best achieved by travelling in time-reversed orbits, 
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Figure 2.7: A classical representation of particles in time-reversed orbits 1 and 2 scat
tering into time-reversed orbits 3 and 4. 

allowing two interactions per orbit. The nucleons may then scatter between different 

pairs of such orbits. This is shown classically in Figure 2.7. 

The concept of fermions combining into pairs, thereby forming a Bose gas, was 

initially formulated by Bardeen, Cooper and Schrieffer to describe electron supercon

ductivity (BCS theory) [Bar57]. Bohr, Mottelson and Pines [Boh58], and later Belyaev 

[Be159], extended the BCS theory to describe the superfluidity of nuclear matter. 

2.6.1 Hartree-Fock (HF) Calculations 

As mentioned earlier, a primary goal of nuclear structure theory is to derive 

the features of nuclei from the nucleon-nucleon interaction. The general form of HF 

theory derives a single particle potential from the two-body nuclear interaction by a 

variational principle, using Slater determinants as wavefunctions [Har28]. Hence, in 

theory, a deformed potential like the Nilsson potential can be produced from microscopic 

principles. The HF method basically re-expresses the nuclear field due to a sum of two-

body potentials, 
A 

V (1, ..., A) = E v (2.53) 
,,J=1 
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as the sum of single particle potentials, 

A 

V (1, ..., A) = E v (i) (2.54) 
in, 

Hartree's idea was to : 

1. Start with a set of trial wave functions. 

2. Calculate the average potential on any single nucleon. 

3. Insert this average potential into the single-particle wave equation. 

4. Recalculate the wave functions and begin the calculations again with the new wave 

functions. 

5. Repeat the procedure until the same wave functions emerge as have been inserted. 

The above procedure is looked upon as self-consistent. However, in Hartree's 

original formulation, the self-consistent single-particle Hamiltonian contained a nonlocal 

term that was associated with the effect of the Pauli principle on the fermion system. 

Instead of varying product wave functions which are symmetrized, as in the Hartree 

procedure, Fock proposed a formalism in a coordinate representation in which wave-

function products were antisymmetrized [Foc28][Foc30]. This leads to local terms only 

in the single-particle Hamiltonian and is referred to as the Hartree-Fock variational 

method. 

The HF method consists of determining the single-particle wavefunctions by 

requiring the expectation value of the Hamiltonian to be a minimum. A set of Slater 

determinants is often used for the beginning set of wavefunctions. The essence of the 

HF method rests on the equivalence of the SchrOdinger equation 

HIT) =--- ER) (2.55) 

and the variational equation 

6E = E NI -I- 6T) E(W) = 0 (2.56) 

where 
('HIT)E (IP) = OF 'HIT) (2.57) 

W ) 

as expressions determining the state vectors (T) of a many-body system. The actual 

wave function that gives an exact solution to the wave equations is usually too difficult 
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to construct. Instead, trial wave functions are invoked and with the aid of the variational 

equation a close approximation to the actual state is eventually derived. 

The simplest assumption about the intrinsic state (and often the starting point 

for the iterative HF procedure) is that it is a Slater determinant of single-particle orbitals 

in a deformed field. Equivalently, it can be stated that the intrinsic state is built from 

the vacuum state 10) by the repeated application of nucleon creation operators aAA, each 

of which creates a fermion in the orbit AA: 

(I) = aeq., at a", 10) (2.58)
e,2 A 

The orbits AA constitute eigenstates of a single particle Hamiltonian for a deformed field. 

H.V IAA) = EAA IAA) (2.59) 

The choice of the Hamiltonian MO and the orbits occupied by the nucleons entirely 

determine the intrinsic wave function in equation 2.58. 

2.6.2 BCS Model 

Take a simple version of the nuclear Hamiltonian to be 

H = E e (ay+ au + 4 a7,) G E at,+ia,A+ av2a.,2 (2.60) 
v>0 vl,v2 

The first term is the sum of single-particle energies and the second term is the contribu

tion due to the pairing interaction. Iv) is the time reverse of Iv). A trial wavefunction 

of the type 

t ,, a ) I / (2.61)I titacs) = H + + 
v>o 

can then be introduced, where 1) denotes the vacuum state. The wavefunction de

scribes a mixture of pairs Ivii) which is either occupied or unoccupied with probability 

amplitudes ut, and vi,, respectively. The tit, and vt, are used as variational coefficients 

to minimize the energy of the pair state ItYT) . The variational coefficients are not in

dependent, as their squares represent occupation probabilities, and the sum must be 

normalized to unity. 
u2 v2 1 (2.62) 

The BCS wavefunction does not conserve particle number because it mixes components 

with different numbers of particles. Therefore, it is required that the expectation value 
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of the particle number have the correct value. 

! scsi N Bcs) = 2 EuZ = N (2.63) 

This is achieved by the addition of an auxiliary constraint to the Hamiltonian 

H' = H AN (2.64) 

where the chemical potential A is the Lagrange multiplier. Equation 2.60 describes a 

system of interacting nucleons. Using the special Bogoliubov transformations 

cc,,,F = uvav+ vvekr, (2.65) 

au+ = uvau+ vvav (2.66) 

±au = Uv a v - vwn? (2.67) 

aT = uuctu vvav+ (2.68) 

where at and at, are quasiparticle creation and annihilation operators respectively, it 

is possible to transform from a description of the nucleus in terms of particles to a 

description in terms of quasiparticles. The interaction between the quasi-particles is 

small and is often neglected in the BCS formalism. Quasiparticles can be viewed as a 

mixture of particle and hole states. Minimization of the total energy of the quasiparticle 

system 

Bcsi H AN scs) = minimum (2.69) 

gives the quasiparticle excitation energy of a state Iv) relative to the ground state (quasi

particle vacuum) 

Ev = V(et, A)2 + A2 (2.70) 

Here A is referred to as the pair gap parameter and is a measure of the nuclear super-

fluidity. It is defined in terms of a sum over orbits v and typical values of A range from 

700-1000 keV. 

A = G Euvv, (2.71) 
v>0 

Thus, in the BCS formalism, particles and holes are replaced by quasi-particles, 

which represent partially filled levels, and a particle-hole excitation is replaced by the 

creation of one quasi-particle and the destruction of another. All the complexity due 

to partial pair occupancies induced by the pairing force is effectively absorbed into the 

ground state and only quasi-particle excitations relative to the Fermi surface need to 
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be considered. The quasiparticle picture is basically a transformation from a viewpoint 

based on the closed shell to one based on the Fermi surface. 

2.6.3 Hartree-Fock-Bogoliubov (HFB) Calculations 

The HF theory of nuclear deformation and theory of pairing correlations in 

nuclei developed in parallel and Bogoliubov considered the problem of consistently com

bining these two theories. HFB theory is a self-consistent mean field technique in which 

nuclear deformations and pairing correlations are obtained simultaneously from an ef

fective nucleon-nucleon interaction. HFB theory looks for the most general product 

wave functions consisting of independently moving quasi-particles. As in HF theory, the 

product wave functions are determined by a variational principle and they take into con

sideration as many correlations as possible, while staying within a static single particle 

picture. 

The essential idea is that each quasiparticle operator is a linear combination of 

all particle creation and annihilation operators in the model space. The HF and BCS 

theories, when treated separately, are more restrictive with their definition of quasipar

ticles. The coupled HF and BCS equations restrict pairing correlations to like nucleons 

in time-reversed orbits. This can lead to a deficiency in the theory, namely the omission 

of the possibility of formation of neutron-proton pairs. Since the nucleon-nucleon inter

action is charge independent, and since the T=0 component is stronger than the T=1 

component, the omission is sometimes unjustified. The argument for neutron-proton 

pairing correlations was especially strong for light nuclei, where neutrons and protons 

fill the same spatial orbitals. Nuclear pairing was generalized to include neutron-proton 

pairing by Goswami, Goodman et al. [Gos64][Goo68]. 

In the vacuum state appropriate to HF theory, all single-particle levels la) below 

the Fermi energy EF are occupied, and all levels above ep are empty. Thus in the HF 

theory the quasiparticle creation operators ace are defined by 

a+ =Ca if sa > EF (2.72)a 

and 
+ pr : ,,aa = Ca ifII Ea ,.. EF (2.73) 

where equation 2.72 represents the creation of a particle and equation 2.73 represent the 

creation of a hole. In BCS theory the quasiparticles are defined by the special Bogoliubov 
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transformation 

a+ = u C+ v (2.74)aa aa 
where La) is the time reverse of la) , and ua and va are real. HFB theory employs the 

general Bogoliubov transformations 

a+ = E + (2.75) 

ai = E (w;:pz + wiacco (2.76) 
a 

where each quasiparticle is a linear combination of all particle creation and destruction 

operators. Because of the general nature of the HFB quasiparticle transformation, it 

is possible to explain many phenomena within the theory's scope, such as high-spin 

backbending. 
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3. ROTATING NUCLEUS
 

3.1 General Aspects of Collective Rotation 

Bohr recognized that atomic nuclei can absorb energy in one external degree 

of freedom, the collective rotation [Boh51]. For simplicity, if the nucleus is regarded as 

a rigid body, then concepts such as the rotational frequency (w) , angular momentum 

(R), and the moment of inertia (ca") may be applied to collective rotation. The classical 

relations between these quantities yield a first estimate of the rotational energy 

1
E 2 (3.1)

2 

Or 

E = 1 
, using R -=av (3.2) 

However, the atomic nucleus is a quantum object and the angular momentum is not 

continuous, but discrete, leading to discrete energy levels. 

Consider a prolate deformed nucleus in the laboratory frame (x, y, z) with body 

fixed coordinates (x', y', z') as shown in Figure 3.1. The total angular momentum of a 

rotational nucleus (I) ) is often regarded as composed of a collective angular momentum 

(R) and an angular momentum due to intrinsic single particle motion (J) . Therefore, 

= R + J (3.3) 

The projection of J on the symmetry axis is given by K. Quantum mechanically, 

it is impossible to distinguish between different orientations of the nucleus about the 
---+

symmetry axis. Hence, no collective rotation is possible about Of and therefore R is 

always perpendicular to the symmetry axis. The component K of I is a constant of 

motion as is the component M along the laboratory-fixed axis O. The nuclear motion 

is completely described by /2, M, and K with 

R= h2 + 1) K2 (3.4) 

This leads to an expression for the energy levels in a rotational band, relative to the 

band head energy (Ei=0) 
2 

E(i) = [1 (1 + 1) K2] (3.5) 
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Figure 3.1: An axially-symmetric deformed nucleus with body-fixed axes Ox,, 0y, and 
Oz' drawn in the space-fixed system (x,y,z). The collective rotation represented by the 
vector R can only take place around the axis Ox,. Figure is from [Eji89]. 
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This equation gives a series of energy levels (rotational band) depending on the specific 

internal configuration. For quadrupole deformations, the rotational states are connected 

by large E2 transition matrix elements. When there is no intrinsic excitation (K=0) and 

equation 3.5 simplifies further 

h2
E(I) = Ts3.-J (I + 1) (3.6) 

It is often convenient to express the rotational properties of a nucleus in terms of the 

rotational frequency (w), defined to be 

1 = dE 
(3.7)

dI 

and for discrete states this is 
AE 

11w = (3.8)Al 
Consequently for the stretched quadrupole transitions (Al = 2) that are seen in SD 

cascades: 
E (I + 1) E (I 1) Ey

hw = (3.9)
/ (/ -I- 1) / (/ 1) 2 

Collective rotation is not the only excitation mode and it may coexist with other intrinsic 

degrees of freedom such as quasi-particle excitations. The coexistence of single-particle 

degrees of freedom and collective degrees of freedom is one of the unique and interesting 

features of the nucleus. It has often been stated that nuclear physics is the field with 

properties between atomic physics and molecular physics. 

3.2 Coriolis Force-Coupling Limits 

The orientation of a body in space can be described by the three Eulerian 

angles a, )3 and -y. The first two angles describe the orientation of the body-fixed axis 

and the last angle describes rotations about that axis. Consequently, for a rotationally 

symmetric nucleus -y is not needed in the description. 

If the nuclear rotational motion is slow compared to the single particle motion 

in the nucleus, the rotational state of the nucleus can be approximately described by a 

product wave function of the type 

Tilt- m = Dim K (a, 0, y) (I'v (intr) (3.10) 
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DimK (a, /3, -y) is the wave function of the collective motion and is also used to describe 

transformations between differently oriented coordinate systems. clay (intr) is the intrin

sic wave function of the odd particle and can be expanded in the IN/j11) basis. 

43, (intr) = E a vN (3.11) 
Nj 

Now confine the argument to nuclei having axial symmetry with respect to the z' axis 

and reflection symmetry with respect to a plane perpendicular to the z' axis (See Figure 

3.1). SD nuclei are of this class. With these symmetries, there is no way to distinguish 

between 11/Km and ''KM after it is rotated 180° with respect to the nuclear body-

fixed x axis. Consequently, a new wave function that is invariant with respect to the 

Ri-operation ((1 + Ri) Ilincm instead of IF/Km) must be used. The operation of R1 (a 

rotation of 7r about the axis of rotation) on 11/Km changes K to -K and, in addition, a 

phase factor is introduced. Hence, the nuclear wave function becomes 

TIKM (a,13, -y)IN1:712) (-1)" Dim_K (a03,-) INIj SZ)] (3.12) 
Nj 

It is now convenient to define a conjugate intrinsic state where 

= E 
Nj 

The total wavefunction now becomes 

)j-C2avAriii2INlj 11) (3.13) 

TIKM « [DIMK (a, 0, ) + (-1)I±K DIM- K (a, 0, 'Y) u] (3.14) 

This wavefunction preserves the reflection symmetry through a plane perpendicular to 

the symmetry axis of the axially symmetric rotor, and also conserves parity. 

As discussed in the previous chapter, quantum numbers characterizing the de

formed nucleus may be obtained by considering the motion of individual nucleons in the 

deformed nuclear field. States are labelled by the projection S2 of the nucleon's total 

angular momentum J onto the symmetry axis. Two-fold degeneracy in SZ is obtained 

because the opposite projections of S-2 onto the symmetry axis have the same energy. 

Consequently, these states are filled pairwise. Ground-state bands in even-even nuclei 

will therefore have K=0 and positive parity. In odd-A nuclei, If' = 1217- corresponding 

to the odd nucleon. 

Now assume an odd-mass nucleus. The nucleus can be viewed as an even-even 

core coupled to a valence particle. Therefore, the total angular momentum I of a 
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4 

rotating nucleus can be decomposed into two parts: 

= R+ J (3.15) 

R is the angular momentum generated by the collective rotation of the inert even-even 

core and J is the intrinsic angular momentum caused by the motion of the valence 

nucleons. For an odd valence nucleon moving in a rotating nuclear potential the two 

principal factors determining the nuclear motion are the deformed average nuclear field+
and the Coriolis force. For this odd-mass nucleus J will not be zero and excitation 

energies of the rotational nucleus can be given as: 

n2 h2 2 h2 
Eex,rot = (7 714) = (12 + J2 27 (3.16) 

Hence, the Coriolis interaction has a maximum strength of 

Eco,r= I J (3.17) 

Two extreme coupling schemes can be constructed [Ste72]. Figure 3.2a illustrates the 

deformation alignment (DAL) and Figure 3.2b the rotational alignment (RAL) coupling 

schemes. The coupling scheme the nucleus adopts is determined by the relative strengths 

of the deformed field and the Coriolis force. In the DAL coupling limit the deformation 

is large and the rotation is relatively slow, which forces the particle to couple to the 

deformed core. The particle motion therefore follows the rotating deformed potential, 

leaving the intrinsic structure unperturbed. J will then precess around the symmetry 

axis, leaving the projection of the total angular momentum on the symmetry axis, K, a 

good quantum number. The spin sequence of the rotational band is then given by 

T>=r+-K4,-1-i+-k4 +1,r? +17' +2,... (3.18) 

The RAL coupling limit arises when the odd nucleon moves in a weakly de

formed field and the rotation is relatively fast so that the Coriolis force largely deter

mines the particle motion. The Coriolis force tends to decouple the nucleon from the 

core and align the nucleonic angular momentum with that of the rotating core R. The 

nucleonic orbital is oriented in plane approximately perpendicular to the rotation axis 

and J is then added in a near-parallel way to the core's angular momentum R. The 

projection of J on the rotation axis then becomes a good quantum number, J. As a 

result, the odd-mass rotational band is similar to a ground state (K=0) rotational band 
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X 

(a) (b) 

Figure 3.2: The angular momentum coupling schemes for two extreme cases: (a) 
strong-coupling or the deformation-aligned (DAL) scheme, and (b) weak-coupling or 
the rotation-aligned (RAL) scheme. Figure is from [Eji89]. 

of an even-even nucleus. Using equation 3.14 it can be seen that the wave function will 

vanish for certain spin values. Hence, the spin sequence of the rotational band becomes 

I= Rd- Jx,R-1-4+2,R+4+4,... (3.19) 

In reality the R + 4 + 1, R + 4 + 3, ... states don't vanish but are shifted to higher 

energies. 

3.3 Rotational Band Characteristics 

3.3.1 Moments of Inertia 

Generally, the nucleus doesn't behave like a rigid rotor. A rotational nucleus 

has static moments of inertia r-, 40-80% of the rigid body value. Consequently, two 

different moments of inertia, which are easily related to experimental observables, have 

been defined [Boh69]. The kinematical moment of inertia -ca(1) is proportional to the 

inverse of the slope (first derivative) of the E vs. I (I + 1) curve and is defined as: 

(dE)-1 nix 
s-,(1) =1121x (3.20)

dIx ) ci.) 
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The second definition (2) is the dynamical moment of inertia. -ca(2) expresses the re

sponse of a nucleus to a force and is related to inverse of the curvature (second derivative) 

of the E vs. I (I +1) curve. 

s(2)_ h2 d2-q 1= di (3.21)) dw 

Ix, in the above definitions, represents the component of the total angular momentum 

on the rotation axis. (1) and (2) can be related: 

(2) (o) (1) (w) d9 (1) (w) 

du) 
(3.22) 

From this equation it is clear that in the case of rigid rotation, i.e. when ,(1) (w) 

is constant, (1) = (2) = iy. The moments are directly related to experimental 

observables. For example, 9(1) and 9(2) for a rotational band decaying via stretched 

electric quadrupole transitions are 

caw 2/ 1 n2 (3.23)
E7 

4h2(2) (3.24)
AE7 

I is the spin of the state decaying via a -y ray of energy E7 and L\E7 is the 

energy difference between successive transitions. 

3.3.2 Electric Quadrupole Moments 

The matter distribution, or deformation, of a nucleus cannot be easily probed 

experimentally. As discussed in Chapter 5, Doppler-shift lifetime measurements of states 

in a rotational cascade will yield a model-dependent electric quadrupole moment for a 

deformed nucleus. This gives the nuclear charge distribution, which is a good approxi

mation of the matter distribution. It can be seen from the definition of the quadrupole 

operator Qop 

eQop= fPe (r) (3z2 r2) dr (3.25) 

that a spherical charge distribution gives a vanishing quadrupole moment. pe (r) is the 

charge density. Quantum mechanically, Qop is defined as the expectation value (3z2 r2) 

for a given wavefunction. Determining this wavefunction is where the model dependence 

of the electric quadrupole moment arises. 
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In a direct timing method like the Doppler-shift methods, the mean lifetime T 

of a decaying level is measured. The total level width F can the be calculated, where: 

F hir (3.26) 

The total level width is actually the sum of all partial decay widths FL of the initial level 

to all states by all energetically allowed electromagnetic radiation and particle emission 

modes. 

rTotal = (3.27) 
L 

The absolute partial widths are often obtained by measuring the branching ratios and 

multipole mixing ratios. However, in SD bands there is usually little decay out before the 

bandhead and the vast majority the band's transitions are stretched electric quadrupole. 

Hence, a close approximation is: 

rTotai = F (E2) (3.28) 

The partial width of a -y-ray transition of energy Ey and multipole order L is given by: 

2L+187r (L +1) ( 
(3.29)

(L) L [(2L + 1)!!? he 

where the reduced transition probability, B(L), is defined as 

B(L) = 
1 

1I(If IIM 1)12 (3.30)
21. 

i.e., the sum of the squared reduced matrix elements of the electromagnetic multipole 

operator M (L, p,) averaged over the (2/i + 1) magnetic substates of the initial level. The 

matrix element contains the nuclear structure information. Large B(E2) values confirm 

the collective nature of the band and, consequently, the use of a rotational model is 

justified. Using the electric quadrupole moment defined in the intrinsic system, where 

Q20 = Q0, the above expression for B(L) can be rewritten as: 

B(E2) = Q1?) e2 (/11C20 IfK)2 (3.31)
167r 

(hK20 I IfK) is the vector addition, or Clebsch-Gordan, coefficient. Hence the electric 

quadrupole moment can be obtained from a measure of the reduced transition probability, 

B(E2). From equation 3.29 the decay probability for a stretched E2 transition is 

1 B(E2)E),
A(E2) = = (3.32) 

TE2 8.156 x 102 
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where TE2 is in ps, El, is in MeV, and B(E2) is in e2fm4. Thus, an expression for the 

lifetime of the state in terms of the electric quadrupole moment and the -y-ray energy is 

obtained 
1 

= 1.22E75Q6 (liK20 I IfK)2
T 

(3.33) 

where Qo is in eb. 

3.3.3 Backbending and Band Crossings 

In 1970 Johnson's group discovered strong and irregular deviations from the 

I (I ± 1) law, expected for good rotors, in the level energies for the rotational nuclei 

160Dy and 162Er [Joh71][Joh72]. There was an obvious upturn in the dynamic moment 

of inertia towards the rigid rotor value and it was rather quickly understood that this 

behavior was due to a band crossing. A band crossing occurs when two bands with 

different internal structures and moments of inertia interact and exchange character 

over a range of spin values. This leads to a region where the second derivative of energy 

with respect to spin is negative: 

d2 E dr.4.) 
= < 0 (3.34)

dI2 dI 

Hence, there is a region in the spin-frequency plane of increasing spin and decreasing 

frequency. The interaction strength between the two bands determines the severity of the 

backbend. A strong interaction leads to an band crossing over several states with little 

or no backbend, while a weak interaction give a sudden transition and a large backbend 

(Figure 3.3). 

The distance of closest approach of two bands, represented in the E vs. I 
plane, can be related to the mixing interaction Hr. Let E1 represent the energies of 

states belonging to the ground-state band (GSB) and E2 to the two-quasiparticle excited 

band (S-band). After turning on the interaction 14, states with the same spin and 

parity belonging to the GSB and the S-band are repelled and shifted to energies i and 

2, respectively (See Figure 3.4). The values of el and 62 are obtained by solving the 

equation 

E1 E V 
(3.35) 

V E2 E 
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__
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(ROT.FREQUENCY) (ROT.FREQUENCY) 

Figure 3.3: A schematic illustration of the weak and strong band interaction that lead 
to two qualitatively different shapes of the moment of inertia versus the square of the 
rotational frequency. The curves are often referred to backbending and upbending curves. 
Figure is from [Eji891. 
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Figure 3.4: The displacement of two levels with energies E1 and E2, following mixing, 
yeilding Al and A2, respectively. V is the interaction matrix. 

where V = (01 IN 02) is the interaction matrix between the GSB, I01), and the S-band, 

IIP2). Assuming E1 E2 at I 'cross then 

El 62 = 2 IVI (3.36) 

The interaction gives rise to a mixing of the GSB and S-band and the mixing coefficient 

is proportional to the interaction strength. 

There were two qualitatively different ideas that attempted to explain the back-

bending phenomenon. 

The second band was unpaired and the band crossing was the phase transition, 

discussed by Mottelson and Valatin, corresponding to a change from a 'superfluid' 

to a 'normal' state and is often referred to as the Coriolis Anti-Pairing effect. It 

was hypothesized that this quenching of pairing by high spin was similar to the 

quenching of superconductivity by a large magnetic field [Mot70]. 

One pair of high-j particles unpairs and aligns its angular momentum with that of 

the inert rotor [Ste72]. 
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FCOr -2M0xV

Figure 3.5: The classical picture of the effect of the Coriolis force on particles moving in 
a rotating system. 

The Coriolis force Fc,. : 

Fcor = 2m (c,.) x v) (3.37) 

is the origin of both ideas and the solution involved some of each. 

At low rotational frequencies, prior to the backbend, the two high-j particles are 

coupled to spin zero in time reversed orbits as illustrated in Figure 2.7. As the rotational 

frequency increases the Coriolis force (as illustrated in Figure 3.5) will, at some point, 

break the pair and align the particle angular momentum with that of the inert rotor. 

A secondary effect of this alignment is to block two orbitals from occupancy by pairs, 

thus reducing the pairing. The collective moment of inertia therefore increases. However, 

rather than the sudden phase transition as proposed by Mottelson and Valatin, a stepwise 

collapse of the pairing correlations ensues. The alignment of a pair of nucleons may be 

hindered in odd-mass nuclei if the odd nucleon occupies one of the aligned orbitals. This 

is referred to as Pauli blocking. 

Backbending demonstrates that in rotational bands the nucleus can generate 

angular momentum both collectively and by single particle motion. Because both modes 

of excitation are present, rotational bands can be converted from the collective to non-

collective mode. Some bands, in fact, loose all their collectivity and terminate. They 

are then replaced by a single-particle level structure. 
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Backbending also shows that the rotational frequency is a variable which can 

have an important impact on the single particle motion of a nucleus. The impact comes 

via the Coriolis force, the effects of which can be calculated with the "cranking" models. 

3.4 Cranking 

To account for collective rotation about an axis perpendicular to the nuclear 

symmetry axis, a procedure suggested by Inglis, known as the cranking-model approxi

mation is often employed. The rotation of an average nuclear field, which is asymmetric 

with respect to the rotation axis, will introduce a time dependence to the Schrodinger 

equation in the laboratory frame 

61Plab 
616 = 11 lab culab (3.38)

at 

Here, ihy jab and Thab refer to the nonrotating laboratory coordinate frame. However, a 

stationary equation of motion may be derived if the mathematics is transferred from the 

laboratory frame (x, y, z) to the rotating frame (x', y', z'), where x is chosen as the axis 

of rotation. The transformation equations are: 

X/ = x (3.39) 

y' = y cos wt z sin wt (3.40) 

z' = y sin wt z cos wt (3.41) 

Now using the rotation operator 

R = e-jj'wt (3.42) 

where Jx=Jx/ denotes the x component of the total angular momentum, expressions 

for the Hamiltonian and wavefunction in the body-fixed (intrinsic, rotating) frame are 

obtained: 

'Oka) = ROintr (3.43) 

and 

Hiab = Rilintr11-1 (3.44) 

After substituting 3.43 and 3.44 into equation 3.38 the Schrodinger equation now reads, 

in the body-fixed frame 

Win& / Tr
In at = (Hintr 44)J s') bintr (3.45) 
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Equation 3.45 is now stationary, since the potential entering Hintr is now expressed in 

the body-fixed coordinate frame (x', y', z1) and does not explicitly depend on time. The 

operation RHint,R-1 is equivalent to transforming the coordinates from the laboratory 

to the rotating coordinate system, because the average field V is assumed to not be 

affected by rotation. Equation 3.45 can now be written as 

87,bintr (3.46)in = Hui Ointr 

where 

(3.47)= Hintr r/WJs, 

is called the cranking Hamiltonian or Routhian. The second term on the right of equation 

3.47 is analogous to the Coriolis and centrifugal forces in classical mechanics. The Coriolis 

force tends to align the angular momenta of individual nucleons along the rotation axis, 

while the centrifugal force tries to push nucleon orbitals from the axis of rotation. 

Since 1-1' is time independent, equation 3.46 can be solved as an eigenvalue 

problem of Hw.. However, the eigenvalues Ef of H" are not the laboratory frame ener

gies. In order to arrive at these, the eigenfunctions obtained in the rotating coordinate 

frame have to be transformed back into the laboratory frame. The expectation values 

of the Hamiltonian are then calculated with the transformed wavefunctions to give the 

laboratory energies. 

The transformation begins with the eigenvalue problem for the Routhian 

(3.48)lOw) = Ew 10w) 

and the total Routhian operator can be written as the sum of single-particle operators 

Hw (i) = (i) ruojx, (0] (3.49) 

where h (i) hintr (i). First, 

(3.50)hw IX`n = 

is diagonalized, where evw is the single particle routhian. The laboratory energies et, 

are the expectation values of the Hamiltonian h (i) with the eigenfunctions Ixvw) in the 

body-fixed frame: 

(3.51)ey(w) = h = e(1,' nw (X'1)) I ix' Ikt',) 

The total energies is then expressed as the sum over all occupied states 

E= + ruo (xil 17d,) (3.52) 
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The projection of the total angular momentum on the rotation axis is given by the sum 

of the individual contributions and at high angular momentum this is approximately 

equal to the total angular momentum 

(3.53) 

An orbit's sensitivity to the rotation of the nuclear mean field can be examined 

by differentiation of the single-particle energies with respect to the rotational frequency 

det; 
(3.54)= (kil ix' IX`I`J))

du; 

Equation 3.54 is referred to as the alignment. It is clear that orbitals with large angular 

momentum alignment along the symmetry axis are most affected by rotation. 

3.4.1 Signature 

The cranking Hamiltonian remains parity invariant since [H, =0 and [..1x, , = 

0, where H = Hint,.. However, the transformation into the rotating frame breaks the 

time reversal and the rotation symmetries Ry, = exp (i7r4) and Hy/ = exp 

The only symmetry that remains, in addition to parity invariance, is the invariance of 

the cranking Hamiltonian with respect to the rotation about the x-axis by an angle 7 

= exp (i7rJx,) (3.55) 

The square of this operator is equivalent to a rotation about the x-axis by 27r, so for 

systems with even numbers of fermions the Rx/ doesn't influence the wavefunction. How

ever, systems with an odd number of fermions transform under Rte, with a change of sign 

in the wavefunction. Therefore 

(Rx,)2 = (-1)A (3.56) 

where A is the total number of fermions. By definition the eigenvalues of ftx, are 

r = exp ( iira) (3.57) 

where a is referred to as the signature exponent and r is the signature. Equivalently, for 

integer I, where I is the total nuclear spin. 

-1)r (3.58) 
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Therefore for system with an even number of nucleons 

r = +1 (a = 0) , / = 0, 2, 4, ... (3.59) 

and 

r= 1 (a = 1) , / = 1, 3, 5, ... (3.60) 

and for odd nucleon systems 

1 1 5 9r = i (a = + 2) , / = (3.61) 

and 
1 1r = +i (a = ) / = '1 1 ... (3.62)
2 ' 2'2' 2 ' 

3.4.2 Signature Splitting 

The signature of a nuclear state seems not to be very meaningful in the low spin 

region but becomes a good quantum number at high spins. Because of the w/x term in the 

cranking Hamiltonian, the time-reversal symmetry of a symmetrically deformed nucleus 

will become increasingly broken as the nucleus is cranked to higher spins. The symmetry 

breaking is greatest for orbitals with large projections of the intrinsic angular momentum 

on the rotation axis or, equivalently, orbitals with a small SI quantum number. The 

degeneracy with respect to IQ is then split, and the energy difference between the +f 

and 1-2 orbitals is referred to as signature splitting. 

3.4.3 Cranked HFB 

HFB theory can be applied to a rotating frame by varying the expectation of 

the many-body Hamiltonian with the additional constraint that the angular momentum 

operator 4 has a certain expectation value. This gives the equation 

(3.63)6 (4'11 I wJx1 43) = 0 

The cranking frequency w depends on the angular momentum Ix and is given by 

(4), 141 43,,) = Vix (ix + 1) (3.64) 
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The solution 143,,(/)) is a wave function, from which the eigenfunction of J2 can be 

obtained in the laboratory system by a projection onto good angular momentum. Within 

HFB theory, the set of variational functions I(D) is restricted to generalized product 

functions of the HFB type, leaving a constrained HFB problem. This method is called 

the self-consistent cranking method. 

3.4.4 Cranked Nilsson-Strutinsky 

At high rotational frequencies ( > 30 h) static pair correlations are often con

sidered negligible. Therefore, with pairing neglected, a minimization of the total energy 

only with respect to the shape parameters (2, 4, and y) can be justified. The cranked 

Nilsson-Strutinsky model is often employed. As with the Strutinsky shell correction 

procedure, the cranking formalism adopts a liquid drop plus shell correction approach. 

Generalizing the Strutinsky procedure to include rotations is achieved by defin

ing an angular momentum level density 

A 

92 (6) E (.ix)i 6 (e ei) (3.65) 
i=i 

This is akin to the single particle level density defined in equation 2.45. An expression 

similar to the smooth single particle level density of equation 2.51 can be derived 

A 

92 (E) = Es (E ei) (3.66) 
i=i 

The total single-particle energy in the rotating frame as given by equation 3.52 can be 

expressed as 
A 

Esp (I) =f .egi (e) de + hca (3.67) 

where gi (c) is the single particle level density as given in equation 2.45 and 

A 

= J g2 (E) de (3.68) 

Again, the average shell-model energy can now be given by exchanging the discrete level 

densities in the rotating frame with smoothed level densities 

3; 

(3.69)
"E'shell = f C91 (e) dE + hwg2 (e) de

-00 

The Nilsson-Strutinsky cranking procedure may cause orbitals to approach each 

other in the energy versus rotational frequency plane. Levels with the same quantum 



45 

numbers will not cross, but will exchange character over a region of w. This is sometimes 

referred to as a virtual band crossing. After cranking begins the macroscopic energy can 

be given by surface, coulomb and rotational terms 

n212 
Emacro = Esur face + EC oulomb (3.70) 

The total nuclear energy is then the sum of the macroscopic and shell-correction energies. 

A similar calculation to the one described above can be performed in the rotat

ing frame. This method is referred to as a Total Routhian Surface (TRS) calculation. In 

the calculations of the nuclear shape, the total energy is minimized at certain intervals 

of rotational frequency in a deformation grid which typically includes 132, 134, and -y. 

3.5 Shell Closures and Superdeformation 

A more realistic description of the total nuclear energy arises when both macro

scopic (liquid drop) and microscopic (shell model) contributions are included. The 

macroscopic interplay between the surface, Coulomb, and rotational energy can lead 

to the occurrence of strongly deformed nuclear shapes of equilibrium at certain high 

angular momenta. In addition, if the shell-model nuclear energy is plotted as a function 

of the deformation, it is found that the nucleus is more bound when the Fermi level is 

situated in a low level density region (See Figure 3.6). This means that the occupied 

levels are usually more bound if the Fermi level is in a low density region than in a high 

density region. For nuclei between the magic numbers it is qualitatively understand

able that these nuclei want to deform so that the Fermi energy is in a lower level density 

region. The superposition of this negative shell correction term onto the macroscopic en

ergy may lead to a secondary minimum at large deformation in the total energy surface. 

This causes a double-humped fission barrier (See Figure 3.7) which allows the nucleus to 

be trapped in a metastable energy minimum. The single-particle levels can be affected 

by rotation of the nuclear system. However, the SD shell gaps remain largely unchanged, 

allowing SD to exist over a wide range of rotational frequency. 

3.6 Identical Bands 

The phenomenon of SD identical bands was first discovered in 1990 when an 

excited SD band in 151Tb was found to have nearly identical ry-ray energies with the 
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yrast SD band in 152Dy. This discovery was quite unexpected, as the spectrum of an 

excited nucleus is generally thought to be its unique fingerprint. Subsequently, many 

other SD identical bands have been discovered in the mass-130, mass-150 and mass-190 

regions. The identical band group, as referred to in this thesis, includes not only SD 

bands with transition energies that are equal to those of neighboring SD bands, but also 

SD bands with transition energies that lie at the quarter points, half points or three-

quarter points of the interval between transition energies of a SD band in a neighboring 

or near-neighboring nucleus. 

One must be careful in applying the identical band label as there are different 

interpretations of what this implies. Sometimes bands are referred to as identical if only 

their dynamic moments of inertia are the same, and for this to happen it is only necessary 

that the separation between transition energies be identical. However, truly identical 

transition energies (including 1/4, 1/2 and 3/4 point identicality) in two neighboring 

bands implies more. The contribution to the total angular momentum of the extra 

particles in the heavier nucleus must be zero or some multiple of 1/2 h. In other words, 

the alignment of the extra particles must be quantized, which is not a trivial conclusion. 

Whereas the total angular momentum of the nuclear system is quantized, the separate 

collective and single-particle contributions generally are not. 

Imagine a spin versus frequency plot for identical SD bands, with a line con

necting the (I, w) points within each identical SD band. The separate quantization of 

the collective and single-particle spins will cause fixed transition energy relationships or, 

conversely, the fixed transition energy relationships may imply the separate quantization 

of the collective and single-particle spins. For one unit of single-particle spin alignment, 

the transition energies of an even-mass nucleus to fall on top of, or at the half points of 

the interval between, the transition energies of the reference even-even nucleus (192Hg 

in this case). An odd-mass nucleus'(193Hg in this case) transition energies lie at the 1/4 

or 3/4 points of the interval between the transition energies of the even-even reference 

band. Half-integer spin alignment inverts the above transition-energy relationships for 

the even and odd-mass identical bands. 

Identical bands present other puzzles, apart from those raised by the quantized 

alignments discussed above, which can be discussed in terms of the moments of iner

tia. The close similarity in -y-ray energies in 151Tb and 152Dy, for example, implies an 

identicality of the moments of inertia of these two SD bands to within a few parts per 

thousand. When adding particles to a nucleus, there are at least four effects that should 
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each change the moment of inertia considerably more than the observed total variation. 

The first effect that can change the nuclear moment of inertia is simply the mass 

change. Moments of inertia are expected to vary, on average, as A513. The observed 

difference in 151Tb and 152Dy was much smaller than the expected variation of ,-, 1% in 

the rigid body moment of inertia due to the mass difference alone. However, even given 

the fact that the A513 scaling of the moment of inertia with mass is on average correct, 

there can be large deviations. In the middle of shells the change in moment of inertia 

can be quite small. 

The angular momentum contributed by the motion of the added particles can 

change the moment of inertia, as can the shape change induced by the extra particles. 

However, these two effects may cancel each other. In pure harmonic oscillator calcula

tions with SU(3) symmetry, the orbital motion that generates angular momentum can 

induce a shape change that cancels the effect of the angular momentum on the moment 

of inertia. This cancellation can persist in calculations that use more realistic poten

tials. This provides some explanation for the remarkable independence of the moment 

of inertia on the active single particle orbitals involved in SD identical bands. 

The fourth effect that can change the nuclear moment of inertia is pairing. If 

pairing correlations are involved in SD bands, it is difficult to understand why adding 

particles doesn't affect the moment of inertia. It would be reasonable to expect that 

extra nucleons will block quasiparticle levels near the Fermi surface, leading to a change 

in the moment of inertia. However, there are identical bands in SD nuclei that differ by 

up to four mass units. Perhaps in high-spin SD nuclei the pairing correlations may be 

quenched, leading to a reduced importance of level blocking. However, there is evidence, 

such as the rising moments of inertia with increasing rotational frequency in the mass-190 

SD region, that suggests pairing is still present in SD bands. 

Identical bands have prompted much discussion, but presently no generally 

accepted theoretical explanation exists. Some speculate the degeneracies in transition 

energies may be attributed to an undiscovered underlying symmetry (heroic). Others 

believe that simple cancellation arguments, as was suggested above for shape and align

ment, will provide a satisfactory explanation (unheroic). Clearly, more information is 

needed. Valuable insight would be gained if it were experimentally determined to what 

extent identical transition energies between SD bands imply identical spins, parities and 

deformation. This thesis is part of a systematic effort to map the relative deformations 

of identical SD bands. A review of identical bands can be found in [Bak951 
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3.7 Pseudospin Coupling
 

The concept of pseudo-spin and pseudo-oscillator quantum numbers has been 

helpful in qualitatively understanding the many aspects of quasiparticle motion and has 

been used in an attempt to explain the SD identical band phenomenon. 

Normal parity states, with the highj intruder orbits excluded, are split partly 

by the spin-orbit coupling and partly by the centrifugal flattening term, as discussed in 

subsection 2.4.2. By what appears to be a coincidence, the relative magnitude of these 

two effects in heavy nuclei (N > 3) is such that the normal parity levels form close lying 

doublets with quantum numbers 

11 ii -= 11 -I- 1/2 
(3.71) 

12 = /1 + 2 j2 = 12 1/2 

Examples of these doublets are (s1/2, d3/2), (d5/2, 97/2), etc. The (d512, g712) orbitals 

are relabelled as pseudo spin-orbit partners 15/2 and 17/2. Since the pseudo spin-orbit 

partners lie close in energy, the pseudo spin-orbit splitting is greatly reduced in the 

pseudospin picture. Thus, the SU(3) symmetry associated with a simple harmonic oscil

lator is nearly restored. The pseudospin splitting and labeling scheme is schematically 

demonstrated in Figure 3.8. The description in terms of pseudo-spin 79 and pseudo orbital 

angular momentum Tis associated with a transformation acting on the spin and angular 

variables, without affecting the radial motion of the particle. 

By viewing pairs such as 15/2 and 17/2 as pseudospin doublets with 1 = 11+1, nu

clear coupling schemes, as well as the effects of nuclear deformation on the single-particle 

motion, are often simplified. Bohr et al. [Boh82] demonstrated that the pseudospin 

symmetry persists to large quadrupole deformations, as shown in Figure 3.9. Approxi

mate degeneracies between orbits labelled by the asymptotic Nilsson quantum numbers 

[N,nz, A, fi = A + 1/2] and [N,n,z, A, Si = A + 3/2] are demonstrated for quadrupole de

formations large enough to correspond to SD nuclei. The orbital pairs can be viewed as 

pseudo spin-orbit doublets with [Kr = N 1, rtz, A = A + 1, fl = A + 1/2] . 
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4. EXPERIMENTAL CONSIDERATIONS 

4.1 Population of High-Spin States 

One way to access superdeformation in atomic nuclei is via population of high-

spin states. Because heavy-ion-fusion-evaporation reactions bring large amounts of angu

lar momentum to nuclei, and at the same time populate only a few nuclei with relatively 

large cross sections, experimenters often use this method to populate high-spin states. 

In a fusion-evaporation reaction the kinetic energy of the incident particle overcomes the 

Coulomb repulsion of, and is captured by, the target nucleus to form a compound system. 

The kinetic energy of the center of mass (projectile + target) is mostly converted into 

excitation energy within the compound nucleus. After reaching thermodynamic equilib

rium (,--.. 10-20 s) the compound nucleus is considered formed, and its only memory of 

genesis is through conservation of energy, angular momentum and parity. 

4.2 Compound Nucleus 

The angular momentum transferred to the compound nucleus (1) can be ap

proximated by multiplying the momentum of the incident particle (pp = mpvp) relative 

to the target nucleus and the impact parameter (b): 

1 = mpvpb (4.1) 

The formation of the compound nucleus is a balancing act between the pp and b (Figure 

4.1). If b is too large, other processes determined by the Coulomb force will dominate, 

such as Coulomb excitation and Rutherford scattering . As b is decreased, the nuclear 

interaction contributes and processes such as deep inelastic scattering become important. 

Finally, at still smaller values of b a compound nucleus may be formed. However, pp 

must allow this. If it is too large the compound nucleus will fission before reaching 

thermodynamic equilibrium, and if it is too small the Coulomb repulsion will prevent 

compound nucleus formation. In the lab frame the Coulomb barrier is given by: 

Zi Z2
E, = 1.44 (4.2)

R 
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where E, is in units of MeV, R is in fm, and Z1 and Z2 are the atomic numbers. The 

maximum angular momentum of a compound nucleus system, as a function of the center 

of mass energy, can be calculated quite successfully at low bombarding energies using 

the sharp cutoff approximation. This assumes no reaction occurs for 1 > lmax; i.e. the 

transmission coefficient equals one for 1 < lm. and zero for 1 > 1,n. Consequently, 

the contributions of all partial waves up to /max are summed. Conserving energy from 

infinity to the distance of closest approach between the colliding nuclei (R) then gives 

an expression for 1,siax: 
(2,aR2)(Ecm Ec)

imax = (4. 3 )
h2 

where iL = (A1A2/Ai -I- A2) is the reduced mass of the colliding nuclei, Ecm is the center

of-mass energy in MeV and Ec is the Coulomb energy, as given in equation 4.2. An 

empirical expression for R has been derived by Wilczynski : 

R = 1.36(A1 "3 + AP) + 0.5fm (4.4) 

The excitation energy (Ees) of the compound nucleus is: 

E = Ecni, + Q f,, (4.5) 

where Qpi, is the difference in rest energy for the projectile-target system before and 

after fusion. gfus and R vary for different projectile-target combinations that lead to 

the same compound system. Hence, it is possible to produce a given compound nucleus 

with different excitation energies and angular momentum. Generally, for a given com

pound nucleus, there is an increase in its maximum angular momentum as the projectile 

mass increases. At high bombarding energies equation 4.5 doesn't apply and a different 

theoretical approach has been taken. The derivation of /max in this case is based on a 

liquid-drop model, with the assumption that compound nucleus formation occurs when 

the projectile penetrates into the potential well created by the nucleus-projectile system. 

The maximum angular momentum is then found by determining the vanishing points of 

the nuclear+Coulomb+centrifugal potential well. 

4.3 Compound Nucleus Decay 

The compound nucleus is generally formed at high excitation energies (,,, 70 

MeV in the Hg superdeformation experiment described in this thesis) and with a fairly 

wide range of angular momenta. It is rapidly rotating with an angular velocity of ,,, 
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Figure 4.1: A schematic illustration of heavy ion collistions. It is assumed that fusion
occurs when the impact parameter is smaller than the distance of closest approach. 
Figure is from [Hag81}. 

0.75MeV/h, corresponding to ,,, 1020 revolutions per second. The compound system 

exists for ,,-, 10-16-10-20 and during this time it can sample all available de-excitation 

pathways (i.e. it reaches statistical equilibrium). Consequently, model codes such as 

PACE and CASCADE that use statistical approaches have been reasonably successful 

in describing the decay of the compound nucleus. These statistical decay models are 

supported by Bohr's original hypothesis that the compound nucleus decay is independent 

of its formation. 

The compound nucleus will eventually lose its excess energy and angular mo

mentum. Several different channels are available for this deexcitation, such as -y ray, 

neutron, proton and a emission. A schematic diagram of the de-excitation of a com

pound nucleus is shown in Figure 4.2. After formation the compound nucleus generally 

loses the majority of its excitation energy via the emission of particles. Neutron emission 

competes successfully against fission when the fission barrier is ,-?; 8 MeV and is usually 

preferred over proton or a emission because there is no Coulomb barrier to contend with. 

Removing neutrons will cause the neutron binding energy to increase and eventually be

come comparable with the proton binding energy. On average a neutron removes about 

10 MeV of excitation energy; 8 MeV of binding energy and 2 MeV of kinetic energy. The 

angular momentum the emitted particle removes from the compound nucleus is governed 

by the slope of the yrast line (i.e. the line which connects the lowest energy states for a 
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given angular momentum) of Figure 4.2 and by the centrifugal barrier (Vi): 
h2 

V = 1(1 -I- 1) (4.6)
2,ur2 

where r is the interaction radius. The centrifugal barrier generally inhibits particles with 

large orbital angular momenta from escaping. Thus most evaporated neutrons remove 

1-2 units of angular momentum. After , 10- 16 s or ,-, 105 collective revolutions the 

neutron emission will lower the excitation energy to less than one neutron separation 

energy above the yrast line. Neutrons can then no longer be emitted. 

After particle emission the nucleus can still be significantly excited, with a cor

respondingly high level density. The remaining excitation energy and angular momentum 

are then carried away by -y-ray emission. Statistical -y rays (primarily El) are emitted 

which cool the nucleus towards the yrast line. These fast electric dipole transitions carry 

away energy but little angular momentum. As the yrast line is approached, stretched E2 

transitions begin to dominate. Hence more angular momentum is taken away per -y ray. 

These transitions form an E2 bump in the quasicontinuum spectrum. The E2 bump is 

explained via a collective model where ry-ray energy is proportional to spin and inversely 

proportional to the rigid body moment of inertia. The quasicontinuum bump is shown in 

Figure 4.3 for 192Hg produced in a 160Gd(36S,4n) fusion-evaporation reaction at a beam 

energy of 159 MeV. As the spin, excitation energy, and level density decrease the -y-ray 

intensity is concentrated into fewer decay paths, which converge on the yrast (or near

yrast) states. Thus -y-ray emission continues via discrete transitions, the nature of which 

depends intimately upon the nuclear structure, until the ground state is reached. The 

complete deexcitation process takes approximately 10-9 s or 1012 collective rotations. 

When the nuclear potential energy allows for superdeformed shapes, the ,-y

ray deexcitation process is different. In the mean field picture there exists a potential 

energy barrier between the SD and normal deformed (ND) wells which must be tunnelled 

through so that the SD to ND shape transition occurs (Figure 3.7). Consequently, -y-ray 

flux which enters the SD well generally stays there, even though the SD well may be 

moving away from the yrast line. The potential barrier height between the SD and ND 

wells decreases with spin. Therefore the SD states will eventually mix with the ND 

states, precipitating a sudden decay out of the SD band. The SD well can be viewed 

as an isolated collection of 'cool' states embedded in the 'hot' continuum of ND states. 

Hence, the decay of a SD state to a ND state can be viewed as a statistical process as 

indicated in Figure 4.3. 
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Figure 4.2: A schematic diagram showing the decay of a compound system. The com
pound system is iniatially cooled via the rapid emission of particles. Next, statistical -y 
rays further cool the nucleus and, finally, a discrete -y-ray sequence will remove the final 
excitation energy and angular momentum. Figure is from [Fa189]. 
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4.4 Gamma Rays Signifying a SD State 

High-spin SD states are difficult to detect for several reasons: 

1. They can be unstable against fission and/or decay to lower deformations. 

2. A high-spin SD cascade carries only a small amount of the total 'y -ray flux of the 

nucleus (r, 1%) , and is not isomeric. 

3. A SD state decays to a ND state through a statistical -y-ray emission process. 

Hence, there are many weak pathways and the connections to the low-lying ND 

states are generally not known. 

Thus, a SD band cannot be found in the usual way of 'following up' a sequence as 

it becomes increasingly weak. It is apparent that a spectrometer with excellent sensitivity 

and selectivity is needed to extract SD states from the background. Large arrays of 

Compton-suppressed germanium detectors have proven to be effective at detecting SD 

bands. 

4.5 History of High-Spin Spectroscopy 

Early measurements concerning the evolution of nuclear structure with angular 

momentum and excitation energy via -y-ray spectroscopy were made with a NaI scin

tillation detectors. The sensitivity of these early experiments was limited by the small 

number and size of the Nal detectors, and by their poor energy resolution 90 keV 

at 1332 keV). However, early experiments established the low spin (I <10h) rotational 

structure of nuclei. The performance of NaI detector arrays also steadily improved, cul

minating in 47r segmented shells which detected r-, 90% of all y rays from a source with 

a resolution of 6% at 1 MeV. The 72-element Oak Ridge-Washington University NaI 

shell and the 162 element crystal ball at Heidelberg are two examples of the modern 

NaI detector arrays. However, their application to discrete line y-ray spectroscopy will 

always be limited by poor energy resolution. 

Reverse-biased germanium (Ge) detectors, with energy resolutions about 30 

times better than NaI detectors, arrived in the mid to late 1960's. Despite some size 

limitations, the use of Ge detectors quickly led to advances in high spin spectroscopy. 

Johnson et al. [Joh71] discovered backbending (spin N 15) with only two Ge detectors, 
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and with four detectors Riedinger et al. [Rie80] mapped the quasiparticle structure of 
160,161 yb to a spin of 30h. The first array of Ge detectors was built at the Neils Bohr 

Institute in the late 1970's, when several Ge(Li) detectors were used as a spectrometer. 

The Ge detector arrays have steadily improved since then, culminating with today's 47r 

arrays such as Gammasphere and Eurogam. 

4.6 Gamma-Ray Detection 

Gamma rays entering a radiation detector interact by three methods: photo

electric absorption, pair production, and Compton scattering. Photoelectric absorption 

involves the absorption of an incident photon by an atomic electron in the detector. The 

electron is then released from the atom with a kinetic energy equal to that of the incident 

photon minus the binding energy of the electron. The full energy of the 7 ray is usually 

deposited in the detector in this process. Photoelectric absorption increases rapidly with 

the atomic number of the absorbing material (Absorption cc Z5) and decreases with 

increasing 7-ray energy. Hence it is usually most significant at the lower energies. Pair 

production is the transformation of a photon into an e+e- pair and thus only arises for 

7 rays with energies greater than the sum of the rest energies of a positron and electron 

(1.022 MeV). In Compton scattering the incident photon scatters off an atomic electron 

and then continues at a lesser energy, either escaping the detector or interacting further. 

Consequently Compton scattering can lead either to the full or partial deposit of the 

7-ray energy into the radiation detector. The energy of the Compton scattered 7 ray is 

given by: 
E-rE = (4.7)

-r 1 + 7,,c1 (1 cos 0) 

where Ey is the incident 7-ray energy, m is the electron mass, 0 is the scattering angle, 

and El7 is the scattered 7-ray energy. The relative importance of the three possible 

means of energy deposition is shown in Figure 4.4. 

4.7 Types of Detectors 

A Germanium (Ge) detector contains a single crystal of Ge, suitably fabricated 

so as to form a diode. High purity n-type Ge (HPGe) detectors with impurity concen

trations less than 1010 atoms/em3 are used in the Garnmasphere Array. A reverse-bias 
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Figure 4.4: A representation of the relative importance of the three main forms of -y-ray 
interaction according to -y-ray energy and atomic number. Figure is from [Eva55]. 

voltage 4000V) , applied to the diode, creates a region of semiconductor that is de

pleted in charge carriers. A -y ray passing through the depleted region loses energy by 

exciting electrons across the band gap via one or more of the three processes described 

above. This leaves a hole in the valence band. The freed electrons and holes created by 

the -y ray are moved to opposite electrodes by the high voltage. The total amount of 

charge collected is proportional to the incident -y-ray energy. The bias voltage is kept 

near the breakdown voltage of the Ge diode to allow for full depletion of the active 

detector region and more efficient charge collection. 

Photoelectric absorption exhibits a Z5 dependence. Consequently, for detec

tion of -y rays above ru 100 keV a Ge crystal is a better choice than a Si crystal for use 
5 5 

as a semiconductor detector. A -y ray entering a Ge crystal is (t) , or (1721) , more 

likely to experience photoelectric absorption than a -y ray entering a Si crystal of the 

same size. Higher Z materials are used in scintillator detectors, and they possess a even 

larger photopeak efficiency. Scintillators convert the energy lost by ionizing radiation 

into light, which is collected by photomultiplier tubes at the photocathode. The pho

tocathode emits electrons via the photoelectric effect. The electrons are then generally 

multiplied by a dynode series and collected at the anode. The anode signal is used for the 

energy and timing. Reflection and internal absorption may reduce the number of pho

tons reaching the photocathode, adversely affecting the energy resolution. The response 

of the photomultiplier may introduce further variations. The poor energy resolution of 

scintillators deters their use as 7 -ray detectors, but high -y-ray stopping powers and good 
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timing characteristics make them ideal for Compton shields (See Compton Suppression 

subsection 4.2.4). 

Good energy resolution is achieved in Ge detectors because of the small band 

gap. It takes only 3.0 eV to produce an electron-hole pair (3.7 eV for Si), but production 

of a pair in a scintillator takes about 1000 eV. Thus considerably more electron-hole pairs 

will be generated by a given y ray in a Ge crystal than in a scintillator. The corresponding 

statistical fluctuation is then relatively much less. The small band gap necessitates 

the HPGe detectors be operated at liquid nitrogen temperatures (77 K) to reduce the 

contribution of thermal electrons to the signal (leakage currents). A HPGe detector has a 

full-width-half-maximum (FWHM) of about 2.0-2.5 keV for the 1332 keV y ray of 60Co, 

while the previously mentioned NaI scintillation detectors have corresponding FWHM's 

of , 100 keV. The BGO scintillators used for Compton suppression have FWHM's near 

180 keV for the 1332 keV 60Co line. 

The timing resolution (r, 10 ns FWHM) of Ge detectors is sufficiently high that 

they may be used in fast logic circuits. The timing resolution reflects the time required 

for complete charge collection. It may be degraded by impurities and defects in the Ge 

crystal, caused by neutrons for example. Timing resolution is also worse for low energy 

y rays. 

The Ge detector crystals used in Gammasphere are -,-, 72 mm in diameter and 

,,, 84 mm long and have relative efficiencies of ,,, 78% (See Figure 4.5). The relative 

efficiency is defined as the ratio of number of y rays registered in the Ge detector to the 

number of -y rays detected in a 3" x3" NaI crystal positioned the same distance from a 

source. 

4.8 Compton Suppression 

One quantity which measures the performance of a HPGe y-ray detector is the 

peak-to-total ratio. This can be defined as 

Number of counts in a photopeak
PT = (4.8)

Total number of counts detected 

Poor peak-to-total, caused by incomplete energy collection in the detector, is a major 

problem common to all experiments which use bare Ge detectors. A 60Co source, with ^y 

rays at 1173 and 1332 keV, typically produces a spectrum with only -, 20% of the events 

in the full energy photopeaks. The remaining ,,, 80% of the events form a continuous 
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DETECTOR ELECTRONICS 

Figure 4.5: The Gammasphere detector module assembly. 

background at lower energies caused chiefly by y rays Compton scattering out of the Ge 

crystal, and consequently not depositing their full energy. Peak-to-total can be dramat

ically improved by surrounding the bare Ge detector with scintillators and rejecting any 

events which cause a coincidence between Ge detector and scintillator. In this way -y 

rays which don't deposit their full energy in the Ge crystal are electronically suppressed 

from the spectrum. The surrounding scintillators are generally referred to as a Compton 

shield, and the composite Ge detector-scintillator system is called an escape suppressed 

spectrometer (ESS). 

4.9 Detector Arrays 

Typically a SD band carries only , 1% of the total 7-ray flux of a nucleus 

produced in a fusion-evaporation reaction. The study of superdeformation therefore de

mands a spectrometer with extremely good selectivity and resolution. Arrays of large 

numbers of Compton suppressed Ge detectors have proven efficient at measuring the 

energies of, and the correlations between the y rays depopulating SD bands. The opti

mum performance of an array is obtained by maximizing the total photopeak efficiency, 

for example, by using many large volume detectors, while at the same time maintaining 



64 

the best spectrum quality. To quantify the performance of different arrays a parameter 

called resolving power (Rk) has been defined, 

Rk = [( SE
7 ) PT]

k 

(4.9)
A Eir 

where: 

1. PT is the peak to total ratio (,-, .55). 

2. A E,), is the energy resolution, i.e. the FWHM (,,-, 2.5 keV). 

3. SEy is the average separation of 7 rays in a cascade (for example 60 keV, which 

corresponds roughly to the typical energy spacing of a rotational band in a A ,190 

nucleus). 

4. k is the coincidence fold, i.e. the number of -y rays detected in coincidence. 

The parameter Rk measures the ability of an array to isolate sequences of 7 rays 

from complex spectra. It can be quantitatively interpreted as the number of cascades 

which can be separated from a spectrum consisting of k-fold coincidence data. 

From the above resolving power definition it can be calculated that every gate 

set on a -y-ray cascade enriches the coincident spectrum in that cascade by a factor of 

13. A gate is a requirement on a 7-ray cascade that one of its constituent 7 rays be 

within a specified energy interval. This energy interval is usually on the order of the 

FWHM of a 7-ray peak. A higher fold spectrum will provide a higher resolving power, 

but the number of collected events decreases as the fold increases. Hence cleanliness, 

defined by RI c ) must be balanced against statistics when calculating the optimal fold for 

measuring a band's characteristics. However Gammasphere, as described in the next 

subsection, provides 4-gate rates that are comparable to the 2-gate rates of the previous 

generation of detector arrays. This translates into an increase in resolving power of more 

than a factor of 200. 

A simplified visualization of the improvement in resolving power as the number 

of gates is increased is shown in Figure 4.6a. Twenty cascades are simulated, each of 

which puts, on average, one 7 ray into a particular 60-keV range. The range is divided 

into 20 intervals of 3 keV, the Ge detector resolution, and in this example they rays 

were incremented into the bins by a random number generator. The resulting spectrum 

is shown in Figure 4.6b. A two-dimensional spectrum, as would be produced by two 

detectors, is also shown. Each of the 20 simulated cascades puts, on average, one pair 
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Figure 4.6: A schematic illustration of a) a region of the singles (one-dimensional) -y
ray spectrum emitted by 20 hypothesized cascades and b) the corresponding region of 
the coincidence (two-dimensional) spectrum emitted by the same cascades. Figure from 
[De188] . 

of 'y rays into the two-dimensional spectrum. This is done by producing a second 

ray with a random number generator. Obviously, the 20 cascades are better resolved 

in the two-dimensional spectrum, because there is 20 times more space for them to be 

incremented. The improvement in resolving power is in reality less than 20, because 

the peak-to-total ratio is less than 1 .55). Hence about 36 (20/.55) simulated events 

are necessary for the 20 events of the second Ge detector. Consequently, the gain in 

resolving power provided by the second gating 'y ray is about a factor of 13. 

As the number of y rays detected in coincidence (fold) increases, more gates 

may be set. For example, if a five-fold event is detected, four gates may be set. If the four 

gates are satisfied then the fifth -y ray in coincidence can be incremented into the 4-gate 

spectrum. Figure 4.7 shows the 193Hg SD yrast experimental spectra that demonstrate 

the improvement found by applying more gates. 

For an array with an efficiency e for detecting one y ray , the efficiency for 

detecting k particular -y rays in a cascade is ek . In an experiment with a total number of 

reactions No, the number of k-fold coincidence events of k particular -y rays in a cascade 

of fractional intensity a is 

N = alloek (4.10) 



66 

>

1 ) LIR 11 

18+03 

1____,,,,p,aklAiktli ,-JIALAAN 14",,...A.,...,A.4., 

48+04
 

38+04
 

29+04
 

19+04
 kj ikAilLws, v-,AAJWLAA,JAV.PIL.A-.: 

58+05 

38+05 
1 

, t 

it itU v'llil`Lvji .ALAMAMAL,,tilk'L,,A,k-jk18+05 

4+06
 

38+06
 

28+06
 

18+06 ''
 LiNiatv-AW ...,..Ailk. 

kA-21LvA,1 
1 1, .---; . . i , '''' "
 

100 200 300 400 500 600 700 

Energy (keV) 

Figure 4.7: The improvement in the 193Hg yrast SD spectrum quality by requiring more 7 
rays of a given cascade to lie within a specific energy gate. The number of 7 rays required 
to lie within a gate increases from one to five (bottom spectrum to top spectrum). The 
spectra are from the Hg lifetime experiment discussed in this thesis. 
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Azimuthal angle (0) Number of detectors 
17.3 5 

31.7 5 

37.4 5 

50.1 10 

58.3 5 

69.8 10 

79.2 5 

80.7 5 

90 10 

99.3 5 

100.8 5 

110.2 10 

121.7 5 

129.9 10 

142.6 5 

148.3 5 

162.7 5 

Table 4.1: The angles at which Gammasphere's Ge detectors reside, and the number of 
detectors at each angle. 

Assuming all the -y-ray cascades have identical intensities, 1/a is then the num

ber of detectable cascades. However this is just the resolving power, as defined in equa

tion 4.9. Equations 4.9 and 4.10 can then be solved for the values of k and the resolving 

power. The k value is the optimal fold and the RP is the resolving power of the array. 

4.10 Gammasphere 

The recent improvements in the manufacture of large volume Ge crystals have 

allowed the development of the Ge detector arrays with orders of magnitude increases 

in resolving power. Gammasphere at Lawrence Berkeley National Laboratory is one of 

these next generation arrays. Gammasphere, when fully implemented will use 110 large 

volume HPGe detectors. The 110 Ge detectors are situated at 17 different angles, 0, 

relative to the beam line, as shown in Table 4.1. 

Around each Ge detector is a Compton shield. Gammasphere uses BGO (Bis

muth Germanate-Bi4Ge3012) as the scintillator material for the Compton shield. The 

high atomic number (Z=83) of Bi coupled with BGO's high density gives BGO an 

extremely good peak efficiency as compared to other scintillators. BGO has a linear 
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stopping power r-, 2.5 times that of NaI. Consequently, BGO crystals 1/16th the volume 

of Nal crystals may be used with no decrease in absorption efficiency. Gammasphere 

uses a BGO Compton shield consisting of seven crystals. Six BGO elements are situ

ated longitudinally around the Ge crystal and one is in back of it. Thus, only the front 

face of the Ge crystal is unshielded and only backscattered 7 rays escape Compton sup

pression. Each BGO crystal has two photomultiplier tubes associated with it. Because 

of the poor energy resolution of BGO, the high-resolution energy of -y rays which are 

Compton scattered into the BGO crystals cannot be derived by adding the Ge and BGO 

energies. Hence, Compton scattered events are generally not incremented into the 7-ray 

coincidence spectra. Figure 4.8 shows the improvement in peak to background ratio after 

Compton suppression for a 60Co spectrum taken at the Gammasphere array. 

There is a tungsten alloy, called a hevimet shield, that covers the front face of 

the BGO crystals to prevent direct observation of y rays from the target or source in 

the BGO crystals. Without the hevimet shield, simultaneous scattering, from the target 

or source, of separate -y rays into a Ge crystal and the surrounding BGO crystals could 

occur. The event would then be Compton suppressed unnecessarily. The hevimet shields 

prevent this from occurring. 

A logic diagram for the Gammasphere Compton suppression is shown in Figure 

4.9. The timing signals from both the Ge and BGO detectors are shaped, amplified 

and sent to constant fraction discriminators (CFD's). The OUT signal from the Ge 

discriminator and the OUT signal from the BGO discriminator are then sent to a logical 

AND. The output of the AND is true only if the Ge detector registered a 7 ray and the 

BGO did not. In that case the Ge signal proceeds through the rest of the logic and, if 

the master trigger is satisfied, the energy and time for that detector are recorded. 

About 70 of Gammasphere's 110 detectors are segmented. These detectors 

consist of a single crystal with one electrode in the center, as usual, but with two outer 

electrodes. Energy sharing between the two outer electrodes can indicate which side 

of the detector the -y ray entered. Consequently, the Ge detector becomes, in effect, 

two d-shaped detectors, each with half the solid angle of the original detector (longi

tudinal segmentation). The granularity of the Gammasphere array is increased and, 

consequently, the angle subtended by a detector element at the target is reduced. This 

decreases the peak width produced by the Doppler effect in y rays emitted from nuclei 

recoiling at high velocities. Deterioration of the energy resolution due to Doppler broad

ening is most severe at 90 degrees. Therefore, the segmented detectors of Gammasphere 
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Figure 4.8: Different 60Co spectra as detected by the Gammasphere array. a) The vast 
improvement of peak to total in a suppressed versus unsuppressed spectrum. b) The 
further improvement, especially at low energies, caused by adding the BGO backplug as 
a veto detector. c) The ratio of the unsuppressed to suppressed spectra with and without 
the BGO backplug. The backplug is a BGO crystal located behind the Ge crystal so 
that it may detect forward scattered '-y rays from the Ge crystal. Figure is from [Bax92]. 
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Figure 4.9: A schematic of the electronic used in Gammasphere for Compton suppression. 

Total Number of Detectors 110 

Unsegmented Detectors 40 

Segmented Detectors 70 

Detector Dimensions 7.1 cm (D) x 8.0 cm (L) 
Target to Ge Distance 25.3 cm 
Total Ge Solid Angle 47% of 47r 

Total Photopeak Efficiency 9.9% 
P/T at 1.33 MeV 0.56 

Energy Resolution at 1.33 Mev 2.5 keV (FWHM) 

Table 4.2: The parameters of the Gammasphere spectrometer. 

are placed close to 90 degrees. The parameters of Gammasphere are shown in Table 4.2. 

Using these parameters, the resolving power of Gammasphere is ,,-, 104 and the optimal 

fold is 4. The resolving power is , 200 times higher than that of the previous generation 

of arrays. The improvement in spectrum quality can be seen in Figure 4.10, which com

pares a spectrum from the TESSA III array at Daresbury to a Gammasphere spectrum 

of the same SD band. The TESSA III array had 16 detectors and its spectrum consists 

of single gated 2-fold events. The Gammasphere array had only 55 of its 110 detectors 

installed and its spectrum consists of double gated 3-fold events. The acquisition times 

which produced the spectra from the two arrays were similar. There are r-, 100 times 

more events in the Gammasphere spectrum and the peak-to-background ratio of the 

Gammasphere spectrum is also superior. 



71 

300 

C 
O 

O 

.0 100 
E3z 

O 

60000 

co 

00 

40000 

20000 

0 
750 

1, 

950 

2-Fold TESSA III 
16 Detectors 

3-Fold garnmasphere 
55 Detectors 

I 5°Gd SD Band 1 

rn

mi 

G. 
C1 in 
CO go 

v44 tv 
1150 1350 1550 

Energy (keV) 

Figure 4.10: Spectra of SD band 1 in 150Gd. The top spectrum is from single-gated,
two-fold data taken by the Tessa III Array at Darsebury with 16 detectors. The bottom
spectrum is from double gated, three-fold data taken by the Garnmasphere Array with 
55 detectors. 
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Gammasphere's mechanical system contains two hemispheres, each of which 

holds up to 55 detectors. The hemispheres can move both transversely and rotationally. 

They translate 48 cm back from their closed position to allow easy access to the target 

chamber. In addition, for ease of detector access the hemispheres rotate 90 degrees along 

an axis perpendicular to the beam line. When closed, the Ge detector faces are r-, 25 cm 

from the target. The distance between adjacent BGO shields is about 1 mm. 

The processing electronics for two Ge detectors and the 14 corresponding BGO 

crystals are implemented on VXI (VMEbus Extensions for Instrumentation) modules. 

Each processing function, such as amplifying and discriminating, is implemented via a 

small daughter board that plugs into the mother VXI board using surface mounts. There 

are a total of 55 VXI boards to process the 110 Ge and 770 BGO signals. There are 

seven VXI crates, each of which is able to hold ten VXI modules. Six crates hold the 

55 VXI modules and the other one, referred to as the master, holds trigger and read out 

electronics. 

The Ge signal processing electronics for the main high-resolution channel in

clude a shaper amplifier designed to reduce charge trapping problems. This shaper 

amplifier has a 4µs shaping time and a total pulse width of 10 µs. A 14-bit ADC digi

tizes the high resolution energy. A parallel faster channel (2 /Is) is also provided for fast 

energy decisions, but it has degraded energy resolution (12 bits). For the segmented Ge 

detectors, an additional 12-bit ADC is used to handle the reading of the outer electrodes 

(side channel energy). Only one of the side channel signals is used in the VXI board 

processing. There is also a fast signal from the Ge preamplifier which passes to a CFD 

(constant-fraction discriminator). The shape of this signal can be analyzed to give a 

12-bit code that is a measure of the radial position in the detector of the maximum 
energy interaction. This signal can then be used to correct for trapping of charge in the 

detector. The fast signal is also passed from the CFD to a TAC, with a maximum range 

of 1µs. Since the fast signal is timed with reference to a master trigger signal derived 

from the whole system, it gives the Ge time information. 

The BGO signals are passed through seven discriminators to provide fast timing 

information. The signals are also added to give a total BGO energy. The unsuppressed 

Ge signal and the BGO signal are also fed into logic units to provide multiplicity infor

mation and Compton suppression signals. A block diagram of a single Ge-BGO channel 

in the VXI board is shown in Figure 4.11. 
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Figure 4.11: A block diagram of a single Ge-BGO channel in the VXI board. Figure is 
from [Gou94]. 

In each VXI crate there is a local trigger module that determines the number 

Ge detectors registering a -y ray . The master trigger module is sent this information 

from the other 6 VXI crates, and then determines if the minimum multiplicity require

ment has been fulfilled. The trigger system is initiated by a Ge fast signal from any 

detector module and ,,, 800 ns is allowed for the trigger system to make its multiplicity 

decision. If the required multiplicity is not achieved, due to Compton suppression, the 

system is then reset. If a master trigger is produced by the master trigger module, the 

complete processing of signals and the readout is initiated. The final readout of all data 

typically requires -,, 10 /Is (the total width of the high resolution Ge channel). If, after 

the production of the master trigger pileup corrections cause the event multiplicity to 

fall below the minimum requirement, the event will be cleared. The high resolution 

energy signal is also digitized during this period. If after all processing the multiplicity 

requirement is still met, the event is read out. 

Each of the six local VXI crates contains a readout module and there is one 

master readout module in the master VXI crate. The modules contain dual processors 

that sequentially pass data as 32-bit packages along fiber optic bundles to the Event 

Builder in the VME crate. The data are then formatted by six single board computers 

in the VME crate and sent to a 64 MB memory buffer. A CPU then grabs the data and 

writes it to one of eight 8 mm tapes. The eight tape drives can be running in parallel 
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at tape speed (500 kb/s), consequently 4 MB/s of data can be recorded. At the same 

time, data is sent to workstations for analysis. For each event, the information written 

to tape includes: the event length, total Ge and BGO multiplicities, the identification 

numbers of the detectors that fired, the low and high resolution Ge energies, the BGO 

energies, the timing information of all participating detectors, the sum energies of the 

Ge and BGO detectors, and the Ge charge trapping correction. A block diagram of the 

acquisition system is shown in Figure 4.12. 
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Figure 4.12: A block diagram of the Gammasphere data acquisition system. 
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5. LIFETIME MEASUREMENTS 

5.1 Doppler-shift Methods 

SD states typically have mean lifetimes in the picosecond (10-12 s) to femtosec

ond (10-15 s) range, which are too short for direct electronic timing methods to apply. 

Electronic timing is able to measure lifetimes to only 10-11 s. Lifetimes of excited 

nuclear states in the 10-14 s to 10-9 s range are measured with Doppler-shift methods, 

the recoil distance plunger method (RDM) and the Doppler-shift attenuation method 

(DSAM). These techniques utilize the fact that, after a nuclear reaction has occurred, 

the velocity of a recoiling nucleus in an excited state may be obtained, at the moment 

of the 7-ray decay of that state, by measuring the Doppler energy shift of the y ray. 

In the RDM, after leaving a target, the nuclei excited by a reaction move freely 

in a vacuum until they are quickly stopped (< 0.5 ps) by a movable plunger. The plunger 

typically moves from 1 pm to 1 cm from the target. Because of the Doppler shift, the 

energies of the 7 rays emitted by the stopped and moving nuclei are different. Knowing 

the velocity of the recoiling ions and, consequently, the time it takes them to reach the 

plunger, makes it possible to obtain lifetimes in the range of 10-9 - 10-12 s. The RDM 

was not used in the analysis of the Hg SD bands considered in this thesis, so it will not 

be discussed further. 

In the DSAM the lifetime of a level emitting a 7 ray is typically compared with 

the slowing time of a recoiling nucleus in a target and backing. The basic method is 

illustrated in Figure 5.1. A beam of incoming particles a impacts the target nuclei A. 

Reaction products b are emitted, leaving the final nucleus B* in the excited state whose 

lifetime is to be measured. From an initial recoil velocity v, the excited nucleus slows 

in the target and backing. When the mean recoil velocity has dropped to f), a 7 ray is 

emitted . 7/7 is determined experimentally by measuring the average Doppler shift of the 

emitted y rays . The Doppler shift is given by 

E, = E, (1 + -v cos(07)) (5.1) 

where E, is the average detected 7-ray energy at the angle 0,y, E, is the energy of the 

-y ray in the reference frame of the nucleus, and 07 is the angle of -y-ray emission with 

respect to the incoming beam of particles. 
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Figure 5.1: A schematic diagram showing the principle of the Doppler shift attenuation 
method of measuring nuclear lifetimes in the residual nucleus B*, formed in the reaction 
A(a,b)B*. The recoiling B* slows in the material of the target and backing while emitting 
a 7 ray with the mean lifetime 7- of the excited state. Figure is from [No179]. 

'T) now needs to be related to the time of emission. Knowing the stopping power 

of the target and backing material allows the determination of the velocity of the recoiling 

nucleus as a function of time from the force equation 

dE/dx = Mdv /dt (5.2) 

In the above relation dE/dx is the stopping power of the material in which the nucleus is 

travelling, M is the mass of the recoiling nucleus, and dv/dt is the rate of change of the 

nucleus' velocity. Use of this equation provides a clock to measure time from the instant 

of compound nucleus formation until the nucleus either exits or stops in the backing. 

5.2 Stopping Powers 

The major systematic error in DSAM determined lifetimes lies in the determi

nation of stopping powers. The discussion of heavy-ion stopping powers can be separated 

into three velocity regions: 
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Low velocity, where 37, < 0.5%. Nuclear stopping is the dominant mechanism for 

energy loss. 

Medium velocity, where 0.5% ,< 11 < 1.5%. Nuclear and electronic stopping are 

almost equal. 

High velocity, where -II > 1.5%. Electronic stopping is the dominant mechanism 

for energy loss. 

Nuclear stopping results from the scattering of the recoiling nucleons by the 

Coulomb and nuclear fields of the nuclei in the stopping material. Since the recoiling 

nuclei and the nuclei with which they interact have comparable masses, there are rel

atively large energy losses and changes in direction per collision. However, only small 

amounts of experimental stopping power data are available in this velocity region, so it 

is conventional to use theoretical estimates of stopping cross sections when calculating 

the heavy-ion energy loss. The treatment of the slowing process for low- and medium-

velocity ions by Lindhard et al. has been widely accepted [Lin63]. Lindhard wrote the 

rate of energy loss in the form 

(5.3)
dx dx ) e+ clx ) 

where the subscripts e and n refer to the electronic and nuclear contributions to the 

stopping, respectively. The nuclear stopping power (ddEx )n was calculated by Lindhard 

from numerical solutions of the Thomas-Fermi equation. An analytic expression that fit 

the nuclear stopping cross sections, obtained by Lindhard, was given by Winterbon et 

al. [Win68]. As previously mentioned, recoiling nuclei in the nuclear stopping regime 

experience large directional changes. Since DSAM measurements are interested in the 

component of velocity along the initial recoil direction, the equations of Lindhard and 

Winterbon must be modified. Blaugrund has given a formulation that takes the direc

tional changes into consideration [B1a66]. Currie [Cur69] used a Monte-Carlo method 

that achieved essentially the same results as Blaugrund's approach. It has become com
),,monplace as calculated by the Lindhard-Winterbon-Blaugrund formulationmonplace to use 

as the nuclear stopping power in DSAM. Electronic stopping powers that are then de

termined by more empirical methods, as discussed below. 

Electronic stopping involves the interaction of the recoiling nuclei with atomic 

electrons. The recoiling nuclei are always much heavier than the electrons with which 

they interact. Consequently, it will take many collisions, resulting from the Coulomb 



79 

forces, before the energy of a recoiling nucleus is lost. The electronic stopping process 

can therefore be regarded as continuous, with no change in direction of the recoiling 

nucleus. 

Although it is relatively easy to measure heavy-ion stopping powers for the 

1' > 3% region, many measurements have yet to be made. Hence, to a lesser extent,
c --, 

the determination electron stopping powers again relies on the calculations of models. 

Northcliffe and Schilling [Nor70] have compiled a semi-empirical table of stopping powers 

for heavy ions. The compilation was based on measured proton stopping powers, with 

the assumption of smooth variations between the measured points for different stopping 

materials. The stopping powers for ions other than protons were then derived by the 

introduction of an effective charge of the moving ion -yZi 

(5.4)('rzi)2 = -3 (dE/dx)HI / (dE/dx)P 

where (dE /dx)HI and (dE/dx) p are at the same velocity in the same material. -yp 

is the effective charge of the proton and is unity for proton energies >0.5 MeV. The 

parameterization of Pierce and Blann [Pie68] is often used for the effective charge 

-y = 1 exp (-0.95vR) (5.5) 

where vR is the reduced velocity v/voZi2 /3 
. 

With the aid of more extensive measurements on 4He stopping powers, a typical 

expression for the effective charge parameterization became [War75] 

-y = 1 A (Z1) exp (-0.879v/ (von65)) (5.6) 

with 

A (Z1) = 1.035 0.4 exp (-0.16Z1) (5.7) 

Ziegler and Chu [Zie74] illustrated that 4He stopping powers show a strong 

periodic dependence on the atomic number of the stopping material Z2. The stopping 

material exhibits a pronounced shell structure effect, which decreases with increasing 

incident particle energy. It becomes almost negligible for incident particle energies > 1 

MeV /A. In light of the observed shell effects Ward [War76] suggested that the Northcliffe 

and Schilling calculations be scaled to the measured 4He stopping powers. 
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5.3 Relative Lifetime Measurements
 

As discussed above, the determination of stopping powers is inexact, with dif

ferent theories and measurements being used. Stopping power data has improved over 

the years, however, it would take much effort and time to experimentally determine the 

stopping powers for all combinations of incident particle, stopping material and incident 

particle velocity. In the spectroscopy of SD states it has become somewhat customary 

to uses the latest stopping powers of Ziegler, Biersack and Littmark [Zie85J. Systematic 

uncertainties of r-, 15% in these stopping powers often exist, making the comparison of 

lifetimes of different SD bands a difficult task. 

The increased sensitivity of the large ry-ray detector arrays has allowed for the 

simultaneous detection of several SD bands, both in the same and neighboring nuclei. 

This is ideal for the relative determination of SD lifetimes, because systematic uncer

tainties due to stopping power calculations are greatly reduced. The lifetimes of the 
192'193Hg SD bands analyzed and compared in this thesis were produced and detected 

simultaneously. 

5.4 Sidefeeding 

As mentioned in the introduction, the in-band ry-ray intensity of SD cascades 

generally increases with decreasing transition energy until a plateau is reached, meaning 

there are unobserved states that feed the in-band SD levels. As will be discussed more 

comprehensively in the next section, when a SD state emits a -y ray , the velocity of 

the nucleus can be viewed as a function of that SD state's intrinsic lifetime and of all 

the lifetimes of the preceding states. The SD state's apparent lifetime reflects the time 

history of the feeding cascade, thus, the lifetimes of the unobserved sidefeeding states 

must be considered when calculating the in-band SD lifetimes. This unknown sidefeeding 

will introduce additional uncertainties into the calculated in-band SD lifetimes. However, 

the uncertainty can be reduced by analyzing spectra which are produced by gating on 

top of the SD band of interest. Gating-on-top of a SD band is a requirement that one or 

more of the -y rays detected in a coincidence event be at an energy equal to a high-energy 

transition in the SD cascade of interest. This basically constrains all intensity in the SD 

spectrum to pass through the high energy transitions which are gated on. Consequently, 

sidefeeding to SD states below the transition energies used for gating is eliminated. 
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Gating-on-top is possible with the largest and most modern -y-ray arrays, such 

as Gammasphere. Unfortunately, in the 192'193Hg relative lifetime measurements dis

cussed in this thesis, gating on top reduced the statistics to a point where Doppler-shift 

measurements could not be made. Hence, the effect of the sidefeeding states on the 

SD in-band lifetime measurements is the principal uncertainty in the deduced 192'193Hg 

in-band lifetime values. 

5.5 F(r) Determinations 

Experimental fraction of full Doppler shift values F (T) can be extracted for 

each excited state of interest. F (T) is defined as 

ai (5.8)F (T) = 3 vg 

where /3o is the v/c for the compound nucleus at creation, determined via kinematics 

and stopping powers in the F (T) program. Different production cross-sections across the 

target are often modelled. This allows for the determination the average initial recoil 

velocity for recoils made at different points in the target. The )30 used in the F (T) 

determinations is the average of 10 recoils made at 10 different target depths, equally 

spaced from the front of the target to the back. ,13,9 is the v/c extracted from the 

measured -y-ray energy for the state of interest and is determined from the previously 

mentioned Doppler-shift equation (E, = E0 (1 + ") cos (07))). As discussed in subsection 

4.2.6, 0,-,/ can be any of 17 values when using the Gammasphere array, and Es is the 

average measured -y-ray energy at that angle. E0 is determined from either extracting the 

unshifted centroid in the detectors located at 07 = 90° or by averaging the centroids from 

detectors at complementary angles (for example the 50° and 130° detectors). These two 

methods should give nearly the same E0, which was the case for the 192'193Hg experiment 

discussed in this thesis. 

The measured F (T) points are compared with a theoretical F (T) curve to 

obtain the lifetimes of the SD states. The theoretical F (r) curve is given by 

fc° N k (t) V (t)
F ( T ) = (5.9)

Jo No vo "1 

where No is the initial number of nuclei that populated state 1 at t=0. v is a function 

of t via the force equation (5.2) , and this is where the uncertainty due to stopping 

power calculations is introduced. N k (t) is the population of state k at time t, which is 
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a function of all the lifetimes of all its feeding states. Because of sidefeeding Nk (t) is 

actually the sum of two parts 

(5.10)Nk (t) = Nin (t) N81 (t) 

where Nin (t) in the population of the state k due to in-band feeding and N81 (t) is the 

population of state k due to sidefeeding. The uncertainty due to the unknown sidefeeding 

states originates here. The analytical solution to the population of state k is given by 

the Bateman equation : 

k-1 e 3 (5.11)Nk (t) = No E 
1=1 j=1 fl j (Az Ai) 

where Ai = 1/-ri, and Ti is the mean lifetime of state i. 

In practice the best fit to the F (T) data points of a SD band is generally 

obtained by independently varying the in-band (Qi) and sidefeeding (Q8) quadrupole 

moments, and calculating a theoretical F (T) curve. The Qi-Q, combination that mini

mizes x2 is taken as the best fit to the data, and these Qi and Q, will be quoted as the 

experimentally determined values. The quadrupole moments Q can be related to the 

mean lifetimes of the states Ti via the equation 

= 1.22E75(22 (liK20 If K)2 (5.12) 

which was justified in subsection 3.3.2. Here T is in ps, E-y is in MeV and Q is in eb. 

The mean lifetimes Ti are then used in the Bateman equation (5.11). 

The program used in this thesis allows Qi and Q3 vary independently when 

calculating the F (T) curves to fit the F (T) data points [Moo96]. Additionally, Qi and 

Q3 are required to remain constant for all states within a given band. That is, Qi and 

Q3 are not allowed to vary as the fit moves down the SD band. Small corrections due 

to internal conversion and the decay-out branching ratios for the states near the bottom 

of the SD bands, where the in-band flux decreases, are included. These generally have 

little effect on the fitted lifetimes (quadrupole moments), as the SD cascades are mainly 

stretched E2 transitions. The program used to calculate the F (T) curves also allows for 

the variance of a feeding delay into the top of the SD band in order to model any states 

feeding the top transition of the SD band which are too weak for detection. In most 

experiments this is assumed to be the case, as the measured recoil velocity at the highest 

energy transitions is generally less than the calculated initial recoil velocity. The side-

feeding intensity can be inferred from the experimentally measured in-band intensity and 
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is an input variable for each SD state. The program permits the side-feeding cascade to 

be composed of a varying number of transitions, but it is required to have the same 1.'(2) 

as the in-band cascade. Hence, the side-feeding cascade has the same energies as the 

in-band cascade but it may have a different quadrupole moment, so the time structures 

of the two cascades may be different. 

5.6 Lineshap es 

Three distinct possibilities arise when analyzing -y-ray peaks in DSAM exper

iments. Firstly, for in-band states with short lifetimes and feeding times, the velocity 

distribution sampled by the state is narrow. This results in a symmetric fully Doppler-

shifted peak in a gated spectrum at a specific detector angle. Secondly, for in-band life

times and/or feeding times that approach the stopping time of the recoiling nucleus in 

the slowing material, the gated, angle-sorted spectra reveal lineshapes in the transitions 

of interest. These transitions have their intensity distributed between energies corre

sponding to stopped and fully Doppler-shifted components. Finally, for long lived states 

the nucleus will come to rest in the slowing material and there will be no Doppler-shift 

associated with these transitions (See Figure 5.2). Analyzing the lineshape of the transi

tion of interest is another method used to derive the in-band and sidefeeding quadrupole 

moments. It provides a check of the F (T) results and allows one to conveniently follow 

the slowing of the nucleus transition by transition. 

The computer program [We196] used in this thesis for the lineshape analysis cal

culates the velocity distributions using a Monte Carlo simulation. The slowing histories 

(collision paths) of the recoils of interest are simulated and then projected onto a given 

detector geometry. This gives the apparent velocity distribution as seen by each detector 

as a function of time. The electronic stopping is treated as a continuous process, while 

discrete nuclear collisions occur at a rate given by the Lindhard cross section. The effects 

of lateral and longitudinal straggling are allowed for in the program, as are corrections 

for the finite solid angle of Ge detectors. 

As in the F (7) fitting discussed above, Qi and Q, are allowed to vary to give 

the best fit to the lineshape. The best fit is again determined by a X2 minimization 

technique. The calculated lineshapes for each in-band transition were obtained with 

assumptions similar to those in the F (7) calculations: 
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Figure 5.2: A schematic of a) the levels produced in a nucleus by a heavy-ion fusion-
evaporation reaction and b) the corresponding Doppler-broadened lineshapes of the dis
tribution of nuclei slowing in the target and backing. Lineshapes will arise if the lifetimes 
of the in-band or sidefeeding states are of the order of the slowing times. 

A short delay is included via a set of precursor transitions into the highest known 

in-band transition. The number of precursor transitions can be varied in order to 

change the feeding delay. 

Sidefeeding into each in-band state is modeled by a cascade with a variable number 

of transitions. The sidefeeding cascade has the same c.1(2) as the in-band cascade. 

The sidefeeding intensity is constrained to be that experimentally observed. 

In contrast to the F (r) program, the lineshape program does not require Q, 

and Q, to remain constant throughout the band being fitted. The lineshape program 

fits the spectrum of interest one transition at a time and, consequently, is better suited 

to measure in-band changes in Qi or Q3. Also, the lineshape program doesn't allow for 

the delay into the top of the band to be varied, only the Qi and Q, parameters. To 

achieve the best fit, the lineshape program can simultaneously fit any number of spectra 

obtained from detectors at different angles relative to the beam line. 
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Figure 5.3: A schematic representation of the SD and sidefeeding cascades used in the 
lifetime analysis of this thesis. 

5.7 x2 Minimization and Error Analysis 

Usually the approach to finding the Q, and Qs which best fits the F (7) of 

a given SD band consists of first building a level scheme which includes both the SD 

band and those unknown bands which feed the SD states. All known SD levels were 

used for the nuclei discussed in this thesis, even if the levels could not be seen. Side-

feeding into each state was composed of four levels, but 2-5 levels were also tested. Four 

levels generally gave the best F (7) fits, however very reasonable fits to the F (7) were 

also obtained with 3 and 5 levels in the sidefeeding cascade. Less than 3 levels tended 

to skew the sidefeeding time distribution to small values of Qs. This slow sidefeeding 

component then made it difficult to achieve acceptable fits to the lower energy F (7) 

data points. Others have also found that 3-5 levels in the sidefeeding cascade give the 

best fits to F (7) data [Moo96]. An example of the SD level scheme used in the analysis 

is shown in Figure 5.3. 

Once the model level scheme is chosen, Q,, Qs and Td, where rd is the feeding 

delay into the top of the SD band, are varied to determine the best fit to the F (7) of 

the various SD bands. The best fit is determined by minimizing the x2 in a Qi-Q.9--rd 
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parameter space, where X2 is defined by 

=N 
[(Fi (T)meas FiNcaiel 

2 

(5.13) 
i=--1 6FiNmeas 

In the above expression N is the number of data points and SFi ('r)meas is the uncertainty 

on the measured Fi(r) for point i. The uncertainty on an Fi (7) is derived from the 

uncertainty on the measured centroid, which is in turn determined from the statistical 

fluctuation on the number of events in each channel of the spectrum used to calculate the 

centroid. Present in each analyzed spectrum is background which results from Compton 

scattering, unresolved continuum -y-ray transitions, and random coincidence events. This 

background generally contains no relevant information and may overwhelm weak SD 

structures. Consequently, a background subtracted spectrum (BS) is often utilized when 

determining Doppler shifts. BS can be defined as: 

BS(X) = B(X) NC(X) (5.14) 

where 

BS(X) # of counts in channel x of the background subtracted spectrum. 

B(X) = # of counts in channel x of the original, unsubtracted spectrum. 

C(X) = # of counts in channel x of the spectrum used to provide background 

subtraction. Spectrum C often is produced from the identical gating requirements 

that made BS, with the only difference being C exists in a lower fold. That is, if 

BS is produced from requiring three coincidence transitions in an event to lie in a 

gate list, then C is produced from requiring two or less coincidence transitions in 

an event to lie in that same gate list. 

N = a normalization factor used to achieve the background subtracted spectrum 

with the best peak to total. 

Hence, if a background subtraction is used, it is not as simple as taking \Ft as 

the statistical fluctuation, where n is the number of counts in a given channel of spectrum 

BS. The statistical fluctuation must be taken with respect to the number of counts in 

the channels of the weighting spectrum, as defined below 

WS(X) = B(X) + N2C(X) (5.15) 
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where WS is the weighting spectrum. 

After Qi, Qs and Td are determined for a given SD band by choosing the com

bination that minimizes X2, the uncertainties on Qi, Q, and Td need to be found. This 

is done via Bevington's [Bev69] prescription of drawing the contour line corresponding 

to the (minimum + 1) total X2 in the Qi-Q3-rd parameter space. The bounds of the 

uncertainties are then determined by the minimum and maximum values of the three 

parameters on the contour line. It is customary in SD lifetime measurements to quote 

values of Qi and Q3 and Td with their uncertainties. 

The lineshape analysis is similar. The only major difference is that the feeding 

delay was fixed at a reasonable value 30 fs). A model level scheme is first made and a 

X2 minimization and error analysis is then undertaken. However, instead of the X2 being 

based upon the F (7) meas and F (T)caic difference, it is determined by the measured and 

calculated counts in each energy channel (Ni (E)meas and Ni (E)meas) encompassed by 

the -y-ray transition of interest 

i=Chigh 
(Ni (E)meas Ni (E)cctic)1 2 

(5.16)X2 = E 6 (E) caic
i=ciow 

I_ JI 

ciow and Chigh are the low and high channels of the energy interval of interest, i.e. the 

low and high channels of the interval for which there is a lineshape. The X2 for several 

detector angles can be summed and that total X2 (Xcan be minimized
Lt)different 

in the Qi-Q, parameter space, as discussed above for the F (7) analysis, to give the 

experimental Qi and Q3 values. The uncertainty on the Qi and Q3 is then determined 

in a fashion similar to the F (r) analysis. 
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6. EXPERIMENTAL BACKGROUND AND MOTIVATION 

6.1 Quantized Alignment and Identical Bands 

Before discussing the experiment and its motivation, the idea of strong cou

pling, pseudospin, quantized alignment and their relationship to identical bands should 

be elucidated. The pseudospin scheme, within the framework of strong coupling limit 

of the particle rotor model, was employed by Nazarewicz et al. [Naz90] to understand 

the first two cases of identical bands in the mass-150 region, { 151Tb [2] ,152 Dy [1] 1 and 

{150Gd[2],151 Tb[1]} [Byr90]. Nazarewicz used the work of Bohr, Hamamoto and Mot

telson [Boh82] who stated that because the pseudo spin-orbit coupling is weak, the 

pseudospin will readily decouple from the pseudo orbital angular momentum. In this 

formalism the single-particle angular momentum is expressed as the sum of the pseudo-

orbital angular momentum and the pseudospin 

j,_-_-T+:4. (6.1) 

The pseudo-orbital angular momentum of the valence particles is strongly coupled to the 

angular momentum of the core forming the total pseudo-orbital angular momentum 

It = R + i (6.2) 

and the pseudospins are then added to form the total angular momentum 

/ = i4 ± :4" (6.3) 

Hence the pseudo-Coriolis interaction involves the pseudo-spin operator rather than the 

total angular momentum of the odd particle. The pseudospin can then align (or anti-align) 

with the total angular momentum, thereby providing +1h, alignment. 

The it [301] i Nilsson orbital is thought to be involved in ({ 151 Tb [2],152 Dy[1]} 

and {150Gd[2],151 Tb[1]1) identical band cases. For a K=1/2 band the transition energies 

an the odd nucleus are affected by the decoupling parameter, a, and obey the relation 

h2 
E = [41 2 + 2 (_1)/i-1/2 w5k4/21 (6.4) 

7 2 ,:s' 

Consequently, in order for the ({151Tb[2],152 Dy[1]1 and {150Gd[2],151 Tb[1]1) identical 

bands to be explained via strong coupling, the decoupling parameter must be unity. The 
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decoupling parameter can be calculated from the asymptotic quantum numbers via 

a = ()N (5A,o (6.5) 

which would result in a=0 for the [301] orbital. However, in the pseudospin scheme, 

[301] 1 transforms to a pseudo spin 7r [200] i, and this orbital gives the required value of 

unity for the decoupling parameter. The 7r [200] orbital coupling to the yrast identical 

SD bands would therefore explain the identical transition energies in {151Tb[2],152Dy[1]} 

and {15°Gd[2] ,151Tb [1] 1. 

There are many SD bands in the mass-190 region which have identical tran

sition energies. Some of the identical band pairs in this region are (191Hg[2],193Hg[2]), 
es1Fig[3],193Hg[31), (192Hg[1],193Hg[3]), (192Hg[1],194Hoi) and (192Hg[1], 194Pb[1]). These 

band pairs have transition energies which are the same or at the quarter or half points 

over large spin ranges. Furthermore, it is found that transitions of the same energy do 

not always connect levels of the same spin, indicating noncollective angular momentum 

alignments that are all very nearly integers with respect to the doubly-magic 192Hg SD 

core, probably lh [Ste90]. This is very unexpected. Whereas the total angular mo

mentum of the nuclear system is quantized, the separate collective and single particle 

contributions generally are not. 

Stephens et al. introduced a method of comparing alignments and -y-ray ener

gies. They defined the incremental alignment to be 

AE,),
Ai = 2 x (6.6)

AE;ef 

where AE), is the difference between the -y-ray energy of the SD band of interest and that 

of the transition nearest in energy in a reference band. AE7ref is the energy difference 

between the two nearest neighbors in the reference band. 192Hg is often used as the SD 

reference band because it is identical to many other SD bands in the mass-190 region and 

also is considered a doubly-magic SD core. Notice that the incremental alignment does 

not require knowledge of spins. The total aligned angular momentum of a SD nucleus 

relative to a reference band (192Hg) would then be 

i= Ai+A/ (6.7) 

where Al is the difference between the angular momenta associated with the closest 

energy transitions in the two bands compared (e.g., between the initial spins of the 

compared transitions). 
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Figure 6.1: The incremental aligned angular momentum as a function of rotational 
frequency for eight SD bands [nucleus (signature)] relative to the yrast 192Hg SD band. 

ioiHg(+), 1s3Hg(+), 193Hg(-), 0 194Hg0),194Hg(1),
 

= 194T1, and = 194Pb. Figure is from [Ste90].
 

Figure 6.1 plots the experimentally determined incremental alignment against 

rotational frequency for the identical band pair of significance discussed in this thesis, 
{192/10],193 Hg [3] 1. The incremental alignment for some other identical band pairs, 

referenced to the 192Hg SD band, is plotted for completeness. Figure 6.2 plots the total 

aligned angular momentum as a function of rotational frequency for the same bands, 

with SD 192Hg again used as the reference band. It should be noted that the spins of 

only a few SD bands have been measured. Spin fits have therefore been used to deduce 

the spins the other SD states. Even if the spin determinations are incorrect, Figure 6.1 

already shows many mass-190 SD bands already have integer alignments relative to the 

192Hg SD band. Only if the mass assignments are wrong would the total aligned angular 

momentum be 1/2, 3/2, ... Furthermore, in the case of 194Hg, where the spins of the SD 

states have been firmly established, the total aligned angular momentum has been shown 

to be lh with respect to SD 192Hg. Hence, the data seem to suggest that the alignment 

quantum is 1 for several SD bands in the mass-190 region, which is an unexpected result. 

However, in the case of 194Pb the alignment is zero with respect of 192Hg. 

Stephens et al. developed and studied the full physical implications of the 

pseudospin scheme in the mass-190 region, and the following arguments concerning the 

Hg isotopes are based on their work. The 193Hg identical SD bands, with one neutron 
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Figure 6.2: The total aligned angular momentum as a function of rotational frequency 
for eight SD bands in the mass-190 region relative to the 192Hg SD yrast band. The 
symbols represent the same nuclei as Figure 6.1. Figure is from [Ste90]. 

outside the 192Hg SD core, have alignment 1 with respect to 192Hg. The same is true of 

the 191Hg identical SD bands. It is still possible to generate such alignments in an exact 

pseudospin picture, but these are sometimes quite complex assignments. Placing two 

particles in a doubly degenerate aligned-pseudospin orbital would give an alignment of 1, 

and in a system with reasonably good pseudospin many such orbitals may exist. Mixing 

all the resulting alignment-1 states could possibly generate a low-lying collective state 

having alignment 1. This could perhaps explain the 192Hg and 194Hg identical bands. 

Coupling the alignment 1 collective state with a single alignment-0 particle (high-K 

band) could give the alignment-1 bands 191Hg and 193Hg. These hypothesized low-lying 

collective states in nuclei with good pseudospin symmetry would be a completely new 

type of nuclear collective excitation. 

Even if it is valid to use pseudospin symmetry as an explanation of SD identical 

bands, other questions arise. Why don't other effects such as deformation changes, 

pairing changes, orbital alignment changes and/or size and shape changes effect the 

energy levels and, consequently, hide the pseudospin effects. Stephens has suggested 

that systematic cancellations of contributions to the moments of inertia in systems with 

partial SU(3) symmetry may provide the explanation. The measurement of the relative 

quadrupole moments of the identical SD bands in question will help in determining the 

correct explanation. 
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It should be mentioned that if the alignment were 0, strong coupling could 

explain some of the odd-even identical SD bands in the mass-190 region. In the strong 

coupling limit 

I = K,K -1,K -1-2,...(K =11) (6.8) 

and the transition energies in an odd nucleus, relative to those in an even-even core obey 

simple identical band relationships. These are shown in Figure 6.3. The moments of 

inertia of the compared bands are always assumed equal in this picture. However, in 

the mass-190 region spin fits suggest it is unlikely that alignment is 0 for many of the 

odd-mass identical SD bands relative to the 192Hg SD bands. Therefore the explanation 

in terms of extreme strong coupling seems inadequate, if the 192Hg SD band is taken as 

the reference band. However, other reference bands can be chosen, thereby preserving 

the strong-coupling explanation for some SD bands in the mass-190 region. For example, 

Fallon et al. have argued, based on weak pairing correlations, that an excited band in 

194Hg should be used as the principal reference band. Even assuming the strong-coupling 

or pseudospin explanation is correct for some of the mass-190 SD identical bands, the 

identical moments of inertia still need to be understood. Consequently, the reason for 

the many mass-190 identical SD bands is not easily explained. 

6.2 Spin Assignments 

As the majority of SD bands do not have experimentally determined spins, 

fits must be used in spin assignments. The spin-fit procedures all start from a Harris 

expansion [Har651 of the second moment of inertia 

^ (2) (6.9)+ %w! + 

and the relation 
dIs /2N 

(6.10) 
ckor 

Ix is the projection of spin along the rotation vector, and wx = AE-1,1 AIs is the rotational 

frequency. Integrating equation 6.10 gives 

3 .
Imo= 3 w X + zo (6.11) 

where io is the constant of integration. The parameters Z, and1 are obtained by fitting 

(2) as a function of wx using equation 6.9. Ix is then determined via equation 6.11. The 



93 

Mt 
1.5 

II 

E1S2 

c 4	 g 1.0-
Isa. .

V) 4 
114 R 0-3 

1 on ,-O--CH..4>e4o-.....
2- 11111 .11.1..1Al.j 

0 100 300 100 400 500 0 2 4 4 4 10 

;AM	 Spin 

' 

(b)	 (e) ed 

*--0-00.5 ,.. 

100 IQ 1S4	 V 

f 
C 4 

in 4	 ea

E ./.........

350 0.	 c um 

SOD t	 R .
4,.., 

se AQ 

2	 

.I.IA1.1.1 
liQut Y1 00 100 303 303	 400 SO3 2 4 6 I 10 

SpinErOceV) 

(1) (c)	 
11/2 

in -,
 

2  - 0 4,5 
'C' 

, ea ,............-..-.......-.
114 a, . 
OD" 1_ 
R 4s  ................41
 

2 111111j j.t.I.I. 4 
14 0 100 300 303	 400 500 II 2 4 6 1 to 

ovimilvsn 4Ve1-odd E(ka)	 SPia 

Figure 6.3: A schematic representation of three sets of identical bands formed between 
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Figure is from [Bak95]. 
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spin is then found from the equation 

Ix = V/ (/ + 1) K2 (6.12) 

where K is the projection of the angular momentum along the nuclear symmetry axis. 

Two assumptions need to be valid in order for the derived spins to be correct. The first 

assumption is that .ca(2) varies smoothly and gradually in the low frequency range, so 

that the fit of (2) vs. wx can be correctly extrapolated to zero frequency. This is the 

case for the normal-parity orbitals in the mass-190 region. Secondly, the constant of 

integration i, is assumed to be known. i, is usually chosen so that the integer or half 

integer spin appropriate for an even or odd nucleus materializes. Often an io of zero will 

work . 

In the few cases in which SD to ND linking transitions have been found, the spin 

fits have been shown to be correct. Because SD bands in the mass-190 region contain 

states with spins approaching zero, it is expected that the spin fits are very reliable in 

this region. Effects such as pairing may change as hw approaches zero, resulting in an 

unexpected change in the moment of inertia. However, the experimental data gathered 

thus far does not support this. 

6.3 Experimental Motivation 

Since the initial observation of superdeformation in 191Hg [Moo89], approxi

mately 60 SD bands have been discovered in the mass-190 region (i.e. Au, Tl, Pb, Bi, 

and Po nuclei) [Sin95]. The SD minimum in the potential energy surface is stabilized 

by shell gaps in the single-particle spectrum around Z=80 and N=112 for values of 

the quadrupole deformation parameter /32 ,-,-, 0.5. Figure 2.5 shows the Woods-Saxon 

total-routhian-surface energies of protons versus quadrupole deformation at an angular 

frequency hw = 0. Figure 6.4 demonstrates the proton single-particle energies versus 

angular frequency at a quadrupole deformation of /32 = 0.465. Figures 2.6 and 6.4 are 

the same plots for neutrons. 

The large Z=80 shell gap remains at all rotational frequencies, so the Hg iso

topes can be viewed as semi-magic systems in their SD bands. The proton configuration 

contains the four lowest i1312 protons and thus can be denoted as 764. In the neutron 

system there are two single-particle gaps at N=112 and 116, lying between the second 

and the third j15/2 orbitals (72 and 73) and separated by two relatively high-K lev

els [512] 2 and [624] 3+, which carry little aligned angular momentum. Woods-Saxon 
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total-routhian-surface calculations predict that both oblate and SD minima exist, and 

are separated by a barrier of about 1.8 MeV at hc,i = 0. The existence of a SD minimum 

at I = 0 in the mass-190 region is different from the lighter mass regions of superdefor

mation, where the SD minima appear only at higher spins. However, the existence of a 

SD minimum at zero angular frequency also exists in the actinide fission isomers. Here, 

as in the SD mercury nuclei, the Coulomb force helps to stabilize the SD shape. 

A striking feature of the SD bands in the mass-190 region is that many have 

similar dynamic moments of inertia ((2) = AE,y that exhibit a smooth rise as a func

tion of rotational frequency [Ye90] [Ri190] [Bec90]. See Figures 6.5 and 6.6. The -ca(2) 

values generally increase 30-40% over the frequency range rui.) = 0.1-0.4 MeV. This rise is 

attributed to the gradual Coriolis-induced alignment, in the presence of pair correlations, 

of j1512 neutrons followed by i13/2 protons. 

In addition to there being may SD bands with similar c (2), many bands in 

neighboring or near-neighboring nuclei possess identical transition energies. These iden

tical bands have integer intrinsic angular momentum alignments (spin differences at a 

fixed rotational frequency) fSte901. Moreover, as previously discussed, many alignments 

are close to lh, when referenced with respect to the 192Hg SD yrast band. Furthermore, 

since pair correlations play an important role in the mass-190 SD nuclei, the observation 

of many bands in even and odd mass nuclei with similar moments of inertia and transi

tion energies is surprising. Unpaired nucleons close to the Fermi surface are expected to 

reduce (block) the pairing strength, and hence increase the moment of inertia. Similar 

(2) values, "quantized" alignment and the more general phenomenon of identical bands 

have prompted much discussion in recent years [Bak95]. 

Recently, considerable progress has been made in both observing mass-190 SD 

nuclei and understanding their properties. However, the main source of information re

garding these bands has typically come from the systematics of the Ca(2) values, which 

depend only on the transition energies. For a more complete understanding of the prop

erties of SD nuclei (in particular the identical bands) additional information is required. 

For example, it is important to know if bands with identical transition energies have the 

same level spins and/or similar deformations (in-band quadrupole moments Qi). Re

cently, some progress has been made in these areas due to the increases in sensitivity 

yielded by the large -y-ray detector arrays, such as Gammasphere. Firstly, discrete -y-ray 

decays linking the SD states and normal deformed states have now been observed in 

194Hg [Kho96] [Hac91 and 194Pb [Mar96] [Hau97], yielding the spins, parities and exci
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Figure 6.6: The experimental dynamic moments of inertia for mass-190 SD bands [Sin95]. 



99 

tation energies of the SD states. Indeed, the 194Hg links result confirms the level spin 

assumption used by Stephens et al. [Ste90], and supports the quantized 1h alignment 

with respect to 192Hg. 

Secondly, the ability to populate and study several SD bands at once (even 

in differing nuclei) has enabled experimenters to accurately determine the relative Qi 

values of SD bands, and in some cases identical SD bands. In the mass-190 region Moore 

n,-Tet al. measured the lifetime of the SD bands in 192,194g and found that the identical 

bands, 192Hg band 1 and 194Hg band 3, have the same Q, values [Moo97]. Hence, 

they are assumed to have the same deformations. However, Moore's measurements were 

made with two different, though very similar, reactions (148N 1/48 Ca, 4n) at 205 MeVcL 

and 150Nd(48Ca, 4n) at 202 MeV). Thus, there is some additional room for overlooked 

systematic uncertainties. On the other hand, Clark et al. [C1a96] report that the iden

tical SD bands, 131Ce band 2 and 132Ce band 1, have different Qi values, and these 

measurements were on nuclei made simultaneously. It is clear that more measurements 

of the Qi values of identical SD bands are needed, and a good case to consider in the 

mass-190 region is the comparison of the identical bands in 192Hg and 193Hg. Bands 2 

and 3 of 193Hg exhibit integer (1 unit of angular momentum) alignment relative to the 

yrast SD band in 192Hg. 

Another interesting topic in the mass-190 region concerns the polarizing effects 

of the active neutron and proton orbitals. 193Hg is one neutron outside the "doubly

closed" Z=80 and N=112 192Hg SD core. Consequently, it is an ideal nucleus to study 

the neutron levels above N=112. Four SD bands in 193Hg arise from the valence nucleon 

being in both signatures of the [512] 2 and [624] 1-1- Nilsson orbitals. These "high-K" 

bands are weakly affected by the nuclear rotation and exhibit small signature splitting. 

The other two 193Hg SD bands arise from the valence nucleon being in both signatures 

of the [752] 2 intruder orbital. With increasing rotational frequency this N=7 intruder 

orbital is lowered in energy relative to the [512] 2 orbital, resulting in a band crossing at 

an angular frequency of 0.27 MeV. This is shown in the (2) versus rotational frequency 

plot of Figure 6.7. Table 6.1 summarizes the neutron configurations for all the SD bands 

in 193Hg. The N=7 Nilsson orbitals are calculated, in both cranked-Nilsson-Strutinsky 

models and cranked-HFB models, to be strongly downward sloping in the single particle 

energy versus 02 plane, while the [512] 2 and [624] 3+ orbitals are calculated to be 

upward sloping. These orbitals have been referred to as prolate driving and oblate 

driving, respectively. See Figure 2.6. Consequently, the determination of the relative 
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Figure 6.7: The dynamic moments of inertia for the negative-parity bands 1, 2a, 4 and 
5 in SD 193Hg. 

Qi values of the SD bands in 193Hg is an ideal probe of the polarizing effects of these 

orbitals on the 192Hg SD core. 

As can be seen there are two SD bands referred to as 2a and 2b in 193Hg. 

This labelling indicates that these two bands have almost completely identical transition 

energies throughout the entire cascade. They have been identified as two bands only 

by the large FWHM values of the cascade's transitions and by the fact that there is 

some cross talk between these bands and other 193Hg SD bands ru1901. There are two-

way transitions between the signature partner bands, 1 and 2a and 2b and 3. These 

transitions have been identified as M1 and occur below r-, 400 keV [Fa193][Joy93]. 

As a result of the identicality of bands 2a and 2b, their signature partners, 

bands 1 and 3 respectively, are also identical in the low energy (< 400 keV) region. The 

identicality of bands 1 and 3 is broken, however, when the favored ji5/2 SD intruder band 
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Nucleus and Band Active Orbital 
193Hg Band 1 [512] 2 , a = 
193Hg Band 2a [512] 4 , a = +2 
193Hg Band 2b [624] r, a -- +-1 
193Hg Band 3 [624] °- a = 12 ) 2 

193Hg Band 4 [752] 2 a = --1' 2 

193Hg Band 5 [752] a = ±i 

Table 6.1: The active single-particle orbitals for the 193Hg SD bands studied in the
experiment. Bands 1 and 4 cross and exchange character at an energy around 500 MeV. 

(# 4) crosses band 1 at &J.) = 0.27 MeV. The interaction perturbs the levels in band 1 

and, at high frequencies, allows them to be clearly resolved from band 3. 

The original goal of the experiment discussed in this thesis was to determine 

both the relative Qi values of the SD bands in 192'193Hg and the linking transitions 

between the yrast SD state and ND states in 193Hg. This would have allowed the 

spins, parities, excitation energies and relative deformations of the 193Hg SD bands 

to be determined. Unfortunately, the search for SD to ND linking transitions was not 

successful. However, the results reported in this thesis are the first accurate measurement 

of Qi values of multiple SD bands in an odd-A nucleus in the mass-190 region. In addition 

the Qi of the yrast SD band of 192Hg was determined, allowing the comparison of the 

deformations of the identical bands, 1 of 192Hg and 3 of 193Hg. Since the Qi values were 

determined via Doppler-shift measurements on nuclei made simultaneously in a single 

experiment, systematic uncertainties due to stopping power calculations are reduced. 



102 

7. 192,193HG EXPERIMENT
 

7.1 Efficiency and Energy Calibration 

Accurate -y-ray energies and relative intensities in a Gammasphere experiment 

are determined with the help of several calibration sources. During the experiment dis
182Ta, 152cussed 152Eu, and 56Co were used for calibration. Thesecussed in this thesis, 

sources provided -y rays between 70 keV and 3.5 MeV. Calibration spectra were taken be

fore and after the experiment and gains were matched on-line and monitored throughout 

the experiment. Centroids from the calibration spectra were determined via the standard 

photopeak-fitting method of utilizing a combination of a Gaussian, skewed Gaussian and 

exponential tail. The centroids, given in terms of an ADC channel, were matched to a 

known energy. This gave a calibration, which was a linear function of the ADC channel. 

The relative efficiency for a photopeak event, as a function of energy, can be 

determined from the same sources used for the energy calibration. The relative intensities 

of many -y-ray sources are known to the 0.1% level. Consequently, by integrating the peak 

areas and comparing them with known intensities, Gammasphere's relative efficiency at 

each energy was deduced. Figure 7.1 demonstrates Gammasphere's relative efficiency 

as a function of energy. The calibration data points have been fit to one of two three 

parameter functions of the form 

log [c (KO] = Al + B1 log (Ey) Cl [log (Ey)]2 (7.1) 

If E7 < 290 keV then Al = -42.0, B1 = 34.0 and Cl = -6.9 and if E7 > 290 keV then 

Al = .300, B1 = .684 and Cl = -.329. 

7.2 Experimental Setup 

The SD states of 192Hg and 193Hg were populated simultaneously using the 

fusion evaporation reaction 176Yb(22Ne, xn) at a beam energy of 118 MeV. The target 

consisted of a 1 mg/cm2 176Yb foil evaporated onto a 6.8 mg/cm2 197Au backing. The 

backing served to slow and stop the recoiling nuclei, which was useful for a couple of 

reasons. Firstly, an entire F ('r) curve could be fit because the recoils came to rest before 

exiting the target and backing. Secondly, as another goal of the experiment was to 
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Figure 7.1: Gammasphere's relative efficiency for the detection of -y rays versus energy.
The data points were determined by the use of calibration sources before and after the 
experiment discussed in this thesis. 

find links between the SD and ND states for as many of the 6 SD bands in 193Hg as 

possible, it was desired that the 193Hg recoils be brought to rest before the decay from 

the SD band to the ND bands. This would prevent the Doppler-broadening of the linking 

transitions. A lighter mass projectile was favored (22Ne instead of, say, the commonly 

accelerated 48Ca) since it was likely to produce less background from fission and from 

the competing fusion channels. The 22Ne beam also leads to a smaller recoil v/c, which 

reduces the effects of Doppler broadening in the higher spin members of the SD bands, 

thereby improving the peak-to-background ratio for gating transitions. It can be seen 

that 22Ne was chosen as the projectile so as to make the search for linking transitions 

easier, not to make the highest quality F (r) data. However, it turns out that no linking 

transitions were found, but the F (r) data were quite good. 

The beam was accelerated by the 88-Inch Cyclotron at the Lawrence Berke

ley National Laboratory. Ninety escape-suppressed large-volume HPGe detectors were 

present for in-beam -y-ray detection in this Gammasphere experiment. Forty-one detec

tors were at forward angles relative to the target (2 at 17.3°, 5 at 31.7°, 5 at 37.4°, 10 at 

50.1°, 4 at 58.3°, 5 at 69.8°, 5 at 79.2°, and 5 at 80.7°), 41 detectors were and backward 

angles (5 at 99.3°, 2 at 100.8°, 4 at 110.2', 5 at 121.7°, 10 at 129.9°, 5 at 142.6°, 5 at 

148.3°, and 5 at 162.7°), and 8 detectors were at 90°. An event, in this experiment, was 

defined by the "simultaneous" detection of a -y ray in at least four detectors (a Ge fold > 

4) within a coincidence time window of 50 ns. With this event condition, approximately 
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1.9x109 events were collected. The two dominant open channels were the 5n (193Hg) 

and 6n (192Hg) and they were observed with a relative ratio of approximately 2:1. 

7.3 Data Sorting 

A standard DSAM measurement, as described in chapter 5, was performed. For 

each SD cascade known in 192Hg and 193Hg, the data were triple gated on all coincident 

clean transitions and events detected at the same angle relative to the beam line were 

incremented into the same spectra. By this it is meant that the data tapes were scanned 

in event by event, with the ry-ray energies and detectors id's monitored. If three y rays 

in a coincidence event satisfied the energy gates of a particular 192'193Hg SD band, each 

remaining coincidence -y ray was incremented into a histogram labeled by the detector 

and the SD band with which the -y ray is associated. Therefore scanning the tapes 

produced 540 (90 detectors x 6 SD bands) histograms for a given fold. Three gates were 

required to be satisfied, as SD spectra with a two-gate requirement had far too much 

background to be useful in the Doppler-shift measurements. Any SD transitions that 

were severely contaminated with other -y-ray transitions were not included in the SD 

band's gate list. 

Since this experiment is concerned with relative quadrupole moments, care 

was taken to ensure that each gate list encompassed the entire energy range of the SD 

band with which it was associated. Consequently, all the 192'193Hg SD bands contained 

roughly the same intensity contribution from the sidefeeding states. Therefore a differ

ence in the F (T) or lineshapes could be attributed more easily to difference in the Qi 

and/or Qs, rather than to feeding intensity discrepancies. The other gating extreme was 

also attempted, namely, gating on only the top few observed states in each SD band. 

If successful this would have eliminated much of the sidefeeding contribution (Q3 para

meter) from the F(7) and lineshape fits, leading to a more exact determination of the 

Qi values. Unfortunately, as previously mentioned, gating on top was not successful in 

any of the 192'193Hg SD bands due to lack of statistics. 

Each energy gate in an SD gate list must encompass the full lineshape of the y-

ray transition, so that the Doppler-shift data will not be biased towards the transition's 

stopped or moving components. This could cause fictitious F (7) shifts or lineshapes 

changes. To avoid this, the energy gating was made dependent on the detector angle 

and the recoil velocity of the nucleus. Of course, the precise determination of the recoil 
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velocity as the SD state decays is the goal of the analysis, so finding the correct gates 

must be an iterative procedure. During the initial data sort only the fully stopped 

components were used as gates. Because the SD -y-ray energies were already known for 

the 192'193Hg SD bands in this experiment, it was not difficult to roughly calculate which 

transitions would be stopped. For each of Gammasphere's 17 detector angles (rings), 

this gave spectra which approximately indicated in which channels the Doppler-shifted 

SD transitions resided. Background subtraction was performed on the spectra by using 

the (fold-1) spectrum as described in Chapter 6. The gates to be used on the Doppler-

shifted SD transitions in each detector ring could then be determined and, consequently, 

17 different gate lists were produced. Again, the data were sorted and background-

subtracted spectra were produced from gating on both the moving and stopped SD 

transitions. These spectra were of a higher quality and therefore more accurate gate lists 

could be produced. The iterative procedure was repeated until it was determined that 

the best possible background-subtracted 192'193Hg SD spectra were produced. During the 

iterative method used to determine the best gates, it was always remembered to make 

the gates wide enough to encompass the full lineshape of all transitions. Consequently, 

the gates generally started out wide 15 keV ) and became narrower as the spectra 

quality improved (, 5 keV). All six SD bands in 193Hg and the yrast SD band in 192Hg 

were populated with enough intensity to allow a DSAM measurement. 

The small number of counts in the SD peaks causes the 192'193Hg SD bands' 

intensity profiles to carry sizable errors. To determine the in-band intensity profile a clean 

triple gated spectrum was first used to establish which 192'193Hg SD peaks carried the full 

intensity. These conclusions agreed with the results of previous intensity measurements 

on the 192'193Hg SD bands. Triple-gated angle-dependent spectra were then produced by 

using only the full intensity transitions in the gate list. Only the full intensity transitions 

were used so that gating efficiencies would not be introduced. Finding the peak areas 

for each of the SD transitions gave, for each detector ring, the intensity of the higher 

members of the SD band relative to the full intensity peaks. For all measurements of 

peak area the energy efficiency (response function) of the Gammasphere array was taken 

into account. The results for each detector ring were then averaged to give the intensity 

profile. This was done for each of the measured 192,193Hg SD bands. 192Hg SD band 

1, 193Hg SD band 3 and 193Hg SD band 5 were found to have errors on the in-band 

transition intensities which were larger than those previously reported, so the earlier 

results were used in the lifetime calculations. 
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7.4 Experimental Spectra 

The previously determined level schemes for 192Hg and 193Hg are shown in 

Figures 7.2 and 7.3 for the ND states and SD states, respectively. A short discussion of 

each of the SD bands follows. 

7.4.1 192Hg Band 1 

The yrast SD band in 192Hg was weakly populated, with only about half of the 

intensity of 193Hg SD band 1. Figure 7.4 shows a background subtracted spectrum of 

quadruples (triple-gated events), which was produced by summing all angles. Notice the 

Doppler broadening of the SD transitions above 500 keV due mainly to the summing 

of detectors at different angles. Figure 7.10 demonstrates the Doppler shifts of the SD 

transitions by comparing the summed 31.7° and 37.4° spectrum with the summed 148.3° 

and 142.6° spectrum. As can seen from the spectra and the level schemes there are three 

major contaminants which lie almost directly on top of the 381.6, 421.1, and 634.9 keV 

peaks in the SD cascade. The -12 + r ground state transition of 193Hg is at 382.1 

keV and the 2+ 0+ ground state transition in 192Hg is at 422.9 keV. Finally, the strong 

4+ * 2+ transition in 192Hg lies at 634.8 keV. Normally, the even-even SD bands are 

much cleaner than odd-mass SD bands, however, these unfortunate contaminations make 

lifetime measurements in the 192Hg yrast SD band especially difficult. It is generally best 

not to use contaminated transitions for gating purposes because they usually decrease 

the SD peak to total ratio. There will be statistics gained by using more gates, but if 

these gates are contaminated many events which are not a part of the SD cascade will be 

incremented into the SD spectrum. The 192Hg spectra shown were made by excluding 

the contaminated gates. Data sorts were undertaken in which the contaminated gates 

were included and, as expected, the quality of the spectra deteriorated while the statistics 

increased. Nevertheless, as a check, F (T) curves were derived from these spectra with 

a lower peak-to-total ratio. The results were consistent with the results from the higher 

quality spectra. 

7.4.2 193Hg Band 1 

The yrast SD band in 193Hg was the most strongly populated band. Figure 7.5 

shows the background subtracted spectrum of quadruples and Figure 7.11 demonstrates 
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the Doppler shifts of the SD transitions by comparing the summed 31.7° and 37.4° 

spectrum with the summed 148.3° and 142.6° spectrum. As with the other SD bands 

discussed in this thesis, an analysis was attempted on triples (double gated events) 

but background-subtracted triples spectra proved far too contaminated for a rigorous 

analysis. The 622.7 keV y+ __+ 147+ transition in 193Hg is a strong contaminant which 

makes resolving the 622.6 V- --+ g difficult. Fortunately, the 622.6 keV SD peak is 

Doppler shifted enough at the 17.3°, 31.7°, 37.4°, and their complementary backward 

angles to permit a fairly easy subtraction and/or fitting of the 622.7 ND peak in the 

F (7) and lineshape analysis. This band was seen to higher energies than the other SD 

bands, as would be expected since it was the most intense of the six measured bands. 

7.4.3 193Hg Band 2 

As was previously discussed, Band 2 is actually a combination of two SD bands 

with identical transition energies, referred to as Bands 2a and 2b in the literature. As 

would be expected from two bands masquerading as one, Band 2 was relatively heavily 

populated and the FWHM's of its peaks were approximately a factor of 1.5 greater 

than peaks with similar energies in the other SD bands. The 628.8 keV SD peak was 

contaminated in Gammasphere's backward detectors by the previously mentioned 622.7 

ND peak in 193Hg. . Figure 7.6 shows the background subtracted spectrum of quadruples 

and Figure 7.12 demonstrates the Doppler shifts. 

7.4.4 193Hg Band 3 

Band 3 was weakly populated making F (r) and lineshape analysis challenging. 

Figure 7.7 shows the background subtracted spectrum of quadruples and Figure 7.13 

demonstrates the Doppler shifts. 

7.4.5 193Hg Band 4 

Band 4 was relatively heavily populated, as it is the favored signature of the 

N=7 Nilsson intruder orbital and there were relatively few contaminants. Figure 7.8 

shows the background subtracted spectrum of quadruples and Figure 7.14 demonstrates 

the Doppler shifts. 
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Figure 7.4: The 192Hg band 1 SD triple-gated quadruples spectrum, formed by summing 
the spectra of the 90 Gammasphere detectors. 

7.4.6 193Hg Band 5 

Band 5 was the weakest populated band, as it is the unfavored signature of 

the N=7 Nilsson intruder orbital. Fortunately, contaminants were easily identified and 

fit. SD transitions to only 644 keV were identified. Figure 7.9 shows the background 

subtracted spectrum of quadruples and Figure 7.15 demonstrates the Doppler shifts. 

7.5 F (T) and Lineshape Results 

Figure 7.16 demonstrates the F (T) points for the five 193Hg SD bands and the 

yrast 192Hg SD band Immediately, it can be seen that the 192Hg and 193Hg F (7) appear 

different. This was a quite unexpected result, as calculations have predicted only small 

differences in the 192Hg and 193Hg SD bands' Qi values. There are a couple of relevant 

questions to ask at this point: 

1. Are the F (r) truly different? 

2. Can this difference be attributed unambiguously to a difference in Qi? 
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Figure 7.5: The 193Hg band 1 SD triple-gated quadruples spectrum, formed by summing 
the spectra of the 90 Gammasphere detectors. 
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Figure 7.6: The 193Hg band 2 SD triple-gated quadruples spectrum, formed by summing 
the spectra of the 90 Gammasphere detectors. 
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Figure 7.7: The 193Hg band 3 SD triple-gated quadruples spectrum, formed by summing 
the spectra of the 90 Gammasphere detectors. 
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Figure 7.8: The 193Hg band 4 SD triple-gated quadruples spectrum, formed by summing 
the spectra of the 90 Gammasphere detectors. 
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Figure 7.9: The 193Hg band 5 SD triple-gated quadruples spectrum, formed by summing 
the spectra of the 90 Gammasphere detectors. 
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Figure 7.10: Experimental spectra of 192Hg SD band 1 triple-gated quadruples for the 
45° and 135° detectors. 
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Figure 7.11: Experimental spectra of 193Hg SD band 1 triple-gated quadruples for the 
45° and 135° detectors. 
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Figure 7.12: Experimental spectra of 193Hg SD band 2 triple-gated quadruples for the 
45° and 135° detectors. 
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Figure 7.13: Experimental spectra of 193Hg SD band 3 triple-gated quadruples for the 
45° and 135° detectors. 
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Figure 7.14: Experimental spectra of 193Hg SD band 4 triple-gated quadruples for the 
45° and 135° detectors. 
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Figure 7.15: Experimental spectra of 193Hg SD band 5 triple-gated quadruples for the 
45° and 135° detectors. 

Question 1 is the easier to answer of the two. They appear different, and one 

way to quantitatively describe the difference is to first determine the best fit to all the SD 

bands. Each SD band was fit by a x2 minimization technique in the Qi-C2,-Td parameter 

space as discussed in section 5.7. Figures 7.17 7.22 show the experimental F (7) values 

and the calculated best-fit F (r) curve for each SD band analyzed. The demonstrated 

F (r) values are averages of 2 sets of F (r) values, measured with four of Gammasphere's 

detector rings. The spectra of the five 31.7° and five 37.4° detectors were added and 

the cosines of 31.7° and 37.4° were averaged to produce an effective 34.6° ring of ten 

detectors. The same procedure was used with the five 142.6° and five 148.3° detectors 

to produce an effective 145.4° ring of 10 detectors. The first F (r) set was then found for 

each of the SD bands by measuring the Doppler shifts in the ten 34.6° detectors and the 

ten 145.4° detectors. The second F (r) set was found by measuring the Doppler shifts in 

the ten 50.1° and ten 129.9° detectors. The stopped SD peak positions were determined 

by two independent methods. The first method was to measure the centroids of the 

spectrum made by adding the spectra of the eight 90° detectors and the second was 

to average the centroids of transitions in complementary detector rings (i.e. 50.1° and 

129.9 °). These two methods produced the same values for the unshifted -y-ray transition 
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Figure 7.16: The experimental FM for all the 192'193Hg SD bands discussed in this 
thesis. 

centroids, as expected for non-relativistic recoil velocities. The two sets of F ('r) values, 

determined by four different detector rings of Gammasphere, agreed within errors. The 

averaged results are given in Tables 7.1 7.6. 

The x2 per degree of freedom (x2/D0F) for the best fit to each SD band's F (r) 

is near 1, indicating a reasonable best fit. The X2 /DOF can be approximately mapped 

to a probability as shown in Figure 7.23. It is seen that, in an ideal measurement, a 

x2/DOF of one is the most probable outcome of the best fit to the data points. If 

the X2/DOF were significantly less than one, this would indicate that the statistical 

uncertainty on the F (r) data points was probably overcalculated or that some degrees 

of freedom present in the fit may have been overlooked. Conversely, a x2/DOF much 
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Figure 7.17: The experimental F (7) and best-fit F (7) curve for 192Hg band 1. The 
sidefeeding consists of rotational cascades composed of 4 states. 
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Figure 7.18: The experimental F (T) and best-fit F (T) curve for 193Hg band 1. The 
sidefeeding consists of rotational cascades composed of 4 states. 
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Figure 7.19: The experimental F (r) and best-fit F (r) curve for 193Hg band 2. The 
sidefeeding consists of rotational cascades composed of 4 states. 
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Figure 7.20: The experimental F (r) and best-fit F (r) curve for 193Hg band 3. The 
sidefeeding consists of rotational cascades composed of 4 states. 



120 

1.0
 

193Hg 84

0.9 - 0i=16.7 eb, Qs=14 eb, 846 fs 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

-0.1 
0.2	 0.3 0.4 0.5 0.8 0.7 0.8 

Energy (MeV) 

Figure 7.21: The experimental F (r) and best-fit F (7-) curve for 193Hg band 4. The 
sidefeeding consists of rotational cascades composed of 4 states. 
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Figure 7.22: The experimental F (r) and best-fit F (7-) curve for 193Hg band 5. The 
sidefeeding consists of rotational cascades composed of 4 states. 
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Transition Energy (keV) F (T) AF (r) 
700 .847 .037 

668 .825 .036 

635 .773 .032 

602 .656 .027 

567 .535 .032 

532 .410 .025 

496 .196 .028 

459 .075 .030 

421 .002 .043 

382 .002 .024 

341 .010 .029 

300 -.029 .023 

258 .037 .038 

Table 7.1: The experimental F(T) with uncertainties for 192Hg band 1. 

Transition Energy (keV) F (T) AF (r) 
785 .937 .030 

753 .905 .026 

721 .825 .023 

689 .795 .030 

656 .767 .014 

623 .644 .034 

590 .459 .016 

559 .304 .023 

528 .172 .017 

497 .076 .015 

464 .029 .014 

429 .011 .025 

392 .001 .018 

353 .005 .020 

314 -.011 .021 

274 .002 .027 

233 -.002 .035 

Table 7.2: The experimental F(T) with uncertainties for 193Hg band 1. 
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Transition Energy (keV) F (r) AF (r) 
757 .927 .033 

726 .925 .030 
694 .805 .026 

662 .757 .033 

629 .690 .042 
595 .499 .025 
560 .365 .022 
525 .207 .023 

488 .071 .020 

451 .012 .019 

413 .027 .016 

375 -.028 .020 
335 -.001 .026 
295 -.061 .036 
254 .007 .056 

Table 7.3: The experimental F(T) with uncertainties for 193Hg band 2. 

Transition Energy (keV) F (r) AF (T) 
710 .858 .030 
678 .841 .044 
644 .704 .033 

611 .507 .048 

577 .385 .035 
542 .221 .021 

506 .079 .026 
470 .015 .029 
432 -.010 .020 
394 .006 .018 
355 .018 .017 
315 .027 .017 
275 -.049 .025 

Table 7.4: The experimental F(T) with uncertainties for 193Hg band 3. 
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Transition Energy (keV) F (7) AF (7) 
770 .975 .031 

739 .867 .024 

708 .855 .029 

675 .785 .022 

641 .724 .024 

605 .554 .026 

567 .393 .027 

526 .214 .026 

484 .058 .021 

444 .031 .017 

405 -.025 .015 

367 -.030 .016 

329 .014 .023 

291 -.002 .031 

Table 7.5: The experimental F(T) with uncertainties for 193Hg band 4. 

Transition Energy (keV) F (7) AF (7) 
645 .725 .031 

606 .508 .033 

567 .408 .041 

528 .178 .029 

488 .055 .035 

448 .017 .024 

407 .005 .029 

365 -.007 .022 

324 -.017 .022 

282 .022 .028 

Table 7.6: The experimental F(r) with uncertainties for 193Hg band 5. 
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SD Band Active Orbital Qi(eb) Q3(eb) Td(fs) Minimum X2 /DOF 
1 of 192Hg 20 2+1-2 17 1+2-7 50+15 1.1 

18 5+-7 11 9+1-5 28+11 0.67 
.2 2.3 19 

1 of 193Hg [5121--2 -.8 1.2 8 
17.3+01:90 1.2 

IA 9+4.1
15 0+1:7 40 +9102 of 193Hg [512] 2 [624]3+ 1 .6 

1.6 
2 

16 2+1.5 193 of 193Hg [624] 2 1.4 3.5 24+22


4 193Hg [752] r -1.0 14 0+3-8 36+15 1.5
16 7+*9 112.7 
5 193Hg [752] 2 16.7+1.3 12.2+4.7

3.9 
qg+18 0.661.2 '''''-16 

Table 7.7: The F(T) results for the SD bands studied in this thesis. 

greater than one tends to demonstrate that the statistical uncertainty on the F (7) data 

points was undercalculated or that fewer degrees of freedom than anticipated were present 

in the fit. To achieve a quantitative measure of the difference in the 192Hg and 193Hg 

SD bands, the experimental FM points of the all the bands were assumed to originate 

from the same parent distribution. That is, the F (7) data points for the 192Hg yrast 

SD band and a 193Hg SD band were combined and fit by varying Qz, Qs, and Td. This 

was done for each 192Hg and 193Hg combination and yielded a minimum x2/DOF > 5 

for each of the fits as shown in Table 7.2. This quantitatively demonstrates the 192Hg 

and 193Hg SD bands are very unlikely (< 1% probability) to originate from the same 

parent distribution, i.e. they are different bands when described by the Qi, Q8, and rd 

parameters. 

Attributing the differences in the 192Hg and 193Hg F (r) values to a difference 

in the bands' intrinsic quadrupole moments Qi is more difficult. The uncertainties in 

Qi are dominated by correlations with Qs, and to a lesser extent rd. Plots of the (xlin 

-I- 1) contour lines for each of the 192'193Hg SD bands demonstrate this correlation. If 

statistics would have permitted the extraction of the SD spectra by gating only on top of 

the SD bands, this Qi-Q, correlation could have been minimized. However, this was not 

the case and, consequently, the errors on the Qi of the different bands are fairly large. 

Nevertheless, as Table 7.8 demonstrates, the data still suggest that the Qi of 192Hg and 

193Hg are different. Basically, the error bar for the Qi value of 193Hg SD band 1 just 

overlaps with the error bar of the Qi value of the 192Hg yrast SD band, indicating a 

difference in Qi values of less than 2u significance. The Qi values of 193Hg SD band 2 

and the Qi of the 192Hg yrast SD band are different to a significance of just over 2u. 

The difference between the Qi values of 193Hg SD bands 3, 4 and 5 and the 192Hg yrast 

SD band are more significant but still less than 3a. 

http:qg+180.66
http:9+1-528+110.67
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Figure 7.23: A plot of the x2 distribution. Each curve gives the probability that a random 
sample of N numbers from a true Poisson distribution would have a larger x2/DOF than 
that of the ordinate. Figure is from [Kno89]. 

SD Bands Combined x2/DOF of Best Fit for Combined Set 
1 193Hg sz 2 193Hg 1.1 

1 193Hg & 3 193Hg 1.3
 
1 193Hg & 4 193Hg
 1.2
 
1 193Hg & 5 193Hg
 1.7
 
1 193Hg & 1 192Hg
 5.5
 

2 193Hg & 3 193Hg 1.5
 
2 193Hg & 4 193Hg 1.5
 

2 193Hg & 5 193Hg 1.8
 

2 193Hg & 1 192Hg 3.4
 
3 193Hg & 4 193Hg 1.4
 

3 193Hg & 5 193Hg 1.2
 
3 193Hg & 5 192Hg
 5.3
 
4 193Hg & 5 193Hg 1.2
 

4 193Hg & 1 192Hg 5.3
 

5 193Hg & 1 192Hg 5.8
 

Table 7.8: The chi-squared per degree of freedom of the best fits to sets of F(r) data 
points made by combining the F(r) of the different SD bands. 
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The same comparison between the 192Hg and 193Hg F (T) as described above 

was also performed on the F (r) within the bands in 193Hg. Tables 7.7 and 7.8 demon

strate that the F (r) of all the bands in 193Hg are similar. There is some evidence that 

bands 1 and 2 have slightly higher Qi than the other three SD bands in 193Hg. Indeed, 

the combined Band 1 and Band 2 set can be better fit by a single F (T) curve, as mea

sured by the X2 /DOF, than any of the other 193Hg SD band pairs. However, with the 

exception of band 1, all the Qi are within lo- of each other and the Qi of Band 1 is within 

2cr of all the 193Hg SD bands. Hence, there is no strong evidence for any difference in 

the Qi within the 193Hg SD bands. 

When comparing the uncertainties in the Qi measurements in the mass-190 SD 

region with those from recent measurements in the mass-150 SD region it should be kept 

in mind that sidefeeding in the lighter mass region occurs over a range of transitions 

for which the F (r) values are not changing very rapidly (F (T) > 0.9). As a result, 

there is less sensitivity to the sidefeeding properties in the mass-150 SD region, and a 

correspondingly smaller uncertainty on the Qi of the SD bands in that region. 

A lineshape analysis, as described in section 5.6, was also undertaken on transi

tions in bands 1 of 192Hg and 1 and 4 in 193Hg. The lineshape analysis is most sensitive 

where there is both a moving and stopped component in the transition of interest, gener

ally 500-650 keV for the SD bands discussed in this thesis. Examples of the experimental 

lineshapes, along with the corresponding calculated lineshapes, are presented in Figures 

7.24 and 7.25. The results of the lineshape analysis are summarized in Table 7.9. The 

lineshape analysis agrees with the F (T) results and the error bars are not smaller. Con

sequently, the only additional information gained is that the individual Qi values of the 

measured SD bands are essentially constant over the frequency ranges measured. This 

suggests that the assumption of a constant Qi used in the F (r) analysis is reasonable. 

The absolute values of the Qi may be incorrect by up to 15% because of sys

tematic stopping power uncertainties, however, the relative Qi of all the 192Hg and 193Hg 

SD bands discussed should be accurate to the quoted uncertainties. The two nuclei were 

made simultaneously and analyzed with the same stopping powers and similar models, 

so it is difficult to envision systematic errors which would adversely affect the relative Qi 

values motivated in the previous section. No evidence was found for significant differ

ences in the intensities of the 192Hg and 193Hg SD bands which could point to differences 

in the population of these bands. However, the error is fairly large and not explicitly 

propagated into the uncertainty on the Qi. Therefore the possibility that the SD bands 
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Figure 7.24: The lineshapes for the 590 keV transition in the 193Hg SD band 1 cascade. 
Sidefeeding is a rotational cascade composed of four transitions. The quadrupole moment 
results for this transition were Qi = 16.0+2.0-1.0 and Qs = 13.8+ 3.0 -3.2. 
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Figure 7.25: The lineshapes for the 532 keV transition in the 192Hg SD band 1 cascade. 
Sidefeeding is a rotational cascade composed of four transitions. The quadrupole moment 
results for this transition were Qi = 20.2+3.2-2.1 and Q,9 = 16.3 + 3.9 - 4.1. 
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SD Band En. (keV) Qi (eb) Lifetime (ps) Q, (eb) 
192Hg Band 1 496 19.9+3.1-2.5 0.19 15.1+4.9-4.2 

532 20.2+3.2-2.1 0.13 16.3+3.9-4.1 
193Hg Band 1	 528 17.0+1.9-1.8 0.19 13.4+3.3-2.9 

558 16.7+0.8-1.2 0.15 14.9+2.6-2.8 
590 16.0+2.0-1.0 0.12 13.8+3.0-3.2 
622 16.3+2.1-1.3 0.09 11.9+4.1-3.6 

193Hg Band 3	 524 16.7+2.3-1.8 0.21 14.4+3.7-3.6 
560 19.4+2.9-1.8 0.11 13.9+3.8-4.2 
594 16.0+1.1-1.0 0.12 15.9+2.4-3.3 

Table 7.9: The results of the lineshape analysis. The delay into the top of each SD band 
was fixed to approximately 30 fs. 

population profiles are different than that measured must be recognized. Furthermore, 

an in-band intensity was assumed for the transitions at the top of the SD band that 

were part of the decay model, but were too weakly populated to be detected. Also, there 

were a few transitions that were very contaminated, so their transition intensities were 

extrapolated from the neighboring peaks' intensities. However, different feeding profiles 

were modeled, and this did not significantly alter the Qi, Q3 or Td (< 0.3 eb and 10 fs 

respectively), but even this small additional uncertainty should be recognized. 
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8. DISCUSSION OF RESULTS 

The measurement performed on the five 193Hg SD bands is the first accurate 

determination of the relative Qi values of SD bands in an odd-mass nucleus in the 

mass-190 region. However, several measurements of the Qi of the 192Hg SD yrast band 

have been completed, and these are summarized in Table 8.1. Moore's measurements 

were performed using DSAM, with analysis techniques similar to those discussed in this 

thesis. The other three tabulated 192Hg measurements were performed using the Recoil 

Distance Method (RDM). Hence, only the Qi of the longest lived 192Hg SD states could be 

determined, as RDM is unable to measure sub-picosecond lifetimes. However, stopping 

powers do not enter the RDM measurements, so they are minus a large systematic 

uncertainty. Consequently, Qi values determined by RDM are generally considered more 

accurate than Qi values determined via DSAM. However, it should again be stressed 

that the relative Qi measurements of 192'193Hg discussed in this thesis are still valid, 

even though DSAM was used to determine the lifetimes. Stopping power errors should 

for the most part cancel, as the 192'193Hg were made simultaneously and analyzed with 

the same stopping powers. 

The present measurement is within the uncertainties of the other determinations 

of Qi, with the notable exception of Moore's most recent measurement. It is difficult to 

determine how important this difference is, as Moore's latest Qi was determined with a 

different beam-target combination, 148Nd(48 Ca,4n). Consequently, the stopping powers 

used in the analysis may significantly contribute to the disagreement in the Qi values. 

Several theorists have calculated, using a variety of theoretical methods, the 

expected Q, value for the yrast 192Hg SD band. However, fewer have calculated the 

expected Q, values for the 193Hg SD bands. The treatment of an odd-A nucleus is 

more difficult in the self-consistent HFB and the Nilsson-Strutinsky methods because 

the valence particle breaks time-reversal symmetry. The results of the theoretical cal-

Band Present Work [Moo90] [Wi194] [Lee94] [Kuh96] [Moo97] 
192Hg #1 20.2+1.2 20.0+2.0 18.7+2.0 17.52 3.5 ,,-,18 17.7+0.8 

Table 8.1: A comparison of the various measurements of the quadrupole moment for the 
192Hg yrast band. 
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Band [Cha89] [Sat97] [Ga194] [Kri92] [Bon90] [Mey92] [Hee97] 
192Hg #1 19.2 18.0 18.6 18.0 18.5 18.2 18.5 

193Hg #1#2a 17.5 
193Hg #2b#3 17.6 
193Hg #4#5 17.8 

Table 8.2: Calculated quadrupole moments for SD bands in 192'193Hg. Values are in eb. 

culations are gathered in Table 8.2. It is clear that the difference found in the present 

experiment between the Qi values of the 192Hg and 193Hg SD bands is not predicted. 

However, the prediction that the polarizing effects of the three active single-particle or

bitals in the 193Hg SD bands ([512] 2 , [624+, and [752] 2 ) will not be substantially 

different is confirmed by the present experiment. The [512] 2 and [624]3+ are strongly 

upward sloping in the single-particle-energy-versus432 plane while the N =7 intruder or

bital ([752] r ) is strongly downward sloping. Yet, there is no clear pattern between the 

active single-particle orbital occupied and either the measured or calculated Qi. 

The experimental results lead to a slight paradox. On the one hand, the predic

tion of only small polarizing effects on the 192Hg SD core by the different single-neutron 

orbitals seems to be confirmed. There is no clear connection between the single-particle 

orbital occupied in 193Hg and the Qi measured. This points to a rigid second minimum 

with respect to the possible quasi-particle excitations. However, 192Hg- and 193Hg clearly 

have different experimental F (7) curves, which has led to the conclusion that the Qi 

values of 192Hg and 193Hg SD bands are probably different. This implies that the occu

pancy of a single-particle orbitals may cause a polarization of the doubly-magic 192Hg 

core. No satisfactory explanation of these apparently contradictory results has been 

given. 192Hg and 193Hg will have different pairing correlations. However, the difference 

is not expected to be large, and even if the difference in pairing were large it is not clear 

how this would affect the Qi values. 

Experiment would agree with theory if the 192Hg and 193Hg bands possessed 

similar Qi values. The probability that a unknown systematic factor has shifted the F (r) 

curves seem very unlikely, as the two nuclei were produced simultaneously. As previously 

elaborated upon, there exist quantities used in the experimental fits and data sorting 

which could change the experimentally determined Qi values. These include the energy 

gates, the gate widths, the delays into the sidefeeding bands TD , the measured intensity 

profiles, the calculated initial recoil velocity and the sidefeeding quadrupole moments Q8. 
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These possibilities, as previously discussed, have been thoroughly investigated. However, 

for argumentative purposes, assume the 192Hg and 193Hg SD bands possess the same Qi 

values but different F (7) points. The parameter which would seem to be the most likely 

cause of the shift in the F (T) curves between bands is Q3. A relatively small change in 

Qs can produce a change in the calculated F (7) curves. Again, this was investigated and 

expanded upon in the previous chapter. The assumption of identical Qi values for 192Hg 

and 193Hg SD bands produced fits to the experimental data which were deteriorated, even 

if the other parameters were allowed to freely vary. Nevertheless, a RDM experiment 

or another DSAM experiment measuring the 192'193Hg SD bands' Qi values is justified. 

Ideally, the DSAM measurement would have enough statistics so that an F (7) analysis 

could be performed after gating only on the top transitions of the SD bands of interest. 

Then sidefeeding effects would be greatly reduced. 

In summary, the present work is the first accurate measurement of the quadru

pole moments of an odd-mass-190 SD nucleus. The six 193Hg SD bands possess similar 

F (7) and lineshape data, which leads to the conclusion that they have similar in-band 

quadrupole moments. The similarity in quadrupole moments of the six 193Hg SD bands 

is consistent with the best-available theoretical calculations. However, an unexpected 

difference in the F (7) and lineshape data between the 193Hg and 192Hg SD bands was 

determined. The most likely cause of this difference is that the 192Hg yrast SD band has 

a larger quadrupole moment than the six 192Hg SD bands. This apparent discrepancy 

deserves further theoretical and experimental investigation. A higher-statistics DSAM 

or a RDM measurement on the 192'193Hg SD bands is justified. 
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