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ABSTRACT

High-spin states of the ! Tl nucleus were studied at the Oak Ridge Holified
Heavy-Ion Research Facility and at the Argonne ATLAS Facility. In these experi-
ments the heavy-ion fusion reactions 1°Tm(*Mg,4n) and '**Tb(**S,4n) were used.
The ~-ray spectroscopy data from these experiments were used to search for su-
perdeformation, which is reported in another work, as well as to probe the normally
deformed states of 1Tl

A variety of nuclear shapes were deduced from the data. Oblate rotational
bands were seen built on both the whg/; and w113/, states. This was the first ob-
servation of an oblate 713/, rotational band. Other non-rotational structures were
observed which seem to be more shperical in nature. And, the same data led to the
establishment of superdeformed bands in this nucleus. Results from Total Routhian
Surface calulations support these findings.

This work has significantly extended previous studies, adding 70 transitions to
the level scheme. Intensities and DCO ratios have been extracted for each of these
transitions and those previously known. The postive and negative parity rotational
bands have been extended to spins of 4—;+ and %Z—, respectively, enabling a study of
the (ui13/2)2 crossing frequencies in each band.
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CHAPTER 1

Introduction

The purpose of this work is to study the nuclear structure of *'Tl in order
to learn about the surprising variety of nuclear shapes and level structures that
can exist adjacent to a closed shell. With 81 protons, thallium is one proton short
of a major closed shell which generally leads to spherical shapes at or near the
ground state. This thesis describes experiments to study the energy levels in the
nucleus *'T1 populated by a heavy-ion induced reaction. The nucleus was studied
previously by this group as part of a Ph.D. dissertation [1], and at another institution

by Goettig et al. [2], providing a starting point for this work.

410 gw
299.0 hg/z-
00 Sy

191T|

Figure 1.1: The lowest lying shell state of 191T1.

The low lying states in 191T] are well described by the shell model represen-
tative of spherical nuclei. The ground state (Fig. 1.1) is the sy/, orbital. The first
excited state is hg/,~, followed by d3/;*. The high spin states studied in this work

are built on the hgj;~ level which is an isomer having a lifetime of 5.22 minutes [3].
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Figure 1.2: Systematics of negative parity levels in odd-A Tl nuclei com-
pared with their respective even-A Hg cores. The sources for the different
nuclei are as follows: 1%6Hg [8]; 188Hg [9]; 1%°Hg, %?Hg and %*Hg [6]; 87Tl
[7], 89T1 [10], 1%3T1 [11], 19°T1 [12].

Systematics of neighboring nuclei show rotational bands built on the 7hg/; 4]
and 7iy/; [5] configurations. This is shown in Fig. 1.2 for the negative parity hg/,
bands of 1¥7-1%T], compared to their respective Hg cores. Most of the rotational
bands have a slightly oblate shape, as in the ground state of the **Hg core [6] for
191T]. Until the present work, however, bands are not seen built on the positive
parity ¢13/,. These levels are shown compared to the hg/;~ level in Fig. 1.3. In
addition, prolate bands have been discovered in the Hg core and in **Tl [7]. One
would possibly expect to see such a prolate structure in ' Tl. However, the prolate
bandhead in '®Hg comes much higher in energy than in %Hg, the core nucleus for

187T]. For this reason, it may be impossible to populate the prolate band in *'T1.
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Besides these normal shapes, recent work by Pilotte et al. [13] has uncovered
two superdeformed bands in ®'T]. These bands are very weakly populated (about
1% of the total events), requiring a large amount of data. It is this body of data
which is used herein to study the normally deformed states of the nucleus. Such

large amounts of data also allow weaker normal structures to be observed.

Earlier work by Kahler and Goettig mentioned above was able to detect the
beginning of a negative parity rotational band that is associated with the 7hg/,
orbital. Also was seen the beginnings of a positive parity structure which could be
the mi;3/2 band. Neither of these structures reach very high in spin in the earlier

work [1, 2]. The positive parity structure of the previous results, for example, does

not even show rotational behavior.
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A very large amount of data is available for this work, resulting from three

separate experiments. Each experiment used a different arrangement of y-ray detec-
tors placed in large arrays, with the specific configuration of these detectors allowing
better results for different types of analysis. Different target materials and beam
species were also used to enhance the population of the desired nucleus. Having
the advantage of large data sets and sensitive detector arrays, it is the goal of this
thesis then to extend the level scheme of the normally deformed states of *'Tl. In
addition to extending each of these structures to higher spin and thus establishing

their rotational nature, weaker non-rotational structures will also be discussed.

One way to view a nucleus like °'TI that has an unpaired valence particle is
as a single particle or hole coupled to a core nucleus. Another aim of this work is
to find and understand the levels in !**TI that correspond to these single-proton
couplings to the spherical shapes in this region. Finally, the observed results will
be compared to theory. Calculations can be performed that predict the behavior of
rotational bands in the nucleus at high angular momentum when it is more greatly
deformed, as well as for the nucleus at smaller values of rotational frequency when
it is more nearly spherical. These calculations will be used to explain the existing

and newly observed structures in **Tl.



CHAPTER 2

Experimental Setup

2.1 General Considerations

An accelerator based experiment in nuclear physics is carried out by producing
an excited nucleus through the collision of a projectile nucleus with a target nucleus.
If the energy of the projectile is high enough to overcome the Coulomb barrier,
a union between projectile and target takes place and the energy is distributed
equally to all nucleons of the fusion product (compound nucleus). Next, neutrons
and perhaps protons are emitted on the way to the formation of a less excited
final nucleus. For a projectile heavier than an « particle, as used in the experiments
described herein, the compound nucleus and the final nucleus are formed with rather
large values of angular momentum. This is desirable to study the high-spin states

of the final nucleus.

There are different ways in which the compo;lnd nucleus can de-excite de-
pending upon the excitation energy, the binding energy of the nucleons, and some
other criteria like fission. The latter is a possibility in some cases, however the
experimental parameters are carefully chosen to minimize this undesired pathway.
The most common way for the compound nucleus to de-excite is the evaporation
of neutrons, protons and a particles. In the nuclear mass region relevant for this
work, neutron evaporation dominates over the evaporation of charged particles, and
each neutron typically carries away about 8 MeV of excitation energy. After a few
evaporation steps, the nucleus is still excited, but not highly enough to evaporate

another particle. At this point the nucleus still carries a relatively high amount of
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angular momentum very close to the initial amount. Once this condition has been

reached, the nucleus dumps its angular momentum and its remaining energy by the

emission of 4 rays.

The purpose of the experiments detailed in this thesis is to study the nucleus
1917] by detecting and analyzing these 4 rays. This goal was accomplished using
state of the art detectors grouped in large arrays. The following section explains
how these detectors work and how they can be linked together to give an instrument
which, along with proper analysis techniques, can be used to separate the different
reaction channels and measure the v rays. This is done as an effort to better

understand the level structure of the nucleus being studied.

2.2 Collection and Recording of Events

2.2.1 Detectors

A 4 ray with an energy in the range of those observed for this thesis (50 -
1500 keV) interacts with matter most probably in one of two ways; photoelectric
absorption or Compton scattering. In these interaction processes the incident pho-
ton can lose all of its energy in a single interaction (absorption), or any fraction of
its energy over a number of interactions (scattering). In the case of photoelectric ab-
sorption, the 4 ray causes electrons to be released from their bound atomic orbitals
in the detector material. Compton scattering occurs when a < ray strikes an electron
in the detector and is scattered from its original trajectory imparting kinetic energy
to the recoil electron. It is the electrons directly or indirectly produced by these two
interactions that are finally collected to measure the energy of the incident photon.

Two different classes of detectors were used in this work: scintillation and semi-



conductor materials. They differ in the way the detector responds to the electrons.

In the scintillation detector, the electrons produce visible light that is transformed
into an (amplified) electric signal by a photomultiplier tube. Semiconductor detec-
tors rely on the production of electron-hole pairs produced by the incident particle.
These charge carriers are forced to migrate to collecting contacts by a high voltage

applied across the crystal. In both cases, an energy-proportional signal is obtained.

Each of these types of detectors has its advantages and disadvantages. Semi-
conductor detectors made of germanium or silicon generally have higher energy
resolution, however, due to a low stopping power for radiation they have a low
detection efficiency. Consisting of materials with relatively high atomic numbers,
scintillators, on the other hand, have larger detection efficiency. They can also be
physically larger than semiconductor detectors, and hence are more likely to stop
scattered photons. Two types of scintillation detectors, thallium-activated sodium
iodide (NaI(Tl)) and bismuth germanate (BGO), and one type of semiconductor
detector, high purity germanium (HPGe), were used in these experiments. Over
the range of energies seen, the HPGe detector has a full width at half maximum
(FWHM) resolution of about 1.8 keV for the 662 keV ~ ray of the mono-energetic
137Cs source. For comparison, Nal(T1) has a corresponding resolution of about 46
keV, and BGO of about 100 keV [14]. For the 1173 and 1332 keV lines of the
%Co source, the energy resolution of HPGe is about 2 keV whereas BGO is unable
to resolve this doublet. Since most in beam <-ray spectra have many peaks close

together, it is necessary to use the HPGe detectors for spectroscopy.

In the fusion reactions used, final nuclei other than that of interest are created
by successive neutron decay from the compound nucleus. Each neutron evaporation

cascade is referred to as the zn channel, where z is the number of neutrons in the



cascade that populated the final nucleus. At each evaporation step the nucleus is

left with less energy, so it follows that a 4n channel leaves the resulting nucleus more
highly excited than a 5n channel. If the nucleus is created with less excess energy,
then there is not as much energy available to cause v-ray decay, hence a 5n channel
would have a lower number of v rays being emitted than a 4n channel. The total
number of 4 emissions in an event is known as the multiplicity. It is measured by
the number of hits in an array of detectors and is called the fold. The fold is always
smaller than the multiplicity since a total counting efficiency of 100% cannot be

reached.

It is possible then to separate a 5n channel from a 4n channel by analyzing
the total number of v rays which were in coincidence. Since for channel selection
interest lies only in the number of 4 rays and not their energies, either Nal(Tl) or
BGO is the preferred choice over HPGe because they have higher counting efficiency.
Many of these detectors are normally mounted in a 47 or “ball” arrangement, and
are placed closely around the reaction chamber so that a large solid angle is covered.
They then act as a filter to suppress Coulomb excitation on-line and aid in reaction

channel selection off-line.

As mentioned before, one of the interactions of a 4 ray with the detector is
Compton scattering. As long as the scattered photon remains within the detector,
all of its energy is included and the event is registered in the “full energy” peak
for that v ray. However, if the scattered photon escapes from the detector, there
will be an incorrect energy recorded that is only a fraction of the energy of the
original photon. This contributes to the “Compton distribution” below the full
energy peak for that v ray. The Compton distribution raises the background under

other full energy peaks, making it difficult to detect weak v rays. This Compton



background can be significantly reduced (by a factor of 4 or 5) by placing an annular

BGO counter around the HPGe crystal, and requiring anticoincidence between the
two [15). In this configuration, if a photon escapes the HPGe detector, it will be
collected by the BGO annulus and the event will be vetoed. BGO is the material of
choice over Nal(T1) for this purpose due to its higher atomic number and density,
resulting in a total y-ray absorption coefficient which is about 2.2 times larger than
that of NaI(T1) [16]. This allows a smaller amount of material to accomplish the

same purpose.

2.2.2 Electronics

The signals from these detectors are processed using a complicated system of
electronics. Since three experiments are covered in this work, each of which was
performed on a different instrument, we will only discuss the electronics in general.
The main purpose of these electronics is to process and record the 7-ray energies
and time of detection in order to determine whether or not two or more 7 rays are in
coincidence, and to either accept or reject the event based on these determinations.

This requires two circuits, one for energy and one for time.

A typical energy circuit consists of a pre-amplifier, amplifier, and Analog to
Digital Converter (ADC). First the signal goes through a low-noise pre-amplifier
which then passes it on to the energy amplifier. This amplifier shapes the pulse,
integrates the pulse over time and converts this to pulse height, which corresponds
to the energy deposited in the detector. The combination of the two amplifiers
maintains good energy resolution. At the end of the circuit, the signal goes on to
the ADC, which converts the pulse height to a digital value that can be recorded

by the data acquisition system.



The timing circuit is more complicated. Its purpose is to establish when an

event happened, and essentially whether or not two 7 rays were in coincidence. This
determination will eventually control the data acquisition process. A second signal
is taken from the pre-amplifier and fed into a timing filter amplifier, preserving the
timing resolution of the pulse. The output pulse at this point still contains energy
information stored in the pulse height and is about 50 ns wide. Next the signal
goes into the Constant Fraction Timing Discriminator (CFTD) which has a twofold
purpose. First the CFTD applies a pulse height threshold to the signal. Since pulse
height still has energy information, this threshold can be used to reject low energy
events such as X-rays. If the pulse crosses the threshold, a logical signal independent
of the amplitude of the input pulse is created (compensation for amplitude walk [14]).
This is a squared output signal which no longer carries energy information; the pulse
height is set to a constant value (usually around 2 volts). The width of the pulse can
be adjusted and essentially defines the “time window” for a coincidence. This is also
known as the resolving time and is about twice the width of the CFTD output, i.e.
about 100 ns. At this point the signal is sent to both a Time to Digital Converter
(TDC) and a multiplicity box.

Each HPGe detector has its own set of electronics as described above. In order
to determine whether events in one HP Ge were in coincidence with those in another,
one of the CFTD outputs from each detector is fed into a multiplicity box. This
component looks for time overlap in the CFTD signals, which would indicate that
two or more detectors fired within the time window and are thus in coincidence.
This is known as a prompt event. Most experiments require that at least two HPGe
detectors fire within this prompt window before the event is considered for being

recorded. This is known as the fold of the data and is often referred to as singles,

10



doubles or triples data, depending on how many coincidences were required. Once

the coincidence criteria are met, the multiplicity box triggers the TDC to convert

the timing information into a digital value that can be recorded.

In experiments where a ball is used, there are a few more steps added into the
electronics. The purpose of the ball is to record the multiplicity and total energy of
the ~-ray emissions for a particular event. The energy circuit for the ball detectors
is similar to that for the HPGe detectors except that instead of getting an energy
for each detector, all the ball detectors are summed together to get the total energy.
The timing circuit likewise is similar to before. The output from the multiplicity
box is fed into an event box where the ball events meet the coincidence events from
the HPGe detectors. The event box puts together the multiplicity information and
is a deciding point as to whether or not to accept the event. The decision is based
on the total fold of the combined events. This is called a “hardware” fold cut and
usually a value of four is required at this point. If these conditions are met in the
event box, then it is considered a master event and the data acquisition system is

opened to record the data from all the detectors.

As mentioned earlier, Compton scattering can become a problem for the small
HPGe crystals so they are surrounded by a scintillator shield. This requires another
set of electronics, but this time, the interest lies only in the timing information.
The time signal from the HPGe detector is fed into a multiplicity box with the time
signal from the shield. If there is a coincidence here, the entire event is rejected,
regardless of whether the conditions described above are met or not. Events that
show a coincidence between the shield and HPGe are referred to as “dirty” and are

ignored. Only “clean” events are considered for processing.

11



2.2.3 Specific Considerations for Large Detector Arrays

A typical experimental setup will consist of many HPGe detectors placed at
different angles around the reaction chamber. Since each detector has its own elec-
tronics, each has a different “gain” and although its energy information is correct,
a peak of a certain energy may be in one channel in one detector and a slightly
different channel in another. One could use a separate set of energy calibration
coefficients for each detector, but since the detectors are usually summed, it is more
convenient to gain match the detectors. This process can be done either on-line or
off-line and involves calculating for each detector a set of coefficients that shifts a
peak of a certain energy into the same channel in all of the detectors. In most cases
the energy is not linear with channel number of the ADC. Therefore, calibration
with a multiple y-ray source like 152Eu covering a range of energies is necessary to
establish these coefficients from polynomial fits of the energy-channel function. Once

the gains have been adjusted, it is possible to sum any combination of detectors.

Often, a thin target is used which typically consists of a metallic foil having
a thickness 1 mg/cm? or less. With this type of target, the reaction products are
expelled from the foil and emit v rays while traveling in the direction of the beam
with a non-negligible velocity, typically 1-2% the velocity of light. This “decay in
flight” causes the 4-ray energies to be Doppler-shifted depending on the velocity and
the direction cosine of the angle between the path of the source and the detector [17).
Consequently, each set of detectors at a given angle relative to the beam axis will
experience a different Doppler-shift of the v-ray energies recorded there. Therefore,
a correction must be made to each detector depending on its angle. Although the
use of a thin target introduces this complication, it is preferred over a thick target

for our purposes. A target could be used that is thick enough to stop all reaction
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products and thus eliminate the emission of v rays in flight. In this case, however,

as the reaction products decelerate in the target material, a distribution of velocities

is obtained causing the energy peaks to be Doppler broadened.

Usually these two adjustments are made off-line by reading, correcting and
rewriting the data event by event. This is a time consuming process and normally
would not be done on-line because it would severely slow down the data acquisition.
One big advance in the area of data processing is the advent of parallel computers.
With this technology it is possible to manipulate the data on-line without apprecia-
bly slowing the recording of data. Such a computer system was used in Experiment

2, which will be discussed later.

2.3 Experiments

Each of the following experiments was performed primarily to search for su-
perdeformation in 1°1T], resulting in the discovery of two superdeformed bands [13).
The purpose of this thesis is a detailed analysis of the data from these experiments

to study the normally deformed states of **!TI.

2.3.1 Coincidence Experiment on the Spin Spectrometer

The first experiment was performed at the Holifield Heavy Ion Research Fa-
cility (HHIRF) located at the Qak Ridge National Laboratory (ORNL). A beam of
363 with an energy of 165 MeV was focused onto a **Tb target to produce *'Tl
through the 4n channel. The target consisted of a stack of two foils with a thickness
of 0.5 mg/cm? each to obtain fully Doppler-shifted peaks with only one component.

Data were collected using the Spin Spectrometer in conjunction with 19 Compton

13



suppressed HPGe detectors (CSGs). The Spin Spectrometer is a Nal(Tl) array that

approximates a hollow sphere with an inner radius of 17.8 ¢cm [18) and in this exper-
imental application consisted of 52 detector elements. Each valid event was defined
by the requirement that a minimum of two CSGs fire in prompt coincidence with
a minimum of six Nal(Tl) elements. Approximately 120 hours of beam time were
used to collect about 200 million double and higher fold CSG events. This data set
was essentially used to confirm the previously known level scheme of 'T1 {1, 2]

and begin to extend the scheme.

2.3.2 Coincidence Experiment on the Compact Ball

A second experiment on °!Tl was performed at HHIRF, using a different
reaction, %*Tm(?**Mg,4n), at a beam energy of 128 MeV. Again a stacked target
of two 0.5 mg/cm? foils was used. In this case, data were taken with the Compact
Ball {19] which consists of 20 CSGs located closer to the target than the CSGs in
the Spin Spectrometer. Mainly due to this geometry, higher counting efficiency was
obtained for the CSGs making it possible to collect 500 million triple coincidence

events in approximately 120 hours.

The larger number of events helps to add more sensitivity for weak transi-
tions, however, the absence of an inner ball makes it more difficult to separate the
contributions from other reaction products in the y-ray spectrum. As mentioned
above, the gain matching including a Doppler correction was done on-line. Care
was taken to check the gain matching throughout the run to compensate for gain
drifts in individual detectors. The large number of events in this data set was used
to establish the coincidence relationships that led to the construction of the level

scheme, and to evaluate all the y-ray intensities, I,.
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2.3.3 Coincidence Experiment on the Detector Array at Argonne

In the third experiment, the same reaction as in Experiment 1, 1*9Tb(*S,4n)
was used. The beam at an energy of 165 MeV was provided by the Argonne Tan-
dem Linac Accelerator System (ATLAS), located at Argonne National Laboratory
(ANL). A thin target made of two 0.5 mg/cm? foils was used. The detector array
consisted of 12 CSGs and an inner BGO ball of 50 elements. Four elements of the
inner ball were required to fire in prompt coincidence with a minimum of two CSGs.
Approximately 120 million events were recorded. In the v-ray detector facility at
Argonne, the CSGs are located at 34.5°, 90°, and 146.5°with respect to the beam
axis. These data were used to measure the v-ray directional correlations of the

newly observed transitions in 1°*TI.

2.4 Analysis

The purpose of the data analysis is to obtain a detailed level scheme. A level
scheme contains information on the excitation energy, angular momentum, and par-
ity of each level and it is the essential step towards an understanding of the nuclear
structures involved. Three pieces of information are used and combined in the pro-
cess of building a level scheme. First it is necessary to investigate the coincidence
relationships between 4 rays. Secondly, the intensity of each transition is analyzed.
And thirdly, the multipolarity of each transition is derived from the angular distri-
bution information. In the first two steps the level scheme is constructed. The last
step is necessary to further test and finally establish the scheme. Powerful software
packages have been developed and introduced into the process of data analysis and

they enable one to evaluate the data very precisely and efficiently. This section deals
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with the techniques of the building of the level scheme for ¥'T1. How the results

are used to piece things together will be discussed in detail throughout Chapter 3.

2.4.1 Building and Handling of the y-y Coincidence Matrix

In order to establish the coincidence relationships, a two dimensional E,-E,
histogram is constructed, referred to as a v-y coincidence matrix. This matrix is
built by incrementing the (E;,E,) cell for each coincidence of two v rays with energies
E; and E;. An event containing three v rays (E;, E;, E3) in coincidence is resolved
into three pairs, i.e. (Ei1,E2), (E1,E3) and (E2,E3). Only (E,,E;) coincidence events
with specific time relationships are considered by gating on the prompt peak of the
time spectrum and by subtracting the part of the time spectrum which corresponds
to random coincidences. In the matrix, the intensity I(E;,E;) of each cell corre-
sponds to the number of counts recorded for that specific (E;,E;) combination. To
ease the further analysis of the coincidences, the matrix is usually symmetrized by
transposing the original matrix and adding the original and transposed matrices

together.

Another function of the matrix is to have a selected set of data with the desired
reaction product enhanced. As mentioned earlier, the “ball” detectors can be used as
a multiplicity filter. By setting criteria in the sorting routine that builds the matrix,
it is possible to select any range of multiplicities and thus virtually eliminate some

reaction channels from the matrix.

Once this matrix is obtained, it is “sliced” on one axis and the content of the
slice is projected onto the other axis. Since the matrix is symmetric, it makes no

difference which axis is chosen. Each of these projections is known as a gate and
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each gate is related to a specific y-ray energy. Since the axes represent energy, each
gate is actually a spectrum of the y-ray energies in coincidence with the v ray that

corresponds to the position of the gate.

As described in Section 2.2.1 there are two types of 4 radiation expected in a
matrix; photo peaks appearing as discrete lines and a large continuous background
mainly due to Compton scattering. This background must be subtracted to obtain
a clean coincidence spectrum. For a coincidence matrix, the background is usually
independent of the energy. Therefore a “universal” smooth background can be
drawn from the spectrum and used for all channels. This has been done for the
analysis of the coincidence data described here. In the final matrix, background was

subtracted and essentially only discrete lines were present.

By comparing several gates with each other and examining the energies con-
tained in each gate, it is possible to build coincidence/anticoincidence relationships
between the v rays in the data. A step by step example of how this has been done

is given in Section 3.2.

2.4.2 ~-Ray Energies and Intensities

To determine the energies and intensities of the 4 rays considered, it is nec-
essary to have energy and efficiency calibrations for the detector system. During
the experiment, calibration runs with the radioactive sources **2Eu and 13*Ba were
performed. An energy calibration is obtained from these source data by measuring
the positions of known photo peaks. The areas under these photo peaks correspond
to intensity and are used to determine the relative detection efficiency of the CSGs

as a function of y-ray energy. The measured efficiency data is shown in Fig. 2.1
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Figure 2.1: Measured relative efficiency (1°2Eu, **Ba) and fitted curve for

the HPGe detectors used in the Compact Ball run (Experiment 2). Error
bars of the data points are within the symbol size.

along with a curve fitted to these points. The data points are obtained from build-
ing the ratios between the measured peak areas and accepted relative intensities for
these peaks [20]. The 3Ba source gives the low energy part of the curve and '*?Eu
is used for the higher energy portion. The program EFFIT by D. Radford is used
to fit these points to an empirical expression given in reference [21]. The resulting
efficiency curve can be used to create a table of efficiency factors for each energy, or
it can be used to make a spectrum which can be applied to the matrix as a whole
or used on individual gates. The latter method was used in this work. Each gate
or projection was divided by the efficiency spectrum before it was used to get the

areas under the peaks representing their intensities.

The peak areas for the in-beam spectra which follow were analyzed with the

program GF2 by D. C. Radford [22]. In GF2, least squares fitting is used to ap-
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proximate the line shape of a photoelectric peak with a Gaussian plus a skewed
Gaussian (for the often apparent low energy tail). A polynomial fit is used for the

background. From the fit, a peak centroid and peak area are determined.

The ~-ray intensities are given as relative intensities, i.e. normalized to the
intensity of the strongest peak. To do this one starts with the “total projection”
of the v-v matrix containing all the events and fits all the peaks. In °'TI, the 388
keV transition is known to be the most intense one, hence this transition is used
for normalization. Taking the total projection instead of evaluating peak intensities
in a gated spectrum has the advantage that the effect from side-feeding transitions
that might exist and bypass the gating transition is eliminated. However, the total
projection is only useful for the evaluation of the transitions which are strong and
“clean,” that is, those which are not doublets, contaminants, or otherwise too close
in energy to another transition in the nucleus under study or in some other reaction

product.

33753
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Figure 2.2: Example of using ratios to determine intensity by comparison
to known transitions.

For those transitions which are not clean, the intensity must be found by some
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other method. This can be accomplished by using a gate and getting area ratios

between a transition of known intensity and the one desired. An example is given
in Fig. 2.2. In this case, the intensity of C is known and we are trying to determine
the intensity for B. First, one would make a gate on the transition A, and from this
gate find the areas of peaks B and C. The intensity of peak B then would be:

Area(B)

L,(B) = I"(C)ArT(C)'

(2.1)

This method can also be used to gate on a transition above the level and look at

the transitions decaying from that level.

The intensities considered so far are due only to the 4-ray emission and hence
are denoted I,. In order to be able to use the intensity information as a check of
the level intensity balances, one must take into account that only part of the decay
intensity is carried by v radiation. Another part, however, proceeds by internal con-
version, i.e. by the emission of orbital electrons. The relative amount of intensity
used in the process of internal conversion depends on both the energy and multipo-
larity of the nuclear transition. For example, an M1 transition is more converted
than an F1 transition or an E2 transition with the same energy. This behavior is
usually described by the conversion coeflicient () which is the ratio of the electron
emission rate to the y-emission rate. The decay intensity I of a particular nuclear

transition is then given by:

I=1L(1+ar), (2.2)

where a7 is the total probability for an emission from one of the K-, L-, or M- atomic
subshells. The values of ar are the subject of tables [23]. These tables give values
of ar at certain transition energies. For this work, these values were plotted as a

function of energy and fit with a polynomial regression to obtain the interpolated
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values of ar for the specific transition energies in 1°!T]. These values were used for

determining the decay intensities.

2.4.3 Directional Correlation of 4 rays

In (HLzn) reactions, the nuclei are populated in states with “alignment” i.e.
the spins are oriented in a plane perpendicular to beam axis. This alignment is
not greatly affected by subsequent emissions of neutrons and « rays. The v rays
emitted from these spin states have a certain angular distribution, :.e. their intensity
depends on the angle between the spin direction and the direction of emission.
Very characteristic but different radiation patterns are obtained for different y-ray

multipolarities (such as M1, M2, E1, E2 radiation) [24].

In principle, these patterns could be measured with one detector by changing
the detector angle with respect to the beam axis. In multi-detector arrays, however,
the CSGs are located at fixed angles. Thus, directional correlations between v-ray
are measured which - like the angular distributions — enable one to determine the
level spins through the multipolarities. For those transitions that are not purely
of one type of multipolarity, it may be possible to determine mixing ratios. Direc-
tional Correlations of 7 rays from Oriented nuclear states (DCO) as discussed in
reference [25] have been measured with detector arrays to a great extent and were

successfully used to derive the multipolarities of v rays, see e.g. reference [26].

The intensities of a peak detected at different angles with respect to the beam
axis need to be compared in order to measure the v-ray anisotropy of a particular
transition. The comparison is done by the corresponding intensity ratio referred to

as a DCO ratio. For this comparison, angle positions close to 90° and close to 0°
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and 180° should be available to obtain a large effect in the DCO ratios. Then the
DCO ratios are grouped around a certain reference value for stretched quadrupoles
(I = I —2) and a distinctively different reference value for stretched dipoles (I —
I —1); mixtures fall somewhere in between. The actual reference values of the DCO

ratios change, of course, from instrument to instrument.

The DCO ratios were extracted from the data from Experiment 3. At Argonne,
the setup for the HPGe detectors of the array is as follows. Four pairs of detectors are
placed at £34.5° and & 145.5° with respect to the beam axis (forward and backward
angles), and two pairs are placed at 90°, making for a total of 12 detectors. The

DCO ratios were extracted according to the following definition:

I(n(145.5°),72(34.5%) _ I(11(145.5°))
B = o 00), 1Bas) ~  I(n(90%)) (23)

where I denotes the intensity. The observed transition ; is detected at +145.5° or+

90°. The gating transition v, is always detected at the forward angles of +34.5°.

The procedure using this definition has the advantage that consistently the
same reference values for stretched quadrupoles and dipoles are obtained for v,
regardless of whether the gating transition v, is a quadrupole or a dipole [27]. In
other words, R depends only on the multipolarity of the v ray observed (;) and
is independent of the « ray on which a gate is applied. For the setup at Argonne,
" the reference values are 0.71 for stretched dipole transitions and 1.39 for stretched

quadrupole transitions {27].

For the DCO analysis, a separate set of two angle sorted E,-E, matrices was
prepared: one for the combination of the coincidence of transitions in the 90° and
forward angle detectors, and the other for the forward and backward angles. In

this scenario the forward angle was used as the gating angle, which helped to avoid
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cases with large neutron background in the gated spectra at the side angles, since

neutrons are primarily observed in the forward angle.

By gating on different structures it is often possible to obtain separate DCO
ratios for peaks which appear as doublets. However, in cases where gating is of no
help, it is still possible to get a reasonable estimate of the nature of the transition.
It was noticed during the analysis that if one peak in a doublet was of dipole and
the other of quadrupole nature, the ratio was much higher than would be expected
for a dipole transition. On the other hand, if both members of the doublet were
of the same nature, the resulting ratio would be very close to what was expected.
This approximation, however, assumes that the transitions in question are pure in

nature and not dipole/quadrupole mixtures.
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CHAPTER 3

Experimental Results

3.1 Construction of the Level Scheme

From a detailed analysis of the “total” and angle sorted -7 coincidence ma-
trices described in the previous chapter a new level scheme for **T1 has been con-
structed. This level scheme is presented in Fig. 3.1. A number of 4 rays coincident
with each other form a sequence in the scheme. The ordering within a sequence is
based on the intensities. Principally, the intensity of the transition decreases when
moving upwards in the scheme because of observed and unobserved (very weak) side
feeding. Special care is taken that the transition intensities between consecutive lev-
els are in balance. If in the process of constructing the scheme, more intensity was
seen going into a level than is coming out, then it was most likely that a transition
from that level had escaped our attention — such cases are ruled out in the pre-
sented scheme. The multipolarities obtained from DCO ratios are often supporting
evidence. This is in particular the case when a pair of transitions with dipole char-
acter is bypassed by a transition of quadrupole character. Three main structures
are present in the level scheme and have been numbered from 1 to 3 to make the

following discussion (Sections 3.2 - 3.4) more transparent.

Previous studies of level structures in Tl have served as a starting point
for the new level scheme. In particular the previously known level assignments
are, together with our DCO ratios, the basis for spin and parity assignments to
new levels. Our study begins at the 3~ level at an excitation energy of about 300

keV which is an isomer having a lifetime of 5.22 minutes [3]. Because the lifetime
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is long compared to our coincidence window of about 100 ns (see Section 2.2.2),

one would not expect to see any of the structure below this level in these data.
Therefore, the first level shown in the scheme in Fig. 3.1 is not the actual ground
state for this nucleus. For purposes of convenience, this level was assigned an energy
of zero and all the other energy levels reported are given relative to this reference
energy. Previous work on higher spin states by Kahler [1] and by Goettig et al. [2]

established states built on the 2™ isomer up to spins of 2~ and 1% respectively.

The Table 3.1 summarizes the pertinent data that were used in concert with
the coincidence gates to propose the level scheme shown in Fig. 3.1. The first
column gives the energy of each transition in keV to within 0.2 keV. These are
ordered numerically so that doublets can easily be identified. The second column
contains the v-ray intensities, I, for each transition. There are two problem cases,
the 200.9 and 248 keV transitions. In both cases it was not possible to separate
the members of the multiplet present in the data. Therefore the value reported
is for the multiplet, not the individual 4 ray, and should be viewed as an upper
limit. Column three reports the DCO ratios which were measured as detailed in
Section 2.4.3. DCO ratios are reported for all but four transitions. The reason for
missing values is that in the appropriate DCO gates these peaks were too weak to
get a reliable value. In the case of the 835.9 keV transition there was the additional
complication of contamination; although it was not possible to get a value, it was
evident from inspection that this transition was of a quadrupole nature. These
ratios were used in determining the assignment of each transition as either dipole,
quadrupole, or a mixture thereof. This assignment is shown in the following column.
Since not all of the intensity from a given level is represented by I, one must include

the intensity which goes toward the internal conversion. This calculation was given
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Table 3.1: Experimental results.

Transition Gamma Ray Decay Initial
Energy Intensit DCO Ratio Assign. Intensit Band Level
(keV) y y E; (keV)
106.9 | 5.08+0.40 |06369+00890| D |[3583+283] 3 1884.7
1287 | 1515+1.49 | 0.7073+0.0874| D |6783+667| U —
1373 | 6.02+0.66 | 0.6369+0.0890| D |[23.25+253| 3 2022.0
1442 | 2444027 | 09241 +0.0730| D 846+ 092 | 3 2583.7
1455 | 14.80+ 1.61 | 0.7676 £ 0.0491| D |[50.33+£547| 23 | 2030.2
1596 | 897+1.22 |0.7818+0.0723| D |[25.17+342| 2 3824.0
165.5 | 4.78 £ 0.52 — D |1249+136| 3 2187.5
1730 | 2154+ 170 | 08653+ 0.0361| D |51.81+4.09| 3 1884.7
175.9 | 2.09 % 0.91 — D 486 +212 | 21 | 21085
189.2 | 11.40+1.38 | 06224+ 0.0453| D |[2342+284| 2 4214.1
189.6 | 3.40+0.37 |0.6224+0.0453| D 6.96+0.76 | 3 2377.1
1925 | 3.08+1.01 | 0.6835+0.0750| D 6.13+2.00 | 3. | 30244
193.0 1.57 £ 0.34 | 0.6835+0.0750| D 313+ 068 | 1-3 | 23015
2009 1005415608957+ 00514] D |2094ax201] 2 | 40%9°
200.9 U —
2090 | 883+129 [1.1752+£01045] Q |1005+147| U —
212.8 | 8.69+2.04 | 0813900843 D |1487+349| 1 2301.5
2146 | 862+190 |08037+01511] D |1457+321| 3 2323.1
217.2 | 6.39+1.27 — D |1063+211| U —
225.3 | 1445+ 1.48 | 07043+ 0.0317| D |2287+234| 1 2778.3
2254 | 7.31+£080 | 1.0446+01109| D |1157+127| 3 2108.5
2320 | 480+ 1.12 | 1.0353+0.0650| D 731171 | 3 92794.5
2337 | 3.61+1.12 | 09464+ 0.1046| D 546+ 169 | U —
2394 | 7.51+148 |0.8360+£0.0455| D | 11.00+217| 3 2562.5
2442 | 459+ 1.05 { 0.6957 +0.0707| D 657+ 150 | 3 9377.1
248.2 3 2132.9
oag4 | 3714040 | 04263400730 D 5214057 | 5139.9
2515 | 2550+ 1.89 | 0.8041+£0.0260| D |3531+262| 1 9553.0
252.0 | 098+ 0.11 |0.7663 + 0.1011| D 1.35+015 | 3 2439.5
269.2 | 493+1.33 |1.2311+£01302] Q 471+127 | 3 2377.1
2720 | 928 +3.04 |08279+00965| D |11.85+388| 3 3296.4
275.0 | 8.06+1.28 | 0.6583+00849 D |1019+162| U —
2795 | 7.48+299 | 08737+ 0.0746| D 931372 | 3 2656.6
2795 | 418+ 147 | 08238+0.1063| D 520+ 1.83 | 2 4493.6
2825 | 3.99+141 {07719+0083%5| D 491174 | 2 4776.5
282.8 147+ 0.21 | 09326+ 0.1189 | D 1.81+£026 | 31 | 25837
288.1 593+ 0.31 | 1.3210 + 0.1510| D 718+ 038 | 3 1001.1
289.1 | 1471+4.06 | 0.8024 +0.0448| D |17.77+£490| 2 3664.4
2958 | 7.02+1.34 | 0.8646 £ 0.0628| D 8324159 | U —
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Table 3.1: (continued)

Transition Gamma Ra Deca Initial
Energy Intensit Y DCO Ratio Assign. Int }; Band Level
(keV) v nLensity E; (keV)
303.4 5.21 £ 0.57 | 0.4215 £ 0.0376 D 6.05 £ 0.66 3 2187.5
306.0 31.50 + 4.08 | 0.9191 + 0.0207 D 36.33 £ 4.71 3 1711.7
306.6 3.50+ 1.75 | 0.9191 + 0.0207 D 4.03 £ 2.02 3 2439.5
312.8 23.56 + 1.86 | 0.5263 + 0.0239 D 26.73 + 2.11 2 2343.0
316.6 10.56 £+ 1.37 | 0.5286 + 0.0480 D 11.88 + 1.54 1 3463.6
321.1 4.75 + 0.52 | 0.8372 + 0.0812 D 5.28 £ 0.57 2-3 2343.0
321.3 7.93 £ 1.44 | 0.8655 £ 0.0565 D 8.83 + 1.60 1 1461.2
325.2 17.90 + 3.84 | 1.0596 + 0.0602 D 19.76 £ 4.24 1 712.6
326.7 14.90 + 1.42 | 0.5729 &+ 0.0220 D 16.40 £ 1.56 2 2669.7
330.6 13.76 + 1.54 | 0.6817 &+ 0.0370 D 15.02 £+ 1.68 2 3375.3
336.0 8.76 £ 1.49 | 0.7735 £ 0.0537 D 9.46 + 1.61 U —
348.7 2.79 + 1.12 | 0.9759 + 0.1391 D 294+ 1.18 U —
354.4 10.70 £ 1.37 | 0.6377 £ 0.0612 D 11.20 + 1.43 U —
354.4 7.12 %+ 2.85 | 0.6377 + 0.0612 D 7.45 + 2.98 3 2132.9
354.5 3.58 + 1.43 | 0.6377 £ 0.0612 D 3.75 £ 1.50 2 5131.0
363.0 2.08 £+ 0.81 - D 2.15 + 0.84 2 5494.0
367.8 493 + 1.61 | 1.0949 + 0.1161 D 5.06 + 1.65 3 3024.4
368.7 5.05+ 0.66 | 0.6657 + 0.0293 D 5.17 + 0.68 1 2301.5
369.1 18.54 £ 2.11 | 0.6657 £ 0.0293 D 18.98 £ 2.16 1 3147.0
3711.7 490+ 0.65 | 0.6274 £ 0.0835 D 5.00 + 0.66 1 4267.0
3724 6.06 £ 2.33 | 0.6637 £ 0.0445 D 6.18 + 2.37 3 1778.5
375.0 17.65 £ 1.91 | 0.5855 + 0.0316 D 17.93 £ 1.94 2 3044.7
387.4 100.00 + 4.91 | 0.8884 + 0.0172 D 100.00 £+ 4.91 1 387.4
390.4 13.07 + 1.93 | 1.0240 + 0.1389 D 13.02 + 1.92 2 4214.1
395.5 5.14 + 1.19 | 0.4352 £ 0.0442 D 5.09 + 1.18 1 5126.5
404.6 44.61 + 2.60 | 0.8515 £ 0.0238 D 43.77 £ 2.55 3 1405.7
422.9 5.77 + 4.10 | 0.8027 £ 0.0789 D 5.56 + 3.95 31 1884.7
427.3 15.91 + 2.16 | 0.8303 + 0.0608 D 15.28 + 2.07 1 1139.9
431.7 6.88 £ 2.93 | 0.5754 £ 0.0601 D 6.58 + 2.80 1 3895.3
449.0 5.07+ 1.40 | 1.5616 + 0.2919 Q 434+ 1.20 2 3824.0
457.8 11.19 + 1.58 | 0.6004 + 0.0676 D 10.50 + 1.48 1 2088.1
458.6 3.02+ 0.33 | 1.1679 & 0.2020 Q 2.58 + 0.28 2-3 2343.0
464.0 584+ 1.40 | 0.9693 & 0.1476 D 5.45 + 1.31 1 4731.0
471.6 7.51+ 1.48 | 0.7168 & 0.1243 D 6.98 + 1.38 1 1932.8
476.8 11.33 £ 1.65 | 1.2079 + 0.0931 Q 9.64 & 1.40 1 2778.3
490.4 829+ 1.29 | 0.8743 £ 0.0768 D 7.63 + 1.18 1 1630.3
564.1 6.32+£2.23 | 1.1146 + 0.1326 Q 5.33 + 1.88 2 4776.5
571.6 10.98 £ 2.05 | 0.7766 + 0.0840 D 9.76 + 1.82 31 1711.7
594.6 12.47 + 1.28 | 1.2616 + 0.1996 Q 10.50 + 1.08 1 3147.0
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Table 3.1: (continued)

Transition Gamma Ray Decay Initial
Energy Intensit DCO Ratio Assign. Intensit Band Level
(keV) ¥ ¥ E; (keV)
613.7 91.66 + 4.82 | 0.9513 £ 0.0204 D 80.56 + 4.24 | 3-1 1001.1
620.0 12.72 £ 6.69 | 1.4386 £ 0.0845 Q 10.69 % 5.62 2 3664.4
639.6 17.37 £ 1.77 | 1.3739 + 0.1109 Q 14.59 + 1.49 2 2669.7
647.3 16.19 + 2.29 | 1.0044 + 0.1196 D 14.12 + 2.00 3 2108.5
| 685.8 15.98 + 1.82 | 1.7725 £ 0.3083 Q 13.40 + 1.53 1 3463.6
| 702.0 23.56 + 2.24 | 1.3772 £ 0.1134 Q 19.74 + 1.88 2 3044.7
| 706.2 32.87 £ 2.56 | 1.3735 + 0.0860 Q 27.53 £ 2.14 2 3375.3
710.9 44.61 = 5.77 | 1.1190 £ 0.0492 Q 37.36 + 4.83 3 1711.7
712.6 57.58 £ 12.35 | 1.2419 £ 0.0580 Q 48.22 + 10.34 1 712.6
748.6 22.82 4+ 2.96 | 1.2729 £ 0.0797 Q 19.09 + 2.48 1 3895.3
748.8 57.82 + 10.49 | 1.2729 £ 0.0797 Q 48.38 + 8.78 1 1461.2
752.8 31.83 + 6.83 | 1.3765 £ 0.0771 Q 26.63 + 5.71 1 1139.9
T77.4 9.45 £+ 3.63 | 1.4618 £ 0.1523 Q 7.90 £+ 3.04 3 1778.5
792.8 15.64 & 2.83 | 2.0800 + 0.2635 Q 13.07 £ 2.37 1 1932.8
803.2 14.26 £ 6.65 | 1.0000 £ 0.1370 Q 11.92 + 5.56 1 4267.0
836.5 25.37 + 3.38 — Q 21.18 + 2.82 1 4731.0
839.8 45.30 £ 5.90 | 0.9102 £ 0.0646 Q 37.83 + 4.93 1 2301.5
859.9 12.16 + 1.72 | 2.0690 £ 0.4675 Q 10.15 + 1.44 1 5126.5
918.5 11.61 £ 1.45 | 0.7774 £+ 0.1029 D 9.82 £ 1.23 1 1630.3
948.3 5.30 + 1.82 | 0.6059 + 0.1126 D 4.47 + 1.54 1 2088.1

in entirety in Section 2.4.2 and depends on both the energy and multipolarity of
the transition. The resulting intensity is given in the fifth column and was used
to determine intensity balances. The last two columns are read directly from the
level scheme and are included to identify the transitions with those in the level
scheme more easily. As already mentioned, “Band” is simply a number given to the
different structures in the level scheme and places a given transition in one of the
three observed. The value E; (in keV) denotes the energy of the initial level from
which the transition originates and is given in the last column. The table contains
an entry for each transition in the level scheme plus a few others that appear to be

related to this nucleus, but which we were not able to place. These are marked with
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the symbol “U” for unplaced.

The DCO ratio is very useful to determine the multipolarity of a transition.
The reference values for the data set used are 0.71 for a stretched dipole (I — I —1)
transition and 1.39 for a stretched quadruple (I — I —2), see Section 2.4.3. Dipole
transitions of I to I type are expected to have a ratio greater than 1.39. Many
transitions are probably not pure, but are dipole-quadrupole mixtures. These are
expected to lie between 0.71 and 1.39 for a positive value of the M1/E2 mixing
ratio or below 0.71 for a negative mixing ratio. The data from the DCO analysis
and the reference values are graphically represented in Fig. 3.2. In this figure, the
expected separation between dipole and quadrupole transitions is quite obvious, t.e.
groupings of data points around the “reference lines” (at 0.71 and 1.39). And, there

is a strong group of mixed transitions between these bounds.

A brief glimpse at the graph might cause one to think that a relationship
exists between DCO ratio and energy, perhaps even that one might be a function of
the other, but this is not entirely so. There is a noticeable pattern of lower energy
transitions having ratios closer to the dipole line and those of higher energies tending
toward the quadrupole line. This can be explained more so from looking at the level
scheme. Notice that most of the higher energy transitions bypass two transitions
which would force them to be I — I — 2 transitions and thus be of a quadrupole
nature. The transitions that are bypassed by these bypasses are then forced to be

either dipoles or of some mixed nature. This helps to explain why, for the most

part, higher energies have DCO ratios that lie along the quadrupole line.
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Figure 3.2: DCO ratios vs. energy. The dotted lines at 0.71 and
are reference lines for the values of DCO ratio that indicate dipole
quadrupole nature respectively.
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3.2 The hg/;~ Band (Band 1)

Let us begin our discussion of the level scheme with Band 1. This band
has a rotational-like E, vs. I behavior for the E2 transitions. It contains also
relatively strong M1 transitions that are “bypassed” by E2 crossover transitions
which increase in energy with spin. Feeding the £~ level (1932.8 keV), there is
apparently an E2 transition of 620.2 keV missing, after which, the E2 energy values
take a sharp drop and then continue to increase with spin as before. This region of
the band appears to be influenced by a backbend, which would be caused by the
alignment of a pair of i,3/, neutrons in this case. The backbend behavior and reasons
for it will be discussed more fully in Section 4.4. It is important to mention at this
time, however, that around a sharp backbend it is normal for other transitions to
be seen which do not follow the same orderly progression as the rotational band.
Examples of this behavior are the 212.8, 457.8, 918.5 and 948.3 keV transitions.
These are associated with the non-yrast members of the two crossing bands that

cause the backbend.

As indicated earlier, this band was constructed using coincidence gates. A
representative example of such a gate is given in Fig. 3.3 (gate on the 427.3 keV
transition). In parts of the spectrum where a doublet appears or one peak is very
close in energy to a neighboring peak, both energies are then given in a single marker.
The band assignment for each peak follows the energy and they are separated by a
colon. Some peaks are marked that remain unplaced and are designated “U”. This
format will be used in all gated spectra shown in this work. From the spectrum in
Fig. 3.3, one can see some transitions in Band 1 plus a few others that feed from

other structures. Notice that the 752.8 keV « ray is not present in this gate, but the
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Figure 3.3: Efficiency corrected gate on 427.3 keV showing mostly tran-
sitions in Band 1. Due to the location of this gate in the level scheme, it
contains members of all bands.

792.8 and 839.8 keV v rays are. Using coincidence/anti-coincidence relationships
like these, one can determine the placement of the 427.3 keV 4 ray in relation to the
others mentioned. For example, one sees a strong peak at 325.2 keV. An inspection
of the 325.2 keV transition gate in Fig. 3.4 shows the 427.8 and 792.8 transitions,

but not the 752.8 transition. Energy sums are an important criterion for the final
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placement. For example, when added together, 427.3 and 325.2 equal 752.5, which
is very close to 752.8. Further, a look at the 752.8 gate shows neither the 427.3
nor 325.2 transitions. These facts used together give the relationship shown in the
level scheme, i.e. that the 427.3 and 325.2 « rays are in direct coincidence and are

“bypassed” by the 752.8 « ray.

Using bypasses to place transitions in the level scheme is a very useful tool,
but is not foolproof. There are many times that two energies will accidentally add
to equal another energy. Therefore, energy sums alone are not sufficient to fully
determine the level scheme. The next item to consider is the DCO ratio. This
ratio tells if a transition is of a quadrupole or dipole nature. A stretched dipole can
only change spin by one unit, whereas a stretched quadrupole represents a Al = 2
transition. This would mean that the crossover transition would need to be of a
quadrupole nature and therefore an E2. This then would force the two transitions
which were bypassed to have Al = 1. Examination of the DCO ratios in Table 3.1
for the 4 rays mentioned above shows that they meet these criteria. Most of the
transitions in this level scheme were placed using this method, especially where a

rotational behavior is exhibited.

Two common problems in level scheme building are doublets and self-gating
transitions. Doublets are two transitions that have the same or nearly the same
energy, such as those at 200.9 and at 321 keV. Self gating means that a transition
appears in its own gate. This indicates that the transition is both a doublet and
is in coincidence with itself. The 748 and 369 keV transitions are examples of this.
Existence of these doublets can make placement difficult and requires comparison
to gates on the nearby transitions. In addition to this, one can look at transitions

that feed into the band and determine the relative intensities of the transition in
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question. By doing this, one can see if the second member of the doublet is below or
above the point where that feeding transition enters the band. Also, gating on one
of the M1 transitions bypassed by the 748.8 4 ray (see Fig. 3.3) shows a transition
near 748 keV but with not nearly enough intensity to be the 748.8 which feeds the
137 level. Since there is no room left below the 748.8 it is evident that the other 748
is higher in the band. A similar method can be applied to the 369 keV transitions

to lock them into place. Here one would actually gate on the E2 transitions which

bypass the 369 line.

Especially in the case of doublets, it is good to have more than one check for
the placements in the level scheme. One way to do this is with the level intensity
balance discussed earlier. By comparing the intensity going into a level with that
coming out, it is possible to determine if there is any surplus intensity which would
have to be carried away by another decaying transition. These balances are given in
Table 3.2. The negative balances mean that there is more intensity leaving a level
than coming into it. This is a concern if the number is too large, but in general an
imbalance of this type is natural and is caused by a perhaps large number of weak
(and unseen) transitions feeding the level from above. However, for the imbalance
at level 2301.5, this is not the case. There are 14.18 more units of intensity leaving
the level than coming in. This could be partially explained by above feeding 7
rays, especially since this level lies in the band crossing region. Also there could
be a problem with the intensity of the 839.8 keV 4 ray. Because of its relatively
high energy, this peak is broad and difficult to fit. It also sits in a very cluttered
region of the spectrum, so it is likely that some of the fault can be attributed to
contaminants. Therefore it is possible that the reported intensity for the 839.8 keV

transition is slightly too high, contributing to the negative imbalance at this level

36



Table 3.2: Level intensity balances. Positive values represent more intensity
entering a level than leaving, negative values represent more intensity leaving
a level than entering it.

Band | Energy | Int.In | Int. Out | In-Out

4731.0 5.10 26.64 | -21.54
4267.0 15.60 16.92 -1.32
3895.3 26.19 25.67 0.52
3463.6 18.50 25.27 -6.77
3147.0 30.96 29.50 1.46
2778.3 32.40 32.50 -0.10
2553.0 33.36 35.36 -2.00
2301.5 46.82 61.00 ( -14.18
2088.1 14.88 14.97 -0.09
1932.8 10.03 20.05 | -10.02
1630.3 10.50 17.44 -6.94
1461.2 64.50 57.66 6.84
1139.9 43.76 41.91 1.85

712.6 80.66 68.02 12.64

387.4 127.0 100.00 27.0

5131.0 2.15 3.75 -1.60
4776.5 3.75 10.33 -6.58
4493.6 5.00 5.20 -0.20

4214.1 10.53 13.02 -2.49
4024.9 23.35 | <29.90 —

3824.0 | < 42.92 29.48 —

3664.4 25.14 28.46 -3.32
3375.3 22.11 42.56 | -20.45
3044.7 25.72 37.67 ) -11.95
2669.7 45.46 30.97 14.49
2343.0 36.12 34.61 1.51
2030.2 41.32 50.31 -8.99

B BAD B B B B NN RN NN e el e el e e N e el e N

and subsequently the positive imbalance of 6.84 units at level 1461.2.

What really causes concern is when the imbalance is positive, which means that
there is less intensity leaving the level than came in. This poses a problem because
if the intensity is seen coming in, it has to go somewhere and therefore it should
be possible to identify the transition(s) which would serve to carry it away. After a

search is made and no such transition is found, it is likely that some of the individual
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Table 3.2: (continued)

Band | Energy | Int. In | Int. Out | In-Out

30244 | 11.85 11.19 0.66
2832.1 6.13 — —
2794.5 — 7.34 —
2656.6 5.07 9.33 -4.26
2583.7 — 10.27 —
2562.5 7.34 11.02 -3.68
2439.5 8.46 5.44 3.02

2377.1 9.33 17.62 -8.29
2323.1 ] 11.02 14.58 -3.56
2187.5 8.31 18.62 | -10.31
21329 [ 10.66 12.68 -2.02
2108.5 | 22.41 30.57 -8.16
2022.0 | 17.87 23.26 -5.39
1884.7 | 99.12 93.96 5.16
1778.5 | 44.04 14.08 | 29.96
1711.7 | 51.78 83.48 | -31.70
1405.7 | 42.52 43.77 -1.25
1001.1 | 89.04 87.74 1.30

CO QO QO LW W LW LW WOWOWOLWLWWWeoLwew

intensities were incorrect. There are three levels in this band that fall into this
category. At level 1461.2 there is an imbalance of +6.84 units. This could possibly
be related to the 839.8 transition as discussed in the last paragraph. Another factor
here could be that the 321.3 keV transition is a doublet whose other member is a
transition in Band 3. The second imbalance of +12.64 units at level 712.6 could be
related to the fact that 325.2 is close in energy to the 326.7 keV transition in Band
2. Most likely, however, it is due to the 918.5 keV « ray which enters at the crossing.
Although it fits here by coincidence relations, its intensity is somewhat suspect due
to statistical inaccuracy because of its weakness. The third imbalance of +27.0
is at the 387.4 level. One reason for this could be that the intensity of the 613.7
transition feeding it from Band 3 is too high. This, in fact, seems to be the case.

The 613.7 keV « ray sits on a relatively broad neutron peak that is created by a
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reaction within the Ge detector. This “bump” is mainly caused by the excitation of
the first excited state in the most abundant "Ge isotope (excitation energy of 595.9
keV with a lifetime of 18.1 ps [28]) through (n,n’) scattering. A detailed description
of this type of beam induced background in given in reference [29]. Great care was
given to negate the effect of this bump, but still the intensity seems to be too high.
Another explanation of this would be that the 613 keV transition is a doublet, but
there seems to be no evidence of this. However, both of these possible explanations
are complicated by the fact that the decay intensity balance at the 1001.1 keV level
in Band 3 is very good, which would suggest that the intensity values for 613.7 are
reliable. This imbalance for the 387.4 keV level is within 12% of the total feeding

and decay intensity, which might just indicate the precision of this measurement.

With the exception of the cases mentioned, the level balances for this band
fall within reason. Although possible reasons for the imbalances at levels 712.6 and
387.4 are offered above, they do not fully explain the imbalances. There seems
to be something else complicating the intensities here, but it is neither seen nor

understood at this time.

Finally, it can be seen that the DCO ratios for this band agree well with the
spin and parity assignments. Exceptions are the 918.5 and 948.3 keV « rays. From
their placement in the level scheme, these should both be Al = 2 transitions. The
DCO ratios actually found, however, are more indicative of a AJ = 1 transition in
each case. Again, since DCO ratios rely on a fitting of the area under the peak,
this discrepancy is probably due to the difficulty of fitting these high energy peaks.
Several attempts were made to get the “best” fit, but the results were the same. All
in all, however, the features of this band seem to be very precisely established by

energies, intensities and DCO ratios of the transitions involved.
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Spin values for this band were derived starting with previous work [1, 2, 3] and
using the DCO ratios to assign spins to the levels continuing up the band. In the
case of the 1630.3 and 2088.1 keV levels the spins were determined using the 490.4,
457.8 and 212.8 keV transitions since the DCO ratios for the 918.5 and 948.3 keV

transitions are ambiguous.

3.3 The ¢35/, Band (Band 2)

This band also exhibits a rétationa.l-like structure presumably with a backbend
at around a spin of §+. As in Band 1, spin assignments were fairly straightforward
using the DCO ratios. One interesting feature of this band is the missing E2 tran-
sitions above the “backbend region.” Beyond this region in the level scheme, the
intensity falls off too sharply for these to be seen. To support this idea, notice that
the 390.4 and 564.1 keV transitions are also significantly weaker than the transitions
below. While the reported intensity for the 390.4 keV transition of 13.0 units is not
especially small, one has to take into account that the 390 keV transition is also
a contaminant from **Hg [6] and it sits on the shoulder of the 387.4 keV transi-
tion in this nucleus. Therefore, it is likely that its actual intensity is less than 13
units. The two highest transitions in the band are placed in tentative order based
on their intensities in gates lower in the band. There are no observed crossover E2

transitions to firmly establish their order.

A few level intensity imbalances are also in this band. The spaces at the
3824.0 and 4024.9 keV levels are left blank because the 200.9 keV v ray is self-
gating. Attempts to place the second 200.9 have proven useless and therefore it was

impossible to conclude what part of the intensity of this multiplet belongs to the
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transition linking these two levels. Therefore, the intensity reported for this 4 ray
is actually the intensity of the multiplet and should be viewed as an inflated upper
limit for the 200.9 keV line. Concerning the 3375.3 keV level, there is a large deficit
of feeding intensity of ~20.45 units. The intensity of the 449.0 keV transition is low,
but this is in the band crossing region with presumably reduced E2 strength. Also,
there are likely a number of weak unseen transitions feeding the 3375.3 keV level as
a result of the sharp band crossing. The imbalance at the 2669.7 keV level of +14.49
units seems to suggest a missed decaying transition. A search has been made for
such a transition but none was found. Another possibility could be related to the
fact that the 326.7 keV transition is close in energy to that of 325.2 in Band 1. The
two imbalances finally to be discussed for this band, -8.99 units for the 2030.2 keV
level and -11.95 units for the 3044.7 keV level, do not pose any real problem. It is
likely that there are other unseen transitions feeding the levels from above. Also,
the transition leaving the 2030.2 keV level is a dipole with a relatively low energy
of 145 keV. This means that it has a relatively high internal conversion coefficient.
Thus, even a small error in the y-ray intensity could make a large difference in the

decay intensity.

A gate on the 312.8 keV transition is shown in Fig. 3.5. In this spectrum, one
can clearly see Band 2 and its main decay pathway through the 145.5, 173.0, 306.0,
404.6, and 613.7 keV transitions of the other band, called Band 3. Although this
gate is fairly clean, a few peaks appear here that are not placed in the level scheme
but they are associated with this nucleus. Some of them are listed in Table 3.1 with

a “U” (unplaced) as their band designation.

41




COUNTS

| l L
5000 Gate:312.8keV &
4000< g
1 3 3
1 ¢ « = 2§
- Py o ~N
300 7 & g 3= | p
- - N = 85 | R
) o8 o8 §E & 37
- - [~ o~ 2 \
% | [ 3
1000 ! l |
| ! ] 7 I ! I ! 1 !
150 200 250 300 350
11 ! l ' I 1 1 ! 1 ! 1 ! i ' 1 ! I
6000 — _ 6137:3

50 600 65 700 750 80 850 900 950
ENERGY (keV)

Figure 3.5: Efficiency corrected gate on the 312.8 keV transition in Band 2.

3.4 The Irregular Level Structures (Bands 3 and 3a)

This band is a good example of the usefulness of level intensity balances. While
looking at the level balances during the process of building this level scheme, it was
noticed that there was a considerable amount of surplus intensity feeding the 2343.0

level in Band 2. This prompted a search for a transition to carry that intensity
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away and led to the discovery of the 321.0 and 458.6 keV transitions originating at
that level. Further investigation resulted in the development of Band 3. In contrast
to Bands 1 and 2, this band shows no rotational-like structure, but more closely
resembles irregular, single-particle like structure. An explanation for this structure
will be discussed in Section 4.3. Besides solving intensity imbalances experienced in
an earlier stage of this work, the presence of this band help resolve some problems
which up to that point still existed, e.g. the placement of the 303.4 keV transition
and the fact that the 306 keV v ray is self-gating. It also gave a place for other «y

rays that were recognized but previously unplaced.

Description of this structure is divided into two parts, one below the level of
1884.7 keV and the other above. The area below is very strong and provides the
decay pathway for Band 2. This part was known previously and understood before
the discovery of the upper part. The upper part is what is very new. Its main decay
sequence involves the 137.3, 165.5, 303.4, 189.6, 279.5, 367.8, 272.0 keV transitions.
A parallel sequence proceeds through the 354.4, 306.6, 144.2, 248.4, and 192.5 keV
transitions. The final strong sequence begins at the 1461.2 level and consists of the
647.3, 214.6, 239.4, and 232.0 keV transitions. Other transitions in the band are
weaker and serve to link the three main sequences together in a complicated fashion.

A spectrum showing most of these lines is given in Fig. 3.6.

Assembly of this structure was not straightforward. The method of using
bypasses as detailed earlier was not as useful here, but it was possible to add two
or more transitions in a sequence and find a sum of two other 4 rays to match that
sum. Another complication was in the double nature of some of the 4 rays. The
144.2 keV transition is close in energy to the 145.4; the 189, 192, 252, 279, 306, and

354 keV transitions are all doublets; 272.0 is one of the major transitions in *°T]

43



I Ll ] T l ] 4 l ¥ l T
i 306.0, 306.6: 3
o~ 4 )
wo- T Gate: 173.0keV }
v -
- < .o
= 3000 3 o Ha @
Z - 2 © N & § s ]
o) T I : o o a-= N 8 g
g a0 s oo e i
- E “!'8 z ?,_ ) ::- "’
S 8ulgora S8 0§
1000 “q 898 g3 ©
| 1= |&/§ 8 a\‘
- / gt
0 T ¥ T T T T T
150 200 250 300
ENERGY (keV)

Figure 3.6: Efficiency corrected gate on 173.0 showing the main sequence
and supporting lines of Band 3. Since this region of the level scheme is
complicated, it is difficult to get a clean gate. Therefore, a gate on 173.0 is
used, showing only the range of energies that appears in the upper part of
band three.

and is seen as a contaminant in our data; and 165.5 keV is also a contaminant from
191Hg. Careful gating and scrutiny of those spectra were the only way to extract

these results.

Due to the weakness of many of these transitions is was also difficult to get
reliable DCO ratios. Spin assignments are complicated and therefor rather tentative.
Up to the 1884.7 keV level it was straightforward to assign spins as in the other
bands. Above this, it was necessary to choose transitions with reliable DCO ratios
on which to base a spin assignment. The first step was the 137.3 keV transition,
which has a DCO ratio indicative of a stretched dipole assignment establishing the
2* level. Above that, the 165 keV transition was too weak to yield a reliable

2

ratio, so it was necessary to consider another pathway, viz. the 303.4 to 272.0 keV
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sequence. The DCO ratio of each transition in the sequence indicates a stretched
dipole assignment which allows one to set the spins on those levels. As a check,
the DCO ratios for the transitions in the 354.5 to 192.5 keV sequence indicate
stretched dipoles, which gives spins equal to those just determined by the other
sequence. In the third sequence, 647.3 to 232.0 keV, all transitions seem to be
stretched dipole in character and thus give rise to the spins assigned there. None
of these three sequences give spins that conflict with each other and in addition
the assignments are compatible with the other connecting transitions in most cases.
Possible exceptions to this clear consistency are the 2439.5 and 2187.5 keV levels.
The 2439.5 keV level is tentatively assigned a spin of 2—21+, as is also the levels at
2187.5 and 2022.0 keV. The connecting lines are 252.0 and 165.5 keV, both of which
are required to be dipoles of AI = 0. However, the DCO ratio of the 165.5 keV
transition is unobtainable and the ratio for 252.0 is difficult to extract in view of
the strong 251.5 keV transition. These spins are given in parentheses in view of the

uncertainties in the DCO ratios.

To check the assignments in this band we again apply the intensity imbalance
test. Since many of these transitions are weak and members of a doublet, the
balances have larger error bars. This by itself can account for some of the imbalances.
The imbalances are mostly negative and are likely due to feeding from above that
is too weak to be seen in this experiment. The missing assignments for the 2583.7
and 2832.1 keV levels are due to the fact that the 248 keV transitions are self gating
so that their intensities could not be separated from each other. There is a positive
imbalance of 3.0 units at level 2439.5. This could be due to a couple of factors. The
low energy value of the feeding transition of 144.2 keV indicates a large internal

conversion coefficient. Also the intensity of both decaying transitions may be a bit
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off since the 306 keV transition is a self-gating doublet and the 252 keV transition

sits on the shoulder of an intense peak.

The other intensity imbalance is not so easily dismissed, and it consists of
discrepancies at two levels. There is an imbalance of +29.96 units at the 1778.5 keV
level and one of -31.7 units at the 1711.7 keV level. Similarly to the case of the
145.5 keV transition, the 106.6 keV transition is low in energy and exhibits a dipole
nature, therefore its intensity could be suspect. However, the agreement in the
above level (1884.7 keV) is very good and lends credence to the reported intensity
value for the 106.6 line. This problem could be solved by a transition of 66.8 keV
between the two out-of-balance levels. The transition would lie in the X-ray region
and would be difficult to see. Due to its low energy, this transition would also be
highly converted and, if it were a dipole, its coefficient would be around 31. Since it
is thought that this transition must carry 30 units of decay intensity (this is roughly
what is needed to correct the intensity imbalance), it would only need to have an
L, of around 1%. The low detector efficiency at this energy and the threshold of
the time discriminator also makes such a 4 ray difficult to see. A search of the
appropriate spectra gave no indication of a 1% intensity 66.8 keV v ray. However,
we postulate its existence in order to offer a solution to the intensity imbalances on

the 1711.7 and 1778.5 keV levels.
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CHAPTER 4

Discussion

4.1 Shape Coexistence

As mentioned in Chapter 1, the ground state of °!T] corresponds to having
the valence proton in the s/, orbital. This can be understood from the single-
particle level diagram in Fig. 4.1. For this graph a deformed Woods-Saxon potential
developed by the Warsaw group [30] is used to calculate the single-particle energies
of the proton orbitals of interest (around Z = 82) as a function of the quadrupole
deformation parameter B;. Details of these standard calculations can be found, for
example, in reference [31]. In general, this diagram can be used for both proton or
neutron systems, since the effective potential wells for both kinds of particles are
very similar. Since ! Tl has an even number of neutrons and an odd number of
protons, only the proton orbitals will be discussed, because it is the unpaired or odd
particle that determines the spins and parities of the bandheads. Each line in the
figure represents a proton configuration and can account for two particles, one spin
up and one spin down. The Y-axis gives the level energy in MeV and the X-axis
corresponds to B;. The circled numbers are proton particle numbers, Z, and are
placed to indicate significant energy gaps between the filled and unfilled levels. At
B2 = 0 these numbers correspond to closed shells and thus give the nuclear magic
numbers. Two different types of lines are used to indicate the parity of the shell
from which they originate, with a solid line being positive parity and a dashed line
negative parity. Each line is also labeled with its asymptotic quantum numbers

(Nilsson quantum numbers) enclosed in square brackets followed by the K value for
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Figure 4.1: Proton single particle levels as a function of 8, deformation
calculated using the Woods-Saxon potential [30,31].
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the orbital, which is the projection of the total angular momentum onto the nuclear

symmetry axis.

The plot of single-particle energy levels ranges from negative to positive values
of B2, zero indicating a spherical nucleus. As one moves away from B; = 0, the
nucleus becomes deformed. A positive 3, would be of a prolate shape (pointed
at the poles like a lemon) and negative values would be oblate (flattened at the
poles like an orange). At the spherical #; = 0 line the various orbitals for each
shell state are degenerate in energy, but as the nucleus deforms in either the prolate
or the oblate direction, this degeneracy breaks down and gives rise to the single-
particle orbitals corresponding to different projections of the single-particle angular
momentum on the nuclear symmetry axis. Some of these lines are relatively flat, but
most have some slope to them. It is this slope that indicates the “shape driving”
nature of that orbital. For instance the s/, [400] orbital looks somewhat like a
upturned parabola centered at B; = 0; therefore, if this orbital were occupied by
the odd particle, it would be energetically favorable for the nucleus to be spherical,
hence this orbital drives the nucleus to be a sphere. On the other hand, the Ag/;

[541]3 orbital just above this one is prolate driving due to its slope.

The Woods-Saxon diagram can be used to predict the configurations behind
the structures seen in ! T1. This nucleus has 81 protons, so the ground state would
fall just below the NV = 82 gap, putting the g1st proton into the s1/; [400]3 orbital
which, as we noted before, is spherical. The nucleus is formed in the experiment
with a large amount of angular momentum, is rotating quite rapidly and would
be expected to be deformed, at least at high excitation energies. The neighboring
nuclei all indicate that °!T1 will have a somewhat oblate shape at low excitation

energies, and that can also be seen from the diagram with some knowledge of the
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level scheme. Both rotational bands in !°'TI are strongly coupled, meaning that

the rotational levels are ordered by increasing spin with both signatures present,
connected by E2 and M1 transitions. This is a characteristic of populating high
K orbitals, whereas bands built on low K orbitals are mostly decoupled. Looking
at the diagram, one can see that the orbitals on the prolate side lowest in energy
for each subshell have low K values. On the oblate side, however, the lower energy
orbitals for each subshell have high K values. The observation of strongly coupled

bands in '1T] is thus a strong indication that this nucleus is oblately deformed.

The extent to which a nucleus is deformed can be estimated using methods
that will be detailed in Section 4.2 which give the values of 8, = —0.15 and —0.19
for Bands 1 and 2 respectively. These lines are marked on the diagram for purposes
of discussion, their origin will be discussed in Section 4.2. At B; = 0, the 51/2
[400]-;— orbital is obviously preferred. However, as one moves toward larger oblate
deformation, the s1/; orbital climbs higher in energy whereas the hg/, [505]2 orbital
drops lower in energy and is in fact lower than s,/, [400]; at 8; = —0.15. This
means that at higher oblate deformation it is possible to populate the g/ [505]3
orbital, which is the assignment for Band 1. Band 2 is considered to be built on the
i13/2 orbital, which would seem unlikely at first because at 8, = 0, the t13/2 shell
states are much too high in energy and particle number, and in fact are off the scale
of the plot. However as one moves to larger oblate deformation, this orbital drops
dramatically to an energy that is possible to be populated in this nucleus. This 7,3 /2
orbital is called an “intruder state” because it drops in from high above and is thus

able to be populated in a mass region wherein it would normally be unreachable.
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4.2 Total Routhian Surfaces

The rotating nucleus can be viewed from two reference systems, either the labo-
ratory frame or the rotating (intrinsic) frame. When viewed from the intrinsic frame,
the energy of the a single nuclear level with the rotational component removed is
known as the routhian energy. For describing the shape of the nucleus when rapidly
rotating, the Total Routhian Surfaces (TRS) are perhaps most useful. Often the
TRSs are calculated using the deformation self-consistent Strutinski-Bogolyubov
cranking approach with a non-axial potential as first presented by Dudek [32]. Cal-
culations of this type are used in this work. These have been performed by Wyss
et al. [33] for four different mass regions using a Woods-Saxon potential with ap-
propriate parameters. Deformation parameters 3,, v, and (34 are obtained by mini-
mizing the total routhians. That is, the local minimum of the TRS corresponds to

the nuclear equilibrium shape for the configuration under consideration.

For the region around nuclear mass 180, the results of the TRS calcula-
tions are organized in the so called “Pt-mesh” and cover a deformation space of
B2 cos(y + 30°) from 0.05 to 0.45 and S, sin(y + 30°) from —-0.20 to 0.30 over a
rotational frequency range (%w) of 0.0 to 0.6 MeV. From this mesh, plots like the one
in Fig. 4.2 are made. The display shows a polar coordinate system with the radius
lines giving the angle v, and the concentric circles giving the quadrupole deformation
parameter f;. The angle « is a “triaxiality parameter” related to the principle axes
available for collective rotation. The value v = 0° represents the collective prolate,
and the value ¥ = —60° the collective oblate modes in the Lund convention [34].
Outside the collective sector, ¥ = 60° and —120° are the limits representing oblate

and prolate non-collective (single-particle like) modes respectively. The results of
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these calculations have been explored for many configurations in 1Tl in order to

accurately describe the deformation.

Fig. 4.2 shows a TRS plot for the negative parity configuration for *!Tl. In
the first panel it is obvious that there is a minimum at 8; ~ 0.15, ¥ = —57°. As hw
increases, this minimum remains up to high rotational frequenéy. A second minimum
develops at relatively low hw, remains stable, and actually bécomes the stronger of
the two at higher frequency. The values ¥ = —77.5° and B, = 0.06 indicate that
this minimum is only weakly deformed and rather associated with a spherical shape.
The minimum at larger deformation is related to the whg/; configuration which is
responsible for Band 1 in the level scheme (Fig. 3.1). The nearly spherical minimum
has a more complicated nature and is likely related to Band 3. This relationship

will be discussed in Section 4.3.

The positive-parity configuration is shown in Fig. 4.3. A similar situation is
seen here at low frequency with a weakly deformed minimum (3, = 0.08, v ~ —56°)
that remains stable to high Aw values, and the development of a second minimum
(B2 =~ 0.19, v ® —52°) at higher frequency. The difference here is that the lower
deformation minimum comes at a lower rotational frequency than does the higher
deformation minimum. This higher deformation minimum corresponds to the 74332
configuration that is responsible for Band 2. Since it comes at higher kw, the nucleus
has developed more angular momentum by the time this minimum has formed. This
could be one of the reasons that the rotational i;3/; band does not begin at a level
with a spin of 12—3+, but in fact has an origin at %"’. The first minimum of the positive
parity configuration is essentially spherical and is most likely related to Band 3. Note
that for both parities a superdeformed prolate minimum with 8, ~ 0.45 is present

in the TRS diagram and has been observed experimentally [13].
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4.3 Coupling Schemes for the Irregular Level Structures

Systematics of neighboring nuclei and TRS predictions have served well to ex-
plain Bands 1 and 2 as rotational bands built on the expected proton configurations.
Band 3, however, built on ¢;3/2%, is of a different nature. It shows no rotational-like
E,(I) behavior, and is dominated by dipole transitions. Therefore, this structure
seems to be more single-particle like, which would imply a spherical configuration.
To explain the origin of such a configuration, we turn attention to the idea of cou-
pling the shell states of this nucleus to the core states of an essentially non-deformed
even-even neighbor. One possibility is to couple a single-particle hole to levels in
192Pb. To do this one takes each shell state in 'T1 (sy1/2, hos2, daj2, t13/2) and
couples it to each level in ?Pb [35]. This is shown pictorially in Fig. 4.4 for the
hgs2 and i13/; states in ®*T1. The s/, and d3/, states do not give high enough spin
values which match to the levels identified in structure 3, and are thus omitted from
the graph. Each new level has an energy that is the value of the original level energy
in 191T1 plus the energy of the level in !%2Pb to which it is coupled. The spin range
for each new level is obtained by vectorially adding the spins of each corresponding
level in 192Pb to the spin of the level being coupled to in °'T]. The result is a new
set of levels for each coupling that has the same spacing as the original levels in
192Pb but are offset by the energy of the 1°!TI shell state to which that level was
coupled. Each of these new levels represents a multiplet of states that are degenerate

in energy spanning the given spin range.

Having found these new levels, one then proceeds to match each level in Band
3 to one of the states in this new scheme. The results of this are shown in Fig. 4.5.

Each spin value in a multiplet can only be used once, and it is necessary to match the
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Figure 4.4: Coupling of spherical 192Pb states [35] with the shell states of
191T]. Only the hg/; and 13/, states of '°1T] are shown.
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parity also. In some cases there is more than one way to connect the experimental

states to the new scheme, and some of the spins for levels in !%2Pb are unknown,
rendering these levels unusable, therefore some license is exercised. If these spins
were known, it might be the case that some of the lower energy levels would have
high enough spin to be useful. In all cases, however, the experimentally observed

level is matched to the lowest energy theoretical level with known available spin.

This comparison produces some interesting results. First, the 2108.5, 2323.1,
2562.5 and 2794.5 keV levels in Band 3A can all be linked with the same multiplet
(*92Pb(8*) + hg/2) in the coupling scheme. This supports the assigned parity and
relates this structure more strongly with Band 1 as is indicated from gated spectra
and the 191T] level scheme in Fig. 3.1. Secondly, the 1711.7 and 1884.7 keV levels
are matched with the multiplet due to the 2Pb(5~) + hg/; coupling. These are
the only other two levels that have direct transitions to Band 1. Furthermore, levels
at 1405.7 and 1778.7 keV are shown matched with the 92Pb(2+) + 73/, and have
no direct transitions to Band 1. These levels support transitions which carry most
of the intensity from Band 2, so it is proper that they should be more strongly

associated with the 2,3/, structure.

These experimental levels matched to the '®Pb + hg/, couplings are nearly
symmetrically spaced in energy about the calculated value for the degenerate mul-
tiplet. This is the type of behavior expected when the degeneracy of a multiplet is
broken. This does not happen for the levels matched to couplings of %2Pb + i;3/5.
However, a definite trend is seen here with all of the experimentally observed states

being matched to coupled multiplets that are consistently higher in energy.

In addition to giving an origin to each level in Band 3, this scenario helps to

explain the proliferation of levels with like spins as describing members of separate
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multiplets. The previous discussion helps to find an explanation for the 571.6, 422.6,
and 647.3 keV transitions which link Bands 3 and 3a with Band 1 by showing that

they are related to this negative parity structure through the couplings.

It is interesting to note that the ¢;3/,% state at the bottom of level structure 3
as well as the analog state in 1%3T] was proposed twenty years ago to originate from a
well deformed oblate 7213/, [606] [5]. In a recent work on 93Tl a different interpreta-
tion for the 73/, state and the levels above in that nucleus has been favored, namely
a single-particle-like excitation [11]. There is to some extent agreement between the
present work and reference [11]. However, the important new information from this
work is the observation of Band 2, which seems to be the expected 7i;3/2 oblate de-
formed structure, although present at a significantly higher excitation energy than

expected.

4.4 Rotational Alignment

So far, only proton configurations have been discussed. Although protons are
responsible for the particular configurations observed, neutrons also play a role. For
191T], the valence neutron shell is vi;3/5. Since there is an even number of neutrons
and each orbital can hold only a pair of particles in time reversed (one spin up,
one spin down) orbits, this orbital is full. As the nucleus begins to rotate at higher
hw, the coriolis force increases. At a critical angular momentum, this force becomes
strong enough to cause one pair of valence neutrons to become unpaired and align
with the rotational axis. The associated change in the moment of inertia (J) of the
nucleus, known as a band crossing, is expected to be evidenced experimentally by

an irregularity in the E, vs. I behavior of the E2 sequence. In Band 1, for example,
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the E2 energies increase smoothly with spin, up to I = 159—, after which the E2
transition energy drops and again continues to increase smoothly with spin. This is
caused by the alignment of a pair of 4,3/, neutrons. A similar situation is seen in

Band 2 at a spin of around %*’.

Once the spins and transition energies are known, a total aligned angular
momentum plot (Fig. 4.6) can be constructed from the experimental results. In this

plot the aligned angular momentum is defined as:
i=I, — L (4.1)

for an I +1 — I — 1 transition of energy E,. I, describes the projection of the
total angular momentum on the rotational axis and is given by [(I +1/2)? — K?]'/2
The I, describes the angular momentum of the rotating core and is related to the

rotational frequency by
I, = Jw = (Jo + 1w’ )w. (4.2)

The description for the moment of inertia Johz/ MeV and J,4*/MeV? in equa-
tion 4.2 is called the Harris parameterization [36]. The Harris parameters Jp and
J1 are chosen to fit the moment of inertia of the ground-state band of the “core
nucleus,” in this case, 1°Hg. The rotational frequency is half the transition energy

for a K = 0 band, and generally is defined as:

_dE_JUI+1)-J(U-1)

WE L T LI+ )-LI-1) (*3)

The “back bending” is caused by the neutron alignment, and the frequency
in the middle of the backbend is known as the “crossing frequency” (fiw,). This is
an important parameter because there is no way to measure deformation directly

via the experiments described here, and Aw, is a rough gauge of deformation. It is
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Figure 4.6: Top: aligned angular momentum for the favored signature of
the hg/; band in 1917]. plotted versus rotational frequency. Bottom: the
routhian for the same configuration. For both, a rotating reference is sub-
tracted using parameters Jo = 8 and J; = 40.

difficult, however, to extract a reliable value for Aw, from this type of plot because
the definition of “middle” is subjective. A better way is to use the routhian energies.
As stated before, these are the energies in the rotating frame, given in Fig. 4.6. The

routhian is defined as

E' = E - wl,. (4.4)

As with aligned angular momentum, an energy of the rotating core is subtracted to
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give the quasiparticle routhian

e = E - Eref '(4.5)
where
, w? w? 1
ref = 5 Jo— - 87" (4.6)

In this case the routhian for the one quasiparticle band crosses that for the three

quasiparticle at the crossing frequency, making it easier to extract a value.

Another way to view !°!Tl is as a proton coupled to a **Hg core. Fig. 4.7
shows aligned angular momentum plots of the rotational bands in !°!T] compared
to the Hg core and the analogous bands in %T1 [11] compared to their 1%2Hg [6]
core. For all three structures in each group, the band crossing is caused by the
alignment of a pair of 713/ neutrons, so they should all have nearly the same crossing
frequency. Routhians were plotted for each of these structures in order to find their
crossing frequencies. These values for fiw, are given in Table 4.1 along with their
corresponding B3, values which were extracted from TRS plots. It is evident that
hw, is not the same for each of these bands. It is important to note, however, that
the deformations are different, and in both cases, the bands in the Tl nuclei are

calculated to have larger deformation than their respective Hg cores and 7 values

Table 4.1: Experimental crossing frequencies (hw,) for 191T1 and 93T,
extracted from the data shown in Fig. 4.7. The 3, values are extracted from
TRS calculations.

191Tl 193T]

iiaj2 heyo | 1%°Hg || d13/2  hese | '9°Hg

B(TRS) |-0.19 —-0.15|-0.145 | — -0.15 | -0.141
hw.(MeV) | 0.24 030 | 022 || 022 028 | 021
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Figure 4.7: Aligned angular momenta versus rotational frequency for the
hg/2 and i3/, bands in ¥1T1 and 1%3T1 [11], and in the ground bands of the
core nuclei [6].

that differ somewhat from the oblate axis (y= —60°) used in the calculations.

To attempt to understand this dependency of fiw, on quadrupole deforma-
tion, we calculated the theoretical single-neutron routhians to obtain the crossing
frequency using different values of 8; and a fixed ¥ = —60° to indicate an oblate
shape. The Cranked Shell Model (CSM) code is used to calculate the quasi-neutron

energies in a rotating Woods-Saxon potential as a function of Aw {31]. The param-
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eters for this calculation are deformation (8, B4, 7), pairing gap (chosen from the

BCS approach and is close to the odd-even mass difference), and Fermi level (chosen
to give the correct number of neutrons). The results of this are shown in Fig. 4.8
and, although the trend is small, one can see that nuclei with larger 3; should have
lower values for Aw.. When this theoretical result is applied to the crossing frequen-
cies and deformation summarized in Table 4.1, some interesting observations can
be made. Within the nucleus, either ®*T] or 9T, the expected trend is seen, that
the larger deformation for the 4,3/, band compared to the hg/, results in a smaller

Viy3/2 crossing frequency:

B2(hos2) < Ba(t1372) = hwe(hos2) > hwe(irs/2)- (4.7)

This measured trend in crossing frequencies in °!Tl and in !%3T] does seem to

validate the theoretical prediction of the deformation differences between mhg/ and

7!'213/2.

However this general agreement for the two bands in '*'T1 and '93TI does not
hold true for the core nucleus in either case, as the TRS calculations indicate that
the deformation for 1*Hg is less than that for either band in 'T], which should
result in a higher crossing frequency than for either band in 'Tl. In fact, the
crossing frequency is lower in each Hg case than in the Tl bands. The reasons for
the discrepancy are not clear, although it is likely that the effects of the other defor-
mation parameters (34 and ) are significant. The TRS calculations indicate rather
similar values of 84 and 4 for the configurations described here, but perhaps there
are larger differences. Likewise, the deformation changes (5;, B4, or 7v) between zero
and two quasiparticle bands in ¥*Hg, for example, may be much more significant
than between the one and three quasiparticle structures in ®'Tl. Such a change

would certainly need to be carefully included in the CSM calculation.
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Figure 4.8: Theoretical crossing frequency, fw,, as a function of (3, defor-
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In general, for a smaller deformation the moment of inertia is expected to be

smaller due to the relationship

BZ A3
114 £ 8

J = [ ]2 (MeV~'h?) (4.8)

given in reference [38]. Consequently, the coriolis force (o (I-7)/J) should be larger

and the crossing should appear at lower frequency.

65



CHAPTER 5

Conclusions

5.1 Present Work

This work used heavy-ion induced nuclear reactions to study high-spin levels
in 1T1. Three experiments were performed using three different multi-detector
arrays of v-ray detectors at Oak Ridge National Laboratory and Argonne National
Laboratory. The data from these experiments enabled the discovery of two superde-
formed bands in the nucleus [13]. Since these superdeformed bands lie high in energy
and are weakly populated, it was necessary to collect a large amount of data. This
situation permitted a detailed analysis of the normally deformed states in !*!Tl, as

described in this thesis.

In this data analysis, 88 new transitions were established with a precise de-
termination of their energies, relative intensities, and DCO ratios. This led to the
development of a new level scheme that has extended earlier versions significantly,
up to spins of 52;5-+ and %Z—, respectively, in the two main branches. In the new level
scheme the presence of two strongly coupled, oblate rotational bands (Bands 1 and
2) is most significant. One is of negative parity and built on the 7hg; orbital, the
other one is of positive parity and built on the 7,3/, orbital. Both of these bands
extend from low to high spin through the region of a (viy3/3)? backbend. This al-
lows a study of their crossing frequencies. In addition, a relatively low-lying level
structure (Band 3) has been explored; it is clearly of non-rotational character. No
evidence has been found in the data for a normally deformed prolate band built on

either whg/y or mi 3/, orbitals.
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All of this culminates in a shape coexistence picture. Three different shapes are
present in '¥'Tl: oblate, spherical, and superdeformed prolate. Whereas the kg
rotational band corresponding to a slightly oblate shape was discovered in 9Tl
and neighboring isotopes some time ago, the existence of an oblate mi;3/; band is
established for the first time. It is also interesting to see that a spherical structure
is present and competitive at moderate spin. The presence of superdeformed bands
illustrates the variety of shapes in this nuclear mass region and is an important test

for the model predictions used in this work.

For a detailed description of the two oblate band structures, TRS calcula-
tions were examined. These define a stable deformed minimum with a deformation
B2 ~ 0.15 around the oblate-collective axis (4 = —60°) for negative-parity configu-
rations. For positive parity configurations the Fermi surfaces are more complicated.
A shallow nearly oblate local minimum with 8, =~ 0.19 is present as well as a nearly
spherical one. However, this situation is consistent with the more complex and com-
plicated level structures in the positive parity branch of the scheme. It appears that
nearly oblate and nearly spherical shapes are very competitive up to relatively high

spins.

The study of vii3/, crossing frequencies, hw,, shows some agreement and some
disagreement with the predictions of theory. The crossing frequency in the whg/,
band is higher than that in the w3/, band, both in 1®!Tl and in 193T1 [11]. This
agrees with the TRS prediction that the former configuration has a smaller defor-
mation that the latter. However, there is a problem in comparing the T1 crossing
frequencies with those of the core. The ®Hg core, which has the lowest §; value
(from TRS), also has the lowest experimental fw,.. Perhaps this discrepancy is due

to the fact that other shape parameters (e.g. ) need to be considered more carefully
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in the Cranked Shell Model Calculations.

For the non-rotational levels of band structures 3 and 3a a tentative explana-
tion is offered: they are related to coupling hg/,~ and 413/,* configurations to spher-
ical states in the neighboring nucleus 1?Pb. This coupling scheme serves quite well
in describing the observed level spins. It also explains that the tentatively assigned
parities of Bands 3 and 3a have opposite signs. Possibly, a prolate non-collective

energy minimum (5 = 120°) is involved in the underlying nuclear structure.

5.2 Future Directions

The work presented herein might also be a starting point for continuing stud-
ies on ®1T] and neighboring isotopes. Besides nuclear structure research in the
superdeformed well, the following questions are important for the understanding of

these nuclei:

Continuation of the regular 74,3/, band structure above the backbending. Es-
tablishing E2 behaviors between higher-lying states is important. In particular, if
M1/FE2 mixing ratios could be obtained for this part of the newly established band,
it would be possible to obtain new information on the sign of the deformation pa-
rameter 4. In the present data, the E2 transitions above the band crossing are too

weak to be observed.

Observation of prolate band structures with moderate deformation. The pos-
sibility of a prolate band built on either the whg/; or 7413/, orbital was discussed in
the introduction. In the isotones '¥"T1 [7] and '#Hg [37], for example, such prolate
bands are seen. Their bandhead energies should rise significantly when going to

higher neutron numbers, see Fig. 1.3. Consequently, such a band, if present, should
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be weakly populated. This is most likely the reason why there is no evidence in the

present data for a prolate structure in 91T] (besides the superdeformed bands). If
it is observed, this would be the first case for coexistence of four different shapes

(oblate, spherical, prolate, and superdeformed) in the same nucleus.

To become more sensitive for these y-ray sequences most probably embedded in
a relatively large background, more powerful detection systems are necessary. Very
recently, these have become available: the Gammasphere at the Lawrence Berkeley
Laboratory in California and the Eurogam device located at CRN in Strasbourg,
France. The Gammasphere presently consists of 36 CSGs, only a third of the 4w
arrangement planned for the final version (for the end of 1994). Due to a high
probability for three and higher-fold coincidences, the experimenter will gain two
or three orders of magnitude in the ability to isolate a spectrum from background
compared to previous devices. Recently, new data on 2T] and '°'T] have been
taken at Gamma.spheré by a collaboration of the Argonne group and our group.
The analysis of these high-statistic, multi-gamma coincidence measurements should

enable one to make further comment on the questions left unanswered in this work.
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