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ABSTRACT

High-spin states in the transitional nuclei ^®^Pt and were mea

sured via heavy-ion induced reactions. The three reactions used to study ̂ ®^Pt,

i^2Yb(i60,4n)i«^Pt, i54Sm(34S,4n)i«^Pt and i«°Yb(29Si,4n)i8^Pt, were run at beam

energies ranging from 91 to 163 MeV. High-spin states in ̂ ®^Au were populated

using the ^^^Sm(^5Cl,4n)^®^Pt reaction at 170 MeV. These measurements were

performed at three separate facilities, the Holifield Institute for Heavy-Ion Re

search, McMaster University Tandem Laboratory, and Chalk River Laboratory,

using multi-detector 7-ray spectrometers of varied sophistication.

Nuclear levels up to 37 fi have been measured in ^®^Pt. Six new side

bands have been identified, and the spins and parities in five of these bands have

been firmly established. Four of these side are associated with two-quasineutron

configurations, while another side band has been assigned a two-quasiproton con

figuration.

Levels in ̂ ®^Au have been observed up to 61/2 Ti. This work represents

the first in-beam measurement performed on this nucleus. Four rotational bands

have been identified. Two of these structures have been associated with the ̂ [541]

Nilsson configuration, and the other two bands have been assigned the |[530] and

I[660] configurations. While heavier Au isotopes have identified rotational bands

built on the ̂ [505] Nilsson configuration, such a band has not bee observed in

the present data on ̂ ®^Au.

From the present work, strong evidence has been found which indicates

that both 7r/i9/2 (|[541]) and (|[624]) quasiparticle alignments are occuring

at low rotational frequencies in Pt and Au nuclei at A = 104 to 108. Since both

pairs of quasiparticles occupy diflFerent states relative to the Fermi surface, they

will polarize the nuclear core in opposite directions in the 7 degree of freedom.

Conclusions about the dependence of shape on these alignments comes from com-



parison of the spectroscopic data with a set of Cranked Hartree-Fock Bogolyubov

calculations, which are performed using the shell correction method. Discrepan

cies between the present experimental evidence and theoretical predictions are

also noted and suggestions for a possible resolution to these differences are also

presented.
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CHAPTER 1

INTRODUCTION

High-spin nuclear physics is the study of nuclei displaying collective rota

tion at high angular momentum. This work describes measurements of rotational
I

bands in the deformed nuclei ̂ ®^Pt and ̂®^Au. High-spin states in these nuclei were

populated via heavy-ion fusion reactions using S, C1 and 0 beams supplied by the

Holifield Tandem Accelerator at Oak Ridge National Laboratory, the McMaster

Tandem Accelerator at McMaster University, and the 12 MV tandem accelerator

at Chalk River. The 7-ray data were collected using the multi-detector arrays

available at these facilities. Extensive model calculations of the nuclear shape

as a function of rotational frequency have been performed and compared with

these measurements in order to make conclusions about the observed high-spin

characteristics of the nuclei under consideration.

The idea that the nucleus might exhibit some type of collective rotation

was first proposed by Bohr and Kalckar in 1937. However, it was not until the

early fifties that nuclear rotational bands were first predicted and observed. Since

then, nuclear rotation has been studied extensively by nuclear physicists, partly

due to the fact that the collective nature enables a description of the observed

nuclear spectra in terms of only a few degrees of freedom. Chapter 2 of this work

will review the ideas of collective rotation in nuclei and will present some of the

current theoretical models which are presently in use to describe nuclear structure

in the regime of high-angular momentum.

Within the last decade a number of technical developments have given

great impetus to the study of nuclei at high angular momentum. These develop

ments have been in the areas of heavy-ion accelerators and multi-detector arrays.

In the area of accelerators, a number of facilities now exist which can provide a va-



riety of beams with enough energy and beam intensity to transfer large amounts of

angular momentum to the final system via a number of different nuclear reactions.

The efficiency and sensitivity at which the emitted 7-rays are detected have also in

creased greatly with the design and building of multi-detector arrays. These arrays

generally are composed of a large number of sodium iodide (Nal) or bismuth ger-

manate (BGO) detectors ( 70) which measure the bulk properties of the nuclear

event, such as the total 7-ray energy and multiplicity emitted during the nuclear

reaction. These large groupings of detectors are coupled with a smaller number

of Compton-suppressed Ge detectors (10-20) which measure with good resolution

the energy of individual 7-rays. These technical developments have allowed for a

large amount of experimental data to be taken on nuclei in the spin range of 20-

40 h. From this vast storehouse of data, much has been learned about the sharing

of angular momentum between rotational and single particle modes in yrast and

near-yrast excitations of the nucleus. Chapter 3 will review the mechanisms used

for imparting large amounts of angular momentum to a nucleus and examine the

experimental setups used in this study to make spectroscopic measurements on

^®^Pt and ̂ ®^Au.

Quantum mechanically, a sphere cannot rotate. Therefore, to study col

lective nuclear rotation, one must choose nuclei whose static shapes are non-

spherical. Nuclei which have nucleon numbers at or near closed shells prefer

spherical shapes, but as more nucleons are added to the valence shell, the nu

cleus begins to take on a deformed structure. Fig. 1.1 shows regions in the Z — N

plane where one has found or expects to find deformed nuclei. In the past several

years, the high-spin structure of nuclei on the neutron-deficient side of stability in

region 2 has been studied extensively because of their high fission limit and large

deformations. These nuclei are located in the rare-earth region of the periodic

chart with nucleon number ranging from 150 < A < 190. High-spin states have
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been observed to / > 40 ̂  in many of these nuclei. On the other hand, in the

upper-part of this region, nuclei have not been examined as extensively via heavy-

ion reactions, because it was thought that fission and charged particle emission

would inhibit the population of high-spin states. In the last several years, a num

ber of new measurements have shown that while fission does present a problem,

observation of discrete states as high as 35 U along the yrast line (see this work)

is possible with the right combination of beam and target.

The studies discussed in the following work are centered around two

nuclei, (TV = 106) and ̂ ®^Au (TV = 104), which are situated in the upper

part of region 2, right below the proton shell closure at lead. In this region, within

the same nucleus, different structures have been observed which are associated with

significantly varied shapes. These shapes are thought to fall within two categories;

well-deformed prolate and slightly- to moderately-deformed oblate shapes. As a

general rule, nuclei with their valence orbitals filled to mid-shell or lower favor

prolate shapes, while nuclei with their upper shells filled favor less deformed oblate

shapes. Thus, this shape "coexistence" found in these Pt-Au nuclei occurs due to

the fact that a balance has been reached between the two competing structures.

While the low-spin features associated with this shape coexistence has been well

studied, the competition between these two shapes at higher spins is less known.

Because of the residual pairing force, pairs of nucleons in time reversed

orbits couple together within the nuclear core. One effect rotation has on the

nucleus is that the paired quasiparticles which have large individual components

of angular momentum along the rotational axis feel the Coriolis force most strongly.

The Coriolis force acts to decouple these high-j quasiparticles from the core and

align them with the rotational axis. One consequence of the shape-coexistence

phenomenon discussed above is that nuclei exhibiting it tend to have nuclear cores

whose shapes are easily influenced by external forces. Since quasiparticles which



decouple from the nuclear core define their own equilibrium shapes, one might

expect large fiuctuations in the nuclear shape before and after these particles are

aligned, if their preferred shape is much different from that of the core.

If one is to mahe predictions about the nuclear shape along the yrast

line, it is important to determine the quasiparticle nature of the decoupling pairs.

In some sense, the Pt-Hg transitional nuclei represent the last group of neutron

deficient nuclei in region 2 of Fig. 1.1 where this quasiparticle nature has yet to

be fully confirmed. The quasiparticles which are most likely to align first in this

region are the iiz/2 quasineutrons and the /i9/2 quasiprotons. At « 0.0 MeV for

N — 104 and 106, these quasiparticles are associated with the |[624] and |[541]

Nilsson configurations. Measurements by Beshai et al. (1986) on the higher spin

levels in ̂ ®'^Pt indicated that the 1/113/2 quasiparticles were most probably the only

quasiparticles aligned below a rotational frequency of tiuj = 0.30 MeV. However,

Kahler et al. (1978) performed a similar measurement on ̂ ®®Au and concluded

that the /19/2 quasiproton pair, and not ̂ 13/2 quasineutrons, were aligning at low

rotational frequencies.

Since the polarizing effect aligning quasiparticles have on the nuclear

core is dependent on where they lie with respect to the Fermi surface, the uii^p

(mid-shell) and 7r/i9/2 (low-shell) quasiparticles should polarize the nuclear core

in different ways. Because the nuclear core should be sensitive to the aligning

quasiparticles, the nuclei in the Pt-Au region allow one an opportunity to make

conclusions about the shape effects by comparing the available spectroscopic data

with the results from theoretical calculations, preferably calculations with some

sense of self-consistency with respect to the varied parameters.

In order to establish which pairs of quasiparticles are aligned first and

thus test the predictive powers of the theoretical models, recent studies have been

undertaken on Ir, Pt and Au nuclei at = 106 and N - 104. The nuclei reported



on in this work are a subset of this larger study. Chapter 4 of this work will discuss

the establishment of the decay schemes for both ̂ ®''Pt and ̂ ®^Au. Chapter 5 will

concentrate on the analysis of ̂ ®'*Pt. Conclusions about the dependence of the

nuclear shape on the quasiparticle configuration will be made from comparison

of the spectroscopic data with the results from a set of total Routhian surface

(TRS) calculations. These calculations permit a self-consistent determination of

the shape parameters associated with the nucleus as a function of rotational fre

quency and quasiparticle configuration. Chapter 6 will examine the ̂ ®^Au data in

detail, drawing on the implications of the ̂ ®''Pt data in an attempt to analyze the

Ir-Au systematics &t N = 104. Chapter 7 will summarize the conclusions reached

from the analysis of these two nuclei and will suggest future experimental and

theoretical work which should be done in order to help confirm these conclusions.

Recent results from this large study have been previously reported in

Larabee et al. (1984 and 1986), M. P. Carpenter et al. (1985, 1986a, 1986b, 1987a

and 1987b), L. L. Riedinger et al. (1986a, 1986b, 1987a, and 1987b) and V. P.

Janzen et al. (1987).



CHAPTER 2

THEORY

2.1 Nuclear Angular Momentum

One encounters examples of rotating systems daily. For example, the

path a baseball follows to home plate is dependent on the amount of angular

momentum the pitcher imparts to the ball as he throws it. However, this path

is not determined by the angular speed of the ball alone, rather the resulting

motion is due to a complex coupling between rotation, air density, gravity, and

the roughness of the ball. The earth is also a rotating system which possesses both

spin and orbital angular momentum. These two modes are not as strongly coupled

as they are in nuclear systems; however the spinning of the earth around an axis

is worthy of review, because in some sense it can give insight into the properties

of nuclear rotation.

The earth is not spherical, but rather slightly oblate. The flattening at

the earth's poles is due to the centripetal acceleration produced by the rotating

earth. If the earth were a liquid, rotation would deform it into the shape of an

ellipsoid whose surface would be an equipotential surface of the combined fields

produced by gravity and centripetal acceleration. In fact, the mean level of the

earth's seas conforms rather closely to this equilibrium ellipsoid.

The atomic nucleus, unlike the rotating earth, is not a classical but rather

a quantal system composed of a finite number of strongly-interacting fermions.

Since fermions obey the Pauli principle, their very nature prevents them from

getting very close to one another, even though the force binding them together is

strongly attractive. This gives rise to a nuclear system which is not very dense,

but unlike a gas, has a very well-defined surface.



When the nucleus is at or near the ground state, the nuclear level den

sity is not very large; thus, the states available for individual nucleons to occupy

are limited. Since nucleons are fermions, the Pauli principle prevents individual

nucleons from strongly interacting with one another due to the lack of states for

particles to scatter into. The resulting effect is that individual nucleons follow, to

first order, unperturbed paths inside the nucleus similar to the orbiting of electrons

in an atom. The single-particle motion of the nucleons can be described by a shell

model which assumes that the individual nucleons are acted upon by an average

field created by the contributions from all the nucleons. This model is known as

the independent particle model (IPM).

Strong evidence for independent particle motion in nuclei comes from

examining the energy required to separate the least bound neutron or proton from

a nucleus as a function of either the neutron or proton number. For most nuclei,

this separation energy is approximately 8 MeV; however, there are noticeable

exceptions at "magic" neutron or proton numbers 2, 8, 20, 28, 50, 82 and 126,^

where the separation energy becomes largest. This identical effect is observed for

electrons as well and is a direct consequence of the shell structure of the electronic

orbitals.

While the latter sections of this chapter describe in detail the relationship

between the independent particle model and the collective rotation of nuclei, a

short introduction to nuclear angular momentum is first in order. Because the

nucleus is a quantal system, classical perceptions of rotation cannot always be

applied to a rotating nucleus. For example, a rotating object presupposes a definite

spatial orientation. A quantum sphere has no such orientation, and therefore,

cannot rotate. However, if the sphere is deformed into a prolate ellipsoid, the

symmetry axis can be used to specify the orientation of the system; thus, rotation

^Nucleon number 126 refers to neutrons only.



around an axis other than the symmetry axis is possible. In the case of axially

symmetric deformations, the deformation only partially defines the orientation of

the intrinsic coordinate system and rotations around the symmetry axis are still

restricted (see Bohr and Mottelson, 1975).

This principle can be directly applied to nuclei. As is discussed in detail

in the next section, at equilibrium, many nuclei are symmetrically deformed due

to the nucleonic shell structure. Correspondingly, it is possible for these nuclei

to rotate around an axis perpendicular to the symmetry axis. Microscopically,

collective angular momentum is generated by the partial alignment of many of the

nucleonic angular momenta. On the other hand, nuclei which are spherical are

unable to rotate collectively. Angular momentum is generated in such systems by

the excitation of individual nucleons to unoccupied nuclear states, which is similar

to the excitation of electrons to excited atomic states.

Whether or not a nucleus generates angular momentum via collective

rotation is reflected in the individual nuclear spectrum. The energy spectrum of

a deformed nucleus generating collective angular momentum is regular and well

correlated. In fact, the ground-state bands of many even-even deformed nuclei at

spins below 12''' follow quite nicely the 1(1 -|- 1) rule associated with a quantum

mechanical rotor:

^  (2-1)

where J is defined as the moment of inertia. In a spherical nucleus, the energy

spectrum is irregular and dependent on the detailed spacings of the single-particle

levels. Fig. 2.1 shows typical energy spectra associated with a well-deformed ro

tational nucleus and a near-spherical nucleus.

The generalized Hamiltonian used for the study of rotating nuclei utilizes
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the independent particle model in a rotating potential and can be written as

=  (2.2)

where H represents the average field and represents the Coriolis and centrifu

gal forces brought about by rotation. More explicitly, oj is the rotational frequency

of the nucleus and Jx is the projection of the angular momentum vector onto the

rotational axis. Fig. 2.2 shows a schematic diagram of a prolate nucleus rotating

around an axis perpendicular to the symmetry axis.

The Hamiltonian, is referred to as the cranking Hamiltonian and

represents a transformation from the laboratory frame to the rotating body-fixed

or intrinsic system.^ The term cranking implies that calculations are done at a

fixed ui. The use of the cranking Hamiltonian comes from a procedure suggested

by Inglis (1954,1955) known as the cranking model. The transformation to the

body fixed frame, which rotates with frequency, w, with respect to the laboratory

coordinate system, is preferable, because it reduces the time-dependent Shrodinger

equation to a stationary equation. These two coordinate systems are related by

the transformations

x' = X (2.3)

y' = y cos(u!t) + z sin(u;t)

z' = 2cos(a;t) — ?/sin(a;<).

While the quantum mechanical derivation of Eq. 2.2 is shown in section

2.7, it is instructive to see how this equation is derived classically. Following closely

the derivation of Bengtsson and Garrett (1983), the kinetic energy, T, of an ob

ject in the body-fixed coordinate frame can be written, using the transformations

^This transformation is equivalent to Routh's procedure for such a change of variables in classical
mechanics. Hence the eigenvalues calculated from Eq. 2.2 are often referred to as Routhians.
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above, as

r = {i'2 + y'2 + i'2 - 2u{y'z' - z'y') + ij{y''^ + z''^)] . (2.4)

If this object also moves in a potential, V{x\y',z'), the Lagrangian, L, is written

as

L(x',y',z') = T{x\y\z') - V(x',y',z'). (2.5)

It can be easily shown using the Lagrange equations that the total force acting on

the object in the body-fixed frame is

mf' = — W{x', y', z') -I- 2muj x r' - mu x (u x r'). (2.6)

The first term on the right hand side represents the "true force" acting on the

object. The Coriolis and centrifugal forces are represented by the second and

third terms, respectively. These terms in the equation of motion are often referred

to as inertial or fictitious forces, because they are not due to interactions with

other bodies, as are ordinary forces, but stem from the choice of the reference

system. Whether or not one wishes to refer to them as "forces" is a matter of

terminology; however, they do effect the motion of objects when viewed from the

non-inertial coordinate system.

Before one constructs the Hamiltonian for the body-fixed system, the

canonical momenta must be defined using = dL/di'^. By utilizing the transfor

mations of Eq. 2.4, one can express these momenta as

P'' = {mx'y (2.7)

Py' = m\y"-2uy'z' + u;'z'')

p'f = ■m?{z'^ - 2ujz'y' -|- w^y'^).

13



The Hamiltonian, H'^, expressed in the rotating coordinate system now becomes^

H" = + V(x\ y', z') - u>(y'p', - z'pl). (2.8)

The last term in Eq. 2.8 is immediately recognizable as the component of the

angular momentum along the x-axis (from L = r x p). The first two terms in

Eq. 2.8 are just what one would expect for the Hamiltonian in a non-rotating

reference frame. Thus, H'^ may be rewritten as

=  (2.9)

If one is considering nuclear rotation, it must be realized that nucleons possess spin

as well as orbital angular motion. Thus, must be replaced by in Eq. 2.9,

where S^. Once this replacement is made, Eq. 2.9 is identical to the

nuclear cranking Hamiltonian in Eq. 2.2.

In concluding this section, the equivalency of equations 2.2 and 2.9 im

plies that Coriolis and centrifugal-like forces are present in both classical and

quanta! systems when viewed from the rotating coordinate frame. Referring back

to the rotating earth, it has been shown that the classical perceptions of inertia!

forces also translate to the quanta! system. However, the earth is a large body

with a continuum of energy states, while the nucleus is a quanta! system with

a shell structure and a discrete set of energy states. Even though the rotating

earth model helps one conceptualize the deforming effects rotation imposes on a

nucleus, there are other degrees of freedom to be considered in a nucleus which are

not applicable to a classical body. In short, one should be careful not to taJce the

analogy between rotating classical and quanta! objects too literally. Differences

do exist, and one aspect of the study of rotating nuclei is ascertain what these

differences are.

^The Hamiltonian is constructed by relating the Lagrangian to H'^ through the expression
IT — ̂  9L f o r-

t
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2.2 Nuclear Ground States

Nuclei in their ground states can tahe on a number of different spheroidal

shapes: spherical, oblate (two semi-major axes equal), prolate (two semi-minor

axes equal), and triaxial (all three principal axes different). One possible peiram-

eterization of the nuclear surface is defined as

oo A

l + /3„+ 2 (2.10)
\  A=1 /j=-A J

where Rq is the radius of a sphere with the same volume as the parameterized

shape. For all but the highest excitation energies, the nuclear volume remains

constant, independent of shape. The parameter /Sqo is determined by the require

ment that the nuclear volume stay fixed for all deformations. Terms which include

A = 1 describe a shift of the whole system. The constants are kept fixed by

requiring that the origin coincides with the center of mass. This is fulfilled auto

matically, if only even values of A are included in the sum of Eq. 2.10. Since the

above requirements fix both ̂ oo and they are usually excluded in the param

eterization of the nuclear shape. In the realm of high-spin nuclear structure, it is

usually sufficient to include only the A = 2 and A = 4 degrees of freedom in the

parameterization of Eq. 2.10 ̂

The equilibrium nuclear shape for the ground state is determined by the

summed contributions from three effects: (1) that due to the microscopic single-

particle characteristics of the nucleus, (2) contributions from the macroscopic bind

ing energy and (3) the electrostatic repulsion resulting from the positively charged

protons. The macroscopic binding energy, properties of which are similar to those

of a liquid drop, is minimized for spherical shapes due to a minimum number of nu-

cleons lying on the nuclear surface. On the other hand, the electrostatic repulsion

^It should be noted that some nuclei have octupole shapes, A = 3, at non-zero excitation,
although no cases have been found for nuclei in their ground state.
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of the protons favors non-spherical shapes. This effect increases with increasing Z

and leads to the fissioning of the heaviest nuclei.

The deforming effects induced by the single-particle structure of the nu

cleus axe best illustrated by examining a plot of the single-particle energy levels

as a function of the quadrupole deformation. Fig. 2.3 is an example of such a

plot, where the single-neutron levels were calculated using an axially symmetric

(Nilsson) potential with the quadrupole deformation parameterized by 62. Positive

(-2 values are associated with prolate shapes while negative values correspond

to oblate deformations. At iV = 82 the single-neutron spectrum of states favors

spherical shapes, because the single-particle orbitals around the Fermi surface^

lie lowest in energy for non-deformed orbitals, i.e. €2 = 0. As more nucleons are

added to the system, they must occupy orbitals in the next shell, which are slop

ing steeply downward as | €2 I increases. The larger density of these downsloping

orbitals for positive t2 values ensures that the single-particle states energetically

favor prolate deformations in the lower portion of shell. The level densities in the

middle of the shell also minimize for positive 62 values, while at the upper end

of the shell, the single-particle densities energetically favor oblate deformations.

Once again it should be mentioned that the overall equilibrium shape is dependent

not only on the microscopic shell structure but also on macroscopic features as

well. The coupling of these microscopic and macroscopic effects is the basis of the

shell correction method, which will be discussed in section 2-8.

A good example of how the ground state shape of the nucleus changes

as a function of nucleon number is seen by examining the nuclei on the neutron

deficient side of the /^-stability line in the rare-earth region (region 2 of Fig. 1-1).

This region ranges from Z = 62 to 82 (Sm-Pb) and iV = 82 to 120. Fig. 2.4

^Here the Fermi surface is the energy which separates the filled single-particle states below it
with the empty single-particle states above it.
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shows the expected quadrupole and hexadecapole deformations for the ground

state bands of the even-even nuclei in this region. These equilibrium values were

calculated using the independent particle model with a Woods-Saxon potential

coupled with the shell correction method (see section 2.8). The deformations were

determined by minimizing the calculated energy with respect to /?2 and ̂ 4.

One feature of Fig. 2.4 is the parabolic-like nature of the isotopic chains.

This is partially explained by examining the single-particle levels as a function of

shell filling. At the lower portion of this region, A" = 82 to 86, nuclei take on

near spherical shapes, because they are close to the iV = 82 closed shell. As more

neutrons are added to the valence shell, these nuclei begin to take on well-deformed

prolate shapes. Fig. 2.4 shows that the transition from spherical to prolate shapes

is not sharp but varies smoothly as a function of N. One can define the region from

87 to 91 as a transitional region, where the balance between spherical and

deformed shapes is just beginning to favor prolate deformations. Such a region is

interesting, because the shape competition between spherical and well-deformed

shapes makes the nucleus "soft" with respect to deformation. Soft nuclei are

greatly influenced by external forces, making them good candidates for studying

the effects rotation and surface vibrations have on the nuclear structure. As one

enters into the middle of the neutron shell, each isotopic chain reaches its maximum

quadrupole deformation at N 102. A decrease in the quadrupole deformation

after this peak is partially due to the shell filling of the neutron orbitals into regions

where less deformed oblate and near spherical shapes are energetically favored.

The hexadecapole degree of freedom {^4) also shows a smoothly changing

behavior with respect to N and Z. This is due to the fact that the nucleus favors

positive ̂ 4 values in the lower portion of the shell and negative values in the upper

portion. The equilibrium hexadecapole value for a particular nucleus is determined

by the influences due to both single-neutron and single-proton orbitals.
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Another feature of Fig. 2.4 is the continual decrease in the quadrupole

deformation as a function of Z for constant iV. This occurs because as more

protons are added to the shell, they begin to approach the shell closure at Z = 82,

where spherical shapes should dominate. This leads to the presence of another

transitional region among the Pt-Hg nuclei at N 106. This transitional region

is markedly different from that at A' w 88. Instead of having a gradual transition

from well-deformed to near spherical shapes, both shapes are found to coexist in

the same nucleus. The discovery of shape coexistence in the Hg isotopes at Z = 80

was especially surprising since they are so close to the Z = 82 closed proton shell.

A microscopic understanding of the structure of these unexpected deformed bands

has been proposed by Wood (1982) in terms of a proton-intruder model. In this

picture, the orbitals, which lie above the Z = 82 shell gap at spherical shapes,

are brought down in energy relative to the "normal" configuration by the attractive

proton-neutron residual force. Since the "normal" configuration prefers the near-

spherical oblate shape, it is the presence of the proton-intruder configuration which

gives rise to the well-deformed prolate shape. The proton-neutron interaction is

predicted to be strongest in this region when N lies in the middle of the shell,

i.e. N « 104. Therefore, this shape-coexistence is not observed in the light Pt

and Hg nuclei until N < 110. It should also be mentioned that calculations

done by Bengtsson tt al. (1987), utilizing the shell-correction method with both a

Woods-Saxon and a Nilsson potential, have been able to qualitatively reproduce

the relative energy differences between the coexisting shapes in the Pt and Hg

isotopes. This is interesting, because the independent particle model assumes

that there is no residual interaction between protons and neutrons. It has been

proposed that this residual interaction comes into the model through the coupling

of the microscopic single-particle orbitals to the collective deformation. It will be

interesting to see if further investigations can uncover the relationship between the
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independent particle model and the proton-neutron residual interaction.

2.3 Structure Along the Yrast Line

The previous section demonstrated how the nuclear shell structure deter

mines the ground-state deformation of the nucleus. If excitation energy is added to

the system, it can be used to excite either the nuclear single-particle or collective

degrees of freedom. The distribution of this energy depends largely on the mech

anism used to excite the nucleus. In a heavy-ion fusion reaction, a large amount

of excitation energy and angular momentum is imparted to the compound sys

tem after fusion. Since the compound nucleus is highly excited, particle emission

dominates over 7-radiation and several neutrons are evaporated. After particle

emission is no longer probable, the highly excited final nucleus de-excites by a

cascade of 7-rays. Fig. 2.5 is an illustration that summarizes the formation and

subsequent decay of a compound nucleus. (Twin, 1987).

Statistical E'l-transitions from the continuum are the first to be emitted

by the nucleus (see section 3.2) after a heavy-ion fusion reaction, once 7-ray emis

sion begins to compete with particle evaporation. After these 7 rays have been

emitted, the residual nucleus is in an excited state at or the near the "yrast" line.

The yrast line is defined as the line connecting the "yrast" levels, and an yrast

level is that nuclear energy state of a given angular momentum having the lowest

excitation energy.^ Since the excitation energy of a yrast level is used entirely to

generate angular momentum, there is a minimum amount of intrinsic excitation

of the nucleus in the region near the yrast line. This fact coupled with the low

level densities associated with yrast states makes this region easier to study and

understand than those at higher excitations. Near closed shells, the yrast line

^ Yrast is a Swedish term meaning "dizziest". This term was applied to nuclear levels, because
for a given energy the yrast level has the highest angular momentum, i.e. is the "dizziest" state
at that energy (Grover, 1967).
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is composed of levels having different intrinsic structures with smaJl transition

matrix elements connecting them. For deformed nuclei, this line corresponds to

a rotational band, and the de-excitation process takes place by "collective" E2

transitions.

In the ground state, all nucleons are paired up into time reversed orbits

due to a residual pairing force (see section 2.6). If the average separation between

nuclear energy levels near the Fermi surface is approximately 300 keV or less as

is the case for deformed nuclei, the nucleus becomes superfluid, and nucleonic

pairs may scatter to unoccupied orbitaJs near the Fermi surface without costing

the system any loss in energy. One piece of experimental evidence supporting the

existence of pair correlations is the reduction of the observed moments of inertia

by two to three times the rigid-body value at low angular momentum. This is due

to strong irrotational (superfluid) components introduced into the flow pattern of

nuclei by the pairing correlations.

Once the nucleus begins to rotate, the Coriolis and centrifugal forces

counteract the pairing correlations and try to align the individual nuclear angular

momentum vectors along the rotational axis. This effect is illustrated in Fig. 2.6.

It is the competition between the residual pairing force and the rotational forces

which dictates any change in the nuclear structure at low and medium spins along

the yrast line. For low angular momentum, the structure of the nucleus is very

similar to that of the ground-state. However, as I increases, the Coriolis force

becomes stronger and should eventually dominate over the pairing force. Mottel-

son and Valatin (1960) were the first to recognize this possibility. By following

closely the formalism used to show the collapse of superconductivity in metals due

to an increasing external magnetic field (Meissner effect), they predicted that at

I K 12 h for .i4 w 180 a total collapse in the pair correlations should occur due

to the strength of the Coriolis force [Coriolis anti-pairing (CAP)]. At the time of
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arrows) for nucleons moving in time reversed orbits in deformed nucleus rotating
about an axis perpendicular to the symmetry axis.

their prediction, states had been observed only up to 8 h for A = 180. Thus,

the first major prediction regarding the effects of rotation on nuclear structure

challenged the experimental community to develop methods for populating and

detecting nuclear states to higher angular momentum.

Mottelson and Valatin reasoned that a completely different intrinsic struc

ture from that of the ground state should be present in nuclei at / > 1^. This

structure would involve the complete disassociation of the paired particles from

one another resulting in uncorrelated single-particle motion. They further hy

pothesized that this change would be marked by a rapid increase in the moment

of inertia. Such a signature was first observed in the yrast band of ̂ ®°Dy (Johnson

et al, 1972), which was found to abruptly change at / = 16"*". This change was

marked by a compression of energy levels in the nuclear spectrum and has come

to be known as backbending. The backbending phenomenon results in a large

increase in the moment of inertia, which had been predicted by Mottelson and

Valatin as resulting from the quenching of pairing correlations by the CAP effect.
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However, the moment of inertia in ̂ ®°Dy after the backbend was found to be less

than the rigid-body value, indicating that the pairing correlations had not been

completely eliminated. To address this, Stephens and Simon (1972) offered an

other explanation which attributed the backbending effect, not to the "breaking"

of all nucleon pairs, but rather to the decoupling of only a single pair of high-j

nucleons from their time reversed orbits and their immediate alignment with the

rotational axis. This picture is now the accepted explanation for the backbend-

ing phenomena and is referred to as the rotational alignment scheme (RAL) (see

Fig. 2.7).

The decoupling of only a single-pair of nucleons due to rotation is possi

ble, because the Coriolis and centrifugal forces depend not only on the rotational

frequency, but also on the amount of angular momentum projected on to the rota

tional axis, Jx (see Eq. 2.10). Since is composed of a sum over all single particle

contributions {Y.3x)i the Coriolis force acts most strongly on particles with the

largest values of j^.

Fig. 2.7 shows a schematic representation of rotational alignment involv

ing two i\z/2 particles with projections along the the symmetry axis of a prolate

nucleus. Fig. 2.7a shows the nucleus in its ground state, with the nucleonic pair

orbiting the nucleus in time reversed orbits. When the Coriolis force on this pair

of nucleons overcomes the pairing force, the two particles decouple from the core

and align their angular momentum vectors as close to the rotational axis as pos

sible (Fig. 2.7b). The extra angular momentum gained through the decoupling

process is referred to as the single-particle alignment, i, and it is just the sum of

the angular momenta of the two aligned particles along the rotational axis. For

example, the alignment of two ̂ 3/2 particles can add as much as 12 U units of

angular momentum to the nuclear system.

Once a pair aligns, the yrast beind is no longer identified with the ground
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Figure 2.7: Schematic sketch showing a time-reversed pair of 113/2 particles of a
prolate nucleus in its ground state (a) and the alignment of same pair due to the
Coriolis force (b). The quantum number Q represents the projection of the particle
angular momentum on the symmetry axis.
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band but rather with a rotational band built upon the two aligned particles. This

band is referred to as the Stockholm or "S" band. However, it is really a two-

quasiparticle band, because the aligned configuration is made up of an admixture

of particle and hole states due to the pairing force (see section 2.6). The alignment

of quasiparticles certainly decreases the pairing correlations, because they block

orbitals into which other pairs could scatter. However, it is clear that after the

first backbend, pairing correlations, while reduced, still exist. One unanswered

question concerning the nuclear structure is at what rotational frequency do the

pairing correlations cease to exist. A good review of the current status of the

investigations into this question is given by Garrett (1986).

Not only are pair correlations reduced as quasiparticles are aligned, but

these quasiparticles can also effect the overall equilibrium shape of the nucleus.

Since these quasiparticles are decoupled from the core, they define their own av

erage field and shape. For example, decoupled quasiparticles which have their

angular momentum vectors aligned with the rotational axis have a density distri

bution independent of the nuclear core. The final nuclear shape will depend on

to what extent the aligned quasiparticles effect the equilibrium shape of the core.

If the nuclear core is soft, triaxial shapes are expected with the alignment of only

one or two pairs of high-j quasiparticles. Section 2.9 will examine more closely

the deforming effects of aligned high-j quasiparticles.

Eventually, when enough particles are aligned, the pairing correlations

cease to exist, and the yrast line finally enters the uncorrelated region first pre

dicted by Mottelson and Valatin. Band crossings still occur in this region, but they

are crossings involving single-particle states and not between paired quasiparticle

configurations. These crossings come about because the Coriolis and centrifugal

forces continually act to lower in energy single-particle states with a large com

ponent of angular momentum along the rotational axis. For a prolate nucleus,
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the alignment of a sufficient niimber of nucleonic angulax momenta parallel to the

rotational axis results in the nucleus taking on an oblate shape with its angular

momentum vector aligned along the symmetry axis. This occurs because of the

clustering of the particles around the "waist" of the nucleus (see Fig. 2.8). When

the rotational and symmetry axes are one and the same, angular momentum can

only be generated by single-particle excitations. This is done by either exciting

particles to higher lying orbitals or by the rearrangement of the yrast configura

tions due to unpaired band crossings. Such a transition from a collective prolate

shape to a non-collective oblate shape results in a band termination, t. e. the point

where the collective rotational band ends and single-particle excitations take over.

It should be noted that rotational bands still exist at large angular momentum;

however, they no longer lie lowest in energy. Within the last several years, exam

ples of band termination have been observed in rare-earth nuclei (Baktash et al,

1985), and much has been learned about the single-particle nature of these bands

(Ragnarsson et al, 1986).

At even higher rotational energies, other shape changes are predicted to

occur, where the nucleus undergoes a transition from oblate to triaxial to prolate

shapes before it fissions. One such transition may be to a superdeformed shape,

where the ratio of the semi-major to minor axis is approximately 2:1. Such a

transition has a classical analog: Jacobi (1834) predicted that for very rapid rota

tions, an axially symmetric oblate spheroid would become unstable resulting in a

strongly elongated triaxial shape. This is referred to as the Jacobi instability, and

there are a number of astronomical bodies whose shapes suggest that they were

formed by a collision resulting in the rapid rotation of the system (see Garrett,

1986).

Cohen, Plasil, and Swiatecki (1974) showed that, if only the macroscopic

properties of the nucleus are considered, the interplay between the Coulomb, sur-
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Figure 2.8: Pedalogical figure showing three unpaired valence particles orbiting a
spherical nucleus. The intrinsic angular momentum vectors of each are also shown.
The three particles cluster at the nuclear "waist" forming an oblate spheroid with
the intrinsic angular momentum vector of the nucleus aligned parallel with the
symmetry axis. Reproduced from Garrett (1986).

face, and rotational energies could also lead to the occurrence of strongly deformed

nuclear equilibrium shapes (^2 ̂  0-6) at high angular momentum. On the other

hand, stable shell structures have been predicted for large deformations (Strutin-

sky, 1968), which also should help favor these superdeformed shapes. Since both

macroscopic and microscopic properties seemed to favor superdeformed shapes in

some nuclei at high angular momentum, physicists have wondered whether struc

tures built on these shapes could be observed. The first conclusive evidence for

the existence of superdeformed structures brought about by rotation was found in

the continuum 7-ray spectra of ̂ ^^Dy (Nyako et ah, 1984). Recently, a rotational

band has been identified with discrete levels observed up to J = 60"*" in ^®^Dy

(Twin ei ah, 1986). Other examples of largely deformed bands have been found in

the Ce, Nd and Gd isotopes. The identification of superdeformed bands in nuclei



has opened a new chapter in high-spin studies, and it will be interesting to see

what new information is gained on nuclear structure at high angular momentum

by studying these bands.

The above discussion is a generalized description about what type of

nuclear structure one might find in different angular momentum regimes along

the yrast line. Since the observed phenomena are very dependent on the shell

structure, many nuclei will not exhibit all of the structures discussed above. For

example, the Dy nuclei with N = 82 and 84 are predicted to be spherical up to

I  along the yrast line, where a structural change to a superdeformed shape

is predicted. On the other hand, the well-deformed Dy nuclei are predicted to be

good rotors for spins up to 70 %. Clearly, one woiold like to observe discrete levels

along the yrast line as high in angular momentum as possible in order to explore

and study nuclear structure under the most extreme conditions of rapid rotation.

2.4 Phenomenological Description of Nuclear Spectra

The "roadmap" of a nucleus is its energy decay scheme. Whether a nu

cleus has single-particle or rotational characteristics is immediately evident from

a diagram of the energy level scheme (Fig. 2.1). Since the level density near

the yrast line is quite low, the nuclear energy levels can be mapped out fairly

well at low and medium spins in this region. For deformed nuclei, rotational

bands built on the lower lying one-(odd-A) and two-quasiparticle (even-A) exci

tations and vibrational states are also observed. In order to identify the nature

of the quasiparticle alignment processes and to follow the gradual quenching of

the pairing correlations, one must make comparisons between the yrast and multi-

quasiparticle bands. Phenomenological models have been constructed that allow

for the extraction of information about the collective and single-particle degrees

of freedom from the nuclear level schemes. This information can then be used to
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compare experimental findings with theoretical predictions.

2.4.1 Nuclear Moments of Inertia

Clearly, one collective parameter associated with a rotating body is its

moment of inertia. Eq. 2.1 is an example of how the moment of inertia is used to

parameterize the excitation energy of a nucleus as a function of angular momen

tum. Eq. 2.1 is valid providing the nuclear moment of inertia remains constant

and the /(/ -f- 1) rule is observed. Actually, nuclei are not perfect rotors, and

while this parameterization gives a good fit for the first few energy levels along

the yrast line, larger and larger deviations between calculated and actual nuclear

energy levels occur as I increases. This fact led to an attempt to parameterize the

energy of rotational bands by an expansion in powers of /(/ -f 1),

E (/(/ +1)) = A-Iil + 1) + B- (/(/ -h 1))' -h C ■ (/(/ + 1))^ + • • • . (2.11)

While this allows for a better fit at slightly higher spins for some nuclei, there

are many cases in which the convergence of the fit is very poor even at low spins.

Harris (1965) derived an alternative expansion for E using powers of (rotational

frequency)

E = au>'^ + j3u* + + • ■ ■ . (2.12)

This formalism is a generalization of the Inglis cranking model and gives very good

agreement with the energies of the ground-state band in deformed nuclei before

the first band crossing. Reducing the Harris model to two parameters yields the

expression,

E = — -|- 3Cu}^^ (2.13)

This two-parameter formula can be shown to be equivalent to the variable moment

of inertia (VMI) model suggested and developed by Mariscotti, Scharff-Goldhaber,

31



and Buck (1969). The results from both of these models show that the moment

of inertia is not constant but varies as a function of rotational frequency,

J — Jq-\- (2.14)

where J\ is proportional to C in Eq. 2.13.

Fig. 2.9 shows a moment of inertia plot for several even-even nuclei in

the upper rare earth region as a function of {%uy. In order to give the expected

result in the pure-rotor limit, is taken to be related to the energy spacings by

(see Eq. 2.1)

2JA2 = (4/-2)/AF;,,(,_2). (2.15)

Since the energy and the spin are the observable quantities, the next question to

consider is how to express, in a phenomenological way, the rotational frequency.

Classically, the rotational frequency is related to the angular momentum through

Hamilton's equation.

dl'
^  . (2.16)

Since E and I are not continuous functions, uj can be expressed as a function of

finite differences,

" [/(/-f-l)-(/-l)V-2)]i/2-
When one uses the above prescriptions, the plots of J vs show two striking

features (see Fig. 2.9): (1) J does increase smoothly as a function of rotational

frequency, and (2) at a critical frequency there is large rapid increase in the mo

ment of inertia. The later feature is due to the rotational alignment of a pair of

quasiparticles (backbending). As was discussed in the previous section, this is a

single-particle effect and is not included in either the Harris or VMI models. On

the other hand, the smooth increase in the moment of inertia is a collective effect,

and it is important to examine the major causes of this increase.
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If nuclei were perfect rotors, not only would Eq. 2.1 describe exactly the

energy of the ground-state band, but the value of J should agree with the moment

of inertia of a rigid body. The rigid-body moment of inertia can be expressed as

a function of the nuclear deformation parameters /? and 7 by the expression,

3^rig — iJapheTe ̂ 1 ~ ^ ̂  COs(7 -j- 120^)^ , (2.18)
where

'  0.0277 h
Jsphere- ^ A . (2.19)

The parameter j3 measures the deviation from spherical shapes and 7 is a measure

of the triaxiality. However, the actual value of the moment of inertia for a deformed

nucleus in its ground state is about one-half to one-third of that given by the

rigid-body value. As discussed above, this large discrepancy is due to the pairing

correlations. Since the pairing correlations are gradually destroyed by the CAP

effect, one would expect a gradual increase in the moment of inertia also. This is

what is observed in Fig. 2.9 before the backbend, and once the pairing correlations

completely disappear, the nuclear moment of inertia should equal the rigid-body

value. Since the value of the moment of inertia is directly related to the strength

of the pairing force, the quenching of pairing in principle could be monitored by

observing the increase of ,7 as a function of rotational frequency. This is difficult,

since the moment of inertia is influenced by other dynamical changes such as

deformation, shell effects and particle alignment, all of which may be prominent

at high spins (Herskind, 1984).

One problem with the VMI and Harris models is that they only consider

collective effects, and this is reflected in the smooth variation of the moment

of inertia as a function of rotational frequency. Bohr and Mottelson (1981) have

proposed two alternative definitions of the nuclear moment of inertia, which reflect

the different aspects of nuclear dynamics. These two definitions are expressed in
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terms of the first and second derivative of the total energy:

-'» = I (;m)" ■ -z

and follow directly from Eq. 2.16. Following Bohr and Mottelson, and

are referred to as the kinematical and dynamical moments of inertia. Using these

definitions, one is able to make predictions about the pairing strength (de Voigt

et al., 1983 and Herskind, 1984), and the contributions to the moment of inertia

due to collective and single-particle effects (Bohr and Mottelson, 1981). Section

5-3 gives examples of how is used to resolve close-lying band crossings, which

occur in several nuclei in the Pt-Au region.

2.4.2 Nuclear Level Scheme Transformed to the Rotating Intrinsic

System

To eliminate the time dependence of the Schrodinger equation, one solves

nuclear Hamiltonian for a rotating nucleus in the body-fixed or intrinsic frame of

reference (see section 2.1). In order for one to compare theoretical calculations

directly with experimental data, it is convenient to transform the nuclear level

scheme into the intrinsic frame. This transformation has the added advantage of

allowing for the extraction of the single-particle properties from the nuclear level

scheme.

For a nucleus rotating in an average field with its rotational axis perpen

dicular to the symmetry axis, the nuclear Hamiltonian in the lab frame is related

to the Hamiltonian in the intrinsic frame by the term ulx, where u is the rota

tional frequency and is the projection of the total angular momentum onto the

rotational axis (see Eq. 2.2). Classically, the energy in the rotating system, E\ is
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related to the excitation energy, E, in the lab system by the transformation

E' = E- ivl^, (2.22)

where the term, is associated with both the Coriolis and centrifugal forces.

This transformation may be directly applied to the nuclear level scheme if appro

priate expressions for ui and are constructed from the measured quantities E

and I of the nuclear spectra.

Ix is related to the measured total angular momentum, /, and its pro

jection onto the nuclear symmetry axis, K, through geometrical arguments such

that

Ix = [/(/ + 1) - ~ [(^ + \f - K''YI\ (2.23)
The rotational frequency is defined in a similar manner as in section 2.4.1 by the

method of finite differences

This expression follows directly from Hamilton's equation, which is expressed as

a; = dE/dlx- Since Eq. 2.23 and Eq. 2.24 relate Ix and u) to the measured nuclear

energy levels, the level scheme can be transformed into the intrinsic frame utilizing

Eq. 2.22, where E is taken to be the average energy between two adjacent energy

levels in a rotational band.

The Routhian, E' , contains information about the collective and single

particle properties of the nucleus. Since rotational bands are built on one and two-

quasiparticle configurations, it is instructive to extract the single-particle behavior

from E . This is done by constructing a phenomenological expression which is

related to the energy of the rotating core of nucleons. In section 2.4.1, it was shown

that the excitation energy in the ground band of even-even nuclei is reproduced

fairly well by expanding the rotational frequency in powers of (Eq. 2.12). In
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many cases, it is sufficient to include only the first two terms in this expansion

(Harris, 1965). The result is an expression which reproduces the energy of the

collective core. Classically, the total angular momentum is related to the moment

of inertia by

4 = w J. (2.25)

Combining this equation with the expression for the moment of inertia in the two

parameter Harris formula (Eq. 2.13) yields

4®) (2.26)

where 4^) is the reference angular momentum of the rotating core. Integrating

4^^ with respect to u yields the energy of the core in the rotating frame (i.e.

Ix = —dE/duj from Hamilton's equations)

K = -j
up' UJ^ 1

=  —, (2.27)

where the term —— is a constant of integration and has been added so that E' « 0
oJq ®

at J = 0 (Bengtsson and Frauendorf, 1979a and 1979b). Equations 2.26 and 2.27

are the phenomenological representations for the quasiparticle vacuum, and this

translates into the ground band for even-even nuclei. The parameters Jq and Jx

are chosen so as to describe the ground band as well as possible.

For one to extract the single-particle properties from the nuclear level

scheme, the single-particle Routhian and single-particle angular momentum are

defined by subtracting the appropriate reference:

e'(a;) = E'{u) - E^(u;) -h (2.28)

and

i(u.) = Uu) - (2.29)
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The odd-even mass difference, A^-e, is added only to odd-A nuclei. This is done

because the excitation for even-even nuclei is measured with respect to the zero-

quasiparticle ground state. In contrast, for odd-A systems the excitation energy is

measured relative to the lowest single-quasiparticle state. Thus, it is necessary to

include the quasiparticle energy of the odd-A ground state, which is approximately

equal to the neutron (or proton) pairing gap. This allows a direct comparison

between the excited quasiparticle energies of the odd and even systems.

2.5 The Independent Particle Model

In the previous section, phenomological models were discussed which

allowed for the extraction of information concerning the collective and single-

particle properties of the nucleus from the nuclear level scheme. This approach

was a semi-classical treatment, applying classical expressions for the the rotational

frequency and angular momentum to the discrete energy levels of the quantal

nuclear system. This same information can be calculated in a purely theoretical

approach, utilizing quantum mechanics. The next sections of this chapter will

concentrate on the theoreticcd models which are presently in use to describe the

properties of the nucleus at high angular momentum

As was reviewed in section 2.1, the nuclear force is mainly a short-range

two-body force. However, when many nucleons are present in the nucleus, it be

comes an enormously complicated problem to solve for the individual interactions

of one nucleon with all the other nucleons. One approach to decrease the com

plexity of the problem is to assume that all the nucleons contribute to create

an average force field which acts independently on the individual nucleons. This

approximation is known as the independent particle model (IPM).

The choice of the one-body potential is limited by the known properties

of the nucleonic potential. Damgaard et al. (1969) have reasoned that the satu-
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rating properties of the nucleon-nucleon force leads to the existence of a nucleax

surface. It then follows from the short-range character of the force that the av

erage potential must be such that either (a) the equipotential surfaces are scalar

transforms of the nuclear surface, or (b) the normal derivative of the potential has

a constant magnitude along the nuclear surface. The two most utilized one-body

potentials in nuclear structure calculations each satisfy one of the above condi

tions. They are the Nilsson or modified oscillator potential (Nilsson, 1955), which

meets criterion (a), and the Woods-Saxon potential (Woods and Saxon, 1954),

which is constructed to adhere to condition (b).

Fig. 2.10 shows an example of the Woods-Saxon and harmonic oscillator

potentials in the spherical limit. The Woods-Saxon potential is the more realis

tic of the two, because it describes the nuclear density more accurately than the

harmonic oscillator potential. For example, the Woods-Saxon potential is nearly

constant inside the nucleus, which refiects the saturation of the nucleon-nucleon

force, and it goes rapidly to zero near the nucleonic surface, where the concentra

tion of nucleons is much less dense. On the other hand, the harmonic oscillator

potential does not give a constant value in the interior of the nucleus, while at

r > i2, it diverges to positive infinity. However, Nilsson (1955) showed that for

bound states many of the deficiencies of the harmonic oscillator potential could

be overcome by making several modifications to the Hamiltonian. Since both the

Woods-Saxon and modified oscillator potentials are in use today, a review of the

two will be made in order to demonstrate their similarities and differences.

2.5.1 Nilsson or Modified Oscillator Potential

Historically, the first "realistic" deformed single-particle potential used

for nuclear structure calculations was the modified oscillator potential introduced

by Nilsson in 1955. In its general form, the modified oscillator potential of Nilsson
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Vws osc

Figure 2.10: Examples of two one-body potentials used in nuclear structure cjil-
culations: (a) Woods-Saxon (b) harmonic oscillator.

is written as

Vino = Vosc — 2Kftwo[lt • s — ̂(Ij — < 1^ >)],

where for axial symmetry

Vosc = ̂1(1 + + y') + (1 - |esf s'l.

(2.30)

(2.31)

The quadrupole deformation is parameterized by Cj? and it is expressed as a func

tion of the components of the angular frequency (w^jWyjU;,)^. The final expression

for Vosc is expressed in stretched coordinates, e.g. Xt = x[(mu;a;)/^]^, which yields

the expression

Vosc = 2^0(^2)/'^ ^ ~ g^2-P2(cos^t)| , (2.32)
where p = (xj -|- y' + zf) and cos^t = z«/p. The functional form of Eq. 2.32 is

similar to the pSurameterization of the nuclear surface in Eq. 2.10. Thus, it can

be concluded that the equipotential siirfaces of Vosc are scalar transformations

of the nuclear surface, showing that this potential meets criterion (a) described

above. However, since Vosc is expressed in stretched coordinates, the deformation

^For axial symmetry Ug = Uy = u>±.
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parameters of the deformed oscillator potential (e>^'s) do not equate directly with

those of Eq. 2.10 If only aodal symmetric quadrupole deformations are

considered for both cases, one gets the relationship

€2 « 0.95^2 . (2.33)

The transformation to stretched coordinates is very critical, because the

mixtures between different major shells N and N' are very small, such that they

can be treated by perturbation theory or ignored entirely. This greatly reduces the

single particle space over which calculations must be done. The term %uo, which

appears in Eq. 2.32, is determined by the condition that the volume of the nucleus

must be a constant independent of the deformation. Higher multipolarity terms

corresponding to the deformation may also be added to the oscillator potential

(Nilsson et al., 1969) as well as terms which describe triaxial shapes (Andersson

et al., 1976).

While Vbsc is expressed in a form which includes deformation, Eq. 2.32

cannot reproduce the experimentally observed shell structures, e.g. the magic num

bers. To remedy this, Nilsson added the remaining terms of Eq. 2.30, which in

clude a spin-orbit term, • s, and a term dependent on 1^, where h is the orbital

angular momentum defined in the stretched coordinate frame. The spin-orbit

term is introduced in order to take into account the strong spin-orbit effects of the

nucleon-nucleon force. The 1^ term is completely phenomological and was included

by Nilsson as to lower in energy the high-j single-particle levels.

The parameters k and ̂  of Eq. 2.30 are fit so as to reproduce the ob

served single-particle levels. Since there is no explicit expression for the Coulomb

potential included in VmO) any difference in the neutron and proton potentials is

brought about by using different k and ̂  values for each of them. It has also been

found that k and // must change as a function of shell number, N, so as to best
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describe the experimental single particle levels. Finally, Uq is defined^ such that

when e = 0, where

huo MeV. (2.34)

The main advantage of the modified oscillator potential is its simplicity.

Since the major shell number, N, is treated approximately as a good quantum

number even for deformed nuclei, nuclear structure calculations axe greatly sim

plified. By smoothly varying the parameters hwo, k and // eis a function of N

and Z, a very good description of the single-particle spectra is obtained for many

nuclei. In fact, the modified oscillator potential is the most widely used poten

tial for the calculation of the single-particle properties of nuclei as a function of

angular momentum. Its major disadvantage is the inclusion of the completely

phenomenological (1^— < Ij >) term in the Hamiltonian, because this has a ten

dency to artificially lower the single-particle states of the high-j orbitals. This

effect is more prominent for heavier nuclei, which have a higher concentration of

high-j orbitals near the Fermi surface. However, this effect can be compensated

for by arbitrarily shifting the orbitals which are adversely affected. This may solve

the problem for placement of single-paxticle energy levels, but may cause larger

discrepancies in the calculated wave functions.

2.5.2 Wood-Saxon Potential

As was discussed above, the Woods-Saxon potential is more "realistic"

than the harmonic oscillator potential. It includes in its functional form a shape

which closely resembles that of the nuclear density; thus, phenomological terms

similar to the (1^— < 1^ >) term of the modified oscillator potential need not be

^Nilsson et ai, (1969) showed that huo should be a function of N and Z for both protons and
neutrons, but for the present description the above approximation is sufficient.
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added. The Woods-Saxon potential, unlike Vqsc? includes the Coulomb interaction

directly in the Hamiltonian.

The Woods-Saxon potential in its general form is expressed as

Vws = ̂̂ (r; /?) -h Fso(r; /?) -f- -(1 -f- T3)F^.Q^i(r; /3), (2.35)

where

= 1 X ■ !^° S PU 1- ''o =■ " (2.36)1 -I- exp[dist(r; p; Ro)/a]
and

Vbl^
n

2

o(r; $) — —Aso
2mc

grad (2.37)
.1 + eXp[dist(r;^;i7so)/aso].

Vc is the central potential whose dependence on r in the spherical limit is plotted in
Fig. 2.10. Its dependence on the spatial coordinates is contained in dist(r; J?o),
which represents the distance from a point r to the nuclear surface. The shape of

the nuclear surface is assumed to follow the parameterization expressed in Eq. 2.10.

If only axially symmetric quadrupole (^2) and hexadecapole (/?4) deformations are

considered, Eq. 2.10 is expressed as

R{9) = C(^2,^4)i2o [1 + /S2F2o(cos^) -f l3,Y,o(cose)] . (2.38)

The parameter a in Eq. 2.36 represents the nuclear skin distance. Because of

the short-range characteristics of the nucleon-nucleon force, a is assumed to be

constant, independent of the shape of the nuclear surface. This in turn places

an added restriction on dist(r; Rq) such that the normal derivative of Vc must

be a constant along the nuclear surface, and thus fulfilling criterion (b) for the
one-body potential discussed above. The spin-orbit term of the potential does not

seem to resemble the simple I • s term in the Nilsson model. However, Bohr and

Mottelson (1969) have shown that I • s shodd be replaced with s • p x VV, and

this leads to the above parameterization of Vso- Finally, Vq represents the depth of
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the potential well at r = 0, and Rq is assumed to follow the usual parameterization

i2o =

When one is performing numerical calculations, there are six parameters

in Eq. 2.35 which must be defined: Vq, Tq, rgo, Aso? o a^nd ago- Several sys

tematic studies of deformed nuclei for A > 40 have been performed (Dudek and

Werner, 1978; Dudek et al., 1979) to fit the above parameters to reproduce known

experimental data. It has been found that these parameters vary smoothly as a

function of N and Z, similar to the varying of the k and fx terms in the Nilsson

model. It should also be noted that a single set of parameter values has also been

developed for the Woods-Saxon potential (Dudek et al, 1981), which can be ap

plied to a wide range of deformed nuclei. These so called universal parameters are

mainly used when one is interested in exploring systematic trends among nuclei

in different regions of the periodic table.

The main advantage of the Woods-Saxon potential is that it realistically

duplicates the major points of the two-body interaction without the introduction

of any unphysical terms. Therefore, this potential not only will reproduce the

experimentally observed single-particle levels, but the theoretical wave functions

are also more realistic, allowing for the calculation of other nuclear properties such

as transition probabilities and quadrupole moments. The major disadvantage of

this potential is that it is a more difficult potential with which to make calcula

tions. If the harmonic oscillator basis is used, large mixtures between different

major shells are encountered, forcing the calculations to be done over a very large

single-particle space (e.g. N=12 for rare-earth nuclei). However, as more powerful

computers become easily accessible to physicists, this disadvantage is becoming

less critical, making the Woods-Saxon potential a more excepted tool in nuclear-

structure calculations.
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2.5.3 Comparison Between the Nilsson and Woods-Saxon Potentials

In general, if one is interested in calculating single-particle levels, the

Nilsson or Woods-Saxon potentials do equally well if a good job has been done

in fitting the adjustable parameters to the experimentally known single-particle

levels. For example, work on ̂ ®®Au has led to a new set of (k,/x) parameters for

the N = 5 and N = 6 proton shells in order to give better agreement between

calculated and experimental results (Zhang et ah, 1987). When a minimization

is done with respect to the quadrupole (€2) and hexadecapole (€4) deformation

parameters utilizing the shell-correction method, all observed band heads in ̂ ®®Au

are fairly well reproduced, including both oblate and prolate structures. This same

calculation was also done using the Woods-Saxon potential utilizing the universal

parameters of Dudek et ah (1981), giving similarly satisfying results (Larabee

et ah, 1986). However, if one performs similar calculations on ̂ ®^Pt using the

same parameter sets, one finds a large discrepancy between the two models when

comparing the energy differences between the two 0+ states, the lowest of which

represents a prolate shape and the other an oblate shape. Fig. 2.11 shows that

while the agreement between theoretical and experimental values is quite good

for the prolate-oblate energy difference (V^o) in the Pt isotopes using a Woods-

Saxon potential, this same agreement is not reached if a Nilsson potential is used.

However, if one examines the same calculations for the Hg isotopes, the discrepancy

between the two models is still a constant while the experimental data falls in

between the predictions of the two models.

In conclusion, while similar results are obtained for the band head en

ergies in ^®®Au by using the adjusted Nilsson parameters of Zhang et ah, and

the universal Woods-Saxon parameters of Dudek et ah, similar agreement is not

obtained by examining the Vpo of the even-even neighbor nuclei. In the case of

the Nilsson calculations, the discrepancy in the calculated prolate-oblate energy
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difference seems to be due to a preference of the model for prolate shapes in this

region. By examining both the Pt and Hg results for the calculated Vpo, one cannot

say which potential is best in this region. The fact that they give such differing

results suggests that some fundamental difference between the two models may

exist when applied to nuclear structure calculations in this transitional region. A

closer examination of the two potentials should be carried out, applying the results

to higher spins in order to clear up these discrepancies. However, it is clear that

if one wishes to go beyond the predictions of the single-particle energy levels and

examine properties associated with the wave functions, one should favor using the

Woods-Saxon potential over the Nilsson potential.

2.6 Pairing

The independent particle model assumes that the individual nucleons

interact only with the average field. However, since the nucleon-nucleon force is

such a strong force, one might expect residual two-body forces to play some type

of role in the one-body potential approximation. One such residual force, which is

directly related to the strong nuclear force and the Pauli principle, is the pairing

force.

The most energetically efficient way for the nucleons to rearrange them

selves is into time-reversed pairs. This guarantees the largest overlap between the

nucleonic wave functions and the minimization of the ground state energy. The

IPM as discussed in section 2.5 does not take into account these correlations; thus,

some modification to the IPM is in order if one is to reproduce the experimentally

observed energy spacings.

Experimentally, there are several signatures which confirm the existence

of a residual pairing force in nuclei. One is that the ground state spins of all even-

even nuclei are zero, indicating that all these nuclei regardless of their masses
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must have their individual angular momenta coupled in such a way as to give a

spin of zero. Another piece of evidence is found in spherical nuclei, where angu

lar momentum is generated by single-particle excitations as opposed to collective

rotations. In these nuclei a difference in energy of approximately 1 MeV is found

between the ground 0"*" state and the next energy level associated with two un

paired nucleons. This lowering in energy of the nuclear ground state is indicative

of a force which acts only between pairs of nucleons in time reversed orbits. The

existence of pairing in nuclei is also supported by the systematically smaller bind

ing energy of odd-mass nuclei compared to even-even nuclei. This difference is

directly related to the lowering in energy of the 0+ states in the even-even nuclei

indicating that this state is much more tightly bound than the excited particle

states. In the simple model, the addition of an unpaired particle to the even-even

core would result in placing it into one of the particle states which lies 1 MeV

above the ground state. This results in a lower binding energy for the odd-mass

system and therefore accounts for the observed mass difference.

Another consequence of the pairing force is the existence of pair corre

lations in deformed nuclei which leads to nuclear superfluidity. From Fig. 2.3, it

can be seen that the addition of deformation into the average field results in a

decrease in the average energy spacing of the independent particle levels. If this

spacing becomes sufficiently small and the degeneracy of the time-reversed orbits

is maintained, there is a probability that a pair of particles may scatter from one

set of time reversed orbitals to another set which has nearly the same energy. In

this manner, superfluid correlations arise between sets of degenerate time-reversed

orbitals.

In the language of second quantization a two-body force which can scatter

time-reversed pairs of particles is included into the Hamiltonian of the IPM in the
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form

H = ̂e^ala^ - ̂ (2.39)

where the e^'s are the single-particle energies of the nucleons in the average field

and G is the strength of the pairing force. When deriving the pairing force from

realistic effective interactions, one expects G to be configuration dependent. How

ever, calculations are simplified if a constant value of G is used which only acts

on states lying near the Fermi surface.^ This simplification is reasonable since

the residual interaction of Eq. 2.39 is rather weak and scatters nucleon pairs in a

narrow band around the Fermi surface.

Since pairs of particles near the Fermi surface are continually being scat

tered in and out of the available single-particle states, the wave functions used must

also represent this idea. Bardeen, Cooper, and Schrieffer (1957) approximated the

ground state wave function for such a physical case by

\BCS) = n(">^ + |0)' (2-40)
M>0

where |0) represents the wave function containing no nucleons. The amplitudes

and are associated with the probability that the pair state is either empty

or occupied such that ul + vl = 1. To determine the coefficients and v^, one

minimizes {BCS\H \BCS). However, the BCS wave functions do not conserve

particle number, and a further restriction must be applied to the Hamiltonian

such that the average number of nucleons is a constant. This is accomplished by

adding the Lagrange multiplier A to the Hamiltonian such that

^ ~ ̂^(^f ~ ~ G (2.41)
"  f,f>0

where A is the average Fermi surface associated with the average particle niimber.

^This parameterization of the pairing interaction is equivalent to a monopole pair interaction.
In principle higher order terms can be added to the two-body pairing force which would include
scattering of time-reversed pairs into states which are not time-reversed sets, resulting in a config
uration dependent pairing interaction (see J-y. Zhang et al, 1983).
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In order for one to evaluate the matrix elements of Eq. 2.41, a transfor

mation is made from the particle space to a gauge space known as the quasiparticle

space. This is known as a Bogolyubov transformation, and it has the advantage

of reducing the two-body operator associated with the pairing force to a one-body

operator. The transformation is such that the new creation and destruction oper

ators in the quasiparticle space are related to the operators in the particle space

by

"It = - v^a^. (2.42)

The term quasiparticle is used to describe the new space, because the calculated

energy levels are now states which are associated with the probability that a

nucleon pair occupies the state, i.e. the state is part hole and part particle.

If one operates on the ground state wave function described in Eq. 2.39

with the quasiparticle destruction operator, one discovers that

\BCS) = 0 for all //. (2.43)

Thus, the ground state in the quasiparticle space represents the quasiparticle vac

uum. This is analogous to the independent-particle model where the sharp Fermi

surface behaves like a vacuum to particle and hole operators. By diagonalizing

Eq. 2.41, an expression for the energy of a single quasiparticle can be written as

= ̂(e'^ - A)2 + A2, (2.44)

where

eL = - Gvl, A = GY^ (2.45)
/i>0

The energy is referred to as the renormalized single-particle energy in the orbital

V, and A, as can be inferred from Eq. 2.44, is associated with the energy difference

between the ground-state and the first excited quasiparticle state. For an even-

even nucleus this difference is at least 2A, since the first excited state must have

at least two quasiparticles present.
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2.7 Cranked Hartree-Fock-Bogolyubov

In the previous two sections, details have been discussed concerning the

theoretical treatment of the independent particle model with and without the in

clusion of a residual pairing force. It was also shown that if the two-body pairing

force is included in the Hamiltonian, a transformation to a quasiparticle space

allows the complete Hamiltonian to be expressed in terms of one-body opera

tors. This procedure is often referred to as the Hartree-Fock-Bogolyubov (HFB)

method; however, it should not be confused with the fuller self-consistent Hartree-

Fock procedures, which utilize realistic nucleon-nucleon force expressions. The

HFB procedure can also be applied to the cranking Hamiltonian (Eq. 2.2). This

method, known as HFB cranking, allows for a description of the nucleus in terms

of elementary quasiparticle excitations in the rotating frame. In this section, only

an outline of the procedure will be discussed. For a much fuller description of

the HFBC solutions, the reader is referred to Ring and Schuck (1980), Szymahski

(1983), Bengtsson and Garrett (1983), de Voigt, Dudek and Szymahski (1983), or

Dudek (1983).

In section 2.1, a classical derivation of the cranking Hamiltonian was

given; however, this same Hamiltonian can be also be derived using non-classical

methods. The motion of a nonrelativistic quantum object is described by the

time-dependent Schodinger equation. For a nucleus in the laboratory system, this

is simply

= Hrp. (2.46)

One major assrunption of the cranking model is that the form of the nuclear po

tential in the rotating frame is identical to the form in the non-rotating coordinate

system, neither of which depend on time. Using this assumption, one is able to
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transform both ̂  and H into the rotating frame by means of the rotation operator,

n _ ^2.47)

as

V' = (2.48)

and

H'= nHn-\ (2.49)

By inserting Eq. 2.48 and 2.49 into the Schodinger equation, one obtains

Q

= {H' - = ffV- (2.50)

Since H and H' have the same form, this equation is identical to the cranking

Hamiltonian given in in Eq. 2.2. Again, it should be noted that cranking implies

that all calculations are done at constant u.

Since does not depend on time, the solutions to Eq. 2.2 is reduced to

the eigenvalue problem of making calculations much simpler than those done

in the laboratory frame. It should be noted that the eigenvalues of H'^ do not

represent the total energies and that a transformation back to the lab frame must

be made to get the real energies of the system.

In the language of second quantization, the body-fix Hamiltonian, /f"',

is expressed as

l/l/' ^ ^1/

where the summation is done over the basis states specified^. Again because of

pairing, one must introduce the Lagrange multiplier A, which is constrained by the

condition that the average particle number equals the total number of nucleons

for which the calculation is being performed.

^For both the modified oscillator and Woods-Seixon potentials the basis set used is that of the
anisotropic harmonic oscillator.
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After the construction of the Hamiltonian, a transformation into the

quasiparticle space must be done. A more general Bogolyubov transformation

must be performed than is done in Eq. 2.42, where the quasiparticle operators are

constructed entirely from degenerate (±K) levels, because the cranking Hamil

tonian breaks time-reversal symmetry. The more generalized HFB quasiparticle

creation and destruction operators are in fact linear combinations of all particle

operators involved in the basis set, e.g.

(2.52)
1/ 1/

By utilizing the inverse to the above transformation, the Hamiltonian of Eq. 2.51

is expressed in the quasiparticle representation in the general form

= Hq -|- Hu + H20 + H4, (2.53)

where Hq contains terms with no a operators, Hn contains quasiparticle opera

tors of the form H20 has operators with combinations and ao, and H4

contains all terms associated with two-body operators, e.g. aaa^a^. The inclu

sion of H4 in the Hamiltonian is disappointing since one goal of the Bogolyubov

transformation is to reduce to an expression with only one-body operators.

However, if the contributions from H4 are small, it can be ignored. If one makes

this assumption, Eq. 2.53 reduces to an expression which contains only one-body

operators. Since the Uij^s and Kj's have yet to be defined, H20 is eliminated by

requiring these coefficients to have values such that H20 = 0. Hu can now be

written such that

Uu = E - V„iV^) + A^puyv;^ + A:pV;tUi,j] ata„ (2.64)
0',a/3

where

~  — ̂^(jx)aP + 4G ̂  (2.55)
fSi
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and

A„« = 2G^i;,,ig. (2.56)
•ySi

If one compares the above expressions for Uap and to those for the renormal-

ized single-particle energy and A in Eq. 2.45, it is evident that these expressions

have the same physical basis. Thus, the terms and A^^ are referred to as

the self-consistent single-particle Routhian and the self-consistent pairing field, re

spectively. It follows from this same logic that the matrix elements of V and U

are analogues to the and terms of section 2.6, which are associated with the

probabilities that a quasiparticle state is occupied or empty. Part of the complex

ity of the above expressions is traced to the breaking of the time-reversal symmetry

by rotation.

There is one other requirement which is placed on Hu:

E  (2.57)
aP

such that E'^ must be a real number. Finally, it can be shown that the above

approximations and requirements leads to the following nonlinear equations for U

and V:

' î^apUpi -k AapVpi) = +E'^Uai, (2.58)

+ KgVsi) = -£rv^„ (2.59)

where Ei is the quasiparticle energy for state i. These last two equations are

known as the HFBC equations.

The HFBC equations are solved self-consistently by applying an iterative

procedure to find the matrices U and V and simultaneously the quasiparticle

Routhians, Ef. The final Hamiltonian takes the form

ff" = ffo-f ifn, (2.60)
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where Hq is interpreted as representing the quasiparticle vacuum and Hn describes

the quasiparticle excitations.

The space over which the diagonalization of H'^ is done is greatly reduced

if one takes into consideration the symmetries of the Hamiltonian. The cranking

Hamiltonian is parity invariant if one considers only even multipolarity terms in

the expansion of the nuclear potential. It follows that parity is a good quantum

number and that the matrix representation of H'^ is split into two sub-matrices.

The separate solutions are identified by the parity quantum number tt = -|-1 or -1.

While the original Hamiltonian, H, preserves time reversal invaxiance,

the {—LoJx) term breaks this degeneracy. However, there is one symmetry which

still remains, in addition to parity, and that is the invariance of with respect to

the rotation around an axis perpendicular to the symmetry axis. This is defined

by

(2.61)

where tpa denotes a wave function with signature a. The signature for a single-

particle state can have the values a = -1/2 or -1-1/2. The signature of a state

is sometimes designated by the quantum number r which is the eigenvalue of TZx

and is related to a by

r = (2.62)

where r may take on the two values i or —i.

It should be noted, that at a; = 0, time-reversed states with spin projec

tions -|-f7 and — on the symmetry axis axe energetically degenerate. However,

they may not have good signature with respect to the rotation axis. Goodman

(1974) has shown that one can make a transformation from a basis in which is a

good quantum number into one in which the signature is a good quantum niimber.

The new basis states represented by this transformation place added restrictions

on {jx)a,p, Ua,p and Va,i3 (sec de Voigt et a/., 1983). This splits the
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HFBC equations into two separate systems of equations, where each system cor

responds to one of the two possible values of the signature. For each quasiparticle

Routhian, E'^, that belongs to the solution of signature r = — there exists a

solution for signature r = +i such that = -E'^. Because of this relationship,

only one system of HFBC equations need be solved to get the complete solution

for both signatures; thus, reducing considerably the calculation time.

2.8 Quasiparticle Excitations and Diagrams

Once the theoretical quasiparticle Routhians have been calculated, they

should be compared to experimental data. In section 2.4, several phenomological

expressions are presented which allow for the transformation of the nuclear level

scheme into the rotating reference frame. From these transformed expressions,

information concerning the single-particle Routhians and angular momenta were

also extracted. The following section concentrates on the physical interpretation of

the HFBC quasiparticle Routhians and their relationship with experimental data.

Before proceeding, it is good to review the different effects one observes

on the calculated energy levels as additional terms are added to the nuclear Hamil-

tonian. The effect these terms have on the single-particle levels is illustrated in

Fig. 2.12. The left-most spectrum shows the calculated single-particle Nilsson

states, assuming a quadrupole deformation of 62 = 0.242. The center spectrum

shows the quasiparticle energies, E^,, when pairing correlations are added to the

Hamiltonian (A = 0.87 MeV). The addition of pairing results in the lowering of

the completely paired state by an energy, E^ = sj{e^ - A)^ -|- A^, with respect to

the quasiparticle states (see section 2.6). Finally, the right-most spectrum shows

the effect rotation has on the quasiparticle energies as a function of rotational

frequency. Notice how the breaking of time reversal symmetry destroys the de

generacy of the paired quasiparticles at non-zero rotational frequencies.
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The cranked shell model (CSM) of Bengtsson and Frauendorf (1979a,b)

attempts to describe the observed nuclear spectrum in terms of quasiparticle ex

citations. The quasiparticle Routhians are calculated using the HFBC formalism;

however, the self-consistency of the method is removed by fixing the deformation

parameters, A and A in the HFBC field equations to realistic values. In many

cases, the calculated quasiparticle spectrum does not deviate significantly from

the fully self-consistent calculations (see section 2.8), and the results agree very

well with what is experimentally observed. However, in situations where the quasi

particle energies are particularly sensitive to the HFB parameters, self-consistent

calculations may be necessary in order to make definite conclusions about the

nuclear structure near the yrast line.

The main importance of the cranked shell model, as presented by Bengts

son and Frauendorf, is the presentation of the theoretical results in the form of

quasiparticle diagrams, where the quasiparticle level energies are plotted as a func

tion of the rotational frequencies. Fig. 2.13 shows such a diagram for the quasineu-

tron levels in ̂ ®^Pt using a Woods-Saxon potential as the average field. Values for

the HFBC parameters {^2 = 0.225, ̂ 4 = -0.029, 7 = 0°, and A = 0.89 MeV) were

taken from a fully self-consistent calculation for the ground band at fiui = 0.0 MeV.

Both positive and negative parity solutions are included in the diagram along with

both possible values of the signature. The (7r,a) = (+,1/2), (+, -1/2), (-,1/2)

and (—,—1/2) states are denoted by solid, short-dashed, dot-dashed, and long-

dashed curves. Several of the states are labeled by the asymptotic quantum num

bers at zero rotational frequency. While this designation is not necessarily cor

rect for the Woods-Saxon potential which mixes states with different major-shell

quantum number, N, it is used to bring about some consistency in the identifica

tion of the quasiparticle states independent of the potential used. The individual

quasiparticle trajectories are labeled using a generic labeling scheme which can be
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applied to any quasiparticle diagram. This scheme is given in Table 2.1. Capital

letters are used for quasineutrons while lower case letters are used to designate

quasiprotons. The symmetry in the diagram around E'^ = 0 results in the fact that

for every quasiparticle state, E'^', with signature r = +i, there is a corresponding

state with r = —i such that Ef — —E'^.

Since the HFBC formalism does not consider interactions between the

quasiparticles, a simple sum of all the occupied quasiparticle levels does not give

the correct total energy in the rotating frame. Thus, it is only instructive to

talk about quasiparticle excitations with respect to a reference. At low rotational

frequencies, this reference is the quasiparticle vacuum, \vac). For even-even nuclei,

|uac) is defined as the state in which all quasiparticle levels below the zero energy

are filled, and those above are empty. The Fermi surface. A, is calculated under

the condition that < N > equals the particle number.

Excitations of the system are obtained by operating on the vacuum with

quasiparticle creation and annihilation operators, oj and a,. Because there are

twice as many quasiparticle states as single-particle states, it then follows that if E"

is occupied, its conjugate state, -E^, is unoccupied. For odd-nuclei the vacuum is

defined as the (n — 1) even system, where n is the total number of particles. The

Fermi surface is still calculated so that < N > equals the particle number; however

the odd-particle is treated in terms of one-quasiparticle excitations with respect

to the vacuum, i.e. one-quasiparticle is promoted above the Fermi surface leaving

an unoccupied level below the Fermi surface. Since \vac) is used as a reference

to describe the quasiparticle excitations, its energy may be set to zero. For this

reason, quasiparticle states with E'f < 0 are considered non-physical solutions.

The excitation energy of a particular multi-quasiparticle state is simply the sum

of the occupied quasiparticle levels. Differentiation of the cranking Hamiltonian

with respect to the rotational frequency leads to the canonical relationship
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Table 2.1: Convention used for the labeling of the quasiparticle trajectories. The
subscript n indicates that the trajectory is the n"* trajectory for a particular set
of quantum numbers (tt, a).

Label

^;Q)n Quasineutron Quasiproton
(+,+l)l A a

B b

(+,+1)2
(+1-2)2
(-1+2)1
(-,-l)l
(-,+j)2
1-1-?j2

C c

D d

E e

F f
G 9

H h

IdEr
(2.63)

where is the angular momentum of the quasiparticle level projected onto the

rotational axis. If a quasiparticle occupies the state Ef, the the negative slope of

its curve in a quasiparticle diagram represents its contribution to the total angular

momentum and is referred to as the quasiparticle alignment. Since both E"^ and

< jx >i are additive quantities, the total quasiparticle energy and alignment of a

multi-quasiparticle configurations are

=  (2.64)
t

and

«■ = E < >k ■ (2.65)
k

These expressions are the theoretical analogues to the phenomenological single-

particle Routhian and alignment expressions constructed in section 2.4 for the

experimental data (see Eq. 2.28 and 2.29). The total signature of a multi-quasi-

particle configuration is determined by

=  (2-66)
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The total signature also places a restriction on spins of the rotational band built

upon this configuration, where

I = octot + '2-n where n = 0,1,2, • • (2.67)

Finally, the parity of the multi-quasiparticle configuration is given by the relation

ship

=  (2.68)
t

As a rule, multi-quasiparticle excitations of an even-particle system can only con

sist of an even number of quasiparticles and those of an odd-system only an odd

number of quasiparticles.

One noticable feature of Fig. 2.13 is that orbitals having the same quan

tum numbers (7r,Q:) do not crisscross but instead interact and are repulsed by

one another. These interaction areas are interpreted as crossing regions between

quasiparticle configurations, where the quasiparticle trajectories actually "swap"

their quasiparticle configurations. Fig. 2.13 labels three such interaction points

at critical frequencies u)a, tOb, and ojc- The first crossing at Ua occurs between

quasiparticle orbitals which are unoccupied at non-zero rotational frequencies and

have no immediate physical impact on the nuclear configuration. However, the

second crossing at Ub occurs between two occupied orbitals {-A and -B) and two

unoccupied orbitals [A and B). After the crossing, the interacting trajectories

change configuration, and the orbitals A and B now lie lowest in energy relative

to -A and -B. The vacuum is still defined as the state for which the lowest

N quasiparticle levels are occupied; thus, one can explain the band crossing at

Ub has a change in the vacuum configuration. Physically, band crossings between

occupied and unoccupied quasiparticle orbitals are used to explain the backbend-

ing phenomenon described in section 2.3; thus, the rearrangement of the vacuum

configuration represents the rotational alignment of a set of paired quasiparticles.
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One of the experimental signatures of a backbend is a sudden gain in aligned angu

lar momentum, i. In a quasiparticle diagram, the slope of a trajectory represents

the component of the quasiparticle angular momentum along the rotational axis.

Thus, the re-configuration of the quasiparticle orbitals at wj translates into a swap

ping of two upsloping trajectories with two downsloping trajectories. This results

in a rapid change in the total angular momentum as is observed experimentally,

where

■ = + (2.69)

Crossing regions are designated by the labels of the initially unoccupied

quasiparticle trajectories; thus, the crossing at uji, is usually referred to as the

{AB) crossing. The theoretical crossing frequency, wj, can be directly compared

to the experimentally observed crossing frequency, which is obtained by plotting

the experimental alignment, f, as a function of u (see chapters 5 and 6). The

initial vacuum configuration before the crossing corresponds to a two quasiparticle

configuration after the crossing and is referred to as the ground configuration. Its

phenomenological analogue is the parameterized ground band defined in section

2.4 whose energy is described by Eq. 2.27.

Another quantity which can be extracted from the quasiparticle diagrams

is the interaction strength |V|. This quantity is read directly from the quasipar

ticle diagram by taking one-half the distance of closest approach between two

interacting bands. Thus, for the {AB) crossing described above, this translates

into

|r| = i(|BXI-KBl) (2.70)
at The strength of this interaction appears to be related to the sharpness of

the experimental backbend. A weak interaction (small IVI) results in the classic

backbending phenomenon observed in an 4 vs. uj plot while a strong interaction

(large |y|) should correspond to a smooth upbend in the same experimental plot.

63



The third crossing marked in Fig. 2.13 (wj occurs between trajectories

which are not degenerate at w = 0 (BC). The EC crossing can only occur under

special circumstances, i.e. when the trajectory A is occupied and the trajectory

B is not. For example, if one is considering a rotational band built on the AE

two-quasineutron configuration, the quasiparticle trajectories labeled A and E are

occupied while those label —A and —E axe unoccupied in Fig. 2.13 for uj < iVb-

At uj = Ub, trajectory A interacts with trajectory —B. Since both orbitals are

occupied, the exchange of quasiparticles between them is prohibited. On the

other hand, interacting trajectories B and -A are both unoccupied and do not

contribute to the occupation structure of the nucleus. The orbitals occupied im

mediately after the AB crossing are the same as those before the crossing; thus,

the nucleus has not changed its configuration. In this example, the AB crossing

does not occur and is said to be "blocked". However, at the higher rotational

frequency, crossings between the B and -C and between C and -H do oc

cur. Physically, this translates into the rotational alignment of a second pair of

quasiparticles, and it is labeled as the BC crossing.

Because excited quasiparticle orbitals block specific band crossings, the

absence of a band crossing in a multi-quasiparticle rotational band at a frequency

in which one is expected immediately helps confirm the quasiparticle configuration

of the crossing. Odd-even nuclei are ideal for this type of investigation, since the

one-quasiparticle bands only block crossings involving the excited quasiparticle.

These types of blocking arguments will be discussed in greater detail in chapters

5 and 6.
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2.9 Nuclear Shapes at High Angular Momentum

2.9.1 Influence of Aligned Quasiparticles on the Nuclear Shape

As discussed in section 2.3, the Coriolis force generated by a rotating

nucleus causes individual pairs of high-j quasiparticles to align their spins with

the rotational axis. These aligned quasiparticles define their own potential field;

thiis, due to the short range nature of the nuclear force, their own shape. The

final nuclear shape depends on how well these quasiparticles are able to "imprint"

their shape onto the rotating nuclear core. The cores of well-deformed nuclei are

quite "stiff", and their shapes are not greatly influenced by aligning quasiparticles.

However, nuclei in transitional regions have relatively "soft" cores; thus, aligning

quasiparticles may significantly modify the overall equilibrium shapes of these

nuclei. It should also be noted that the shape of the core itself is influenced by

rotation but to a lessor degree than the deforming effects imposed by the aligned

quasiparticles. For example, centrifugal forces cause an elongation or "stretching"

of the core.

Most deformed nuclei are either oblate or prolate in their ground state;

however, at higher rotational frequencies, triaxial shapes in many nuclei are ex

pected. Fig. 2.14 shows a polar coordinate system where the radius, measures

the deviation from spherical shapes, and the angle 7 measures the triaxiality of the

nuclear shape. For 7 = 0°, prolate shapes with the rotational axis perpendicular

to the symmetry axis axe defined. The same relationship between the rotational

and symmetry axes exist for oblate shapes at 7 = -60°. Therefore, nuclei whose

shapes range from —60° to 0° usually exhibit some type of collective motion. The

7 = 60° and 7 = 120° axes define oblate and prolate nuclear shapes, respectively,

for the condition when the rotational axis is parallel to the symmetry axis. Col

lective rotation is not permitted for these orientations (see section 2.2); thus these
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Figure 2.14: Quadrupole shapes in a polar coordinate system. The radius, /?2,
measures the deviation from spherical shape. The angle, 7, gives the triaxiality
and the orientation with respect to the axis of rotation.
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radial lines of constant 7 are referred to as the non-collective oblate and prolate

axes. This prescription pictured in Fig. 2.14 is referred to as the Lund convention.

To determine the effects of aligning quasiparticles on the nuclear shape,

Leander and Frauendorf (1982) have calculated the quasiparticle energies for a

single /ixi/2 proton shell as a function of the 7 deformation. Cranked shell model

calculations were done for different values of the Fermi energy (A) using a modified

oscillator potential and fixing the,remaining parameters (e2=0.2, A = O.lhuo and

u = O.OS^Wo). Fig. 2.15a summarizes the results for these calculations by showing

the Routhians for the lowest lying quasiparticle trajectories of opposite signature

as a function of 7 for nine different values of the Fermi energy. Fig. 2.15b shows

the energies in oscillator units of each Fermi level used in the calculation along

with the non-rotating hii/2 single-particle levels at two 7-values, 0° and 60°. Two

features are clearly evident in Fig. 2.15a:

1. The minimum of the quasiparticle trajectories for the favored signature^ has

a relatively smooth 7 dependence as the Fermi level moves through the shell.

2. In general the unfavored signature has a weaker dependence on 7 and A than

the favored signature.

The 7 dependence of the favored signature allows one to make definite

predictions about the nuclear shape as a result of the alignment of a pair of quasi

particles. For example, in 7-soft nuclei where the potential energy surface is fairly

flat over the 7 plane, the sharp minimum of the favored signature should stabilize

the nuclear shape. On the other hand, if the core has a well defined potential-

energy minimum at some other value of 7 than that for the quasiparticle Routhian,

the quasiparticle exerts a "driving force" in 7 proportional to the gradient of the

quasiparticle trajectory. The final shape of the nucleus is a result of the balance

^The favored signature is the signature which lies lowest in energy. Or in more physical terms,
it is the signature for quasiparticle configuration is most aligned.
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Figure 2.15: The quasiparticle energies as a function of the 7 deformation of the
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reached between the driving forces of the quasiparticles and the restoring force of

the core.

The weaker dependence of the unfavored signature on the 7 deformation

results in a significant energy difference between the two signatures in the region

where the favored signature minimizes in 7. Since this "signature splitting" varies

as a function of 7, one is able to use this as a gauge to indicate the onset of

deformation effects in odd-.A nuclei, where rotational bands of opposite signatures

are built on the same one-quasiparticle configuration. For example in diagram 6 of

Fig. 2.15, the signature splitting varies smoothly as a function of 7 between 0° and

—60°. By comparing and matching the experimentally observed signature splitting

with that in the diagram, one is able to get an indication of the deformation driving

effects of the excited quasiparticle. However, when this is done, the energy of the

core should be added to both signatures and the energy difference between them

as a function of deformation should then be extracted.

If the nuclei under consideration have cores which are "soft" with respect

to deformation, one should also consider the effect aligning quasiparticles have on

the axial deformation. Chen and Leander (1987) have made a similar investigation,

as was done for the 7 degree of freedom discussed above, by varying the quasiparti

cle Routhians as a function of ej. Fig. 2.16 shows the axial-driving force, —c?e'/c?e2,

generated by rotating /in/j quasiparticle orbits for several values of the Fermi level.

When the Fermi level lies low in the shell (solid curves), strong driving forces are

generated by the quasiparticles as they are displaced from their equilibrium posi

tions [—de'/dt2 = 0) similarly to the strong restoring force generated by a spring

as it is displaced further from its equilibrium position. The Routhians for these

quasiparticle trajectories minimize between 0.23 ̂  ̂2 — 0.33. This same effect is

present when the Fermi level lies high in the shell (long-dashed curves); however,

the Routhians minimize in a slightly lower Cj range (0.18 < ej < 0.30) than for the
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former case. On the other hand, when the Fermi level is placed in the middle of

the shell (short dashed curves), the driving force is towards spherical shapes and

remains relatively constant as a function of the quadrupole deformation.

While both of the discussions above involving deformation-driving forces

generated by quasiparticles focused on the hii/2 subshell, similar effects should be

observed in other high-ji subshells as well, i.e. hg/2 and «i3/2. Thus, figures 2.15 and

2.16 can also be used as a qualitative guide for determining the "y and quadrupole

driving forces generated by aligning high-; quasiparticles.

2.9.2 Shell Correction Method

The calculation of the quasiparticle energies using the HFBC formalism

allows for the description of the nucleus in the rotating frame in terms of elemen

tary quasiparticle excitations. It was shown in section 2.8 that the results of these

calculations are best represented in the form of quasiparticle diagrams. From these

diagrams, one can immediately extract band crossing frequencies, single-particle

alignments and interaction potentials. However, one is unable to directly conclude

anything about the nuclear shape, since the deformation parameters are fixed for

the calculation. One solution to this problem might be to minimize the total

energy of each quasiparticle Routhian with respect to the deformation parame

ters. Unfortunately, the energy of the vacuum, which the quasiparticle excitations

are measured with respect to, does not represent the energy of the nucleus, be

cause interactions between quasiparticles are not included in the HFBC formalism.

Therefore, if one is to determine the shape of the nucleus in the rotating frame,

self-consistently with respect to the deformation parameters of the average field,

one must use a procedure which calculates the total energy in the rotating frame

correctly.

The shell correction method allows for the calculation of the total energy
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of the nucleus using a phenomenolo^cal one-body expression for the potential. It

also links together two well established models of the atomic nucleus: the liquid

drop model, which describes well the bulk properties of the nucleus, and the shell

model, which describes features of the nucleus that depend on the level structure

of the single-particle states. A good example illustrating the need for this type of

procedure is found in a plot of the binding energy per nucleon (B/A) versus the

nucleon number. Fig. 2.17 shows both the experimental values of B/A for /^-stable

odd-A nuclei and a calculated curve of B/A based on the liquid drop model. The

calculated curve reproduces the overall features of the experimental data but not

the oscillating fine structure. The deviation between experimental and calculated

values is due to the fact that the nucleus has single-particle levels which are discrete

with large energy gaps between major shells, while the liquid drop model assumes

that the nucleus has a smooth continuous distribution of levels.

The total energy of the nucleus can be calculated using Hartree-Fock

theory due to the fact that this method includes in a realistic manner the effective

two-body interaction:

= E 4""' - 5 / /'(r)p(r')V(r, (2.71)
where V(r, r') is the effective two-body interaction and the sum runs over the occu

pied HF orbitals with self-consistent energies Strutinsky (1968) showed that

the Hartree-Fock energies could be replaced by single-particle energies calculated

using a phenomenological one-body potential if the total energy was expressed as

Eo w Esc = E^^ + SE,h, (2.72)

where is the liquid drop energy, E^c is the shell corrected energy, and SE^h is

the shell correction term which contains all fluctuations caused by the non-vmiform

distribution of the single-particle levels near the Fermi surface. Eq. 2.72 seems to
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Figure 2.17: Both experimental and calculated values of the binding energy per
nucleon for /9-stable odd-i4 nuclei. The theoretical curve was calculated using an
expression based on the Weizsacker semi-empirical mass formula (Ring and Shuck,
1980).

agree well with what is observed in Fig. 2.17, i.e. that the shell effects are only a

minor modification to the total energy.

In order to determine the shell correction term, one begins by calculating

the single-particle energies in the independent particle model using either a Nilsson

or Woods-Saxon potential. The total shell model energy is then defined as the sum

of the occupied single-particle orbitals.

(2.73)
1=1

This energy is split into a sum of two terms: the shell correction energy, SEshi

a "smooth" energy, < associated with the liquid drop term. Thus, SE^h

can be expressed as

SE,h = E,k- <E> . (2.74)

One method for extracting < E > from the total shell energy involves the replace-
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ment of the single particle density of states

=  (2.75)
t

with an expression which varies smoothly as a function of the energy. In this

procedure, the expression for the "smooth" density of states is given by

1  r+oo (p! ̂  f,\C—:^g{e')de', (2.76)
where 7 is the energy width around the Fermi surface for which the smoothing is

done, and ( is the smoothing function. There is no functional limitation on

however, it must fulfil the condition

1  f+00 _ p")
9(e) = - -9(e')de', (2.77)

7 J-00 7 ^ '

which guaranties that ̂  is in fact a smoothing function. Once g(t) is determined,

the smoothed part of the shell energy can be calculated:

< E >= eg(e)de, (2.78)

where A is the Fermi energy for < .F > and is determined by the condition of

particle conservation:

N= f g(e)de. (2.79)
J — 00

Results of the averaging procedure should not depend on the averaging parameter,

7, and this condition is fulfilled if d(6Eah)/d'y = 0. This condition should be

checked when using potentials like the Woods-Saxon, which have unbound states,

because these states can play an important role in the smoothing procedure.

The shell correction method can also be extended to the region of high

angular momentum. Some of the initial work done is this area is found in Bengts-

son et al. (1975) or Andersson et al. (1976). Currently, this method, known as

the Strutinsky cranking procedure, is one of the most useful microscopic tools
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for describing nuclear shapes under the condition of rapid rotation. Only a short

summary of the method is presented in this work, and it follows closely the more

detailed derivation presented by Dudek (1987).

The first step in generalizing the shell correction method for the case of

rotation is to replace the calculated single-particle energies, e,-, with the single-

particle Routhians, ef, where is calculated from the Hamiltonian (H^a —uJx).

The liquid drop energy is also modified by adding the rotational energy of the

liquid drop

1^2Erot = -Ju?, (2.80)

where J is the classical moment of inertia. Following the definition of the shell

correction energy in Eq. 2.72, the total Routhian energy can be expressed as

- i (2.81)

where

= E <- < ef >, (2.82)
«=i 1=1

and it is understood that each term in the equation is dependent on the nuclear de

formation parameters After performing some algebraic manipulations,

the total Routhian can be rewritten as

R" =£'-" + SE^' + - er"), (2.83)
t

where the approximation of the classical rotational energy as a function of the

shell correction energy has been made (Dudek, 1987):

< Esr" > - < EeT >= - ■ (2.84)
t=l i=l ^

Eq. 2.83 is very useful, because it eliminates the angular momentum dependence

of the liquid drop and the shell correction energies. Pair properties are taken into

75



account by simply adding the pairing energy to where

^paiT =< >HFBC (2.85)
i

The energy represented by < >hfbc is the sum of the individual quasiparticle

energies which make up the vacuum configuration calculated self-consistently using

the HFB equations. By performing several mathematical transformations, the

total Routhian with pairing can be expressed as

Jf = £:'" + + (</?">-< H"" >]„FBC- (2.86)

Eq. 2.86 preserves the u independence of the smoothed portion of the energy.

is interpreted as the true absolute energy of the quasiparticle vacuum. Since the

relative quasiparticle excitation energies, Ef, are correct in the HFBC formalism,

the total energy of excited configurations can also be calculated by adding the

corresponding n-quasiparticle term:

R:.,p = R'' + EEr, (2.87)
i

where is the quasiparticle energy.

2.9.3 Total Routhian Surface Calculations

In the previous subsection, a method for calculating the total Routhian

energy without explicitly treating the interactions between quasiparticles was pre

sented. This energy is dependent not only on the rotational frequency, but also on

the deformation parameters as well. For the remainder of this chapter, a slightly

reformulated expression for the total Routhian will be referred to than is expressed

in Eq. 2.87. This expression is written as

K-,p0) = E-sTr'm E-M + 5;: Er{h (2.88)
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where EstJ^0) is the Strutinsky energy at u; = 0 (see Eq. 2.86), is the total

Routhian energy of the quasiparticle vacuum at u, is the excitation energy of

quasiparticle i, and /? represents the deformation parameters ̂21 7 and Pa- In order

to construct total Routhian surfaces, (TRS), this energy is calculated at discrete

deformation points, both for fixed a? and fixed quasiparticle configuration, in

order to map out the Routhian energy as a function of deformation.

The theoretical equilibrium shape of the nucleus for a particular quasipar

ticle configuration is determined by finding at what deformation the TRS surface

has a minimum. In many respects the form of Eq. 2.88 is very nice, because

the Strutinsky energy need be calculated only once at w = 0. The remaining

calculations at non-zero rotational frequencies involve only the calculation of the

quasiparticle energies, using the HFBC-method discussed in section 2.7. Exam

ples of TRS maps as a function of rotational frequency are shown in Fig. 2.18. It

should also be noted that the total Routhian surface includes both the neutron

and proton contributions to this energy.

To investigate the effect aligning quasiparticles have on the shape of the

nucleus. Fig. 2.18 shows two TRS maps for the ground band of ̂®^Pt at frequencies

Tiu = 0.15 MeV and fioj = 0.25 MeV. Also pictured are 7-projections of the

Routhian surface both for the total energy and the individual contributions from

the quasiprotons and quasineutrons. These projections are constructed through

the path of least resistance in the deformation plane (thick solid line of map).

At fiu = 0.15, the equilibrium shape minimizes at P2 = 0.231, P4 = —0.028,

and 7 = —3°. The 7 projections of the energy surface are very shallow in the

vicinity of the energy minimum, indicating that the core represented by the ground

configuration is soft with respect to deformation. At fiu = 0.25, a dramatic shift

in the equilibrium shape is observed for all deformation values (/S2 = 0.218, /34 =

—0.038, and 7 = —15°). The 7-projection remains virtually unchanged for the
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quasiproton contribution to the energy; however, the quasineutron projection has

developed a minimum at 7 = —15°. A CSM calculation using the deformation and

pairing parameters indicated for the ground configuration at huj = 0.15 shows that

the uii3/2 AB crossing should occur at fiujc « 0.23 MeV. Thus, the nuclear shape

change observed at %u = 0.25 MeV is associated with this band crossing. Since the

neutron Fermi level lies in the middle of the vi\3j2 shell, the deformation driving

forces of the quasineutrons "push" the equilibrium shape towards negative 7-values

and smaller quadrupole deformation as discussed in section 2.9.1. The shallowness

in the Routhian surface for the ground configuration enables the aligning 1^^13/2

quasiparticles to greatly influence the equilibrium shape of the nucleus.

In this example, information was obtained about the nuclear shape of

the yrast band in ^®^Pt as a function of rotational frequency. One was able to

observe the softness with respect to deformation of the nuclear core and the strong

driving forces generated by the aligning quasineutrons. Also, information about

the crossing frequency was obtained, and it is also possible using this model to

extract values for the single-particle alignment, i. In conclusion, these HFBC-

calculations done self-consistently with respect to the deformation contain the

same information available from CSM quasiparticle diagrams such as band crossing

frequencies. One drawback to the model is that the HFBC-calculations must be

done at many deformation points making the calculation a very laborious one.

However, when large fluctuations in the nuclear shape occur due to quasiparticle

alignment as is the case in transitional regions, the CSM model may be dangerous

to use if the correct deformation parameters are not selected (see chapter 5). For

these cases, it is very instructive to perform the fully self-consistent calculation

and extract reasonable deformation values.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Introduction

The collective motion of nuclei has been studied extensively by both ex

perimental and theoretical nuclear physicists for over thirty years, beginning with

the pioneering work of Bohr and Mottelson in the early 1950's. The past decade

has yielded a vast amount of new information on the interplay between collective

and single-particle degrees of freedom in nuclei, leading to a fuller understanding

of the nuclear structure near the yrast line. The accumulation of this new knowl

edge can be related to the implementation of two major developments: the use of

heavy-ion accelerators for the formation of both stable and exotic nuclei in highly

excited states, and the construction of multi-detector spectrometers for measuring

with good efficiency and energy resolution the majority of the 7 rays and particles

emitted by the de-exciting nucleus.

The most efficient way to impart large amounts of angular momentum

to a nucleus is through a heavy-ion fusion reaction. In such a reaction, heavy

ions are accelerated onto an isotopically enriched target at energies slightly above

the Coulomb barrier to form a highly excited compound nucleus by fusing the

projectile and target nucleus together. The amount of angular momentum the

nucleus can accommodate is finite, and if the bombarding energies are too high,

the compound system will break apart or not form at all. Fig. 3.1 shows a plot of

the maximum angular momentum that can be accommodated in /S-stable nuclei as

a function of A, assuming that the nucleus is an electrically charged rotating liquid

drop with no intrinsic excitation energy (Cohen et al, 1974). The decrease in irnax

for A > 130 is due to the increasing influence of the Coulomb force in lowering the
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Figure 3.1: The curve lying highest in angular momentum represents the point
at which the fission of a |5-stable rotating nucleus with mass A is predicted to
vanish (classical estimates). Below the lower lying curve, the fission barriers for
the rotating /9-stable nuclei are higher than 8 MeV. Reproduced from Riley (1984).
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fission barrier. The lowering of the maximum angular momentum at the lighter

masses is due to the lower surface energy and the higher rotational frequencies

required by the smaller moments of inertia. The dashed curve in Fig. 3.1 shows

the angular momentum required to lower the fission barrier of a nucleus to 8 MeV.

This curve gives an indication of the maximum amount of angular momentum

that a compound nucleus can accommodate to survive the risk of fission in the

de-excitation process.

In the study of both nuclear structure at high angular momentum and

nuclear reaction mechanisms, much information is gained by measuring the 7 rays

emitted in heavy-ion induced reactions. For a typical heavy-ion reaction, the

average multiplicity of emitted 7 rays can be as high as 30 per nucleus. The elec

tromagnetic multipole moments of most of these 7 rays have large admixtures of

either dipole or quadrupole components. Since the spin direction of the compound

nucleus after a heavy-ion collision is in the plane perpendicular to the beam axis,

the radiation pattern of the 7 rays covers the entire solid angle around the target.

This is in contrast to the situation where the spin orientation of the nucleus is in

a fixed direction and definite predictions about the plane in which the 7 rays of

different multipolarities are emitted can be made. Clearly if one is to measure all

the 7 rays emitted after a heavy-ion collision, the detectors used must surround

the entire reaction chamber.

In many types of reaction studies, one is interested in measuring the total

energy and angular momentum imparted to the nuclear system by the heavy-ion

collision. Since the 7-ray multiplicity is related to the initial angular momentum

of the compound nucleus^, reaction studies require detectors which are able to ef

ficiently measure the entire energy of each 7 ray emitted in the heavy-ion reaction.

^For example, the first moment of the multiplicity distribution is given by < My >=
^ < I - lo > +k, where My is the 7-ray multiplicity; I, the angular momentum of the entry state;
/o, the angular momentum where the observed cascade terminates; and k, an empirical constant.
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If one is to measure both the energy and multiplicity of an event, accurately, not

only must the detectors used subtend a solid angle of nearly 47r, but the number

of detectors in the spectrometer should be twice the maximum multiplicity to be

measured (Jaaskelmnen et al., 1983). There are currently in use or under con

struction in both North America and Europe 7-ray spectrometers which meet the

above criteria. Scintillation detectors made of sodium-iodide (NaT) or bismuth-

germanate (BGO) material axe used in these spectrometers because of their high

efficiency in detecting 7 rays. The total detected energy, ff, for a heavy-ion reac

tion is measured by these spectrometers by summing the energies of the individual

detected 7 rays, and the detected multiplicity, K, is determined by the number of

detectors firing for each event. Since these spectrometers are not 100% efficient in

detecting 7 rays, the total energy, E, and the total multiplicity, M, are calculated

from H and K. Clearly, the closer H and K are to the actual values of E and

M, the more accurately E and M are determined. Thus, the use of scintillation

detectors in Att spectrometers is useful when studying reaction mechanisms; how

ever, their poor energy resolution makes it impossible to resolve individual 7 rays

in complicated energy spectra.

When one is probing the nuclear structure of discrete high-spin states at

excitation energies near the yrast line, detectors are needed which measure with

good precision the energy of the individual 7 rays. Thus another type of detector

other than one made of scintillation material must be used to resolve individual 7

rays in the energy spectrum. Semiconductor detectors made of germanium (Ge)

or silicon (Si) material have very good resolution in recording the energy response

function of monoenergetic 7 rays. Unfortunately, these detectors have a relatively

low efficiency for detecting 7 rays due to the low density of the semiconductor

material and the deficiency in technology for building large volume semiconductor

detectors. Because of their low efficiency, the 7-ray spectra of semiconductor
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detectors have a laxge background associated with them due to the incomplete

absorption of the 7 ray in the crystal. In order to decrease the recording of

this background radiation during an experiment, the semiconductor detector is

surrounded by a detector made of scintillation material. The purpose of these

scintillation detectors is to measure the 7 rays which Compton scatter out of the

semiconductor crystal. By rejecting the events associated with the simultaneous

detection of a 7 ray in the semiconductor and scintillation detector, one is able to

suppress the background associated with the energy spectrum of the semiconductor

detector. These scintillation detectors are known as Compton-suppression shields.

The design of 47r spectrometers must be flexible, because the study of

different nuclear processes through the detection and identification of 7 rays re

quires different types of detectors. For example, some reaction studies require that

the reaction chamber be surrounded entirely by scintillation detectors so that the

total energy and multiplicity of an event can be accurately recorded. On the other

hand, experiments which measure the level structure of high angular momentum

states are set up to record coincidences between 7 rays. This is done because 7

rays which are detected at the same time in different detectors are assumed to

have been emitted by the same nucleus and belong to the same decay pathway.

Ge detectors are used to determine the energy of the 7 rays in coincidence with

one another. Because of their low detection efficiency and large distance from the

target (up to 25 cm in some 4ir spectrometers), a large number of Ge detectors

surrounded by Compton-suppression shields must be used to increase the rate at

which coincidences are detected. However, by replacing part of the solid angle

taken up by scintillation detectors with semiconductor detectors, one loses resolu

tion in determining the total energy and multiplicity of the reaction on an event

by event basis.

The experiments reported in this work were designed to measure 7 rays in
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coincidence with one other. The measurements were done at several institutions,

utilizing a number of different heavy-ion reactions. To measure high-spin states

in ̂ ®^Pt and ̂ ®^Au, a total of five experiments were performed, four on ̂®'*Pt and

one on ̂ ®^Au. These experiments were done at three separate facilities: (1) the

Holifield Heavy Ion Research Facility at Oak Ridge National Laboratory, utilizing

a 25 MV tandem accelerator, (2) the McMaster Tandem Accelerator Laboratory,

using a 10 MV FN tandem accelerator, and (3) Chalk River National Laboratory

(Canada), utilizing a 12 MV tandem accelerator. Each experiment utilized a 7-

ray spectrometer equipped with intrinsic Ge detectors to measure discrete 7-ray

transitions, and a set of auxiliary detectors (Nal or BOG) to isolate individual re

action channels. The spectrometers used ranged from the relatively simple Lotus

spectrometer, set up with eight unsuppressed Ge detectors coupled with six Nal

detectors, to the "state of the art" Stt Spectrometer, incorporating twenty Comp-

ton suppressed Ge and seventy-one BGO detectors. All the measurements were

arranged to record 7-ray coincidences, except the McMaster experiment in June

of 1986, which was designed to measure 7-ray angular distributions. A summary

of each experiment can be found in Table 3.1.

3.2 Formation and De-excitation of the Compound Nuclear System

Many recent studies have been performed using heavy-ion reactions to

study high-spin states of nuclei in the rare-eaxth region, where discrete energy

levels have been observed with / > 40 ̂  in normally-deformed rotational bands

and as high as 60 fi (Twin et ai, 1986) in superdeformed bands. After a heavy-

ion fusion reaction, the compound nucleus formed is usually left in a state of high

excitation energy and angular momentum. While this is advantageous for studying

the highest spins accessible to nuclei in the rare-earth region, it is a detriment for

compound systems with low fission barriers. For nuclei with a large number of
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Table 3.1: Summary of the reactions, spectrometers and facilities utilized for the
work under discussion.

Reaction Spectrometer Facility Date

^^''Sm(3^S,4n)i8^Pt 163 MeV Spin Spectrometer HHIRF Aug. '84
172Yb(160,4n)184pt 91 MeV Lotus McMaster Feb. '86
172Yb(160,4n)184pt 93 MeV Lotus McMaster Jun. '86
^«'Gd(29Si,5n)i8^Pt 150 MeV 877 Spectrometer Chalk River Jul. '87

i"Sm(35Cl,4n)i83Au 170 MeV Spin Spectrometer HHIRF Aug. '85

protons (^Z > 82), the competition between the surface and Coulomb energies

lowers the fission barrier with respect to angular momentum (see Fig. 3.1), and a

cooler mechanism, other than a fusion reaction, must be used to populate high-

spin states near the yrast line, e.g. multi-particle transfer reactions and Coulomb

excitation. The Pt-Au nuclei examined in this study have a lower fission barrier

than lighter rare-earth nuclei; however, with the right combination of beam energy,

projectile and target, nuclear levels upto I = 35 h have been observed in this

research (see section 4.2). Since the choice of the reaction is critical to minimize

fission and maximize angular momentum of the compound system in this region,

a more detailed examination of heavy-ion reactions follows.

In the formation of a compound nucleus by the fusion of two smaller

nuclei, the energy of the collision must be larger than the Coulomb barrier. This

critical energy is given by

where Zi and Z2 refer to the proton number of the projectile and target respec

tively; Rcb is the Coulomb radius in fermis; and Ecb is given in MeV. This

simple definition of the Coulomb barrier is based on the cutoff model where Rcb

is defined such that for distances larger than Rcb the interactions are purely

Coulombic, whereas for smaller distances, the nuclear interaction dominates and
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fusion can take place. From this definition, Rcb cannot be equal to the simple

sum of the effective matter radii of the target and projectile, but must be taken

to include some effective range of the nuclear force. Experimental values deduced

from phase-shift analysis of elastic scattering data show that over a wide range of

masses and energies (see Bass, 1980)

Rcb = -|- i?2 + 3.0(±0.5)fm, (3.2)

where i2, is defined as the point where the nuclear charge density has dropped

to one half its central value. For Eq. 3.2, the value of Ri has been deduced from

electron scattering:

Ri = - 0.94^-'/^ [fm], (3.3)

where Ai is the atomic mass of the nucleus. A simpler parameterization of Rqb

is also employed which has been deduced from scattering measurements for ̂ He,

^He and heavier ions using a smooth cut-off model (Fran and Venter, 1963):

Rcb « (1.4-1.5) x (A^^ -t- A2^^)fm, (3.4)

where Rcb is defined now as the distance of approach at which there is a 50%

probability of a non-elastic event occurring.

Because heavy-ion collisions involve the interactions between relatively

large pieces of nuclear matter in which case the kinetic energy is shared among

all the nucleons, classical treatments are used to calculate the total energy and

angular momentum brought into the system by the collision. By using the sharp

cut-off model which assumes there is a sharp boundary separating the elastic from

the inelastic channels (see description of Rcb above), one is able to show that the

maximum angular momentum leading to a reaction is,

^max = 0.219Rcb [fJ'iEcM — Ecb)]^^^ 5 (3-5)
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where Ecm =~ A A is the energy in the center of mass system in MeV;+ -^2

J  ̂ ^2 • i_ 1
^ ̂ ~ H—TIT reduced mass of the system in mass units. It should beA.I + A2

noted that the more distant collisions, which involve the highest £ waves, lead to

transfer and deep inelastic collisions, so that the irnax for the compound nucleus is

lower than that given in Eq. 3.5. The maximum energy transferred in the reaction

is given by the simple relationship

£.mQX _

where the Q-value is the difference in rest mass energy of the reactants and the

products in MeV.

Once the compound nucleus is created, it retains no knowledge of how

it was formed. Thus statistical models can be used to describe the decay of the

compound system (see Blatt and Weisskopf, 1952). If one is to study high angular

momentum states, the final reaction products of interest should retain a large

portion of the initial angular momentum. Clearly, fission of the compound system

is undesirable, since most of the angular momentum goes into the relative motion

of the fragments. In order to prevent fission, the highly excited system must

lose energy by another decay process, and at such excitation energies, this is

only possible through particle evaporation. For particle evaporation to compete

with fission, the compound system must exist for 10"^® to 10"^^ seconds before

it begins to decay. For this to be possible, a fission barrier on the order of the

neutron binding energy is needed (see Fig. 3.1).

For particles to be evaporated, they must overcome a centrifugal barrier

given by.

where Hint is the interaction radius and is approximately equal to Rcb', A' is the

reduced mass of the particle and compound system; £ is the angular momentum
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of the particle to be evaporated; and Ef is in MeV. Charged particles must also

overcome the Coulomb barrier. These two potential barriers limit the possibil

ities for particle evaporation to the lightest systems, i.e. neutrons, protons and

a-particles^ For compound systems with A < 100, the Coulomb barrier is low

enough that all three types or particle emission compete. Thus, a large num

ber of different reaction channels are available for the final product. This makes

spectroscopy difficult in this region, because it is difficult to sort out the 7 rays

associated with each residual nucleus. For nuclei in the rare-earth region, the

Coulomb barrier is high enough to suppress the emission of charged particles at

intermediate bombarding energies and neutron evaporation dominates. However,

for very neutron-deficient nuclei in this region, charge particle evaporation is once

again competitive with neutron emission.

The binding energy for a single neutron is approximately 8 MeV, and

statistical model calculations show (Hillis et ul., 1979) that on the average neu

trons emitted by the nucleus after a heavy-ion reaction have 2 MeV of kinetic

energy. While these energies are significant, the amount of angular momentum

the emitted neutron possesses is only one or two units. Therefore, the residual

nuclei vary significantly in excitation energy but little in angular momentum from

the compound system. Fig. 3.2 shows the population in excitation energy and

angular momentum of the different neutron-evaporation channels resulting from

the ̂ ^'^Sn(^°Ar,xn)^®^~®Er reaction at a beam energy of 147 MeV. Notice how the

regions associated with the fewest number of evaporated neutrons lie noticeably

higher in excitation energy than those with the greatest number of evaporated

neutrons.

^There is a small probability (2000:1) that a very high energy 7 ray will compete with particle
emission. These transitions are thought to be the de-excitation of the giant resonances of the
compound system and may offer a chance to probe the nuclear structure at even higher angular
momentum and energy (Newton ei ai, 1981).
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STATISTICAL MODEL CALCULATIONS
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Figure 3.2; Statistical model calculations by Hillis et al. (1979) showing the
population as a function of excitation energy and angular momentum of the system
after the emission of 1-5 neutrons resulting from the ̂ ^''Sn('^°Ar,xn)^®^~®Er reaction
at 147 MeV. Reproduced from Bengtsson and Garrett (1983).
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The shaded regions of Fig. 3.2 for the 3n-5n populations indicate where

7-ray emission begins. Even though the excitation of the initial compound nucleus

is kept constant for the calculation, there is a large spread in the the excitation

energy and angular momentum of the residual products in the 7-ray region. For

example, the 3n population cloud covers a large region of angular momentum

space. On the other hand, the region associated with 7-ray de-excitation for the

same channel covers only the higher angular momentum portion of the cloud.

This is due to the fact that at lower angular momentum, the 3n channel still

has enough intrinsic energy to emit particles. This intrinsic energy is sometimes

referred to as the temperature, and it is defined as the difference between the ex

citation energy and the energy of the yrast line corresponding to the same angular

momentum. Thus, a property of heavy-ion reactions is that the residual nuclei

having the fewest evaporated neutrons lie highest in excitation energy and angu

lar momentum. Therefore, by making the appropriate choice of target, projectile,

and beam energy, one is able to excite the nucleus of interest to the highest angular

momentum accessible.

Once the decaying nucleus has a temperature near the binding energy

of a single neutron, 7-ray emission begins to compete with particle evaporation.

This region of competition is known as an entry state, since it defines the origin of

the 7-cascade. The 7 rays emitted by the nucleus are classified in two categories:

those which cool the residual nuclei by taking away large amounts of energy but

little angular momentum, called "statistical", and those which dissipate the an

gular momentum but not the temperature, called "yrast-like". The two types

of transitions compete with each other in all regions of angular momentum and

excitation energy.

Statistical transitions are defined as, such because their transition prob

abilities depend largely on the initial and final density of states as opposed to
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the transition matrix elements between individual states. Thus, these transitions

dominate over yraat-like decays at energies significantly above the yrast line, where

the level densities are very large. Calculations have also shown that the statistical

E\ transitions dominate over the Ml and E2 statistical transitions. In deformed

nuclei, the statistical transitions bring the nucleus into a region where there are

large quadrupole matrix elements between individual states and lower level densi

ties. This causes an increase in the transition probabilities of the yrast-like electric

quadrupole (A7 = 2) transitions over the statistical E\ decays. Thus, yrast-like

transitions dominate in this region. However, individual 7 rays emitted in this

region cannot be resolved in the 7-ray spectrum, because the level densities are

still too high to allow for any single rotational pathway to dominate. This re

gion is usually referred to as the "collective" continuum. In the vicinity of the

yrast line, the level densities are low enough that discrete 7-ray transitions are

observed in the 7-ray spectrum. From these transitions, energy level diagrams are

constructed of the yrast and near-yrast rotational bands. Information about the

nuclear structure in the different realms of spin and temperature can be extracted

by studying the different types of 7-ray cascades discussed above. Fig. 3.3 is a

subset of Fig. 3.2, showing only the portion of the statistical model calculation

dealing with 7-ray emission. It also indicates the regions of excitation energy and

spin where the three types of 7-ray transitions dominate. The work herein is con

cerned wholly with the examination of the discrete transitions, and the physics

which can be deduced from studying them.

Table 3.2 lists the 7-ray intensities for the yrast band in ^®''Pt for the

three reactions used in this research. The intensity for the transitions in the

induced-reaction fall off more quickly at higher spin than that for the

and ̂ ®Si reactions. This is easily explained by calculating the maximum angular

momentum and excitation energy brought into the reaction for the three cases
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Figure 3.3: Schematic diagram of the 7-ray de-excitation scheme for the
^^^Sn(^°Ar,xn)^®^~^Er reaction. The contours indicate the 7-ray emitting regions
for the 3n-5n evaporation residues predicted by the statistical model calculations
of Hillis et al. (1979). Reproduced from Bengtsson and Garrett (1983).
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Table 3.2: Gamma-ray intensities for the higher spin states in the yreist band of
^®^Pt for three different heavy-ion reactions in this work. The intensities have been
normalized with respect to the 4"'" to 2"^ transition which was assumed to have an
intensity of 100 units.

556 16+ -f14+ 50.4 51.6 54.1

586 18+ 16+ 34.7 33.8 38.4

624 20+ -f18+ 22.2 26.7 27.1

674 22+ -> 20+ . 11.2 20.9 17.5

730 24+ 22+ 3.1 7.3 7.6

789 26+ -f 24+ 4.9 6.5

850 28+ -4 26+

908 30+ ̂  28+ 3.7

using equations 3.5 and 3.6. At 91 MeV, the oxygen reaction brings in a maximum

of 36 h of angular momentum and 56 MeV of excitation energy into the system.

On the other hand, for the and ̂ ^Si reactions, Cax is 59 and 62 h and

is 68 and 73 MeV for their respective compound systems. The large increase

in irnax going from the lighter to heavier projectiles is the major reason for the

favoring of high spin states by the heavier projectiles. However, the increase in

population intensity is only a few units, where one might reasonably expect a

more substantial increase in the observed high-spin states. While an increase in

^max does not necessarily result in an increase in along the yrast line, a closer

investigation of this suppression of high-spin states along the yrast line in ̂ ®^Pt for

the heavier projectiles is warranted to determine if fission or some other process

can explain this phenomenon.

Glagola et al. (1984) have measured the effects of large angular momenta

on the fission properties of Pt compound systems. Fig. 3.4 shows the measured

fusion-fission and calculated total cross sections for the ̂ ®®Pt compound system

using the ̂ ®0-t-^^°Yb and ̂^S-t-^^'^Sm reactions. While these reactions differ slightly
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from the reactions used in this study and ̂ ^S+^®^Sm), qualitative ax-

guments should apply from one reaction to the other. The fusion-fission cross

section is associated with the situation where the projectile and target fuse to

gether, forming the compound system which subsequently decays via fission. The

fusion-fission cross section is expressed as

CO

= ttA 2(2^ -F 1)T^P/, (3.8)
l~0

where T]» is the angular-momentum-dependent barrier transmission coefficient and

P/ is the angular-momentum-dependent fission probability. From the figure, it is
clear that the percentage of the cross section associated with fission is much higher

for the sulfur than the oxygen reaction, at the beam energies used for this work.

One does not gain higher angular momenta in the Pt system without a price: the

loss of a substantial amount of the compound system to fission.

In order for one to estimate the cross sections for fission and other reaction

channels before performing the experiment, statistical model calculations, similar

to those referred to above, should be performed. One such computer program,

PACE, is available at the Holifield facility. Fig. 3.5 shows a plot of the cross

sections predicted by PACE for the ̂ ®°Gd-f reaction as a function of the beam

energy. These calculations show that the 151 MeV beam energy used in the

Chalk River experiment was a good choice. At lower bombarding energies, one

would maximize the cross section for ̂ ®^Pt, however, a smaller amount of angular

momentum is brought into the system. On the other hand, higher bombarding

energies result in a decrease in the ̂ ®^Pt (5n) cross section and an increase in the

fission, and 6n and 7n cross sections.

In conclusion, it should be mentioned that it was once generally believed

that very high-spin states in the Pt and Au nuclei could not be populated through

heavy-ion fusion reactions because of the low fission barriers. The present work
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has shown that the angular momentum dependence of fission does limit one in

the maximum angular momentum obtainable in this region; however, it should be

noted that by using a large number of Compton-suppressed Ge detectors in a 47r

spectrometer, discrete states as high as of 35 ̂  have been observed in ̂ ®^Pt in this

work. While this Imax is smaller than that obtained in lighter rare-earth nuclei, it

is much higher than what was thought possible.

3.3 Gamma-ray Spectrometers

As discussed in section 3.1, the large amount of experimental knowledge

which has been gained in the past decade on nuclei under the condition of rapid

rotation is a direct consequence of the building of large 7-ray spectrometers. Sev

eral different spectrometers were used to collect the experimental data reported in

this work, ranging significantly in their degree of complexity. This offers a chance

to explore the advantages of using one detection system over another. However,

a review of detection systems in general, and a description of the spectrometers

used are first in order.

3.3.1 Description of Detectors

The detectors currently used in 7-ray spectrometers fall into two cate

gories: semiconductor detectors, which have good energy resolution but low 7-ray

detection efficiency, and scintillation detectors, which offer good efficiency but low

energy resolution for detecting 7 rays. The semiconductor detector consists of a

single crystal of germanium or silicon placed under high voltage at liquid nitrogen

temperature. Electron-hole pairs are produced when electrons absorb the energy

of an incoming 7 ray or x ray. These pairs, under bias, produce a current whose

strength is detected and amplified with a pulse height proportional to the energy

of the incident photon. The energy resolution of semiconductor detectors is deter-
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mined by system noise in the electronics and the randomness of the electron-hole

pair production in the detector crystal. Both these effects produce a fluctuation

in the pulse height for photons of the same energy.

Most present day spectrometers are equipped with high purity n-type

coaxial Ge detectors. They have several advantages over their predecessors, Ge(Li)

detectors, which are doped with lithium to compensate for impurities in the germa

nium. Ge(Li) detectors must continually be stored at liquid nitrogen temperatures

to reduce the mobility of the Li atoms. On the other hand, high-purity Ge de

tectors need only be placed under low temperatures when biased with voltage to

prevent thermal excitation of electron-hole pairs. The overall performance of Ge

detectors is also better than that of Ge(Li) detectors, allowing for a greater energy

range at which photons are detected efficiently (3 keV to 10 MeV). The energy

resolution of Ge detectors (measured as the width of the energy response function

of monoenergetic 7 rays at half of its maximum height, FWHM) is approximately

2 keV for the 1.33 MeV 7 ray emitted by ®°Co. While the energy resolution for

detecting 7 rays is quite good for high-purity Ge detectors, the relative detection

efficiency is only on the order of 20 to 30 percent, where the relative efficiency is

defined as the ratio of the absolute germaniiim detector efficiency to the efficiency

of a 3-in. by 3-in. Nal(Tl) detector at 25.0 cm., using the 1.33 MeV peak in ®°Co.

Two factors contribute to the Ge detectors lower efficiency compared to Nal: (1)

the density of the Nal material is larger than Ge, and (2) the volume of a Ge

crystal is limited by current technology.

If one is interested in measuring the bulk properties of a heavy-ion re

action such as the total energy and multiplicity of the event, a large number of

scintillation detectors are placed in the spectrometer in order to measure a large

fraction of the 7 rays emitted during the reaction. Briefly, a scintillation detector

works under the following principle. First, an electron associated with the main
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crystal material absorbs the energy of an incoming photon and is ionized into the

conduction band. The orbital vacancy resulting from the photon absorption is

filled and characteristic x rays are emitted. The ionized electron moves, under

bias, through the crystal and is trapped by an impurity which has been carefully

added to the crystal material. The kinetic energy of the electron is converted into

excitation energy of the atomic impurity. The trapping atom is in a highly excited

state and de-excites by emitting electromagnetic radiation. The total radiation

emitted by all processes is collected by a photomultiplier, which in turn generates

an output signal whose pulse height is proportional to the energy of the initial pho

ton. The degradation of the energy resolution of monoenergetic photons is due

mainly to the different secondary processes associated with the ionized electron

and the efficiency at which the light is collected by the photomultiplier tube.

Historically, sodium-iodide crystals activated with thallium, Na(Tl), have

been the scintillation material used to detect x rays and 7 rays. Thus, the first

large gamma-ray spectrometers at Oak Ridge National Laboratory (Sarantites et

ai, 1980) and Darmstadt-Heidelberg (Simon 1980) were built using 72 Nal(Tl) and

162 Nal(Tl) detectors respectively. It has recently become economically feasible

to make scintillation detectors using bismuth-germanate crystals (614(0004)3).

The higher density of the BOO material (7.13 g/cm^) compared to Nal (3.67

g/cm^) makes the total absorption of the 7 ray a much more probable event.

Thus BOO detectors Ccin be built smaller but offer the same detection efficiency

as NaT detectors, leading to the construction of more compact spectrometers. In

fact, the most recently built 7-ray spectrometers at Chalk River and Argonne

National Laboratory utilize BOO rather than Nal detectors. It should be noted

that the energy resolution for Nal is better than that for BOG because of the

superior light emittance of the Nal material.

Another type of scintillation detector used in large 7-ray arrays is a
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Compton-suppression shield which surrounds the Ge detector and whose purpose

is to measure -y rays scattering out of the Ge crystal. Because of the low detection

efficiency of the Ge crystal, a Ge 7-ray spectrum has a large background com-

poiient associated with the Compton-scattered photons. Since the main purpose

of the Compton shield is to veto unwanted events, good efficiency for detecting

Compton events is the main requirement for these counters. Fig. 3.6 shows a

schematic diagram of a full BGO Compton-suppressed Ge detector unit used in

the Spin Spectrometer at Oak Ridge National Laboratory. Since the Compton

shield entirely surrounds the Ge detector, its size is greatly limited if placed in

a spectrometer which holds many detectors. A shield made of BGO material of

fers a significant advantage in efficiency over Nal material. Johnson et al. (1985)

have measured the effectiveness of this suppression device, and Fig. 3.7 shows

®°Co spectra taken with the unit. The top spectrum contains the unsuppressed

spectrum as seen by the Ge detector. The middle spectrum shows the portion of

events which is rejected by the suppression shield. The bottom spectrum shows

the results when the Ge and shield are used to record data. The test data reveal

that the suppression below the full energy Co peaks is almost a factor of five. The

rejection of Compton events and enhancement of photo-peak events enables one to

resolve very weak 7-ray peaks which are buried in the background of unsuppressed

Ge spectra (see section 3.3.4).

3.3.2 The McMaster Lotus

The McMaster Lotus was built in the 1960's to study 7-ray angular cor

relations using Nal detectors. The device consists of four to five mobile "arms"

mounted on a circular platform. These arms can be rotated horizontally to the

desired angular position with an accuracy of one degree. Mounted on the arms are

cylindrical canisters which originally were used to hold Nal detectors. The canis-
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Table 3.3: Angular positions and distance from the target of the Ge detectors in
the McMaster Lotus for the ̂ ®'*Pt coincidence experiment. The angle 9 is measured
with respect to the beam axis, and (f> is from the vertical axis perpendicular to the
beam line.

Ge id 9° r d(cm) Ge id 9° r d(cm)
1 89.8 90.0 12.0 5 58.9 -92.3 11.2

2 116.5 102.0 12.0 6 95.0 -90.2 11.0

3 6.1 94.6 12.5 7 45.2 90.1 11.0

4 29.8 -94.6 10.8 8 95.0 -57.5 11.3

ters can be rotated vertically along the arms and may also be positioned with a

high degree of angular accuracy.

For the two experiments on ̂ ®^Pt using the Lotus, the spectrometer was

modified to hold both NaT and Ge detectors. Six NaT detectors were used solely as a

multiplicity filter to prevent the recording of data associated with low multiplicity

events, such as Coulomb excitation of the beam or target or 7 rays associated with

the beta decay of the residual nuclei. The signals from the photoinultiplier tubes

of the Nal detectors are fed directly into a fast coincidence unit. An output pulse

is generated if at least one Nal counter fires. A second output pulse is produced

if at least two detectors fire within 100 ns of each other.

Eight Ge detectors were used for the 7-coincidence experiment. Table 3.3

lists the angular positions of the detectors with respect to the beam line and their

distance from the target. All eight were n-type coaxial intrinsic Ge detectors

manufactured by ORTEC. Each detector had 0.9 mm of Cd and 0.35 mm of Cu

placed on its front face to absorb x rays. A 1.0 mm cylindrical piece of Pb was

placed around the barrel of each detector to prevent 7 rays from scattering between

detectors. Five Ge detectors were used for the angular distribution experiment,

and they were placed at 0°, 30°, 45°, 60° and 90° with respect to the beam line.

None of the Ge detectors in either experiment were surrounded by Compton-
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suppression devices.

3.3.3 The Spin Spectrometer

The Spin Spectrometer in the Holifield facility at Oak Ridge National

Laboratory is one of the first 7-ray spectrometers constructed whose detectors

cover almost the entire solid angle of the reaction chamber, in order to measure

the total 7-ray energy and multiplicity resulting from a heavy-ion reaction. The

building of the spectrometer was done by the research group headed by D. G.

Sarantites at Washington University in St. Louis, Missouri. For a detailed de

scription of the device see Jaaskelainen et al. (1983).

Without any external detectors, the Spin Spectrometer holds seventy-two

Nal(Tl) detectors. They are clustered closely together, approximating a hollow

sphere with a radius of 17.8 cm. Twelve of the Nal detectors are regularly shaped

pentagons. The remaining 60 detectors are identical irregularly shaped hexagons.

Each pentagon is surrounded by five hexagonal detectors. The solid angle of each of

the detectors is 1.34% of A-n for a total solid angle of 96.8%. The 3.2% loss is due to

the wall thickness of the aluminum cans housing the Nal crystals and the internal

light-reflecting material inside the cans. The NaT detectors are bolted together

by clamps which are connected by radial rods to the vertices of the supporting

frame. The frame is split into two halves that stand on two independently movable

platforms. This allows for the two halves to be separated for access into the inner

portion of the ball. Jaaskelainen et al. (1983) have measured the performance of

each Nal detector. The average energy resolution of the detectors for the 1.3 MeV

7 ray in ®°Co is 82.5 keV FWHM with a count rate of 50,000 c/s. The average

time resolution is 2.1 ns FHWM with a threshold set at 80 keV.

If experiments are performed using Compton-suppressed Ge detectors,

one NaT detector must be removed for each shielded or bare Ge detector placed
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in the spectrometer. A photograph of the Spin Spectrometer with Ge counters

can be found in Fig. 3.8. For the ̂ ®''Pt experiment in August of 1984, five Ge and

two Ge(Li) detectors were used, six of which were surrounded by Nal Compton-

suppression shields. No absorbers were placed on the fronts of any detectors. The

Au experiment performed a year later utilized eleven Ge detectors and nine

Compton-suppression shields. Ta, Cd, and Cu absorbers of 0.1 in., 0.04 in., and

0.005 in., respectively, were used. For forward Ge detectors, all three absorbers

were placed on the front faces, but only Cd and Cu were used on the backward

detectors. The distance from the front center of the Ge crystal to the target was

between 21 and 23 cm for these detectors in both experiments. A summary of

the angular positions of the Ge detectors for each experiment can be found in

Table 3.4.

When using the Spin Spectrometer, the 7-ray energies and time signals

for each individual detector, the total 7-ray fold and energy of the event, and any

other information associated with other types of particle detectors which might

be placed inside the ball can be recorded on an event by event basis. For discrete

7-ray studies, it is usually sufficient to record information associated with the

individual Ge detectors and parameters associated with the total detected energy

and fold of each individual event, because the Nal detectors in such an experiment

are used as a filter to separate reaction channels.

3.3.4 The 87r Spectrometer

The Stt Spectrometer, located at Chalk River National Laboratory in

Ontario, Canada, in many ways represents a "state of the art" 7-ray spectrom

eter. Its geometry is identical to the Spin Spectrometer; however, the internal

ball is composed of BGO instead of Nal detectors. Coupled with the BGO de

tectors are twenty BGO Compton suppressed Ge detectors which are placed into
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Table 3.4: Angular positions of Ge detectors in the two Spin Spectrometer exper
iments.

Ge

id

184pt
Ge

id

184pt 183Au
0° r e°

0

0

e° 4>°
11,2 63.4 36.0 63.4 -36.0 72 155.6 166.9 155.6 -49.1
21,2

116.6 -72.0 63.4 108.0 8 92.7 -5.4
31,2

116.6 72.0 116.6 -72.0 92 155.6 94.9
41,2 63.4 -108.0 116.6 72.0 10^ 0.0 0.0
51,2

63.4 -36.0 24.4 . 85.1 11 63.4 36.0
01,2 0.0 0.0 24.4 -58.9

^Nal Compton suppressed for experiment.
^Nal Compton suppressed for ̂ ®®Au experiment.

the spectrometer through openings in the internal ball. Thus, unlike the Spin

Spectrometer, the full complement of BGO and Ge detectors can be used in tan

dem with each other. The Ge detectors are placed around the spectrometer in

four separate rings of five detectors each. These rings are located at 37°, 79°, 101°

and 143° with respect to the beam direction. The distance from the target to the

center front face of each Ge crystal is 22.8 cm. The experiment performed

at Chalk River used the full complement of BGO and Compton-suppressed Ge

detectors.

3.3.5 Effects of Suppression

As reported above, the three experiments on ̂ ®^Pt were done with no

suppression (McMaster), partial NaT suppression (Holifield), and complete BGO

suppression (Chalk River). Fig. 3.9a shows the spectra from a suppressed Ge de

tector and unsuppressed Ge(Li) detector taken during the Holifield experiment on

^®^Pt. The y-scale has been chosen so as to accent the background component of

the each spectrum. From this figure, it is obvious that the background associated

with the suppressed detector is noticeably lower than that of the unsuppressed
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detector at the lower energies, and at the highest energies, the two spectra con

verge. Fig. 3.9b shows the total Ge projections from the McMaster and Chalk

River experiments on ̂ ®^Pt. The spectra have been normalized to the areas of

the 273 keV (4"'" —>2"*") transition. While the overall shape of the background in

the McMaster spectrum is similar to that of the unsuppressed Ge(Li) detector in

(a), the background associated with the Chalk River projection is lower and more

flat than the suppressed Ge detector in (a). This is a direct consequence of better

detection efficiency of the BGO suppressor over a Nal suppressor. In conclusion.

Fig. 3.9 represents a recent historical summary of the quality of data taken with

Ge detectors, ranging from the high background associated with a "bare" Ge, to

the improved spectrum taken with the addition of Nal suppression, and flnally to

the superior quality of data taken when using BGO material in the suppression

devices.

3.4 Electronic Setup

The philosophy behind a 7-7 coincidence experiment is that if two de

tectors measure 7 rays at almost identical times, these 7 rays are then assumed to

belong to a particular decay pathway in a given nucleus, ignoring random coinci

dences. When this occurs, the 7 rays are said to be in coincidence with each other.

A larger number of coincidence 7 rays will more clearly define this energy pathway.

The electronic setup determines what time scale constitutes a coincidence event,

and whether or not, the time and energy information associated with the 7 rays of

the event should be recorded for later analysis. Even though the data described in

this work were taken during five separate experiments, only the setups for two ex

periments are examined in detail: the ̂ ®^Pt coincidence experiment in the Lotus,

and the ̂ ®^Au experiment in the Spin Spectrometer. These two experiments were

chosen, because the ̂ ®^Pt measurement represents a relatively simple electronic
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setup, and the experiment a more complicated electronic setup of a 7-ray

spectrometer.

3.4.1 Coincidence Experiment in the McMaster Lotus

Fig. 3.10 shows a block diagram of the electronics setup used for the

coincidence experiment in the McMaster Lotus. Two identical output sig

nals were taken from the preamplifier of each Ge detector. One output was used

as an energy signal, and the other was used for the timing of the event. The

analog energy signals were shaped and amplified by a linear amplifier. This signal

was then passed through a "linear-gate and stretcher" device to produce a more

suitable pulse shape for the analog-to-digital converter (ADC). The timing signal

was first shaped by a timing filter amplifier (TFA), and the sharp timing pulse

was generated by passing the output from the TFA into a constant fraction dis

criminator (CFD). The threshold of all CFDs were set to approximately 50 keV

using an ̂ ^^Am radioactive source.

Since the Nal detectors were used only as a multiplicity filter, the indi

vidual outputs were not connected to ADCs. Instead, the signals from the photo-

multiplier tubes of all six NaT detectors were fed directly into the Nal coincidence

unit located next to the Lotus. This unit generated an output signal whenever a

single NaT counter fired, and a second output logic pulse was generated when two

Nal detectors measured events within 100 ns of each other.

The remainder of the electronics was dedicated to defining the require

ments for coincidence events which would be recorded to tape. As the schematic

diagram shows in Fig. 3.10, the logic pulse of each Ge time signal was simulta

neously connected to the input of a strobe device and a multi-logic unit. The

purpose of the multi-logic unit was to determine the number of Ge detectors in

a time coincidence. Two of the output signals from this unit were used to gate
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coincidence events. One signal indicated when three or more of the 70 nano-sec

wide time pulses from the Ge detectors overlapped each other. The other signal

specified when two or more Ge time pulses overlapped one another. The output

of this last signal was connected to the input of a logical-AND device along with

the "any 1" NaT output. Thus, there were two requirements which defined an

accepted coincidence event: three or more Ge detectors in coincidence, or two or

more Ge detectors in coincidence with a single Nal detector. Both these signals

were sent to a logic-OR device whose output was used to gate the strobe. The

strobe produced an output for each Ge firing during the event, and these outputs

were used to gate the individual Ge ADCs. Once gated the ADC sent its energy

signal to a VAX 780 computer where the digital output signals associated with

the 7-ray energies were written to tape.

3.4.2 ^®^Au Coincidence Experiment in the Spin Spectrometer

Fig. 3.11 is a schematic diagram of the electronics setup for the ̂ ®®Au ex

periment in the Spin Spectrometer. This setup is divided into two parts: the

electronics associated with the NaT detectors, and the electronics connected with

the Ge detectors. The cabling of the Nal detectors has been permanently set up

for the Spin Spectrometer and provides output signals for the energy, time, and

time difference^ of each individual Nal detector. The basic timing for each pulse

is established by a front-edge CFD. The output from this CFD stops a time-to-

digital converter (TDC), sets a detector identification bit in a gated latch, and

serves as an input to the time difference unit. Connected to this gated latch is a

72-channel digital multiplicity summer (fast fold select in Fig. 3.11). This summer

provides a fast method of vetoing events of low multiplicity. The ADCs and in

dividual latches are gated by an external strobe signal. This signal also acts as a

^This is a time difference between the front-edge and rear-edge CFDs.
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common start for aJl the TDCs. The operating characteristics of aJl Nal counters

are stored in a computer disk file. The setup and data-acquisition programs use

this file to obtain the needed information on each detector.

All the detector ADCs, detector TDCs and miscellaneous registers must

be CAMAC compatible.^ The entire data-acquisition system is monitored by

the Event Handler, a CAMAC-based controller which makes the final decision on

which events are written to tape. The Event Handler is controlled by computer

software, giving one the ability to calculate other parameters connected with the

event before sending the data to the computer.

For the ̂ ®^Au experiment, eleven Ge detectors and nine Nal Compton-

suppression shields were used. The same setup employed in the McMaster exper

iment was used here to generate the initial time logic pulse and shape the energy

signal, except for the absence of a linear-gate stretcher. The Compton-suppression

shields were set up in two basic configurations depending on whether they replaced

a hexagonal or pentagonal Nal. Each hexagonal shield had six photomultipliers

connected to it. After these tubes were properly gain matched, the six outputs

were connected to a summing unit. This unit takes all six inputs, sums them

together, and produces a single output. This output signal was then shaped by

a TEA, and the sharp time pulse was produced by a CFD. Each pentagonal sup

pressor had only five photomultiplier tubes connected to the Nal crystal. The

five outputs from the shield were connected to a sixteen channel "x 10"-amplifier,

which summed all the signals and amplified it ten times. The output from this

device was sent directly to a CFD to produce a logic time pulse.

The coincidence logic for the experiment was done in the following way.

Each Ge detector had two identical 100 nano-second wide time signals which were

connected to a multi-logic unit. Thus, for two Ge detectors whose time pulses

^CAMAC is an acronym for computer automated measurement and control.
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overlapped, the unit would detect a multiplicity of four. If the unit measured

more than two overlapping time signals, an output signal was sent to the strobe

which gated the ADCs and TDCs of all the detectors in the Spin Spectrometer.

At the same time, the the timing signal of each Compton-suppressed Ge detector

and its corresponding shield were connected to the input of the same logic unit.

If the Ge detector was not in coincidence with the shield, its signal was allowed to

pass on to the users gated latch to set a bit for that detector. The final decision on

whether to write the event to tape was made by the Event Handler which checked

the user-gated latch to determine whether or not at least two Ge detectors had

their latch bit set. Once an event was accepted, the Event Handler read the ADCs

and TDCs of all the detectors whose gated latch bits had been set. Both the

energy and time signal were then sent to the Concurrent computer (formally a

Perkin-Elmer 32/20) and written to magnetic tape for permanent storage.

The electronics for the ̂ ®'^Pt experiment in the Spin Spectrometer was

very similar to the ̂ ®^Au setup. The electronics for the Stt Spectrometer, using

ECL cabling and individually programmable CAMAC units, is slightly more com

plicated than the setup described above. The largest difference between the Spin

Spectrometer and Stt Spectrometer electronics setup is the presence of the CA

MAC booster (CAB) for the latter. This device is a small micro-computer with

a sufficient amount of memory to manipulate the incoming data before it is writ

ten to tape. For example, all of the Ce detectors are gain matched by the CAB.

Thus, scanning of the data can be done immediately without performing a lengthy

prescan (see section 3.5).

3.5 Experimental Data

Once the data have been stored on tape, it must be rewritten and stored

in the computer in a format which enables one to have easy access to the data.
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One common approach for analyzing 7-ray coincidence data is to construct two-

dimensional histograms of the recorded Ge energies. Each element of this two-

dimensional matrix corresponds to the number of times coincidences of specified

energies were recorded on tape. Coincidence matrices are usually referred to as

being symmetric or unsymmetric. A symmetric matrix has a single coincidence

written into the matrix twice. For example, a coincidence between 71 and 72 would

be written in the array element corresponding to the channels (71,72) and at the

same time written to the element corresponding to (72,71). An unsymmetrized

matrix records only one of these combinations which is determined during the play

back. By collecting a large amount of data, one is able to construct a level scheme

of a nucleus by projecting out 7 ray peaks and observing what other 7 rays are in

coincidence with them. This procedure is known as gating and will be discussed

in greater detail in Chapter 4.

Because Ge detectors have a low efficiency for measuring the full energy of

a 7 ray, many of the coincidences consist of Compton scattered events. Compton-

suppression shields are used to decrease the amount of these events recorded onto

tape. However, the shields are not one-hundred percent efficient; thus, some of

the events recorded onto tape will be associated with Compton events. Compton-

Compton events refer to the situation where two Compton scattered events are

detected in coincidence, and Compton-photopeak events occur when one Compton

and one fully detected 7 ray are in coincidence. When analyzing coincidence data,

it is important to remove the portion of the data associated with the Compton

events. This is called the background, and there are several methods which are

employed to remove these unwanted events from the meaningful data. These

methods will be discussed in more detail in Chapter 4.
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3.5.1 McMaster Coincidence Data

For the coincidence experiment, a beam at 91 MeV was incident

on a target. The target consisted of a single 2 mg/cm^ thick foil of ̂ ^^Yb.

Evaporated onto the foil was a 6.4 mg/cm^ thick 2°®Pb backing. The data rate

during the experiment averaged 3500 events/second. One-third of the data taken

were Ge triple events. Triple coincidences greatly enhance the data, because for

every three Ge detectors firing in coincidence, there are six detector combinations

which can be used in a symmetrized coincidence matrix. For a two-fold coinci

dence, there are only two such combinations. A total of forty-one data tapes were

taken during the experiment.

A 4096 by 4096 7-ray coincidence matrix was constructed by playing back

all the data tapes, shifting the gains of each Ge detector to 0.37 keV/channel, and

histogramming the gained shifted energies into the matrix on disk. All possible

coincidences for each event within the energy range of 1.5 MeV were included in

the matrix. The symmetrized matrix contained a total of 367 million coincidences.

The total projection of the matrix is shown in Fig. 3.12a. As can be seen, ̂®^Pt is

clearly the most dominant residual nucleus in the spectrum.

For data analysis, a background subtraction of the entire coincidence

matrix was performed using the method of Palameta and Waddington (1985). This

method is designed to subtract from the matrix all events not related to discrete 7-

ray coincidences such as Compton-Compton, Compton-photopeaJc and continuum-

photopeak events. Fig. 3.12b shows the total projection of the subtracted matrix.

This matrix contains only 7.8 million events or approximately 2% of the original

data.
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3.5.2 Oak Ridge Coincidence Data

High-spin states were populated in ̂ ®^Pt via the ̂ ®^Sm(^^S,4n) reaction

at a beam energy of 163 MeV. The beam was supplied by the Holifield Tandem

Accelerator. The ̂ ®^Sm target was enriched to ninety-eight percent and consisted

of a single unbacked 1 mg/cm^ thick foil. The accepted triggers for the experiment

averaged between 300 to 500 events/sec with a beam current on target of 35 to

40 nano-amps. The beam energy was chosen so that the 4n channel would be the

most dominant by-product. However, there was a significant portion of ̂®^Pt (5n)

produced, allowing for data analysis to be done on this nucleus as well (see Nyberg

et ai, 1987).

For each accepted event, the energy and time information of all detectors

measuring a 7 ray were recorded onto tape. The gain of each Nal detector was

initially set to 5 keV/channel, providing a 10 MeV range with the 2048-channel

ADCs. This gain matching was done automatically by the computer through an

iterative procedure, using the two well separated 7-ray energies in ®®Y. The Ge

detectors gains were manually set to 0.25 keV/channel during the setup of the

experiment. This allowed for a 2 MeV range in the 8192-channel ADCs used

for the Ge energy signals. A total of 129 data tapes were written during the

experiment.

Before a coincidence matrix was constructed, the data were rewritten to

tape in a format more conducive for data analysis. During this "prescan", the

gains of all detectors were recalculated on an event by event basis. This was most

critical for the Ge detectors so that good energy resolution would be preserved

when adding the detectors together in a coincidence matrix. The Ge detectors

were calibrated using previously known 7-ray energies in ̂ ®'^Pt. Gain matching of

the Nal detectors is less critical than for discrete line spectroscopy; however, it

was done to refine the pre-set gains and to take into account the non-linearity of

119



the photomultiplier tubes at higher energies. Different sources were used covering

an energy region ranging from 120 keV C^Se) to 4440 keV (Pu-Be source). Each

detector was also corrected for Doppler shifting using a calculated correction factor.

Since NaT detectors are sensitive to the detection of neutrons, some of

the Nal energies recorded on tape correspond to neutrons instead of 7 rays. To

define the 7-ray multiplicity and total energy for each event as well as possible, the

neutrons must be separated from the 7-ray data. The time it takes for neutrons

to travel from the recoiling nucleus to a Nal detector is measurably longer 10

nsec) than the time of flight for 7 rays. The time resolution of a Nal detector

is sufficient to distinguish this difference. Neutrons were separated from the 7-

ray data during the prescan by setting narrow time windows on each Nal time

spectrum. These time windows varied as a function of energy for two reasons:

the timing of the NaT detector is better at higher 7-ray energies, and the timing

pulses from the constant fractions in use for the Nal detectors vary smoothly in

time as a function of the energy pulse height. In order to define the zero time,

to, of each nuclear event, a three step iterative process was used to calculate to

on an event by event basis (see Jaaskel^nen et al., 1983). The first process in

this iterative procedure is to align the time centroids for each Nal detector. Thus

the Nal time spectra were shifted on an event by event basis by an appropriate

amount during the prescan. The firing time of each Nal for an event was judged

against the calculated to. The time windows were checked for each detector, and

if a particular Nal time signal did not fall within the gate, it was rejected and not

written to the prescan tape.

Before the gain shifted energies were written to the prescan tape, the total

detected energy {H) and multiplicity (K) were calculated. Detectors associated

with neutrons were not included in these calculations. Both the NaT and Ge

energies were used to determine H, while only the NaT detectors were used to
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calculate K. Fig. 3.13 shows an H-K map for the (4n) and ̂ ®^Pt (5n)

residual nuclei produced in this experiment. The evaporation of the extra neutron

to produce ̂ ®^Pt leads to entry states of lower energy and multiplicity, which

gives rise to the different H-K spectrum for the two reaction products. These

maps were generated by first gating on strong discrete lines in each nucleus. A

corresponding background map was also produced by gating on energies attributed

to Compton events, and this was subtracted from the discrete maps to generate the

two-dimensional histogram in Fig. 3.13. For every event, H and K were written

to the prescan tape.

After the prescan was completed, three coincidence matrices were created

by playing back the prescan tapes and gating on different H-K regions of Fig. 3.13.

One matrix was generated to maximize ̂ ®^Pt by gating on low H and K, while

another matrix was produced to favor the population of states in ̂ ®^Pt by gating

on high H and K. The third matrix was generated by gating on the region

not included in either of the other two matrices, yielding approximately the same

population of and ̂^^Pt. Fig. 3.14 shows the total projection from each of the

three matrices. Each matrix had an array dimension of 2048 by 2048 channels with

a resolution of 0.5 keV/channel. The ̂®'^Pt matrix contained 33 million counts in

it. A background subtraction of the whole matrix was performed using the method

of Palameta and Waddington (1985). The subtracted matrix contained 1.2 million

events or 3.6% of the original data.

3.5.3 Au Oak Ridge Coincidence Data

For the ̂ ®^Au coincidence experiment in the Spin Spectrometer, an exci

tation function was first performed using a ̂®C1 beam at energies of 163 MeV, 170

MeV and 187 MeV incident on a 1 mg/cm^ target of ̂ ^^Sm. After finishing the

excitation function, it was decided that a beam energy of 170 MeV should be used

121



163MeV 34s + 154sm
24.0 —

16.0 —
>
0)

183Pt

184
Pt

/
//

/_  /
/

-

0

10 20 30

K

Figure 3.13: Two-dimensional total energy-fold {H-K) spectrum from the HHIRF
Sm(^^S,xn) reaction. Two different H-K distributions axe clearly evident,

responding to the two main Pt reaction products.
cor-

122



92000
272.8+

162.8

75000 -

58000 -

40750 -
in I

23500 -

6500

272.8+

31000 -

K)

24000 -
CM

T to •

I I II  I I I (O
I  • I ' ^
I  I 1 . 11 m

17500 -

10500 -

3500
272.8+

120000 -

95000 -

70000

I  I

44000 -

19000

130 230 330 430 530

ENERGY (keV)

630 730

Figure 3.14: The total projections of the three coincidence matrices generated
from the HHIRF ̂'^Sm(®^S,xn) reaction. The top spectrum was generated using
high If-K selection. The middle spectrum was created by gating on the ff-J\
region of highest overlap between the two reaction channels. The bottom spectrum
corresponds to low JI-K selectivity. Labeled energies marked with a (♦) indicate
Pt transitions; those marked with a (+) are degenerate transistions found in

both ̂ "Pt and ̂ ®^Pt and unmarked labeled energies indicate ̂ ®^Pt transitions.

123



to populate high-spin states in ̂ ®^Au, and the Img/cm^ target was replaced with

two 0.5 mg/cm^ foils for the taking of coincidence data. The reason for using two

thin foils over a single thick target lies in the fact that the residual nuclei, formed

in the reaction, decay in flight. This makes it necessary for these nuclei to share

a single recoil velocity or the 'y-ray spectrum will show Doppler broadened peaks

for higher energy 7 rays > 700 keV). With thin targets, the nuclear recoils are

able to escape the foil without making many collisions with other target nuclei,

allowing the recoiling nuclei to retain most of the velocity imparted to them in the

heavy-ion collision. Since fewer projectile-target collisions are possible when using

a thin foil, multi-foil targets are used to increase the production rate of compound

nuclei. All foils of had a purity of 98%.

The energy and time signals of all detectors firing during an event were

written to tape. The total number of Ge coincidence triggers ranged between 4000

and 5000 events/sec. However, the accepted triggers averaged between 800 and

1100 events/sec. The difference between the total and accepted triggers was due

to the requirement that at least two clean Ge detectors must fire if the event was

to be accepted by the Event Handler. The NaT gains were set to the standard

5.0 keV/channel by computer software, and the Ge gains were manually set to 0.2

keV/channel, yielding a 3.2 MeV range in the 16384-channel ADCs. A total of

154 data tapes were taken during the experiment.

A prescan was performed on these data, but it did not involve as much

preparation as did the prescan for the ̂ ®^Pt Holifield data. The Nal detectors were

calibrated assuming a linear relationship between energy and pulse height. The

gain shifted Ge and Nal energies were used to calculate H, but only the detected

Nal multiplicity was used to determine the fold. Neutrons were not separated

from the 7-ray data, and no information concerning the individual Nal detectors

were written to the prescan tapes. The gains of the individual Ge detectors were
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matched using known 7-ray energies in and set to 0.2 keV/channel. Since

the prescanned event lengths on tape were greatly truncated by the elimination of

the individual Nal information, on the average, one prescan tape was written for

every three data tapes. Each data tape took approximately one hour to prescan

compared to the three hour per data tape it took for the ̂ ®^Pt prescan.

The linear calibration of the Nal detectors and the inclusion of neutrons

in the calculation of H and A should result in less resolution among entry channels

in the H-K plane. Fig. 3.15 show's the H-K maps for ̂ ®^Pt and ̂ ®^Au generated

from the prescan tapes. While the separation between reaction channels is more

diffuse than that obtained in the ̂ ®''Pt data at HHIRF, where neutrons have been

removed from the coincidence data, this entry channel separation is sufficient to

allow for the creation of relatively clean 7-7 matrices for each nucleus by gating

on the appropriate region in the H-K plane. This fact is significant, because it

shows that it is not necessary to separate neutrons from 7 rays or to calibrate

the individual Nal counters with great accuracy when using H and K information

only to isolate different reaction channels.

A symmetrized coincidence matrix for ̂ ®^Au and one for ̂ ®^Pt were gen

erated by gating on the applicable H-K regions in Fig. 3.15. Each matrix had

2048 by 2048 channels with the gain set at 0.8 keV/channel. The total number

of coincidence events recorded in these matrices were 127 million and 88 million

for ̂ ®^Pt and ̂ ®^Au , respectively. Fig. 3.16 shows the total projection from the

^®^Au matrix. Since there are few common 7 rays between ̂ ®^Pt and ̂ ®^Au, a sec

ond 7-ray coincidence matrix for ̂ ®^Au was generated using a wider H-K selection

to increase statistics and improve the energy gain. This matrix was scanned as

a 4096 by 4096 histogram with a gain of 0.2 keV/channel. One other scan was

performed to generate several matrices to examine angular correlations among 7

rays. The analysis of these matrices will be discussed fully in Chapter 4.
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3.5.4 Chalk River Coincidence Data

For the coincidence experiment in the Stt Spectrometer, a ̂®Si beam

at 151 MeV was accelerated onto a ̂ ®°Gd target, using the Chalk River Tandem

Accelerator. The target consisted of two self-supporting foils. One foil had a

thickness of 750 /xg/cm^ while the other had a thickness of 600 /xg/cm^. Since

the targets were unbacked, the beam was stopped in a lead foil at the rear end

of the reaction chamber. The positioning of the lead foil was such that the 7

rays produced by the interaction of the beam with the foil were shielded from the

Ge detectors. Initially, 80 nano-amps of beam current was incident on the target,

however problems with the ion-source caused the current to fluctuate considerably

during the experiment. The threshold on the hardware summing device was set

to eight; thus, all events with a hardware K of eight or less were rejected and not

recorded to tape. Unlike the Spin Spectrometer, the Stt Spectrometer also had

electronics to determine through hardware the total BGO energy of the reaction

(if). A threshold was also placed on if, and its value was determined by the BGO

multiplicity threshold. With a beam current of 80 nano-amps, the accepted Ge

triggers averaged between 1400 and 1500 events/sec.

The information written to tape differed from the two Spin Spectrometer

experiments. Only the Ge energy and time signals firing during an event were

written to tape, while the information concerning the individual BGO detectors

was discarded. The total BGO energy and multiplicity were calculated by the CAB

(Camac Booster) and written to tape. Since BGO counters are not very sensitive

in detecting neutrons, one does not lose resolution in H and K by not attempting

to separate the neutrons from the 7-ray data. The BGO gains were initially set to

5.0 keV/channel by computer software using a radioactive source. The gains

of the Ge counters were also set in this manner to 0.25 keV/channel giving a range

of 2.1 MeV in the 8192-channel ADCs. Since the foils used in the experiment were
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unbacked, the recoils decayed in flight. Thus, the pre-set gains on the Ge counters

changed for the four rings due to Doppler shifting. However, after data taking

began, the average velocity of the recoiling nuclei was calculated to be 1.4% of

the speed of light. This information was programmed into the CAB which in turn

shifted the Ge energies to their original pre-set gains before writing the data to

tape. Other information written to tape were: the BG0-fJ2 multiplicity, BGO-

E2 hit pattern, and the Ge multiplicity. The BGO-T/2 multiplicity is determined

by gating the BGO energies by an energy window. The 7 rays is this gate are

all assumed to be pure electric quadrupole transitions. The BG0-£'2 hit pattern

corresponds to four different gated latches. Each bit in the latches corresponds to

a specific BGO detector. A detectors bit is set if the 7-ray energy of the BGO

counter falls within the E2 energy window. The BGO hit pattern can be used

later to calculate the spin orientation of the nucleus (see Chapter 4). A total of

23 data tapes written at 6250 bpi. were taken during the experiment.

Since the gains of all twenty Ge detectors were matched on an event by

event basis before before they were written to tape, a prescan of the tapes is not

necessary. Two unsymmetrized 7-ray coincidence matrices were generated during

the experiment: one was gated on low H and K to maximize the ̂ ®^Pt (6n)

data, while the other was gated on higher H and K to maximize the ̂ ®^Pt (5n)

data. Each matrix was 4096 by 4096 channels in length with the gain of each set

to 0.5 keV/channel. Before data analysis began, each matrix was symmetrized.

The total number of coincidence events recorded in the symmetrized matrices was

76.5 million and 130 million for ^^^Pt and ̂ ®^Pt, respectively. Fig. 3.17 shows

the total projections from each matrix to give an indication how good the H-K

selectivity is. One other scan was done to generate the spin-orientation projections

for the angular distribution analysis. How these projections were generated will

be discussed in more detail in Chapter 4.
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CHAPTER 4

DATA ANALYSIS

4.1 Introduction

In the study of experimental high-spin nuclear physics, there are a num

ber of different types of measurements which can be made to extract information

concerning the nuclear structure. Many of these use 7-ray data to directly measure

or infer conclusions about the structure of the nucleus at high angulcir momenta.

For example, by measuring the lifetime of a nuclear state, the transition matrix

element between the initial and final state is directly determined. However, before

more specific measurements such as lifetime experiments are possible, the levels

for which the nuclear properties are to be measured must already be known. Thus,

the first step in acquiring high-spin knowledge on a specific nucleus is the estab

lishment of its energy decay structure. As was discussed in the previous chapter,

this is done by measuring 7-ray coincidences. The spin and parity of each level

should also be established during this first step. To accomplish this, one must also

measure the multipolarity of the 7 rays de-exciting to or from each observed state.

4.1.1 Constructing Nuclear Level Schemes

By collecting a large amount of coincidence data, one is able to construct

an energy decay scheme of a nucleus using a procedure known as "gating". This is

a two step process, where (1) slices of the two-dimensional coincidence matrix are

taken by projecting out 7-ray peaks observed in the total projection of the matrix,

and (2) "background" spectra associated with each slice (or gate) are subtracted

from these individual projections. The resulting spectra indicate which 7 rays are

in coincidence with the projected 7 rays. From the examination of many gates, a
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nuclear level scheme is constructed. The correct placement of each 7 ray in the

decay scheme is determined by intensity relationships. For example, by gating on a

7  in ̂  cascade which decays directly to the ground state, all 7 rays which decay

after the gated peak have equal intensity, since their pathway is singularly defined

by the gate. On the other hand, those 7 rays decaying before the gated peak have

continually decreasing intensities due to the fact that at each level above the gate,

many 7 rays originating from higher lying states may decay into the level.

The large background associated with a Ge spectrum arises from Comp-

ton scattered and unresolved continuum 7 rays. The use of Compton-suppression

devices reduces considerably the background in a Ge spectrum (see Fig. 3.9), how

ever the remaining background must also be subtracted from gates taken on these

coincidence matrices as well. Fig. 4.1 shows an unsubtracted projection gated

on the 4+ to 2+ transition in the yrast band of ̂ ®^Pt for the McMaster (unsup-

pressed) data and Chalk River (suppressed) data. The gated transition is present

in both these spectra, because it is in coincidence with the 7 rays associated with

the background. If the background were eliminated from these gates, this 7 ray

would vanish from the projections, since a coincidence between the photopeak and

itself is impossible.^ The intensity of the gated transition is much larger in the

unsuppressed data due the larger background coincidences.

To subtract the background from a gate, one must generate a spectrum

representing the background in coincidence with the gated 7 ray. One method

for creating this background spectrum is to project out channels near the gated

peak which are assumed to be background channels.^ The resulting spectrum

represents the energy response function of the background in the region near the

peak. By making the channel width of the background gate as wide as the gate on

This assumes that two 7 rays of the same energy are not in coincidence with each other.
A background channel is defined as a channel associated only with the Compton and continuum

events.
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Figure 4.1: Unsubtracted projections gated on the 4+ to 2+ transition in ̂ ®''Pt from
data taken in the McMaster Lotus using unsuppressed Ge counters and from data
taken in the Sir Spectrometer using suppressed Ge detectors.
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the discrete peak, one is able to subtract the background spectrum directly from

the 7-ray gated projection (method 1).

In complicated Ge spectra, where there are many discrete peaks very

close to each other, it is not always possible to find suitable background channels

near the peaks of interest. To overcome this problem, one generates an aver

age background projection by gating on a large number of background channels

through out the entire energy range of the coincidence matrix and summing these

gates together. Before subtracting this "universal background" from a gated spec

trum, one must normalize the background projection to the portion of the gate

associated with the background. This normalization factor is calculated by di

viding the background area under the gate in the total projection by the total

number of counts in the background spectrum. This procedure is based on the

assumption that the individual gated spectra, which are summed together to form

the universal background, are on the average equivalent, except for a constant

factor. This implies that there is no energy dependence on the response of the

background spectra. Palameta and ̂ Vaddington (1985) have found this to be true

in unsuppressed data, where the number of discrete lines in coincidence with the

background is very large and come from the same reaction channel (method 2).

While both of these methods remove the background associated with the

Compton and continuum events of the gate in coincidence with other 7 rays, they

do not remove background events where the gated discrete line is in coincidence

with Compton events. Fig. 4.2a shows the same gate as in Fig. 4.1 with the back

ground subtracted using the average background method described above. Note

that the gated photopeak has vanished; however, a smooth Compton background

exists underneath the discrete peaks. Palameta and ̂ Vaddington have designed

a method to subtract all background coincidences from a two-dimensional sym

metrized matrix before gating on the discrete peaks is performed (method 3). This
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method offers two advantages: (1) only photopeak-photopeak coincidences remain

in the matrix, and (2) gates taken on this matrix can be immediately examined

since the background has already been eliminated from the projections.

Briefly, the method works in the following way. The total projection of

the symmetric coincidence matrix, C(i,j), taken on one axis is defined as

Pii) = j:cii,j), (4.1)
i=i

where N is the dimension of the matrix. A smooth fit, f(i), is made to the

continuous background under the discrete peaks in P{i). A background channel

in P(i) is determined by the condition that P(i) - f{i) is zero within statistical

error. The average background spectrum is generated by gating on the entire set

of background channels, K:

=  (4.2)

The above procedure is equivalent to the average background method described

above and a subtraction of C(z, ji) can be done to remove the Compton coincidences

associated with each channel in the matrix by forming

C'('J) = C(i,j)-^^. (4.3)
Photopeak-Compton coincidences still exist in the matrix after this subtraction.

However, Palameta and Waddington have found that this remaining background

is proportional to f(j), and a more complete subtraction can be made by forming

=  (4.4)

where d(i) = J2C'(i,j). Fig. 4.2b shows a projection of the 4+ to 2+ transi-
jiK

tion gated on a fully subtracted matrix. The smooth Compton background still

present in Fig. 4.2a has vanished. In conclusion, the most convenient method for

subtracting background is to generate a subtracted coincidence matrix using the

135



20590 -

15590 -

10590 -

5590 -

590

19860 -

14860 -

9860 -

4860 -

/
362.4

lO

CN
to

(a)

VsJ

00

<£)
CO

/

"H

362.4

fO

cvi (b)

-140

to

uS

to
tv

to

100 200 300 400 500 600 700 800

ENERGY (keV)

Figure 4.2: Gates on the 4"*" to 2"'" transition in the yrast band of ̂®'^Pt using the
data obtained in the McMaster coincidence experiment. Spectrum (a) was gener
ated using subtraction method 2, and spectrum (b) was created using subtraction
method 3. The labeled peaks correspond to yrast transitions.

136



Table 4.1. Description of subtraction methods used on each coincidence experi
ment reported on in this work.

Nucleus Facility Subtraction Methods Used
184pt McMaster 1 and 3
184pt Holifield 3
184pt Chalk River 2

is^Au Holifield 1 and 3

method of Palameta and Waddington. However, no allowances for correlations in

the background is made by this method. One should be cautioned in using it on

well suppressed data where structure in the background may exist and on data

which have significant contributions from different residual nuclei, where the av

erage background component from each residual nucleus may differ significantly.

Further study of this method miist be done to determine on what types of data

it should be applied to. Table 4.1 lists the subtraction methods used on the data

from each coincidence experiment.

4.1.2 Angular Distributions

In order to measure the spin and parity of each observed level in the

nuclear decay scheme, one performs measurements to determine the electromag

netic multipolarity of the observed 7 rays. The spatial distribution in which the 7

rays of a given multipolarity are emitted is dependent on the spin direction of the

nucleus and exhibits axial symmetry with respect to the spin direction (see Rose

and Brink, 1967). Because of this axial symmetry, only the plane containing the

spin direction need be defined to measure the multipole components of a 7 ray.

In heavy-ion fusion reactions, the final spin direction of the residual nucleus is in

the plane perpendicular to the beam axis, i.e. L = r x p. Since the majority of

the 7 rays in a nuclear cascade are AI = 2 electric quadrupole transitions, the
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initial alignment of the angular momentum vector remains largely in this plane

throughout the cascade. Thus, the final 7 rays emitted between discrete states

of the residual nuclei show angular distributions with respect to the beam axis.

Experimentally, the angular distribution of each 7 ray is determined by taking

measurements at different $ angles, with respect to either the beam axis or the

spin direction, and fitting these peak intensities to a function of the form :

QfcPfcfcOS ̂ ), (4-5)
k

where the are coefficients which include both theoretical and experimental

terms, and represents Legendre polynomials. Only a summary and not a com

plete theoretical derivation of the angular distribution formula from first principles

is presented in this work. For a complete description, one is referred to the review

article by Rose and Brink (1967).

From a purely theoretical derivation, the parameter a*, may be replaced

by Ak. The parameter Ak for a transition from an initial state Ji to a final state

J2 is expressed as a function of two terms:

■^k{Ji J2) = Bk{Ji)^k{^LL'J1J2), (4-6)

where L and L' refer to the 2^ and 2^' components of the radiation and S is
the mixing ratio" of these two. The P), factors depend only on quantities which
characterize the nuclear transition and are expressed in terms of the P-coefficients^
of Ferentz and Rosenzweig (1955) and the mixing ratio:

7k{SLL'JkJ2) = {FkiLLJM + 26FkiLL'J,J2) + S'FkiL'L'J^J^)} . (4.7)
The mixing ratio is expressed as a ratio of the reduced matrix elements,

^_<J2 \\L' II Ji >
(4<J2 \\L\\J,>' .8)

^Explicit expressions for the F-coeffidents can also be found in Yamazaki (1967) and Krane
(1973). ^
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where L stands for the lowest-order multipolaxity occurring in the transition

•^1 «^2* It should be stressed that, quantum mechanically, the measurement

of angular distributions is a measurement of the ratio of reduced matrix elements,

and not the matrix elements themselves.

While Tk in Eq. 4.6 contains the "nuclear information", Bk{J\) depends

only on the nuclear alignment, and it is defined as

Bk{Ji) = - Ml I fcO)Pj,(Mi), (4.9)
Ml

where Pj^(Mi) is the population parameter which describes the relative popula

tion of the different magnetic substates, (JiMiJi -Mj | fcO) is a Clebsch-Gordan

coefficient, Bk{Ji) is a statistical tensor and 5o(Ji) = 0. The explicit expression

for the population parameter depends on which axis is chosen as the quantization

axis. For example, if the angular momentum vector is defined as the quantization

axis and is fully aligned in the plane perpendicular to the beam axis,

1  if Ml = 0

. 0 if Ml ̂  0,

when measuring the angular distribution with respect to the beam axis. On the

other hand, if one is measuring the angular distribution in the above example with

respect to the spin direction, it becomes the quantization axis and

0.5 if Ml = ± Ji

0  if Ml ̂  ±Ji,

assuming the spin direction is known exactly. Fig. 4.3 shows the calculated angular

distributions for the two cases described above using the function

W{9) = 1-1- .42P2(cOS^) -I- >l4P4(cOS^). (4-10)

A comparison of the calculated A2 and A4 coefficients is listed in Table 4.2

for both cases, and several differences are immediately apparent:
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Table 4.2: Comparison of angular distribution coefficients measured with respect
to the spin axis and the beam axis, assuming full alignment in both cases.

Orientation Stretched Quadrupole Stretched Dipole
14-^ 12 14^ 13

A2 Ai A2
spin axis -0.714 -0.286 +0.500
beam axis +0.397 -0.152 -0.278

1. The A2 coefficients have opposite signs for the two different types of angular

distribution measurements. This is expected, since the axes which define

^ = 0° for the two cases are perpendicular to each other. Thus, the difference

in the signs of A2 is directly related to the definition of the quantization axis.

2. The coefficients measured with respect to the spin orientation are larger.

Therefore, they have better sensitivity in the fully aligned case than those

measured with respect to the beam axis. This can be very advantageous

when trying to determine the angular distributions of very weak peaks whose

measured intensities have large errors associated with them.

One other difference between the two methods which is not apparent from table 4.2

is that the >l-coefficients for the spin axis are independent of spin, whereas for the

beam axis, the coefficients decrease with increasing spin.

4.2 Level Scheme for

Several previous studies had established the low-energy level structure of

^®^Pt utilizing both radioactive decay and heavy-ion reactions. Burde et al. (1966)

were the first to establish the existence of a 1.1 msec isomer at 1843.8 keV. The

radioactive decay studies of Finger et al. (1972) and Calliau ei al. (1974) estab

lished both the second 0+ state at 492 keV associated with the coexisting oblate
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structure and the quasi-vibrational 7-band. In beam studies by Burde et al. (1967)

identified the yrast band up to the 16+ level, while Beshai et al. (1976) extended

the known levels of this band up to 20+. The current level structure of ̂ ®^Pt es

tablished by the three measurements reported on in this work is shown in Fig. 4.4.

Six new transitions are added to the yrast band, and seven new side bands built on

two and four-quasiparticle excitations have been identified. Since the Chalk River

measurement establishes each band to the highest observed spins, all gates shown

in the following subsections are from the data taken in the Stt Spectrometer.

4.2.1 Angular Distributions With Respect to the Beam Axis

A separate experiment was performed to measure the angular distribu

tions with respect to the beam axis for ̂ ®^Pt, using five Ge detectors placed at 9

angles 0°, 30°, 45°, 60° and 90°. An accepted event consisted of a single Ge detector

in coincidence with the six-element Nal multiplicity filter located in the McMaster

Lotus. Ge-Ge coincidences were not required, because this would measure angu

lar correlations with respect to the beam axis and not angular distributions (see

Krane, 1973). Angular correlations between the Ge detectors and Nal filter are

small since the detectors which make up the filter are positioned symmetrically

around the beam axis.

As discussed above, a heavy-ion fusion reaction leaves the initial spin of

the compound nucleus in a plane perpendicular to the beam axis. However, before

the first discrete transition is observed, both particle and 7 rays have been emitted

from the aligned nucleus and some statistical distribution of the magnetic substates

is expected in the alignment of angular momentum vectors of the residual nuclei.

Several studies have shown {e.g. Nolan and Butler, 1981) that this statistical

distribution can be approximated by assuming a Gaussian distribution for the
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population parameter,

exp (-f4)
Pj(m) = , , (4.11)

E '*p(-gS)
m'=—J

where a represents the width of the statistical distribution.

To correctly measure angular distributions, one should use a single de

tector, placing it at different 6 angles with respect to the beam axis, to record Ge

data. Each Ge spectrum is normalized for constant count rates with respect to a

monitor detector, which is kept fixed throughout the experiment. The use of five

different Ge detectors in the angular distribution measurement created two major

difficulties in calculating A2 and A4 coefficients, which are not encountered in single

detector experiments. Both these difficulties are connected with the determina

tion of the detector efficiency as a function of 7-ray transition energy. Detector

efficiencies are usually calculated by taking radioactive-source data, correcting the

area of each 7-ray peak in the spectrum by its relative intensity, and fitting the

intensities to a functional form which is thought to best represent the efficiency of

the detector.

The first difficulty involved the actual determination of the efficiency for

each detector. For the angular distribution experiment on ̂ ®'*Pt, data were taken

using Eu and ̂ ^^Ba radioactive sources. The efficiency of each Ge detector was

calculated by first normalizing the relative intensities of the ̂ ^^Ba data to that of

Eu and then fitting the intensities from both sources to the function

^®Sio(-^//) = -^1 + .Sj log(E-y) for E~f < El

= Ao + Ci( log(E.Y) - EqY for Ei < E^ < Eq

=  .Ao -1- C2{E^ - EqY for Eq < E^ < E2

=  A2 + B2 log(E^) for E^> E2. (4.12)
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While the fit reproduced the data well for > 250, the function used for the lower

transition energies noticeably deviated from the data for all detectors. Thus, an

gular distributions calculated at the lowest energies should only be viewed as good

approximations to the actual values, since the renormalization for the efficiency

has some error associated with it.

The other difficulty stems from the angular correlations which arise by

requiring coincidences between a Ge detector and the Nal multiplicity filter. Since

the efficiency curve of each detector is determined from source data without any

coincidence requirements, this efficiency may not represent the efficiency of the

detector when data are taken in coincidence mode. If the angular correlations are

not very large, the relationship between the singles and coincidence efficiency for all

energies is approximated by a numerical constant. Since the coincidence efficiency

was not measured in this experiment, this constant cannot be determined from

our source data. However, it is crucial that the singles efficiencies be corrected, if

the angular distributions are to be calculated correctly.

The coincidence efficiencies were properly renormalized by calculating the

expected angular intensities for five strong E2 transitions in ̂ ®^Pt (272.8, 362.4,

432.3, 476.2 and 497.6 keV) using the expression,

W{e) = ao(H- Q2^P2(cos0) + Q^A^P^{cose)), (4.13)

where Qk is a coefficient which corrects for the solid angle subtended by the de

tector (see Krane, 1972). These transitions were chosen since they lie in an energy

region where the efficiency is well determined. The theoretical values for A2 and

A4 were calculated by assuming a value for alJ = 0.25 for all five transitions.

Pilotte (1987) has measured the ajj in an angular distribution measmrement on

^®®Pt and has found that it remains constant at 0.25 over the decay of the the yrast

band. Since the reaction used in this measurement was almost identical to the re-
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action utilized for the ̂ ®'^Pt angular distribution experiment (^^''Yb(^®0,5n)^®®Pt

at 90 MeV), this same value has been assumed for the above data. The solid angle

corrections {Q2 and Q4) were also determined and included in the calculations of

W{9). Once the theoretical values for W(d) were found, a correction factor for

each angle was determined for the five transitions by renormalizing the experi

mental angular distributions so that they agree with the theoretical values. A

single correction factor was then determined for each angle by averaging over the

separate E2 normalization constants.

Once each efficiency curve was renormalized, all fitted peak areas were

corrected for the detector efficiencies. The 30° peak intensities were not used in the

determination of the angular distribution coefficients, because the assumption that

the singles efficiency deviated from the coincidence efficiency by an energy-inde

pendent constant was not correct for this angle. The cause of this anomaly may be

due to an enhancement of the angular correlations between the 30° detector and the

multiplicity filter. Table 4.3 lists the experimental A2 and A4 coefficients calculated

using a least squares fit to the experimental intensities. The peak intensities

are also indicated and were measured relative to the 4+ —» 2+ transition in the

yrast band of ̂ ®''Pt ,using the calculated Gq coefficients from the fitted angular

distribution data. However, when multiplets prevented the determination of the

intensity of certain transitions, gated spectra from the coincidence experiment were

used, comparing the intensities of the peaks of interest with one whose intensity

relative to the 4"*" —> 2"^ transition was already known. It should be noted that

intensities determined in this way are only approximations to the actual values;

however, they do give a good indication of how strongly levels were populated

during the experiment. The actual assignment of spins and parities to energy

levels is discussed in the following subsections.
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Table 4.3: Angular distribution data for ̂ ®^Pt.

Energy
Relative Assigned

Gamma-ray Multi-
(keV) Intensity A2 A4 /. ̂  If polarity
118.3 2.0(2) -0.903(279) 0.238(211) 6 -^5 M1(E2)
121.0 1.5(2) -0.606(439) -0.045(335) 7- 6- M\{E2)
154.6^ 1.4(3) 8"-^ 7- M1(E2)
160.02 1.6(4) 9-->8- Ml{E2)
162.8 64.0(4) 2+ -> 0+ E2
172.9^

5.8(1)
11" 10" Ml{E2)

177.7 -0.858(35) 0.046(30) 9--^8- M1(E2)
198.7 6.6(1) -0.605(31) 0.053(27) 10- ̂  9- Ml(i;2)
218.82 3.3(4) 11- 10- M1(E2)
221.0^ 0.7(2) 10- 9- M1(E2)
238.0 2.4(1) -0.841(51) 0.090(53) 12- -> 11- M1(E2)
239.5 2.3(1) 0.153(44) 0.048(50) 7- ̂  5- E2
254.5 1.7(3) -0.557(116) 0.073(97) 13- ̂  12- Ml{E2)
269.3 3.4(2) -0.531(137) 0.082(114) 14- ̂  13- M1(E2)
272.8 100.0(3) 0.342(8) -0.120(7) 4+ ̂  2+ E2
278.6 2.2(2) -0.512(199) 0.341(168) 15- 14- M1(E2)
281.1 2.7(2) 0.124(155) 0.110(134) 8- 6- E2
286.7 1.0(1) -0.259(135) -0.042(145) 12- 11- Ml{E2)
287.4 1.6(1) -0.961(70) 0.248(68) 16- 15- M1(E2)
290.2 1.4(1) -0.795(79) -0.023(77) 17- ̂  16- M1(E2)
298.6^

2.7(1)
18- 17- Ml{E2)

303.4 0.357(54) 0.004(57) 18(-) 18+ A/ = 0
304.6 1.3(1) -0.293(108) -0.069(115) 19- ̂  18- M1(E2)
314.52 3.4(3) (16-)^ 16+ A/= 0
314.72 7.4(3) 9- ̂  7- E2
320.5 0.5(1) 20- 19- Ml{E2)
322.7 1.1(1) 0.668(155) -0.083(156) (20-) 20" AJ = 0
344.3 1.1(1) (22-)-^ 22" A/ = 0
345.3 1.7(1) 0.430(80) 0.118(87) 15- 13- E2
355.12 1.5(5) 13- 14+ El
358.6 7.3(2) 0.332(79) 0.032(73) 15- 13- E2
362.4 90.0(4) 0.335(10) -0.086(10) 6+ ̂  4+ E2
375.72 3.3(9) 10- ̂  8- E2
376.42 4.4(3) 10- 8- E2
388.42 4.2(4) 11- 12+ El
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Table 4.3: Continued.

Energy
(keV)

Relative

Gamma-ray
Intensity A2 A4

i

Assigned
Multi-

polaxity
390.0^ 1.5(5) 4+ 2+ E2

393.8 7.0(1) 0.232(27) -0.086(31) 11-^ 9- E2
417.8 4.6(1) 0.254(31) 0.156(30) 11- ̂  9- E2

424.^ 1.5(2) 7+-^ 6+ A/= 1

432.3 91.7(4) 0.325(8) -0.079(8) 8+^6+ E2

441.2 5.4(2) -0.369(74) -0.147(79) 5- ̂  4+ El

456.8^ 4.8(3) 12" ̂  10" E2

457.6^ 6.3(1) 13- 11" E2

469.5 4.3(1) 0.381(59) -0.11(63) 12" ->10" E2

461.9 16.3(2) 0.387(17) -0.081(19) 17" 15- E2

470.7 3.1(2) 0.395(92) -0.250(122) 13- ̂  11" E2

476.2 82.1(3) 0.335(6) -0.092(7) 10+ ̂  8+ E2

487.6 1.2(1) 6- ̂  6+ El

488. 1.0(1) 13" ̂  11" E2

492.5 5.6(1) 0.349(34) -0.070(34) 13- ̂  11" E2

497.6 79.0(4) 0.310(9) -0.064(10) 12+ ̂  10+ E2
502.1 1.0(5) 13- 11" E2
5I6.32 3.0(3) 15- ̂  13- E2

522.3 69.3(3) 0.331(6) -0.087(7) 14+ 12+ E2

523.3 14" 12" E2

523.83 14" 12" E2

529.4 1.6(2) 15" ̂  13- E2

536.7 21.0(1) 0.265(10) -0.075(12) 19- ̂  17- E2

548.01 5.7(4) 15- 13- E2
554.3

1

r—t

T

I

OC
1-H

E2

555.3 50.4(3) 0.342(10) -0.077(10) 16+ 14+ E2

564.2 5.0(2) 0.369(72) -0.102(72) 17" 15- E2
566.11 3.1(3) 16" ̂  14" E2

569.81 4.7(2) 19- ̂  18+ El

575.'! 18" ̂  16" E2

575.0'! 18.8(2) 0.298(18) -0.089(19) 21" ̂  19- E2

575.71 (18-) ̂(16-) E2

577.61 4.1(3) 17- ̂  15- E2

586.8 34.4(2) 0.308(11) -0.073(11) 18+ 16+ E2
589.03 18- ̂  16- E2

148



Table 4.3: Continued.

Relative Assigned
Energy Gamma-ray Multi-

(keV) Intensity A2 A4 /. polarity
601.3 14.3(2) 0.285(25) -0.073(25) 23- ->■ 21- E2
603.4^ 1.7(4) 19- 17- E2
613.5 8" -^8+ El
613.6^ 3.6(3) 19- 17- E2
620.1^ 7.2(3) 17- 16+ E2
624.6 22.2(1) 0.313(13) -0.074(12) 20+ ^ 18+ E2
625.1^ 1.6(3) • 20" 18- E2
643.7^ (20-) ^(18-) E2
644.4 9.9(1) 0.168(25) 0.108(188) 25- -> 23- E2
653.8^ 1.2(2) 21" ^ 19- E2
673.7 11.2(1) 0.233(19) -0.083(19) 22+ -»20+ E2
682.8 1.2(1) 0.371(211) -0.188(198) 21" 19- E2
686.7^ 1.2(2) 22- -^20- E2
695.1^ (22-) ->(20-) E2
703.5 2.1(1) 0.217(113) -0.145(108) 27- ^25- E2
713.4 8.8(1) -0.253(27) 0.024(27) 15- -> 14+ El
720.6 0.8(1) 23- 21- E2
730.0 3.1(1) 0.164(60) -0.039(62) 24+ ^22+ E2
770.5^ 29- -> 27- E2
788.92 1.1(2) 26+ ^ 24+ E2
798.9 1.4(1) 0.396(175) -0.055(156) 4+ ^ 4+ M1(E2)
843.7^ 2+ ->0+ E2
849.4^ 28+ -> 26+ E2
870.5 1.4(1) 0.246(148) 0.320(139) 6+ ^ 4+ E2
877.1 2.3(1) -0.077(101) 0.126(99) 13- -> 12+ El
890.3 13- -> 12+ El

1071.6 2.0(1) 0.265(101) -0.079(95) 4+ ->2+ E2
1240.02 5.5(7) 5- -> 4+ El

^Intensity is extracted from the gated spectra.
^ Unable to extract information on transition.
^The angular distribution and intensity of the 575.0 keV transition is really the summed con
tribution of the 575., 575.0 and 575.8 keV transition.
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4.2.2 Spin Orientation on ̂ ®^Pt

For the experiment in the Stt Spectrometer, angular distributions

were measured with respect to the direction of the nuclear-spin axis. The nuclear-

spin axis is determined for each nuclear event from the analysis of the BGO hit

pattern^ of an E2 cascade. Because of the cylindrical symmetry of the 7 radiation
with respect to the beam axis, the angular distributions are dependent on only the

angle 9 between the detected 7 ray and the nuclear spin axis. Since each stretched

E2 is spatially distributed according to the probability,

u;(^) = 1 - cos" (4.14)

the hit-pattern should lie predominantly in a plane perpendicular to the spin

direction.

If one assumes that the angular momentum vector of the nucleus lies

in the plane perpendicular to the beam axis, the problem for determining the

spin direction is reduced to one of two-dimensions. A tensor is defined whose

eigenvectors represent directions of 7-ray flux (see Ward et ai, 1984):

E  Eyz

E^y 72

where z,- and y, are the coordinates of each hit detector projected on the plane

perpendicular to the beam axis. The shortest eigenvector of the tensor defines the

direction of the nuclear spin. This last fact follows directly from Eq. 4.14, since

the spin direction ideally should have no 7-ray flux for a stretched E2 cascade.

To measure angular distributions with respect to the nuclear spin direc

tion in the Stt Spectrometer, this work took the following strategy. A scan was

performed in which the spin direction, using the above prescriptions, was calcu-

lated on an event-by-event basis if the BGO E2 multiplicity, L, was greater than
^The BGO hit pattern is defined for each event by the BGO detectors which measure 7 rays

that have energies most associated with stretched E2 transitions.
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Table 4.4: The relationship between <f> and 6 for the ±79° rings and ±37° rings. The
value of <j> represents the angular centroid in A(^ for each histogrammed spectrum.

<!>. 4.5 13.5 22.5 31.5 40.5 49.5 58.5 67.5 76.5 85.5
e (±79° rings) 11.7 17.2 24.8 33.1 41.7 50.4 59.1 67.9 76.7 85.6
9 (±37° rings) 53.1 54.2 56.2 59.1 62.8 67.0 71.8 76.7 81.9 87.3

three. An angle 4> measured in the yz-plane was then determined for each Ge

detector on either the 79° or 101° ring which fired during the event, where <j) is

defined as the angle between the calculated spin direction and the projection of

the detector of interest onto the y2-plane. The measured 7-ray energy is then

histogrammed into one of ten spectra depending on its value of </>. Since the

intervals for each spectrum are equivalent, this insures an equal statistical distri

bution of all ten detectors into each spectrum. Thus, any efficiency correction of

these spectra is not necessary for calculating angular distributions. This is very ad

vantageous in light of the problems described in subsection 4.2.1 when measuring

angular distributions with multi-detector arrays.

Since the angular distributions are calculated with respect to the angle, 9,

between the spin axis and the detector, 9 must be determined. A simple geometric

relationship exists between 9 and

9 = arctan
(cos^ a sin^ <f) ± sin^ a)^/^

cos a cos (j)
(4.16)

where a is the angle between the yz-plane and the ring of Ge detectors. Table 4.4

lists the relationship between the (j) and 9 for both the ±79° and ±37° Ge rings.

This table illustrates the reason for using the 79° rings over the 37° rings; the

angular range in 9 is much larger.

The angular distribution coefficients for a 7-ray transition were calculated

by fitting the peak intensities from each of the ten binned spectra to the standard
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angular distribution function. Since it is not necessary to renormalize the peah

areas, this calculation is straight forward. Table 4.5 shows the calculated A2 and

A4 coefficients for the 7-ray transitions in ̂ ®'*Pt. The intensities of the peaks were

determined from the cq coefficients normalized by the efficiency. All intensities are

expressed relative to the 4"'" —> 2'^ yrast transition. When multiplets prevented

the determination of the intensity of certain transitions, gated spectra were used,

comparing the intensities of the peaks of interest with one whose intensity relative

to the 4'*' 2'^ transition has already been determined.

Since the use of spin orientation data to determine the angular distri

butions of individual 7-ray transitions using Ge spectra is a recent experimental

innovation, it is not clear how one should handle the effects of the uncertainty

in the spin direction on the measured angular distribution coefficients. The ac

curacy in the determination of the nuclear spin direction must be dependent on

how many stretched E2 transitions are used to define this axis. This uncertainty

should behave similarly to the statistical de-alignment, which is represented by the

population parameter, P(m). For this work, a form of P(m) is proposed which

represents the population parameter for the case when the spin and quantization

axes are parallel:

Pj(m) = —pJli > . (4.17)
E e.p (-i^)

m'=—J

Fig. 4.5a shows a plot of the A^ and A4 coefficients for stretched dipole and

quadrupole transitions as a function of the parameter a/J. Fig. 4.5b shows a

plot of the experimental A2 and A4 parameters for the yrast transitions as a func

tion of spin. The A2 coefficients clearly become more negative as a function of

spin while the A4 parameters cluster around 0. From part (a) of this figure, the

measured A2 = -0.236 for / = 24 corresponds to a <t/J « 0.39. Fig. 4.5a shows

that the A4 loses sensitivity quickly, reaching a roughly constant value of -1-0.10
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Table 4.5: Summary of spin orientation analyisis for ̂ ®^Pt.

Energy
Relative Assigned

Gamma-ray Multi-
(keV) Intensity A2 A4 /. - If polarity
118.1 1.6(0) 0.113(44) -0.068(53) 6 -+ 5 M1(E2)
121.0 1.3(0) 0.174(47) -0.074(56) 7- ̂  6" Ml(£:2)
154.6 1.5(1) 0.244(93) -0.084(126) 9- 8" M1(E2)
160.02 1.8(2) 8" 7- M1(E2)
162.8 58.7(2) -0.006(6) 0.015(8) 2+-^ 0+ E2
172.9 0.9(0) 0.231(64) -0.178(87) 11- 10" M1{E2)
177.7 5.4(0) 0.194(13) 0.034(18) 9- ̂  8" M1{E2)
198.7 5.3(0) 0.197(14) 0.026(18)

0
1

1

DC
1

M1(E2)
218.82 2.6(2) 11- ̂  10- M1{E2)
221.0

3.6(1)
10- ̂  9- M1(E2)

238.0 0.229(29) -0.014(37) 12- 13- M1(E2)
239.5 1.3(1) -0.138(77) -0.005(99) 7- ̂  5- E2
254.52 2.4(2) 13- ̂  12- Ml{E2)
269.3 2.8(1) 0.197(58) 0.019(71) 14- ̂  13- M1(E2)
272.8 100.0(2) -0.044(4) 0.000(5) 4+ -»• 2+ E2
278.6 1.3(3) 15- ̂  14- Ml(E2)
281.1 3.1(1) -0.040(63) 0.011(77) 8- -» 6- E2
286.7 12--^ 11- M1{E2)
287.4

2.4(1)
16- ̂  15- M1{E2)

290.2 0.311(44) -0.032(59) 17- 16- M1(E2)
298.8

3.2(1)

1—'
00
1

1

h-'

1

M1(E2)
303.4 -0.223(40) -0.029(49) (18-)-> 18+ (El)
304.6 2.2(1) 0.257(57) 0.030(70) 19- ̂  18- M1(E2)
314.5 (16-)^ 16+ (El)
314.7 9--^7- E2
320.5 1.2(1) 0.278(110) 0.099(137) 20- 19- Ml(E2)
322.7 1.7(1) -0.352(86) 0.024(106) (20-)^ 20- (El)
333.3 1.8(1) 0.239(78) -0.121(104) 21- 20" M1(E2)
344.3 (22-)-^ 22- (El)
345.3 15- 13- E2
353.4 1.2(1) 0.251(139) -0.154(183) 22- 21- M\{E2)
355.1 13- 14+ E\
358.6 7.6(1) -0.141(24) -0.019(31) 15- 13- E2
362.4 93.4(2) -0.086(4) -0.005(5) 6+ 4+ E2
367.2 1.0(1) 0.189(153) -0.290(203) 23- 22- Ml{E2)
375.7 10- 8- E2
376.4 10- 8- E2
388.4 11- 12+ E\
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Table 4.5: Continued.

Energy
(keV)

Relative

Gamma-ray
Intensity A2 A4 /,• -4 If

Assigned
Multi-

polaxity
390.0 4+ 2+ E2
393.8 7.7(1) -0.062(19) 0.010(25) 11- -^9- E2
417.8 2.8(1) -0.173(55) 0.132(82) 11--^9- E2
424. 7+ -f 6+ A/= 1
432.3 91.0(2) -0.109(3) -0.010(5) 8+ 6+ E2
441.2 5.8(1) 0.146(37) -0.086(52) 5- -f 4+ El
447.1 23- 22+ El
456.8 12- ̂  10- E2
457.6 13- 11- E2
459.5^ 3.5(1) 12- 10- E2
461.9 18.8(1) -0.137(10) -0.009(13) 17- 15- E2
470.7 2.5(1) -0.169(114) 0.134(145) 13- 11- E2
476.2 83.2(2) -0.131(6) -0.016(7) 10+ ̂  8+ E2
487.6 6- 6+ El
488. 13- ̂  11- E2
492.5 4.4(1) -0.155(50) -0.031(66) 13- ̂  11- E2
497.6 80.5(2) -0.143(5) -0.007(6) 12+ ̂  10+ E2
502. 13- -4 11- E2
511.6

3.1(1)
(16-) ̂(14-) E2

516.3 -0.253(60) 0.053(77) 15- 13- E2
522.3 77.6(2) -0.146(4) -0.017(5) 14+ 12+ E2
523. 14- ̂  12- E2
523.8 14- ̂  12- E2
529.4 1.1(1) -0.260(175) -0.132(227) 15- ̂  13- E2
536.7 21.6(2) -0.135(12) -0.002(16) 19- ->17- E2
548.0 6.0(1) -0.209(39) -0.001(49) 15- ̂  13- E2
554. 16- ̂  14- E2
555.3 54.1(1) -0.164(5) -0.005(7) 16+ -> 14+ E2
564.2 5.8(1) -0.163(31) -0.096(43) 17- 15- E2
566.1 16" ̂  14- E2
569.8 4.0(1) 0.208(53) -0.052(68) 19- ̂  18+ El
575.7 18- -> 16- E2
575.0 21- -> 19- E2
576.

5.4(1)
(18-) ̂(16-) E2

577.6 -0.148(41) 0.024(53) 17- 15- E2
586.8 38.3(1) -0.166(86) -0.021(9) 18+ ̂  16+ E2
589.0 18- 16- E2
601.3 16.6(1) -0.165(30) -0.026(37) 23- ̂  21- E2
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Table 4.5: Continued.

Energy
Relative Assigned

Gamma-ray Multi-
(keV) Intensity A2 A4 /,• If polarity
603.4 19- ̂  17- E2
613.5^ 8" -^8+ El
613.6 2.0(1) -0.309(119) -0.022(153) 19- 17- E2
620.1 17- ̂  16+ El
624.6 27.1(1) -0.196(10) -0.027(13) 20" 18" E2
625.1 20" 18" E2
643.7 (20-)-> (20") E2
644.4 25- 23- E2
653.8 0.9(1) 21" 19" E2
673.7 17.5(1) -0.211(14) -0.011(12) 22+ 20+ E2
682.8 21" ̂  19- E2
686.7 2.3(1) 22" 20" E2
695.1 (22-) ̂(20-) E2
703.5 27- ̂  25- E2
713.4 13.3(1) 0.117(18) -0.009(22) 15- ->14+ El
720.6 0.9(1) 0.257(225) -0.152(276) 23- -f 21- E2
730.0 7.6(1) -0.236(26) 0.011(32) 24+ 22+ E2
737.4^ 1.3(1) (24-)-4(22-) E2
743.3^ 0.6(1) 23- 21- E2
756. 24- 22" E2
770.5 6.7(1) -0.126(34) -0.048(42) 29- ̂  27- E2
782} 0.5(2) 25- ̂  23- E2
786.7 1.0(1) (26-) ̂(24-) E2
788.9 6.3(1) -0.242(42) 0.087(53) 26+ ̂  24+ E2
794. 1.0(1) -0.206(231) 0.219(298) 25- ̂  23- E2
797.5 2.8(1) -0.165(77) -0.011(99) 4+ 4+ M1(E2)
843.7 2+ 0+ E2
849.4 28+ 26+ E2
870.5 6+ -+ 4+ E2
877.1 13- ̂  12+ El
890. 13- 12+ El
908.1 3.7(1) 0.014(60) -0.071(075) 30+ 28+ E2
920.4 1.7(1) -0.257(129) -0.134(160) 33- 31- E2
967.0 32+ 30+ E2
998.0 35+ ̂  33+ E2
1056.0 33+ -> 31+ E2
1071.6 1.4(1) 0.004(173) 0.204(211) 4+ 2+ E2
1240.0 3.4(1) -0.054(58) 0.046(75) 5-^4+ E2
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at a/J Tn 0.35. Since, the measured A2 coefficients correspond to ajJ values of

0.39 or greater, the small values obtained for the A4 coefficients for all transitions

are quite reasonable and expected.

It is disappointing to find that the measured A2 values obtained from

our data are only 35%, at best, of the fully aligned value. The extracted aj J pa

rameters vary significantly with spin, and below J = 16, are twice as large as the

nearly constant value of 0.25 extracted from angular distribution data measured

with respect to the beam axis. If the population parameter, P(m), were only

dependent on the de-alignment, then both methods should give similar results for

cr! J. Obviously, statistical deviations in the accuracy at which the spin axis is

determined influences the value of ajj. These deviations should be a function of

the number of stretched transitions, T, used to determine the spin orientation. A

threshold of L = 4 was used for these data, and it would be interesting to see the

effect on the sensitivity of the angular distribution coefficients as the threshold is

increased. Other mechanism may effect the sensitivity as well, and hopefully, fu

ture investigations will uncover what these mechanism are and how they influence

the expression for P{m) given in Eq. 4.17.

Even though values for Aj and A4 .are much smaller than the fully aligned

value, the data show that one should have no problem in distinguishing stretched

dipole transitions from stretched quadrupole transitions. Another quantity which

one wishes to extract from the angular distribution data is the mixing ratio, S,

which is defined in Eq. 4.8. In angular distribution measurements with respect

to the beam axis, 6 is usually determined from both the A2 and A4 coefficients

for a A/ = 1 mixed (M1-E2) transition, due to the fact that the A2 coefficient

is multi-valued as a function of S. Fig. 4.6 shows a plot of both the A2 and A4

parameters of the 14 13 transition as a function of the arctan((5) for different

values of a/J. An arctan((5) = 0° corresponds to a stretched dipole transition
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while an arctan((J) = ±90° describes pure quadrupole radiation. It is clear from

this figure that there is virtually no sensitivity in the A4 coefficient as a function

of the mixing ratio for the values of a/J associated with our data, i.e. a/J > 0.38.

On the other hand, the A2 coefficient does retain a detectable amount of sensitivity

when comparing large mixing to small mixing; however, these values saturate at

arctan(^) w ±35° {8 = 0.7). Therefore, one should be able to extract a 8 from

the A2 coefficient of spin orientation data if the amount of E2 component is not

very large. To determine the mixing ratio in the presence of a large quadrupole

contribution, one must use the A4 component, but for the data under discussion,

the effective de-alignment is too large to allow any sensitivity in the A4 coefficient.

4.2.3 Yrast Band

As reported above, the yrast band in ^®^Pt has been identified up to

I = 32+. The Oak Ridge measurement had established the level scheme up to 26+,

but poor statistics prevented any further additions to this band. The McMaster

data confirmed the previous assignments; however, the superior statistics over the

Oak Ridge data allowed for the tentative assignment of the 849.4 keV (28+ —»• 26+)

transition to the level scheme. The Chalk River measurement confirmed this

assignment and in addition yielded two more transitions to the top of the band.

Fig. 4.7 shows a sum of five gates lying high in the band (673.7 through 908.1)

taken from the Chalk River data. These gates were chosen, because they allow for

a clean spectrum showing only the yrast transitions. The 7 rays up to the 908.1

keV (30+ ̂  28+) transition are clearly seen in this figure. The identification of

the 32+ level in this decay scheme is confirmed by gating on the 967 keV transition

and weakly observing the other 7 ray transitions associated with the yrast band.

From Fig. 4.7, it appears that the 908.1 keV transition has a wider peak width

than the other transitions. One explanation for this width could be the presence of
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another 7 ray in this band with almost the same energy as the 908.1 keV transition.

However, a gate on this transition does not confirm this. The likely explanation

is that this level decays very quickly while the recoils are still in the target. This

leads to a slight Doppler broadening of the peak. This would also explain why the

967.0 keV transition is not seen more clearly in the figure, because the intensity of

the peak is spread out over a wider energy, range than the 908.1 keV transition.

4.2.4 Band 2

The lowest level identified in band 2 is the 11" state at 2592.5 keV,

and this band is established tentatively up to 7 = 37" at 11551 keV. Both the

Oak Ridge and McMaster data were able to identify this band up to the 770.5

keV transition. The final four transitions were placed by the Chalk River data.

Fig. 4.8 shows a sum of four gates on transitions 770.5 keV through 998 keV, all

of which lie near the top of this band. From the figure, the yrast band is clearly

seen up to 7 = 24+, indicating that there is continual side feeding from band 2

to the yrast line. However, discrete peaks can only be identified up to the 447.7

keV (23 * 22+) crossing transition. While the presence of crossing transitions

between the two bands at higher spins is suggested by the summed gates, the

intensities of these inter-band transitions are too low to identify them in the gated

spectra and are not included in the level scheme. Both angular distribution and

spin orientation data strongly suggest that the multipolarity of these inter-band

transitions is purely dipole, leading to the assignment of odd spins to this band

(see Tables 4.3 and 4.5). The parity of the band is established by the electric

quadrupole transitions between bands 2 and 5, due to the fact that parity in band

5 had been previously established by Burde et al. (1966) based on a conversion

electron measurement. Most of the decay out of band 2 occurs at the 3439.8 keV

(15 ) level via the 713.4 keV transition to the 2726.4 keV (14+) level in the yrast
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band or to a lesser degree by the 345.3 transition to the 3094.3 keV (13") level in

band 5. The decay of the 3081.2 keV (13~) level proceeds through four branches:

the 355.1 keV and the 877.1 keV transitions to the 2726.4 keV (14+) and 2204.1

keV (12+) levels in the yrast band, the 457.6 transition to the 2623.6 keV (11")

level in band 5, and the 488 transition to the last known level in band 2, which is

the least preferred of the four decays.

4.2.5 Bands 3 and 4

Two strongly coupled rotational bands labeled 3 and 4 in Fig. 4.4 are

thought to be built upon the 1843.8 keV (8~) level. The spin, parity and lifetime

of this state was first established by Burde et al. (1966). The 1.1 msec lifetime is

much longer than the time window for defining coincidence events (w 100 nano-sec)

between the rotational sequence and the yrast band; thus, there are no coincidence

data which link these two bands with any other band in ̂ ®'*Pt. However, from the

known systematics of the region and indirect experimental evidence, we strongly

believe that our placement of these two bands in ̂ ®^Pt is correct.

Fig. 4.9 shows a sum of gates taken on the two lowest AI = 1 crossing

transitions (177.7 and 198.7 keV) which connect these two bands. The smooth

regularity of both the MI-E2 sequence and the stretched E2 cascades shows that

these two bands are "strongly" coupled together, indicating little or no K = 1/2

admixtures in the wave functions of these two bands. Such strongly coupled bands

with high K components built on an 8~ isomeric state have been observed in the

lower Z isotones of ̂ ^^Pt, e.g. (Fahlander and Dracoulis, 1982 ). Thus, the

placement of these two bands on top of the 1843.8 keV level agrees well with the

systematics of the even-even iV = 106 nuclei. It should also be noted that bands 3

and 4 have been observed in the McMaster and Chalk River data with intensities

on the order of 5% relative to the yrast band. By observing the relative intensities
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of the two major residual nuclei, and ̂ ®''Pt, as a function of H and K,

one observes that bands 3 and 4 are most enhanced at higher total energy and

fold regions. This indicates that these bands are in ^®^Pt as opposed to ̂ ®^Pt.

Pt is ruled out since its decay scheme is well known from previous in-beam

studies (Pilotte et al., 1987), and its population in this experiment was very weak.

From the McMaster data, band 3 and 4 have been identified up to the

5667.7 keV (22~) and 6035.2 keV (23") level, respectively. The whole sequence

of crossing transitions up to the 320.4 keV 7 ray have also been seen in this

experiment. The Chalk River data has yielded one new transition to the decay

scheme of each band and four other crossing transitions. The last inter-band

transition observed (388 keV) is dashed, because its existence is suggested by the

sum of gates and not from the gate on this transition.

4.2.6 Bands 5 and 6

As mentioned above, the spin and parity of the 1675.6 keV level in band

5 had previously been established by Burde et al. (1966). In this same work, the

1793.7 keV level was also observed in band 6; however, it was given the assignment

6+ base on the conversion electron coefficient of the 118.1 keV transition. The re

cent measurements on ̂ ®^Pt have identified rotational structures built on both of

these levels with A = / transitions connecting the lower members of the bands.

Both the angular distribution and spin orientation data suggest that these tran

sitions have little or no quadrupole admixture; thus, it is unclear from our data

whether or not these crossing transitions are FJl or Ml. However, even though

the electron work should establish the parity of the band, there are compelling

reasons to question the assignment of positive parity to the 1793.7 keV level. The

presence of the Al = 1 transitions indicate that these bands have large matrix

elements between them, suggesting that they are signature partners. It should
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be noted that mixing between positive and negative parity bands is observed in

octupole type structures. However, the lack of observing any such structure in this

region makes the identification of band 6 ets an octupole band less likely. Also,

structures similar to bands 5 and 6 with negative parity have been observed in

^®^0s. These observations suggest that the parity of band 6 should be negative,

and this assignment has been given to band 6 in this work.

Band 5 decays to both the oblate and prolate ground bands via the 441.2

keV and 1240.0 keV transitions, respectively. Fig. 4.10a shows a sum of spectra

whose gated energies are on transitions which appear in this band. As is shown

in the figure, band 2 is seen quite clearly, confirming that it does decay to band

5 as indicated in the level scheme of Fig. 4.4. The McMaster data were able to

establish band 5 up to the 5471.2 keV level (21~). Two higher transitions have

been identified in the Chalk River data establishing the band up to / = 25".

At the lowest observed level (1793.7 keV), band 6 decays to band 5 and

the 7 band via the 118.1 keV and 487.6 keV transitions, respectively. The first

three members of the band are well established by the gates and the additivity of

the crossing transitions. However, the placement of the last three transitions (523,

554 and 575 keV) in band 6 is tentative, due to the apparent weak population of

the corresponding levels and the presence of more intense 7 rays, with the similar

energies appearing elsewhere in the decay scheme. For example, a 523.8 keV

transition in coincidence with a 577.6 keV transition is observed between bands 3

and 4, while both a 575.0 and 575.7 keV transition in bands 2 and 7, respectively, is

in coincidence with the 555.3 and 522.3 transitions of the yrast band. Complicating

the matter even further is the fact that the 575.0 keV transition in band 2 is in

coincidence with a large number of observed 7 rays in bands 5 and 6. Also, there

axe other 7 rays with similar energies as those of the bottom three transitions in

band 6 (281.1, 375.7 and 459.5) which appear in ^®^Pt, ̂ ®^Pt and ̂ ®®Pt. Since
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Figure 4.10: (a) Sum of gates in band 5. (b) Gate on 221.0 keV transition.
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these transitions are also in coincidence with 7 rays whose energies are degenerate

with those at the top of the band, gates on these transitions are only suggestive

and do not establish with upmost certainty the indicated level structure of band

6 to the highest spins. One piece of evidence which lends strong support to the

current assignments in band 6 is the gate on the 221.0 keV transition (10" to 9")

shown in Fig. 4.10b. This gate clearly shows the three transitions in question.

The fact that the gate does not show other members of the yrast band, which

are not in coincidence with band 6, indicates that the background subtraction is

reasonable. This is important, since the 554 and 523 keV transitions are also found

in the yrast band, and one must be certain that their presence in a gate with poor

statistics is not due to improper background subtraction. In summary, while the

placement of the last three transitions in band 6 are not disputed by the gates,

these coincidences appear strongly in two other places in this level scheme. Thus,

while it is believed that these assignments are correct, it should be noted that the

evidence supporting their placement is not irrefutable.

4.2.7 Band 7

Band 7 is observed to decay to the yrast band via the 358, 314.3, 303.4,

322.7, and 344.3 keV transitions. These transitions have been identified as AI = 0

transitions based on the measured A2 coefficients from both the angular distribu

tion and spin orientation analysis. The A2 coefficient for a A7 = 0 transition,

which has a large dipole component, should be marginally larger than that for a

stretched quadrupole transition of the same spin. The spin orientation data give

^2 — —0.233 and —0.352 for the 303.7 and 322.6 keV interband transitions.

The stretched E2 transitions in the yrast band which immediately follow these 7

rays, 586.8 and 624.6 keV, have A2 coefficients equal to —0.166 and —0.196. A

similar relationship between these transitions is also found in the angular distribu-
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tion data. This observation favors AJ = 0 assignment over stretched quadrupole.

This conclusion is supported by the fact that if the spins in band 7 were to increase

by 2 units over their current assignments, this band would become yrast which

seems unlikely due to the fact that the present yrast band is populated much more

strongly than band 7 at all observed spins. It should be noted that a A/ = 1 as

signment for these transitions, with a large quadrupole admixture is also suggested

by the value of the A2 coefficients. However, in this case, the A4 coefficients would

be large. The angular distribution data show that the A4 coefficients for these

crossing transitions are small, indicating that A/ = 0 assignments are the most

probable for these crossing transitions.

Fig. 4.11 shows a sum of several clean gates in this band. With the

McMaster data, the 575.7, 643.7 and 695.1 keV transitions in this band were

placed, while the Chalk River data added two more transitions on top of the 5510.5

keV level. These data were used also able to identify the lowest level of this band

at 3084.4 keV. This level was identified due to the fact that the H-K gating of the

Stt Spectrometer was able to eliminate nearly all events associated with electron-

positron annihilations. This was not possible in the McMaster data, because a

gate taken on the 511.6 keV transition, yielded random coincidences between the

annihilation peak and yrast transitions; thus overshadowing the 511.6 transition

in band 7.

4.2.8 Band 8

One other rotational band has been identified in ̂ ®^Pt, however its con

nection to the yrast band has not been established. Fig. 4.12 shows a gate on the

528 keV transition, and the the level structure of this band, and the inset to the

figure indicated the proposed decay sequence of the band. It is clear that band 8

must feed into the yrast band around I = \1 % due to the absence of any yrast
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transitions higher than the 497.6 keV 7 ray.

4.3 Decay Scheme for

A recent study on the the decay of ̂®^Hg by Macias-Marques et al. (1984)

has established the low-energy level structure of ̂ ®®Au. The current work repre

sents the first in-beam study done on this nucleus, and the newly established level

structure of ̂ ®®Au is shown in Fig. 4.13. Four rotational bands have been es

tablished, three of negative parity and one of positive parity. In this section, the

angular distribution data and evidence supporting the decay scheme are presented.

Chapter 6 will discuss the initial one-quasiparticle structure associated with each

band and the alignment processes observed at the higher spins.

4.3.1 Angular Distribution Analysis

Angular distributions were measured for ̂ ®®Au using the data taken dur

ing the coincidence experiment. This was done by projecting out spectra for the

individual Ge detectors, finding the areas of the peaks of interest, correcting for

the detector efficiency, and fitting the angular intensities to Eq. 4.13. Even though

eleven Ge detectors were used in this experiment, the cylindrical symmetry zisso-

ciated with the emitted radiation allows for only four angular distribution angles:

0°, 24°(156°), 63°(116°) and 87°.

Several experimental difficulties make it undesirable to mezisure angular

distributions using the coincidence data from the Spin Spectrometer. As dis

cussed in section 4.2.1, angular correlations arise when a coincidence requirement

is placed on the recorded event. In this experiment, a coincidence between two Ge

detectors defined an excepted event. For the angular distribution measurement

on ̂®'*Pt, the angular correlations arising from coincidences between a Ge detector

and the Nal filter were assumed to be small. However, since different detectors
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Figure 4.13: Level structure of ̂®^Au.
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were used at different angles, the measured peah intensities had to be corrected

for the detector coincidence efficiency. Unfortunately, only the singles efficiency

is measured when using radioactive sources, but it was found that meaningful A2

and A\ coefficients could be extracted from the data by renormalizing each effi

ciency curve by a multiplicative constant. These constants were determined by

calculating theoretical intensities and renormalizing the experimental intensities

of several known E2 transitions so that they agree with the theoretical values.

These correction factors were then used to normalize the efficiency curves.

This same procedure was used to correct the efficiency curves constructed

for the ̂ ®^Au experiment. Table 4.6 lists the experimental A^ and A4 coefficients

calculated using a least squares fit to the renormalized intensities. The A2 values

for the stretched E2 transitions should range between 0.35 and 0.2 and decrease

smoothly as the spin increases. However, the data show the opposite trend; the

quadrupole transitions exhibit relatively large increases in the A2 coefficients as a

function of I. The A4 coefficients for these same E2 transitions should have values

ranging roughly from -0.15 at low spins to -0.03 at the highest observed spin

levels. Table 4.6 shows that while the experimental A4 coefficient have negative

values at the lowest spins, they take on positive values at moderate to high spins.

The reasons for these deviations must be due to measurable angular correlations

between the Ge detectors. The presence of these correlations does not prevent one

from using these data to determine the multipolarity of a transition. By examining

the A2 coefficients for pure dipole and quadrupole transitions, one sees that the

former gives negative A2 coefficients while the latter positive. Utilizing this fact

and the known systematics of the heavier Au isotopes, this work has assigned spins

and parities to most of the levels in the decay scheme.

To aid in these assignments, a 7-7 matrix was created which recorded

coincidences between the detectors at 24° and 156° with the detectors at 64°
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Table 4.6: Summary of angular distribution data for ̂ ^Au.

Energy Relative

(keV) Intensity j4j
163.6 33.3(33) 0.210(267)
204.4 80.6(20) 0.351(65)
218.8 103.0(25) 0.390(66)
261.4 35.1(11) -0.88(72)
265.1 47.8(48) -0.326(171)
283.1 100.0(1) 0.318(171)
326.1 58.6(10) 0.381(56)
334.1 59.6(7)
368.7 10.9(7)
379.2 85.0(23)
423.2 25.6(62) 0.509(63)
423.9 51.6(10) 0.509(63)
427.6 36.0(36) -0.743(74)
433. 7.3(7) 0.639(240)
453.4 74.5(51) 0.494(56)
454.5 7.0

464.3 13.3(20) 0.463(120)
498.2 13.7(30) 0.169(40)
498.9 25.9(10) 0.169(40)
502.8 37.9(40) 0.415(108)
509.8 72.7(56) 0.688(92)
522. 15.0(40)
552. 5.0(2)
555. 1.8(3)
555.1 14.3(18) 0.32(11)
557.8 59.4(62) 0.556(93)
571.5 19.3(38) 0.53(10)
588.9 6.0(3)
607.9 6.2(5) 0.386(82)
608.0 27.4(37) 0.386(82)
627.6 16.0(40) 0.58(14)
649.5 5.5(20) 0.58(14)
652.9 14.3(18) 1.009(156)
662.2 3.4(10)
668.9 13.(4) 1.02(23)
679.6 12.0(10) 0.563(225)
692.1 6.5(10) 0.719(201)
693.1 6.5(10) 0.719(201)
700.2 3.(2)
712.5 5.(2)
729. 1.(1)
735. 2.(1)

Ratio
Multi-

polarity
0.770(370)

-0.27(14)
-0.15(9)
-0.057(112)
0.231(261)

-0.038(90)
0.12(9)

-0.10(8)
-0.10(8)
0.185(96)
0.16(35)
0.027(90)

-0.021(190)
0.28(8)
0.28(8)
0.015(19)
0.047(134)

-0.13(15)
0.083(118)
0.08(15)

-0.251(128)
0.251(128)
-0.08(21)
0.28(23)
0.293(246)

0.05(28)
0.159(311)
-0.379(361)
-0.379(361)

1.12(14)
1.02(28)
1.00(7)
0.74(22)
0.58(9)
1.02(11)
1.02(14)
1.07(13)
0.51(8)
0.99(15)
0.92(25)

0.75(41)

1.05(15)
1.3(6)
1.00(30)
0.89(18)
0.89(18)

0.99(20)

2.2(11)

1.23(40)
1.00(40)

0.90(17)
0.90(17)
0.91(14)
0.92(29)
0.74

1.19(30)

1.19(59)

17/2+.
11/2--
13/2--
11/2--
17/2+-
21/2+-
15/2--
17/2--
21/2--
25/2+-
19/2--
21/2--
13/2+-
23/2--
29/2+-
19/2--
23/2--
23/2--
27/2--
25/2--
33/2+-
23/2--
27/2--
25/2--
31/2--
37/2+-
29/2--
31/2--
35/2--
41/2+-
33/2--
39/2--
45/2+-
43/2--
37/2--
49/2+-
53/2+-
41/2--
57/2+-
45/2--
61/2+^
49/2--H

-fl5/2+
-» 7/2-
-+ 9/2-
-♦ 9/2-
-fll/2-
-»17/2+
-►11/2-
-►13/2-
-►17/2-
■^21/2+
-15/2-
-17/2-
-11/2-
-19/2-
-25/2+
-15/2-
-19/2-
-21/2-
-23/2-
-21/2-
-29/2+
-19/2-
-23/2-
♦21/2-
♦27/2-
♦33/2+
♦25/2-
♦27/2-
►31/2-
►37/2+
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and 116 . Gates on known E2 transitions were projected from both axes. By

taking intensity ratios between the same transition in both gates, one can see

from Fig. 4.14 that the stretched quadrupole transitions have asymmetry ratios

{R = Area(24°)/Area(63°)) which cluster around 1.1. The measured A/ = 1

transitions on the other hand have ratios which range between 0.5 and 0.75. It

should also be noted that the peak intensities have not been corrected for detector

efficiencies. However, this does not seem to be a problem since the transitions

which are believed to be pure quadrupoles all give ratios which are relatively

constant within the error bars over the full observed energy range.

4.3.2 Decay Scheme Assignments

Unfortunately, there are no common observed transitions between the

data under discussion the radioactive decay work of Macias-Marques et al. Thus,

there are no known spin assignments which are associated with energy levels ob

served in this work. A | level has been identified in the decay work at 12.3 keV.

A similar level has been identified in ̂ ®®Au (Bourgeois et al, 1982) at 8.9 keV,

and rotational structures have been observed decaying into this level (Kahler et

al.,1978, Larabee et al, 1986). Fig. 4.15 shows a comparison of the low energy
rotational structure for several odd-even Au nuclei. For ̂ ®^Au (Johansson, 1987)
and ̂ ®®Au, the spins and parities of these bands have been well established. While

this is not the case for ̂ ®^Au, the assignment of the lowest level observed in the

in-beam data to the | level at 12.3 keV identified in the decay work is justified by
the systematics. With this level as a starting point, the remainder of the spin and

parity assignments are made by using both systematic and angular distribution

data.

A rotational structure has been found to be built on top of the level

and is labeled as band 1 in Fig. 4.13. This structure has been tentatively estab-
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lished up to the 5500.2 keV level (/ = y ). Fig. 4.16 shows a spectrum generated

by summing the three gates taken on the 571.5, 627.6 and 668.9 keV transitions.

These gates were chosen, because they give a spectrum which is dominated by the

transitions in band 1. From the figure, transitions up to the 4765.2 keV are clearly

identified. The last transition in this band, 735 keV, is tentative and suggested a

sum of gates and not by gating on the transition itself.

Band 2 is observed to decay to band 1 predominantly by the 261.4 and

368.7 keV transitions. A large negative A2 coefficient is found for the 261.4 keV

transition (-0.88) while asymmetry ratios of 0.74 and 0.51 are found for the 261.4

and 368.7 keV transitions, respectively. All three of these values indicate that both

these interband 7 rays result from AI = 1 transitions, leading to the establishment

of a = -1/2 for band 2. Negative parity is assigned to this band based on the

systematics for the Au nuclei shown in Fig. 4.15.

Band 3 is not shown in the systematics of Fig. 4.15; however, a similar

structure has been observed by Larabee ei al. (1986) in ̂ ®®Au. The main decay out

of this band is to bands 1 and 2 occurs at the 1487.0 keV level via the 498.6 and

464.3 keV transitions. Angular distribution data suggest that the 464.3 interband

transition has a A/ = 2 character (A2 = 0.463, R=1.00), which establishes both

the parity and signature (-, -1/2) of this band.

The 701.0 keV level in band 4 decays to the 273.4 keV level of band 2 by

the 427.6 keV transition. Angular distribution data indicate that this is a A/ = 1

transition, and systematics establish the level as having positive peirity. This band

has tentatively been established up to the 7109.7 keV level. Fig. 4.17 shows a sum

of gates on this band. The spectrum clearly shows all transitions up to / = y^.

The other two transitions are suggested by the sum of gates.
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CHAPTER 5

EXPERIMENTAL ANALYSIS

5.1 Introduction

Shape coexistence has been well established in the Pt-Hg nuclei below

iV = 110 where observed rotational bands are built on both prolate and oblate

ground states. This shape coexistence is an indication that the cores of these

nuclei are soft with respect to deformation. One can thus expect major changes

in the nuclear shape to be caused by aligned quasiparticles (Frauendorf and May,

1983). This chapter focus on the observed effects these high-j quasiparticles have

on the rotational bands in ̂ ®^Pt. While the existence of structures built on prolate

and oblate shapes has been previously discussed (see for example Bengtsson et ai,

1987), the work described herein examines an even greater sensitivity of the nuclear

shape to the aligned quasiparticle.

The establishment of initial quasiparticle configurations of the bands in

^®^Pt are determined by comparing the experimental Routhians and alignments

with those of odd-A nuclei where the quasiparticle characteristics of each band

is already known. The nature of the quasiparticle alignments are determined

through the use of blocking arguments which also involve comparisons with odd-

A. nuclei. Conclusions about the dependence of the shape on the quasiparticle

configuration comes from comparison of the spectroscopic data with the results

of several total Routhian surface (TRS) calculations, which are performed using

the shell correction method described in section 2.9. These calculations permit a

determination of the shape parameters as a function of rotational frequency and

quasiparticle configuration.

182



5.2 Low Frequency Band Analysis

5.2.1 Initial Quasiparticle Assignments

As discussed in 2.8, the yrast band of an even-even nucleus at low rota

tional frequencies defines the quasiparticle vacuum. Excited bands are either built

on other zero-quasiparticle states (collective effect) or multi-quasiparticle config

urations (single-particle effect). In ^®'*Pt, there are three observed bands which

are associated with a vacuum structure: the prolate ground band (yrast), the

oblate ground band and the 7-vibrational band. The remaining bands identified

in the decay scheme pictured in Fig. 4.4 are thought to be built on different multi-

quasiparticle configurations. One method for determining the initial quasiparticle

nature of these bands is to examine the experimental quasiparticle Routhian, e',

and quasiparticle alignment, f, of each band as a function of the rotational fre

quency using the phenomological expressions derived in 2.4:

(5.1)

and

i — Ix — {Jq .+ j . (5.2)

Fig. 5.1a shows a plot of the experimental quasiparticle Routhians for the estab

lished bands in ̂ ®'^Pt, while Fig. 5.1b shows a plot of the quasiparticle alignments

for the same bands. The reference parameters Jo and Ji were chosen as 30

MeV ̂  and 40 fi* MeV respectively. The choice of these parameters is discussed

in greater detail in the next section.

In order to make definite conclusions about the configurations associ

ated with the multi-quasiparticle bands in ?m even-even nucleus, one extracts

effective one-quasiparticle energies and alignments by averaging together the one-

quasiparticle configurations in the odd-A neighboring nuclei. The averaged quasi-
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Figure 5.1. Experimental quasiparticle Routhians (a) and quasiparticle alignments
(b) for the observed bands in ̂ ®^Pt.
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particle energies and alignments axe considered building blocks for the multi-quasi-

particle bands in the even-even nuclei. By considering summed combinations of the

these quasiparticle Routhians and alignments, one is able to determine the most

likely multi-quasiparticle configuration associated with each band in the even-even

nucleus. One is also able to make comparisons between the averaged and theoret

ical Routhians in the even system.

In order to determine the quasiparticle configurations of the observed

side bands in ^®^Pt, one must first know the one-quasipaxticle composition for

the known bands in the neighboring odd-^ systems. For the odd-iV Pt nuclei,

^®3pt (Nyberg et al, 1987) and ̂ ®®Pt (Pilotte et ai, 1987) rotational bands have

been observed built on the quasiparticle states associated with the asymptotic

quantum numbers |[624] (1/^3/2), i[514] (1^/7/2), and J[521] (1/^3/2)- The single-

particle designations refer to the particle composition of the specified Nilsson or

bital in the absence of deformation. The average experimental Routhians and

alignments for the proton representations were determined using the odd-Z iso-

tones ̂ ®5Au (Larabee et al, 1986) and ̂ ^^Ir (Janzen et al, 1987). In these nuclei,

rotational bands are built on the quasiparticle states |[541] (tt/is/z), |[660] (7rzi3/2),

|[530] (7r/7/2), and |[402] (7rd5/2). Table 5.1 contains the averaged and predicted

alignments for these states as pertaining to ^®"^Pt. The theoretical alignments

were extracted from quasiparticle diagrams calculated using a Woods-Saxon po

tential and using deformations suggested by the TRS calculation at hu = 0.0 MeV

(02 = 0.225, 04 = —0.029). Included in the table are the averaged Routhian ener

gies at hu = 0.15 MeV after adding the experimentally extracted pairing gaps to

them (Ap = 0.945 and A„ = 1.068.

Bands 3 and 4 which decay to the yrast band via a 1.1 msec isomeric

transition have been identified with the quasiparticle structure, i^«i3/2 <811^/7/25 cor

responding to the Nilsson configurations |[624] and ̂ [514]. The establishment of

185



Table 5.1: Experimentally, averaged and calculated alignments of the one-
quasiparticle configurations which are thought to make up the multi-quasiparticle
bands in ̂ ®''Pt. Also included are the averaged quasiparticle energies extracted
at huj = 0.15. The small letters refer to quasiproton configurations, the large to
qua^ineutron configurations.

hu = 0

Nilsson i(h) e'

LABEL Level Avg. GSM (MeV)
a l/2[660] 5.6 6.5 1.23

e 1/2(541] 3.2 3.2 0.43

A 9/2(624] 2.9 4.0 0.79

B 9/2(624] 2.9 4.0 0.83

E 7/2(514] 1.2 1.0 1.14

F 7/2(514] 1.2 1.0 1.14

G 1/2(521] 0.6 0.5 1.05

these bands as quasineutron bands is supported by the existence of similar struc

tures in the lighter even-even isotones, e.g. ̂ ^^Os and (Burde et al., 1966),

(Gallagher and Nielsen, 1962) and ̂ ^®Yb (Vergnes et ai, 1965). It would be

very unlikely that a quasiproton configuration would exist in all these nuclei as Z

changes from 70 to 78. The fact that K = 8 these bands have negative parity and

lie highest in energy in Fig. 5.1 suggest, upon comparison with Table 5.1, they

must contain either a uf-r/2 or up^/2 quasipaxticle in their configuration. How

ever, the band head spin of 8~ in band 3 favors an /7/2 quasineutron assignment

(12 = 7/2), since the 1/^3/2 orbital has only an 12 = 1/2 associated with it. The

most likely companion quasipaxticle to be coupled with the f [514] is the positive

parity orbital |[624]. If both these orbitals are aligned parallel with each other, a

total if of 8 is obtained, thus producing the spin of the band head.

Bands 5 and 6 have also been identified with the quasipaxticle structure

i^«i3/2 (8> J^/7/2, resulting from the low-A' coupling of the |[624] and |[514] config

urations. In the initial work by Burde et al. (1966), only the 5" and 6" states in
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these bands were identified. As discussed in section 4.3, the 6~ state was originally

identified as having positive parity, and thus the 5" and 6" states were associated

with different quasiparticle structures. However, the observation of A J = 1 transi

tions between the bands indicates that they are signature partners of one another.

Burde et al. also attributed a AT = 6 to band 6, and based on this assumption,

& K = 2 was assigned to band 5. On the other hand, the current quasiparticle

assignments favor a AT = 1 for the two bands in the absence of strong mixing

with other low-AT states. Bands similar to 5 and 6 have also been observed in

^®20s (Lieder et al., 1980; Fahlander and Dracoulis ei al, 1980). The similarity

in transition energies at low spins between the Os and Pt bands strongly suggests

that these bands have the same structure. The inclusion of vi\z/2 quasineutrons

in the configuration of band 5 and 6 is also supported by the decay of band 5

to the oblate ground band. The K = 9/2 1/113/2 quasiparticles should stabilize

the core at negative 7 deformations (see 2.9), resulting in an intermediate triaxial

shape for bands 5 and 6 which lies between the oblate and prolate structures in

the 7 plane. The identification of the 1^/7/2 qucisipaxticle as the companion to the

2 [624] is less clear. Another possibility would be the |[521] quasiparticle which lies

slightly lower in energy to the ̂ [514] orbital (see Table 5.1). For the remainder of

this work, bands 5 and 6 are assumed to have a 1//7/2 component; however, future

investigations might consider the consequences of assigning a 1/^3/2 component to

these bands.

Band 2 is the most dominant side band observed in ̂ ®^Pt. To deduce the

quasiparticle composition of this band, it is important to examine the values of the

aligned angular momentum for each quasiparticle listed in Table 5.1 more closely.

Prom Fig. 5.1b, the initial alignment for band 2 is 9.1^. Prom the additivity of

the experimental and theoretical one-quasiparticle alignments listed in Table 5.1,

the only two-quasiparticle configuration which has this much alignment associated
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with it for a (—,1) band is 7r/i9/2(8i7rii3/2 (|[541]|[660]). Support for this assignment

comes from other indications as well:

1. Fig. 5.1a shows that band 2 becomes yrast at fiuj fs 0.36 MeV. This same

phenomenon is observed in Au nuclei where the 7rii3/2 band initially lies

highest in energy and eventually becomes yrast at hu) < 0.3 MeV.

2. The absence of any signature partner for this band. Since both proposed
t

quasiparticles have K — 1/^2, this leads to a doubly decoupled structure

which should result in the unfavored signature lying significantly higher in

energy than the favored signature.

3. The lack of observing any such band in the even-even Os nuclei. This is due

to the fact that the 7rzi3/2 |[660] orbital lies too far above the Fermi level to

be observed experimentally at Z = 76.

4. The observation of a similar band in both ̂ ^^Pt (Popescu et ai, 1986) and

^®®Pt (Pilotte et al., 1986) with an initial alignment of 9 h.

5. The identification of a highly aligned band in ̂ ®®Pt with an initial alignment

of 12 h. This band has been assigned the three-quasiparticle configuration

^h3/2 ® T/19/2 (8> 7rzi3/2. The observation of this band makes it unlikely that

band 2 would be associated with a four quasiparticle structure, because

the most probable four-quasiparticle configurations would involve the |[624]

quasineutron.

Quasiparticle assignments for band 7 are more difficult to make, because

the parity and spin of the band axe are not completely certain. The alignment gain

for this band is roughly 7.5 h; therefore, it is unlikely that it is a two-quasineutron

band associated with a prolate shape. The experimental quasiparticle Routhian

for this band shows that it lies lower in energy than the two-quasineutron bands
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but higher in energy than band 2. The averaged one-quasiparticle Routhiaus

indicate that this is just the case for the Trhgf2 band in relationship with the other

quasiproton Routhians. Thus, it is reasonable to propose that band 7 may have

an hg/2 component associated with it also. One other possibility is that band 7

is associated with a multi-quasiparticle oblate structure. However, this may be a

less likely possibility, since this band appears to mix strongly with the yrast band.

Table 5.2 summarizes both the experimental and summed one-quasipar-

ticle Routhians. The summed contributions have the experimental pairing gap. A,

added to each averaged one-quasiparticle Routhian. The A value is determined

experimentally from the odd-even mass differences. However, these values have

not been measured for the neutron deficient Pt nuclei centered around N = 106.

Thus to estimate Ago for both protons and neutrons in ̂ ®^Pt, the expression

Aeo = ̂ {E(N - 1) - 3E{N) + 3E(N + 1) - E{N -h 2)) (5.3)
is used, which gives the approximate energy difference between the odd-TV and

even-A'' ground states at the particle number N + ̂. For ̂ ®^Pt, values of 1.068

MeV and 0.945 MeV are calculated for the neutron and proton odd-even mass

differences using the energies for the mass excesses given by Wapstra (1985).

From Table 5.2, one can see that the energy and alignment for the exper

imentally observed two-quasiparticle bands are less than the summed one-quasi

particle components. This is expected and brought about by residual interactions

between the quasiparticles. Frauendorf et al. (1984) have suggested that the en

ergy of this residual interaction is just the difference in energy of the experimental

and summed quasiparticle contributions

e'{u;) - e'^iu) = Y (5.4)
M  #<<1/

where e is the single-particle Routhian of the multi-quasiparticle band, the summed

energy includes all components in the multi-quasiparticle state, and represents
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Table 5.2: Experimental quasiparticle Routhian energy and alignment additivity
for the excited two-quasiparticle bands in ̂ ®^Pt. The energies were extracted at
hu = 0.20 MeV and i was taken as the slope of the quasiparticle Routhians before
the first band crossing. The signature assignments for these bands are discussed
later in section 5.3.

Band Proposed i{n) e'(MeV)
Number (7r,a) Assignment Exp. Summed Exp. Summed

2 (-,1) ae 9.1 8.8 0.97 1.21

3 (-,0) AF 3.0 4.1 1.38 1.75

4 (-,1) BF 3.0 4.1 1.38 1.69

5 (-,1) AE 3.6 4.2 0.96 1.75

6 (-,0) BE 3.3 4.2 0.99 1.69

the two quasiparticle interaction between states /z and v. A portion of this residual

interaction is associated with the pairing energy. For example, the single-particle

Routhians have the full pairing energy added to them. However, it is well known

that multi-quasiparticle bands have reduced pairing energies associated with them,

due to the fact these unpaired particles effectively block their orbitals such that

quasiparticle pairs cannot be scattered into them. Other differences may be ac

counted for by shape variations and changes in the Fermi level between the two-

and one-quasiparticle states. Table 5.3 lists the experimental estimates of the

quasiparticle interactions at three different rotational frequencies for the observed

two-quasiparticle bands in ̂ ®'*Pt.

One striking feature of the experimentally determined interaction matrix

elements is the reduction of the low-AT quasineutron states (Bands 5 and 6) by

350-400 keV relative to the high-AT states (Band 3 and 4). This same difference is

observed in the Os nuclei however the differences are larger, ranging from 500-750

keV (see Garrett 1984). Self-consistent cedculations of the configuration-dependent

shape, pairing and Fermi level are able to account for 50-100 keV of this deviation

in ̂ ®°0s. Garrett (1984) has proposed that the remaining difference may be ac-
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Table 5.3: Values of the quasiparticle interaction matrix elements as a function of
the rotational frequency calculated using the formalism of Frauendorf et al. (1984).
Values in parentheses result from extrapolated energies for some of the configura
tions.

Matrix hu> [MeV]=
element 0.125 0.150 0.200

Vea (-0.27) (-0.25) -0.24

Vaf -0.43 -0.40 -0.31

Vbf -0.46 -0.44 -0.37

Vae -0.82 -0.78 -0.73

Vbe -0.85 -0.82 -0.76

counted for by the residual interactions between the much larger number of low-iiT

configurations than high-ii' configurations in the continuum, resulting in larger
values for the interaction matrices connected with the low-if states relative to the

high-FT states. While this work will not focus any further on these effects, it is

interesting to note that the differences between the two configurations in ̂ ®^Pt is

not as large as it is in the Os nuclei. Since similar quasineutron bands are observed

in Pt and ̂ ®®Pt, the systematics of these high-iif and low-ii!" matrix elements

should be mapped out as a function of particle number and configuration in order

to determine the exact nature of this effect.

5.2.2 Initial Deformations

In order to investigate the influence of shape effects on the rotational

properties of nuclei in the Pt-Au transitional region, we have performed calcula

tions of the total Routhian surface for ̂ ®^Pt and the neighboring nuclei. The total

Routhian energy for a fixed deformation and frequency is given by Eq. 2.88. For

our calculations, a non-axial Woods-Saxon potential (see Nazarewicz et al, 1985)
was used as the average field using the universal parameters of Dudek et al (1981).
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The pairing gap, A, was calculated self-consisently in the HFBC equations at

hio = 0.0 MeV and kept fixed at non-zero rotational frequencies, tahing on the

value as a function of w,

=  = (5.5)
I ̂  = 1^0 exp[2(l - ̂)] a; >

where Aq is the self-consistent pairing gap at fiuj = 0.0 MeV, and is a predefined

critical frequency. For the deformations quoted in Table 5.4, Uc was set to 0.7 MeV

for both neutrons and protons. A typical grid used for these calculations is shown

in Fig. 5.2, where each point represents a deformation in ̂ 2~'y space for which a

HFBC calculation is performed. In the Pt region, the /?4 deformation is usually

allowed to cover a range from -0.08 to 0.04 by steps of 0.04. For the grid used for

Pt, a calculation was done for thirteen different rotational frequencies ranging

from 0.0 MeV to 0.6 MeV by steps of 0.05 MeV at each deformation point. The

Fermi level was also adjusted at each frequency to give the correct particle number

for < N >.

The calculated deformations for the vacuum and two-quasiparticle config

urations in ®''Pt are summarized in Table 5.4. These deformations were extracted

from the calculations by minimizing the total Routhian energies of the grid in

Fig. 5.2 with respect to the deformation parameters Pa)-

As discussed in chapter 2, competition between different shapes at low

spins and excitation energies is thought to occur in both Pt and Hg nuclei cen

tered around N = 106. Bengtsson ei al. (1987) have performed TRS calculations

for the ground states of these nuclei, and these calculations do indeed predict

this shape coexistence. Fig. 5.3 taken from Bengtsson ei al. shows the predicted

shapes in ^®^Pt and ̂ ®^Hg. In the case of ̂ ®^Hg, an oblate minimum is found

to lie lowest in energy with 02 ̂  0.13 and a excited secondary minimum is also

observed at 02 ̂  0.22. In ^®^Pt, the ordering of the shapes is reversed which
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Table 5.4: Calculated equilibrium deformations {^2^1 for the observed bands
in ̂®'^Pt as a function of rotational frequency hu. In the table the values of the total
Routhian, E'(uj), and the projection of the angular momentum on the rotational
axis, Ix are shown.

hu ^2 7 Pa E' /x
(MeV) (MeV) (h)

Configuration: Prolate Ground (+,0)
0.00 0.227 3.5 -0.028 -3.22 0.0

0.10 0.231 2.7 -0.027 -3.33 2.1

0.15 0.235 1.8 -0.027 -3.47 3.4

0.20 0.238 -1.7 -0.026 -3.71 5.0

Configuration: Oblate Ground (+,0)
0.00 0.165 -61.8 -0.006 -2.83 0.0

0.15 0.173 -58.3 -0.003 -2.85 1.1

0.20 0.180 -57.0 -0.001 -2.90 2.5

Configuration: ae (—,1)
0.15 0.240 11.2 -0.026 -1.51 10.7

0.20 0.251 9.2 -0.023 -2.23 14.3

0.25 0.249 9.3 -0.022 -3.13 16.2

Configuration: AE (—,1)
0.10 0.243 1.8 -0.027 -1.71 5.4

0.15 0.241 0.7 -0.027 -2.07 7.5

0.20 0.236 -8.0 -0.029 -2.56 10.4

0.25 0.177 -28.8 -0.028 -3.83 13.1

Configuration: AF (—,0)
0.10 0.244 1.4 -0.027 -1.72 5.5

0.15 0.242 0.1 -0.028 -2.07 7.6

0.20 0.239 -4.0 -0.029 -2.56 9.8

0.25 0.186 -20.1 -0.038 -3.75 12.6

Configuration: BE (—,0)
0.10 0.243 1.7 -0.027 -1.72 5.5

0.15 0.241 0.6 -0.027 -2.07 7.5

0.20 0.240 -2.0 -0.027 -2.56 9.5

0.25 0.183 -20.6 -0.033 -3.53 11.9

Configuration: BP (—,1)
0.10 0.244 1.4 -0.028 -1.72 5.5

0.15 0.242 0.9 -0.027 -2.08 7.6

0.20 0.240 -1.9 -0.027 -2.56 9.5

0.25 0.192 -17.3 -0.038 -3.52 11.3
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Figtire 5.2: Typical deformation grid used for the Total Routhian calculation.
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ei al. (1987).
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agrees very nicely with what is observed experimentally. In general, Bengtsson

et al. have found very good agreement between theory and experiment with re

gards to ground-state shape coexistence in the Pt-Hg transitional region. Table 5.4

lists the predicted equilibrium shapes for these two ground bands in ̂ ®''Pt from our

frequency dependent TRS calculations. At fiu = 0.0 MeV an energy difference of

390 keV is predicted for these two shapes which agrees quite nicely with the 492

keV difference observed experimentally between the O""" states of these two bands.

Since the oblate ground band is observed experimentally only up to the

4"*" state in ̂ ®^Pt, a detailed analysis of its deformation as a function of frequency

will not be performed here. On the other hand, the prolate ground band and two-

quasiparticle bands are observed in all cases through the first backbend, and it

should be instructive to compare the experimental bands with theoretical predic

tions of shape from the TRS calculations. Prom Table 5.4, the calculations predict

that the yrast band for ̂ ®^Pt has a prolate shape with quadrupole deformation

gradually increasing from ̂ 2 = 0.227 to ̂ 2 — 0.238. From the experimental co

incidence data, direct determination of the nuclear deformation parameters is not

possible. However, Garg et al. (1986) have measured the lifetime for the yrast

states in ^®^Pt, and have extracted reduced matrix elements, B(E2)y which are

plotted as a function of spin in Fig. 5.4. The B{E2) values are related to the

nuclear shape parameters, ̂ 2 and 7, through the expression

B(E2) = < 72^0 \I-2K>^ (5.6)

where Qi is the transition quadrupole moment given by

/ 3 \

Qt = 2 y—j ZeB^^2 cos(30° -t- 7). (5.7)

Utilizing the deformations extracted from the TRS calculations for the ground

band, we have calculated B{E2) values, and they also appear in Fig. 5.4. Qualita

tive agreement between the B(E2) values axe reached up to / = 6. If one assumes
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axial symmetry, the increasing experimental B(^E2) values suggest an increase in

the parameter /32 from w 0.22 at J = 2 to « 0.28 at / = 10.

Garg et al. have suggested one interpretation for this large increase in the

B{E2) values. They propose that the well-deformed prolate ground band interacts

with the less-deformed oblate band at low spins, resulting in a smaller deformation

for the yrast band. As the nucleus rotates, this mixing quickly disappears as the

bands become further apart in energy and a rapid increase in the deformation is

observed. Supporting this explanation is the observation of similar increases in the

B{E2) values of nuclei where shape coexistence is also thought to exist, e.g. ^®^Hg

and ̂ ®®Hg (Barfield et al, 1984) and ̂ ''^Pt (Dracoulis et al., 1986). The ̂ ^®Pt

case is interesting because Bengtsson et al (1986) have been able to explain the

increase in the B{E2) values within the context of a two band mixing phenomenon

using TRS calculations similar to those reported above. The calculations suggest

that the initial value of the deformation of the nucleus is greatly effected by the

mixing of a triaxial band with the well-deformed prolate band at low spins. The

calculations also show that by / = 4, the triaxial shape lies higher in energy than

the prolate ground band and the mixing should no longer be present. This point

agrees well with the measured B{E2) values, which show a sharp rise going from

the 2"'" to the 4"'' state. This case is slightly different from the heavier Pt and Hg

nuclei, where shape coexistence results from a competition between small oblate

and large prolate deformed bands.

In order to determine how well the TRS calculations match the observed

rise in the B(E2) values at spins 8 and 10 in ^®''Pt, it is necessary to extract

deformations for the ground band at higher rotational frequencies. At 4 = 10,

equilibrium deformation parameters of ̂ 2 = 0.227 and 7 = -12° are predicted

for the ground band. While this deformation does not reproduce exactly the ob

served B(E2) value at / = 10, the self-consistent HFBC calculations suggest that
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part of the increase in the B{E2) values is due to the core becoming triaocial.

If a 7 = —12° is assumed, the quadrupole deformation at spin 10 would be on

the order of 0.25 for the experimental data and not the 0.28 suggested by Garg

et dl. for an axial symmetric shape. In summary, the theoretical equilibrium de

formations qualitatively reproduce the rise in the experimental B(E2) values for

^®^Pt. These calculations also suggest that other effects other than the two-band

mixing proposal can account for increase in the quadrupole moments, i.e. centrifu

gal stretching and triaxiality.

Table 5.4 also lists the predicted deformations of the observed two-quasi-

particle in ̂ ®^Pt. As discussed above, band 2 is thought to have the 7r/i9/2 <8> 7rzi3/2

configuration. In both shells the Fermi surface is near the K = 1/2 level and a

polarizing effect towards larger ̂ 2 values and positive 7 values can be expected.

This is confirmed by the calculation which gives ̂ 2 « 0.25 and 7 sa -flO® for

this configuration. On the other hand, bands 3-6 are all expected to have the

configuration 1^113/2 0 1^/7/2) however with different combinations of the signature.

Since the Fermi surface lies in the upper part of the 1^^13/2 shell, one would expect

these bands to lie in the negative 7 portion of the deformation plane with lower

/?2 values. The calculations show that these bands initially have well-deformed

axial symmetric shapes {^2 ~ 0.24) at low spins. At some critical frequency, the

driving forces of the 113/2 quasineutrons cause a severe shape change to 1^2 ~ 0.185

and 7 Ri —20°. Since lifetime measurements are not available on the side bands in

^®^Pt, it is not clear whether these bands actually possess the shapes indicated in

Table 5.4. It is interesting to note however, that the observed bands in ̂ ®^Pt are

predicted to have very different shapes ranging from -60° to -|-10° in the 7 plane.

One suprising feature in the level scheme is the observation of interband

E2 transitions between states 15" and 13" of bands 2 and 5. The 13" states in

these two bands lie only 13 keV apart which is suprising since K is likely to be
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low for both structures, and the mixing should be strong. In order to estimate

the configuration mixing of the two bands, a two-level mixing calculation has been

performed. In such a calculation the perturbed = 13" states are written in a

form

13", 3084) = a|2)-h6|5)

13", 3097) = 6|2)-a|5),
(5.8)

where |2) and (5) are the unperturbed wave functions of bands 2 and 5. If one

assumes that the 15" states are unmixed (they lie 172 keV apart), Eq. 5.9 leads

to the following B{E2) branching ratios for the 15" to 13" transitions:

B{E2,3443 ̂  3097) _ 6^
J5(E2,3443 -4 3084) ~ ̂
B(E2,3614-f 3084) 6^

(5.9)

B(E2,3614-4 3097)

Experimental data from gated spectra yield values of 0.52±0.17 and 0.53±0.08 for

these two respective B(E2) ratio. The good agreement between the values verifies

the assumption of just two-level mixing. Using the average value /a^ = 0.52 and

the requirement that + = I, values of a = 0.81 and 6 = 0.59 are obtained for

the wave function amplitudes.

To calculate the interaction matrix element between the two 13" states,

one must solve the eigenvalue problem

ei U
\ / \

a

= E

/  \
a

/

(5.10)

where ei and 62 are the unperturbed levels and V is the interaction matrix element.

This then gives an expression for the energy of the mixed levels:

fi
ei - 62

+ 1V (5.11)
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PVom this expression and the condition that + 6^ = 1, a parameter p is defined

such that

62 - 61
P =

2V '4a2(l -a2)- 1. (5.12)

The interaction matrix element is then determined by the relationship

l^'l = ̂  (5.13)
which is derived using Eq. 5.11 and Eq. 5.12. Since and E^ are just the energies

of the two 13 states and p is determined from a, the interaction matrix may now

be calculated from observed quantities. For the data at hand, an interaction matrix

element of only 6.3 keV is obtained. This small interaction is understandable

for two reasons: (l)at/=13 , band 2 has a pure proton configuration while

band 5 has a pure neutron configuration, and (2) these bands have very different

deformations, with a difference in 'y of about 30°. Both of these facts result in

differing wave functions for the two bands, thus little mixing between the states.

5.3 Interpretation of Band Crossings in

Once the initial quasiparticle nature has been established for each band

in ̂ ®^Pt at low frequency, the next step is to consider the origin of the observed

band crossings at higher rotational frequencies. Before the current work by our

group on Pt, a question has persisted about whether the single upbend observed

in the yrast band of Pt results from vi\^j2 alignment or alignment. In the

reOs nuclei and throughout the rare-earth region, the first observed band crossing

has been attributed to the alignment of fi3/2 quasineutrons. However, in ^®°0s

and ̂ ®^0s (Lieder tt al.) a second backbend is observed at hu « 0.37 MeV, which

could possibly be due to the alignment of /i9/2 quasiprotons. With an increase

of two protons in going from Os to Pt, one might expect to observe this second

crossing in the Pt isotopes at slightly lower rotational frequencies, because the

201



^9/2 orbitals should lie closer to the Fermi surface. To determine the quasiparticle
nature of the crossings in ̂ ®^Pt, it is instructive to compare the single-particle

alignment, (t), defined in Eq. 5.2 as a function of the rotational frequency (ho;)
for ̂ ®^Pt with the neighboring nuclei (see Fig. 5.5).

5.3.1 Choice of Reference Parameters

The choices for the references parameters, jTo and J7i, are very important,

because they influence significantly the shape of the alignment diagram. In well-

deformed regions, Jq and Ji are chosen so as to maice i = 0 for the ground

band at all frequencies before the first band crossing. To determine the reference

parameters for these cases, one uses the definition of the kinematical moment of

inertia defined in 2.4:

w " w

Thus, by plotting as a function of for the ground band, one should obtain

a linear relationship where the slope is equivalent to J7i and the y-intercept defines

Jo.

In transitional regions, the fitting of the ground band is complicated by

the fact that the nuclear cores are soft with respect to deformation. For example,

both TRS calculations and experimental lifetime measurements indicate that the

deformation increases rapidly in the ground band of ̂ ®^Pt as a function of spin.

Thus by using the procedure described for fitting the reference parameters, one

does not describe very well the alignment after the first crossing in the yrast band

and in the multi-quasiparticle bands in ^^''Pt. More specifically, the resulting

value for Ji is too large to describe the multi-quasiparticle bands well, causing a

drooping in the alignment curves of all bands at the highest frequencies.

To remedy this situation, reference parameters for ̂ ®'*Pt were extracted
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from the multi-quasiparticle bands, where the deformations should be more stable

for constant quasiparticle configuration. However, Eq. 5.14 cannot be used to ex

tract these parameters for the multiquasiparticle bands, because i is no longer zero

for these bands. The confusing effect of the alignment term in is eliminated

by defining a moment of inertia based upon second differences

= ̂  = Jo + 3 (5.15)
where is the dynamical moment of inertia defined in 2.4.

In some ways this analysis is not completely satisfying either, since TRS

calculations show that the multi-quasiparticle bands exhibit different equilibrium

shapes, indicating different optimum values for Jo and J. Because the choice of

Jo and Ji determines the shape of the alignment curve, it is important that one use

a single pair of reference parameters when comparing alignment plots for adjacent

nuclei. Because of this, a systematic study of the dynamical moment of inertia has

been done for the nuclei around ̂®'*Pt, and a pair of optimum reference parameters

have been chosen which seem to describe reasonably well the alignments of all

bands in the region around

These parameters, Jo = 30 MeV"^ and J = 40 hbar* MeV"^, are

not without their deficiencies. For example, Fig. 5.1 shows that the ground band

has negative alignment before the first crossing. The initial alignment of a band

is mainly dependent on Jo, indicating this term is too large for the ground band.

The analysis supports this conclusion, indicating that Jo Ri 26 for the ground

bands in i80-i84p^ This brings up the possibility that the initial alignments in

the one- and two-quasiparticle bands may also be artificially low due to an overly

large value for Jo. This fact underscores the importance of keeping the reference

parameters constant when comparing alignments between different bands. If the

Jo results in an underestimation of the initial single-particle alignment, this is
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done consistently for all bands, and thus additivity of alignments is conserved on

a relative basis.

Another possible deficiency in the choice of references parameters is con

nected with the Ji term. Both the yrast band and band 2 in ̂ ®^Pt are seen to

the highest spins of any nuclei in the region. This allows for a large range, in fre-

quency,which seems devoid of any band crossings. However, the current choice of

Ji gives constant alignment in band 2 while the yrast band continues to gradually

gain alignment. If an J\ of 63 is chosen, the alignment of the yrast band remains

constant at the highest frequencies, however band 2 loses alignment quickly at its

highest observed spins, indicating that J7i is too large for band 2. Two possible

explanations for this feature are possible: (1) the gradual alignment gain in the

yrast band using a J7i = 40 is due to a large interaction band crossing or (2) the

yrast band and band 2 have very different deformations indicated by the different

values in Ji needed to give constant alignment at the highest frequencies. The

implications of these two explanations and their effects on how the band crossing

data is interpreted is discussed in the next several subsections.

5.3.2 Experimental Analysis of Band Crossings

The yrast band of ̂ ®^Pt was measured up to / = 20 ̂  by Beshai et al.

(1976), and the singly observed upbend was interpreted to result from i/fi3/2 quasi-

paxticle alignment. Later Kahler et al. (1978) performed a blocking measurement

using ̂ ®®Au and observed bands built on the |[541] {hg/2) and |[660] (213/2) proton

Nilsson states. The observation of an upbend in the latter and no crossing up

to the observed angular momentum in the former led to the conclusion that the

alignment of the 'Khg/2 orbital was responsible for the crossing in ̂ ®''Pt. Recently,

new data have been collected on both of these nuclei and nuclei in the surrounding

region, and it has become quite clear that neither explanation adequately explains
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all the observed band crossing phenomena. One must remember that this is a

very complicated region due to the fact that large differences in the shape may

occur between bands of different quasiparticle composition. This was shown in

the previous section where the low-frequency deformations for the observed bands

in ̂ ®^Pt are predicted to take on shapes ranging from 7 = -60° to 7 = -|-15°.

From the most recent measurements on ̂ ®®Au (Larabee et al., 1986) and

^®''Pt (see this work), a proposal has been made that both i/ii3/2 and 7r/i9/2 align

ments are taking place below hu) = 0.30 MeV in these nuclei. The evidence

supporting this proposal is best illustrated by comparing the alignment proper

ties of the observed bands in ^®'*Pt with those of the neighboring odd-A nuclei.

Fig. 5.5 shows such a plot for the bands of interest in the neighborhood oi N = 106

and Z = 78. In the diagram for ̂ ®^Pt, all two-quasiparticle bands experience an

upbend and gain roughly 5-6 units of alignment. On the other hand, the initial

upbend in the yrast band gains approximately 10 units of alignment. Band 2,

whose quasiparticle configuration is 7r/i9/2 ® shows an upbend at tiuj 0.28

MeV. Since the 7r/i9/2 alignment is blocked in this band, the single observed band

crossing must be due to zi3/2 (AB) quasineutrons. Because the alignment gain is

roughly half that observed in the yrast band, a reasonable conclusion is that the

alignment gain in the yrast band cannot be attributed to the alignment of a single

pair of ii3/2 quasineutrons. Due to this blocking experiment with the 'Khg/2 or

bital, it is logical to propose that the 'Kh^/2 alignment is responsible for the added

alignment gain in the yrast band.

If the near degenerate crossings of an (1/113/2)^ band and a (7rh9/2)^ band

is the correct interpretation for the observed alignment gain in the yrast band of

^®^Pt, then a similar type blocking experiment utilizing odd-Z nuclei with the /19/2

orbital should confirm this argument. In ^®^Ir (Janzen et al, 1987), rotational

bands built on the 7r/i9/2 and (§[402]) orbitals are observed. It is clear from

205



N
9
O o
»

1
8

14
,

1
0 6 2 1
4

1
0 6 2 1
4

1
0 6 2

-
2

1
8
5
A
u

1
8
4

1
8
3
I
r

L
E
G
E
N
D

O
f
n
C

A 
9"

',
/,

ai
 
8
1
—
s
—
g
-
s

L
E
G
E
N
D

Y
r
a
s
t

O
l
'
 -v

."
 V
.

y
 1
/i

 
1/

f
O
 B
o
n
S
 7
'^

L
E
G
E
N
D

•
 e
 n
h
- •
/
I

a
 r
r
d
w
i

□
 b

 n
d

V
I

1
8

6

0
.0

 
0.

1
0

.2
 

0
.3

 
0.

4

hu
> 

(M
eV

)
0

.5
 

0
.6

LE
G

E
N

D

•A
® 
V

V
O

B
e

□
 B

o

_L
I

-2

14 10 6 2 14 10 6 2

1
8

7
A

u

LE
G

E
N

D

"'
.v

.

1
8

6
P

t EH
 

ff
l 

ff
l

LE
G

EN
D

 
J

■
 Y

ra
st

1
8

5
I r

■
 . 

. 
.

LE
G

E
N

D

•
 ®

■
 
°

® 
h 

rr
d 

„

0.
0 

0.1
 

0.
2 

0.
3 

0.
4 

0.
5 

0.
6

Fig
ur

e 
5.5

: A
lig

nm
en

t d
iag

ra
ms

 fo
r t

he
 b

an
ds

 o
f in

ter
es

t i
n 

the
 re

gio
n 

of
 ^®

'*P
t.



the diagram for ®^Ir in Fig. 5.5 that the alignments for these two bands are quite

different. In the /19/2 band, an alignment gain of 6.8 fi is seen at hu w 0.29 MeV.

While the total alignment gain cannot be accurately determined in the dg/a band,
it appears to be at least 10 %. Furthermore, the interaction in the dg/a band
occurs over a frequency range comparable to that for the yrast band in and

it appears that this interaction region is composed of two distinct crossings. The

conclusions are the same as in ̂ ®'*Pt, the /19/2 band undergoes the expected i/Zi3/2
crossing, while the dg/2 band experiences both the neutron and proton crossings.

In the other neighboring odd-Z isotone of ̂ ®''Pt, ̂ 8®Au, the presence of

two crossings is not as clear. Instead of a rotational band built on the dg/2 orbital,

a band is observed which is associated with the i[660] Nilsson orbital (^13/2).
Similar blocking arguments can be employed, because a one-quasiparticle band

with an hs/2 composition is also observed in this nucleus as well. The 113/2 band
parallels quite closely the yrast band in ̂ ®^Pt, with both upbends covering the same

frequency range and gaining roughly the same amount of alignment. On the other

hand, the alignment gain in the /19/2 band is only 7.2 and the crossing frequency
is delayed to hu w 0.32 MeV. Certainly, the alignment differences as they stand do

not argue for a second crossing in the 7rzi3/2 band, because the observed differences

are less than that expected for a 1/113/2 alignment. However, both bands are not

observed through the crossing, and thus, the additivity argument is inconclusive.

Further support for both proton and neutron alignment comes in Fig. 5.6

from second moment-of-inertia plots, which are sensitive to changes in the align
ment. All three bands, which may experience two degenerate alignments, exhibit

two peaks in Fig. 5.6, one at hu w 0.24 MeV and another at roughly fiuj 7^ 0.30

MeV. On the other hand, the discussed above with

an 7r/i9/2 component, show only a single intense peak. Since the measures the

continuity of a rotational band, a peak in such a plot is indicative of a disconti-
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nuity in the band, and such discontinuities may indicate a band crossing. Thus,

one interpretation for the presence of two hiunps in the plot in Fig. 5.6 is

that these bands experience two band crossings, and the most likely candidates

for these crossing are the and 77/19/2 (®/) quasiparticles.

The proposal that both vix-iji and 77/19/2 aligning at low rotational

frequencies is also supported by other blocking arguments involving the 77/19/2

orbital for the bands plotted in Fig. 5.5. This evidence is summarized as follows:

1. In the odd-odd nucleus, ̂ ®®Au (Janzen et al., 1986), a single crossing at

fnv 0.26 MeV is observed in bands with the configuration 1^113/2 ® 77113/2

while no crossing is observed in bands with the configuration 7/113/2 ® 77/19/2.

Since the i/?i3/2 crossing is blocked in both cases and the 77/79/2 crossing is

blocked only for the At and Bt bands, the single band crossing observed in

the Aa and Ba bands is most likely due to /19/2 quasiprotons.

2. In ̂ ®^Au (Johansson et al., 1987), the band experiences a band crossing

at hu> 0.26 which gains 6 h units of alignment, while the 77/79/2 band

indicates no crossings up to hu = 0.40. This fact is important, because it

indicates that the observed crossing in the 77713/2 band is due to hQ/2 protons

and that the 1/713/2 crossing is delayed up to at least huj = 0.40 MeV.

3. The yrast band in ̂ ®®Pt experiences a sharp crossing at hu = 0.25 and gains

7 h units of alignment. The 77/79/2 ® 77713/2 two-quasiparticle band indicates

no crossing up to hu = 0.40 MeV. This, coupled with what is observed

in ̂ ®^Au supports the contention that hg/2 quasiprotons are responsible for

the observed alignments in Fig. 5.5 at TV = 108, and that the 1/713/2 (AB)

crossing occurs at higher frequencies.

4. The absence of any crossings in the 77/79/2 band in ̂ ®®Ir supports the conclu

sions reached above concerning the status of the neutron AB-crossing and
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the proton e/-crossing at N = 108.

While the above discussion indicates that the /19/2 ^uasiprotons

align themselves at low rotational frequencies, it is important to review the above

arguments and point out some systematic information which argues for a single

crossing proposal for the yrast band in ̂ ®'^Pt. One major objection for proposing a

low-frequency Tr/ig/j crossing lies in the fact that all theoretical calculations, using

current parameters for the pairing constant, G, for this region gind the univer

sal parameters of the Woods-Saxon potential, predict that the /ig/j quasiprotons

will not align until hu > 0.35 MeV for ̂ ®''Pt. These theoretical predictions are

discussed in detail in section 5.3.3.

Focusing on the experimental data, much of the blocking and additivity

arguments at N = 106 involve the discrepancy in alignment between the yrast

band in Pt, the <^5/2 band in ̂ ®^Ir, and the 7rzi3/2 band is ^®®Au as compared

with the alignment gained in bands with a 77/19/2 component for these nuclei. It

should be noted that such discrepancies also exist in Re and Ta nuclei where

one-quasiparticle /i9/2 bands are also observed. As an example. Fig. 5.7 shows

^^®Re (Lieder), where the alignment, the interaction strength, and the crossing
frequencies are significantly different when comparing bands associated with 771/5/2
and 77/111/2 quasiparticles to those associated with a /19/2 configuration. For these

bands it is thought that all observed alignments are due to the crossing of 1/113/2
quasiparticles only. Much of these discrepancies have been attributed to shape

differences between the bands. One other effect which is known to effect the

properties of band crossings is the pairing. It is not obvious that this is important

in these cases, because the odd-proton should not effect directly the pairing field

associated with the aligning quasineutrons. However, the pairing field may be

effected indirectly through the deformation.

It is quite reasonable to expect the same situation to occur in Ir and
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possibly Au nuclei, where there is a loss of alignment in bands with an ̂19/2 com

ponent. Therefore, it may be possible that both the yrast band and band 2 in

^®^Pt experience only one crossing and any alignment differences are due to shape

effects. This explanation has some validity if one compares the alignments of both

bands after the crossing. As mentioned above, the jTj reference was chosen so

that the alignment in band 2 would be nearly constant after the crossing. The

yrast band on the other hand gradually gains alignment after the initial upbend.

As mentioned in section 5.3.1, this may be due to a band crossing involving a

large interaction or it may be due to a reference problem. The latter explanation

implies that the bands have different shapes. If only a single crossing is

occuring in both bands, this argument has some validity. The TRS calculations

show that the (AB) neutron crossing polarizes the nucleus at a 7 « —20° while

the 7r/i9/2 <S) 7rfi3/2 ® configuration minimizes in 7 at roughly -|-10°.

Further support for only a single crossing in these bands comes from

comparing plots for the even-even Pt isotopes with those of Os (see Fig. 5.8).

These plots are preferable over alignment plots in some instances, because they are

independent of the reference parameters. For (Lieder et al, 1982) and ̂®"*0s

(Neskakis et al., 1976), the single backbend in the yrast line has been interpreted as

resulting from the alignment of a single pair of «i3/2 quasineutrons. The behavior of

the Ix plots for the lighter two isotones do not reflect this same sharp backbending

behavior in the region of the first crossing. In ^®°0s (Lieder et al, 1987), the

first crossing occurs over a wide frequency range. Deviations from the gradual

gain in alignment indicative of large interaction crossings may indicate that more

than one alignment is occurring in this crossing region for ^®°0s. If two low-

frequency band crossings are present, one might propose that the second pair of

aligning quasiparticles may be 7r/i9/2. It is more reasonable however to attribute

the 7r/i9/2 quasiparticle alignment to the sharp backbend observed in this nucleus

212



35

30

25

20

15

10

5

LEGEND
178

Os
180

Os
182

Os
184

Os

30 h

25

20 F-

15

10

5

0

LEGEND

182

ffl

0.0 0.1 0.2 0.3 0.4

fiu (MeV)

0.5 0.6

Figure 5.8: Diagram of the angular momentum projected onto the rotational axis,
Ix, versus the rotational frequency, hv, for (a) Os isotopes and (b) Pt isotopes.

213



at Uu = 0.37 MeV. On the other hand, ̂ ''®0s (Dracoulis et al, 1980) begins

to smoothly gain alignment in the same fashion as ̂ ®°0s, however at a critical

frequency, hu; = 0.30, it experiences a sharp upbend indicating that two low-

frequency crossings occur in this nucleus as well.

While the Ij. plots for the Os nuclei indicate structural differences among

the isotopes in the crossing region, the nearly identical values for after the

first crossings have occurred suggests the opposite, i.e. that the same alignment

processes are taking place in all four nuclei. In view of the sharp backbends

for ^®^0s and ̂ ®^0s, the most likely explanation for the equivalent alignments

is that all bands experience a single (i/?i3/2)^ band crossing. In fact, the Tr/ig/a

alignment is ruled out due to it occuring at a higher frequency in ̂ ®°0s. If this

interpretation is correct, the anomalies observed in ^''®0s and ̂ ®°0s, where the

crossing region suggests two alignments, become interesting. These anomalies

indicate that the interaction between the crossing bands does not remain constant

throughout the crossing region but may experience very sharp changes at critical

rotational frequencies.

In Fig. 5.8b, the plots for the even-even Pt isotopes which are isotones

to the plotted Os nuclei are shown. This diagram shows that even though struc

tural changes occur in the 4 plot for ̂ ®°Pt (Riezebos, 1987), ̂®2pt (Popescu, 1986),

and Pt in the region of the crossing, the total Ix after the crossings is nearly

identical for all three nuclei and similar to values reached in the Os nuclei. This

fact would suggest that the alignment processes involved in the Os nuclei also are

responsible for the observed crossing in the ̂ ®^Pt isotones. This picture would be

very consistent if it were not for the obvious difference of ̂ ®®Pt. This nucleus has

a reduced value of when compared with its isotonic partners. Since the block

ing arguments discussed above indicate that TrhQ/2 protons axe responsible for the

observed crossing in ̂ ®®Pt, one interpretation is that the difference in 4 between
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this nucleus and the other Pt isotopes is due to the absence of a 1^113/2 alignment
in Pt. However, it should be noted that ̂ ®®Pt is truly a transitional nucleus.

All heavier Pt nuclei are thought to exhibit predominantly oblate shapes while all

lighter Pt isotopes are believed to exhibit predominantly prolate structures. Thus

one should be very careful in attributing the differences in the plots for ̂ 8®Pt to

simple alignment effects. It is quite possible that the decrease in alignment is due

to more fundamental structural differences.

In summary, by examining the alignment diagrams pictured in Fig. 5.5,

it seems logical that a low-frequency /i9/2 proton crossing is present in Ir-Au nuclei

at = 106 and = 108. However, examinations of the systematics in the lighter

isotones (Os and Re) suggest that the alignment differences observed between

bands with and without an /ig/j component may be due to shape changes effecting

the alignment of the 1/113/2 crossing and not due to a low (/i9/2)^ alignment. The

latter explanation hinges on the presence of changing interaction strengths in large

interaction crossings. While this possibility has not been examined in great detail,

it is a reasonable hypothesis in view of the fact that large shape fluctuations are

thought to occur in this region due to aligning quasiparticles. If one subscribes

to the single i/fig/j crossing proposal at A^ = 106, the N = 108 nuclei truly

become anomalous, because it is clear that only one crossing is present in these

nuclei and blocking arguments strongly suggest that this crossing is due to (/i9/2)^
quasiprotons and not AB quasineutrons.

Since blocking arguments are not totally conclusive for identifying the

quasiparticle structure of the crossings in the yrast band in ̂ ®^Pt, it is very diffi

cult to determine what crossings are responsible for the 5 unit gains in alignment

in the two-quasineutron bands, 3-6. These bands are expected to have the config

uration i/fi3/2 ® 1^/7/2; however, the signature combinations for each band are not

certain. Since all four bands are believed to have a §[624] component, the first
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neutron crossing, AB, is blocked in all of these bands. However, secondary neu

tron crossings BC and AD are not prohibited from occuring. Also, the {'KhQjiY

alignment is not blocked and must be considered in view of the above arguments.

In order to establish the initial signature combinations for bands 5 and

6 in ̂ ®'*Pt, it is instructive to examine bands which should have the identical con

figuration in For both these nuclei, the two signatures experience band

crossings at different rotational frequencies. In ̂ ®^0s, this same shift in the cross

ing frequencies is observed in the A and B signatures of the |[624] quasiparticle

bands and is attributed to the difference in the crossing frequencies of the BC and

AD alignments. The shift in crossing frequencies in the even-even Os isotopes is

most likely due to the same effect, indicating that the signature combination for

these i/fi3/2 ® 1^/7/2 bands are AE and BE.

This assignment in the Os nuclei is also supported by the observed signa

ture splitting between these two-quasineutron bands before the first band crossing.

For example. Carpenter et al. (1986) have done an analysis on the 7 driving forces

of the A and B ̂13/2 and E and F fr/2 one-quasineutron bands in

analysis has shown that the signature splitting observed between the two signa

tures of the ii3/2 quasineutron structure results from the negative 7 deformations

preferred by these bands due to the driving forces imposed by the §[624] orbital.

On the other hand, the signature partners of the 1//7/2 structure show no signa

ture splitting due to their preference for axial symmetric shapes. Thus, if the

two-quasineutron structures under consideration were to diflFer in their /7/2 com

ponent, e.g. an assigned AE and AF configuration, no signature splitting would

be expected in view of the analysis done for the odd-Pt nuclei.

Since one would expect the two-quasineutron bands in ̂ ®^Pt to have the

same signature combination as the analog band in ̂ ®^0s, bands 5 and 6 most likely

have the configuration AE and BE respectively. This assignment is confirmed
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by the observed signature splitting between these two bands before the crossing

which is on the order of what is observed in the odd-N neighbors. Bands 3 and

4, therefore, most likely have the configurations AF and BF respectively. One

suprising feature of these bands is the lack of signature splitting throughout the

observed frequency range. This same lack of signature splitting is also observed

in the high-ii' bands in the Os nuclei as well. Since signature splitting in high-

K bands results from a mixing ol & K = \/2 component into the band, a lack

of signature splitting would indicate that this mixture is not present. Since the

analysis of the interaction matrix elements performed in section 5.2 suggest that

these high-iiT bands do not mix with low-Jf bands, the lack of signature splitting

in these bands agrees very well with this explanation. It should also be noted that

the HFBC calculations under discussion should not reflect this observation, since

they do not couple these quasiparticles together during the calculation of the total

Routhian.

While the observed band crossings in the Os nuclei allowed for the deter

mination of the most probable quasiparticle configuration for bands 3-6 in ̂ ®''Pt,

the exact nature of the observed band crossing is more difficult to deduce due to

the fact that low frequency neutron and proton band crossings are predicted to

occur in Pt nuclei. In order to determine which alignments are most probable in

these bands, a more theoretical examination of the predicted crossings must be

carried out.

5.3.3 Theoretical Analysis of Band Crossings

The standard model for predicting the rotational frequencies at which

band crossings occur is the cranked-shell model of Bengtsson and Frauendorf (see

section 2.8). However, one of its deficiencies is that it supplies no direct information

about the nuclear shape. While it is possible to infer nuclear deformations from
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the experimental crossing frequencies, this is most believable in well-deformed

nuclei where large fluctuations in the shape are not thought to occur. In the Pt-

Au region, the cores are soft and the situation is complicated by the fact that

the experimental data are not totally conclusive over which band crossings are

responsible for the observed alignments. Therefore, it is preferable to extract

theoretical crossings in a more self-consistent manner as was shown in section

2.9, using Strutinsky-HFBC calculations which are performed as a function of the

deformation. A detailed analysis of these calculations follow for the yrast band in

^®''Pt, partly to examine the validity of the double crossing proposal and partly to

show how these calculations are used to described observed phenomena.

Fig. 5.9 shows a succession of total Routhian surfaces as a function of

rotational frequency for the yrast band in ^^''Pt. The pairing was varied as a

function of lo using equation Eq. 5.5 with cuc = 0.70 MeV for both neutrons and

protons. Since the ground band is predicted to be deformation soft, it should be

sensitive to the driving forces of aligning quasiparticles, and this effect should be

observed in the TRS calculations. Also represented in each TRS map shown in

Fig. 5.9 is a path of least resistance". This path is defined as the line connecting

the 7 points which lie lowest in energy when minimized with respect to (32 and ̂ 4.

The projection of the energy and spin along this path for the proton, neutron and

total Routhian contributions is also shown in Fig. 5.9 for each frequency.

As was discussed in section 5.2, the ground band corresponds to an axial

symmetric prolate shape. The 7 deformation varies little up through %u) = 0.20

MeV as was shown in Table 5.2. Other zero-quasiparticle shapes are predicted to

exist at low rotational frequencies as well, i.e. collective and non-collective oblate

shapes and a non-collective prolate structure. Currently, structures corresponding

to the non-collective shapes have not been observed in ̂ ®'^Pt, however, structures

believed to be associated with a 7 = —120° prolate shape have recently been
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identified in (Lieder et al, 1987).

At hu = 0.25 MeV, a transition to smaller /?2 values (0.182) and nega

tive 7 values (—20°) is observed in Fig. 5.9 for the prolate structure. From the

discussions in section 2.9, such shape changes are brought about by aligning quasi-

particles when the Fermi level lies in the middle of a shell. Since 113/2 quasineutrons

with K 9/2 meet this criterion, one attributes this shape treinsition to the cross

ing of the ground band with the quasiparticle band. This is confirmed by

examining the neutron energy projection whose shape is almost identical to the to

tal Routhian projection in the region of this minimum. This close correspondence

also indicates that the proton core does not in any way resist the driving forces

of the aligning quasineutrons. Another signature that quasineutrons are aligning

comes about by examining the spin projections which show that there is a large

increase in the total angular momentum when going from hu = 0.20 MeV to 0.25

MeV in the region of the minimum.

Since the rotational frequency at which quasiparticles align is dependent

on the deformation, it is reasonable to expect that not all of the ̂ 2-7 plane around

7 = 0° is associated with this two-quasineutron configuration, (1/^13/2)^, at hiv =

0.25 MeV. In fact, boundaries between different quasiparticle configurations can be

roughly mapped out in some cases where rapid changes in the ̂ 2 deformation of the

7 projections occur. Such a change is observed at 7 « -5° for the 0.25 MeV TRS

map, and this marks a boundary which divides the quasineutron AB configuration

with the ground band configuration. This boundary is also reflected in the energy

projections, where a change in structure is indicated by a discontinuity in both

the neutron and proton projections, and the spin projections, where a rapid rise

in the angular momentum for the neutron spin projection occurs at this pseudo

boundary.

Other changes in structure at fiuj = 0.25 are associated with the minimum
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at 7 —100°. From the spin and energy projections, it is clear that this structure

is associated with aligning quasiprotons. Since these quasiprotons are adding

roughly 8 units of alignment to the system, this minimum is most likely due to

alignment of quasiparticles. It should also be noted that the collective

oblate ground band experiences a (1/113/2)^ alignment by 0.25 MeV, driving the

nucleus towards 7 = —30°. Its equilibrium deformation is obscured by the AB

alignment associated with the prolate structure. Because of this fact, the minimum

associated with the yrast band at 7 = -20° is most likely perturbed by the aligned

oblate structure. Thus the ̂ 2 deformation for the yrast band is probably larger

than indicated by the the TRS map due to this mixing of structures.

At fiuj = 0.35 the maps of the total Routhian surface indicates that

other changes in structure have occurred. A minimum associated with (^'h3/2)^

structure is still present, however its quadrupole deformation has increased to

^2 = 0.205 which may be due to a decrease in mixing with the two-quasineutron

oblate structure. A secondary prolate-like minimum appears at this frequency at

^2 = 0.242 and 7 = -|-20°. The proton Fermi surface is close to the AT = 1/2 level

of the /i9/2 shell, and therefore this alignment is associated with an (7r/i9/2)^ band

crossing. The entire configuration of this band (7r/i9/2)^ ® ('^«i3/2)^ is deduced from

CSM diagrams which indicate that the AB quasineutrons have aligned in this

region of deformation before Uu = 0.35 MeV. From the projections, the boundary

between the proton ground and e/ configuration at this frequency occurs at 7

10°.

Even though the two structures, (1/113/2)^ and (7r/i9/2)^ ® (^'»i3/2)^, axe

present in the TRS map for the yrast configuration at hu = 0.35, the two-

quasiparticle structure (AB) lies significantly lower in energy (w 750 keV) than

the four-quasiparticle structure {ABe/). Thus the HFBC-Strutinsky calculations

favor the explanation that the upbend in ̂ ^''Pt is due to only (1/113/2)^ quasineu-
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trons, and that an excited four-quasipaxticle band, ABef, should be observed at

higher excitation energies. One of the experimental evidences for a low frequency

7r/i9/2 crossing comes from alignment arguments. However, from the spin projec

tions, both the two- and four-quasiparticle structures are predicted to have almost

identical alignments. This is due to the difference in Jj. for the AB quasineu-

trons at the predicted equilibrium deformations. This change in the alignment

experienced by the (13/2 quasineutron pair is important, because it indicates that

the alignment gain brought about by aligning 113/2 quasineutrons is dependent on

deformation. For example, the difference in the AB alignment between 7 = —15°

and 7 = 10° at 0.35 MeV is approximately 4 h, which is roughly the alignment

difference observed in the single band crossings for the yrast and 7r/i9/2 ®

band in ̂ ®^Pt. If both of these bands experience only the (1^113/2)^ band crossing,

these bands should tahe on the above 7 deformations. Thus, the difference in

alignment is accounted for theoretically in view of a single band crossing proposal.

It should be noted that the pairing plays an important role in deter

mining the energy of the (7r/j9/2)^ configuration relative to the ground band. It

should also be mentioned that the phenomological neutron pairing after the cross

ing of the I/Z13/2 quasineutron pair at hu = 0.25 MeV is too large for this cal

culation. Self-consistent pairing calculations show that the static BCS neutron

pairing completely breaks down after the (1^113/2)^ band crossing occurs. Simi

lar Strutinsky-HFBC calculations have been done which assume that the neutron

pairing is only 0.3-0.4 MeV after the neutrons have aligned and that the proton

pairing is roughly 0.8 MeV at hu> = 0.30 MeV or 70% of its initial value. Such

TRS calculations predict that the AB configuration is only 350 keV lower in en

ergy than the ABef configuration and that this energy difference reduces to only

50 keV at hu) = 0.35 MeV. These assumptions for the pairing do not solve the

dilemma concerning the quasiparticle nature of the yrast band in ̂ ®^Pt, rather they
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indicate that the AB and ABef minima are very close in energy at fiuj = 0.35.

Thus from energy considerations these calculations show it is possible for the 113/2

quasineutron pair to align first, driving the nucleus to 7 « -15°, followed by the

alignment of hQ/2 quasiprotons which drive the nucleus back to an axial symmetric

prolate shape.

Reasons for decreasing the proton pairing to 70% of its initial self-con

sistent value at = 0.30 MeV are two-fold: (1) examination of experimental

and theoretical Routhians suggest that the calculated Tr/ig/j and 7rii3/2 single-

particle orbitals may lie too high in energy, and (2) experimental estimations of

the proton pairing gap indicate that Ap is on the order of 0.95 MeV and not the

self-consistent HFB value of 1.15 MeV calculated at hu = 0.0 MeV. Reduction in

the proton pairing for the HFBC calculations should bring the proton quasiparticle

orbits closer to the Fermi surface; thus the ̂ 19/2 quasiprotons should align at lower

rotational frequencies. Clearly, a more detailed analysis of the proton pairing and

single-particle structure is necessary in order to determine if adjustments in the

average field and pairing parameters are indeed necessary in the region around

N = 106 for the Pt-Au nuclei.

While the above analysis has not settled the question whether low fre

quency 7r;i9/2 band crossings are occurring in ^®^Pt, it has clarified the problem

and pointed out the conditions which would favor a two-band crossing scenario

in the yrast band of ̂ ®^Pt. A similar analysis of the Strutinsky-HFBC calcula

tions has been done for the observed multi-quasiparticle bands in ̂ ®''Pt. Fig. 5.10

summarizes the regions of deformation (^2,7) associated with these bands. From

this figure, the Strutinsky-HFBC calculations indicate that configurations with

either a Trhg/2 or 7rii3/2 component take on positive 7 deformations. On the other

hand, pure quasineutron configurations containing a i/«i3/2 component drive the

equilibrium shape to negative 7 deformations.
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As discussed earlier, band 2 is associated with the configuration 7r/i9/2 (2)

The observed alignment is due to (113/2)^ quasineutrons, however these

quasiparticles have little effect on the overall equilibrium shape defined by the

quasiprotons. By using the deformations extracted from the TRS maps, CSM

calculations predict that the AB band crossing occurs at huj w 0.28 MeV with

an alignment gain of 6.6 %. These predictions agrees well the with experimentally

observed band crossing and alignment. If /i9/2 quasiprotons are aligning at rota

tional frequencies below Tiuj = 0.30 MeV, one would expect a secondary fg proton

crossing to have occurred by 0.40 MeV in band 2. Its absence detracts from the

arguments of a low frequency (7r/i9/2)^ band crossing. However, it should be noted

that a lack of an /gf crossing could also be explained by a quenching of the proton

pairing brought about the initial 7r/i9/2 0 configuration.

As mentioned above, bands 3-6 are expected to have the configuration

1^^13/2 0 ̂f7/2- Bands 3 and 4 most probably have the signature combination AF

and BF. Fig. 5.1 shows that these two bands experience no signature spitting due

to the high-A" of the band. On the other hand, the Strutinsky-HFBC calculations

do predict signature splitting between these two bands, and the discrepancy be

tween predicted and observed phenomena probably results from the fact that the

calculations do not couple the quasiparticles together in the proper way. Bands

5 and 6 have been assigned the configuration combination AE and BE and low-

K. These two bands do experience signature splitting and thus may be described

better by the theoretical calculations.

Fig. 5.11 shows an alignment diagram for the bands in ̂ ®^Pt and

^®®Pt, and bands 5 and 6 in ̂ ^'^Pt. These bands all experience a single crossing

at roughly the same rotational frequency (fiu w 0.27 MeV), and the alignments

all have the curious feature that the unfavored signature crosses the favored sig

nature in the region of the crossing. From the figure, a systematic change in the
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interaction strengths of each signature is also observed as neutron number de

creases. The Strutinsky-HFBC calculations show that the 1^^13/2 A quasiparticle

drives the nucleus to more negative 7 deformations than the S quasiparticle, thus

this difference in the interaction strengths may well be a shape effect.

The TRS calculations show a complicated situation for the predicted

crossings in these bands. At hu = 0.30, the calculations show that the AD and

BC crossings have occurred and drive the nucleus to small quadrupole shapes

(/?2 « 0.170) and negative 7 deformation (« -25°). The calculations also show a

minimum for theses configurations at positive 7 deformations, and the frequency

at which this minimum crosses the proton ground configuration is dependent on

the pairing for the reasons discussed above. If low frequency Trhg/2 band cross

ings are occuring in ̂ ®'^Pt, the TRS calculations show that either the secondary

fi3/2 quasineutron alignment or the primary hg/2 quasiproton alignment is respon

sible for the observed configuration crossing in these bands. These calculations

also show that whatever crossing occurs, the other will be delayed to higher fre

quencies due to the large shape differences between the ABC (or ABD) and Aef

configurations. On the other hand, if the yrast band only experiences a (t'fi3/2)^

alignment, the TRS calculations show that the neutrons should be responsible for

the observed alignments in bands 3-6.

If one is to determine whether /i9/2 quasiprotons are aligning below =

0.30 MeV, more direct evidence must be gathered which would indicate the quasi

particle composition of the observed band crossings. One such measurement

has been done for the 1/^13/2 band in ̂ ®^Pt where B{Ml)IB{E2) ratios for ̂ ®®Pt

(Janzen et al., 1987) have been calculated from experimental data taken by Pi-

lotte et al. (1987). This ratio of reduced transition probabilities is determined from
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values of the branching ratio, A, and the mixing ratio, 8, by the usual equation:

B{MVJ ̂  I -1) _ E^{I ̂  I - 2) 1 fUNV . .
B{E2-, 1^1-2) ^ _ 1) A(l + ̂2) [-^) •

The experimental values of B{M1)/B{E2) for ̂ ®®Pt are shown in Fig. 5.12 as a

function of angular momentum. At low spins, this ratio is low (0.2), however, after

the band crossing, this ratio rises by a factor of three to six.

To interpret the large increase in the B{Ml)/B{E2) values in ^®®Pt,

the formalism of Donau and Frauendorf (1983) is used. This theoretical model

expresses the ratio of reduced transition probabilities as

B(M1; J- 1) 12
B{E2-, 1-^1-2) 5g§ cos2(30° + 7) 1 -

{i-\y

-2

p

X  {(^1 - - ii] - {92 - (5.17)

where Qq is the intrinsic quadrupole moment, gji is the gyromagnetic ratio for a

rotating core (and is approximated by Z/A), gi is this ratio for the single quasipax-

ticle excitation in an odd-A nucleus, and ̂ 2 for the aligning quasiparticle in a band

crossing. The B(E2) value is approximated by the expression 5gocos^(30° + 7),

while the remaining part of the equation represents the B(M1) value.

Since (g^ — gji) is positive for a proton and negative for a neutron, it is

clear from Eq. 5.17 that the Ml transition rate will increase if a proton backbend

occurs in a neutron band and decrease if a neutron backbend occurs. This gives

the fingerprint needed to determine if the 1/113/2 band in ̂ ®®Pt experiences a band

crossing caused by the alignment of ?i3/2 neutrons or /19/2 protons. Concerning the

parameters for the E2 rate, the self-consistent TRS calculations were used to give

equilibrium (^2,7) values for the different quasiparticle configurations. The calcu

lation is seen to describe well the value of approximately 0.2 before the observed

band crossing, and predicts an increase of a factor of two if the crossing results

from the alignment of quasiparticles, and a decrease of 30% if it is the BC
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crossing. These changes in the ratio include the changes expected in both the Ml

and the E2 rates. In the case of the proton crossing, the increase in the Ml rate

gives about half of the rise in the ratio seen in Fig. 5.12, the other half coming

from the predicted decrease in the E2 rate since 7 changes from —18° to +10°

through that crossing. In the case of the neutron crossing, the decrease in the

Ml rate actually gives a decrease in the ratio that is about twice as large as that

shown in Fig. 5.12. Half of this decrease is removed, however, by the E2 change.

The theoretical approach of Donau and Frauendorf does appear to present

a clear conclusion on the observed rise in the experimental B{M1)/B{E2) values

in the |[624] band in ^®®Pt. If the crossing observed in this band were due to

the alignment of the secondary 113/2 neutron pair, BC, the ratio should clearly

decrease. The observed rise in the measured values can only be explained by the

alignment of a pair of proton quasiparticles, and hg/2 is the obvious choice assuming

that both the B{M1) and B(E2) values are described well by the models. The

validity of this conclusion would be greatly enhanced if a direct measurement of

the B{E2) values showed that they behaved as predicted.

The interpretation that hg/2 quasiprotons are responsible for the observed

alignment in the A and B bands of ̂ ®®Pt agrees with what blocking arguments

suggest for the Ir-Au systematics in the N = 108 isotones discussed in the pre

vious subsection. It also indicates that it is a reasonable proposal that (7r/i9/2)^

alignments play some role in ̂ ®^Pt. However, it certainly does not indicate which

alignment is observed in bands 3-6 in ̂ ®'*Pt, only that both interpretations must be

considered. It should be noted that band crossings observed in the |[624] bands

in ̂ ®^Pt (Nyberg et al., 1987) and ̂ ®^Pt (Riezebos 1987) have been interpreted as

secondary 1/113/2 alignments.

Based on the present experimental data on bands 3-6, it cannot be de

cided whether the observed alignments are due to proton or neutron crossings.
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Both crossings should not coexist in the same band below tiu = 0.35 MeV, based

on the equilibrium shapes predicted by the TRS calculations. However, TRS cal

culations which favor a low frequency proton crossing predict that both crossings

should be observed in bands 3-6 by hoj = 0.40 MeV. This prediction seems to

be supported by the data, since the alignment curve for band 5 (see Fig. 5.11)

appears to be experiencing the beginning of a band crossing at hu w 0.375 MeV.

It is also interesting to note that band 7 is beginning to show evidence of a band

crossing in the same frequency range. Since the first crossing observed in band

5 is blocked in band 7, the initial quasiparticle structure of band 7 should help

establish the order of the crossings in band 5.

Band 7 must have either an A or R ii3/2 quasineutron associated with

its configuration due to the fact that the AB alignment is not observed. As

discussed in the previous section, a Routhian plot suggests that this band has

a 7r/i9/2 component associated with it. If so, one possible initial configuration

would be uii3j2 (8) 1^/7/2 ® 77/19/2 ® 77/7/2. The presence of an /7/2 quasiproton is

feasible since such a band has been identified in ̂ ®5Au. If band 7 does have a 77/19/2

quasiparticle associated with it, the first crossing in band 5 must be due to the

(77/19/2)^ alignment. However, other assignments for band 7 are possible, and more

systematic information is needed if the quasiparticle structure of band 7 is to be

confidently determined.

In summary, from the experimental data using both blocking arguments

and R(A/1)/R(R2) ratios, it appears that 77/19/2 band crossings are occuring at

low rotational frequencies in Pt and Au nuclei. However, this is not supported by

self-consistent theoretical calculations using standard values for the pairing con

stant, which suggest that this quasiproton crossing is delayed to higher rotational

frequencies. Since the experimental evidence favors a single /19/2 quasiproton cross

ing in the Pt-Au nuclei a.t N = 108, it appears that the parameters used for these
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models should be re-evaluated for this region. Thus, the fact that the TRS cal

culations predict only a ui\z/2 alignment for the yrast band in ̂ ®''Pt should not

be tahen as clear evidence that /19/2 quasiprotons do not align in the same fre

quency range. As indicated, if the proton pairing is reduced by 70% of its initial

self-consistent value, the 7r/i9/2 crossing competes with the the 1/113/2 alignment

in the frequency range 0.30-0.35 MeV. Even though experimental evidence has

been given which seems to contradict a the double alignment interpretation in the

yrast band of ̂®'*Pt, the idea that degenerate crossings are present &i N = 106 is

a reasonable interpretation of the data in view of what is known sX N = 107 and

N = 108.
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CHAPTER 6

EXPERIMENTAL ANALYSIS

6.1 Introduction

Shape coexistence has been well established in the Pt-Hg nuclei below

iV = 110, where observed rotational bands are built on both prolate and oblate

ground states. As reported above, the ground states of light Ft nuclei, A < 108,

are thought to have well-deformed prolate shapes. However, Hg nuclei exhibit a

staggering in their deformation between even and odd isotopes beginning at ̂ ®^Hg

(N=105). This staggering has been observed in the measurement of the root-mean

squared (rms) charge radius (e.ff. Bonn et al., 1972; Ulm et al, 1986), and it has

been interpreted as being due to a shape change from slightly deformed oblate to

well deformed prolate shapes. The most recent measurement of these rms charge

radii is summarized in Fig. 6.1.

Isotope shift measurements on Au nuclei by Wallmeroth et al. (1987a) in

dicate that a sudden change in the rms charge radius occurs at ̂ ®®Au (see Fig. 6.1),

two neutron numbers higher than in the Hg nuclei. In contrast to the Hg case, how

ever, there is no evidence for odd-even staggering. It has been suggested that this

may indicate that the neutron pairing energy is not sufficient in the even-neutron

Au nuclei to stabilize the near-spherical shape. Radioactive decay and in-beam

spectroscopy studies have shown that strong deformation driving orbitals, 7r/i9/2

and 7rfi3/2, which come from above the closed shell at Z = 82, continually lower in

energy relative to the less deformed states as the neutron niimber decreases. Re

cent measurements on the magnetic moments in ̂ ®®'^®®Au by van Walle ct al, show

that the iThg/2 proton orbital |[541] is responsible for the ground state proton

configuration in both of these nuclei is responsible for their well-deformed shapes
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(^2 ̂  0.25). In the heavier Au nuclei, the ground state is the 7rd3/2 configuration

which couples to the even-even Hg cores, resulting in slightly deformed oblate

shapes.

In the region where these sharp shape changes occur, rotational structures

have been identified which are built on both oblate and prolate configurations. In

view of these observations, an experiment on ̂ ®^Au serves two purposes: (1) the

identification of rotational bands allows for further systematic data on where the

oblate- and prolate-like structures lie in energy relative to each other at mid-shell,

and (2) the observations of these rotational bands to high spins allows one to use

blocking arguments to help establish which alignment processes are responsible

for the observed band crossings at N = 104.

6.2 Initial Quasiparticle Identification

From the work of Macias-Marques et al., the ground-state spin and par

ity in ̂ ®^Au has been identified as | . This same level has been observed as the

ground state in ̂ ®®Au (Ekstrom et al., 1976), and recent measurements of its mag

netic moment show that the configuration associated with this level is 90% |[541]

(7r/i9/2). Based on these measurements and the systematics of the Au isotopes, the

I  ground state of ̂ ®^Au has also been associated with this orbital. As reported

above, the decay work has also identified a level at 12.3 keV which we have as

signed to the lowest energy level observed in our in-beam measurement. Based

on systematics, the rotational structure observed on top of this level (band 1) has

been associated with the favored signature of the 77/19/2 configuration. The band

labeled 2 in Fig. 4.13 is thought to be the unfavored signature of the 77/19/2 con

figuration. The single particle Routhian diagram (Fig. 6.2) shows that these two

bands have a large signature splitting which indicates large Coriolis mixing. This

is expected if the bands have the suggested configuration since K would equal 1 /2
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for these orbitals.

The band labeled 4 in Fig. 4.13 has been associated with the |[660]

7rii3/2 configuration. Its identification is quite clear from the Au systematics. For

example, the lowest observed level in this band is This same spin and parity

is assigned to the lowest member of the established 7rii3/2 band in ̂ ®®Au and ̂®^Au.

The experimental Routhian plot of this band also lends a clue to its configuration.

Fig. 6.2 shows that band 4 becomes yrast at huj 0.25 MeV where it crosses

the favored TrhQ/2 band. A similar occurrence is observed in the heavier odd-Au

isotopes for the 7rii3/2 band.

As discussed above, bands having both prolate and oblate shapes are

thought to coexist in the same nucleus for the even-even isotopes in Pt and Hg

centered around = 104. A coexistence of structures has also been identified

in 185-187AU. 187Au is probably the best example of strongly competing shapes

at high spins in Au nuclei, since examples of both oblate and prolate structures

have been observed as high as / = ̂  ̂ by Johansson (1987). While it has

already been mentioned that the Trhg/2 and 77^^3/2 particle states coupled to a Pt

core are the configurations associated with prolate rotational bands in the Au

nuclei, it is the 7r/iii/2 hole state coupled to a Hg core which is responsible for the

observed oblate rotational bands in the lighter Au isotopes. It was our hope that

similar rotational structures would be identified in our data. In fact, the decay

work of Macias-Marques has identified a y state decaying to the |~ level at

12.3 keV via a 218.2 keV transition with a lifetime greater than 5 nano-seconds.

Similar isomeric decays between these two levels have been identified in ̂ ®®Au and

^®^Au with lifetimes of 26ns and 50 ns (Berg et al., 1983), respectively. These

delayed transitions are believed to result from the different shapes of the the y"

(oblate) and | (prolate) structures. Due to these systematic observations, the

y state at 230.5 keV in ̂ ®^Au has been associated with the 7r/in/2 ^[505] oblate
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configuration. Unfortunately, there were no 7 rays in our in-beam work which

have been identified as decaying to this level.

Band 3 has been identified as having a large 7r/7/2 |[530] component.

A band with this configuration was first identified at Z = 79 by our group in

Au (see Larabee et al., 1986). In order to confirm this assignment, we per

formed calculations of the band-head energies using the Strutinsky-HFB formalism

described in section 2.9. The axially symmetric Woods-Saxon potential of Dudek

et al. (1979) was used as the average field utilizing the "universal" Woods-Saxon

parameters (Dudek et al.^ 1981). The results of these calculations are summa

rized in Fig. 6.3 where the deformation-energy curves for various band heads are

plotted as a function of /?2- At every ̂ 21 the minimization was carried out for

the hexadecapole deformation, ̂ 4. From this figure, it is apparent that the high-j

orbitals /19/2, 113/2 and hn/2, which have been associated with structures in the Au

isotopes, are seen to have low-lying minima for both prolate and oblate shapes.

By examining the experimental Routhian diagram in Fig. 6.2, one observes that

band 3 lies between the 7r/i9/2 and 7r«i3/2 bands in energy if one extrapolates back

towards the predicted band head of band 3. Fig. 6.3 shows that the AT = 1/2 /7/2

configuration is predicted to lie between the other two observed prolate bands at

low rotational frequency. Other possible configuration assignments for this band

in Au have been ruled out due to their assignment to other observed structures.

It is interesting to note that the preferred pathway through the unfavored

/i9/2 quasiproton band in ̂ ®^Au occurs via the decay of either the 7rii3/2 or 7^/7/2
structures to this band and not from the higher spin levels of the band itself

(see Fig. 4.13). This same type of decay pattern is seen in ̂ ®®Au, supporting the

assignment of band 3 to a different quasiparticle structure from band 2. From

the experimental quasiparticle Routhian plots in Fig. 6.2, it appears that these

two bands cross one another at hu) w 0.22 MeV. Since, they have the same parity
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and signature ( , such a crossing should be evident in the cranked shell

model calculations. Larabee et al. have shown that a weak interaction crossing

between these two quasiparticle orbitals occurs at hiv w 0.35 MeV in ̂ ®®Au, while

the experimental crossing is observed at hu> w 0.25 MeV. A similar discrepancy

in these crossing frequencies are obtained for ̂ ^^Au. The fact that the two bands

cross at lower rotational frequencies than is theoretically predicted suggests that

the calculated 7r/7/2 (-, -|) orbital initially lies too high in energy relative to

the TT^ig/j (-, -i) quasiparticle orbital. Recently, Zhang et al. (1987) have used

the identification of a /7/2 quasiparticle band in ̂ ®®Au to re-adjust the n and //

parameters of the Nilsson model in order to reproduce the observed quasiproton

levels in this region.

As discussed in section 2.3 of this work, one interpretation for the ob

served shape coexistence is that it is due to the residual force between valence

protons and neutrons. It has been proposed that this attractive force lowers in

energy the deformation driving orbitals which lie above the Z = 82 gap at spher

ical shapes, allowing them to compete in energy with near spherical orbitals in

the Ir-Au-T/ nuclei. The shape coexistence is brought about by the excitation

of nucleons into orbitals with different deformations. Since the strength of the

proton-neutron interaction is dependent on the number of protons and neutrons

m the valence shell, the deformed states should lie lowest at mid-shell (N = 104)
(see for example Wood 1982).

In view of this proposal, one would expect the Trhg/2 and 7r«i3/2 orbitals

to continually lower in energy to a minimum value at N = 104 (^®^Au) and then

begin to rise again as the system becomes more neutron deficient. Such an effect

is observed in the T/ isotopes. To determine whether this is also true for Au

nuclei, level identification in the lightest Au systems is needed. Fig. 6.4 shows

a diagram of the experimental band head energies for the Au system including
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^®^Au (Macias-Majques et al.\ this work) and (Jin). From the figure, it is

apparent that the deformation driving orbitals fall quickly in excitation energy as

one approaches N = 104. This decrease appears to continue at = 102 where

the energy difference between the /i9/2 and ̂ 13/2 levels is a minimum.

The independent particle model does not consider interactions between

neutrons and protons, however it was shown that Strutinsky-HFBC calculations

are able to reasonably reproduce the predicted shape coexistence in both the Pt

and Hg nuclei. This fact is not incompatible with the idea of residual proton-

neutron forces. Since the residual force is thought to give rise to nuclear defor

mation, it has been proposed the proton-neutron interaction is included in the

IPM by the coupling together of the proton and neutron states by the collective

deformation.

Strutinsky-HFBC calculations have been performed for the Au isotopes,

and one would like to use them in a similar way as was done for ^®'*Pt. Fig. 6.5

shows three TRS maps of i®3,i85,i87^^ q £qj. ^ configuration.

One can clearly see two minima in these maps: the prolate minimum corresponds

to the TT/i9/2 configuration, and the minimum appearing at 7 w —45° is associated

with the 7rhii/2 configuration. Two features of these maps are interesting and

should be pointed out. The first is that the deformation of the hn/2 band is not

oblate but rather triaxial. The second feature concerns the relative energy differ

ences between the prolate and oblate minima. In ̂ ®''Au, Vj, — Vo = —200 keV, while

in ̂ ®®Au and ̂ ®^Au this difference is -|-8 and -|-36 keV, respectively. This calculated

Vp-o does not agree with the difference obtained between the |~ and y" levels ob

served experimentally and associated with the 77/19/2 and 77/111/2 structures (^®^Au:

218.3 keV, ̂®®Au: 211.1 keV, and ̂ ®®Au: 103.9 keV). This is to be expected, since

the theoretical energies are calculated in the intrinsic frame. Other factors such as

the pairing force could also infiuence these relative energies. However, qualitative
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Table 6.1: Predicted deformations for selected configurations in the odd-Au iso
topes which are known to have prolate structures. The deformations for the pro
late bands were taken at Tiuj — 0.20 MeV while the deformations for the
configuration were extracted at fiu = 0.15 MeV.

/?2
^n/2(c) ^9/2(c) ^13/2(0)
A  7 /?2 7 /?2 /?4 7

^«^Au 0.149 -0.022 -50.7° 0.227 -0.038 1.7° 0.252 -0.029 10.9°

is^Au 0.150 -0.017 -49.5° 0.235 -0.026 -1.0° 0.258 -0.017

00
bo
0

i83Au 0.151 -0.015 -45.8° 0.247 -0.014 2.2° 0.268 -0.004 5.4°

is^u 0.152 -0.016 -35.8° 0.257 -0.033 1.7° 0.283 0.007 2.9°

agreement is reached between the observed and calculated oblate-prolate energy

differences, i.e. the V^o for ̂ ®^Au and ̂ ®®Au are nearly equivalent while the Vpo

for ̂ ^'^Au decreases significantly relative to the other two.

One would also expect that the Strutinsky-HFBC calculations should re

produce the predicted increase in deformation of the prolate configurations as the

Au system approaches mid-shell. Table 6.1 lists the extracted deformations of the

observed structures in the Au nuclei at a rotational frequency slightly below the

first band crossing. This table shows two systematic trends for the prolate config

urations: (1) the quadrupole deformations of both the /i9/2 and Zi3/2 quasiproton

configurations increase with decreasing neutron number, and (2) the triaxiality

of the 7rzi3/2 structure decreases with decreasing neutron number. For the /in/2

structure Table 6.1 shows that quadrupole deformation is constant for all four iso

topes. On the other hand, the 7 deformation shows a migration towards —30® for

the lighter Au nuclei. Unfortunately, no rotational structures have been identified

with the /in/2 configuration in ̂ ®^Au or ̂ ®^Au. It would be interesting to see how

these structures interact with other configurations if they increase their triaxiality

as predicted.

In summary, the prolate configurations in odd-Au nuclei show a decrease
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in their band head energies as the neutron number decreases. This decrease con

tinues to N = 102 which is the last Au nucleus for which level information is

known. This decrease is believed to be due to increasing deformations in these

bands. Strutinsky-HFBC calculations predict that the quadrupole deformation

of both the and quasiparticle configurations increase with decreasing

neutron number as suggested by the experimental data.

6.3 Analysis of Band Crossings

In chapter 5, it was shown that the nature of the observed upbend in

^®^Pt is uncertain and open to two possibilities: (1/^3/2)^ or (i^fi3/2)^ 0 (/i9/2)^- In
order to gather more systematic information concerning observed low-frequency

crossing in the Pt-Au nuclei, the N = 104 isotones must be analyzed. Fig. 6.6

shows an alignment plot of the observed bands in ^®Tr (Janzen ti o/., 1987b),

Pt (Popescu ei al., 1986), and ̂ ®^Au (this work) using reference parameters

Jo = 30h MeV"^ and Ji = 60 MeV'^

Beginning with Pt, the yrast band shows a gradual increase in align

ment over a frequency range of approximately 0.15-0.32 MeV, followed by a sharp

upbend at hu m 0.32 MeV. The band in ̂ ®^Au shows a similar structure,

indicating that the two different features observed in ̂ ®^Pt could well result from

two alignments, the first of which is due to a large interaction band crossing. The

total alignment gained in the yrast band of ̂ ®^Pt is roughly ten units while that

m 7rzi3/2 band in^^^Au is approximately 11.0 h. Since the last two transitions ob

served in the fi3/2 quasiproton are tentative, the total observed gain in alignment

is not absolutely certain.

In the 7r/i9/2 bands in ̂ ®^Ir and ̂ ®^Au alignments are observed to occur at

tiijj « 0.30 MeV and fuj = 0.35 MeV respectively, and the total gain in alignment

in both of these bands is roughly 7.5 h. Based on the single upbend observed
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in these two bands, the sharp band crossings in the yrast band of ̂ ®^Pt and the

Tii3/2 band of are most probably due to the alignment of a pair of ̂ 13/2

quasineutrons. Therefore, if one is to interpret the gentle upbends which pre

cede the alignment as band crossings, the most obvious candidate based on

the analysis of the previous chapter is the ̂ 9/2 quasiproton alignment. However,

caution should be taken when interpreting these smooth upbends as conventional

alignment processes. As was shown in chapter 5, examples where the nucleus ap

pears to smoothly gain alignment, followed by a sharp upbend is also observed

in some Os nuclei. It was also shown that the yrast bands of the Os nuclei all

converge to the same value of /j; after the first backbend even though the plots

suggest that ̂ ^®0s and ̂ ®°0s may experience more than one alignment at low ro

tational frequency. The fact that the hg/2 quasiproton alignment is observed at

higher rotational frequencies in ̂ ®°0s indicates that a single uii3/2 band crossing

is responsible for low frequency alignment even though the alignment diagrams

suggest otherwise.

The Au TRS maps are difficult to interpret in the regions of band cross

ings due to a number of different configurations which lie close together in energy.

In order to simplify matters, we have made CSM calculations using the deforma

tion parameters listed in Table 6.1. Fig. 6.7 shows two sets of these calculations

for ̂ ®^Au and ̂ ®^Au using deformation parameters associated with the 7rii3/2 con

figuration. The pairing for the quasiproton diagrams has been decreased by 20%

of the self-consistent value in order to compensate for pair blocking due to the odd

proton.

In section 5.3, Fig. 5.5 shows that in ̂ ®^Au the 7rii3/2 configuration ex

periences a crossing at hu 0.23 MeV while the 7r/i9/2 band shows no alignment

until 0.40 MeV, leading to the conclusion that the low frequency alignment is due

to /i9/2 quasiprotons. However, the CSM calculations predict that this crossing
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also does not occur until hu « 0.35 MeV. On the other hand, the calculations

predict that the iig/j quasineutrons will not align until hu - 0.35 MeV. Thus,

it is not anomalous that the protons are aligning at low rotational frequency in

Au rather it is anomalous that any crossing is observed.

The fact that no neutron crossing is observed in ̂ ^''Au is easily explained.

On each quasineutron diagram in Fig. 6.7, the 113/2 orbitals are labeled. At

the 2(624] and 2(633] orbitals lie very close to each other. This results in a mixing

of low K states which is needed if a quasiparticle pair is to be aligned. At ̂®''Au,

the I [633] orbital lies significantly higher in energy relative to the §[624] orbital.
This results in less A = | mixing with the AB orbitals, thus delaying the neutron

crossing. The fact the neutron crossing lies so much higher than predicted may

indicate that the low-A members of the 113/2 family of states lie further away from

the Fermi surface at V = 108 than indicated by the calculations.

The explanation for lowering the hg/2 proton crossing is not as easily

explained. If our interpretation at V = 108 is correct, the calculations clearly do

not indicate this. In order to bring the theoretical proton crossing in line with

experimental indications, both the single-particle levels and pairing constants must

be re-examined and the current Woods-Saxon parameters readjusted to fit more

closely the experimental data in this region. If the theoretical 7r/i9/2 crossing is

lowered to agree with experimental data at N = 108, this should also lower the

frequency of this crossing in the other Au isotopes. The difference between the hg/2
crossing in ̂ ®^Au and ̂ ®^Au shown in Fig. 6.7 is approximately 0.05 MeV. If this

crossing in Au scales like that in ̂ ®^Au the predicted hg/2 alignment in ̂ ®^Au

would occur at huj 0.28 MeV. This is precisely where the smooth upbend in the

7rii3/2 band occurs. The hg/2 interaction strength is also quite large for ̂ ®^Au as

shown in Fig. 6.7 which also agrees with what is observed experimentally.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

This thesis has presented data from measurements on ̂ ®^Pt and ,

where high-spin states have been observed up to I — 37 % in the former and

to J = 65/2 U in the latter. The Pt-Hg region centered around N = 106 is

rich in nuclear shapes and structures. The shell-structure of the region is such

that both prolate and oblate configurations compete in energy, resulting in shape-

coexistence within the same nucleus. The results presented in this work have

concentrated on establishing the quasiparticle content of the observed alignments

in this region. Also, estimations of the nuclear shape have been made by comparing

spectroscopic data with the results of Strutinsky-HFBC calculations, which allow

for a self-consistent determination of the nuclear shape parameters as a function

of rotational frequency and quasiparticle configuration.

In summary, Pt lies in the transitional mass region of soft nuclei, where

different quasiparticles polarize the nuclear shape in different ways, leading to large

shape variations. This point is well illustrated in Fig. 5.11 where it is shown that

the calculated equilibrium deformations for different bands cover a considerable

part of the deformation (^2? t) plane. While not discussed in great detail, it should

also be noted that large variations in ̂ 4 as a function of configuration were also

observed. Of the seven newly observed side bands, one (band 2) is assigned an

initial two-quasiproton configuration and four (bands 3-6) to two-quasineutron

structures. Calculations suggest that these latter bands have equilibrium -y-values

which are rather negative, while the former should have positive 7 deformations.

Transitions observed between bands 2 and 5 allow an extraction of the mixing

matrix element, which is small and consistent with the different shape parameters

suggested by the calculations. A quasiparticle configuration for band 7 has been
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suggested, but this assignment is not certain due to the lack of similar bands being

observed in neighboring nuclei.

Comparison of ̂ ^^Pt with and ̂ ®®Au suggests that the yrast band

in ̂ ®^Pt exhibits a degenerate double crossing (1/113/2) and (7r/i9/2). This interpre

tation is supported by the N = 108 systematics which indicate that the single

alignment observed in these nuclei is due to /19/2 quasiprotons. However, by com

paring the yrast bands for ^®^0s with those of the Pt isotones, it appears that

the yrast upbend could result from a single (1/113/2)^ crossing. With current theo

retical parameters, Strutinsky-HFBC calculations favor a 1/113/2 single-band cross

ing. However, in view of the apparent low 7rhg/2 band crossing in the N = 108

isotones, ̂ ®®Pt and ̂ ®^Au, it seems that the fitted pairing and one-body potential

parameters associated with this region should be readjusted to agree better with

experimental data. For example, B(M1)/B(E2) measurements in ̂ ®®Pt indicate

that hg/2 quasiprotons are aligning at hiv « 0.3 MeV, while current parameter

calculations indicate this crossing should be delayed until fioj > 0.35 MeV. Such

adjustments would result in a lower crossing frequency for the hg/2 quasiprotons.

Side bands 3-6 all exhibit a crossing at a similar frequency, but the exact origin

cannot be concluded due to a question concerning the shape and pairing associ

ated with these bands. Clearly, if hg/2 quasiprotons are not aligning in the yrast

band, the crossings in bands 3-6 are due to secondary 1/113/2 alignments, BC and

AD. However, if a low-frequency TThg/2 band crossing is present in ̂ ®^Pt, theoret

ical calculations indicate that either secondary quasineutron or hg/2 quasiproton

crossings are occurring below = 0.35 MeV, depending on the shape of nucleus.

The measurement on ̂ ^^Au has extended the systematics of the Au region

into the middle of the neutron shell, where nuclear deformations are predicted to

be the largest. Our identification of rotational bands built on ■Khg/2, 7rii3/2, and
7r/7/2 quasiparticle states shows that these orbitals, which lie above the lead closed
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shell for spherical shapes, continue to come lower in energy with respect to the

oblate configurations as the neutron number is decreased. This effect is thought to

result from an increase in the quadrupole deformation as one approaches mid-shell,

and TRS calculations predict this increase in deformation.

Alignment plots of the observed rotational bands in ̂ ®^Au indicate that

the ii3/2 neutron crossing is occuring at hu) w 0.35 MeV. Both the 7rii3/2 and

7r/7/2 structures show a gradual increase in the alignment preceding this crossing,

and this same effect observed in the yrast band of ̂ ^^Pt. However, it is notice

ably absent from the 7r/i9/2 configuration. This blocking measurement with hg/2

quasiprotons suggest that these quasiparticles are aligning at rotational frequen

cies below hu) = 0.30. However, the same systematic observations which argued

against a low frequency hg/2 crossing at A' = 106 are also applicable at A = 104.

A close analysis of the Au nuclei reveal that the standard model is unable

to explain the low frequency band crossing in ̂ ®^Au. Both neutrons and protons

are predicted to align at hu > 0.35 MeV. Experimental blocking measurements

clearly favor a 77/19/2 quasiproton alignment to explain the observed band crossing

at A = 108. The measured B{M\)/B{E2) ratios for ^®®Pt indicate that this

quasiproton crossing is also present at A = 107. Blocking arguments using the

77/19/2 bands observed in Au and Ir nuclei at A = 106 and A = 104 indicate that

the /19/2 quasiproton alignment occurs low in frequency in ̂ ®^Pt and ̂ ®^Pt as well.

However, due to the fact that the hgi2 band crossing competes in frequency with

the r/fi3/2 band crossing in these Pt nuclei, it is more difficult to distinguish these

crossings in the data. Even though experimental evidence has been given which

seems to contradict the presence of a low-frequency 77/19/2 alignment at A = 106

and A = 104, the apparent observation of proton band crossings in these nuclei

is reasonable in view of the establishment of this crossing in the Pt and Au nuclei

at A = 107 and A = 108.
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Experimentally, more direct measurements on the nuclei in this region

will determine the exact quasiparticle nature of the observed crossings. Lifetime

and gf-factor measurements axe good methods for extracting information about the

nuclear wave function which would lead to a determination of the quasiparticle

compostion. In conclusion, much progress has been made in the past several years

on interpreting the high-spin data in this difficult transitional region. From all

available data, it seems rather clear that the |[541] quasiprotons are aligning at

rotational frequencies below Tiu = 0.35 in prolate bands in the neutron deficient

Pt-Au isotopes. However, it is unclear whether this alignment persists for the

more neutron deficient nuclei. Certainly, more high-spin measurements on nuclei

farther from stablility in this region should help address these questions.
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