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STELLINGEN

1. The abandonment of explanations of natural phenomena based on intellectual rigor, skepticism,
or experiments is a wish fulfilment due to an interest in vague, simplistic doctrines that
require no effort to support.

2. The needed work in medical research must be done by people trained in the rigors of basic
research not in the practice of its results.

3. The presentation of the results of scientific research via scientific papers (articles,
books, letters, etc.) has been a key element in the success of western science since the seven-
teenth century.

4. The completeness of any scientific work is questionable due to changes in the definition of
completeness,

5. One of the most significant causes contributing to parental abuse of children is that the
parents themselves were abused as children.

6. The description by Alonso-Finn of the Auger effect as a two-step process is incorrect.

M. Alonso and E.J. Finn, University Physics, Vol. Ill Quantum and Statistical Physics, p. 178,
Addison-Wesley Publishing Company, 1975.

7. The establishment of shape coexistence on the mercury isotopes does not preclude the
possibility of rotation-alignment in these isotopes.

8. The existence of bubble nuclei (nuclei with a low density core) is not supported by the
results of this thesis.



One reason for doing research is its future benefits.

This work is dedicated to my daughter, Sarah Elizabeth Cole.
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INTRODUCTION

The interest in the light mass mercury isotopes comes from several new phenomena discovered in

the 1960's and early 1970's. The first of these that drew particular attention to the mercury iso-

topes was the optical pumping studies1) of the isotope shifts. In these studies at ISOLDE, later

continued by K'uhl2), the sudden increase in the RMS(root mean square) charge radii of " 3 1 8 SHg as

compared to l8'Hg indicated an unusual structure. The large change in the charge radii is shown in

Figure i.l. The optical pumping experiment

resulted in several other experiments and

theoretical speculations to explain the

structure causing this change in the

charge radii.

Preceding the ISOLDE work, Johnson,

Ryde, and Sztarkier3) reported in 1971 on

a sudden change in the moment of inertia in
1 6 0Dy at a high spin of about 1=14. They

reported that the level energy spacings

in the ground state rotational band dif-

fered from those predicted on the basis of

the rotational model. This behavior gener-

ally became, known as "backbending"+. These

effects had been predicted by Mottelson

and Valatin1*) by what is referred to as a

zero pairing band. After this came a num-

ber of other types of "bending" (see §1.1),

and explanations were advanced as to their

causes. These will be discussed in more

detail in Chapter I.

In 1966, Soloviev5) proposed excited

levels having an equilibrium deformation

different from the deformation of the

ground State. Even earlier, Hill and

Wheeler*) had suggested the existence of

two well-separated minima in the ground

state potential energy surface. These early statements of coexistence (see §1.4) had, until the

work on the mercury isotopes, little support outside the transuranic region.

Figure i.l: Changes in the charge radii of

*The term backbending refers to the shape of the plot of certain combinations of the level energy
versus the moment of inertia instead of spin. Examples and further discussion of this will be seen
in Chapter I.



With these historical points in mind, the interest in the light mass mercury isotopes can be
understood somewhat more clearly. During 1973 and 1974, studies7'8'9'10'11) of the yrast* cascades
in i»«,i««,i««ng showed a behavior entirely different from that of the heavier mercury isotopes,
as well as different from the previously observed yrast behavior in the rare-earth isotopes.
It was during this time that studies of the decay of the light mass thallium isotopes began at
UNISOR* at the Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Interest and cooperation in the studies of the levels of the light mass mercury isotopes has
been widespread. The collaboration between the Delft University of Technology and the UNISOR
consortium has been in existence and active for several years. The material presented here on the
decay of '»«,'»«,l88T£ comes from data taken through this collaboration. The interest in the mer-
cury isotopes has had the result that different groups working independently have done the same
experiment. In reporting on this material from the Delft-UNISOR collaboration, any other known
material will be noted and discrepancies discussed.

Due to the interest in the decay studies of the >»«,»««,»«»T8 isotopes, the preliminary
results had to be published shortly after the experiments were performed12'13'11() to establish the
precendence of the work. The decay studies of the l86>"">Au are presented here for the first time.
Major articles are under preparation based on the material in this thesis.

Of the nine daughter nuclei observed in the decay of 1 8 < . ' • • » « « » T » , level schemes of five
will be presented. The three mercury isotopes are under intensive study by other techniques by a
group at UNISOR. The present data obtained on the gold isotopes via the decay of the mercury iso-
topes are very poor. Since more detailed information is expected from the current studies of the
mercury isotopes, no results from the mercury decay will be presented here. The data from the
present study have been made available to the UNISOR group.

The theoretical material presented in Chapter I is intended to be an overview, greatly abbre-
viated.

The theoretical conversion coefficients used to determine the multipolarity of a transition
come from the graphs in the Appendix. The graphs were prepared from the results of the calcula-
tions carried out by K. Alder and H. Pauli15).

Certain conventions used throughout this work should be noted. The word "beta" refers to
radiative decay of the nucleus via electron or positron emission. The symbol "g," refers to the
nuclear deformation parameter, as does the symbol "Y". The word "gamma-ray" will be used to denote
radiation emitted by the transitions between nuclear levels. The electron data are always the
internal conversion electron data, as no beta spectra have been taken.

*Yrast refers to the levels of lowest energy for a given spin. Thus the yrast cascade refers to
the successive transitions between these levels. In in-beam experiments these are the principle
transitions observed.
•UNISOR is a consortium of 14 institutions that is sponsored by them and the United States
Department of Energy. The member institutions are: University of Alabama in Birmingham, Emory
University, Furman University, Georgia Institute of Technology, University of Kentucky, Lousiana
State University, University of Massachusetts, Tennessee Technological University, Vanderbilt
University, Virginia Polytechnic Institute and State University, Oak Ridge Associated Universities
and Oak Ridge National Laboratory.
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CHAPTER I

HISTORICAL AND THEORETICAL BACKGROUND

§1.1: Historical Background of Deformed and Rotational Nuclei

That nuclei are deformed has been known for some time16). It is also well known that they
rotate. Teller and Wheeler17), in 1938, first attempted to interpret spectra in terras of
rotational motion. This is in parallel to the molecular rotation that had been observed by
Bjerruro in 1912. When Bohr and Mottelson18) proposed the 1(1+1) rule for level sequences in
rotating nuclei in 1953, the rotation of deformed nuclei was placed on a firm footing. Soon devi-
ations from the 1(1+1) rule were seen and further explanations were sought.

Faessler, Greiner, and Sheline19) explained deviations from a pure rotating, system with the
rotation-vibration model. This model coupled rotations with e, y shape vibrations and gave good
agreement with the experimental data then available. As higher angular momentum levels in the
ground state rotational band were measured, the rotation-vibration model was unable to fit the
levels with good agreement. To explain this the variable moment of inertia (VMI) model20'21)
was proposed. This model parameterized the energy in terras of the moment of inertia that increases
as the square of the rotational frequency.

These two models, the rotation-vibration and VMI model, modified the 1(1+1) rule of Bohr and
Mottelson to account for relatively uniform deviations of the rotational energy level spacing from
that of a rigid rotor.

In 1971, Johnson, Ryde, and Sztarkier3) reported a "singularity" in the rotational band in
'*°Dy. This was the first reported case of unusual behavior of the yrast cascade. Figure I.I
shows that this behavior is not unique to 160Dy. In the moment of inertia versus rotational
frequency plots1", a rigid rotor has a curve parallel to the x-axis. The plot of a rotational
structure that is fit by the VMI model yields a curve of positive slope uniform in structure. The
"2\i plot is seen to be very close to a rigid rotor, while the " a 0 s plot is a good example of a
rotational nucleus fit by the VMI model.

Several terms used in discussing deformed, rotational nuclei may be defined with respect to
Figure I.I. The I 5 8Er plot is a good example of backbending, as the curve is clearly seen to bend
back. A second term used is "downbending." The curves for 1 5 8Er and "*Yb are examples of this
effect as, after backbending, a second singularity is observed and the curves turn down. It should
be noted that of the isotopes shown in Figure I.I, all that display the second singularity
downbend except for the light mass mercury isotopes. The l 5 6Dy and l ! 4Gd plots display "forking."
The term "yrare" is applied to levels of higher energy for a given spin, in contrast to the yrast

^It has become customary to call plots of 23/lis versus ti'u1 by this name.



levels. The isotopes that display forking have both the yrare and yrast levels populated.
The efforts to explain these phenomena by theory can be summarized in four proposals put

forward. These are: 1) a zero pairing band (Mottelson and Valatine"); 2) a rotation-alignment
band (Stephens and Simon22); 3) a band of high y-deformation, a tri-axial rotor (Mottelson23),
Volkov2"1)); 4) a band of high ^-deformation (Theiberger25)). A general explanation of each
theory will be given with the most relevant work being quoted in each case.

In all four theories presented, the first point to be grasped i's that the unusual behavior
of the moment of inertia is explained by the crossing of two bands 2 6» 2 7» 2 8» 2 9). To put the levels
into bands in rotational nuclei, the chief criterion is the reduced transition probability
[B(E(M)A)] for the transitions connecting states. These transitions may not always couple states
in the yrast band into a band built upon the ground state. The theories do not dispute the pre-
sence of bands, only why they arise.

§1.2: Zero Pairing or Coriolis Antipairing

In the theory of Mottelson and Valatin1*) it is assumed that a rotational band can be one of
a large moment of inertia due to the Coriolis force breaking apart the paired nucleons. When the
nucieons are depaired, they are going to realign along the total angular momentum axis. This
creates levels of higher angular momentum and of a larger moment of inertia at lower rotational
frequency.

As the moment of inertia increases, the Coriolis force increases and reduces the effective
pairing strength; the pairing force finally reaches some value at which all pairs are broken.
Thus, all nucleons are now free to align along the total angular momentum axis in the aligned
states. This gives an unpaired rotational band at high angular momentum values, such that the
crossing of the paired and unpaired bands causes the backbending of the yrast cascade. Faessler27)
gives a description and application of the zero pairing description for l 6 6» 1 6»» 1 7 0Yb.

The principle problem of this theory with respect to the mercury isotopes is that the zero
pairing band occurs at high angular momentum. This is a criterion that is met in most of the rare-
earth nuclei that display backbending. However, the backbending in the mercury isotopes occurs
at very low angular momentum levels.

§1.3: Rotation-Alignment

Rotation-alignment22) also depends on the Coriolis force, but the angular momenta of the
nuclear states are aligned about the total angular momentum axis instead of the nuclear symmetry
axis. The state becomes a particle or quasi-particle state depending on whether the original
nuclear state is a particle or hole state respectively. For a two quasi-particle state, the tran-
sition is from a zero to two quasi-particle band. In the case of the mercury isotopes, the state
is a quasi-particle state for protons and a particle state for neutrons. For the mercury isotopes,
the objection to this theory is the same as for the zero pairing theory, as the state involved
is the iuAstate which crosses the ground state band between levels of spin 1=10 and 1=20.

5J.4: Bands of High e- and y-Deforniation

lhs suggestion of The.iberger25), Mottelson23), and Volkov21*) will be discussed together
because of the close relationship between 3 and Y deformations in respect to their influences
on the nuclear potential energy surfaces. The occurrence of a second minimum in the nuclear
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potential energy surface had already been proposed by other authors. In 1966 Soloviev5) proposed
excited nuclear states "having equilibrium deformation Se different from the equilibrium
deformation 60 of the even nucleus in the ground state." Even earlier, in 1953, Hill and
Wheeler6) proposed the existence of two "well separated minima in the potential energy surface
for the ground state of the system." Hill and Wheeler even considered the mutation of nuclear
shapes and the presence of isomeric states due to deformation.

A general definition of the nuclear coordinates will aid in the discussion of deformations.
Bohr and Mottelson30) define the nuclear surface by

The notation here is that of Kumar31). In equation (1 R(n) is any point on the nuclear surface,
a representing the angular coordinates, Ro is the average nuclear radius, aA are the deformation
variables, and Y^ is a spherical harmonic. The quantity A is the multipole order representing
some angular and u is the momentum projection quantum number. Certain of the multipole orders are
generally ignored as the quadrupole mode is usually the lowest order of interest. The value A=0
corresponds to a change of nuclear radius with no change in shape; A=l represents a translation
of the center of mass. Thus the cases of \=2, quadrupole mode, and A=3, octupole mode, are the
lowest orders of interest.

The v and n variables refer to the laboratory coordinate system and thus the transformation

with DA being the 0 rotation function of rank A and $,e,$ being Euler's angles, transform the o
variables to the intrinsic coordinate system. The a^v variables can be chosen in such a way

30)
that

axQ=scosY, ax2=aA.2=2"^Bsiny, aAi=aA_i=0»
 e 2 = a*o + 2 aA2 (3,a-d

The quantities A, y and the three Euler's angles determine the nuclear shape and its orientation
with respect to the laboratory system. Equation (1 now becomes,

XvXv (4

in the intrinsic system. The semi-axes lengths of the nuclear shape can be written in terms of
6,7 (or rather 6,y where 6=/5/(4ir)g).

Rk=Rotl+6cos(Y-fTik)] k=l,2,3 (5

The index k corresponds to the x', y1, z' axes in the intrinsic system.
With equation (5, the deformation of the nucleus can be put on a quantitative basis. Some

transformations in e and y simply relabel the axes. The transformations y»v±120°, y->-y, and
(B»Y) +(-3.60°-Y) leave the nuclear shape unchanged. Thus Y ranging from 0° to 60° for e positive
is sufficient to describe the nuclear shape. Often the case of Y=0° is considered with $ assuming
positive and negative values, as this corresponds to a cut in the B,y plane. This is a good
representation of the nuclear potential energy surface when Y instability is neglected. Certain
values of e and y reflect important cases: g=0 (y is immaterial) is spherical, the Rk's are equal.

- 5 -
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B>0, y=0° is prolate (Ri=R2<R>); 6>D, v=60° is oblate (Ri=R3>R2); B>0, 0°<y<60° is an
asymmetric shape (Ri*R2#R3). The case of e<0 Y=0° (which is the same as p>0, y=60°) is also
referred to as an oblate shape.

Keeping these definitions of the nuclear shape in mind, the point of discussing B and y
deformations together becomes clear. Mottelson's and Volkov's suggestion of a band of high y
deformation can be seen as including deviations from the cylindrical symmetry of the oblate or
prolate shape. Theiberger's suggestion of large B deformations preserves the axial symmetry
and is a statement that the nucleus is merely becoming more deformed.

One of the original criticisms27) of introducing bands of deformation different from the
ground state was that this was a parameterization of the data. Unlike the zero pairing or
rotation-alignment explanations, this introduction of bands was not based on physical reasons.
Since that time a number of theoretical calculations32'33*3"*'35'36'37'36) have been performed
considering the mixing of single-particle states in deformed nuclei. Although the approaches have
differed, in all cases the results have been potential energy surfaces with two minima for the
i«4,i«6,iB«Hg i S o t o p e s. A brief summary of some of these results will be presented to illustrate
the validity of the explanation of the behavior of the moment of inertia curves based on the
presence of a second potential energy minimum.

51.5: The Calculations of Frauendorf and Pashkevich38)

The calculations were based on a liquid-
drop representation of the nucleus using a
Woods-Saxon potential, with Strutinsky's shell
correction energy for the ground state. As a
result a potential energy surface was obtained
with two minima. The excited levels were
calculated with I(I+l)/2e, where e is the
moment of inertia from the cranking model30).
They further took into account the possible
mixing of states associated with the two
minima.

Table I.I compares the experimental yrast
energies with the calculated energies, the
oblate-prolate energy difference, (aE) as is
defined in Figure 1.2, and the absolute value
of the deformation. As can be seen the calcu-
lations reproduce the yrast energies nicely,
and predict the drop in the position of the
second minimum when going from 188 to 184. The
possibilities of a Y degree of freedom (a tri-
axial shape) are not considered, because
Faessler et al. 3 9) performed calculations
that showed a barrier exists between the two
minima for y^Q.

The mixinq of states of different defor-

mation gives a good agreement with experimental

Figure 1.2: A nuclear potential energy curve
with two minima at different deformations.
LE is shown to be the difference between the
two minima.
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data applying the approach of Frauendorf and Pashkevich. The exact amount of mixing is not

directly determined by physical restrictions but is somewhat parameter dependent. Still no radical

change of theory is demanded and the mixing has physical basis.

The differences seen in energies for the higher spin transitions may be explained by sudden

additional effects (such as anti-pairing) that are not included in the calculation.

Table I.I The calculated transition energies, oblate-prolate energy differences, and |B|3 nuclear
deformation parameter, as compared to experimental results for " ' i ' " ! ' " ^ , The |B| comes from
reference 9 for leiHg and reference 8 for "6Hg.

Transit ion

••« Kg

2*->O'

4*+2*

6* +4*

1 B 6Hg

Z*&

4*-2*

6*-4*

3*-6*

" 8 Hg

2*->0'

4* **2*

6 "*4

E
exp.

0.367

0.288

0.340

0.418

0.405

0.402

0.357

0.424

0.413

0.591

0.504

0.460

(MeV)

theory

0.38

0.25

0.36

0.48

0.37

0.54

0.39

0.52

0.37

0.79

0.43

0.43

AE(MeV)

-0.29

-0.01

0.57

1.35

-0.54

-0.29

0.25

0-05

-0.97

-0.69

-0.11

0.67

|B|
exp.

0.15(2)

0.22(1)

0.28(5)

0.13(1)

0.16(1)

0.27(5)

*.22

theory

0.13

0.20

0.26

0.13

0.20

0.25

Frauendorf and Pashkevich found an oblate and prolate minimum for all three isotopes. They

have the ground state for all even mercury isotopes heavier than 180 as being oblate (small

negative 8) even with the dropping of the second minimum.

§1.6: The Calculations of Dickmann and Dietrich32)

These calculations are phenomenological in character. The slightly prolate ground state is

taken as spherical and the associated energy levels are vibrational states. The oblate deformation

is approximated by a rigid rotor for the associated energy levels. For " 4 H g the second minimum

lies at 430 keV above the ground state for 8=0.30 and at 389 keV for 6=0.29. For ""Hg the second

minimum is at 535 or £326 keV for B=0.30 or B=0.29 respectively. These values and the values in

Table I.I agree very well. The mean life for the decay of the excited 0* levels to the first 2*

- 8 -



level is T=1.2X10~*S for ""Hg and T=2.0XK)- BS for 184Hg. These values are large EZ life-times and

raise the question of isomerism. Dickmann and Dietrich caution that the T values are "crude"

because of the simplifying assumptions in their model. The possibility of isomerism will be dis-

cussed in conjunction with the data.

51.7: The Calculations of Kolb and Hong3*-)

Kolb and Wong take a phenomenological approach to the coupling of single particle structures.

For this reason their calculations show a strong sensitivity to the single particle spectra. Kolb

and Wong use a two-centered calculation in which the overlap of the wave functions is used to

calculate the oblate or prolate character of the state. The predicted levels and branchihg ratios

calculated by their method show excellent agreement with the experimental results. At the time of

their calculations only the yrast data were known. A detailed comparison for 184 '186 »188H9 will

be presented in Chapter VI.

§1.S: The Calculations of Kumar36)

Kumar has used ths Nilsson model, with the Hill-Wheeler definitions of
the Strutinsky method in calculating nuclear potential energy surfaces and
quasi-particle basis. Figure 1.3 shows the
potential energy curves at Y=0° for
is< ,166,11s ,i»o H g > A g a i n t w o minima a r e s e e n

to occur (minimum at 8*0.1 is a saddle point

and not a true minimum). The interesting point

is that the second minimum is deepest for
186Hg. Kumar shows that the small oblate defor-

mation is the most stable and the nucleus does

not become more deformed as the neutron number

decreases. This is in contradiction to the

results of Frauendorf and Pashkevich38). Kumar

does not compute the spectra for the mercury

isotopes but has computed very reasonable low

energy spectra for ?4Mg, 'JSZr, and 'SiEr. The

previously discussed methods have treated the

light and heavy nuclei separately.

nuclear deformation, and

spectra on a deformed

§1.9: Concluding Comments on the Presented
Theories

The greatest emphasis has been placed on

the discussions of bands built on high e or y

deformations. All of these calculations contain

the two minima necessary to solve the problem

pointed out by Ward26), as seen in Figure I.I.

The problem is that the mercury nuclei do not

downbend as do the rare-earth nuclei, and

that the backbending occurs at very low spins.

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Figure 1.3: Plot of V(?,,0) versus 6 for the
light mass Hf isotopes from reference 35.
The "minimum" at B«0.1 is a saddle point
(minimum along 8, maximum along y). Note
that the lowest seco, d minimum at 8=0.6 is
for l°6Ug.
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These deformed e and y bands answer Ward's question: "what is the structure of a band that can
carry angular momentum more efficiently than rotations of the ground state?"26).

Although the mercury and platinum results do not support a tri-axial shape, the presence of a
second 6 band will be presented and supported in the experimental results of the mercury isotopes.
The evidence of rotation-alignment in the platinum nuclei will also be presented.

The acceptance of crossing of bands of different deformation to explain the yrast behavior
naturally leads to the two separate minima in the nuclear potential energy surface. It will be
shown in Chapter III, IV, and V that this supports the coexistence of the shapes; the question of
possible shape isomerism will also be discussed in those chapters.

- 10 -



CHAPTER II

EXPERIMENTAL CONFIGURATION AND DATA ACQUISITION AND ANALYSIS

§11.1: Experimental Configuration

The experiments were performed at the UNISOR facility at the Oak Ridge National Labcratory
Oak Ridge, Tennessee. The sources were made by heavy ion (HI) bombardment of selected targets,
followed by mass separation in the UHISOR on-line separator. Data acquisition was via a computer
based system with the data directly stored on magnetic tapes. Each part of this process will be
discussed separately.

ill.l.A: The UNISOR Facility

The UNISOR isotope separator is on-line to the Oak Ridge Isochronous Cyclotron (ORIC).
Figure II.1 shows the ORIC laboratory and the associated experimental areas. ORIC has several HI
beams available of which the '"N4*, 14NS* , "N 4*, and " 0 s ' baatns were used in the present
experiments. The maximum energy for a beam is lOOq'/A with q being the charge state and A the ion
mass in amu. In some of the present experiments, due to machine improvement, ions of a higher
maximum energy were produced corresponding to 105q5/A. Beam currents used during these experiments
varied from lOOnA to JuA (measured currents). This is not to say that currents fluctuated within
these ranges during one experimental run, but, during the period of time that the experiments were
performed, machine improvements resulted in higher beam currents.

Several data acquisition systems were available during the experiments. The ones used will be
discussed in detail in the data acquisition section.

The ORIC beams are used to produce the reaction products that are mass separated before study.
Originally three different mass chains could be studied simultaneously, with provisions for the
study of a fourth added during the course of these experiments. The sources produced by the
separator may be studied on-line or off-line. The on-line studies are supervised by a computer
for source positioning and data acquisition. In these studies the sources are never removed from
the separator vacuum, thus allowing for conversion electron data to be taken. Off-line studies
required the experimenter to remove the source from vacuum and manually position them between
the detectors.
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Figure II. 1: Schematic of the ORIC installation showing the UNISOR facility.

§II.1.B: Beams, Targets, and the UNISOR Ion Source

The thallium isotopes studies were produced via (Hl.xn) reactions with " l T a , l*°W, and " 2 W

targets. The reactions and beam energies used were:

"1Ta("s0,9n)l88Te

1101

74

" 2W( 1 4N,10n)" 6T6
74 * 7 81

l8°w(14N,10n)1

74 7

4TS

at 143-145 Hev, reaction 1;

at 184-188 MeV, reaction 2;

at 143-145 MeV, reaction 3;

at 168 MeV, reaction 4;

at 177-185 Hev, reaction 5;

In all, machine time for seven experimental runs was made available: three to study mass 188,

three to study mass 186, and one to study mass 184. The three runs to produce mass 188 had as

objectives the maximizing of the different isotopes in the decay chain, while the three runs on

mass 186 were to improve statistics on the thallium decay. The run that maxmized the decay of
l " T * was on-line, thus both gamma and conversion electron data were taken. The run to maximize

the decay of "*Au was off-line, so no conversion electron data were taken. The results presented

here are obtained from the evaluation of data from all experimental runs. Data were not chosen or

selected to eliminate discrepancies or disagreements or, conversely, to emphasize any points.
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GRAPHITE CATHODE
WITH EXTRACTION HOLE

QUARTZ INSULATOR

The targets of '"Ta and I 8 3W were self-supporting ORNL-OWG72.(002™
foils, approximately Ztng/cnf. The " ° W targets were
prepared by bonding tungsten into a carbon-felt mesh
of about SOmg/cm2. The "°W (natural abundance of
0.13%) was obtained in the form of WO, enriched to
92.6%. The material was pressed into the felt and
bombarded with an electron beam. This heated the oxide,
converting it into metallic form which bonded to the
carbon. In this way targets of a tungsten thickness
of about 2-3mg/cnr! were produced relatively inexpen-
sively. The normal method of preparing thin foil
targets is by evaporation. The expected large loss of
material by this process caused the original estimate
of the cost of the 1 8 0W target to be excessive (above
$100,000). The method of bonding the tungsten to felt
reduced the final cost to below $2000. Without the
" ° W target the " 2 T « study would have been virtually
impossible. The 1 8 lTa reaction requires thirteen
neutrons out and the " a W requires twelve neutrons
out to produce " * T 8 .

The targets were mounted in a Nielsen type ion
source as is shown pictorially in Figure 11.2. The
n»dification of the ion source110) that added the
boron nitride extension tube was done to reduce the
build-up of tungsten on the back of the target. In the
original configuration, the natural tungsten evapo-
rated from the ion source filament during operation.
The reaction products recoiled from the target, and

if the target thickness increased during a run, the recoils decreased. By placing a carbon-felt
as a catcher, between the target and the ion source plasma, the tungsten build-up was decreased.
Two other advantages were gained. The reaction products diffused more rapidly from the carbon-felt
catcher due to the heating by the HI beam. Additionally, the temperature of the target was reduced
because of its being separated from the source plasma.

The recoils diffuse out of the catcher into the ion source plasma. The reaction products leave
the ion source via the hole shown at the top.

Figure II.8: Exploded view of the Nielsen
type ion source used at UtilSOR, from refer-
ence 40.

ell.l.C: Source Separation and Positioning for Counting

On leaving the ion source, the reaction products enter the separator. The reaction products
are ions due to the high temperature plasma within the ion source. The ions are extracted from the
ion source and accelerated by an electric field. They pass through a bending magnet which acts as
a momentum selector. A region of crossed electric and magnetic fields then separates the ions by
velocity. In this manner the ions are mass separated. Some contamination of each mass beam is
expected. For l"TS the separation efficiency was measured to be about 9521*0).

The reaction products, after mass separation, are deposited on an aluminized mylar tape. The
collection time'can range from a few seconds to several minutes, and is selected to enhance a
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Figure II.3: Sahematia of the detector and electronics system used in data acquisition during
the experimental runs at UNISOR.

particular isotope within a mass group. The collection time is generally short for the study of

half-life isotopes and long for long half-life isotopes. The short collection times are generally

for on-line experiments, while the long collection times allow the study of strong sources off-

line.

The time required for extraction and separation is referred to as "hold-up" time. This time is

dependent upon the type of reaction products to be extracted and upon the type of ion source. For

the thallium isotopes with the Nielson type ion source used at UNISOR, this time was measured to

be 4ils't0).

SlI.l.D: Detectors and Electronics

Whether on-line or off-line sources were used, a detector-electronics system, shown

schematically in Figure II.3, was used in conjunction with the TENNECOMP data acquisition system.

The TENNECOMP system allows the acquisition of both singles and coincidence data simultaneously.
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In doing this a total of six signals are required from the electronics associated with the two
detectors. The electronics were the same whether gamma-gamma-time or gamma-electron-time data
were taken.

The detectors and electronics were standard modules normally used in nuclear spectroscopy.
The modules wire obtained from ORTEC. Radiation incident on the solid state detectors creates
electron-ho/e pairs in the active region, causing a pulse proportional to the energy dissipated
in the crystal. The preamplifier amplifies the small pulse signals from the detector before input
into the main amplifier. This also allows impedances to be matched without affecting detector
response. The spectroscopy amplifier increases signal size and shapes the signals for input into
the analog-to-digital converter (ADC) in the analyzer. The timing filter amplifier is used because
the pulse from the main amplifier is not suitable for timing purposes. The constant fraction
discriminator is used to generate logic pulses for timing by a delay and inversion system. The
input pulse is inverted and a fraction of the input pulse is delayed. The difference in these two
pulses is a signal that first goes negative and then positive, thus there is a zero-crossing point.
This point is relatively independent of signal size and rise time, so that a timing signal is
obtained that is not affected by the energy of the incident radiation, as with direct timing
systems. The time to pulse height converter generates an analog signal that depends on the time
difference between the start and stop signals.

The detectors used were large volume lithium drifted germanium (Ge(Li)) crystals for gamma
radiation and lithium drifted silicon (Si(LI)) crystals for conversion electrons. The Ge(Li) detec-
tors had an efficiency of 9-18%. This is as compared to a 3 inch by 3 inch sodium iodide crystal.
Both types of detectors used were cooled by liquid nitrogen. For gamma-gamma coincidence experi-
ments both detectors were Ge(Li) ones, while for gamma-electron coincidence experiments detector 2
was a Si(Li) one. The relative efficiencies of the Ge(Li) detectors were measured in each experi-
ment using NBS standard sources. No efficiencies were measured for the Si(Li) detectors, because
over the energy range involved in the experiments, the efficiency of a Si(Li) detector is constant.

511.2: Data Acquisition and Analysis

The data were acquired via a computer based acquisition system. The particular system used
was the TENNECOMP system at UNISOR. The system also acted as an experiment supervisor. Some
understanding of this system is necessary so that the analysis procedure may be explained. The
analysis of the data was done on the IBM 370/158 computer of the Delft University of Technology.
Several programs were written and implemented on the 370/158. A brief description will be given
of each program involved in the analysis.

§II.2.A: The TENNECOMP System

The data acquisition was accomplished via a TENNECOMP computer based analyzer that also acted
as experiment supervisor. In the on-line configuration the TENNECOMP not only stored the data but
also gave signals to the automatic tape transport, thus controlling collection and counting time
for a source. In the off-line configuration the system controlled only the counting time and data
storage. The TENNECOMP stored the data in two forms: 1) multiscale spectra for determining half-
lives and building singles spectra; 2) list mode format on a magnetic tape stored in such a way
that the experiment could be "re-run" at later time on a separate computer with the appropriate
gates set.

For the on-iiYie mode, the procedure of an experiment was as follows. A source was collected
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for a time interval set in the TENNECOMP. The TENNECOMP then cued the automatic tape transport to
move the source, that had been deposited on the tape, into position between the two detectors. A
counting time stored in the system (usually counting and collection times were the same)
determined the interval of time for which a source was counted. When the counting and collection
times were the same, a new source was accumulated while the previous source was being counted.
In this way no ORIC beam time was lost. At the end of the counting time a new source was moved
to the counting position. In this way many sources were prepared and the data acquired on each
source. Since each source was collected and counted for the same amount of time, the result was
as if one very strong source had been collected and counted.

For the off-line mode the experimenter had to remove the source from the collection point,
mount it on a source holder,, and position it between the detectors. The counting time was con-
trolled by the TENNECOMP. The procedure had to be repeated as long as the run continued. This
process could not be done very quicklys and it was found impractical for collection and counting
times of less than one minute. The on-line mode allowed collection and counting times as short as
a few seconds.

The method of data storage within the TENNECOMP system has some effect on the data and the
way they are analyzed. In the list mode acquisition the two slow logic signals and the true stop
signal (see Figure II.3) are used by the TENNECOMP to establish whether the two energy signals
are in coincidence. When this is true the two energy signals and the TAC signal, after all
signals have been digitized, are stored in a buffer as three, sixteen bit words. This is called
a coincidence event. When the buffer is filled (eighty-five events) its content is written to
magnetic tape. At the same time the slow logic signal is used as a cue to store the corresponding
digitized energy signal as a singles event, which means that the energy signal is digitized
to a number between one and 2n (2n<S192, n being an integer) that is used as a memory address.
Then the number one is added to this address location. This is called the add-one mode.

The need to use the slow logic output of the constant fraction discriminator to cue the
add-one mode, results in the detector efficiency at low energies being a function of the low
level discriminator setting. For this reason an efficiency calibration was made for every Ge(Li)
detector used in every experimental run. The discriminator setting is critical, as too low a
setting results in noise being accepted as a valid signal and as too high a setting causes x-ray
coincidences to be rejected. The discriminator causes a low energy "roll-off" that results in the
loss of low energy gamma-rays. This effect can be seen in Figures III.l, IV.2, and V.I, as the
number of counts is lower before the x-ray peaks than after the x-rav oeaks.

The multiscale data are taken in the following way. A spectrum is accumulated in the add-one
mode for some preset time, then written to the disk. A second spectrum is acquired for the same
preset time, then it also is written to the disk. The process is repeated for the desired number
of spectra such that these spectra correspond to a fixed interval of time in the life of a source.
The total period of time is chosen to be between two to three half-lives of the isotope being
studied. At the end of this time period a new source is positioned between the detectors. The
first spectrum acquired is then read back into the memory and data are continued to be accumulated
into this spectrum. At the end of the preset time interval, the spectrum is written back to the
disk, and the second spectrum is read into the memory. Data are continued to be acquired into
this spectrum for the preset time interval. The process is repeated until all the spectra have
been updated. At this time a new source is positioned between the detectors and the entire process
begins again.

In the way described spectra are acquired that correspond to the first part of the life
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of many sources. From this type of data half-lives may be extracted and singles spectra built by
summing the multiscale spectra.

5II.2.B: Data Acquisition Procedures

The data acquisition with a system like the TENNECOMP is complex in the sense that much
preparation and testing must occur prior to the actual experiment. All software for the computer
as well as hardware interfaces must be checked. The advantage of such a computer based system
is that it maximizes the use of the beam time and provides the experimenter with means to check
the data and its quality.

Display procedures allow the visual presentation of spectra during the acquisition of data.
Once the energy calibration is known the identification of peaks by energy and the monitoring
of detector resolution during the experiment may be performed.

Real time routines allow the determination of peak areas for half-life estimates during the
experiment. This also allows the estimation of the data acquisition rate which is important to
estimate the beam time needed to complete the study.

The experimental configuration may be easily changed with the computer based acquisition
system. The collection and counting times as well as source positioning are under software
control, and may be changed easily and quickly by the experimenter.

In the thallium decay studies, all of these facilities were employed to establish a procedure
to minimize the possibility of unusable data. Experimental arrangements were set up approximately
one to two days before the experiment was to begin. Detectors and electronics were tested and
any faulty components repaired or replaced. Room background and calibration spectra were taken
before and after the actual experiment. During the experiment additional calibrations were carried
out during ORIC ion source and UNISOR target changes. This allowed the detection of any
electronics drift. Coincidence data were reviewed during the breaks and some gates were pulled
to check the coincidence data.

SII.2.C: Data Analysis

With the computer based data acquisition system, several tapes, mostly coincidence events in
bulk, are obtained for every experimental run. The multiscale data are relatively fixed in nature
by the experimental configuration chosen. Counting interval times can be increased by summing
multiscale spectra. For example, summing every two spectra in a multiscale series which is
comprised of twelve spectra corresponding to twenty seconds each yields six spectra corresponding
to forty seconds each. Summing of all multiscale spectra from one detector gives the singles
spectrum for that detector.

The format of the list mode data allows the setting of gates to establish coincidence relations
This can be done at a time after the experimental run is finished. Each coincident event on the
tapes is comprised of three words, each containing a number between zero and 8191. The channels
that a peak spans are determined from the singles spectra. With this information coincidence
spectra may be built. Figure II.4 is an example of such spectra. This figure is'for the 405.5
keV transition in the decay of ""T».

The top spectrum in Figure II.4 is the raw or uncorrected spectrum. This is the result of
searching all events and finding those that have a number in the first word of the event that
correponds to the channels spanned by the 405.5 keV peak. After these events are selected a test
on word three of the event, which contains the time relation between words one and two, is made
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to determine if the desired coincidence relation is met. If these two tests are passed, then
word two is used as an address as was described in discussing the add-one mode. In this way a
spectrum is built.

The spectrum must be corrected for background and random coincidences. As the ratio of true
to accidental coincidences is about 100, no correction for random coincidences has to be applied.
In the same manner that the raw spectrum is constructed, the second spectrum seen in Figure II.4
is built. The region selected for the testing of the numbers of word one must now correspond
to a region with no peaks and as close to the 405.5 keV peak as is possible.

Once these two spectra are obtained the background spectrum is subtracted channel by channel
from the raw spectrum. The result is seen in the third spectrum in Figure II.4. This is the
true spectrum and represents the transitions that are in coincidence with the 405.5 keV tran-
sition. The importance of subtracting the background can be seen since in the raw spectrum
the 191.6 and 298.9 keV transitions in the decay of I86Au are observed. These peaks are removed
by subtracting the background spectrum and only the true coincidences remain.

Several million coincidence events are obtained during an experimental run. This, coupled
with the large number of peaks in a singles spectrum (about 400 peaks are observed in the 188
spectrum) that must be fitted to determine areas, demonstrates the importance of the computer in
the data analysis. A brief description of the principle analysis programs used will be given. All
but two of the programs were written and implemented by the author in the course of the data
analysis.

§II.2.C.i: Program TPTRAN

The program TPTRAN (TaPe TRANslation) was written in COBOL to change the data tapes from the
TENNECOHP system format (and several other analyzer formats) into a format compatible to the
IBM 370/158 and acceptable to the other programs used in the analysis. Although each program
could have read the TENNECOMP tapes directly, there are three reasons to make one program to
change the tape format.

First, the order of the bytes in a TENNECOMP word are reversed on the tapes. This means that
each time the data are read into the IBM 370/158 the order of the bytes has to be reversed. This
is a time consuming process when every pragram must perform this operation before working with
the data.

Second, some of the programs build spectra (such as GATEPUL) and write them out to tape for
later study. It is simpler to have one efficient data format for use throughout the analysis
system.

Third, the record length on the TENNECOMP tapes-is very short, especially for list mode
records. In converting to another format, the record lengths are increased, resulting in
subsequent programs running faster.

§II.2.C.ii: Program GATEPUL

The program GATEPUL builds the gate spectra as seen in Figure II.4. GATEPUL is also written
in COBOL. The program is basically a sort program. As the list mode data are read, events
meeting the gate criteria (peak of interest and coincidence relation of words one and two) are
written to secondary files. The gate spectra are then built from these work files. Up to
fifteen gates, that is a total of forty-five spectra, may be extracted from each reading of the
data tapes. All gate spectra were built using this program.
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sH.2-C.iii: Program ASCI

The program ASCI (Add, Subtract, Compress, Index) is a utility program for manipulating
spectra. ASCI is written in FORTRAN. Such operations as summing spectra, printing spectra,
compressing spectra and other operation were performed with ASCI.

In analyzing the data, several hundred spectra were studied. Keeping track of where these
data were stored and their status was complex at best. ASCI allowed t!?? indexing of the spectra
and addition of commentary material to be stored with the data.

By making one program do all manipulative operations on the spectra, the possibility of two
programs doing the same task differently is eliminated. This does away with possible errors such
as shifts in peak locations which results in errors in energy determinations.

§11.2.Civ: Program DRAW

DRAW is a FORTRAN program for making various types of plots on a CALCOMP plotter. The spectrum
plots presented in this thesis were made with the program DRAW. One of the most time consuming
of jobs is the plotting of data by hand, especially if this means plotting 4000 to 8000 points.
All gates were plotted during the analysis, and this would have been impossible without a program
such as DRAW.

SlI.2.C.v: Program ECON and SAHPO

These two programs were not written by the author. ECOU (Energy level Construction) was originally
written by A. Rester and is used to construct energy level schemes. The ones presented in this
thesis have been done by ECOU. Some modifications have been made by W. Lourens at Delft.

SAMPO is the peak fitting program cf Routti and Prussan1*1) but extensive modifications have
been made by U. Lourens during the course of this work. SAMPO is used to determine peak areas,
energies of peaks, a no' is used to do efficiency interpolations.

SII.2.D: Analysis Procedure

Certain procedures and practices were followed during the analysis in the attempt to make
the analysis procedure the same from experiment to experiment. Basically, the procedure used
during the analysis is as follows.

After the program TPTRAN is run to convert the tape format, the data are divided into list
mode and multiscale on separate tapes. At this time projections or collapsed spectra are made.
Projections are spectra built by using the words in the coincidence events in the add-one mode.
The singles spectra for each detector are made from the multiscale spectra. The NBS calibration
spectra and background spectra are analyzed using SAMPO. The efficiency and energy calibrations
are determined from the NBS or other calibration spectra. The energy calibrations are checked
against the background lines present in each spectrum. The singles spectra are fit to determine
energies and relative intensities. The coincidence spectra are calibrated using the strong lines
from the singles spectra. At this point gates are built using GATEPUL and the coincidence
relations established. The conversion electron spectra are fit using SAMPO and the internal
conversion coefficients computed. With the lines now identified, coincidence relations established,
and multipolarities determined from the conversion coefficients, level schemes are constructed.

The results of this procedure will be presented in the next three chapters.
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CHAPTER III

THE MASS 188 DECAY CHAIN

§111.1: Discussion of the Measurements

The production of isotopes, as described in Chapter II, and the subsequent mass sepa-
ration yielded ihree isotopes: "'TB, "*Hg, and ""Au. Three separate experimental runs were
performed to produce 1S*T£. By changing the collecting and counting times for the sources produced,
the different isotopes within the 188 decay chain were maximized in the different runs. The IS"TK
decay was studied by collecting the activity for 200 seconds; this source was multiscaled to
acquire ten, twenty second spectra. Th<? " a A u decay was studied by collecting the activity for six
minutes; this source was then multiscaled to acquire six, one minute spectra. The study of the
""Hg decay gave almost no information, as the mercury to gold decay is dominantly from ground
state to ground state.

The multiscale spectra were summed to obtain the singles spectrum. Figure III.l represents the
gamma-ray singles spectrum obtained from the six minute collecting and counting procedure. Although
this run maximized the "*Au decay, the total collection time was long enough to give I8'T£ decay
results with the same statistics as the shorter collection time run that maximized the 188T£
decay. The peaks in Figure III.l are identified as those belonging to the three different isotopes,
with some background and sum peaks being identified.

Table III.l and III.2 list the transition energies and intensities of the gamma-rays belonging
to the '"TJ and ""Au decay respectively. Table III.1 also includes the experimental internal
conversion coefficients for the transitions in the decay of l 8 eT8. Conversion electron data were
taken during the run maximizing the lt8T8 decay. During this run only the strong lines in the gold
decay were seen in the electron spectrum. The conversion coefficients of the strong lines in the
" B A u decay agree with the earlier work112); conversion coefficients for the weaker and high energy
lines were not obtained, as no electron spectra were taken in later runs which were off-line.

Figure III.2 is a plot of the counts versus time for the strong lines in the '"IS decay. Trs
half-life of 188T« is determined from the data displayed to be 71±ls. The half-lives of ""Hg and
1 8 8Au are determined to be approximately 190s and 8.8 minutes respectively, which agree with
previous work1*2), Although both a high and low spin-isomer in '"Tie is known11), the observed half-
lives of the lines seen in the decay of "*TC are the same tu within 10%. The conclusion here is
that the two isomars have the same half-lives to within 10%.

Gamma-gamma-time and gamma-electron-tinte coincidence data were taken, and from these the
coincidence relation: for the decay of "*T£ and "*Au were extracted. Tables III.3 and III.4
summarize the coincidence data for the "*TK and '"Au decay respectively.
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Figure Ill.b: The gamma-ray singles spectrum, continued.



Table III.l: Peak Numbers, Transition Energies, Relative Intensities, Experimental K-Conversion
Coefficients, and Multipolarities for the decay l"TSL. The peak numbers are used to identify
the peaks seen in the coincidence as summarised in Table III.3.

Peak
Number

1
2

3

4
5
6
7
8
9

10

11

12
13

14

15

16

17

18

19

20

21

22

23

24

25
26

27
28

29

30

31

32

33

34
35
36
37

38

39
40

Transition Energy
(keV)

203.2+0.2

215.7+0.1

247.6±0.1

269.4±0.1

281.5±0.1
291.7±0.1

301.2±0.1

326.9±0.1

385.8±0.1
387.5+0.2

398.2+0.2

412.9±0.1

417.9±0.1
424.1+0.1

443.1+0.1

445.9+0.1

450.3+0.1

452.7+0.1

460.7+0.1

468.2+0.1

504.3+0.1

535.0±0.1

569.3+0.1

574.0+0.1
592.1+0.1

622.0+0.2

627.2±0.1

645.6+0.2

692.3+0.2
700.1+0.2

701.7+0.2

714.U0.2

745.7±0.2
764.6±0.1

769.8±0.1

772.4+0.1
795.2±0.1
824.5+0.2

826.7±0.1

837.8±0.1

Relative Intensity
{%)

1.30±0.10
0.60+0.06

1.90+0.10

1.40±0.10

0.80±0.08

4.00+0.30

5.50+0.30

10.70±0.51

3.70±0.30
0.30±0.05

0.60+0.06

100.00+5.00

1.10±0.10
3.90±0.30

1.90+0.20

1.00±0.10

0.50±0.05

2.80±0.20

8.20±0.50

5.70±0.30

26.50+1.60

1.30±0.10

3.90±0.30

4.50±0.30
69.10±3.10
0.70+0.07

1.70±0.10

2.40+0.20

2.50+0.20

3.30±0.30

0.90±0.20

0.40+0.05
0.50±0.06

0.80+0.08

2.00±0.20

13.50±0.60

11.30+0.60
0.50+0.05

2.70±0.20

1.30±0.10

Experimental a,.
(X100) N

99.±11

13.±2.

2.10±0.50

8.30±1.50

4.00+0.40

3.60+0.90

3.05±0.30

3.00±1.00

2.00+1.00

3.20+0.70

6.80±0.40

2.90±0.50

1.40±0.40

8.70+0.60

1.90±0.20

1.30±0.40

1.70+0.40

2.40±0.30
1.37*

1.9O±O.O7

2.30+0.30

0.93±0.22

1.90+0.30

>12.±3.

0.65±0.11

0.73±0.08

>130.±10.

1.80±0.50

Multipolarity+

M1/E2+E0

E2

El
E2
E2
E2

E2
E2
E2(E1)

E2

E2/H1
E2
E2
(M1/E2J+E0

E2
E2
E2
(E2)

E2*

E2
E2/M1

E2
(E2/M1)

>H5, E0+E2+M1

E2
E2
EO
E2
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Table III.l:

Peak
Number

41

42

43

44

45

46

47

48

49

50
51

Continued

Transition Energy
(keV)

873.9±0.1

881.U0.1

904.8+0.1

913.2±0.1

928.5+0.1

948.0±0.1

1042.0+0.1

1057.8±0.1

1272.6+0.1

1445.6±0.1

1477.5+0.1

Relative Intensity
(*)

0.60+0.10

18.60±1.00

12.30±0.70

0.30+0.10

1.60+0.10

0.50±0.10

3.50+0.20

1.10±0.10

0.90+0.10

1.10±0.10

1.00+0.10

Experimental av
(X100) K

0.65±0.07

0.20+0.03

0.72±0.29

0.47±0.11

Multipolarity+

E2
El

E2
E2

The multipolarities are assigned by comparison of theoretical and experimental otK by use of the
plots in the Appendix. It should be noted that in the case of the E2 assignments, a possible Ml
admixture can not be excluded on basis of the experimental conversion coefficients alone. The EZ
assignments mentioned in the 'able are preferred because of additional arguments which will be
pointed out at the appropriate places.
tUsed as the theoretical value.

Table III.2: Peak Numbers, Transition Energies, Relative Intensities, and Multipolarities for the
transitions observed in the decay of ts*Au. The peak numbers are used to identify the peaks seen
in the coincidence gates as summarised in Table III.

Peak
Number

1

2

3

4
5

6
7

8

9

10
11

12

13
14

15

16

17

Transition Energy
(keV)

87.26±0.19

132.40±0.14

186.62+0.18

192.89±0.19

198.09±0.33

234.34±0.29

266.02±0.02

295.53±0.07

316.53±0.09

330.76±0.03

340.42+0.02

359.25±0.49

373.47±0.30

376.70+0.15

405.49±0.02

414.79+0.10

426.46+0.28

Relative Intensity
{%)

0.52±0.12

0.51±0.07

0.37+0.08

0.17+0.04

0.2U0.07

0.24+0.07

100.00±2.99

1.00±0.08

0.95±0.09

4.98±0.19

23.86±0.74

0.15±0.08

0.25±0.08

0.51+0.09

9.10±0.29

0.90+0.10

0.33±0.09

Mjlti polarity*

E2

E2

E2

E2

E2+M1

E2

M1/E2+E0
E2
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Table III.2: Continued

Peak
Number

18

19

20
21

22

23

24
25

26

27

28
29

30

31

32

33

34

35

36
37

38

39

40
41

42

43

44
45

46

47
48

49

50

51

52

53

54

55

56

57

58

59

Transition Energy
(keV)

444.18+0.08

471.10+0.50

479.40±0.09
499.58±0.25

523.82±0.28

529.65±0.62

533.39±0.03
541.38+0.15

553.86+0.32

558.21±1.08

606.06+0.02

641.82+0.18

667.88+0.19

670.83+0.03

679.13±0.06
689.12±0.31

707.08+0.14

736.37+0.63

749.47+0.29
819.42+0.42

849.29+0.58

874.66±0.24

884.14+0.39

922.23+0.18

933.94+0.38

949.09±0.08

977.27+0.10

1013.55+0.28

1017.91+0.18

1020.10+0.39

1046.99+0.11
1079.72±0.52

1084.33+0.05

1115.25±0.05

1139.70+0.42
1170.49+0.09

1204.60+0.13

1244.08±0.93
1262.46±0.19
1306.40+0.28

1312.62±0.09

1332.95±0.52

Relative Intensity

1.08+0.09

0.22+0.12

1.28±0.13
0.54±0.14

0.38±0.10

0.17+0.11

5.86+0.22

0.73±0.11

0.26±0.08

0.08±0.09

16.32±0.53

0.65±0.11

0.65±0.11

7.96+0.28

2.01±0.12
0.39±0.11

0.9.-0.11

0.43±0.19

0.47±0.12
0.34+0.12

0.7U0.25

o.59±0.14

0.38±0.14
0.87±0.13

0.40±0.13

2.44+0.17

2.06±0.17
0.72±0.17

1.70+0.23

0.77±0.22

1.93+0.19
0.36+0.15

6.61±0.27

4.98±0.19

0.36±0.12
2.63±0.19

1.63±0.17

0.34±0.50

1.26±0.18
0.81±0.17

2.96±0.21
0.40±0.16

Multi polarity1"

E2

E2
(Ml/E2)+E0

E2

E2/E1

E2

E2

El
E2

E1+M1+EO

E0

>M3,(M1/E2)+EO

>H1

E2

El
Ml

>M1

>M3,M1+E2+EO

El
E2

El

>M3,M1+E2+EO

E2
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Table III.2: Continued

Peak
Number

60
61
62
63

64
65
66

67

68

69

70

71

72
73
74
75
76
77
78

79

80

81

82

83

84

85
86

87

88

89
90

91

92

93
94

95

96

97
98

99

100

Transition Energy
(keV)

1341.22+0.96

1348.50±0.19

1352.38±0.27
1360.10+0.07

1365.16+0.54

1377.59±0.31
1408.92±0.21

1451.54±0.34

1476.71t0.59

1484.55+0.23

1510.38+0.09

1528.25+0.29

1545.00±0.10

1555.37+0.19
1565.56+0.52

1596.91+0.31

1626.18+0.76

1669.61+0.45

1691.42+0.67

1697.20±0.37

1760.46+0.24

1782.53+0.23

1810.91+0.39
1847.25+0.26

1882.45±0.18

1905.95+0.36
1917.63+0.27

1944.60±0.31

1994.02+0.29

2010.27+0.40

2030.02+0.12

2053.16+.0.80

2161.49+0.57

2180.08+0.32
2231.88+0.12

2259.07±1.19

2295.48±0.23

2392.92+0.44
2428.86+0.47

2441.31+0.27

2446.87±0.22

Relative Intensity

0.10+0.16

1.17+0.17

0.82±0.17

4.13+0.22

0.39+0.18

0.61+0.14

0.96±0.15

0.61±0.16

0.32+0.15

0.88+0.16

2.74±0.18

0.72±0.15

2.32±0.18

1.13±0.16
0.41±0.15
0.68+0.15

0.91+0.55

0.46+0.16

0,30±0.14

0.56+0.15

1.14±0.20

1.09+0.24

0.53+0.15
0.83+0.15

1.48+0.19

0.65+0.17

0.90+0.17

0.85+0.19

0.85±0.16

0.61±0.17
2.54±0.23

0.26+0.14

0.51+0.18

0.92±0.19

2.62±0.22
0.20+0.13

1.28+0.19

0.66+0.18
0.62+0.17

1.08+0.20

1.38±0.20

Hulti polar ity+

El

>H3,M1+E2+EO

Ml
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Table III.2: Continued

Peak Transition Energy
Number (keV)

Relative Intensity Multi polarity1"

101
102

103
104

105

106

2509.32+0.32
2532.51±0.49

2626.85±0.31

2780.97±0.15
2994.94+0.36

3129.18±0.69

0.39+0.18

0.75±0.21

1.7&±0.39

2.23±0.21

0.80±0.16

1.17±0.69

+The Multipolarities are from reference 42.

§111.2: The Decay of ""T«: Levels in IB8Hg

Figure III.3 shows the unusual behavior of the yrast levels in "* »186 >IB4Hg. These levels are

known from earlier in-beam studies10'8'7'8). Later works11'12) confirm this behavior and the yrast

levels up to a spin of 10*. The identification of the decay of l88Tc is from the known yrast

transitions and the observed coincidences between the gamma-rays and the mercury x-rays.

As seen in Figure II1.4 the level scheme from the present decay study shows many more levels

than that from the in-beam measurements. The additional levels show a structure that explains the

unusual yrast behavior. The yrast levels up to a spin of 8* are observed in the I B 8 T C decay; the

2* level at 412.9 keV, 4* at 1005.0 keV, 6* at 1509.3 keV, and 8* at 1970.0 keV are confirmations

of these yrast levels. The additional levels

will be discussed individually.

0* Level at 824.5 keV: Although only one tran-

sition is associated with this level, the

strength of the electron transition (see Table

III.1) and the strong beta feeding to the level

(intense 511 keV annihilation peak showing up

in the 824.5 keV gate spectrum) support its

placement. The conversion coefficient of the

824.5 keV transition is greater than 130. This

is greater than the conversion coefficient of

an H6 transition, thus the assigned multipolar-

ity is E0. Figure III.5 shows the conversion

electron spectrum for mass 188.

A comparison of Figure III.I and Figure

III.5 shows strong 824.5 K- and L-conversion

lines and the absence of the 824.5 keV gamma-

ray peak. With the 412.9 keV transition being

the 100% line, the lack of a sum peak at about

824 keV indicates either a very weak transition

or no transition from the second 0* level to

the 2° level at 412.9 KeV. An upper limit

10'

3
?£>'

1OJ

412.9 k«V

592.1 keV

50<3k«V

772.4 keV

8B1.1 kiV

2 3
Tima (Minutts)

Figure III. 2: Plot of counts versus time for the
strong lines in the decay of '"Tl with the deter-
mined half-lives shown.
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Table III.3: Coincidence relations fop transitions observed in the decay of1SiTZ. The left column lists
the energy of the gamma—rays in which gates were set. The numbers across the top indicate the transitions
observed in the gates. The numbers are keyed to the peak numbers as listed in Table III.l.

291.7
301.2
326.9
335.3
412.9
424.1
443.1
452.7
460.7
463.2
504.3
569.3
574.0
592.1
627.2
645.6
692.3
700.1
772.4
795.2
326.1
381.1
904.8
923.5

Peak numbers
1 3

X
X

X

X X

4

X
X
X

X

\

6

X

X

X

X

X

of
7

X

X

X
X

X

the transitions seen
3

X

X
X

X
X

X

X

X

9

X

X

X

X

12

X
X
X
X

X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

X
X

14

X

X

X

X

X

X
X

15

X

X

X

X

X

18

X

X

X

X
X

19

X
X
X
X

X

X

in
20

X
X

X
X

X

X

X

the
21 22

X

x \

X

X
X
X
X

X

gates listed
23

X

X
X

X

X

X

24

X

X
X

X

X

25

X
X

X
X
X
X
X
X

X
X

X
X
X

X

X

26

X

X
X

on
27

X

X

X

the
28

X

X
X

X

X

X

left
29

X

X

X

30

X
X
X

X

X

31 33 34

X
X
X X

X

X

X

36

X
X

X

37 39

X

X X

X

X

42

X

X

X

X
X

X

43

X

X

X

X

45

X
X
X

46

X

X
X

X

x=Strong Coincidence, \=Weak Coincidence



Table III.4: Coincidence relations for transitions obseroed in the decay of lssAu. The left column lists the energy of the gamma-
rays on which gates were set. The numbers across the top indicate the transitions observed in the gates. The numbers are keyed
to the peak number as listed in Table III.2.

266.0
316.b
330.3
340.4
405. 5
444.2
606.1
670.3
679.1
707.1
349.3
949.1
977.3
1017.9
1047.0
1034.3
1115.3
1170.5
1204.6
1312.6
1348.5
1360.1
1403.9
1510.4
1545.0
1555.4
1882.4
2030.0

Peak numbers
4 6 7 9

\
x \

X
\ x

X
X

X
X
X
X
X
\
X
X
X

X
X
X

X
X
X
X
X
X
X
X

of
10

X

X

X

X

X

X

the
11 14

x \

X X

X

\

\

transitions
15

X

X

X

16 17 18

X

X
X
X X

\

\

seen in
20 24

\ x
X

X

X

the gates
28 29 31 32

X X

X

X X

X

X
X

X

listed
34 38

X X

X

X

on the left.
39 41 43 44 46 48 49 50 51

x x x x x

x x
\ x

X

X

53

X

X

X

54 58

\

X

X

61 63 66 70 72 73 75 84 90

X \ X X X \ X X

X

X

\

\
X

X

x=strong Coincidence, \=Weak Coincidence
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-̂

Figure III. 3: Plot of tne moment of inertia versus
the rotationil frequency for the 1 8 4 » 1 8 *j 1 8 8 / /g
isotopes.

of the intensity of this 411.6 keV transi t ion

is 2%. In this calculation a correction for

summing of 412.9-412.9 keV has been made.

2* Level at 881.1 keV: This second 2* level

has a strong coincidence support with the

881.1, 468.2, 326.9, and 574.0 keV transit ions.

The 881.1 keV transi t ion is E2 while the 468.2

keV transi t ion is an Ml or E2 mixture with a

strong EO component. The mult ipolar i t ies of

the la t te r two transit ions make the T assign-

ment def in i te .

(2)» Level at 948.0 keV: The tentative level

at 948.0 keV is based on the 948.0 and 535.0

keV transi t ions. The 948.0 keV t ransi t ion

shows only coincidences with mercury x-rays

and with some I88Au gamma-rays due to the

949.1 keV transi t ion in the decay of l 8 8Au.

Coincidence relations for gamma-rays from

higher levels are not observed; the 535.0 keV

l ine is in weak coincidence with the 412.9 keV

gamma-ray. The 948.0 keV transi t ion is to the

0* ground state. Hence, i t must be a pure

t rans i t ion. Since a pure Ml mult ipolar i ty

is excluded by the conversion coeff icient data, the transi t ion is pure E2. Therefore, the spin

par i ty assignment is 2* .

4* Level at 1208.0 keV: The 795.2, 326.9, and 203.2 keV depopulating transit ions have strong

coincidence relations to lower established levels. The f ive feeding transit ions of 301.2, 569.3,

700.1, 701.7, and 928.5 keV give further support. The 203.2 keV transi t ion is to the yrast level

at 1005.0 keV, and the 301.2 keV transi t ion is from the yrast level at 1509.3 keV. Both of these

levels were seen in the in-beam studies. The 203.2 keV transi t ion has a mixed mul t ipolar i ty ,

being either HI or E2 with a strong E0 component. For this reason the spin-parity is assigned at

4* . The mult ipolar i t ies of the 302.1, 326.9 and 795.2 keV gamma-rays lend support to th is

assignment.

4* Level at 1239,6 keV: The 826.7 and 269.4 keV transit ions are found to be in coincidence, and

this fact supports this leve l . The 215.7 keV transi t ion is placed on basis of an energy f i t between

the 1239.6 and 1455.0 keV levels. The 269.4 and 826.7 keV gamma-rays are a cascade between a known

6* level to a known 4* leve l . The mult ipolar i ty of the 826.7 keV gamma-ray M1/E2 on basis of the

conversion data. However, an Ml contribution would make the 269.4 keV transi t ion at least an M3,

which is in contradiction with the conversion data. Thus, the spin-parity of the level is 4* .

(3,4)* Level at 1455.0 keV: Of the four transit ions depopulating this level only the 1042.0 and

574.0 keV transitions have coincidence support. The placement of the 450.3 and 215.7 keV gamma-

rays is based upon energy f i t s . The 1042.0 keV transit ion is E2{M1) while the 574.0 keV transi t ion

is E2(M1). The 450.3 keV gamma-ray has an Kl or a mixed M1/E2 character. Although a spin of 4 is

favored, a spin of 3 remains possible.

6* Level at 1772.2 keV: The coincidence results concerning the depopulating 772.4 and 569.3 keV

transit ions strongly support this leve l . Both transit ions are E2(M1) and populate 4* levels.

The 424.1 and 645.6 keV feeding transit ions are coincident with the transit ions from this leve l .
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The conversion data allow spin assignments of 2* through 6*. Considering the systematics of the
heavier isotopes, a spin-parity of 6* is preferred.
(3-5)' Level at 1908.1 keV: The 452.7 and 700.1 keV transitions both have coincidence support to
lower established levels. The 452.7 keV transition is E2(M1) and to the (3,4)* level at 1455.0 keV.
The 700.1 keV is M1/E2. It can be concluded that the spin-parity of the level is (3-5)*.
(5)' Level at 1909.7 keV: This level is based on the coincidence results regarding the strong
904.8 keV transition to the low 4* level and regarding the 291.7 keV transition. The 701.7 keV
transition is an energy fit. The 904.8 keV gamma-ray is El, as is the 291.7 keV transition. The
negative parity assignment is definite. The spins are 3, 4, and 5. A spin of 5 is favored because
of the systematics, but the assignment is tentative.
(4-6)* Level at 2136.5 keV: The coincidence result on the 928.5 and 627.2 keV transitions give
support to this level. The 627.2 keV transition is an E2(M1) while the multipolarity of the 928.5
keV gamma-ray is unknown. The decay of the level to both a 4* and 6* level supports the spin
assignment of 4-6 because if a higher value is chosen, the 928.5 keV transition would need to
have a multipolarity of H2 or E3.
(4-6)* Level at 2201.5 keV: The placement of the 424.1 and 692.3 keV transitions is strongly
supported by the coincidence results. The 291.7 keV transition has been discussed earlier in
regard to the 1909.7 keV level. The 692.3 keV gamma-ray is an E2(H1); the 424.1 keV transition is
tentatively E2/M1 due to the large error on its conversion coefficient. With the 291.7 keV
transition being an El, the spin is assigned as 4-6.
(7)' Level at 2295.4 keV: The 385.8 keV transition gives coincidence support to this level; the
387.5 keV gamma-ray is placed here because of its energy fit. The 385.8 keV gamma-ray is ar< E2(M1)
indicating a spin of (3-7). A spin of 7 is preferred because of systematics. With only this one
transition for support the spin assignment is tentative.
(5-7)* Level at 2422.8 keV: The 645.6 keV transition gives coincidence support to this level. This
transition is an E2/M1. The 913.2 keV gamma-ray is an energy fit. The spin parity assignment may
be (5-7)*.
(4*) Level at 1719.1 keV: One further level not shown in the level scheme, as i t did not meet

the cr i ter ion of a def in i te coincidence re la t ion , needs some comment. There is weak coincidence

support by the 837.8 keV transi t ion to the 2* level at 881.1 keV. The 417.9 keV transi t ion is an

energy f i t from the 2136.5 keV leve l , and the 714.1 keV gamma-ray is an energy f i t to the 4* level

at 1005.0 keV. The 714.1 keV gamma-ray is observed to have a conversion coeff icient greater than

that of an M5 t ransi t ion. Therefore an E0 admixture is proposed. This would make the spin-parity

assignment 4*.
With the above levels and the yrast levels, an explanation for the behavior of the moment

of inertia as shown in Figure 111.3 can be given based on bands or groups of levels. The levels
are grouped into bands using the B(E(M)A) ratios.

B(E(M)\) values are the sums over substates of the square of the total transition probability30).
B(E(H)x) values are independent of spin of the initial state, whereas the transition probability
is not. B(E(M)x) values or their ratios are directly measured experimental quantities, whereas the
transition probabilities are not. B{E(M)?,) ratios show the strength by which a level decays to one
of two other levels with tins being independent of the energy of the transitions when the transi-
tions have known multipolarity.
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Table III.6: Relative BlEV) Ratios fop Levels in lsaHg.

B(E2:4* (1208)->? (881)) B(E2:6* (1777)->4* (1208))
= 80.7+5.8 = 1.33±O.ll

B(E2:4* (1208J-2* (413)) B(E2:6* (1777)-»4* (1005))

B(E2:6*(1509)->4*(1208))

B(E2:6*(1509)-4*(1005))
= 2.73±0.22

The quantities measured to compute the B(E(H)x) ratio for the decay of a level are the energies,

relative intensities, and multipolarities of two depopulating transitions. Bohr and Mottelson30)

give general expressions for the B(E(H)x) valuesf.

Table III.5 gives the B(E2) ratios for three levels in l88Hg. The 4* level at 1208.8 keV decays

to the two 2* levels at 881.1 and 412.9 keV. This 4* level strongly decays to the 881.1 keV level

instead of the lower energy yrast level at 412.9 keV. The lower energy 4* yrast level is not seen

to decav to the upper 2* level at 881.1 keV. The two 4* levels clearly are associated with

different 2* levels. The upper 4* level at 1208.C keV favors decay to the upper 2* level at 881.1

keV while the 4* level at 1005.0 keV decays to the lower yrast 2' level at 412.9 keV.

The two 6' levels at 1509.3 and 1777.2 keV decay to both 4* levels at 1005.0 and 1208.0 keV.

The preference of decay is not as strong as with the two 4* levels but the lower 6* shows some

preference to the 4* level at 1208.0 keV. The 6* level at 1777.2 keV decays with almost equal

strength to the two 4* levels. The 8* level at 1970.0 keV decays only to the lower 6* level.

The B(E2) ratios indicate that the levels belong to two bands. The 412.9, 1005.0, and 1777.2

keV levels form one band with the ground state being the band head. This band will be called the

ground state band. The 881.1, 1208.0, 1509.3, and 1970.0 keV levels form a second band, with the

0* level at 824.5 keV being the band head. This band will be called the deformed band. The reason

for this name is that the 10* to 8* transition in this band is observed in in-beam studies10) and

is found to have a 3 indicating a large prolate deformation. The 2* to 0* transition in the ground

state band has a 8 indicating small oblate (near spherical) deformation. The 0* level at 824.5

keV, being the deformed band head, is supported by the work of Proetel1'3), as he found that the

B(E2) ratio for the 2* level at 881.1 keV to the 0* level at 824.5 keV, as compared to that for

the 2* level at 412.9 keV to the 0* ground state, was of the order of 500.

Figure III.6 shov/s the levels grouped into the two bands as well as a plot of level energy

versus 1(1+1) for the two bands. The deformed band is seen to be a good rotational band. The 2*

and 4* levels at 881.1 and 1208.0 keV show some deviation from a smooth curve, but these levels

+As an example of computing a B(E2) ratio consider the following.
A level of spin J decays to two levels of (J-2)' and (J-Z)" with transitions of energy E'y and
E"Y respectively. The parities of all levels are positive with E"Y>E'Y. The quantities I'and I"
are the relative intensities of the E'Y and E"Y gamma-rays respectively.

With these definitions and symbols

B(E2:J->-(J-2)') (E"Y) 5I'

B(E2:J (J-2)") (E'Y) 5!" '

if both transitions are pure E2.
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Figure III.6: Plot of the energy of the levels
oersus J(J+1) for the two bands in "*Hg. The
vight-nand side snows the Hg levels divided into
the ground band and the deformed band which are
shown to aross between the 4* and 6* members of
each Band.

are near the crossing point of the two bands

and some nixing is expected. By using the

0* (824.5 keV), 6* (1509.3 keV) and 8* (1970.0)

levels to fit the rotational energy level

spacing formula, E=E0+AI(I+l)+BI
2(I+l)2, values

of A=0.0170 keV and B=-1.63xlO"s keV are

determined. The calculated energies are then

825, 927, 1159, 1510, 1964, 2496, and 3078 keV

for the deformed band. As is seen, the only

significant deviations occur at the 2* and

4* levels. To explain this as mixing of the

two bands is best understood by Proetel's1*3)

and Kolb and Wong's31*) definition as the

overlap of the wave functions of the states.

With these two bands established, the next

question to consider is that of coexistence.

This question can be stated as follows: do

these two bands exist at the same time in the

same nucleus? Clearly this is true as

transitions are seen that connect a level in

one band to a level in the other band. Some

of these have already been discussed with regard to the B(E2) ratios. Also seen are the 468.2 and

203.2 keV transitions which connect the two 2* levels and the two 4* levels respectively. These

transitions show large E0 components which are characteristic for transitions between bands in

deformed nuclei.

The coexistence of the two bands and the fact that neither band terminates above or below the

crossing point shows that the bands are built on two unique nuclear structures. This shows that

a phase transition1' is not involved as the nucleus de-excites via the yrast cascade. With these

two structures present, the question of isomerism also arises.

The criterion for shape isomerism is that the decay of the second 0* is hindered. In looking

at the nuclear potential energy surface, the deformed band is built upon a second minimum as

discussed in Chapter I. If the barrier separating the two minima restricts the decay modes, a

delay in the decay of the 0* level leads to shape isomerism. As stated previously the 0* level at

824.5 keV shows no evidence of decay to the 2* level at 412.9 keV. The gamma-ray decay may well be

hindered as predicted by Dickmann and Dietrich32) for 184>l8«Hg. But as is seen in Figure III.5,

the 0* level at 824.5 keV decays via the E0 transition. The mean life (T) of the 824.5 keV band

head is related to the E0 and not to the E2 matrix element.

The transition probability is Tsfip2"*1*) where a is the electronic factor as tabulated by

Hager and Seltzer1*9). The matrix element p, Proetel1*3) approximates as p « ^ ZE{B"-SQ)» where e

is a mixing amplitude of 0.1 and BD and Bn are the prolate and oblate deformations respectively.

Proetel calculates T=0.190ns for the second 0*; the measured value is t<0.300ns. Thus with the

inclusion of the E0 decay mode the second 0* level is not isomeric and 18*Hg is not a shape

isomer. This fact, however, does not mean that the shape change cannot occur. EO transitions are

Phase transition refers to the nucleus changing shape as it de-excites.
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associated with a change in the RMS charge radius of the nucleus. Since the nuclear deformation
B«0.3 for the second 0* level and g«-0.1 for the ground state, the change in radius with the
E0 transition is evident (see Equation 1(5 ).

§111.2.A: Comparison with Other Experiments

From this work no other clear band structure is seen in 18BHg. The two negative parity levels
at 1909.7 and 2295.4 keV could be the lowest members of a negative parity band seen in the heavier
mercury isotopes10). Bourgeois, et al.k5) at Orsay report such a band in '""Kg, but between that
work and this work there is disagreement as to the band members.

The disagreement lies in that Bourgeois et al. report the level at 2201 keV as a 7" level,
while the present measurements indicate it to be a (4-6)* level. A 6" level is reported by them
of 2295 keV, but here it is seen as a (7)" level. An 8" and a 9" level at 2249 and 2471 keV,
respectively, are proposed by Bourgeois et al., but these levels could not be confirmed in the
present work.

The (5)" and (7)" levels in the decay scheme presented here agree with a band of negative
parity as reported in the heavier mercury isotopes10). The negative parity band proposed by
Bourgeois et al. does not fit the systematics as well as the levels presented here.

Also, Bourgeois et al. report the 714.1 keV transition as a pure E0, but in all experimental
runs for the present work, the 714.1 keV gamma-ray is observed. The interpretation of the 714.1
keV transition as a band crossing transition agrees with the expected result of a large EO
component for such a transition in deformed nuclei.

Bourgeois's work confirms the crossing of two bands built upon band heads of different
deformations to explain the yrast behavior.

§111.2.B: Concluding Comments on ""Hg.

The presence of the (7*) isomer in thallium results in population of high spin states in
mercury. The highest spin established is 8*.

The band structure seen in ""Hg gives a simple explanation of the yrast behavior. The large
B deformation band with strong rotational structure yields the high moment of inertia and the low
energy band crossing transition of 504.3 to cause the backbending. The presence of the second 0*
levels establishes the band head with the band crossing transitions showing that neither band is
terminated above or below the crossing point. The coexistence and crossing of two bands establishes
the coexistence of two nuclear shapes as described by the two minima in the nuclear potential
energy surface.

§111.3: The Decay of " B A u : Levels in "*Pt

It is seen from Figure III.7 that the platinum isotopes display the unusual yrast behavior
seen in the mercury isotopes but at a much higher spin. These yrast levels are obtained from
earlier in-beam studies28'1*6''*7''18)

The l 8 8Pt lines were identified by coincidences with the known yrast lines and the platinum
x-rays. The level scheme as constructed from the decay of I88Au is shown in Figure 111.8. Finger
et al.kz) studied the decay of l8*Au. They observed the levels at 266.0, 606.4, 671.5, 799.4,
936.9, 1115.6, 1313.0, 1350.4, and 1776.4 keV and assigned spin-parities to these levels as seen
in the figure. The additional levels proposed in the present work will be discussed individually-
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Hultipolarities come from Finger, et a?."12).

(4)' Level at 1085.3 keV: This level has been

previously reported in in-beam work1*7'1*8). It

is proposed here on basis of the coincidence

results regarding the 479.4 and 414.8 keV

transitions. The 819.4 keV transition is

placed because of the energy fit. The 479.4

keV transition is E2(H1), while the 414.8 keV

transition is Ml or E2 with some EO admixture.

These multipolarities and the decay properties

of the level restrict the possible spin-parity

to 3* and 4*. A spin of 4* is preferred as the

479.4 keV transition is strongly observed in

in-beam studies28'1*6''17''*8) and agrees with

systematics.

(4)* Level at 1215.1 keV: The strong coinci-

dence relation between the 949.1 keV transi-

tion and the 266.0 keV gamma-ray support

this level. The 949.1 keV transition shows up

in the coincidence spectrum taken with the

gate set at 511 keV which indicated beta

feeding of the level. The multipolarity of

the 949.1 keV gamna-ray is E2(M1). A spin

assignment Of 0, 1, 2, 3, 4 is possible but H^ure UI.7: Plot of the moment of in
the rotattonal frequency for the "*>•

the 0, 1 and 2 values are omitted as no decay isotopes.
is seen to the second 0* level or the ground
state. Based on systematics of the heavier platinum isotopes the 4* assignment is favored.

(2)' Level at 1528.2 keV: The 1262.5 keV transition is seen in the coincidence spectrum taken with

the gate set at 266.0 keV. The 1528.3 keV gamma-ray is placed because of its energy fit. The 1262.5

keV gamma-ray is an M1/E2 transition with large E0 admixture, thus the spin assignment is (2)*.

1* Level at 1626.2 keV: This level is proposed since the 1360.1 and 1020.1 keV lines are found
to be in coincidence with the 266.0 and 340.4 keV gamma-rays, respectively. The 1626.2 and 689.1
keV gamma-rays are energy fits. The 689.1 keV gamma-ray is an E2(M1) to a 3* level, while the
1626.2 keV transition is an Ml. The spin-parity assignment is thus 1* .
Level at 1674.9 keV: This tentative level is proposed due to the strong 1408.9 and 266.0 keV
gamma-ray coincidence relation.

Level at 1686.1 keV: The 1079.7 and 340.4 keV gamma-ray coincidence relations support this level.
The 471.1 keV transition is an energy fit.

Level at 1811.2 keV: This level is supported by the coincidence relations between the 1545.0,

1204.6, and 874.7 keV gamma-rays and the 266.0, and 330.8 keV gamma-rays, respectively. The

1139.7 keV transition is an energy fit. The multipolarities of the gamma-rays are unknown, but

since the level decays to levels with spin of 2*, 3*, and 4*, the spin of the 1811.2 keV level

could range from 2 to 4, assuming that the multipolarities of the depopulating transitions are
restricted to El, Ml and E2.

Level at 1954.9 keV: The 1348.5 and 1017.9 keV gamma-rays support this level, as the 1348.5 keV

transition is in coincidence with the 340.4 and 606.1 keV lines, while the 1017.9 keV line is

^ner>t^a versus
«e,is s pi
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coincident with the 330.8 and 670.8 keV gamma-rays. The multipolarity of the 1348.5 keV gamma-ray

is unknown. The experimental conversion coefficient of the 1017.9 keV transition is greater than

the theoretical Ml conversion coefficient. The level decays to a 3* and 2* level but no assignment

can be made to i ts spin.

Level at 2172.0 keV: The 1905.9 and 1565.6 keV gamma-rays occur in the coincidence spectra taken

with the gate set at 266.0 and 340.4 keV respectively. Neither gamma-ray has a known multipolarity,

thus no spin can be assigned.

Level at 2210.6 keV: This tentative level is proposed because of the strong coincidence relation

between the 266.0 and 1944.6 keV transitions. The multipolarity of the 1944.6 keV gamma-ray is

unknown.

Level at 2295.6 keV: The 2295.5 keV transition from this level feeds the 0* ground state, as i t is

coincident only with the platinum x-rays and 511 keV annihilation radiation. The 2030.2 keV gamma-

ray is strongly coincident with the 266.0 keV gamma-ray. Neither transition has a known multi-

polarity.

Level at 2446.9 keV: This level is supported by the 2446.9 keV transit ion, which has a large

relative intensity. The 2446.9 kev gamma-ray is in coincidence only with the 511 keV annihilation

radiation and the platinum x-rays. As can be seen in Figure I I I . 1 . the 2446.9 keV gamma-ray is

so st-ong, that any other coincidence relation should have been observed.

Level at 2469.7 keV: This tentative level is proposed because of the coincidence relation between

the 533.4 and 1669.6 keV transitions. No multipolarity for the 1669.6 keV gamma-ray is known.

Level at 2497.9 keV: As with the 2446.9 keV level , this level is supported by only one l ine , the

2231.9 keV gamma-ray. The 2231.9 keV gamma-ray is strong and shows strong coincidence relations

with the 266.0 keV gamma-ray and the 511 keV annihilation radiation. The multipolarity of the

2231.9 keV gamma-ray is not known.

Level at 2525.0 keV: This tentative level is supported by the 2259.1 keV gamma-ray, which is in

coincidence with the 266.0 keV transit ion. The 736.4 keV gamma-ray feeding the level is an energy

f i t . The multipolarity of the 736.4 and 2259.1 keV transitions is unknown.

Level at 2589.1 keV: This tentative level is supported by the coincidence relation between the

1917.6 and 405.5 keV gamma-rays. The multipolarity of the 1917.6 keV transition is unknown.

Level at 2798.5 keV: The evidence for this level is the coincidence relation between the 2532.5

and 266.0 keV gamma-rays. The multipolarity of the 2532.5 keV transit ion is unknown.

Level at 2909.5 keV: The 1596.9 keV gamma-ray is seen to be in coincidence with the 1312.6 and

1047.0 keV gamma-rays. The multipolarity of the 1596.9 keV transition is greater than that of an

M3 transit ion, suggesting an H1/E2 character mixed with a large EO component. This indicates a

spin of 2*, but with no confirming evidence no assignment is made.

Level at 3047.3 keV: The strong 2781.0 and 2441.3 keV transitions are seen to be in coincidence

with the 266.0 and 340.4 keV transit ions, respectively. The 1697.2 keV gamma-ray is an energy f i t .

The multipolarit ies of the depopulating transitions are not known.

Level at 3232.9 keV: This level is supported by the 1882.5-1084.3 keV and the 1882.5-679.1 keV

coincidence relations. The 2626.9 keV transition is in coincidence with the 340.4 keV gamma-ray.

Level at 3261.0 keV: The coincidence relation between the 2994.9 and 266.0 keV gamma-rays is the

only coincidence support for this level . The 1484.6 and 1306.4 keV transitions are energy f i t s

to establish the level .

Unlike the l>8Te decay, the " "Au decay shows no population of the high spin levels. The low

spin levels seen can be grouped into bands thai have their high spin members observed in the i n -

beam studies.
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Table III.6 lists the B(E*) ratios for seven levels in 1 8 aPt. These ratios and the observed

transitions yield two positive parity bands and two levels that are associated with one another.

The 4* level at 671.5 has no observed decay to the 2* level at 606.4 keV, but is seen to decay

only to the 2* level at 266.0 keV. The second 4* level at 1085.8 keV has its dominant decay

to the 2* level at 606.4 keV, as the B(E2) value for the decay to the t level at 266.0 keV

shows this decay to be 63 times weaker. The 3* level at 936.9 keV also favors decay to the 2*

level at 606.4 keV over that to the 2* level at 266.0 keV. The 2* level at 1115.6 keV favors the

decay to the second 0* level at 799.4 keV by a factor of about 100 over the decay to the ground

state. The decay of the 2* level at 1115.6 keV favors the decay to the second 0* level over the

decay to the 4* level at 671.5 keV by about a factor of 20.

fable III.6: Relative B(E2) and B(E1) Ratios for Levels in I 8 8Pt.

B(E2:0*(799)-2*(606)) B(E2:2* (1313)->4* (672))
= 5.49±1.2 = 7.16±1.3

B(E2:0* (799)-2* (266)) B(E2:2* (1313)->0* (G.S.))

B(E2:(3)*(937)-*2*(606)) B(E1:3" (1350)->4* (672))
= 21.4±1.1 = 1.23±0.09

B(E2:(3)*(937)->2*(266)) B(E1:3" (1350)^2* (266))

B(E2:(4)* (1086)^2* (606)) B(E1:1"(1776)*? (606))
= 63.2±23. = 2.07+0.21

B(E2:(4)*(1086)-2*(266)) B(E1:1-(1776)H.2* (266))

B(E2:2* (1116M)*(799)) B(E1:1'(1776)-K)* (799))
= 97.8±10. = 2.87±0.317

B(E2:2* (1116)-K)* (G.S.)) B(El:l-(1776)-2* (266))

B(E2:2*(1116)^4*(672)) B(E1:1"(1776)->O* (799))
- = 22.0±2.1 = 1.39±0.15

B(E2:2*(1116)->0*(G.S.)) B(E1:T (1776)-2* (606))

The B(E1) ratios indicate that the 3" and 1" levels at 1350.4 and 1776.4 keV show no strong
preference in their decay to the lower levels. Some slight favoring of the decay of the 1" level
at 1776.4 keV to the second 0* level is seen over the decay to the two lowest 2* levels, but not
with the strength displayed within a band.

The three positive parity levels (ground state, 266.0 and 671.5 keV levels) are the lowest
members of one band. This conclusion agrees with the in-beam results'*7). The three levels at
606.4, 936.9, and 1085.8 keV are the three lowest members of a second positive parity band. The
3* level at 1350.4 keV is the band head of a negative parity band seen in the in-beam study. The
B(E1) ratios of the 1" level at 1776.4 keV are those expected for band crossing transitions,
indicating this level to be a member of tne negative parity band. The crossing of the two positive
parity bands occurs with the 12* to 10* transition, which explains the backbending observed in
the yrast cascade as shown in Figure III.7.

The 0' level at 799.4 keV and the 2* level at 1115.6 keV are unobserved in the in-beam studies.
The absence of a 4* level decaying to this 2* level is not surprising, as the 4* levels observed
are weakly fed. That such a 4* level is not seen in the in-beam studies is not unusual, as
high-spin states are usually populated in this type of experiment and the decay is down a cascade.
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Since the 24 level at 1115.6 keV and 0* level at 799.4 keV are not associated with either of the
cascades, these levels would not be evident from in-beam studies. Finger1*2) suggests that the 2*
and 0' levels form a quasi-band, but he does not speculate as to their nature.

The platinum nuclei a. soft to y'deformation, even though they are prolate in the ground
state"*2'"18'1*7). For this reason the second 0* level could be a vibrational mode built upon the ground
state, as well as a state of different deformation. The ground state 0* level has |61=0.19. The
B(E2) ratio of the 2* level at 1115.6 keV gives |B|*0.02 for the second 0* level. This is not
conclusive proof of a spherical shape associated with the second 0* level.

§111.4.A: Concluding Comments on "*Pt

The mercury decay is dominantly from the 0* ground state to the ground state of gold. Systematics
indicate the ground state of " 8 A u to be 1" or 2" and the first excited state of gold also to be of
low spin. For this reason no high spin states in " 8 P t are seen. The highest spin in l 8 8Pt that is
identified is a 4*.

The behavior of the yrast cascade in 1 S BPt can be explained by band crossing, but in contrast
to the ""Hg nucleus the bands are not built on two separate shapes. The crossing at high spins is
explained by the rotation-alignment effect as discussed in Chapter I. This explanation is given
substantial support by the in-beam studies'*6'118).

The second 0* level and the 2* level at 1115.9 keV are not associated with the two positive
parity bands or with the negative parity band. The levels are best considered as the lowest members
of a e-vibrational band. This is in contradiction with the interpretation of Numao et al.kB). They
state that the 2* level forms the band head of a y-vibrational band. The decay of the second 0* level
to both lower 2* levels argues against a sharp second minimum in the nuclear potential energy
surface for a state of a different deformation.
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CHAPTER IV

THE MASS 186 DECAY CHAIN

sIV.l; Discussion of the Measurements

The isotope " 6 T « was produced as described in Chapter II. Three isotopes, "'Ts, "'Hg,
"'Au, were seen in the mass separated sources. The experiment was performed in such a way that
the "'TS decay was maximized. Unfortunately, no additional machine time was allotted for the
study of the decay of " 6 A u . However, the gold data obtained as a "by-product" were of such quality
that they allowed the study of the gold decay with better results than those obtained in previous
work1*2). The results reported here are based on multiscale, ganroa-gamma-time, and gamma-conversion-
electron-time measurements. Sources were collected for sixty seconds, then multiscaled to take ten,
six second spsctra. Coincidence data were taken concurrently with the multiscale data.

Figure IV.1 is a plot of the counts versus time for the data used in the half-life determina-
tion for the stronger lines in the decay of "*Te. The 26.1+1.0s value is the final result. The
short half-life, 4.1+l.Os, is identified as the isomeric transition in thallium. Since the multi-
seals time was less than one half-life, the '"Au half-life was not determined. Finger, et al.^z)
report the half-life as ll±lm.

Tut; multiscale spectra were summed to obtain the singles data. Figure IV.2 represents the
singles gamma-ray spectrum obtained after summing. The strong lines are labeled by their energy
and the element to whose decay they belong. Some background and sum peaks are labeled for refer-
ence. Tables IV.1 and IV.2 list the gamma-ray energies, and the relative intensities for the "'TS
and "°Au decay, respectively. Table IV.1 also includes the internal conversion coefficients and
multipolarities for the "'Te decay. Since the run maximized the thallium decay, only the strong
1 > eAu decay electron lines were observed. The multipolarities in Table IV.2 have been taken from
the work of Finger, et al.*2). The experimental conversion coefficients of the strong gold decay
lines agree with the results reported by Finger.

The presence of the 374.1 keV transition with a half-life of 4.1±1.0s is strong evidence for
an isomer in " 6 T 8 . The 374.1 keV transition is in coincidence with the thallium x-rays, clearly
establishing it as a transition in "*TS. The spin of the isomer is undetermined, but the popu-
lation of states with spins up to 8* in "'Hg and systematics point to a high spin isomer.

As with the 188 decay chain, the decay of "'Hg to '"Au is seen to be dominantly a ground
state to ground state decay. Finger, et ai.1*2) report the presence of a low and a high spin isomer
in " 6 A u . The low spin has a half-life < 2 minutes while the high spin isomer has 11+1 minutes
for a half-life. The short multiscale time did not allow these two separate times to be observed.
The highest spin observed in the " 6 A u decay is 6'. This does give evidence of population by some
level other than the low spin ground state of gold, but the dominant decay is definitely to the
lower spin states in platinum.



Table IV.1: Peak number's, Transition Energies, Relative Intensities, Experimental K-Conversion
Coefficients, and Multipolarities for the decay of '"'TIL. The peak numbers are used to identify
the peaks seen in the coincidence gates as summarised in Table IV.3.

Peak
Number

1
2

3

4
5
6

7
8

9

10
11
12
13

14

15

16

17
18

19

20

21
22

23

24

25
26

27
28
29

30

31

32

33
34

35

36

37

Transition Energy
(keV)

97.17+0.33

133.23±0.18

139.83+0.17

181.07±0.05

186.87+0.03
193.07+0.15

203.62+0.14

215.90±0.01

288.31+0.08

356.82±0.01

377.29+0.13

398.05+0.17

402.76±0.02

405.46±0.02

412.56+0.39

421.30±0.11

424.24±0.02

459.36±0.03

478.13+0.08

523.80+0.40

573.12±0.06

579.06±0.15

597.40+0.03

607.38+0.02

621.44+0.08
625.66±0.03

646.55±0.11

675.38±0.02

726.63±0.17
759.67±0.15

762.05+0.16

769.80±0.04

787.94±0.07
810.90±0.08

826.47+0.04

830.44+0.14

869.22±0.10

Relative Intensity
[%)

0.33±0.14

0.72+0.14

0.25+0.05

2.92+0.15

2.55±1.00

1.23+0.24

0.34±0.05

3.61±0.10

0.61±0.06
34.78+1.11

0.52+0.07

2.99±0.55

50.78+1.85

100.00±3.28

1.32+0.53

1.05±0.12

13.89±0.44
3.21+0.13

1.84±0.13

0.50+0.10

1.28±0.09

1.21±0.20

6.22+0.22

7.00±0.20

0.20±0.02
3.50±0.11

0.73+0.07

8.20+0.20

1.22+0.20
2.02±0.21

1.99+0.22

6.88+0.31

3.95±0.34

4.07±0.24

3.09+0.12

0.65+0.09
1.42±0.11

Experimental a..
(X100) K

332.±40.

4.11±0.80

3.38±0.10
3.10*

3.92±0.60
3.00±0.70

2.40±0.80

>25±2

1.60+0.40

1.11+0.40

0.69+0.12

Hul ti polarity1"

(Ml/E2)+E0

E2

E2
E2*

E2
E2(+M1)

E2(+H1)

EO

E2

E2(+M1)

(E2)*
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Table IV. 1: Continued

Peak Transition Energy Relative' Intensity Experimental av Multipolarity1'
Number (keV) (%) (X100) K

38
39

40

1050.40*0.

1098.41±0.

1209.57+0.

17
11
11

0.
2.

1.

56±0

33+0

19+0

.08

.17

.10

The mul tipolari ties are assigned by comparison of theoretical and experimental a., by use of the
plots in the Appendix. It should be noted that in the case of the E2 assignments, a possible Ml
admixture cannot be excluded on basis of the experimental conversion coefficients alone. The E2
assignments mentioned in the table are preferred because of additional arguments which will be
pointed out at the appropriate places.
+Used as the theoretical value.
*K line is complex due to 765.2 keV transition in ""Pt.

Table IV.2: Peak Numbers, Transition Energies, Relative Intensities, and Multipolarities for the
transitions observed in the deaay of ""/In. The peak numbers are used to identify the peaks seen
in the coincidence gates as summarised in Table IV.4.

Peak
Number

1

2

3

4
5

6

7
8
9

10

11

12
13

14

15

16
17

18

19

20
21

22

23

24

Transition Energy
(keV)

150.77±0.98

191.64±0.01

205.19±0.02

225.38+0.10

232.05±0.05

266.75±0.10

279.88+0.03

298.87+0.01

308.12±0.24

326.98±0.07

349.51+0.05

384.38+0.02

387.13±0.04

415.69±0.06

424.24+0.02

430.34±0.06

440.27±0.10

466.40+0.05

471.39±0.07

473.87+0.05

490.41±0.10

501.19±0.03

607.38±0.02

609.55±0.08

Relative Intensity

0.28±0.13

100.00+2.38

2.90+0.10

0.64±0.07

1.20±0.09

0.72±0.08

2.16+0.10

40.53±1.24

0.71±0.18

1.14±0.09

6.53*0.39

4.89*0.18

2.87±0.14

8.04*1.06

1.50*0.05

2.96±0.19

1.96*0.18

2.00*0.12

0.40*0.03

2.95*0.16

2.40*0.24

3.93*0.17

14.50*0.40

5.63*0.33

Mu1tipolarity+

E2

Ml
E2/M1
E2(E1)

E2

E2

E2/E2+M1

E2/E2+M1

E2/E2+M1

E2/E2+M1

M1+E2+E0

E2/E2+H1
E2(+M1)

E2/E1

EO

Ml(+E2)
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Table IV.2: Continued

Peak Transition Energy
Number (keV)

Relative Intensity MuHipolarityf

25
26
27
28
29
30

31

32
33
34
35

36
37
38
39
40
41
42
43

44
45
46

47
48
49
50

51

52

53
54

615.90±0.23
625.66+0.03
636.68+0.18

676.30+0.02

703.95+0.18

732.24+0.04

754.03+0.52

765.18+0.02

790.86±0.09

798.62+0.03

800.61±0.14

872.99+0.08

881.42+0.05

917.09±0.82
939.14+0.U

956.74+0.12

984.29+0.06

1030.89+0.05
1121.06±0.35

1176.04±0.07

1181.44+0.11

1202.99±0.11

1206.18±0.39

1216.12±0.04

1226.14+0.10

1272.14±0.10
1289.35+0.06

1323.94±0.17

1345.61+0.10

1400.08+0.12

0.55±0.13
1.00+0.03

1.81+0.28

17.80+0.43

2.44+0.37

3.82+0.13

0.23+0.11

22.68+0.66

2.54+0.18

13.1U0.45

2.27±0.27

2.49+0.16

4.67+0.21

1.14+1.07
1.09+0.10

0.20+0.02

2.97±0.14

3.10±0.13

1.97+0.63
2.27±0.12

1.19±0.11

1.74±0.13

0.48±0.13

8.23±0.24

2.22±0.15

2.51+0.17

4.12±0.17

1.00±0.14

1.65+0.12

1.4U0.U

El
E1/E2

M1/E2+E0

E2(+M1)

E2

(El)

+ The multipolarities are from reference

Table IV.S: B(E2) Ratios for Levels in ltlHg.

B(E2:2*(621)->0*(524))

B(E2:2*(621H*(G.S.))
1000±300

>B(E2:4'(1081 )->2* (621))

B(E2:4* (1081K* (405))

B(E2:4*(808)+2*(621))

B(E2:4* (808)^(405))
= 2.1±0.9

B(E2:(6r(1678H*(1081))

B(E2:(6)*(1678H'(808))
29.0+3.0
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Figure IV.2: THe gamma-ray singles speatrum for the mass 186 decay chain. The peaks ave
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Ta.bles IV.3 and IV.4 summarize the co inc i -

dence relations obtained from the gamma-gamma-

time and gamma-conversion electron-time data.

From these data and the singles spectra the

level schemes for l a 'Hg and 1 8 6Pt were con-

structed.

§IV.2: The Decay of 1B6TC: Levels in l 86Hg

Figure IV.3 shows the levels of 186Hg as

seen in the decay of the 1 8 6Te. The yrast

levels were known from ear l ier in-beara

stud ies 7 ' 8 ) , The ident i f icat ion of the t ran-

si t ions in the decay of l86T8 was made via the

coincidence relations with these yrast t ran-

si t ions and the coincidence relations with the

mercury x-rays. As can be seen in Figure IV.3

many states, in addition to the yrast states,

are observed. With these additional levels the

behavior of the moment of iner t ia of the yrast

levels of l 8 ' H g , as seen in Figure I I I . 3 , w i l l

be explained. The 2* , 4 * , 6*, and 8* levels

at 405.5, 808.2, 1165.0 and 1589.2 keV respec-

t ive ly are confirmations of the yrast levels.

The additional levels w i l l be discussed i n d i -

v idual ly.

0* Level at 523.8 keV: In the coincidence

spectrum of the 523 keV electron gate only the

mercury x-rays and the 511 keV annihi lat ion

lines are seen. The strength of the electron

l ine and the energy f i t of the 97.2 keV feeding

transi t ion support th is leve l . Figure IV.4 is

a comparison of the regions in the gamma-ray

and conversion electron spectra for the 523 keV

transi t ion energy. The 523.8 keV K-conversion

l ine is clearly seen while the corresponding gamma-ray is absent. The <*« of th is t rans i t ion is

greater than 25. This conversion coeff ic ient is greater than the conversion coeff ic ient of an

M6 t rans i t ion. This leads to the conclusion that the 523.8 keV t ransi t ion is an E0 t rans i t ion .

Hence, a spin pari ty of 0* is assigned to the 523.8 keV leve l .

The absence of a 118 keV transi t ion (Figure IV.2) shows that th is level does not decay to the

2* yrast level at 405.5 keV.

2* Level at 621.4 keV: This level is supported by the strong 215.9 keV gamma-ray coincidence

relat ion with the 405.5 keV ground state t rans i t ion. The 621.4 keV transi t ion is an energy f i t .

The l ine has a strong sum component (215.9 keV+405.5 keV) but has been corrected for summing. The

215.9 keV transi t ion is Ml and/or E2 plus a large EO component.

Due to the presence of the EO component a spin of 2* is assigned.

10
12 24 36

Tim* (Seconds)
60

Figure IV. 1: Plot of counts versus time for the
strongest lines in the decay of litTl with the de-
termined half-lives shown. The 374.1 keV transi-
tion is the decay of the short life-time level in
1 B 6 m .
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Table IV.3: Coincidence relations for transitions observed in the decay of """Til. The left column
lists the gamma-rays on which gates were set. The numbers across the top indicate the transitions
observed in the gates. The numbers are keyed to tiui peak number as listed in Table IV. 1.

97.2
186.9
215.9
288.3
356.8
398.1
402.3
405.5
412.6
421.3
424.2
459.4
478.1
573.1
607.4
625.7
675.4
726.6
769.3
787.9
810.9
826.5
869.2
1098.4

Peak numbers
2 3 4 5

\
\

XX X

\
X

\
X

of
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X

X

X

X

\

X

the transitions
7 3

\

\
X

X
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X

X
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X \ X
X
X
X
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X

X

seen in
13

X

\
X
X
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X
X

X

X
X

X

X

X
X
\

14 15

\
X
X
X
X
X
X \

X
X
X
\
X
X
\
X
\
X
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X
X
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17 18 19 22 23 24 26 27

X
X

x \

X \ X
X X X X X X

X

left.
28 30

X X

X

X

X

31 32

X

X
X X

X

33 34 35 36 38 39 40

x \
X X X X \

\

X X

x=Strong Coincidence, \=Ueak Coincidence



Table IV.4; Coincidence relations for transitions observed in the decay of **6Au. The left eoliam lists the energy of the gamma-
rays on which gates were set. The numbers across the top indicate the transitions observed in the gates. The numbers are keyed
to the peak number as listed in Table IV. 2.

191.6
205.2
279.9
298.9
327.0
349.5
384.4
387.7
415.7
424.2
430.3
440.3
466.4
501.2
703.9
732.2
765.2
790.9
798.6
800.6
873.0
881.4
984.3

1030.9
1121.1
1181.4
1203.0
1216.1
1226.1
1289.4
1323.9

Peak numbers
1 2

X X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X

3 4

X
X

X

X

X

X

of the transitions seen
6 7 3

X X
X

X
X

X

X

X
X

X

X
X

X
X
X

X
X

9 10 11 12 13

X X X X X

X

X X
X

in
14

X

\

X
X

X

X

X

X

X

X

the
15

X

X

X

gates
16

X

X

X

17

X

X

\

listed on the
18 20 21 22

X X
\

X X

\

\ \

X

X

23

X

X
X

X

left.
24 26

X

X

X X

\

X

X

23 29 30 31

X X
X

X X \

x \

X

32 33 34

X X
X

X

X \

X

X

35 36 37 41 42 43 45 46 48 49 51

X X X X X X X \ X X X
X X

X \ X

X

X

X

x=Strong Coincidence, \=Weak Coincidence
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4* Level at 1080.3 keV: This level is supported

by the strong coincidence relations of the

459.4 and 675.4 keV transitions with the 215.9

and 405.5 keV gamma-rays, respectively. Both

depopulating gamma-rays are E2 (+M1). The

possible spins are 2, 3, 4. No transitions to

the 0' levels are observed, thus the 4* as-

signment is favored.

Level at 1228.8 keV: The 607.4 keV transition

is a complex line in the gamma spectrum, as

there also occurs a doublet of that energy in

the 18'Au decay. Despite the complexity, the

gamma-ray and conversion electron coincidence

data clearly show the 607.4 keV transition

to be in coincidence with the 215.9 and 405.5

keV transitions in 186Hg. The conversion

electron line is also complex due to the 609.6

keV transition in platinum, thus no multi-

polarity assignment is made. For these reasons

the level is tentative.

Level at 1503.9 keV: The 1098.4 keV transition

is strongly in coincidence with the 405.5 keV

ground state transition. The multipolarity

of the line is unknown, and no other supporting

transitions are observed; thus the level is

tentative.

( T Level at 1578.0 keV: This level is sup-

ported by the 769.8 keV gamma-ray coincidence

relation with the 402.8 and 405.5 keV yrast

transitions. The 412.6 keV gamma-ray is seen

to be in coincidence with the 356.8 and 402.8

keV gamma-rays. The 769.8 keV transition is

an E2 transition indicating a positive parity assignment. This level is seen to decay to

6* and 4* levels, so that the spin could be 4 to 6 if El or Ml and/or E2 multipolarities are

assumed for the 412.6 keV gamma-ray.

Level at 1615.0 keV: This tentative level is based on the strong coincidence relation between the

1209.6 keV and 405.5 keV gamma-rays. No other evidence is seen for this level and the multi-

polarity of the 1209.6 keV transition is unknown.

(6)* Level at 1677.8 keV; This level is supported by the b69.2 keV gamma-ray coincidence relations

with the 402.8 and 405.5 keV gamma-rays. The 597.4 keV gamma-ray is seen to be in coincidence with

the 675.4 and 405.5 keV gamma-rays. The 597.4 keV transition is an E2. The level decays to both

lower lying 4* levels. Assuming that the 869.2 keV transition is of the El or Ml and/or E2 multi-

pole order, one obtains the (6)* spin assignment.

Level at 1868.7 keV: The evidence of this tentative level is the coincidence relation between the

787.9 and 675.4 keV gamma-rays. The /87.9 keV gamma-ray is also in coincidence with the 405.5 keV

ground state transition. The coincidence intensities indicate that the 675.4 keV transition

follows the 787.9 keV transition. The multipolarity of the 787.9 keV transition is unknown, and

Figure IV.4: Plots of the corresponding energy re-
gions of the gamma-ray (upper plot) and conversion
electron (lower plot) spectra for mass 186. The
523 K- and L-conversion electron peaks are identi-
fied as belonging to the E0 transition in lsiHg.
Ho corresponding gamma-ray is observed.
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no other supporting evidence for this level

is seen.

Level at 1907.3 keV: This level is sup-

ported by the coincidence relations of the

826.5 keV gamma-ray to the 675.4 and 405.5

keV gamma-rays. The multipolarity of the

826.5 keV transition is unknown, and, since

no other supporting evidence is present,

the level should be considered to be tenta-

tive.

Level at 1975.9 keV: This level is sup-

ported by the coincidence relations of the

two depopulating transitions. The 810.9 keV

transition is in coincidence with the 356.8,

402.8, and 405.5 keV yrast transitions. The

398.1 keV gamma-ray is in coincidence with

the 769.8, 402.8 and 405.5 keV gamma-rays.

The multipole orders of the depopulating

transitions are undetermined, so that no

spin-parity assignment can be made.

Considering the above mentioned levels,

one observes that the structure in l 8 8Hg

also exists in ""Hg. Table IV.5, page 45,

lists the B(E2) ratios for the 621.4, 808.2, Of eaen band.

1080.8 and 1677.8 keV levels in ""Hg. With

these ratios and the observed decay of the 6* level at 1165.0 keV and the 8* level at 1589.2 keV

to the lower 4* and 6* yrast levels respectively, the l86Hg levels can be divided into two bands

as depicted in Figure IV.5. The latter also shows a plot of the energies of the levels of the two

bands versus 1(1+1). Using the rotational energy level formula, E = Eo + AI(I+1) + BF(I+1) 4,

with the best fit parameters of A=15.8 keV and B=-1.5xlO-a, the levels of the deformed band

are well reproduced. The calculated values are 617, 833, 1160, 1588, 2079, and 2623 keV. The last

two values correspond to the 10* and 12* levels at 2077.5 and 2619.5 keV respectively as seen in

the in beam studies7'8).

The band crossing transitions, and in particular the 215.9 keV transition, confirm the

coexistence of the two bands. The crossing of the two bands between the 2* and 4* levels of each

band terminates neither band. This eliminates the possibility of a phase transition* as the

nucleus de-excites via the yrast cascade. The 0* level at 523.8 keV is the band head for the

deformed band. Unfortunately, no data exist to check the premise that this level is isomeric.

Oickmann and Dietrich32) predict a mean life of about 10ns for the E2 decay of this level. Although

no gamma-ray is seen to depopulate the second 0* level, the E0 transition displayed no observable

delay in the delayed coincidence system used (see concluding comments §111.2 for E0 life-time

discussion). The second 0* level, as a deformed band head, does support the change in shape needed

to explain the differences in e deformation seen in the transitions between the high spin and

low spin members of the yrast cascade.

Figure IV.I: Plot of tne level energy versus Ji.J+1)
for the two bands in l"'Hg. Tne righv-hand side
shows the Hg levels divided into tuo bands which
are snoion to cross between the 4* and S' members

'''Phase transition refers to the nucleus changing shape as it de-excites.
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S1V.2.A: Comparison with Other Experiments

Beraud et al.50) recently studied the decay of " 6 T « . No significant differences exist between
tne present work and the results reported by Beraud. The 607.4 keV transition is reported as an
El which would make the 1228.8 keV level have a spin of 1 to 3 with negative parity. The placement
of the 787.9 and 826.5 keV transitions is different, as Beraud has these transitions decaying
directly to the 405.5 keV level, which is in conflict with the present coincidence result.

The 810.9 keV transition is reported to be E2 and the 398.1 keV transition is an E2+M1.
This would support an (8)* spin assignment for the level at 1975.9 keV, and the level at 1578.0
keV would be (6)* .

The interpretation of the levels as being composed of two bands (see Figure IV.5) is confirmed
by Beraud.

SIV.2.B: Concluding Comments on " 6 H g

As with " 8 H g the band structure seen in 186Hg explains the yrast behavior. The large and
small e deformations fit the two bands as the 2* to 0* yrast transition is now a member of the
band built on the near spherical minimum, while the large e seen from the 10* to 8* transition
corresponds to the more deformed second minimum band. Shape coexistence is established, as neither
band is terminated above or below the crossing point.

jIV.3: The Decay of "'Au: Levels in " 6 P t

As stated earlier, no separate experiment to maximize the decay of '"'Au was performed. Even
without maximizing the 1 ! 6Au decay, a large number of transitions belonging to its decay can be
seen in Figure IV.2. From the singles spectra, the gairma-gamma-time, and the gamma-conversion-
electron-time data, the level scheme shown in Figure IV.6 was constructed. In the conversion
electron spectra, the strong K-lines of the " 6 A u decay are observed, but the weaker lines are
not seen. The conversion coefficients of the 191.6, 298.9 and 798.6 keV transitions are in agree-
ment with those reported by Finger, et at.1*2).

Of the levels that are seen in Figure IV.6 only the definite level at 1175.9 keV and the
tentative levels at 1417.7, 1611.6, 1671.9, 1814.5, 1896.7, and 2159.7 keV were not reported by
Finger. These levels will be discussed individually below. The remaining levels are supported by
coincidence relations as given in Table IV.4 with no differences with regard to previous work.
(1}~ Level at 1175.9 keV; The 984.3 keV transition is seen to have a strong coincidence relation
with the 191.6 keV transition. There is a weak coincidence relation between the 704.0 and 279.9
keV gamma-rays. The 1176.0 keV transition is an energy fit. The spin and parity cannot be
definitely established, but the fact that the level decays to both 0* levels and the 2* level at
191.6 keV limits the spin to 1 or 2. The reported multipolarity of the 704.0 keV transition is
El or E2, with El being favored. If the transition were E2 the level could have spin no higher
than 2 and the 984.3 keV transition would be mixed. With the favored El multipolarity of the
704.0 keV transition, the 1175.9 keV level should be assigned a spin-parity of (1)" which is
the most consistent with its observed decay.

Level at 1363.5 keV: The 873.0 keV transition has strong coincidence relations with the 298.9 and
191.6 keV gamma-rays. No other supporting evidence is available for this level.
Level at 1417.7 keV: This tentative level is supported by the strong coincidence relation between
the 1226.1 and 191.6 keV gamma-rays.
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Level at 1611.6 keV: The 1121.1 keV transition is seen to be strongly in coincidence with the
298.9 and 191.6 keV transitions. No other supporting transitions are observed.
Level at 1671.9 keV: The 1181.4 keV transition has strong coincidence relations with the 298.9
and 191.6 keV transitions. No other supporting transitions are observed.
Level at 1814.5 keV: The 1323.9 keV gamma-ray shows strong coincidence relations between the 298.9
and 191.6 keV gamma-rays. No other supporting transitions are observed.
Level at 1896.7 keV: The 1289.4 keV transition supports this level as it is observed to be in
coincidence with the 607.3, 415.7, and 191.6 keV gamma-rays.
Level at 2159.7 keV; The 1203.0 keV transition's coincidence relation with the 765.2 keV transition
is the coincidence support of this level. The 1203.0 keV gamma-ray also has weak coincidence
relations with the 466.4, 349.5, 415.7, and 298.9 keV gamma-rays, which support this placement.

The levels of lf"Pt are not easily grouped into bands as was the case with l 8 8Pt. The fact
that so many transitions display a mixed multipolarity precludes the computation of 8(EA) ratios
as the exact mixing is unknown. The 6*, 4* , and 2* level at 877.6, 490.5, and 191.6 keV
respectively clearly form one band as their decay is always to the J-2 level below them in the
sequence. The 2* level at 798.6 keV is associated with the second 0* level, as this 2* level has
a B(E2) ratio of 7.3+0.5 favoring decay to the second 0* level instead of to the ground state. This
is one of the two definite B(E2) ratios obtained. The (2,3)* level at 956.7 keV decays dominantly
to the 2* level at 607.3 keV instead of the 2* level at 191.6 keV. The B(E2) ratio of the decay
of this level is 14.5±1. which favors the decay of the level to the 2* level at 607.3 keV.

As with the " B P t , two positive parity bands are observed along with a second 0* level at
471.4 keV and an associated 2* level at 798.6 keV. The latter two levels do not belong to the two
positive parity bands. One band associated with the ground state is composed of the 2*, 4*, and
6* levels at 191.6, 490.5, and 877.6 keV, respectively. The second band is composed of the 2*
level at 607.3 keV, the (2,3)* level at 956.7 keV, and the 4' level at 1222.5 keV. This latter
level is placed on the assumption that the 615.9 keV transition is E2. It is seen that the
presence of the two positive parity bands, and the second 0* level with its associated 2* level, is
analogous to the structure observed in I88Pt. If the comparison is extended to the 3' level at
1408.2 keV, this level should be the band head of the negative parity band seen in the heavier
platinum isotopes42).

Although the high spin members of the two bands have not been individually reported, the
behavior of the yrast levels as seen in Figure III.7, is considered as the crossing of a rotation-
alignment band crossing the ground band1*6). The second positive parity band is considered to be
present as the low spin members of this band are identified based on the analogous structure
in "*Pt. The ground state band is a rotational band built on a prolate (gsfl.2)1*2) deformation.

§IV.4: Concluding Comments on ' 8 <Pt

The behavior of the yrast cascade is explained as the crossing of the positive parity ground
state rotational band and a positive parity rotation-alignment band1*6). The low spin members of
the ground state band are clearly seen and the three levels at 607.3, 856.7, and 1222.5 keV are
postulated as the low spin-members of the second band in analogy to "*Pt.

The second 0* level and 2* level at 798.5 keV are not associated with these two positive
parity bands. The sudden drop in the energy of the second 0* level as compared to the 18*Pt is
not expected if the level is a e vibrational level. No strong evidence is present for these two
levels to be associated with a second minimum in the potential energy surface at a different
shape, as in the mercury isotopes.
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CHAPTER V

THE DECAY OF 184T£

§ V . l : Discussion of the Measurements

The 184Tc was produced v ia the react ion 1 8 OW('4N,10n)"> 4Te. Only one experimental run to

produce I 8 4Tc was made due to r es t r i c t i ons upon the machine time that was ava i lab le . The production

of 184TC was fa r more d i f f i c u l t than that of l 8 6T£ or I 8 8 T 8 . The d i f f i c u l t i e s were such that they

res t r i c t ed the data obtained from the experiment.

The react ion used to produce I8<STS was I 8 2W(1 4N,10n)1 8 6TC. This react ion and the 184TC are both

ten-neutron-out react ions. Therefore, the cross-sections of the reactions are expected to be

comparable. However, the maximum value of the cross-sections occurs a t d i f f e r e n t energies. At the

maximum beam energy avai lab le the cross-section of the l 8 4Tfi was nearly two orders of magnitude

lower than that fo r the IB6Te react ion. In add i t i on , the 18JW targets were f o i l s whereas the I8OW

targets were tungsten bonded to a carbon mesh as described i n s l I . l . B . The l 8 0W targets

deter iorated rap id ly during the run. F i na l l y , the h a l f - l i f e of the I84TB i s determined as 10.7+0.7s

from th i s work. The hold-up time fo r the Nielsen ion source i s 4±ls.1*0) This means tha t a large

amount of I84TC never reached the co l l ec t ion po in t .

Figure V . I shows the gamma-ray singles spectrum obtained from the 164TS decay. Although l ines

i n the decay o f 184Au are seen, the data are poor as compared to those of Finger, et al.k2) and

C a i l l i a u , et al.51). In C a i l l i a u ' s work the 162.8 keV gamma-ray peak has approximately 200 times

104
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10J
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I

Figure V.2: Plot of oounts
oepsus time for the strong
lines in tne decay of "" Tl
with the determined half-
lives shown.
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more counts than the peak channel of the 162.8 keV peak as seen in Figure V . I , with about the same

peak to background ra t i o . No results of the l 84Au decay w i l l be presented here.

Multiscale, gamma-gamma-time, and gamma-electron-time data were taken. Figure V.2 shows a

plot of counts versus time for the strongest transit ions observed in the decay of 1B4TB decay. The

h a l f - l i f e , from these and other l ines, of 184Tfi is determined to be 10.7+0.7s.

Table V.I l i s t s the transit ions observed in the decay of 1 8 4T«. These transit ions were

ident i f ied by the hal f - l ives and by the coincidence relations with the mercury x-rays and with the

yrast transit ions known from the in-beam study9). Table V.2 summarizes the coincidence relations

observed in the gamma-gamma-time and gamma-electron-time data.

6V.2: Levels in IB4Hg

Figure V.3 shows the levels and transitions observed in the decay of 1B4Te. The yrast levels

at 366.5, 652.8, 992.8, and 1412.0 keV are in agreement with the results of the in-beam work; the

spin parity assignments of these levels were established in the in-beam study9). The other levels

w i l l be discussed individual ly below.

The 8* level at 1412.0 keV indicates the presence of a high spin isomer in 1 8 4T6; no l ine of

a h a l f - l i f e s igni f icant ly longer or shorter than the 10.7±0.7s is observed. This leads to the

conclusion that the two isomers have a similar h a l f - l i f e .

0* Level at 375.2 keV: This second 0* level is established by the 375.2 keV £0 transi t ion to the

ground state. As is seen in Figure V.4, the 375.2 K- and L-conversion lines have no corresponding

gamma-ray in the gamma-ray spectrum. A com- ^

parison with the 366.5 keV K- and L-conversion

lines leads to the result that a 375.2 keV

gamma-ray would need to have a conversion

coeff ic ient greater than that for an M6 t ran-

s i t ion to account for such strength. Therefore,

a spin-parity of 0* is assigned to the level .

2* Level at 534.4 keV: This level is supported

by the established coincidence relat ions. The

534.4 keV transi t ion is to the ground state

and is coincident only with the 553.1 keV

t rans i t ion , the mercury x-rays, and the 511

keV annihi lat ion radiat ion. The 159.4 keV tran-

s i t ion is seen in the coincidence spectrum of

the 375.2 keV K-conversion electron gate. The

168.1 keV transi t ion to the lower 2* level and

the 118.1 keV transi t ion from the 4* yrast

level are energy f i t s . The 534.3 keV transit ion

is E2 as is the 159.4 keV gamma-ray. Conse-

quently, a spin-parity of 2* is assigned to

the 1evel.

IZY Level at 983.3 keV: This level is sup-

ported by the coincidence relat ion between

the 608.9 keV and the 375.2 keV EO transitions

and that between the 616.1 keV gamma-ray and

the 366.5 keV t ransi t ion. The 616.1 keV

KEV

<i«p.aa

80

Figure V.3: The energy level scheme for %Bg.
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Table V.I: Peak [lumbers, Transition Energies, Relative Intensities, Experimental K-Conversion
Coefficients, and Multipolarities for- the decay of ""'Tl. The peak numbers are used to identify
the peaks seen in the coincidence gates as summarised in Table V.'i.

Peak
Number

1

2

3

4
5

6

7

8

9

10

11

12

13

14

Transition Energy
(keV)

118.1+0.5

120.9+0.4

159.4±0.2

168.1+0.2
286.7±0.4

339.7+0.3

366.5±0,2

375.2±0.2

418.8+0.4

534.3+0.2

553.5+0.2

608.9+0.5
616.1±0.4

721.6±0.4

Relative Intensity
{%)

2.10+0.50
1.90±0.70

2.00±0.40

1.50+0.30

43.80±1.90

25.20+1.40

100.00+4.00

0.10+0.01

7.70+1.30

18.30+1.00

6.50±0.80

6.00±1.00
7.40±0.90

3.40+0.80

Experimental av
(X100) *

32.±15.

50.±10.0

>12.+4.

5.40+0.30

4.50+0.40

3.90*

>7O.±2.

3.30±0.50

1.50±0.20

1.30+0.20

4.10±1.00

0.68±0.20

Mul ti polarity1"

E1/E2

(E2)
>M3,(M1/E2)+EO

E2

E2

EZ*
EO

E2

E2

E2

(Ml/E2)+E0
E2

''The mult ipolar i t ies are assigned by comparison of the theoretical and experimental a^ values by
use of the plots in the Appendix,

•Used as the theoretical value.

Table V.'d: Coincidence relations for transitions observed in the decay ofl"ATSL. The left
column lists the transitions on which gates were set. The numbers across the top indicate
the transitions observed in the gates. The numbers are keyed to the peak number as
listed in Table V.I.

286.7

339.7

366.5

375.2

418.9

534.3

608.9

616.1

Peak numbers
3 5

X

X

X

X

of transitions
6 7

X

X

X

X

X

X

X

seen
8

X

in the
9

X

X

gates
10

listed
11

X

X

X

on
12

X

the left.
13 14

X X

x=strong Coincidence
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Figure V.4: Plot of the eopvesponding energy regions of the gamma-ray (upper plot) and conversion
electron (loner plot) spectra for t/te I 8 4 7£ decay. The 375 K- and L-conversion lines are identified
an belonging to the ls*Hg. No corresponding gamma-pay is observed.

t ransi t ion is a mixed transi t ion of Ml or E2 + EO. The mult ipolar i ty of the 608.9 keV transi t ion

is unknown. The presence of an EO component in the 616.1 keV transi t ion makes the spin-parity of

the 983.3 keV level 2*. However, this assignment is presented as tentative in view of the large

error on the 616.1 keV conversion coeff ic ient .

(4)' Level at 1087.9 keV: The 721.6 keV gamma-ray is in coincidence with the 366.5 keV gamma-ray

and the 553.5 keV gamma-ray is in coincidence with the 534.3 keV t rans i t ion. The 553.5 keV gamma-

ray is E2 as is the 721.6 keV t rans i t ion. However, a small Ml component cannot be excluded. There-

fore, the spin-parity of the level could be (1,2,3,4)* . Considering the decay properties of the

leve l , a (3,4)* assignment is preferred. Since the experimental data make an Ml admixture unl ikely,

a tentative spin-parity of 4* is assigned.

The levels can be divided into two bands based on thei r decay modes. The 8* and 6* levels both

decay to the immediate 0-2 spin members below them. The 4* level at 652.5 keV decays dominantly to

the 2* level at 534.4 keV with a B(E2) rat io of 3.1+1.0. The 2* level at 534.4 keV decays domi-

nantly to the 0* level at 375.2 keV with a B(E2) rat io of 71+21. The 4* level at 1087.9 keV has

approximately equal decay to the two 2* levels at 652.6 and 366.5 keV. This is explained by the

mixing of the spherical and deformed bands3"1). Figure V.5 shows the two bands, as well as the

crossing of the two bands in the plot of the level energy versus J(J+1). The deformed band is

seen as a a rotational band as in l 8 « ' " " H g , with the 0* level a 375.2 keV bein9 the band head.

The difference between the second 0* and f i r s t 2* level is only 8 keV, which makes the strength

of an E2 transi t ion vanishingly small. In considering the isomerism of the second 0* only the delay
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of the 375.2 keV transition needs to
be taken into account. Figure V.6
shows the delayed coincidence curves
as measured between the 375K elec-
trons and the gamma-rays above 511
keV. This gamma-ray energy -egion
consists dominantly of the 608.9 keV
transition. The prompt shape was
obtained by gating on the 286.7 keV
gamma-ray and the 366K conversion
electrons. In this way two time
relation distributions were obtained
which are not affected by x-rays and
energy broading effects since the
366.5 and 375.2 keV transitions are
close in energy. A shift is seen to
occur yielding a mean life of
0.9±0.3ns, which is of the same order
of magnitude as the mean life of the
second 0* in l88Hg. The l 8 8Hg is the
only isotope in the region with a
measured life-time of an excited
0* level. The life-time of this level
is an order of magnitude less than
that predicted for an E2 decay 3 1" 3 2).
This indicates that in general the
monopole decay mode must be considered
when the E2 decay mode is hindered.

A final point concerning the
levels should be made. The 2* level
at 983.3 keV has no counterpart in the
heavier nuclei studied. The level
decays about equally to the 0* and 2*
levels at 375.2 and 366.5 keV
respectively. The 983.3 keV level is
in the energy range expected for a
two phonon type vibrational level.
However, if the level is built upon
the second 0* level of the deformed
band, then decay to the 2* and 4*
levels of the deformed band would be
expected. These decays are clearly
not observed.

1.2

MeV

0.8

0.4

1413

1089 (4+)

995

25 50 75

Figure V.S: Plot oj the level emvg'j versus Jf-J+1) for the
wo bands in ""tig. The viyht-hand aide shows the Hg levels
divided into too bands which avoss be Ween the 2* and 4
member's of each band.
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Figure V.6: Plot of the delayed coincidence
fop the S"5.B K-aonvsrsion electrons as
compared to the prompt curve for the 366.5 K-
eonversion electrons shooing the delay of the
3?S. 2 K-aonvepsion electrons.
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§V.3: Concluding Comments on "4Hg

The band structure seen in "4Hg explains the yrast level behavior (Figure I I I .3) . The two
bands are built on different nuclear deformations. This can be concluded from Rud's9) reported
3-values which differ by a factor of two for the 366.5 and 339.7 keV transitions. The ground
state is near-spherical with the second 0* being oblate. That neither band is terminated above
or below the bandcrossing point is proven by the observed band crossing transitions at 168.1 and
553.1 keV. The two bands of different deformation confirm that the shape coexistence observed
in «"8»""Hg is present in ' "Hg as well.
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CHAPTER VI

Discussions and Conclusions

SVI.l: Proposed Explanations of Backbending in Platinum and Mercury

The study of the decay of the light mass thallium and gold isotopes shows two different
phenomena, both of which result in the effect of backbending. The backbending effect present in
the light platinum isotopes is explained as being due to rotation-alignment26'51'1*7"19127''18''16).
The fact that different deformations are observed for high and low member yrast transitions in the
light mercury isotopes7*8*10'9) requires that the nuclear deformation either changes (phase tran-
sition) or has two values in the same nucleus (shape coexistence). The unusual behavior of the
levels of the yrast band is observed at lower spins in the mercury isotopes than in the platinum
isotopes.

§VI.2: Rotation-Alignment and the Platinum Nuclei

The observed backbending effect depicted in Figure III.7, occurs at high spins. Stephens22'52)
and Proetel53) have shown that the high spin behavior can be understood in terms of two iu/2
neutrons or two h9/2 or hn/j proton quasi-particles coupling to the rotation of the core.
Piiparinen, et ai.1*6) Dors'*7), and Bishai, et al.zs) have experimentally confirmed this view in
the shape-transitional nuclei 1 8 4-" 4pt. The present study has established the band heads and has
identified the lower members of the rotation-alignment in »"-'««pt (see Chapters III and IV).
These results confirm the rotation-alignment description and therefore place the latter on a
firmer basis. Furthermore, the experiments described in this thesis have established the second
0* and the associated 2* levels in 18«>»88pt. These levels are not members of either of the two
observed bands. In contrast to Numao et al,h2), who considers these 0* and 2* levels to be part
of a y-vibrational structure, it is proposed here that they are e-vibrational levels for the fol-
lowing reasons. First, the energy spacing of the levels involved is close to that expected for a
6-vibrational structure. Second, the levels grouped by Numao et al. into a y-vibrationai triplet
are unassociated in their decay.

The low spin levels in 1»«.'«»pt, observed via the gold decays contribute no new levels or
structures to change the interpretation that the yrast levels are the high and low spin members
of the ground band and a rotation-alignment band.

SVI.3: Shape Coexistence and the Mercury Nuclei

The results of the thallium decay studies presented earlier (Chapter III-V) have yielded
information not obtained in the in-beam studies. The reported9'7*8*10) difference in the nuclear
deformation parameter e between the 0*-*2* and 8*->6* transitions in the t 8 4 » " s » 1 " H g isotopes may
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be due to a shape change (phase tran-
sition) as the nucleus de-excites via
the yrast cascade. With the observed
second 0* levels as band heads, shape
coexistence becomes the obvious expla-
nation. Figure VI.1 shows the dramatic
change in the level structure in the
light mass mercury isotopes as compared
to the ground bands in l 9°-" sHg. This
behavior is explained on the basis of
shape coexistence of a strongly de-
formed excited shape and a near spheri-
cal ground state shape. The results of
three theoretical studies of different
approach will be considered and com-
pared to the experimental results.

Kolb and Wong31*) have used a
phenomenological approach of coupling
prolate and oblate states from single
particle theory. Figures VI.2-VI.4 show
the results of their calculations along
with the mixing of states as overlaps
of the wave functions. The predicted
levels from their calculations are com-
pared to the experimental levels in

10.69 O.«?

' O.?ot

<••»,

Figwre VI. H: The rejultn of the ralaiat I'OIIC of
Kolb and Wong from rafurc'-v 3-1, for 188 Hg. The.
left-hand side shows the nixing of slates as built
on an oblate and prolate minima as the overlap of
uave functions, 'The ICOPIC, are those predicted by
their theory.

WAVE FUNCTION

40.80

Figure VI.S: The results of the calculations of Kolb and
Wong from reference 34, for la<>Hg. The left-hand side
shows the mixing of states as built on an oblate and
prolate minima as the overlap of wave functions. The
levels are those predicted by their theory.
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Figupe VI. 4: The results of
the calculations of Kolb and
Wong from reference 34, for
"*Hg. The left-hand side
shows the mixing of states
as built on an oblate and
prolate minima as the overlap
of wave functions. The levels
are those predicted by their
theory.
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Figure VI.5: The predicted levels of Kolb
and Hong from reference S4, as compared to
the experimental levels of lgsHg.
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Figures VI.5-VI.7. Also, the predicted branching ratios agree v/ith the few experimental ratios
derived in the present work. It can be seen from Figures VI.2-VI.4 that the wave functions are
well localized in one minimum except in the band crossing regions.

Figures VI.2 and VI.5 show the result for I 8 BHg. The second 0*, 2*. and 4* levels are not well
localized. The two 4* levels are strongly mixed. This is the region of the band crossing in '"»Hg.
The localization of the lower 0* and 2* levels as well as that of the 8* and 6* levels explain the
difference in e seen in the yrast cascade.

Figures VI.3 and VI.6 show the "'Hg results. The predicted positions of the low lying levels
agree well with the experimental results. For example, the second 0* level is predicted to be a
530 keV by Kolb and Wong's approach; the observed energy is 524 keV. As can be seen in Figure VI.3
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the mixing moves downward in the levels as compared to 1 > sHg. This agrees with the lowering of the
band crossing point in " 6 H g . Figures VI.4 and VI.7 show the " 4 H g results. The ground band 2* and
4* levels are even more mixed and the second 0* level has fallen to 350 keV.

Near the band crossing points in all three isotopes, the predicted positions as compared to
the observed positions of some levels show disagreement. In "*Hg the second 6* level is much
higher than is observed as is the second 4* level in " 4>'" 6Hg. These levels show strong mixing
in the experimental results whereas Kolb and Wong have the levels only slightly mixed.

Oickmann and Dietrich32) have studied the E2 transition probabilities in 1 > 4> i a eHg in a
phenomenological model. The prolate structure is assumed to be that of a rigid rotor and the
oblate ground state structure is assumed to be that of a vibrational spherical nucleus. An impor-
tant prediction is that the second 0* levels are isomeric. The E2 lifetime of these levels is
predicted by their theory as being 12 and 20ns for " 4 H g and "'Hg respectively. The neglecting
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df the EO transition leads to incorrect results as the

observed lifetimes are all less than 0.5ns. The other

transition probabilities are in good agreement with the

predicted results.

Frauendorf and Pashkevich38) performed calculations

based on a Liquid Drop model with Strutinsky shell

correction energy to obtain potential energy surfaces.

They found that the potential energy surfaces contain

two minima in the case of the light mass mercury iso-

topes. Figure VI.8 shows their resultant potential

energy surface for 1 8 4Hg. Figure VI.9 shows the band

crossing in " 4 » " " '""Hg as predicted by Frauendorf

and Pashkevich and as compared to the experimental

results.

The agreement between predicted and experimental

results is good.

All three types have the oblate-prolate shape

coexistence as a common factor. Although the approaches

are different the reproduction of the experimental

results is good. The theoretical support given to the

as

-o.t

Figure VI. 8: The theoretical nuclear
potential energy curves for "*Hg from
the calculations of Frauendorf and
Pashkevich, reference 38, which shows
two minima.

'0 20 40 60 20 40 60 20 40 60

Figure VI.9: Plots of the level energy versus 1(1+1) for "*>'*'>*"Hg. The circles represent
experimental values while the crosses are the theoretical values of reference 38.
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Figure VI.10: The energy levels of >B4i'S6>'esHg divided into ground and deformed
bands as compared to the ground band of l90Hg from reference 54.

experimentally observed results leads to the conclusion that shape coexistence and band crossing

occurs in the mercury isotopes.

Figure VI.10 shows the levels in " 4 »'««>'»«Hg as compared to the levels in "°Hg 5 1*). The

i»«,is6,i"ng levels have been divided into two bands in each case. The systematic drop in energy

of the deformed band is clearly demonstrated; the energy of the 2* levels remains fairly constant

at around 400 keV. The division into two bands explains the structure that causes the yrast

behavior. The lowering of the deformed band accounts for the onset of backbending that occurs at

lower spins in each lighter even mercury isotope.
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APPENDIX

Conversion coef f i c ien ts are normally presented i n tabular form. The missing values are obtained

by i n te rpo la t i on . Alder and Paul i 1 5 ) have recent ly completed new calculat ions o f the conversion

coe f f i c ien ts f o r Z=30 to Z=104. They covered a l l shel ls and included the total -conversion c o e f f i -

c ients i n t h e i r ca lcu la t ions . Their resu l ts are to be pr in ted i n Nuclear Data Tables i n the near

future.
The new results and the abil i ty to produce good plots via a computer driven plotter resulted

in a collaboration to make plots of the K- and total-conversion coefficients. The author partici-
pates in that collaboration. The plots are in preparation for publication at this time.

The plots were used in this thesis to determine the multipolarity of the transitions from
their conversion coefficients. Therefore, the K-shell, E1-E4 and M1-M4 plots for platinum (Z=78)
and mercury (Z=80) are included for reference.
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SUMMARY

Three of the light mass mercury isotopes and two of the light mass platinum isotopes have been

studied through the production and subsequent decay of the "" »186 »I88TI! isotopes. The studies were

made from data taken at the UNISOR facility at the ORIC laboratory at Oak Ridge, Tennessee.

Multiscale data and coincidence data were taken for gamma-rays and conversion electrons.

The data analysis was performed via the IBM 370/158 computer at the Delft University of

Technology, The Netherlands. Many computer programs were developed and implemented to perform the

data analysis. This analysis resulted in the energy level schemes for the »•«»•>•i>»«Hg and

i«6,i88Pt iSOtopes. The half-lives for the
 1 » 4 > 1 « » T S isotopes were determined to be 71+ls, and

10.7±0.7s respectively. The 186Tt was observed to have an isomeric state. The half-lives of the

isomer and ground state were determined as 4.1±1.0s and 26.1+l.Os respectively.

The results of the studies of the decay of the thallium isotopes establish the coexistence

and crossing of two bands in the mercury isotopes. The two bands are built on states of different

deformation. The band built upon the ground state has an associated small negative e value (oblate

shape) while the second band has a large positive 8 value (prolate shape). The band heads for the

deformed bands in the ""•" > 6' 1 ! 8Hg isotopes are established as 0* levels at 375.2, 523.8, and

824.5 keV respectively.

These bands being established in the mercury isotopes, a comparison between the experimental

results and the predictions of calculations based upon the coexistence of two different nuclear

deformations has been made. The presence of two different deformations as described by two minima

in the nuclear potential energy curve is termed "shape coexistence." The good agreement of the

calculations with the experimental results adds further support to the coexistence interpretation.

The coexistence and crossing of two bands of different deformation explains the unusual behavior

of the yrast level spacing that is referred to as "backbending" when discussing moment of inertia

versus rotational frequency plots based on the yrast levels.

The studies of the > 8 s» I S 8pt levels have established the lower members of the ground state

band and of a rotation-alignment band. This structure explains the behavior of the yrast levels

in both of these nuclei. A second 0* level and associated 2* level were observed in both nuclei.

The levels were not observed u> have any connection with the other bands observed in the platinum

nuclei. The experimental results confirm the rotation-alignment explanation of backbending in the

platinum cases discussed.
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SAMENVATTING

Drie isotopen van kwik en twee isotopen van platina werden bestudeerd door de produktie van

en het vervolgens meten aan de radioactieve isotopen ' S 4 ' 1 8 6 » I S 8 T 8 . Produktie en metingen vonden

plaats bij de UNISOR-faciliteit in het Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Gammaspectra en spectra van interne conversie-eletronen werden gemeten. Bovendien werden zowel

coïncidentiemetingen tussen gammastralingen onderling als tussen gammastralingen en interne

conversie-elektronen verricht.

De analyse van de meetgegevens werd uitgevoerd op de IBM 370/158 rekenmachine van de Technische

Hogeschool te Delft. Om de'analyse mogelijk te maken moesten vele programma's worden ontwikkeld of

aangevuld. De analyse leidde tot de constructie van niveauschema's voor de I84 ^ 8 6 > I 8 B H g - en de
186>188Pt-isotopen. De halveringstijd van 164T£ en van IB8Te werder, bepaald. Het resultaat was

respectievelijk 71±ls en 10.7±0.7s. In la6Te werd een isomere toestand waargenomen. Voor de halve-

ringstijd van deze toestand en van de grondtoestand werd respectievelijk 4.1±1.0s en 26.1±1.0s

gevonden.

De resultaten van het onderzoek hebben zowel het gelijktijdige naast elkaar bestaan als het

elkaar kruisen van twee niveaubanden in de kwikisotopen aangetoond. Eén van de banden, behorend

bij de grondtoestand, wordt gekenmerkt door een kleine negatieve waarde van d.e deformatieparameter,

de andere band door een grote positieve waarde van deze parameter. Het laagste energieniveau in

de laatstgenoemde band is een 0*-niveau dat in 1B*>186 »t88Hg op respectievelijk 375.2, 523.8 en

824.5 keV ligt. Een vergelijking van de experimentele resultaten met berekeningen op basis van

het gelijktijdige naast elkaar bestaan van twee verschillende kerndeforraaties ("shape coexistence"),

die corresponderen met twee minima die optreden in de potentiaal kromme van de kern, toont een

goede overeenstemming. Het gelijktijdige bestaan en het elkaar kruisen van twee banden, die bij

verschillende deformaties behoren, verklaart tevens het ongewone gedrag van de zgn. yrast-niveaux.

Dat gedrag ("backbending") wordt zichtbaar als men het traagheidsmoment var: de kern uitzet tegen

de rotatiefrequentie.

Het onderzoek aan 1 8 6» 1 8 8pt heeft in beide isotopen geleid tot de bepaling van de lagere energie-

niveaux van de band behorend bij de grondtoestand en van een band die ontstaat door het richten van

impulsmomenten van kerntoestanden als gevolg van de rotatie van de kern ("rotation-alignment"

band). Deze structuur verklaart het gedrag van de yrast-niveaux in beide kernen. Een tweede 0*-

niveau en een bijbehorend 2*-niveau werden in beide isotopen waargenomen. Deze niveaux blijken

los te staan van de niveaux waaruit de twee banden bestaan. De resultaten van de metingen bevesti-

gen de verklaring van de "backbending" in de platina-isotopen door middel van een "rotation-

alignment" band.
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