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SUMMARY 

The study of the decay of the odd-mass nuclides, 
189-197T1, 

 by 

y-ray, x-ray, and conversion electron singles and coincidence techniques 

has been undertaken with the university on-line isotope separator 

(UNISOR) at the Oak Ridge Isochronous Cyclotron (ORIC). This study 

gives detailed information on energies, intensities, and multipolarities 

of transitions and energies and spins and parities of the levels in 

the daughter nuclides, 
189-197Hg, 

 as well as some branching ratios 

and log ft values for the R4-/EC-decay, from the parents. 

A systematic investigation has been made of these Hg levels, 

together with levels in 19 '
c) Hg reported in the literature. The present 

work concentrates on observation of changes in the level energies with 

changing neutron number, and the band structure trends implied by 

these level energy systematics. Of particular interest are the 

systematics of the unique parity high-j 1 13/2  band in these Hg isotopes. 

The yrast levels (determined by reaction y-ray spectroscopy studies) 

together with the non-yrast levels determined in this work are compared 

to available theory calculations for the 
i13/2 band in the 191-197

Hg 

isotopes. This comparison gives a good indication of the triaxial 

nature, and thus the rotational nature of this band in the odd-Hg nuclei. 

The low-lying negative parity states have also been systematized. 

These states are compared with the predictions of the complex particle 

(quasiparticle)-phonon coupling models (developed in order to explain 



transitional nuclei, such as the odd-Hg isotopes). These models 

appear to have very limited success. The level density is reproduced 

but the energies and level orderings show no particular correlations, 

indicating that a purely vibrational picture for these nuclei is 

inadequate. Experimentally three interesting phenomena are observed 

in the study of the negative parity states. First, and most 

interesting, is the discovery of evidence for shape coexistence in 

189 Hg. Three members of a "deformed" band built on the 7/2 [503+] 

Nilsson state and having a bandhead energy of 476.5 keV have been 

tt 
located. This band is predicted to have a rotational constant, h

2 
 /2-or 

of ti  14.0 keV and a deformation of a ' +0.27 (determined from 

neighboring nuclei), making it a prolate band in a nucleus with an 

oblate ground state 0 (, -0.17). 

Second, a relatively high energy level ( 1.0-1.6 MeV), giving 

rise to an intense high energy E0 transition to the p 1/2  single-

particle state and a very intense M1 + E2 transition to the p
3/2 

single particle state, has been uncovered in each of the odd-mass 

193-197Hg isotopes. These anomalous levels are as yet unexplained. 

Finally, a decoupled band structure built on the p 3/2  single- 

particle shell model state has been found in 
189-195Hg,  where medium-

to high-spin states (7/2 to 13/2) are populated by decay of the 

9/2 isomer in the Ti parents. Band structure has also been found 

built on the f
5/2 

and p
1/2 

 single--particle shell model states, but 

these structures are difficult to interpret. The decoupled nature 

of the p
3/2 

band, however, indicates possible rotational character 
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in these negative parity states. The possible existence of rotational 

character in both the positive and negative parity systems in the Hg 

isotopes helps to explain the failure of the pure vibrational model 

for these nuclei and indicates the need in this region for a model 

which allows for both vibrational and rotational degrees of freedom. 



CHAPTER 

INTRODUCTION 

The past thirty years have brought great strides in our 

understanding of the structure of nuclei. Such techniques as Coulomb 

excitation, nucleon-transfer reactions, in-beam spectroscopy, elastic 

and inelastic scattering, and radioactive decay have been used to 

probe the nature of nuclear structure. Along with these experimental 

efforts, theoretical nuclear models have been developed in an effort 

to explain and predict the experimental results and understand the 

properties of.nuclei. The goal of this effort is to account for 

the complex properties of nuclei in terms of nucleon-nucleon inter- 

actions. However, since a fundamental microscopic description of 

the nucleus is lacking, numerous approximate nuclear models have 

been proposed in attempts to explain the three broad classes of 

nuclei - (1) spherical, closed shell nuclei; (2) highly deformed 

nuclei many nucleons removed from closed shells; and (3) transi-

tional nuclei lying between these two extremes. 

The first model which successfully predicted nuclear prop- 

erties for a broad range of nuclides was the shell model developed 

in the late 1940's by Mayer, Haxel, Jensen, and Suess (see refs. 

1-3). This model assumed that the motion of each nucleon was com-

pletely independent of that of the other nucleons and could be 

described using a harmonic oscillator potential which included 

1 
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strong spin-orbit coupling. The latter when added to earlier versions 

of this model permitted realization of a quantitative reproduction 

of nuclear properties, replacing the limited qualitative picture 

that had previously existed. The shell model is quite successful 

in its prediction of various nuclear properties such as spins, 

parities and magnetic moments for odd-mass nuclei, magic numbers, 

islands of isomerism, and alpha and beta decay energy systematics. 

Despite these accomplishments, its scope is severely limited. 

Nuclei far from closed shells had properties that were not fully 

explained; specifically, the existence of large static quadrupole 

moments and energy levels far below the individual particle excita-

tions, and the enhancement of electric quadrupole transition rates. 

The first successful explanation of these aspects came in the early 

1950's with the realization by Bohr and Mottelson 4 ' 5)  that these 

properties are characteristic of collective nucleonic motion in 

nuclei with permanently deformed ground states (see Hyde et a1.
6) 

and Sorensen
7) for historical background). Classically, these 

collective motions correspond to shape oscillations of the nuclear 

surface or rotations of the nucleus as a rigid or a fluid body. Shape 

oscillations (the so-called "vibrational" model) have had much success 

in describing nuclei near the closed shells, whereas a rotational 

description (the "rotational" model) has proved applicable to highly 

deformed nuclei far from closed shells. Neither model does very 

well, however, for the regions between these two extremes, i.e. the 

so-called transitional region where nuclei are only slightly deformed, 

7 
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and asymmetric shapes have been shown,to play , an important role.
8,9) 

Microscopic extensions and refinements of the classical vibra-

tional model have been applied to the study of nuclei in transitional 

regions. The most widely used formalisms involve the use of particle- 

vibration coupling.
10-17) 

However, numerical calculations with 

these models, despite their complexity, have met with only limited 

success in interpreting transitional nuclei. The rotational model 

has also been extended in attempts to reproduce the properties 

found in transitional regions. The rotation-alignment model 
 

and triaxial rotor model 8 ' 949)  have produced surprisingly good 

results for interpreting unmixed unique parity high-spin orbitals 

in regions where the original rotational model was long thought 

to be invalid. A complete description of nuclear properties for 

nuclei in transitional regions has not yet been found in terms of 

rotational degrees of freedom. The most physically realistic model 

for transitional nuclei may involve a combination of rotational 

and vibrational modes, but such a model has not yet been devised. 

Detailed and extensive experimental measurements of nuclear 

properties are vital to the development of models for the description 

of nuclear phenomena. Many experimental investigations have been 

carried out on nuclei around the Z = 50 closed shell, but very little 

has been done in the transitional region surrounding the Z = 82 

closed shell at Pb. The present work, therefore, undertakes a sys-

tematic experimental study of the collective excitations present in 

one isotopic group in this transitional region; specifically, the 
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neutron deficient odd-mass Hg isotopes. The properties of the excited 

states in five such nuclei (A = :L89, 191, 193, 195, and 197) have 

been studied via their population following electron capture and 

positron decay of their 
189-197T1 

 parents. These systematic studies, 

including an extension to the more well known 
199

Hg, have lead to a 

better understanding of this transitional region. 

193191 
Previous studies on the levels in 

189,191,193 
 Hg have been 

extremely limited. Vandlik et al. 20)  found three y-rays decaying 

with a 1.4 minute half-life in their study of 
189

T1, produced in 

660 MeV proton spallation of PbF, targets. The reaction products 

were chemically separated "on-line" by a gas thermochromatographic 

method and the resulting Tl activities separated by mass separator 

and counted using Ge(Li) detectors. This group used the same proce- 

191 Ti , ,23) 1952,1, 24) 
dare to study 	

Tl,2122) 193 	21 
' 	

and 19771.25) 

These represent the best decay studies done so far on the odd-Tl 

nuclei. 

Early studies of 
191T1 by Chackett and Chackett

26) 
and 

Andersson at a1. 27)  involved only a half-life determination. 

Vandlik et al.
22) reported 17 y-ray lines and five conversion elec- 

tron transitions, but no decay scheme. An in-beam study by Lieder 

et al.
28) gave information on high-spin (> 21/2), negative parity 

states, and the yra
s
t
* 

levels of the i13/2 
rotational band in 

*The yrast state is the lowest-lying energy level of a nucleus having 
a given spin quantum number. 
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191
Hg and 

193 
 Hg. The half-life of the ground state of 193

T1 was 

determined by Chackett and Chackett,
26) 

Andersson et a1.,
27) 

and 

Diamond and Stephens.
29) 

No a-radiation was observed by Karras 

et al.
30) 

Andersson et al.
27) 

found eight conversion-electron lines 

in the decay of 
193

T1 and Vandlik et a1.
23) 

built a tentative decay 

scheme using y-ray, conversion electron, and y-y coincidence data. 

The levels in 
195

'
197

Hg have been fairly well studied. In 

early studies of 
195

Tl decay by Knight and Baker,
31) 

Andersson et 

al.,
32) 

Gupta and Jha,
33) 

Jung and Svedberg,
34) 

Jung and Andersson,
35) 

and Backlin et al.,
36) 

the half-life and decay energy were measured 

and the conversion-electron spectrum examined with a magnetic 

spectrometer. Vandlik et al.
24) -

have looked at the decay of 
195

T1 

• to low-spin levels in 
195

Hg in great detail. Proetel et al.
37) 

have done an in-beam study on the yrast states in the 
113/2 

band 

and the high-spin negative parity states in 
195

Hg and 
197

Hg. Early 

work on the decay of 197  T1by Andersson et al.,
32

'
38

'
39) 

Knight 

and Baker 
31,40) 

Jung and Svedberg,
34) 

and Jung and Andersson 
 

was done with scintillation spectrometers (y-rays) and magnetic 

spectrometers (conversion electrons). Vandlik et al.
25) 

have done 

a detailed study of the decay of 
197

T1 with Ge(Li) y-singles, Si(Li) 

conversion electron, and y-y coincidence measurements. The reaction, 

198 	197  197
Hg, has been studied by Moyer. 	Finally, Finally, an in- 

beam study to determine the low- and high-spin levels in 
197

Hg has 

been carried out by Kemnitz et al.
42) 
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Building upon the results of these earlier works, the present 

decay studies have been performed on mass-separated sources of 

189,191,193
Tl and mass-separated and chemically separated sources 

of 
193,195,197Tl. 

 The measurement of the decay properties of these 

transitional nuclei and interpretation of the results are the subjects 

of this dissertation. There are three primary goals of this research: 

1) The measurement of the low-spin states in odd-mass 

189-197
Hg is to serve as a benchmark for future 

theoretical interpretations of odd-neutron transi-

tional nuclei. 

2) The measurement of the non-yrast members of the 

positive parity 1112  bands is to serve as a test 

of the ability of the triaxial rotor model to 

describe pure-j states in these nuclei. 

3) A systematic comparison among these five odd-Hg 

nuclei, A = 189-197 and the heavier (well known) 

odd-A Hg isotopes is to yield trends in the level 

structure which will increase our comprehension 

of the excitation degrees of freedom which are 

important in this transitional region. 

Chapter II is devoted to theoretical considerations of the 

vibrational and rotational models, their various modifications, 

and their applicability to transitional nuclei. Chapter III discusses 

the UNISOR facility and the experimental systems used in this work. 

Chapter IV presents the individual experimental studies and their 
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evaluations and results, Chapter V an interpretation and discussion 

of the results, and Chapter VI contains a brief concluding summary. 

Some of the results given in this dissertation have already been 

published.
43-52) 
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CHAPTER II 

MODELS FOR TRANSITIONAL NUCLEI 

Basic PrincialesofK]ibrational and Rotational  
Properties in Nuclei  

In transitional regions, such as that of the odd-mass Hg 

isotopes, the vibrational model assumes that the ground-state equi-

librium shape of a nucleus is spherical (as for closed-shell nuclei), 

and superimposed on this shape there are small vibrational oscilla-

tions of the surface of the nucleus, most notably quadrupole vibrations, 

(like waves on the surface of a liquid drop) which can be described 

by an harmonic oscillator model. Odd-mass nuclei are described 

by the coupling of the odd particle (or hole) to the vibrations 

of the surface of the appropriate even even core. The level struc- 

ture exhibited by the even-even cores should therefore be a good 

basis for the description of the structure of the nuclei in the 

region of interest. An even-even harmonic vibrator has an excitation 

structure like that shown in Figure 2-1, where the levels are ordered 

0
+ 

(ground state), 2
+
, and a degenerate 0

+
, 2

+
, 4

+ 
triplet with 

E
4
+/E

2 
= 2. Figure 2-2 shows the experimental low-lying levels 

for the even-even nuclei - 
190-1!38 

Hg- which are core nuclei for 

the region under study. This figure reveals considerable variation 

from the harmonic vibrator picture since E
4
+/E

2
+ lies between 2.4 

and 2.6 and the 0
2 
excited state is not observed near the 4

1 
and 

- 
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2
2 
states in 

190-194Hg. 
 Moreover, deformation calculations (see 

e.g. S. G. Nilsson et al.
53)

) predict that the ground states of 

the even Hg isotopes are deformed and slightly oblate with 13, the 

quadrupole deformation parameter, between -0.12 and -0.17. Therefore 

these core nuclei cannot be pure spherical vibrators. Extension of 

the quadrupole vibrational model to include anharmonic effects could, 

in principle, describe the above departures from harmonic behavior. 

The most recent discussion of the even-Hg isotopes
16) 

notes that at 

present a description in terms of quadrupole vibrations including 

anharmonicities is not yet available. 

The high density of low-lying low-spin states present in 

the odd-mass Hg nuclei causes another effect to become important 

in a description of nuclei in this region. Figure 2-1 schematically 

shows the possible weak and perturbed coupling for several low-spin 

particles (the p 1/2 , p 3/2 , and f5/2  "shell model" states expected at 

low energy in the odd-A Hg isotopes - see Chapter V) to simple harmonic 

even-even core states. As with the even-even nuclei, the pure harmonic 

vibrational cases are unrealistic. The perturbed coupling shows, 

purely qualitatively, the effect of possible mixings of the many 

low-spin levels at low energies. The effects of perturbed coupling 

using anharmonic core states have not been illustrated here because 

of their complexities. 

Unlike the vibrational model with its assumption of a spherical 

equilibrium shape for the nucleus, the rotational model requires 

permanent deformation of the ground state of the nucleus and in 
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consequence, an associated rotational degree of freedom. Deformed 

odd•mass nuclei can be described by coupling the odd particle (or 

hole) to an even-even rotating core. The energy spectrum of an 

even-even rotor is shown in Figure 2-3 where the energies follow 

the relationship 

2 

EI h 
= — [I(I+1)] (2-1) 

(E
I 
= energy of the level of spin I and nt = moment of inertia). 

Thus the E4VE2+  ratio has the well-known value of 3.33. The even-

Hg isotopes show level spacings with a ratio of E 4+/E2+ between 

2.4 and 2.6. Thus it is concluded that these nuclei lie between 

rotational and vibrational regions. 

The even-Hg core nuclei show relatively low-lying 2
2 

and 3
+ 
1 

states as illustrated in Figure 2-2. Low-lying 2
2 

and 3
+ 

states in 
1 

even-even nuclei have been shown by Davydov 58,59) to be characteristic 

of the axially asymmetric rotor. The axially asymmetric (or triaxial) 

rotor appears to be well suited to the description 8 ' 9)  of the excita-

tion spectrum of the doubly even Hg isotopes. The work of Toki 

and Faessler
60) 

has included variable moments of inertia (as described 

in the classic paper by Mariscotti et a1.
61)

) in addition to triaxial 

shapes in attempting a rotational description of the even-even transi-

tional nuclei in this region. 

The quantitative details of the way in which odd nucleons 

couple to an even-even core remain to be specified. These details 
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where they are placed, but have not been experimentally found. The 
connecting dashed lines indicate the core origins for the levels in 
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are complex and are fully presented below for both particle-vibrator 

coupling and particle-rotor coupling. Figure 2-3 schematically 

shows an example of particle-rotor coupling (for the Stephens model, 

see below) for comparison with the particle vibrator coupling schemes 

of Figure 2-1. 

Vibrational  Models 

The main assumption made in vibrational models to describe 

odd-mass Hg nuclei is that the low-lying states of these transitional 

nuclei can be treated in terms of the coupling of two basic excita- 

tions: particles and quadrupole phonons (quanta of vibrational 

energy). The doubly-even Hg vibrational cores for the odd Hg-isotopes 

have been treated as harmonic
10-14) 

 and as anharmonic
15-17) 

quadrupole 

vibrators. 

The particle-phonon coupling picture was first applied to 

the odd-mass Hg isotopes by de-Shalit, 10)  who used a simple 2
+ 

core 

excitation (single quadrupole phonon) configuration coupled to a 

P1/2 particle to explain the first excited 5/2 - , 3/2 doublet in 

199
Hg. (See Figure 2-1 for a qualitative picture of the coupling 

of 
aP112 

 particle to a 2
+ 

core state.) This model was later extended 

to include coupling to the second 2
+ 
vibrational state by Kalish and 

Gal.
11)  

These models assumed only small single-particle admixtures 

into the core excited states; however, substantial p 3/2  and f
5/2 

particle character has been found
41) 

in all four of the first and 

197-203
Hg. second excited 5/2 and 3/2 states in 
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Kisslinger and Sorensen
12) 

calculated the properties of odd- 

Hg isotopes by coupling one particle to one or two harmonic quadrupole 

phonons, using a residual short-range pairing force *  and a residual 

long-range quadrupole force to account for the particle-particle 

and particle-core interactions. Lo Iudice et al. 13) 
extended the 

formalism of Kisslinger and Sorensen, by , insuring the conservation 

of nucleon number - a well-known problem with pairing force calcula-

tions. The results of these calculations are compared with the 

experimental data in Chapter V. These models using harmonic vibrators 

crudely reproduce the experimental results, but they are not 

physically realistic when applied to Hg nuclei owing to anharmonic 

properties clearly exhibited by the even-even core nuclei. 

Mathews et a1.
14) 

have applied the particle-vibration or 

intermediate coupling model
5

'
62-64) 

to levels in 
199

Hg. In this 

model, up to three phonons were coupled to the odd nucleon. Variations 

of the coupling strength and the f
5/2 

single-particle energy were 

tried in an attempt to fit the experimental level structure, transition 

rates, and electromagnetic moments of the nucleus. Mathews and 

Immele
15) 

have used an expanded version of this quasiparticle-phonon 

coupling model which is capable of diagonalizing up to third-order 

anharmonic effects in a basis of up to seven phonons (72 core states) 

coupled to six single quasiparticle levels to predict the properties 

of the odd-mass 
195-205Hg  isotopes. Their model was also modified 

* 
Particles subject to a residual short-range pairing force are 
referred to as quasiparticles. 
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to account for the effects of violations of the Pauli exclusion 

principle in a large phonon basis by ensuring the correct symmetriza-

tion of the wave functions. The results of these calculations are 

compared to the present experimental results in Chapter V. 

The calculations of Fenyes et a1.
16) 

and jolos
17) 

are the 

most recent works dealing with the low-spin states in the neutron-

deficient Hg isotopes, and have used the pairing-plus-quadrupole 

force model, by coupling single quasiparticles to an anharmonic 

vibrator. (See ref. 65 for a detailed description of this model.) 

Fenyes et al. and Jolos compared these calculations with a harmonic 

vibrator treatment for the core nuclei: those calculations essentially 

showed that anharmonic effects in the cores have little influence 

on the energies and ordering of the lowest lying states (1/2, 3/2, 

5/2) in the odd-mass Hg nuclei, but do cause dramatic variations 

in the energies of higher levels. Fenyes et a1.
16) 

also interpreted 

the odd-Hg isotopes in the framework of the cluster-phonon mode1,
63) 

where the cluster consists of n valence shell proton or neutron 

particles or holes. The odd-mass Hg nuclei are described by coupling 

two proton holes (i.e. Hg is two protons below the Z=82 closed shell) 

and an odd neutron to the vibrational field consisting of the mixing 

of up to three phonon.states. The model is unable to do this coupling 

explicitly, so the effects are approximated by treating the two 

proton holes as equivalent to two neutron holes thus reducing the 

problem to coupling a three neutron-hole cluster to the quadrupole 

vibration. In addition, these authors argued that the Pauli 
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principle is important in the neutron valence shell in these nuclei, 

thus it is also included in the model by the correct symmetrization 

of the wave functions. The results of the model calculations involving 

the coupling of one quasiparticle to an anharmonic vibrator and 

involving the coupling of three neutron-hole clusters to a three 

phonon vibrational field are given in Chapter V, yielding a complete 

level structure comparison among all the models described above 

as well as between each model and experiment. The cluster-phonon 

coupling model has been widely applied to the description of nuclei 

removed from closed shells by three particles or three holes, e.g. 

Mn, Ga, Ag, I
66) 

and At.
67) 

See also the review article by Paar.
68) 

Rotational Models  

Rotational models of the nucleus necessitate the description 

of deformed nuclear shapes. The motion of single nucleons in a 

deformed spheroidal nuclear field was first described by Nilsson. 69) 

The further development of single nucleon motion in nuclear fields 

of various deformation shapes has used the Nilsson model as a starting 

point. Thus there are descriptions in the literature for single 

nucleon motion in deformed nuclear fields possessing quadrupole 

deformation (both axially symmetric 70)  and axially asymmetric 71 ' 72) ), 

and hexadecapole shapes.
70) An essential feature of the rotational 

degree of freedom is that it results in Coriolis effects acting 

on the single-particle motion. Bohr
4) 

was the first to point out 

these effects, but Kerman
73) 

was the first to apply the Coriolis 

force to a specific case (
183W). In 1972 Stephens and coworkers

74) 
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developed a model describing single-particle motion under the influence 

of the Coriolis force, the so-called rotation-alignment model (see 

the review article by Stephens 18) 
for a more detailed description), 

which gives a very simple description of the nuclear system under 

study and describes surprisingly well those transitional nuclei 

where the Coriolis effects are large. 

There are unique parity high-j orbitals (j is the spin quantum 

number of the odd particle) within each major shell (such as the 

orbital in the 82 < N < 126 region) which provide the best i
13/2 

cases to observe large Coriolis effects in nuclei. The largest 

Coriolis effects involve the lowest values of 0 (where 0 is the 

projection of the nuclear spin on the nuclear symmetry axis and 

takes the values 1/2, 3/2, ..., j, for each j) for a given j in 

the Nilsson model scheme. These unique parity high-j orbitals are 

well separated from others of the same parity, and thus their 

properties are not greatly affected by the small admixtures of other 

j values; hence, j is treated as being approximately pure and remains 

a good quantum number for these cases. 

Transitional nuclei, in addition to having large Coriolis 

effects, also tend to be poor rigid rotors (see Figure 2-3 to compare 

the even-even rigid rotor prediction with that of an even-even Hg 

transitional nucleus). The single-particle motion in these weakly- 

deformed nuclei causes centrifugal-stretching effects in the core. 

The deviations from the rigid rotator picture caused by these effects 

are a measure of the "softness" of the rotating nucleus and have 
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most successfully been treated by using the "variable-moment-of-

inertia" formalism of Mariscotti et al.
61) 

This model treats each 

level as having a different moment of inertia, 4 , caused by the 

increasing centrifugal stretching effects (hence larger 4) as the 

angular momentum, I, increases. 

The Rotation-Alignment Model  

The rotation-alignment model
18) 

for odd-mass nuclei describes 

the coupling of a particle of spin j to a rotating deformed core 

with axial symmetry. When a particle is coupled to a rotating core, 

the particle tends to align its spin axis with that of the core 

rotation axis, thus tending to decouple it from its alignment in 

the non-rotating deformed. field. This is a manifestation of the 

Coriolis force in nuclei, the effect of which can be approximated 

by the expression 

E
Cor

(max) = 2(H/24)Ij. (2-2) 

Thus, Coriolis effects increase with increasing I, increasing j, 

and decreasing 4. The transitional odd-mass Hg isotopes have 

reasonably small deformation parameters, 8 0.15, leading to small 

values of 4-  and hence large values of E 2/24 . The P1/2' P 3/2' 

and f
5/2 

states mix considerably with each other since they have 

the same parity (and similar j values) and thus cannot be described 

by this simple model. The 
i13/2 

orbital is the only positive 

parity orbital in this shell, and is thus well described by the 
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rotation-alignment model: Figure 2-3 shows one example of how the 

Coriolis force affects the coupling of the odd particle to an even-

Hg core. The 
i13/2 

particle is expected to decouple from the core 

and give rise to the lowest-lying (favored) band having spins j, 

j+2, j+4, ..., essentially following the energy spacings of the 

even-even core (as Figure 2-3 illustrates). The unfavored band 

j+1, j+3, j+5, ..., is also expected to behave like a normal rota- 

tional band (following the core spacings) with its energy placement 

relative to the favored band depending on the magnitude of the Coriolis 

effect (see Figure 2-3). However, although the rotation alignment 

model physically explains the spin sequences in transitional nuclei, 

the calculated energy spacings are found to be more regular than 

the experimental data indicate. This irregularity in energy spacings 

can be explained by the presence of shape (y ) asymmetry found in 

transitional nuclei.
8,9,19) 

The asymmetric shapes introduce mixing 

between states within a pure-j band, moving the favored and unfavored 

band energy spacings into the irregular patterns found experimentally. 

The Triaxial Rotor Model  

Meyer ter Vehn8,9)  has extended the rotation-alignment model 

to account for shape asymmetry. His calculations are based on a 

unique parity, high-j nucleon coupled to an asymmetric rotor as 

The parameter y denotes the axial asymmetry of a nucleus, and is 
measured in degrees. Prolate triaxial nuclei have 0 °  < y < 30 ° , 
while oblate triaxial nuclei have 30 °  < y < 60 °  with 0 °  representing 
an axially-symmetric prolate nucleus and 60 °  an axially-symmetric 
oblate nucleus. 
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developed by Davydov
58,59) 

with the inclusion of Coriolis effects 

and show that there is a continuous transition from decoupled to 

strongly coupled bands obtained by changing the shape of the nucleus 

from prolate to oblate through a (continuous) series of asymmetric 

shapes specified as the parameter y varies over 0-60 ° . Many states 

of the model change rapidly in the region of asymmetry 20 °  < y < 

40 ° , giving a complex pattern of levels that provide a sensitive 

test of the model. This, the "triaxial rotor" model, not only gives 

better energy predictions for the levels in the favored (j, j+2, 

j+4, ...) and unfavored (j+1, j+3, j+5, ...) yrast bands, but also 

gives correct predictions fbr the energies and spin-sequences of 

the non-yrast states found in the pure-j systems. This is basically 

because the y-dependence enters not only through the rotational 

Hamiltonian as in the even-even nuclei, but also through the 

Hamiltonian of the single particle, which allows a differentiation 

between prolate and oblate shapes depending on the value of y. 

These non-yrast states, which are populated in fi-decay studies such 

as described here, allow a simple physical interpretation of the 

, 
system under study, as is pointed out e.g. by Wood et al.

75)  for 

189
Au. 

This model is not entirely satisfactory, however, in the 

sense that, although the ordering of the levels is reproduced, the 

energies of the high-spin levels especially are always predicted to 

be higher than the experimental values. This can be explained by 

invoking a softness for the core related to centrifugal stretching. 
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Because of this softness, the rigid rotor approximation, assumed by 

the triaxial rotor model, does not give a satisfactory reproduction 

of the level energies. Therefore, Toki and Faessler
19) 

included 

core softness by allowing the triaxial core states to have variable 

moments of inertia (VMI). This VMI formalism, when incorporated 

into the triaxial rotor model, gives excellent results in comparison 

with experimental data for pure-j bands. The results of the calcu-

lations of this model and the model of Meyer ter Vehn for the pure- 

] 113/2 
band in the odd-mass Hg isotopes are given in Chapter V. 

Future Model Developments for  
Transitional Nuclei  

None of the above-mentioned models provide a complete descrip-

tion of the nuclei found in the transitional region. However, since 

the triaxial-totor-plus-VMI model. does so well in explaining the 

pure high-j systems in this region, a fogical extension of this 

model would be to incorporate j-mixing in order to describe the 

low-j states. Faessler and Toki
76) have studied the mixing of two 

j orbitals in their treatment of 
187Ir, with encouraging results. 

The complex formalism for mixing three or more j orbitals would 

allow a description of transitional nuclei in terms of rotational 

motion alone. 

Another approach has been suggested by Yamazaki and Sheline.
77) 

They have used the formalism of the Faessler-Greiner microscopic 

model (e.g, ref. 78) in an explanation of the low-spin level struc-

ture in 
195Pt (a transitional nucleus isotonic to 

197Hg). They have 
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assumed that 
195

Pt is an extremely y-soft nucleus, approaching y-

instability, and cannot be well explained in terms of the Nilsson 

model. Their calculation takes into account the Coriolis, rotation-

vibration, and particle-vibration couplings, including the five 

odd-parity Nilsson orbitals and seven even-parity orbitals near 

the Fermi surface. The results of using,an extension of this type 

of formalism in future interpretations of the low-spin structure 

in the odd-Hg isotope could possibly prove useful. 

A more physically reasonable interpretation of these transi-

tional nuclei might be given by a mixture of vibrational and rotational 

degrees of freedom. This kind of formalism is suggested by Arima 

and Iachello 79 '
80)  in their Interacting Boson Model. These bosons 

are the vibrational quanta of the quadrupole oscillator described 

earlier. By coupling the odd nucleon to their boson model represen-

tation of the even-even core in the manner of Bohr and Mottleson,
5) 

Arima and Iachello are in the process of developing a model that 

can be used possibly to describe the complex odd-mass transitional 

nuclei in general, and the odd-Hg isotopes in particular, in a 

relatively simple physical manner. It will be interesting to compare 

the forthcoming model calculations with the experimental results 

given here. In this respect, these experiments serve as an extensive 

future test for theoretical interpretations in this region. 



CHAPTER III 

THE UNISOR FACILITY -- EXPERIMENTAL SYSTEMS 

The experimental measurements were carried out at the UNISOR 

(UNiversity Isotope Separator - Oak Ridge) facility, an isotope 

separator installed on-line to the Oak Ridge Isochronous Cyclotron 

(ORIC) located at the Oak Ridge National Laboratory (ORNL). UNISOR 

is a consortium of 14 institutions [public and private universities, 

Oak Ridge Associated Universities, (ORAU), and ORNL] formed primarily 

for the study of nuclei far from stability.
81) 

ORIC is a 76-inch, 

variable-energy azimuthally-varying field (AVF) cyclotron
82) 

which 

provides moderately intense heavy•ion beams necessary for this 

research. The UNISOR facility and its location relative to ORIC 

are shown in Figure 3-1. 

The UNISOR isotope separator has a 90 °  homogeneous-field, 

150 cm radius-of-curvature sector magnet which gives a dispersion 

of 0.6 cm for mass 250, a mass resolution m/Am > 2000 for ion currents 

up to 50 pA, and a mass range at the focal plane of the collector 

of ±7.5% of the primary mass selected for study. The operation of 

the isotope separator on-line to ORIC involves continuous bombardment 

by the ORIC beam of targets mounted in the UNISOR ion source and 

continuous extraction of product nuclei into the isotope separator. 

24 
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Nuclide Production  

The heavy-ion beam from ORIC (see Figure 3-1) enters the 

UNISOR ion source and strikes the selected target. The reaction 

products recoil out of the target and are collected on a catcher 

foil which is also thick enough to stop the heavy-ion beam. The 

heating of the catcher foil by the beam and by the filament of the 

ion source causes the products to diffuse thermally into the plasma 

region of the ion source where they are ionized and removed through 

an extraction electrode (see Figures 3-2 and 3-3). The products 

are extracted primarily as singly-charged ions and accelerated to 

approximately 50 kV. They then travel through a drift tube to the 

magnet where mass dispersion takes place. 

- Source Preparation  

Several target-ion combinations were used to prepare the 

189-197Tl activities under study Thesb odd-mass Tl isotopes were 

produced by bombarding 
181Ta, natural W, or natural Re foils with 

16
0
5+ ions using energies ranging from 104 to 146 MeV. A 97% enriched 

target of 186W bombarded by 131 MeV 14N5+ ions from ORIC was also 

employed in one experiment to produce 
193Tl sources. The reactions 

involved were (a) 
181Ta(160, xn) 189,191Tl; (b) natural W(

160, xn) 

16_ , pxn) 191,193,195,197 
Tl and natural W(

,11;  ,c , 191,193,195,197 	 u 	 ) natu- 

ral Re( 160, pxn)
193,195,197Pb followed by S+/EC-decay to 193,195,197T1, 

 and natural Re(
160, axn or 2pxn)

193,195,197Tl; and (d) 
186

W(
14N,7n) 

19371. The targets varied in thickness and composition: the 
181

Ta 

targets were each 2 mg/cm
2 , the natural W targets ranged from 2.0 
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to 2.3 mg/cm
2
, the 

186
W target was 4.5 mg/cm

2 
 , and the natural Re 

targets ranged from 3.1 to 5.8 mg/cm
2 
with 2.2 to 3.0 mg/cm

2 
Ta or 

2.3 mg/cm2  Mo/Re alloy backings. All of the Ta and W targets were 

self-supporting with the exception of the 
186

W which was mounted 

directly on the graphite felt described below. 

The appropriate energies to maximize the production of the 

desired nuclides were determined by cross-section calculations using 

the ALICE83 ' 84)  computer code. For a given experiment the production 

of the primary mass (i.e., the isotope which is separated and counted 

on-line) was the one for which the projectile energy was optimized 

for maximum yield. Thus, experiments involving collection of side 

masses do not always exhibit maximum yields, since the energies 

are not optimized for these mass numbers. Typically for this region 

of nuclides, one observes adequate yields for as many as four masses 

heavier and two masses lighter than the primary on-line mass number 

for which the bombardment energy is optimized. 

Ion Sources  

Two UNISOR ion source designs85) of the Nielsen oscillating-

electron type
86) have been used in these experiments. This type 

of ion source is simple, durable, and provides beams over a wide 

range of elements with reasonable efficiencies. The on-line separation 

efficiencies for the Tl isotopes are approximately 2-5%.
85) The 

initial UNISOR target-ion source configuration is shown in Figure 

.3-2. Experiments which were performed using this ion source involved 

the self-supporting targets of 
181Ta with a catcher foil about 0.1 mm 

7 
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in thickness. These targets showed great durability when bombarded 

with < 10 MeV/amu 
1605+ 

ions at beam currents of up to 0.4 particle- _ 

11A • 

A problem arose with this initial ion source configuration. 

During the course of several experiments, a decrease in the output 

of the desired Ti isotope took place; and in the case of the heavier 

Tl isotopes (A > 191), a Pb contaminant appeared. This is attributed 

to a buildup of tungsten from the ion source filament, due to evapora-

tion or sputtering, onto the back of the Ta target foil. A new 

design for the UNISOR ion source was developed in order to overcome 

this problem. The new ion source design 85)  is shown in Figure 3-3. 

This was employed in the majority of the experiments reported here. 

The design incorporated a piece of graphite felt 3 mm thick (about 

30 mg/cm
2 
with individual fiber diameters of 2-5 microns) placed 

between the tungsten filament (plasma region) and the target. The 

graphite felt in this position acts as a collector for the tungsten 

evaporated from the filament, as well as a catcher of the reaction 

products and a stop for the heavy-ion beam. The felt allows the 

reaction products to enter the ion source plasma by diffusion from 

the fibers. Experiments using this ion source involved the self- 

supporting targets of 
181Ta, natural W, and enriched 

186W, and targets 

of natural Re on a Ta or Mo/Re alloy backing. These targets also 

had great durability when bombarded with < 10 MeV/amu 
1605+ 

of < 

14 MeV/amu 
14N5+ ions at beam currents of about 0.4 particle-pA. 
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General Features for Data Acquisition  

After passing through the 90 0  sector magnet for mass separa-. 

tion, the reaction products enter the collection chamber. The products 

of the primary mass number are focussed through a collimator in 

the collection chamber and pass through a three-meter drift tube 

to a tape transport system
83) 

(see Figure 3-4) where they are deposited 

on a movable aluminum-coated Mylar tape for transport to the experi-

mental stations. This arrangement for measuring the radiations 

of the primary mass is termed an "on-line" experiment. Other product 

masses near the primary mass were collected in, and periodically 

removed from the collection chamber for radiation measurements on 

several experimental arrangements peripheral to the tape transport 

system. These studies are termed "off-line" experiments. 

Standard techniques of conversion electron, y- and x-ray 

spectroscopy employing semiconductor detectors were used. Singles 

spectra for conversion electrons, y-rays and x--rays were obtained 

in a multiscaling mode. Three-parameter coincidence information 

was listed event by event on magnetic tape for e-y-t, y-y-t, and 

y-x-t. 

Detector Systems  

A variety of Ge(Li) y-ray detectors were used (nine in all) 

in the various singles and coincidence experiments. These were 

all large-volume (63 cm
3 

to 108 cm
3) ORTEC Ge(Li) detectors having 

efficiencies of 10 - 24% at 1332 keV compared to a 3" x 3" NaI(T1) 

detector). All detectors had similar specifications which typically 
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were 2.1 keV full-width at half-maximum (FWHM) at 1332 keV, a peak-

to-Compton ratio of 45/1, and window-to-detector distance of 5.0 

mm. Source-to-detector distances ranged from ti  1 cm to ti 2 cm for 

on-line counting (with a thin Mylar window used for low energy photon 

measurements) and from 1,  1 cm to ti 3 cm for off-line counting. Two 

absorbers, a 10 mil Cd + 5 mil Cu absorber, and a layered absorber 

consisting of 5 mils each of Cu, Sn, and Ta and 25 mils of Pb, were 

used in various experiments to cut down or eliminate summing effects, 

chiefly due to the K x-rays. Varying the source-to-detector distance 

also helped to identify sum peaks in the spectra. In addition, 

a specially designed 1.5 cm thick lead shield, lined with 1 mm thick 

Cd and 0.25 mm Cu on each side and with a 2 cm diameter hole through 

the middle, was used to minimize Compton back-scattering in off-

line y-y-t experiments, which were conducted in a 180 °  detector 

geometry. This source holder insured reproducible geometry. 

Conversion electron spectra were taken using Si(Li) electron 

detectors. On-line spectra of 191Tl were taken with a Si(Li) electron 

spectrometer having a ruggedized surface 200 mm
2 

in area and a 2 mm 

depletion depth. This system has a 2.5 keV FWHM and 4.6 keV full-

width at one-tenth maximum (FWTM) resolution at the 218 keV electron 

line from 
192Ir. In addition, on-line conversion electron spectra 

193m_ of 18911 and some spectra of 191, 
	were taken with a different 

Si(Li) electron spectrometer having specifications similar to those 

given above. This system gave a FWHM of about 5.5 for K conversion 

electrons in our spectra and thus was quickly retired in favor of 
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the above mentioned detector. The Source-to-detector distances for 

both systems ranged from ti 0.5 cm to ti 1 cm. The on-line systems 

were run at the tape transport system's vacuum of 5 x 10 -6 
to 10

-5 

Torr and were seen to lose some resolution during the course of 

an experiment. This was most likely caused by trapped gases in 

the tape feed and take-up reels which caused condensates to form 

on the detector surface. The on-line detector systems were "recycled" 

at times during the course of an experiment by warming the systems 

to room temperature and cooling them down again. 

Most of the conversion electron spectra for 193T1 and all for 

195,197
T1 were taken off-line with a Si(Li) electron spectrometer 

having an 80 mm
2 
active area and 3 mm depletion depth. This detector 

has 2.2 keV FWHM resolution for 976 keV electron ( 207Bi). The source- 

to-detector distance for these experiments was fixed at 1.14 cm. 

(Note that the source-to-y-detector distance was fixed at 1.63 cm 

in the e-y coincidence system. A special cuplike indentation in 

the vacuum chamber of the electron spectrometer system allowed the 

y-ray Ge(Li) detector to be positioned this close to the source.) 

The off-line system consisted of a cryostat vacuum chamber, the 

cooled Si(Li) detector, a cooled preamplifier, and an air lock which 

allowed the sources to be inserted relatively quickly (rt ,  2 minutes). 

This conversion electron system was kept at better than 10
-6 

Torr 

of vacuum using a small liquid nitrogen cryosorption pump and the 

pressure was found to increase only slightly during an experiment. 

The off-line detector was recycled in the same manner as the on-

line detector. 
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Experimental Procedure  

The tape transport system used for on-line experiments is 

shown schematically in Figure 3-4. The system is modular in design 

so that a wide variety of detector arrangements can be mounted. 

The system is described in detail in reference 87. 

The desired mass-separated product was accumulated at the 

collection station for a preset length of time (typically 1-4 half-

lives of the isotope of interest). The tape was then moved to the 

desired detector station (typically one of the two intermediate 

stations in Figure 3-4). A variety of detector systems (detailed 

above) were available for observation of the resulting radiation. 

The Ge(Li) detectors used could be positioned as close as 9 mm from 

the tape through the use of aluminum cups mounted in the detector 

ports. Photon energies down to approximately 30 keV were observed 

with these Ge(Li) detectors so that low-energy photon and x-ray 

data could also be obtained. For low-energy photon measurements, 

cups with Mylar windows were used. The Si(Li) electron detector 

was mounted in the chosen station as close to the activity on the 

tape as desired with a special fitting allowing the detector and 

its cooled FET preamplifier to be placed in the vacuum of the tape 

transport. This system allowed a windowless counting arrangement 

to be used that minimized degradation of the energy resolution for 

conversion electrons. 

A vacuum of 5 x 10
-6 

to 10
5 Torr was maintained in the tape 

transport through the use of a 450 1/sec diffusion pump mounted 
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nearby on the beam line and a turbo-molecular pump mounted near to 

the detector ports. In addition, a cold trap positioned between the 

diffusion pump and the tape transport was used to reduce contaminants 

and help maintain vacuum in the system. 

The signals from the detectors were shaped and amplified using 

standard NIM module electronics and were fed into a Tennecomp TP-

5000 system which is the primary UNISOR data acquisition system. 87) 

This system consists of a PDP-11 computer interfaced to a Tennelec 

PACE analog-to-digital converter (ADC) with the following peripheral 

equipment: two magnetic tape drives, a 1.2 million -word disk, a fast 

line printer, and a light pen - oscilloscope display. A typical 

experiment, requiring singles data, accumulated in a spectrum-

multiscaling mode (e.g. 20 time-planes of several seconds per plane, 

each plane being 8192-channels in length) and a simultaneous set of 

three parameter coincidence data, could easily be handled by this 

system. Computer software programs in the TP-5000 control the singles 

multiscaling and coincidence data operations, allowing for a variety 

of options. An example of a typical experiment is illustrated by 

191
T1 	= 5.5 min). In this case the sources from the W(

16
0, xn) 

191
Tl reaction with 142.9 MeV 

1605+ ions were collected for only five 

minutes each (in order to minimize production of the 
191Hg daughter) 

and spectrally-multiscaled in twelve 8192-channel time planes of 23.5 

seconds collection per plane with 1.5 seconds between planes, with 

each plane in turn being collected in the computer core and then 

transferred to storage on disk. Simultaneously list data were 
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assembled as data words in temporary buffer storage from which they 

were transferred directly onto magnetic tape where they wery stored 

as three successive 16 bit words, each having 13 bit resolution (8192 

channels). A typical coincidence resolving time for these measurements 

was about 10 nsec FWHM, resulting in a true-to-chance coincidence 

ratio of > 20:1. A schematic diagram of the Tennecomp TP-5000 data-

acquisition system is shown in Figure 3-5. 

The separated reaction products accumulated in the collection 

chamber of the isotope separator were studied off-line. Two methods 

of collection were used for these off-line measurements. The first 

method involved the use of a removeable plate having collector foils 

located at the focal points for the various masses. The primary mass 

for on-line study was allowed to pass through a hole in the collection 

plate and proceed to the tape transport system. Periodically the 

collection plate was removed from the Collection box through a vacuum 

lock and the desired foil removed for counting. Several problems 

made this approach unsuitable. More than 60 sec are required to remove 

and replace the collection plate through the air lock. Also, all 

of the off-line samples have to be removed simultaneously which 

interrupts other experiments. Therefore, this approach is used only 

for long-lived activities (T, rk ,  several hours) and when more than 

two off-line experiments are being run simultaneously. 

A second, and more successful, technique for collection of 

off-line products involved the use of a simple tape vacuum seal,
88) 

the principle of which is shown schematically in Figure 3-6. This 
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vacuum seal allows an aluminum-coated . Mylar tape, located at a selected 

mass point in the focal plane, to be pulled directly from vacuum to 

atmospheric pressure with no appreciable loss of vacuum or activity. 

The configuration in which this tape seal was used is pictured in 

Figure 3-7. This vacuum seal-tape puller system is described in 

reference 88. 

Products of the desired mass number were accumulated in the 

collection chamber and after an appropriate collection time, the 

separated source was pulled out of the collection chamber, in some 

cases chemically separated, mounted on an appropriate source holder, 

and placed in front of the detectors for counting. 

These off-line sources were studied in a variety of detector 

arrangements for y-ray, x-ray and conversion electron singles spectrum 

multiscaling and y-y-t, y-x-t, and e-y-t coincidence measurements. 

The data were stored and processed by the three additional computer-

based systems (apart from the primary UNISOR system). A second 

Tennecomp TP-5000 system, essentially identical to the UNISOR system, 

and the SEL-840A interfaced to a Tennelec PACE ADC and a Canberra 

multichannel analyzer have been used to collect spectral multiscaling 

and list data for a variety of off-line experiments. The coincidence 

system using the ORIC SEL-840A computer was very similar to that shown 

in Figure 3-5 for the Tennecomp TP-5000 and is described in detail 

in reference 89. Similar to the TP-5000 machine, list data on the 

SEL was stored in files with essentially 13-bit resolution for the 

two events and time (each using 9500 channels). The resolving time 

1 



Figure 3-7. Photograph of the Tape-Puller System. 
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was again about 10 nsec and the true-to-chance coincidence ratio > 

20:1. In addition, a computer-based Tracor Northern TN-1700 multi- 

channel analyzer system .1P ,  used to collect spectrum multiscaling 

data for other off-line experiments. Thus, in addition to the primary 

on-line study of a single mass number, up to three off-line experiments 

have been performed concurrently, by a variety of experimenters, on 

side masses. Counting procedures were essentially the same as for 

on-line experiments, with the exceptions noted above. (All electron 

data were taken on the Tennecomp TP-5000 system.) 

Calibration and Data Analysis  

Calibration data were recorded both before and after each 

experiment. A variety of y-ray energy standards was used including 

56Co, 60co,  137ca,  154Eu,  182Ta,  1921r, 
 207Bi,  226Ra, 228

Th, and a 

National Bureau of Standards (NBS) mixed source containing 
109 Cd,  

57 	 88 Co, 139  Ce,  203  Hg,  113  Sn,  85  Sr,  137  Cs, .Y, and 60Co. In addition, 

contaminating activities from other nuclides of the same mass (basi-

cally Pb and Hg) and to some extent neighboring isotopes (one mass on 

either side of the separated mass) which could be identified by half-

life were used as internal energy calibrations. Naturally occurring 

40
K, 

238
U- and 

232Th-decay chain y-rays appeared in all spectra and 

were also used as internal energy calibrations. Energies for the 

Tl y-rays were determined using the precise energy values of 

Greenwood et al. , 90,91)  White et al., 92)  and others 	and 

employing the non-linearity mapping method developed by Black and 

Heath.
98-10) 
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Gamma-ray intensities were determined relative to lines in 

the NBS mixed source and 
56 

 Co, 
 137 

 Cs, 
 154 

 Eu, 
 182 	192 

Ta, 	Ir, and 
226

Ra 

sources. Spectral peak analysis was performed using the SAMPO101,102) 

code on the IBM-360/91 computer at ORNL and the CDC-Cyber-70 computer 

at Georgia Tech. The precise intensity calibration values of 

Jardine,
95) 

Wallace and Coote,
103) 

and others
96

'
97

' 104-106) were used 

for the above standards. 

As in the y-ray work, electron calibration data were recorded 

before and after each experiment with thin sources of 
137

Cs, 
182

Ta, 

and 192Ir. The precise intensity values used for these standard 

sources were taken from references 96, 97 and 107. Accurate conversion 

coefficient values for these standards
96,97,107,108) 

were used, in 

order to obtain efficiency curves from which electron intensities 

could be derived. Electron transitions (especially pure E2 and M1 

transitions) from contaminating species (usually the Hg daughter or 

a neighboring T1 isotope) were then used to check the normalization 

between gamma and electron efficiencies. The information obtained 

from the total summed conversion electron and y-ray singles data with 

efficiency corrections taken into account then allowed the final con-

version coefficients (and subsequently transition multipolarities) 

for the Tl isotopes to be determined. 

Coincidence information was obtained when the list data stored 

on tape by one of the Tennecomp TP-5000 systems was sorted onto the 

disk of the PDP-11 computer using available utility software. Inter-

faces between the TP-5000 systems and the larger SEL-840A computers 

7 
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allow transmission of data from the core of the PDP-11 to a disk of 

the SEL (see Figure 4-7). This feature then allowed the sorted spectra 

to be transferred to a disk on one of the SEL-840A computers from 

which they could be printed or plotted on the fast line printer for 

final hand analysis. Coincidence data files produced on the SEL system 

were sorted using a special utility program TS01
109) 

developed specifi- 

cally for extremely fast analysis of this particular type of list 

data. 

Chemical Separations  

Isotopically-separated sources of masses 193, 195, and 197 were 

radiochemically separated, in order to provide pure samples of 

193
Tl, 195T1, and 197T1 for decay studies. The heavy-ion reactions 

in which these isotopes were made, and the resulting decay during 

collection, lead to the formation of mixtures of Pb, Tl, and Hg 

isotopes. Thus, a chemical procedure was devised to remove the Pb 

and Hg contaminations from the Ti activities in the mass-separated 

sources. 

The mass-separated products were collected for an appropriate 

time to maximize the activity of the Ti isotopes relative to other 

members of the mass chain. The source on the aluminum-coated Mylar 

tape was then removed from the collection chamber, and the aluminum 

coating containing the embedded recoil products was dissolved in 

a 3 ml solution of hot 1N NaOH contained in a 50 ml beaker. Then 

0.5 ml portions of Pb, Tl, and Hg carriers were added in the form 

of 0.2N Pb(NO3)2' 0.2N  Tl(NO3)3' and 0.2N Hg(NO3)2' respectively. 
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The hot solution was then cooled in an ice or cold water bath to room 

temperature, acidified with concentrated HNO
3 

(about 0.3 ml) and 

transferred to a 15 ml centrifuge tube. Next 3-5 ml of a 50% ethanol 

solution was added [to help prevent 11-Pb from complexing as 

T12Pb(SO4 ) 2 ] and was followed by addition of 1-2 ml 1N H2SO4 . The 

solution was centrifuged and decanted, and the PbSO
4 
precipitate was 

discarded after washing it with 1 ml of Ti carrier solution. About 

3-5 ml of 1M KI was added to the decantate. This precipitates both 

the T1 and Hg. Additional KI (approximately 2 ml) was added until 

the solution turned from an orange-yellow color to bright yellow. 

The Hg complexes went back into solution as K 2Hg14 , while the Tl 

remained precipitated as T1I. The solution was then centrifuged, 

filtered, and washed with excess Ea, Hg carrier, and distilled water. 

Finally, the filter paper containing the separated source was enclosed 

in a small polyethylene bag and mounted in front of the detector for 

radiation measurements. 
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CHAPTER IV 

EXPERIMENTAL MEASUREMENTS, EVALUATION OF DATA, AND EXPERIMENTAL RESULTS 

Experimental measurements on the decay properties of the odd-mass 

T1 isotopes (A = 189-197) to levels in Hg have been carried out at the 

UNISOR facility as outlined in Chapter III. Gamma-ray, x-ray and 

conversion electron singles and singles multiscaling measurements, and 

y-y-t, y-x-t, and e-y-t coincidence measurements have been made on 

these nuclei. From these data, accurate energies, relative y-ray and 

conversion electron intensities, conversion coefficients, multipolarities, 

level spins and parities, R+/EC branching ratios, and log ft values have 

_ 
been assembled. A detailed analysis for one system, the decay of 

191m 
 T1 

to levels in 
191

Hg, is presented in its entirety below. The results of 

the decay studies on the other T1 isotopes' are presented in abbreviated 

discussions, the detailed analysis being left for future publication, 

and are summarized in tables of experimental measurements and decay 

scheme diagrams below. 

Decay of 191m_ 

Gamma-Ray Singles Measurements 

The y-ray emissions from mass-separated A = 191 sources were 

studied in several experiments. Singles data were accumulated in spectral 

multiscaling runs made in four separate experiments emphasizing the 

production and decay of 
191T1 (the complete experimental details are 

given in Table 4-1). In Run 191-1, mass-191 sources collected for ten 

-1 



Table 4-1. Details of 
191

Tl Experiments 

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used Measurement(s) 	Collection 	Number of 
and Their Made and Data 	Times and 	Coincidence 
Energy Ranges

a 
 Acquisition System Counting Times Events 

Used 	 Collected 

191-1 	181Ta( 160, 6n) 191T1 	16% Ge(Li) 	y-ray singles 
141.1 MeV 	 30-2450 keV 	multiscaling using 

(8192 channels) the on-line Tenne- 
comp TP-5000 

10-min 
collection; 
counted as 10 
sequential 
1-min spectra 

18% Ge(Li) 
on-line Si(Li) 
electron 
detector (5.5 
keV FWHM) both 
30-1200 keV 
(2048 channels) 

ce-  and y-ray 
singles multi-
scaling and eyt 
using the on-line 
Tennecomp TP-5000 

(1) 16.7-min 
collection; 
counted as 10 
sequential 
100-sec spectra 
(Ce-  + y). 
(2) e-y-t 
collected for 
2.4 hours 

(1) 15-min 
collection; 
counted as 10 
sequential 
90-sec spectra 
(2)y-y- t 
collected for 
3.5 hours  

9 x 10
5 

6 
5.9 x 10 

191-2 
	181

Ta(160, 6n) 191T1 
104.2 MeV 

191-3 	
181

Ta(160, 6n)
191

T1 16% Ge(Li) and y-ray singles 
104.2 MeV 	 10% Ge(Li) both multiscaling 

30-2700 keVb 	(off-line Tenne- 
comp TP-5000) and 
y-y-t coincidences 
(SEL 840A) 



Number of 
Coincidence 
Events 
Collected 

Detectors Used 
and Their 
Energy Rangesa  

Collection 
Times and 
Counting Times 

Measurement(s) 
Made and Data 
Acquisition System 
Used 

Run Number Reaction(s) and 
Projectile Energy 

8.3 x 106  (1) 5-min 
collection, 
counted as 12 
sequential 
25-sec spectra 
(2)y-y-t 
collected for 
5 hours 

y-ray singles 
multiscaling and 
y-y-t coincidences 
using the on-line 
Tennecomp TP-5000 

191-4 	Nat. W(
16

0, pxn)
191T1 16% Ge(Li) 

142.9 MeV 	 30-2700 keVb  
and 18% Ge(Li)c 
30-2000 keV 

191-5 
1.8 x 106 (1) 5-min 

collection; 
counted as 12 
sequential 25-
sec spectra 
(2) e-y-t 
collected for 
18 hours 

16% Ge(Li) 
30-2700 keV 
(4096 channels) 

Si(Li) 
electron 
detector (2.5 
keV FWHM) 
30-1600 keV 
(4096 channels) 

0e7 and y-ray 
singles multi-
scaling and eyt 
coincidences 
using the on-
line Tennecomp 
TP-5000 

Nat. W(16  0,pxn) 191Tl 
142.9 MeV 

191-6 y-y-t 
for 3 

16% Ge(Li) and 
10% Ge(Li) both 
30-2300 keV 

y-y-t coincidences 
using the off-
line SEL 840A 

181
Ta(160,6n) 191Tl 

143 MeV 
collected 3.5 x 10 6 

hours 

Table 4-1 (Continued) 

CO 



Table 4-1 (Continued) 

aAll coincidence measurements made on one of the Tennecomp TP-5000 systems had data collected 
8192 channels each for the two events and the TAC; the data was similarly collected on the 
SEL 840A system 9500 channels each for the three parameters. 

bSingles measurements were done as 8192 channels on the 16% Ge(Li) detector. 

c
The Cu + Cd absorber was used on this detector. 
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minutes were moved in front of a 16% Ge(Li) detector (2.0 keV FWHM 

resolution at 1333 keV) which recorded ten sequential one-minute 

8192-channel spectra. Freshly deposited sources were then moved 

to, the detector and the counts were added to the ten spectra. Run 191-2 

involved recording ten sequential 100-second 2048-channel spectra (16.7 

minutes total), Run 191-3 ten 90-second spectra (15 minutes total), and 

Run 191-4 twelve 25-second spectra (five minutes total), both 8192-

channels. Runs 191-3 and 191-4 used the same 16% Ge(Li) detector 

employed in Run 191-1, while Run 191-2 used an 18% Ge(Li) detector having 

similar characteristics. The study of the 191Tl activities was 

hampered by the presence in all sources of 35.0 minute 
191gHg 

 and 50.8 

minute 191mHg  activities having several origins: the release of Hg 

products from the UNISOR ion source is favored over that of Tl products, 

direct production of Hg via (Heavy Ion, pxn) or (Heavy Ion, axn) depending 

on the production mode for the Tl) is possible at the beam energies 

employed, and build-up of the Hg daughter through decay of the Tl parent 

also contributed. With this in mind, Run 191-4 was found to give the 

best Tl/Hg ratio due to the short (five minute) source collection and 

counting times. Figures 4-1 and 4-2 show the sum of the 12 sequential 

spectra for about half of the sources collected in Run 191-4. Figure 

4-3 shows an expanded view of a section of this summed spectrum covering 

2.0-2.2 MeV and illustrates the grouping of a collection of relative 

intense lines present at a high energy in the decay spectrum. Gamma-ray 

transitions following the decay of 
191

Hg and other minor contaminants 

have been labeled as such, while those following the decay of 
191Tl have 

been labeled only with the decay energy. 
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Figure 4-1. Low Energy Portion of the A = 191 Singles Gamma-Ray 
Spectrum: Total Sum of Run 191-4 Data. Those transitions following 
the decay of 191Hg or other contaminating species have been given 
special labels, while those associated with the decay of 191mT1 
have been labeled only with the decay energy. 
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The best information concerning the 191mTl  half-life came from 

Run 191-3, due to the good statistical quality of the data and the total 

length of the run (almost three half-lives, 15 minutes total collection 

for each source). The decay characteristics of some of the transitions 

are shown in Figure 4-4. Combining the results in Figure 4-4 with 

_ 
similar results for other transitions, the half-life for 

191m 
 11 is 

deduced to be 5.42 + 0.30 min. This value agrees well with a previous 

half-life reported in Nuclear Data Sheets
110) 

and Vandlik et al., 22) 

but they attribute this half-life to the ground state, while we have 

shown it to be the decay of the 9/2 -  isomer (see Chapter V). 

The relative intensities of y-rays observed to follow the decay 

191m_ 
of 	Tl were measured in the four experiments mentioned earlier. 

The intensities of the y-rays were determined by correcting the peak 

areas for detector efficiency and for the degrading effects of the 

absorber used. The error in the relative intensities of the most 

intense peaks arises from the error in the efficiency calibration and is 

conservatively estimated to be + 5%. The error in weak peaks comes 

from a combination of the + 5% maximum error in these intensity 

determinations and the statistical uncertainties present. The energy 

values of the 
191mT1 transitions were obtained using the non-linearity 

mapping method of Greenwood (as detailed in Chapter III). The energy and 

intensity results from the combined experimental data are given in Table 

4-2 along with the energy and intensity values of Vandlik et al.
22) 

and 

in Table 4-3 for energies above those reported by Vandlik. The 

results from the other three experiments were similar to those of 
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Figure 4-4. Decay Curves for Selected Transitions (216, 265, 336, 
563, and 2360 keV) following the Decay of 191mT1 during Run 191-3. 
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Table 4-2. Energies and, Relative Gamma-Ray Intensities for Transitions 
in the 191h1T1 Decay: Part I - Energies < 650 keV 

Present Work Vandlik et al. a  

(keV) 

I b ' c  E b  

(keV) 

Ib ' c  

49.0 
52.1 

(4) 
(3) 

1.9 
11.1 

(4) 
(11) 

93.5 (5) 0.29 (15) 
103.5 (4) 2.6 (5) 
118.5 (10) 0.27 (14) 
120.3 (10) 0.65 (33) 
122.1 (10) 0.68 (34) 
123.1 (10) 0.38 (19) 
165.9 (5) 0.20 (10) 
167.3 (5) 0.08 (6) 
172.1 (5) 0.81 (41) 
174.3 (5) 0.75 (38) 
184.8 (5) 0.20 (10) 
203.9 (5) 0.28 (14) 
207.1 (4) 1.3 (5) 
212.9 (4) 0.87 (44) 
215.6 (2) 100 215.71 (12) 100 
226.7 (5) 1.0 (5) 
239.9 (4) 3.1 (6) 
248.6 (7) 1.7 (5) 
250.7 (7) 2.9 (6) 
254.3 (7) 1.8 (5) 
261.4 (4) 1.8 (5) 
264.7 (2) 58.9 (30) 264.66 (12) 51 (3) 
268.6 (8) d  1.0 (5) 
271.4 (5) 1.1 (5) 
274.0 (8) 2.1 (6) 
277.5 (5) 1.0 (5) 
280.9 (4) 6.7 (7) 281.0 (6) 7 (3) 
284.4 (3) 10.5 (10) 284.4 (5) 9 (4) 
286.6 (4) 8.4 (8) 
295.8 (4) 3.0 (6) 
298.5 (8) 0.50 (25) 
308.8 (8) 0.65 (33) 
310.3 (8) 0.48 (24) 
313.6 (5) 1.4 (5) 
318.9 (4) 3.6 (7) 
321.2 (4) 4.0 (8) 
323.4 (5) 10.0 (10) 323.1 (5) 7 (4) 
326.0 (3) 76.5 (38) 325.6 (3) 67 (7) 
333.7 (5) 3.7 (7) 
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Table 4-2 (Continued) 

Present Work Vandlik et al.a 

(keV) 

b,c 

(keV) 

I b ' e  

336.1 (2) 53.0 (27) 335.91 (25) 45 (5) 
344.9 (5) 1.4 (5) 
347.5 (5) 1.2 (5) 
355.4 (5) 1.2 (5) 
365.1 (4) 4.3 (8) 
372.3 (4) 20.5 (20) 374.3 (5) 16 (6) 
375.4 (4) 16.8 (30) 
378.2 (4) 23.8 (20) 378.1 (3) 27 (5) 
383.6 (5) 1.5 (5) 
387.6 (5) 1.7 (5) 
390.1 (7) 0.75 (50) 
394.9 (5) 4.1 (8) 

396.8 (5) 5.6 (7) 
400.0 (6) 1.2 (4) 
404.0 (6) 1.2 (4) 
405,5 (5) 3.2 (6) 
406.9 (5) 4.6 (9) 
409.9 (10) d  1.1 (10) 
413.6 (8) 0.45 (23) 
427.5 (7) 0.54 (27) 
430.3 (4) 6.1 (8) 
433.8 (7) 0.97 (49) 
443.3 (6) 1.8 (6) 
446.5 (6) 1.5 (5) 
449.0 (6) 2.3 (5) 
452.4 (10) 0.47 (24) 
474.6 (6) 1.5 (7) 
477.4 (4) 11.4 (12) 477.55 (27) 11 (2) 
480.5 (6) 1.3 (5) 
487.1 (6) 3.5 (7) 
489.1 (7) 1.6 (5) 
495.8 (5) 7.7 (8) 
501.1 (6) 2.2 (4) 
514.0 (6) 2.2 (4) 
516.9 (6) 1.9 (4) 
526.3 (8) 1.6 (4) 
532.8 (6) 2.7 (6) 
535.1 (5) 12.0 (12) 535.1 (4) 10 (5) 
539.6 (6) 3.1 (6) 
541.8 (7) 1.4 (5) 
545.2 (9) d  2.9 (10) 

1  



58 

Table 4-2 (Continued) 

Present Work 	 Vandlik et al.a 

E b 	 I 	 E b'c 	 b 	 I b ' c  
I 	 Y 	 I 	 - Y 
(keV) 	 (keV) 

546.8 (8) 
563.2 (5) 
566.5 (6) 
574.6 (10) d 

 580.4 (4) 
583.0 (6) 
586.3 (8) 
588.4 (6) 
590.7 (7) 
606.9 (5) 
610.4 (5) 
615.3 (4) 
618.8 (5) 
624.3 (10) d 

 630.1 (6) 
632.1 (6) 
634.5 (5), 
637.6 (8) u 

 639.8 (5) 
643.5 (7) 
645.1 (10) d 

647.0 (7) 
649.0 (7) 

1.4 (5) 
26.7 (14) 
4.7 (9) 
3.7 (12) 

44.6 (22) 
3.2 (6) 
0.98 (50) 
3.5 (7) 
1.0 (4) 

10.1 (10) 
9.8 (10) 

16.2 (20) 
6.5 (8) 
2.6 (10) 

2.1 (4) 
2.7 (5) 
8.9 (9) 

15.7 (31) 
13.3 (13) 
2.0 (5) 
3.0 (12) 
2.8 (6) 
2.3 (5) 

	

563.1 (3) 
	

20 (4) 

	

574.7 (6) 
	

8 (3) 

	

579.7 (4) 
	

35 (8) 

	

606.1 (6) 	6 (3) 

	

615.3 (4) 	12 (2) 

639.0 (4) 	16 (3) 

a
Ref. 20. Note that the highest energy gamma-ray reported is 639.0 keV. 

bErrors are given in parentheses and indicate the uncertainties in the 
last significant figures reported. 

cIntensities are relative to I (215.6 ) E 100. 

dContamination from 191Hg 
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Table 4-3. Energies and Relative Gamma-Ray Intensities for 
Transitions in the 191mT1 Decay: Part II - Energies 
> 650 keV 

Present Work Present Work 

E a 

 (keV) 

I  a , b E a 

 (keV) 

I  a , b 

650.9 (6) 3.8 (8) 840.8 (12) 0.45 (23) 
656.3 (8) 1.1 (5) 846.7 (8) 3.1 (6) 
658.2 (8) 1.4 (5) 858.5 (8) 2.0 (5) 
660.3 (5) 7.3 (8) 862.4 (8) 1.7 (5) 
676.3 (7) 2.5 (5) 866.6 (9) 1.3 (6) 
683.5 (7) 7.7 (8) 870.3 (9) 1.3 (6) 
685.8 (10) 5.5 (11) 874.5 (9) 1.1 (6) 
689.8 (8) 1.5 (5) 877.4 (8) 2.8 (6) 
691.7 (7) 3.0 (7) 885.7 (7) 4.0 (8) 
695.9 (7) 2.5 (6) 890.9 (9) c  1.1 (5) 
699.2 (12) 0.70 (35) 898.7 (11) 6.0 (9) 
701.7 (12) 0.57 (29) 903.2 (14) 0.38 (20) 
705.3 (9) 1.3 (5) 913.3 (7) 4.5 (9) 
708.5 (10) 0.99 (50) 915.7 (7) 5.5 (9) 
712.5 (12) 0.87 (44) : 923.9 (8) 2.1 (5) 
726.0 (10) 1.3 (7) 929.1 (13) 0.41 (20) 
728.5 (6) 9.3 (10) 931.2 (15) 1.0 (5) 
738.4 (7) 6.7 (7) 942.8 (10) 1.1 (5) 
741.8 (6) 14.5 (15) 944.8 (10) 0.65 (33) 
743.9 (7) 4.4 (8) 950.5 (9) 1.4 (5) 
747.4 (10) 1.2 (6) 959.7 (12) 0.53 (27) 
751.6 (20) 0.15 (15) 963.7 (10) 1.2 (5) 
753.1 (8) 4.4 (8) 967.4 (8) 2.2 (5) 
755.4 (8) 1.5 (5) 978.4 (12) 0.68 (34) 
760.0 (7) 3.9 (8) 983.4 (9) 1.1 (5) 
768.3 (8) 1.5 (5) 989.8 (8) 3.6 (7) 
770.5 (11) 0.87 (44) 1006.2 (8) 2.2 (5) 
775.7 
779.2 

(8) 
(14) c  

1.4 
1.4 

(5) 
(10) 

1008.6 
1015.1 

(9) 
(10) 

113 
0.93 

(5) 
(47) 

796.8 
798.8 

(7) 
(7) 

2.0 
3.3 

(6) 
(8) 

1020.6 
1024.0 

(8) 
(15)c 

2.6 
<0.57 

(5) 

809.6 (8) 1.4 (5) 
:1044.0 (15) c  <1.5 

814.0 (6) 3.5 (7) 1046.4 (15) 0.35 (20) 
821.6 (7) 2.5 (5) 1053.5 (8) 5.6 (6) 
827.3 (12) c  2.1 (8) 1061.0 (8) 2.6 (5) 
830.5 (9) 1.0 (7) :L073.8 (9) 2.2 (5) 
833.0 (7) 7.7 (9) 1078.9 (8) 3.0 (6) 
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Table 4-3 Continued) 

Present Work 	 Present Work 

E a 

 •keV) 

1 a,b 
 

E a 

 (keV) 

1 a,b 
 

1088.1 (10) 1.9 (4) 1340.6 (12) 0.51 (26) 
1089.4 (9) 2.4 (5) 1343.2 (10) 2.9 (6) 
1091.6 (10) 1.1 (5) 1345.1 (10) 2.2 (5) 
1093.3 (9) 1.8 (6) 1360.2 (11) 1.8 (8) 
1100.4 (9) 2.3 (5) 1362.2 (10) 2.4 (7) 
1105.0 (10) 1.4 (7) 1380.9 (10) 1.5 (5) 
1107.2 (8) 4.0 (8) 1385.0 (13) 0.56 (28) 
1122.6 (15) (1,1.0 (10) 1388.5 (18) c  1.0 (6) 
1124.5 (8) 6.0 (8) 1391.9 (15) c  2.5 (9) 
1131.0 (10) 2.0 (5) 1412.1 (13) 0.80 (50) 
1133.5 (10) 1.1 (5) 1413.7 (12) 1.4 (7) 
1145,9 (10) 1.8 (6) 1424.5 (12) 1.0 (4) 
1151.3 (9) 2.3 (5) 1430.8 (12) 1.3 (4) 
1158.3 (10) 1.9 (5) 1437.3 (12) 1.3 (4) 
1170.5 (10) 2.0 (5) 1440.7 (9) 3.2 (6) 
1176.8 (10)  1.5 (5) 1444.0 (10) 2.1 (5) 
1188.0 (15)c 1.2 (6) 1458.1 (14) 1.0 (6) 
1192.1 (10) 1.4 (6) 1469.8 (10) 2.6 (5) 
1193.6 (12) 0.82 (41) 1485.2 (8) 5.1 (9) 
1198.8 (20) 0.18 (18) 1504.7 (10) 2.6 (5) 
1204.1 (15) 0.53 (27) 1517.7 (11) 1.7 (5) 
1208.7 (15) 1.7 (5) 1522.4 (8) 4.5 (9) 
1210.1 (9) 2.5 (5) 1530.4 (8) 5.2 (9) 
1215.7 (9) 2.4 (5) 1540.1 (20) >0.1 
1245.0 (11) 1.2 (4) 1543.7 (10) 2.4 (5) 
1248.7 (11) 1.0 (4) 1552.7 (11) 2.3 (5) 
1257.0 (10) 1.4 (5) 1553.8 (12) 1.7 (5) 
1261.7 (10) 2.1 (5) 1557.0 (11) 2.7 (6) 
1264.1 (12) 0.87 (45) 1562.9 (12) 1.2 (4) 
1270.7 (15) 0.33 (18) 1572.0 (10) 3.8 (8) 
1279.1 (11) 1.3 (4) 1574.9 (12) 1.9 (5) 
1282.2 (15) c  2.4 (5) 1580.3 (11) 2.9 (6) 
1288.4 (11) 1.2 (4) 1583.7 (9) 5.7 (9) 
1296.0 (10) 1.8 (5) 1587.0 (11) 2.7 (6) 

1305.0 (10) 2.2 (5) 1591.6 (11) 3.1 (6) 

1315.8 (11) 1.6 (5) 1595.1 (10) 3.9 (8) 
1327.1 (18)c 1.7 (8) 1598.4 (10) 5.3 (9) 

1333.7 (11) 1.1 (4) 1604.2 (10) 3.7 (7) 

1335.7 (9) 3.4 (6) 1611.0 (6) 11.9 (12) 
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Table 4-3 (Continued) 

Present Work Present Work 

E a 

(keV) 

a,b Ea 

(keV) 

a,b 

1614.3 (11) 3.5 (7) 1906.6 (12) 4.0 (8) 
1616.0 (8) 7.9 (8) 1977.2 (14) 1.8 (5) 
1624.7 (12) 2.5 (5) 1983.5 (12) 2.6 (5) 
1628.6 (10) 4.5 (9) 2011.8 (13) 2.2 (5) 
1629.6 (9) 7.2 (10) 2021.5 (10) 7.7 (8) 
1630.4 (10) c  5.2 (9) 2031.9 (12) 5.3 (9) 
1633.9 (15) 0.80 (65) 2035.0 (15) 1.3 (6) 
1641-0 (12) 3.0 (6) 2043.2 (12) 6.8 (8) 
1650.9 (20) c  <1.0 2060.5 (15) 1.8 (5) 
1669.9 (12) 2.5 (5) 2063.6 (14) 3.2 (6) 
1685.9 (12) 2.1 (5) 2068.4 (10) 12.2 (12) 
1697.3 (12) 2.0 (5) 2073.0 (14) 4.8 (9) 
1712.1 (13) 1.7 (5) 2079.4 (10) 12.2 (12) 
1716.8 (11) 3.1 (6) 2085.0 (12) 7.3 (8) 
1722.9 (12) 2.0 (5) 2089.5 (11) 8.0 (9) 
1725.5 (11) 3.0 (6) 2097.9 (12) 6.4 (8) 
1731.4 (12) 2.8 (6) 2102.9 (13) 5.1 (9) 
1735.0 (13) 2.1 (5) 2105.2 (15) 2.1 (5) 
1737.1 (10) 5.6 (9) 2111.0 (15) 2.9 (6) 
1746.6 (10) 4.0 (8) 2137.8 	(15) 2.2 (5) 
1752.9 (12) 2.4 (5) 2147.5 °(20) 0.94 (50) 
1757.7 (9) 7.5 (8) 2157.0 (14) 3.6 (7) 
1761.5 (16)c 1.8 (7) 2168.1 (15) 2.1 (5) 
1780.9 (12) 2.7 (6) 2190.6 (15) 2.8 (6) 
1806.1 (12) 2.5 (5) 2270.7 (15) 2.4 (5) 
1814.5 (12) 2.0 (5) 2327.4 (12) 8.2 (9) 
1823.6 (13) 2.2 (5) 2334.5 (20) 0.94 (50) 
1827.0 (13) 1.5 (4) 2342.2 (20) 0.80 (40) 
1828.8 (13) 2.1 (5) 2357.6 (14) 4.1 (7) 
1836.9 (10) 4.3 (8) 2360.4 (10) 13.1 (13) 
1841.4 (9) 9.7 (10) 2366.7 (16) 1.8 (5) 
1846.0 (12) 2.5 (5) 2389.8 (14) 3.3 (6) 
1849.5 (12) 3.4 (7) 2406.4 (16) 1.4 (4) 
1854.0 (13) 1.8 (5) 2411.4 (20) 0.88 (44) 
1860.8 (12) 2.5 (5) 2420.8 (20) 0.64 (32) 
1872.9 (13) 2.1 (5) 2427.1 (17) 1.1 (4) 
1875.9 (12) 3.0 (6) 2439.2 (20) 0.87 (44) 
1881.1 (18) 0.40 (20) 2457.6 (25) 0.58 (35) 
1887.6 (13) 2.0 (5) 2476.9 (25) 0.57 (35) 
1892.4 (13) 2.2 (5) 2606.5 (25) 0.78 (40) 

1902.6 (12) 2.3 (5) 2782.3 (30) 0.26 (20) 



Table 4-3 (Continued) 

a
Errors are given in parentheses and indicate the uncertainties 
in the last significant figures reported. 

bIntensities are relative to I (215.6) E 100. 

cContamination from 191Hg is present in this line. 

62 



63 

Run 191-4. Note that some of the lines were contaminated by 
191

Hg 

lines which were subtracted from the spectrum by using the energy and 

relative intensity values determined by Wood et al.
111) 

in 191Hg 

experiments done concurrently with 191T1; and 191Hg measurements by 

Beuscher et a1. 112) at Silich. 

From our measurements, a total 361 y-rays are assigned to the 

191m- 
decay. Half-life measurements for 225 of the transitions are 

consistent with their assignment to 5.42 min 191mii , 	majority of 

them exhibiting a single half-life, while some are found to overlap 

with 
191

Hg lines and thus exhibit a two-component decay curve. The 

remaining 136 weak y-rays are assigned to the decay of 191mTl 
 through 

 coincidence relationships. 

Conversion Electron Measurements 

Conversion electrons were detected in a Si(Li) detector cooled 

to liquid nitrogen temperature during Run 191-2. This detector was 

positioned on the opposite side of the source from an 18% Ge(Li) y-ray 

detector, and multiscaled singles spectra of the conversion electrons 

and y-rays were obtained simultaneously. Because of the high density 

of electron lines found to exist in the mass-191 data, the resolution of 

approximately 5.5 keV FWHM typically for K electron lines using this 

detector was insufficient for studying this decay. In order to improve 

the resolution, a new Si(Li) detector was used, which has resolution 

for K electron lines ranging between 2.5 and 3.0 keV FWHM. This 

detector was run simultaneously in singles mode with a y-ray detector, 

as before, with the sources in this experiment (Run 191-5) being 

collected for five minutes and recorded as 12 sequential 25-second 
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4096-channel spectra for y-rays and electrons. The sum of the 12 

sequential electron spectra is shown in Figure 4-5. Using the pure E2 

and M1 transitions present in the 191g 'mHg decay (111,112) for 

normalization, K-conversion coefficients of the previously unknown 

transitions were deduced. For some very strong lines, L- and M-conversion 

coefficients were also determined. These experimental conversion 

coefficients are compared to the theoretical values calculated by Hager 

and Seltzer,
113) 

and a resulting multipolarity is assigned for each 

transition. The conversion electron intensities, conversion 

coefficients, theoretical values, and deduced multipolarities are given 

in Table 4-4. 

Coincidence Measurements  

Coincidence data on y-rays from 
191mTl 

 decay were obtained in 

three separate experiments. Runs 191-6 and 191-3 (see Table 4-1) were 

carried out using the off-line y-y-t counting setup described in Chapter 

III with 10% and 16% Ge(Li) y-ray detectors recording the y-coincidence 

events on the SEL 840A computer. Run 191-6 involved energy ranges on 

both y-ray detectors of % 30-2300 keV and coincidence data are collected 

for about three hours, resulting in the accumulation of over 3.5 x 10 6 

coincidence events. Run 191-3 showed an increase in the total data 

collected and a somewhat improved Tl/Hg ratio, and it involved increased 

energy ranges of fk,  30-2700 keV on both Ge(Li) detectors. The coincidence 

rates approached 1100 counts/sec, accumulated over 3.5 hours, giving 

5.9 x 106  coincidence events. The most favorable experiment was 

Run 191-4. In this experiment, 16% and 18% Ge(Li) detectors were used 

in the on-line y-y•t experimental configuration employing the UNISOR tape 
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Table 4-4. Experimental and Theoretical Conversion Coefficients, Relative Electron 
Intensities, and Multipolarities for Transitions in 191mT1 Decay 

Ia'b b,c (x 103 ) EY 
Ce - aK 

Theoretical a
K
c

' d Multipolarity Assigned 
(keV) (x 103 ) El Ml E2 

L 	e 
49.0 276 	(54) m109000 460 9160 113000 E2 

33300e 108 2130 29500 

52.1 455 	(90) 
L 
 m30900e 390 7660 83400 M1 + (39+6%)E2 
"9680e  91.6 1780 21900 

103.5 97.0 	(97) L  M
1350 60.2 1040 3170 M1 + (15+2)%E2 
389 14.0 241 829 

212.9 1.0 	(3) 880 52.2 790 147 M1 

215.6 18.8 	(19) 141 50.6 762 142 E2 

226.7 2.1 	(20) 1530e  44.8.  664 .127 >M1 (some E0?) 

238.4 0.36 	(7) 171 39.7 578 110 E2 + (13+6)%M1 

264.7 15.6 	(20) 199e  30.9 434 86.1 E2 + (33+10)%M1 

280.9 2.0 	(4) 230 26.9 369 74.5 M1 + (47+15)%E2 

284.4 3.0 	(15) 213 e  26.1 356 72.3 E2 + (49+22)%Ml 

323.4 2.3 	(6) 174e  19.3 251 53.1 M1 + (39+20)%E2 

326.0 15.1 	(15) 146 19.0 246 52.1 E2 + (48+5)%M1 
rn 
rn 



Table 4-4 (Continued) 

EI  a b I '- 
Ce aK

b,c  Theoretical Kc ' d  (x 103 ) Multipolarity Assigned 
(keV) (x 10-') El Ml E2 

336.1 6.6 	(13) 97.8e  17.7 226 48.5 E2 + (28+10)%M1 

360.7 0.72 	(36) 218e  15.1 187 41.0 >M1 

372.3 2.0 	(5) 72.6e  14.0 172 38.1 E2 + (26+12)%M1 

375.4 3.6 	(5) 160 13.8 168 37.3 M1 

378.2 3.0 	(4) 86.3 e  13.5 165 36.7 E2 + (39+10)%Ml 

405.5 0.45 	(22) 107 e  11.6 137 31.2 M1 + (28+25)%E2 

430.3 0.63 	(25) 77.6e  10.2 117 27.3 Ml + (44+25)%E2 

449.0 0.085 	(55) 27.9e  9.30 104 24.8 E2 + (< 10)%Ml 

474.4 1.0 	(3) 67.3e  8.17 88.7 21.7 M1 + (32+18)%E2 

488.5 0.07 	(7) 14.1E 7.78 83.5 20.6 Elf  

495.8 0.50 	(25) 48.3e 7.54 80.3 19.9 E2 + (47+40)%M1 

501.1 0.20 	(5) 71.7 7.37 78.1 19.5 Ml + (11+80)%E2 

535.1 0.37 	(37) 23.2e  6.43 65.7 16.9 E2 + (< 40)%M1 

539.6 0.30 (25) <73.3e  6.32 64.3 16.6 < M1 

545.2 0.069 	(40) 30.23  6.19 62.6 16.3 E2 + (30+40)%M1 

563.2 0.55 	(25) 15.4e  5.79 57.5 15.2 E2 



Table 4-4 (Continued) 

E 
Y 

(keV) 
Ia't 	b,c 

Ce 	aK 
(x 103 ) 

Theoretical axed K (x 103 ) Multipolarity Assigned 

El M1 E2 

580.4 0.83 	(35) 	14.0e 5.44 53.2 14.3 E2 

606.9 0.17 	(9) 	ri,13.1e  4.97 47.4 13.0 E2(?) 

615.3 0.35 	(17) 	16.3 e  4.84 45.7 12.7 E2 + (11+20)%Ml 

618.8 0.25 	(9) 	28.8e  4.78 45.1 12.5 E2 + (50+25%)M1 

634.5 0.29 	(10) 	24.2e  4.55 42.2 11.9 E2 + (< 70)%Ml 

683.5 0.088 	(55) 	8.59e  3.93 34.9 10.2 E2(?) 

738.4 0.043 	(21) 	4.76 3.38 28.6 8.76 El 

741.8 0.16 	(6) 	8.28e  3.35 28.2 8.68 E2 

753.1 0.060 	(20) 	10.2 3.26 27.1 8.42 E2 + (10+10)%M1 

833.0 0.051 	(30) 	4.96e  2.70 20.9 6.91 <E2 

846.7 0.025 	(15) 	6.07 e  2.62 20.1 6.70 E2 + (< 4)%M1 

898.7 0.048 	(30) 	6.07e  2.34 17.2 5.97 E2 + (< 19)%M1 

913.3 0.015 	(15) 	7.54e  2.28 16.5 5.79 E1(?) 

915.7 0.063 	(40) 	8.60e  2.27 16.4 5.76 E2 + (27 + 25)%M1 

1053.6 0.015 	(15) 	2.06 1.76 11.5 4.42 <E2 

1124.6 0.017 	(17) 	2.19 1.57 9.75 3.92 <E2 



Table 4-4 (Continued 

(keV) 

a b I ' - 
Ce 

b,c 
aK  
(x 103 ) 

Theoretical aK
c

' d (x 103 ) Multipolarity Assigned 

El M1 E2 

1215.7 0.017 (17) 5.48 1.37 8.03 3.39 E2 + M1 

1335.7 0.017 (17) 3.72 1.16 6.36 2.86 E2 + M1 

1380.9 0.007 (7) 3.33 1.10 5.85 2.69 E2 + M1 

1444.0 0.010 (10) 3.45 1.02 5.23 2.48 E2 + M1 

1453.2 0.012 (12) 9.40 1.01 5.15 2.45 >M1 

1485.2 0.010 (10) 1.48 0.970 4.88 2.35 <E2 

1595.1 0.014 (14) 2.45 0.860 4.07 2.06 E2 + M1 

1611.0 0.024 (24) 1.51 0.848 3.98 2.02 <E2 

aIntensities are relative to I (215.6) E 100. 

bErrors in I
Ce

- (in parentheses) also reflect the errors in the conversion coefficients. 
The errors quoted are the uncertainties in the last digit. 

cAll conversion coefficients are alc unless otherwise marked - superscripts L and M 
mean the values given are for al,  and am, respectively. 

dTaken from Hager and Selzer (ref. 113). 

eElectron lines were overlapped by at least one contaminating line. 

fA contamination of this electron line is possible, but the amount could not be calculated. 
This would lower the aK, thus the multiplarity of this line is thought to be El. 
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transport system, as described in Chapter III. The 16% Ge(Li) detector 

had an energy range of q,  30-2700 keV for y-rays and was also used to 

take singles data in the spectrum-multiscaling mode (see Figures 4-1 

and 4-2) simultaneously with the y-y-t data accumulation. The 18% Ge(Li) 

detector was set to cover the ti 30-2000 keV range and used the Cd + Cu 

absorber to remove most of the x-ray summing effects for that detector. 

The data were accumulated at coincidence rates up to 1500 counts/sec 

for about five hours and resulted in the collection of over 8.3 x 10 6 

coincidence events on the UNISOR Tennecomp TP-5000 computer system. 

Six of the gated spectra (the 216, 265, 742, 326, 336, and 1611 keV 

gates) from this third coincidence experiment are shown in Figures 4-6 

and 4-7. Similar gated spectra were obtained for 129 y-rays originating 

from 
191mTl 

 decay. The results of the coincidence measurements are 

given in Table 4-5. The entries (S, M, and W, which represent strong, 

moderate, and weak, respectively) indicate the relative magnitudes of 

peak areas observed in a spectrum coincident with a particular gate. 

The various peak areas described by the three entries usually differ 

by approximately an order of magnitude within a spectrum. 

In addition to the y-y-t data, e-y-t data were collected in two 

experiments, both using the on-line counting setup, including the tape 

transport and Tennecomp TP-5000 data acquisition system (as described 

in Chapter III). The first experiment, Run 191-2, involved an 18% 

Ge(Li) detector ('I,  30-1200 keV energy range over 8192 channels) and the 

on-line Si(Li) electron detector 	5.5 keV FWHM resolution for K 

electrons, "30-1200 keV energy range over 8192 channels), but only a 
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Figure 4-6. The y-y- t Coincidence Gates Taken in Ruri 191-4 
for the 216, 265, and 742 keV Transitions Observed in the Decay 
of 191mTi. 
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Figure 4-7. The y-y-t Coincidence Gates Taken in Run 191-4 for the 
326, 336, and 1611 keV Transitions Observed in the Decay of 191mT1. 
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Table 4-5. Coincidence Relationships Observed in 191mT1 Decay 

Gate Energy* 
(keV)  

49.0
b

' c  

52.1b ' c  

Energy of Coincident Gamma-Rays_ and Their 
Relative Strengthsa  

172.1(M), 174.3(M), 184.8(W), 212.9(W), 
215.6(S), 254.3(M), 261.4(W), 280.9(M), 
284.4(M), 323.4(W), 326.0(s), 378.2(S), 
383.5(W), 396.8(W), 580.4(S), 606.9(W), 
637.6(M), 639.8(M), 731.8(W) 

254.3(M), 261.4(W), 280.9(M), 284.4(M), 
298.5(W), 313.6(W), 323.4(M), 326.0(S), 
336.1(W), 344.9(W), 378.2(S), 383.5(W), 
394.9(W), 396.8(M), 501.1(W), ann (M), 
521.4(W), 535.1(W), 566.5(W), 580.4(S), 
606.9(M), 618.8(W), 637.6(M), 639.8(M), 
685.8(W), 728.5(M), 768.3(W), 814.0(M), 
827.3(M), 833.0(M), 923.9(M), 1053.5(M), 
1124.5(M), 1145.9(W), 1257.0(W), 1335.7(W), 
1469.8(W), 1690.2(W), 1697.1(W), 1780.9(W), 
1828.8(W), 1841.4(M), 2068.4(W), 2079.4(M), 
2085.0(W), 2138.0(W), 2190.6(W), 2210.6(W) 

103.5b 150.6(W), 
271.4(M), 
323.4(W), 
378.2(W), 

215.6(S), 
274.0(W), 
325.6(S), 
387.6tW), 

239.9(W), 	264.7(W), 
284.4(W), 	286.6(W), 
355.4(W), 	372.3(S), 
ann(W), 	586.3(W), 

588.4(W), 676.3(W), 695.9(W) 

172.1 215.6(S), 246.5(M), 303.6(W), 323.4(W), 
326.0(M), 372.3(S), 762.4(W), 830.5(W) 

207.1 326.0(S), 355.4(W), 456.8(W), 532.8(S), 
545.1(W), 726.0(W), 1026.9(M) 

c 
212.9 162.8(M), 217.9(M), 225.4(W), 232.3(W), 

372.3(S), 378.2(M), 443.3(W), ann(M), 
915.7(M), 1065.0(W) 

215.6c  139.4(M), 162.8(M), 172.1(5), 318.9(5), 
323.4(M), 372.3(S), 396.8(M), 443.3(S), 
477.4(M), 495.8(M), ann(S), 	526.3(M), 
545.2(M), 683.5(5), 743.9(M), 753.1(W), 
870.3(M), 913.3(S), 915.7(S), 989.8(M), 
1100.4(W), 1124.5(W), 	1291.0(M), 
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Table 4-5 (Continued) 

Gate Energy* 
	

Energy of Coincident Gamma-Rays and Their 
(keV) 
	

Relative Strengthsa  

1413.7(M), 1611.0(W), 1633.9(W), 1761.5(W), 
1787.8(M), 1887.6(M), 1924.2(M), 1944.1(M), 
2068.4(M), 2097.9(M), 2111.0(M), 2138.0(M) 

	

226.7 	 336.1(S), 705.3(W), 934.3(W), 1053.5(W), 
1802.2(W) 

	

254.3 	 264.7(M), 326.0(S), 489.1(M), 798.8(M) 

	

264.7 	 165.9(M), 172.1(M), 212.9(M), 250.7(M), 
323.4(S), 372.3(M), 441.5(W), 477.4(S), 
495.8(S), ann(M), 516.9(W), 546.8(M), 
557.4(W), 566.5(M), 634.5(S), 705.3(W), 
749.9(W), 821.6(W), 851.6(W), 870.3(W), 
866.7(M), 989.8(M), 1078.8(M), 1237.9(W), 
1583.7(M), 1591.6(M), 1611.0(M), 1737.1(W), 
2031.9(M), 2068.4(M), 2073.0(M), 2089.5(M), 
2138.0(W), 2147.5(W), 2339.2(W) 

274.0d 49.0(W), 52.1(S), 135.4(W), 236.7(S), 295.8(W) 
308.8(M), 329.6(W), 356.7(S), 370.8(5), 
385.6(M), 439.8(M), 449.0(W), 557.4(W), 
656.3(W), 699.1(W), 717.7(M), 1031.2(W), 
1089.9(W), 1107.2(M), 1162.9(W), 1391.9(W) 

	

280.9 	 224.5(M), 326.0(5), 378.2(M), 1006.2(W), 
1920.9(W) 

	

284.4 
	

274.0(M), ann(W), 615.3(S), 637.6(W), 1089.5(W) 

	

313.6 
	

326.0(S) 

	

323.4c 
	

186.8(W), 212.9(W), 215.6(S), 264.7(5), 
280.9(S), 336.1(W), 351.8(M), 396.8(W), 
419.1(W), ann(M), 535.1(M), 618.8(W), 637.6(M), 
743.9(M), 770.5(M), 967.4(M), 1140.4(W), 
2021.5(M) 

	

326.0c 	 52.1(S), 56.8(S), 103.5(M), 174.3(W), 184.8(W), 
254.3(5), 280.9(S), 313.6(M), ann(W), 532.8(M), 
618.8(5), 637.6(S), 645.1(W), 708.5(W), 
717.7(M), 728.5(S), 867.3(W), 814.0(M), 
833.0(M), 885.8(W), 907.6(W), 1006.2(W), 
1046.4(W), 1158.3(W), 1725.6(W), 2035.0(W), 
2063.6(M), 2068.4(M), 2097.9(M) 
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Table 4-5 (Continued) 

Gate Energy* 
(keV) 

Energy of Coincident Gamma-Rays and Their 
Relative Strengthsa 

336.1 174.3(W), 
355.4(W), 
637.6(M), 
770.5(W), 
1172.3(W), 

226.7(S), 	295.8(W), 	323.4(M), 
ann(M), 	574.6(M), 	615.3(S), 
660.3(S), 	685.8(M), 	743.9(M), 
855.8(W), 	874.5(W), 	1122.6(W), 
1204.1(W), 	2102.9(M), 	2138.0(W) 

372.3c  137.4(M), 172.1(M), 187.1(M), 	215.6(S), 
286.6(5), 441.5(M), 516.9(M), 	535.1(M), 
618.8(M), 948.6(W), 1089.9(W), 	1382.9(W), 
1412.1(W), 1854.0(W) 

375.4c  186.4(M), 211.1(W), 356.7(M), 	535.1(S), 
1369.8(W) 

378.2c  52.1(W), 	261.4(S), 	356.7(M), 	521.4(M), 
566.5(S), 650.9(W), 1064.3(W), 	2351.0(W) 

383.6 196.3(M), 580.4(S), 676.4(M) 

387.6 188.9(S), 192.5(S), 615.3(W), 	1175.6(W) 

390.1 188.9(5), 934.0(W) 

409.9d 215.6(S), 241.1(S), 252.4(5), 	331.6(W), 
678.1(M), 1365.7(M) 

430.3 261.4(W), 521.4(M), 566.5(W), 	1530.4(W) 

474.6 212.9(W), 264.7(5), 580.4(W), 	1268.3(W) 

477.4 139.4(M), 161.4(W), 190.0(W), 	215.6(S), 
264.7(S), 336.1(M), 347.5(W), 	452.4(W), 
1100.4(M), 1611.0(M) 

480.5 430.3(W), 1107.2(M) 

487.1 172.1(W) 

495.8 135.4(M), 215.6(5), 241.1(W), 	264.7(S), 
336.1(M), 421.6(M), 441.5(M), 	809.6(W), 
907.6(W), 1485.2(W) 



Table 4-5 (Continued) 

Gate Energy* 
(keV) 

Energy of Coincident Gamma-Rays and Their 
Relative Strengthsa 

501.1 

514.0 

639.8(S), 

264.7(M), 

1151.3(W) 

ann(S), 	580.4(M), 	650.9(M) 

516.9 182.5(W), 331.6(W), 372.3(S), 664.7(M), 
1018.1(M) 

532.8c  207.1(M), 326.0(M), 356.7(W), 375.4(M), 
913.3(W) 

535.1
c

'
d  

207.1(M), 241.1(M), 252.4(5), 266.3(W), 
320.0(M), 343.0(M), 375.4(S), 466.8(W), 
662.4(W), 670.8(M), 830.5(W), 1151.3(M), 
1165.3(W), 1188.0(M) 

545.2d 172.1(W), 215.6(S), 331.6(S), 402.3(W), 
1215.7(W) 

563.2 224.5(W), 252.4(W), 329.1(M), 514.0(M), 
583.0(S), 610.4(W), 753.1(M), 1122.6(M), 
1977.2(W) 

566.5 336.1(W), 378.2(S) 

574.6d 103.5(5), 224.5(S), 252.4(M), 268.6(M), 
326.0(M), 336.1(5), 467.8(M), 521.4(M), 
934.7(M) 

580.4 52.1(W), 	198.6(M), 286.6(W), 	383.6(5), 
474.6(M), 504.7(W), 	ann(S), 	514.0(M), 
685.8(M), 1841.4(5), 1860.8(W) 

583.0 563.2(S) 

606.9 488.5(W), 539.6(W), 1078.9(M), 1299.8(W) 

615.3 103.5(W), 252.4(M), 284.4(5), 336.1(S), 
370.8(W), 1002.1(W), 1257.0(W) 

618.8 215.6(S), 326.0(S) 

624.3d 252.4(M), 375.4(W), 420.0(W), 535.1(5) 

634.5 e  264.7(S), 326.0(S), 333.7(W), 422.6(M) 

76 
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Table 4-5 (Continued) 

Gate Energy* 	 Energy of Coincident Gamma-Rays and Their 
(keV) 	 Relative Strengthsa 

637.6c 
	

286.6(W), 326.0(S), 336.1(M), 378.2(5), 
396.8(M), 406.9(M), 885.9(M), 1044.0(W), 
1440.7(W) 

639.8 c 
	

326.0(5), 336.1(M), 501.1(M) 

645.1 
	

318.8(W), 387.6(W) 

660.3 
	

336.1(S) 

683.5 
	

120.3(W), 215.6(S), 286.6(M), 409.9(M), 
495.8(W) 

691.7 
	

ann(M) 

728.5 
	

215.6(W), 326.0(S), 1345.1(M) 

738.4 
	

199.3(W), 336.1(M) 

741.8c 
	

336.1(S), 350.0(M), 370.8(M), 1583.7(M), 
1611.0(S), 1616.0(W), 1629.6(W), 1685.9(W) 

743.9c 
	

252.4(W), 274.0(W), 336.1(S), 370.8(M) 

753.1 
	

ann(M), 563.2(S) 

760.0 
	

320.0(W) 

798.8 
	

184.8(W), 390.1(W), 563.2(M) 

814.0 
	

201.1(W), 326.0(S), 378.2(W), 417.7(W), 
522.6(W) 

833.0 
	

241.1(M), 252.4(S), 326.0(5), 378.2(M) 

898.7 
	

103.2(W), 762.4(W) 

913.3 
	

127.4(W), 215.6(S), 284.4(M) 

915.7 
	

215.6(5), 634.5(W) 

923.9 
	

203.9(M), 717.7(W) 

937.2 
	

184.8(W), 1305.0(W) 
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Table 4-5 (Continued) 

Gate Energy* 
(keV) 

Energy of Coincident Gamma-Rays and Their 
Relative Strengthsa  

950.5 

989.8 

103.2(M) 

215.6(S), 	264.7(S), 630.1(M) 

1006.2 215.6(M), 	264.7(M) 

1053.5 161.2(M), 	239.9(W) 

1061.0 378.2(W) 

1078.9 188.9(M), 	209.2(W), 212.9(W), 297.1(W) 

1088.1 215.6(W), 	241.1(M), 264.7(W), 326.0(M) 

1091.6 215.6(W), 	233.6(W), 326.0(M) 

1093.3 ann(W), 1100.4(W) 

1100.4 215.6(S), 	241.1(M), 498.4(W) 

1107.2 215.6(S), 	271.4(M) 

1124.5 165.9(W), 	372.3(W) 

1158.3 190.0(W), 	203.9(W), 326.0(M) 

1188.0d 203.9(M), 	272.5(W), 578.5(M) 

1192.1 632.1(M) 

1210.1 215.6(M), 	326.0(W) 

1215.7 215.6(S) 

1257.0 202.0(M), 	336.1(W), 615.3(M) 

1261.7 202.0(W), 	295.8(W) 

1264.1 261.4(W), 	420.0(M) 

1282.2 159.7(M), 	326.0(W), 329.4(w), 580.4(M) 

1296.0 199.3(W), 	473.0(W) 

1305.0 224.5(W), 	264.7(M) 
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Table 4-5 (Continued) 

Gate Energy* 
(keV) 

Energy of Coincident Gamma-Rays and Their 
Relative Strengthsa 

1327.1d 254.3(W), 326.0(W), 578.5(M) 

1333.7 326.0(M) 

1345.1 250.7(W), 685.8(M) 

1380.9 370.8(M) 

1440.7 326.0(M) 

1457.5f 326.0(M), 637.6(W) 

1459.0f 193.5(W), 215.6(M), 263.1(W), 336.1(W) 

1469.8 215.6(S) 

1485.2 131.4(W), 615.3(M) 

1504.7 336.1(M), 375.4(M) 

1522.4 248.6(M) 

1546.1 172.1(W), 291.4(W) 

1553.8 326.0(W), 580.4(W) .  

1583.7 264.7(M), 741.8(M) 

1611.0c  215.6(M), 264.7(M), 477.4(S), 526.3(W), 
741.8(S) 

1614.3c  326.0(M), 477.4(M), 741.8(M) 

1616.0c 215.6(W), 264.7(M), 477.4(M), 741.8(M) 

1841.4 580.4(S) 

1911.0 264.7(W) 

1977.2 563.2(W) 

2021.5 375.4(W) 

2031.9 264.7(M), 326.0(M) 
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Table 4-5 (Continued) 

•;: 

Gate Energy* 
(keV) 

Energy of Coincident Gamma-Rays and Their 
Relative Strenthsa 

2043.2 264.7(M), 326.0(M) 

2063.6 326.0(S) 

2068.4 215.6(S), 264.7(S) 

2073.0 215.6(W), 264.7(M) 

2079.4 246.5(M) 

2085.0 215.6(S), 264.7(S) 

2089.5 215.6(M) 

2097.9 215.6(S), 326.0(W) 

2102.9 336.1(M), 341.2(W) 

2111.0 215.6(M), 246. .5(W) 

2138.0 215.6(M), 231.7(W), 264.7(W) 

2190.6 215.6(S) 

2327.4 215.6(W) ° 

2334.5 215.6(W) 

* 
Note: y-y-t data were taken mainly from Run 191-4. Gates were also 
set on y-rays of 1551.9, 1562.9, 1604.2, and 2360.4 keV. Each of 
these gates showed no coincidences. 

a 
Relative coincidence strengths are given by: 
S = strong coincidence relationship, >90% confidence level; 
M = moderate coincidence relationship, >70% confidence level; 
W = weak coincidence relationship, >40% confidence level. 

b Data taken from e-y-t experiment, Run 191-5. 

c  Gate set in a region having multiple peaks, overlapping coincident 
y-rays from neighboring gate are probable. 

d Hg and Ti are present in this gate. 

e Contamination from 192  T1is present in this gate. 

Gate energy not found in singles. 
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sparse amount of poor quality data were accumulated (" 9 x 10 5 

events) in a 2.4-hour period. The second experiment, Run 191-5, 

employed a 16% Ge(Li) y-ray detector (" 30-2700 keV energy range 

over 4096 channels) and the better on-line Si(Li) detector (2.5-3.0 keV 

FWHM resolution for K electrons, "30-1600 keV energy range over 4096 

channels), and the statistical quality of the data was much improved. 

The e•y coincidences were collected for 18 hours resulting in 1.8 x 10 6 

coincident events. The analysis of the coincidence relationships from 

these experiments yielded no new information (compared to the y-y-t 

measurements) for y-ray energies above 200 keV and so is not included 

among the reported results. The coincidence data between low-energy 

conversion electron lines and y-rays proved - to be extremely useful. 

Coincidence gates set on the L-conversion lines of the 49, 52, and 103 

keV transitions are shown in Figures 4-8 and 4-9. These low-energy 

coincidences are included in Table 4-5 and replace the gates set on weak 

49, 52, and 103 keV y-rays in the y-y-t coincidence work. 

The 191mT1 Decay Scheme  

_ 
The decay scheme of 

191m 
 Tl, shown in Figure 4-10, was constructed 

through use of the coincidence results and energy yums and differences. 

As is indicated in Figure 4-10, most of the transitions are placed by 

coincidence relationships (denoted by dots at the Aecaying levels). 

Note that in transitions having multipolarities that appear to be 

admixtures, the dominant component is given first. 
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Figure 4-10(e). The Decay Scheme for 191mT1: Part V - Transitions 
from Levels between 1550 and 2100 keV. 

50.3 

35.0 



9/2- 	s 930 

972 EC 

32 
191 

TL 
21 	110 
0 • 4571 VT,  

• - 

ti e 2791.9 

V.S,- 4.  5' 	 2517 . 2 
2415.4 

.', n, n 4 	 2474.3 
C' ̀ v 	. 	. 	 c) 

	

-- 4 	4c' 	 s,. 
e .-Ve ,;- ,v, 	 1.: ,.; 4f.r.'7,:;',7: V4'.e4:4 .,Y4.e qs4se4ses. 	-- 	... 	 -.-± 4).z.c, „,w ......,q4.e4, e, . 	, 	 e 	 3.1 ••••-:“.“.•., :-..e., ........• 	• 	• 	-`° ,-,-. "'q-,6' — rneve".2%,!....%0;  

-,j,,,,,^"- ,,,',..,' -4! q. qa 41, cp.= 1 n,05'n ,..g. 	 ..*:CiqWe'1,6?A..1 	 -.2 ■ .1 _ !,.?.::..,..-.4.  c.:.p..,:,0',0" c...1.;/•;,-..' a-  q; n',,,.-  : "' t,  '?, a a ., 0 0 a 4.7 	4.:"."7•1°. ..' ey- ,-  ,•,• 	`F 	6' 	 .:2.2 ' ,'5? -`-b „„17.7. " 	:- 	 „2" 6:1',,-7 , -!.'' ,i2e-W,e,t6,,pi.-',4Ya?",:??* 	— 	41' 4.-'e" 

. 
-4....._ 

T-7- 	 4e444  
,,,,,,,,,,,.",.,  - 

1._ [ 	_ 
i -, 

- U 1 	n' n' 	1, '... ■ 	 ' e'. °5  n, •., 	,V 	,1 	,z, .ifg ::44  gi. 

 

MaiiiMM 
il I 

A 
111 

=...2- ?.  'e 	4,t,'.:0 
III 11111 

III 
..,,,, 	,,,;,04,,,,, 	

,..... 
2131 3 

F 111111 iffld 
W7Pee477'Y 	21.3.9 _ 	_ 	 frillL4 .,,,,/, IMUIMmum "7-- 	2,03.1 . 

( I' '7.. 5/2.1 4 1015 •  
- 

i 4 

741.9 

--.,------.1\ v 	 / 532 4 
4 S139.4 

- - 7-. ----X 

7F. Z .  -  i 770.1  
 \ 	 0 	 ' e . 35.1 

• ;;4.7 

• ...,1.5 
a 1,3 

191 HC 
93 	111 

Figure 4-10(f). The Decay Scheme for 191mTl: Part VI - Transitions 
from Levels above 2100 keV. 

50.8 n 

35.0 N 



90 

Levels in 191Hg  

The only previous knowledge of levels in this nucleus comes from 

the in-beam work of Lieder et al., 28) who determined the yrast levels 

of the 
i13/2 

band up to 37/2
+ 

and a high-spin negative parity band having 

spins and parities of 21/2 through 37/2 which has been placed relative 

to the 
i13/2 band. The ground state spin-parity of 3/2 and the 

approximate placement of the 13/2
+ 

level 140 keV above the ground state 

were assigned through systematic considerations (see Chapter V). 

The first excited level placed at 52.1 keV was assigned a spin-

parity of 5/2 on the basis of systematic trends (of the f5/2  state) 

in the odd-Hg isotopes (see Chapter V) and its strong transition intensity 

observed in the conversion electron work. The remaining spins and 

parities were assigned, using the ground and first excited states as 

reference points, from the multipolarities of the various transitions 

feeding these two states. The multipolarities were deduced through a 

comparison of calculated conversion coefficients with theoretical ones 

from Hager and Seltzer. 113) The conversion coefficients determined were 

mainly from Hg K-conversion lines, many of which were contaminated 

with Au K-, Hg or Au L- or M- conversion lines, which had to be 

removed in order for these K-conversion coefficients to be determined. 

Because of the contamination problems, the conversion coefficients of 

several of the stronger lines could not be determined. 

The 
191Hg level scheme based mainly on coincidence relationships 

involving the ground state and first four excited states (52.1, 215.6, 

264.7, and 336.1 keV). This framework aided in locating the higher- 
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lying levels. Energy sums and differences were used to confirm these 

levels. Note that only a few high•lying levels were determined from 

a single coincidence, the bulk of the levels required two or more 

confirmed coincidence relationships in order to define them. The levels 

were checked and corrected using a total transition intensity balance 

(where available) among the transitions populating and depopulating 

each level. Despite the fact that over 350 y-rays were assigned to 

depopulate the 93 levels, many of the weaker A = 191 lines seen in,y-ray 

singles spectra and some in the coincidence gates could not be assigned 

to the decay of either 191mT1  or 191g,mHg. More coincidence data and 

better singles statistics might have been helpful in the assignments of 

these lines. 

Other Decays  

Decay of 195gT1  

The y-ray spectra from mass•separated A = 195 sources were 

studied in several experiments detailed in Table 4-6. The spectral 

multiscaling data collected in two of the experiments yielded 

half-lives of both the Tl and other nuclides and aided in the identi-

fication of y-rays associated with their decay. The sum of all spectra 

taken in Run 195-2 (which are of considerably superior statistical 

quality to that of Run 195-1) is shown in Figures 4-11 and 4-12. 

Gamma-ray transitions following the decay of 
195

Pb, 
195

Hg, and other, 

minor contaminants have been indicated, while those following the decay 

of 
195Tl have been labeled only with the decay energy. A spectrum 



Table 4-6. Details of 195Tl Experiments 

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used Measurement(s) 	Collection 
and Their 	Made and Data 	Times and 
Energy Rangesa  Acquisition System Counting Times 

Used 

Number of 
Coincidence 
Events 
Collected 

195-1 b Nat. Re(
160,pxn)

195
Pb 

195pb 	195T1 
141.3 MeV 

11% Ge(Li) 
30-3200 keV 
(8192 channel( 

y-ray singles 
multiscaling 

) using the TN-1700 

2 hour collections; 
counted as 8 
sequential 15-min 
spectra (2 
sources counted) 

195-2b 160, 	195T1 	Ge(Li)
c,d 

45-3300 keV 
and 10% Ge(Li) 
25-2100 keV 

y-ray singles 
multiscaling 
using the TN-1700 
and y-y-t 
coincidences using 
the SEL 840A system 

(1) 2.2 hour 
collections; 
counted as 16 
sequential 
500-sec spectra 
(9 sources 
counted) 
(2) y-y-t 
collected for 
20 hours 

Nat. W( 	pxn) 	Tl 
142.9 MeV 

4.7 x 106  

195-3e 	Nat. Re(
16

0,pxn)
195

Pb 
195Pb 195T1 
141.3 MeV 

16% Ge(Li) 
and off-line 
Si(Li) 
electron 
detector both 
30-1750 keV 
(4096 channels) 

Ce -  and y-ray 
singles multi-
scaling and 
e-y-t coincidences 
using the 
off-line Tennecomp 
TP-5000 system 

(1) 25 minute 
collections; 
counted as 20 
sequential 
1-min spectra 
(2) e-y-t 
collected for 
3 hours 

4 x 105 



Table 4-6 (Continued) 

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used Measurement(s) 	Collection 	Number of 
and Their 	Made and Data 	Times and 	Coincidence 
Energy Rangesa  Acquisition System Counting Times Events 

Used 	 Coolected 

195-4e 	Nat. W(
160

.; 
 xn) 195Pb 

195pb 	1911_ 

Nat. W(160.pxn) 195T1 
124.6 MeV 

18% Ge(Li) 	y-y-t coincidences y-y-t collected 2.9 x106  
35-2500 keV 	using the SEL 	for about 5 
and 15% Ge(Li) 	840A system 	hours 
40-2500 keV 

a
All coincidence measurements made on one of the Tennecomp TP-5000 systems had data collected 
8192 channels each for the two events and the TAC; the data were similarly collected on the 
SEL 840A system 9500 channels each for the three parameters. 

bChemically-separated sources were used. 
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of a non-chemically-separated source of 195T1 plus 
195Pb114) i

s 

shown in Figure 4-13 for Comparison. This figure has the gamma-rays 

from the 195T1 decay labeled as such, while those from the 195Pb 

decay are labeled only with the decay energy. 

The half-life of the 
195gT1 

 was determined by following the decay 

of several strong lines in the chemically-separated sample of Run 195-2. 

The half-life deduced (1.13 + 0.06 hours) is in good agreement with 

previously reported values.
24

'
115) 

The relative intensities of y-rays 

from the decay of 1952 -Tl were also measured in the above two experiments. 

The results of Run 195-2 have been adopted because of their superior 

statistical quality and are shown in the 
195gT1 

 decay scheme — Figure 

4-14. 

? 	- 
Conversion electrons Werestudied in Run 195-3. Using the 

conversion coefficients for the strong lines reported by Vandlik et al. 24) 

an internal normalization factor was obtained and the K- (plus some L- . 

and M-) conversion coefficients for the other transitions were deduced. 

The results of a comparison of those conversion coefficients with 

theoretical values
113) 

are reported in Figure 4-14 in the form of 

multipolarity assignments of the transitions involved. 

Two separate experiments, Runs 195-2 and 195-4, were done to 

collect y-y-t coincidence data from the 
195T1 decay. In addition, 

e-y-t data were collected in Run 195-3. The results of analysis of 

the coincidence relationships from these experiments are summarized 

in Figure 4-14. 

The decay scheme of 
195gT1, shown in Figure 4-14, was constructed 

through the use of both coincidence results and energy sums and 
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differences. As indicated in this figure, most of the transitions 

are placed by coincidence relationships. A transition intensity 

balance (where available) was used to check and correct the levels 

through their populating and depopulating transitions. The intensity 

balance was used to estimate the EC branching ratios to some of the 

195
Hg levels. (The 0-  branching was neglected because it is predicted 

to be < 3% of the total decay.) These branching ratios were combined 

with the electron capture decay energy (QEC)  determined from 

systematics,
116,117) 

in order to obtain log ft values for the EC transi-

tions from the ground state of the parent T1 nucleus to some of the 

individual levels in the daughter Hg nucleus. These values are based 

on the y-ray intensity assigned to this decay. It is possible, 

however, that a significant proportion of the decay goes to a large 

number of high energy states which decay by weak unobserved high-energy 

y-transitions. Our measurements are superior to the best previous 

work,
24) 

and show several new levels, notably at 234.3, 410.4, 518.1, 

664.2, and 705.5 keV, and also confirm, by coincidence observations, many 

of the previously assigned levels. An interpretation of some of this 

new level structure is given in Chapter V. 

Decay of 189mT1  

Gamma-ray singles data were taken in a number of experiments listed 

in Table 4-7. Most of the information relating to measurement of 

energies and relative intensities from total singles results and half-

lives and y-ray identification (by decay) from singles spectral multi-

scaling came from the two best experiments, Runs 189-1 and 189-2. From 



Table 4-7. Details of 
189T1 Experimentsa 

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used 
and Their 

b Energy Ranges  

Measurement(s) 
Made and Data 
Acquisition System 
Used 

Collection 
Times and 
Counting Times 

Number of 
Coincidence 
Events 
Collected 

189-1 
181Ta( 160,8n)

189
Tl 

143 MeV 
16% Ge(Li) and 
on-line Si(Li) 
electron 
detector (5.5 
keV FWHM) both 
30-1500 keV 
(4096 channels) 

Ce-  and y-ray 
singles multi-
scaling and 
e-y-t coincidences 
using the on-line 
Tennecomp TP-5000 
system 

(1) 4 minute 
collections; 
counted as 16 
sequential 
15-sec spectra 
(2) e-y-t 
collected for 
3 hours 

4 x 105  

189-2 
181

Ta(160,8n)
189

T1 
143 MoV 

(1) 18% Ge(Li) 
50-3450 keV 
(8192 channels) 
(2) 16% Ge(Li) 
and •15% Ge(Li) 
both 30-2300 
keV 

(1) y-ray singles 
multisroling 
using the off-line 
Tennecomp TP-5000 
system 
(2) y-y-t coinciden 
using the SEL 840A 
system 

(1) 6 minute 
rrolortion; 
counted as 12 
sequential 30-
sec spectra 

ces 
(2) y-y-t 
collected for 
5 hours 

4.2 x 106 

  



Table 4-7 (Continued) 

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used Measurement(s) 	Collection 
and Their 	Made and Data 	Times and 
Energy Ranges b Acquisition System Counting Times 

Used 

Number of 
Coincidence 
Events 
Collected 

189-3 181
Ta(160,8n)

189
Tl 

145.6 MeV 
16% Ge(Li) 
and on-line 
Si(Li) electron 
detector (5.5 
keV FWHM) both 
25-2000 keV 
(2048 channels) 

Ce and y-ray 
singles multi-
scaling and 
e-y-t coincidences 
using the on-line 
Tennecomp TP-5000 
system 

(1) 200 sec 
collections; 
counted as 10 
sequential 20-
sec spectra 
(2) e-y-t 
collected for 
5 hours 

2 x 106 

aOnly the 

bAll coinc 
collected 
collected 

experiments yielding significant results are given. 

idence measurements made on one of the Tennecomp TP-5000 systems had data 
with 8192 channels each for the two events and the TAC; the data were similarly 
on the SEL 840A system with 9500 channels each for the three parameters. 
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data obtained in those two experiments, the half-life of the 9/2 

high-spin isomer in 
189

Tl is determined to be 1.42 + 0.09 minutes. 

This value compares favorably with the only previous measurement of the 

half-life by Vandlik, et al., 20)  which was attributed to the ground 

state decay; however, it has been shown that this half-life belongs to 

the 9/2 isomer (see Chapter V). The energies and relative intensities 

for all of the y-rays assigned to the decay of 1.4 min (9/2 - ) 189mT1 

are shown in Figure 4-15. 

Conversion electrons from the decay of 189mT1 were studied in 

Runs 189-1 and 189-3. The latter experiment gave a total conversion 

electron spectrum of better statistical quality and had a slightly 

better energy resolution; thus, most of the final results come from 

this measurement. The pure E2 and M1 transitions previously known 

from the decayS of the contaminating 189  Hg isomers 118) were used to 

obtain a normalization factor for the conversion electrons from the 

decay of 189mT1. Using this, the K- (and in a few cases L- and M-) 

conversion coefficients for 1.4 min 189mT1 (9/2- ) transitions were 

calculated. The multipolarities deduced from a comparison of these 

conversion coefficients with theoretical calculations,
113) are given 

in Figure 4-15. Data on e-y-t coincidences also were obtained during 

these two experiments. 

Coincidence data on y-rays from 189mT1 decay were obtained in a 

number of separate experiments. The most prominent y-y-t experiment 

involved the data recorded during Run 189-2. The results of coincidence 

analyses from all experiments are summarized in the decay scheme shown 

in Figure 4-15. 
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Figure 4-15(a). The Decay Scheme for 	Tl: Part I - Transitions 
from Levels below 760 keV. Transitions seen in coincidence with 
others below it are indicated with dots on the tip of the arrow; 
those in coincidence with transitions above have dots on the tail 
of the arrow. Transition energies and multipolarities, and gamma-
ray intensities are given. Dashed lines indicate questionable 
levels or transitions. Gamma-rays placed more than once are 
denoted by ei . 

a.7 

7.7 



962 EC 

42 8*  181  1. 
al 	Ica 

- S802" 

2279.7 

3` 	g 

Ps ti n 

/2- 	. SOO t.42 m 

1/2• 	09 

:::=7.0?;074::' 	
1780 

,yy ..7 '7 	...., g." ./.7.., 	 1420.4 e?  IfO'',-?W''‘,-  ,:.'n .) 1883.8 
..■...  	EA4 •••:?•M•§1  

" 	isiSiiiiiiimmw. -?" 	 L',2,.9 42.-m: e e 	e 

,,,:,- 	
IIII 	II 	,,,, , 4'.4.b.e'0. 	(6: ,47., 	S 7; , 

" 	̀'S•1>4' .:--,,,,,, 	:'  n• , '? 4' , t '. 	e, 4 t 	-,1"' 	 ,,a_..1 
F:i.,  ,. 0. ,t- .91 	 /-7,.,...T 

i 	1 
MM . 	1—.22 	— 	.7 	, 	 ..-733.S 

11111 	

42 	...., 	eme,,,... 
S 

1 

,f,vi: 	'.(6.4'.•-•,- 	
S-A1 B 
423.0 

	

eni,„74r 	. 	854.4
.4..,.,,„, 

lir ran_ 

11/Z- 	

M 	1111 	III 	.. 	 a' 	e- 

4,7'.?$ , , 
,.. 	. 

7 

8E5.2 

. 

7E1 2
E1.0 
	67Q: 

Eg 
c : 7 	. 	' 

MI il 

LIMN .1111-11-1i - .S 4 

11 0 	

• 	1 	
CM 

H  NMI 111  

MITI■I■I■11■9 	 ri4.4-- 
irimallaw ________ Lim 	 44gS 7 ,.9 i 	 1 

585.2 
8= 
:33.8 

7---■ 	 /4-f3-'s : 

t,,• 	 . 140 

0,Z- 	 04.7 
0.0 

6.7 M 

7.7 

80 	109 

189 Flo  

Figure 4-15(b). The Decay Scheme for 1891 'T1: Part II - Transitions from Levels above 760 keV. 



107 

The 189mT1 decay scheme (Figure 4-15) was constructed in the same 

manner as the 
191m,195gTl  schemes, based mainly on the extensive use of 

coincidence relationships as well as energy sums and differences. 

Previous work20) on the decay of 189mT1 is limited to a determination 

of the half-life and the energies of three y-rays. The experiments done 

at UNISOR have allowed the construction of a decay scheme with 117 

y-rays assigned to 40 levels built on a 3/2 ground state, a 5/2 

first excited state at 64.3 keV, and a 13/2
+ 

isomer at approximately 

140 keV which were placed on the basis of systematic considerations 

(see Chapter V). 

Decay of 193gT1  

Gamma-ray singles and singles-multiscaling data were studied in 

various ways in several expriments outlined in Table 4-8. The majority 

of the singles information came from three of these experiments, Runs 

193-1 through 193-3, all of which used spectral multiscaling to obtain 

the half-life of the 
193

Tl ground state and to identify y-rays associated 

with its decay. The best information concerning the 
193gT1 

 half-life 

came from Run 193-2, due to the high statistical quality of the data. 

From the decay properties of the strong y-transitions, the half-life 

was deduced to be 22.6 + 0.7 min, in good agreement with the values 

given by Vandlik, et al.
23) 

and Nuclear Data Sheets.
119) 

The 

relative intensities of the 
193gTl 

 y-rays were also measured in these 

three experiments. The results of these measurements are given in 

Figure 4-16 with the final y-ray energy values also determined from 

the singles data collected during these experiments. 



Measurement(s) 	Collection Times 
and Data 	and Counting 
Acquisition 	Times 
System Used  

Run Number Reaction(s) and 
Projectile Energy 

Number of 
Coincidence 
Events 
Collected 

Detectors Used 
and Their Energy 

Rangesa 

193-lb  
y-ray singles 
multiscaling 
using the 
Canberra 8100 

45 minute 
collections 
(and decays) 
from 193pb 
experiment; 
counted as 10 
sequential 400-
sec spectra 

Nat. W(160,4xn) 195Pb 
10% Ge(Li) 

193pb 	19-1T1 	40-2100 keV  
125.3 MeV 	

(4096 channels) 

Table 4-8. Details of 
193

T1 Experiments 

193-2 

193-3 c  

17% Ge(Li) 
`1,30-2700 keV and 
off-line Si(Li) 
electron 
detector 
r00-1200 keV 
(both 4096 
channels) 

Ce and y-ray 
singles multi-
scaling and 
e-y-t 
coincidences 
using the 
off-line 
Tennecomp 
TP-5000 system 

y-ray singles 
multiscaling 
and y-y-t 
coincidences 
using the off-
line Tennecomp 
TP-5000 system 

(1) 45 minute 
collections; 
counted as 15 
sequential 3-
min spectra 
(2) e-y-t 
collected for 
20 hours 

(1) 40 minute 
collections; 
counted as 10 
sequential 4-
min spectra 
(2) y-y-t 
collected for 
3 hours 

5 x 106 

4 x 10
5 

Nat. Re( 160,pxn) 193Pb 17% Ge(Li) 
193pb 193T1 	'%30-2700 keV and 
128.9 MeV 	 18% Ge(Li) 

%25-1600 keV 
(both 4096 
channels) 

Nat. W(
160,xn) 193Pb 

193pb 	193T1 
and Nat. W( 160,pxn) 
193T1 
142.9 MeV 



Number of 
Coincidence 
Events 
Collected 

Detectors Used 
and Their Energy 

Rangesa 

Run Number Reaction(s) and 
Projectile Energy 

Measurement(s) 	Collection Times 
and Data 	and Counting 
Acquisition 	Times 
System Used 

193-4 

193-5b 

193-6b 

193-7 

2.7 x 106 

4 x 10§ 

2 x 106 

Ce and y-ray 
singles multi-
scaling using 
the off-line 
Tennecomp 
TP-5000 system 

y-y-t 
coincidences 
using the 
SEL-840A system 

y-y-t coin-
cidences using 
the on-line 
Tennecomp 
TP-5000 system 

y-ray singles 
multiscaling 
and y-y-t 
coincidences 
using the off-
line Tennecomp 
TP-5000 
system 

60 minute 
collections; 
counted as 15 
sequential 4-
min spectra 

y-y-t collected 
for about 5 
hours 

y-y-t collected 
for about 15 
hours 

(1) 45 minute 
collections; 
counted as 15 
sequential 3-
min spectra 
(2) y-y-t 
collected for 
6 hours 

16% Ge(Li) and 
off-line Si(Li) 
electron 
detector both 
%30-1700 keV 
(4096 channels) 

16% Ge(Li) and 
10% Ge(Li) both 
q,40-2500 keV 

2 16% Ge(Li) 
detectors both 
"35-2650 keV 

17% Ge(Li) 
u30-2700 keV and 
18% Ge(Li) 
%25-1600 keV (both 
4096 channels) 

Nat.W(160,pxn) 193T1 
and 

Nat.Re(160,pxn) 193Pb 
193pb 193T1 
both run at 143.0 
MeV 

Nat.W(
16

0,xn)
193

Pb 
193pb 	193T1 
125.3 MeV 

Nat.W( 160 xn) 193Pb 
193pb 10T1 

113.0 MeV 

Nat.W( 160 xn)
193

Pb 
193pb lbT1 

and 
Nat.W( 160,pxn) 193T1 
142.9 MeV 

Table 4-8. Details of 
193

T1 Experiments 



193m-3b Nat.Re( 160 pxn)
193

Pb 16% Ge(Li) and 
193pb 	193,11 	on-line Si(Li) 
141.3 MeV electron 

detector (2.5 keV 
FWHM) both 
'00-1500 keV (4096 
channels) 

Table 4-8. Details of 
193

T1 Experiments 

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used 
and Their Energy 

Rangesa  

Measurement(s) 	Collection Times 
and Data 	and Counting 
Acquisition 	Times 
System Used  

Number of 
Coincidence 
Events 
Collected 

17% Ge(Li) d 

'00-2650 keV 
(8192 channels) 
and 16% Ge(Li) 
'‘,25-1750 keV 

16% Ge(Li) and 
on-line Si(Li) 
electron 
detector (5.5 
keV FWHM) both 
30-1500 keV 
(4096 channels)  

y-ray singles 
multiscaling 
and y-y-t 
coincidences 
using the on-
line Tennecomp 
TP-5000 system 

Ce-  and y-ray 
singles multi-
scaling and 
e-y . t 
coincidences 
using the on-
line Tennecomp 
TP-5000 system 

Ce and y-ray 
singles multi-
scaling and 
e-y-t 
coincidences 
using the on-
line Tennecomp 
TP-5000 system 

(1) 2 minute 
collections; 
counted as 12 
sequential 10-
sec spectra 
(2) y-y-t 
collected for 
6.4 hours 

(1) 5 minute 
rniipntiong; 
counted as 10 
sequential 
30-sec spectra 
(2)' e-y-t 
collected for 
about 12 hours 

(1) 5 minute 
collections; 
counted as 10 
sequential 
30-sec spectra 
(2) e-y-t 
collected for 
4.6 hours  

6.5 x 106  

8 x 105 

2.4 x 106 

	

193m-1 
	186

W(
14

N,7n) 193Tl 
130.8 MeV 

	

193m-2b 
	

Nat.W( 160,xn) 193Pb 
1 93pb 	193T1 
113.0 MeV 



Table 4-8 (Continued) 

a
All coincidence measurements made on one of the Tennecomp TP-5000 systems had data 
collected with 8192 channels each for the two events the TAC; the data were similarly 
collected on the SEL 840A system with 9500 channels each for the three parameters. 

bThe primary nucleus under study was 193Pb. 

c Chemically-separated sources were used. 

dThe Cu + Cd absorber was used on this detector for about one-half of the experimental 
data collection. 
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Runs 193-2 and 193-4 studied conversion electrons from 

transitions in 
193Hg due to the decay of 

193g
Tl. By summing the 

individual multiscaled spectra to achieve the best possible statistics 

and using the conversion coefficients for pure E2 and Ml transitions 

(from Plajner et al.
120,121)

) in the 193Hg decays, a normalization 

factor was obtained for the y-rays and conversion electrons. The K-

(and several L- and M-) conversion coefficients were deduced for 

previously unknown transitions in the decay of 
193g

T1. Figure 4-16 

shows the results of a comparison of the conversion coefficients with 

theoretical ones from Hager and Seltzer
113) 

in the form of multi-

polarity assignments of the transitions. 

Four experiments were used to obtain the y-y-t coincidence data 

from the 193p  decay, Runs 193-3 and 193-5 through 193-7. The most 

useful coincidence data were those from e-y-t measurements taken in 

Run 193-2. The coincidence relationships derived from these five 

experiments are shown in Figure 4-16 for all assigned transitions. 

The 
193gT1 

 decay scheme (mixed with decays from 193mTl), shown 

in Figure 4-16, was constructed, as for the other odd-Hg isotopes, 

using the coincidence relationships derived above and energy sums and 

differences. A much less detailed scheme proposed by Vandlik et al.
23) 

and systematic considerations were used as starting points. We have high 

confidence in this result because of our ability to determine essentially 

all levels by coincidence measurements. Branching percentages and log 

ft values for some of the levels in 
193Hg are also shown in Figure 4-16. 

(See Chapter V for a detailed discussion of some of the more interesting 
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transitions from this nucleus as they compare with the transitions 

from the neighboring odd-Hg isotopes.) 

Decay of 193mT1  

In addition to the large amount of work done on the 22.6 min 

ground state decay of 
193

T1, an additional experiment, Run 193m-1, was done 

emphasizing the 2.2 min 9/2 isomer, which is predicted from 

systematics to be < 18% e/EC and > 82% isomeric transition (IT) in this 

nucleus(see Chapter V). (Detailed 
193mTl 

 experimental measurements 

are given in Table 4-8.) In this experiment, y-ray emissions were 

studied by singles spectral multiscaling and y-y-t list data taken 

simultaneously. Thelalf-life for the 
193mTl 

 obtained from the singles 

multiscaling data is 2.20 + 0.15 min, and is in good agreement with 

previous reports.
118) 

Approximately one-half of the y-y-t list data 

were collected with the Cd + Cu absorber, and thus a good indication of 

the peaks due to summing effects was obtained by comparing the two halves 

of the total projected coincidences derived from these data. The results 

of the coincidence analysis of the y-y-t data is presented in Figure 4-17 

as part of the total decay scheme for the 
193m

T1. 

Conversion electron data were taken as singles multiscaling and 

e-y-t data in conjunction with two 
193

Pb decay experiments, Runs 193m-2 

and 193m-3. The total sums of the multiscaled data for the conversion 

electron and y-ray singles from Run 193m-3 were used (because of their 

superior quality and better electron resolution) along with the normali- 

zation between the two spectra obtained from known lines in the 
193

Hg 
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decay (which is present as a contaminating species), to deduce conversion 

coefficients for the unknown lines attributed to the decay of 
193m

Tl. 

These results were compared to the theoretical values
113) 

to yield the 

multipolarities of the transitions cited in Figure 4-17. The e-y-t 

coincidence data collected in Run 193m-3 were employed solely to provide 

coincidence relationships between highly converted low energy transitions 

in the conversion electron spectrum and medium- to high-energy transitions 

in the y-ray spectrum. The results of both coincidence analyses along 

with energies, relative intensities, and multipolarities are shown in 

Figure 4-17. 

The decay scheme of 
193mTl 

 shown in Figure 4-17 was constructed 

using the above data and most of the levels have been established from 

coincidences. Systematic trends allowed the assignments for the ground 

state (3/2-) and the state at 208 keV (7/2) to be made. This, coupled 

with the information from the 
193

T1 ground state decay, became and 

basis for the 
193mTl 

 decay scheme. More will be said about the 

transitions from this decay in Chapter V, concerning specifically the 

transitions feeding the ground state through the 208 keV level. 

Decay of 
197g

T1  

The y-ray emissions from mass-separated A = 197 sources were 

studied in several experiments as detailed in Table 4-9. The information 

relating to measurement of singles rates came from Runs 197-1 and 197-2. 

In both of these experiments, spectral multiscaling was used to determine 

half-lives for the A = 197 y-rays, in order to identify those with the 

7  



Number of 
Coincidence 
Events 
Collected 

Measurement(s) 	Collection Times 
and Data 	and Counting 
Acquisition 	Times 
Systems Used 	  

Run Number Reaction(s) and 
Projectile Energy 

Detectors Used 
and Their Energy 

Rangesa 

197-1b y-ray singles 
multiscaling 
using the 
TN-17 00 

1 hour collections; 
counted as one 
source as 8 
sequential 15- 
min spectrac 

Nat.Re( _1 0 pxn) 197Pb 11% Ge(Li) 
197Pb 1°T1 	'00-3200 keV 
141.3 MeV 	 (8192 channels) 

9 x 105  y-ray singles 
multiscaling 
using the TN-
1700 and 
y-y-t 
coincidences 
using the SEL 
840A system 

(1) 1 hour 
collections c ; 
counted as one 
source as 8 
sequential 1-hr 
spectra 
(2)y-y-t 
collected for 
8 hours 

197-2b 	Nat.W(160 xn) 197Pb 	16% Ge(Li) d  
197pb 	197T1 	'1,40-2700 keV and 
142.9 MeV and 	10% Ge(Li) 
Nat.Re(160,pxn) 197Pb '‘)25-2000 keV 
197pb 	197T1 

128.9 MeV 

197-3 e  
5 5 x 10; (1) 1 hour 

collections; 
counted as 20 
sequential 3-
min spectra 
(2) e-y-t 
collected'for 
about 4 hours 

Ce and y-ray 
singles multi-
scaling and 
e-y-t 
coincidences 
using the off-
line Tennecomp 
TP-5000 system 

Nat.Re( 160,pxn)
197

Pb 17% Ge(Li) 
197pb  +1971.1 	'00-2700 keV and 
128.9 MeV 	 off-line Si(Li) 

electron 
detector 
'00-1200 keV 
(both 4096 
channels) 

Table 4-9. Details of 
197

T1 Experiments 



Table 4-9 (Continued) 

aAll coincidence measurements made on one of the Tennecomp TP-5000 systems had data collected: 
with 8192 channels each for the two events and the TAC; the data were similarly collected 
on the SEL 840A system with 9500 channels each for the three parameters. 

bChemically-separated sources were used. 

cCollection times were optimized for the study of 197
Pb decay. These 

197
Pb sources were all 

put together and chemically-separated to give a source of 197T1. 

dSingles measurements were done as 8192 channels. The Cu + Cd absorber was used on this 
detector throughout the experiment. 

eThe primary nucleus under study was 197Pb. 
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decay of 
197g

T1. The best information concerning the 
197gT1 

 half-life 

came from Run 197-2, due to the fact that there were no contaminations 

fron 
197

Pb and 
197

Hg and that the long collection times allowed the 

197gT1 decay to be studied for about three half-life periods. The half-

life so determined, 2.83 + 0.15 hours, is in good agreement with the 

values previously reported.
25,122) 

Conversion electrons were detected during a separate experiment, 

Run 197-3 (see Table 4-9), done in conjunction with the study of the 

decay of the 
197

Pb. Using the conversion coefficients for strong 

previously known electron lines in the 
197

Tl decay,
25) 

an internal 

normalization factor was obtained, and the K- (plus some L- and M-) 

conversion coefficients for the 
197gTl 

 transitions were deduced. The 

results of a comparison of the conversion coefficients with the 

theoretical values of Hager and Seltzer
113) are reported in Figure 4-18 

as multipolarities deduced for the transitions. 

Coincidence data on the y-rays from 197gT1  decay were also 

obtained in Runs 197-1 and 197-2. In addition, e-y-t data were 

collected in the off-line conversion electron arrangement simultaneously 

with conversion electron singles data in Run 197-3. The results of the 

analysis of the coincidence relationships, together with energies, 

relative intensities, and multipolarities for the transitions in 

the decay of 
1972 -T1 and log ft values for the levels in 197Hg are 

given in Figure 4-18. 

The decay scheme of 
197g

T1, shown in Figure 4-18, was constructed 

in the usual manner, described above, using coincidence relationships 

and energy sums and differences. Most of the levels have been placed by 
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Figure 4-18. The Decay Scheme for 
197g

T1. Transitions seen in 
coincidence with others below it are indicated with dots on the tip 
of the arrow; those in coincidence with transitions above have dots 
on the tail of the arrow. Transition energies and multipolarities and 
gamma-ray intensities are given. Branching ratios and log ft values 
are also shown for some of the levels. Dashed lines indicate questionable 
levels or transitions. Gamma-rays placed more than once are denoted 
by 	. 



coincidence data and checked by an intensity balance of the y-rays 

proposed to populate and depopulate each level. This work is mostly 

confirmatory, with the results of previous studies25 ' 42)  being quite 

similar to these results. More will be said about the detailed level 

structure in the discussions from Chapter V. 

122 
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CHAPTER V 

INTERPRETATION OF EXPERIMENTAL RESULTS AND SYSTEMATICS 
OF LEVELS IN ODD-A HG ISOTOPES 

Population of Levels in Odd•A Hg Isotopes from Ti  
Isomeric and Ground-State Decays  

The Nilsson diagram of single-particle proton states in the range 

of Z = 50 to 82 is illustrated in Figure 5-1, in which the approximate 

deformation (6 q,  = -0.15, oblate) is shown for odd-A isotopes of Tl. 

As seen in this diagram, the single-particle states s
1/2' 

d
3/2' 

h
11/2' 

d 5/2 , and g 7/2  are expected to be present in the (near spherical) odd 

proton (Z = 81) Ti isotopes. (At higher deformations the h
9/2 state is 

also expected to intrude into the Ti level, configuration from above the 

Z = 82 closed shell. 122) 
Figure 5-2 shows the energy relationships among 

the low-lying states (s 1/2 , d 3/2 , d 5/2 , and h9/2) in the odd-mass Ti 

isotopes. 110,111,119,122,124,128)  These isotopes all have s1/2  

ground states and h
9/2 

isomeric states. The h9/2 level drops noticeably 

relative to the 1/2+ , 3/2+, and 5/2+  states in going from 201T1  

to 
189

T1. This is the h 9/2 
shell model state from above the Z = 82 

shell closure. In the heavier Ti nuclei, (A > 197), the h 9/2 
isomer 

deexcites only by an E3 isomeric transition; thus, only the 1/2 + ground 

state in these nuclei populates levels in Hg through 13 +/EC decay. In 

195T1, however, (3
+
/EC decay from the isomer is expected to begin 

competing with the E3 isomeric transition. This (3
+ 
 /EC branching is 

predicted by our decay data to be no greater than 1%, however. In 
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Figure 5-1. Nilsson Diagram for Odd-Proton States, 50 < Z < 82. 
The line at c = -0.15 shows the approximate deformation for the 
189-197T1 isotopes. 
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193
Tl, significant 8 /EC decay from the isomer is seen and is estimated 

to be < 18% a+/EC decay from systematics. Finally, in the 189'191T1  

decays, no indication of more than one half-life for each nucleus has 

been observed. This result, coupled with the fact that the ground 

state is not observed via in-beam y-ray spectroscopy with heavy 

ions,
124) 

leads us to the conclusion that the 1.42-min and 5.35-min 

half-lives for 189Tl and 
191

Tl, respectively, must be due to decay from 

the 9/2 isomers. The systematic trends illustrated in Figure 5-2 show 

how this conclusion can be explained. The 3/2
+ 

state is energetically 

stable relative to the ground state throughout these Tl nuclei. At 

191
T1, the 9/2 state drops be1oW the 3/2

+ 
state, removing the pathway 

for the E3 isomer. The 9/2 + 1/2+  M4 transition might lead to y 

deexcitation to the ground state, but this is not observed to compete 

with direct B
+
/EC from the h

9/2 
level. Therefore, since heavy-ion 

reactions tend to populate high-spin states preferentially, the levels 

in 
189

'
191

Hg are expected to be fed mostly through the decay from the 

9/2 isomer in 189, 	Tl. (See Figure 5-3 for a skeletal view of the 

decay patterns observed and expected in the A = 191 decay chain.) 

Isomeric and Ground-State Relationships Among Odd-A Mercury Isotopes  

The odd-neutron Nilsson diagram in the region of N = 82 is shown 

in Figure 5-4, where the approximate deformation (c ti B = -0.15, oblate) 

is illustrated for odd-N Hg isotopes. From this diagram, the single-

particle states p 1/2 , f5/2 , p 3/2 , and il3/2  are expected in the odd-N 

Hg isotopes (N = 109 - 117). The relationships among the low-spin 

ground states and high-spin isomers in the odd-mass Hg isotopes are 

depicted in Figure 5-5. The figure shows the predominant states 
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Figure 5-3. Skeletal Decay Chain for A = 191. 



Figure 5-4. Nilsson Diagram for Odd-Neutron States, 82 < N < 126. 
The line at 6 = -0.14 shows the approximate deformation for the 
189-197 Hg isotopes. 
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present (p 1/2 , p3/2 , and i13/2) and their relative energies in these Hg 

nuclei. The heavier Hg isotopes (A > 195) 
have'1/2 

 ground states, 

while those of 
193 

 Hg and lower have p
3/2 

ground states. The 3/2 state 

drops relative to the 1/2 state with decreasing N and crosses at 193Hg. 

The 5/2 and 13/2+  states also drop relative to the 1/2 state with 

decreasing N as indicated in Figure 5-5. The half-lives for the two 

isomers 189mHg and 191mHg  have been measured at UNISOR in the study of 

the decay 
189,191Hg 
	

189,191
Au,

111,118)
but the positions of the 13/2 

 

isomers relative to their respective ground states are not known. This 

is due to the very small branching ratio seen in the M4 isomeric transition 

in those nuclei, the isomer only having been observed to deexcite by 8
+
/EC 

decay. The positions of the 13/2
+ 

isomeres in 
189,191Hg 

 in Figure 5-5 

have been estimated using the systematic trends illustrated in Figure 5-6. 

This figure shows the remarkable stability of the 1_ 13/2  state relative to 

the p3/2  state and the rising of the f 5/2  state relative to both states 

as the neutron number decreases. These systematic trends also permit an 

189,191
Hg. estimation of upper limits for the M4(IT)/8-branching ratios in 

The estimated < 0.2% M4 in 191Hg and estimated < 8 x 10 -3 % M4 in 189Hg 

indicate essentially 100% 8+  /EC from the isomeric states. 

Systematic Trends and Band Structures in the  
Odd-Mass Hg Isotopes  

The Negative Parity States  

Systematic trends for the low-lying levels in the odd-Hg isotopes, 

189,191Hg, are shown in Figure 5-7. The p1/2 , p3/2 , f 5/2 , and ii3/2 

 states examined earlier (Figures 5-5 and 5-6) are shown for references. 

Note that isotopes 
201-205Hg  are not included in these systematics, 
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because existing experimental information
126-130)

does not provide complete 

and consistent level structures. 	The most interesting feature that we 

have found in these level systematics is evidence for a possible deformed 

rotational band in 
189

Hg. The anomalously large number of levels between 

400 and 500 keV in 
189

Hg (see Figure 5-7) compared to 
191-197Hg 

 is an 

Indication of additional nuclear degrees of freedom coming into play, 

such as a series of deformed states. The predicted deformed band 

(compared to the p 3/2  and f512  bands) in 189Hg is shown in Figure 5-8. 

A reasonably strong •84.6 keV transition feeding the 476.5 keV level 

is the most promising candidate as the first excited member of such 

a deformed band. If the rotational constant h 2/24- is taken to be 

qd4.0 keV (from the values found in the even-even Hg bands and 
187

Au), 

tbe spin of the 476.5 keV level is calculated to be 7/2 -  and the 284.6 

keV transition is predicted to be the 11/2 	7/2 transition in this 

hand. Looking at a Nilsson level diagram for N = 109 and the expected 

deformation, 0 '1+0.27 (prolate) (again from. the even-Hg nuclei and 

187 Au), the predicted band is 7/2 [5034-]. In addition, the transition 

from this 476.5 keV level to the 64.3 keV level (5/2 -) is a pure Ml 

transition. Our speculation for the existence of this deformed band 

is also confirmed by earlier experimental work at UNISOR and elsewhere 

on the lighter-mass Tl isotopes (the deformed bandhead energies have 

• and 186,188Hg, 132) been found to be at 375, 522, 825 keV in 
184

Hg
131) 

respectively, and are predicted to be at % 1284 keV for 190Hg and the 

ground state
133) 

and 	215 keV* in 
185,187

Hg,respectively). 

Preliminary UNISOR results indicate the deformed rotational band in 
187Hg has a bandhead energy between 160 and 180 keV. 
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These systematics indicate the deformed band in 189
Hg is expected at 

q,  595 keV, in reasonably good agreement with our 476.5 keV candidate. 

The observation of strong retardation of the 476.5 keV M1 via a life-

time measurement will confirm this interpretation. 

Several other matters also need emphasizing in our discussion 

of levels in 189-199Hg  nuclei. First, (d,t) single-nucleon transfer 

reaction experiments 41) 
have been made on 197Hg, and (d,p) and (d,t) 

on 
199

Hg. These experiments indicate that the strengths of the p 1/2 , 

p 3/2 , and f5/2  single-particle orbitals are concentrated in the first 

five excited states of these nuclei, and that some fragmentation of 

their single-particle character among these low-lying levels is present 

(presumably due to mixing with collective degrees of freedom). 

Second our work provides evidence for band structures based on 

the p3/2 , f5/2 , and p1/2  states in 
189-199Hg 

 (as illustrated in Figures 

5-9 through 5-11). The 3/2, 7/2, and 5/?„ structure seen in the p 3/2 

 band have been located in the present work for the 
189-195Hg 

 nuclei, 

with the 7/2 -9- 3/2 transition intensity reflecting the approximate 

amount of high-spin B
+ 
 /EC feeding•present from the high-spin isomers in 

the parent nuclei. The 195Hg band members are hard to place, because 

they are populated only weakly through the small B
+
/EC branch from 

195mii  decay. The odd-mass Hg nuclei of A = 197 and above do not show 

this structure, because these states have spins too high to be populated 

through decay of the 1/2 4-  ground states of the Ti parents. This p3/2 

 band structure is indicative of a decoupled band pattern which points to 

the presence of rotational character in these nuclei. Bands built on 

the p1/2  and f
5/2 

states do not, however, seem to show any recognizable 

r  
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structure which supports a rotational character. 

A final item concerns the systematics of one particular level 

above those shown in Figure 5-7. This level is shown in Figure 5-12 

for 
193-197Hg, 

 where the decay pattern from a proposed 1/2-  high-energy 

level is depicted. Many transitions with significant strength depopulate 

this level, but a high intensity M1 + E2 transition from this level to 

the first 3/2 level dominates the picture. Furthermore, the most 

interesting feature by far is the fact that this level deexcites by a 

strong E0 transition to the 1/2 -  (p1/2) state in the 193-197Hg  nuclei. 

No explanation has yet been found for these strongly populated l/2 -

levels connected by large EO matrix elements to the low-lying p 1/2  

states, and no such EC transitions are known in the corresponding even-

.Hg isotopes. This unique structure was not found in the 
189

'
191

Tl decays, 

because no low-spin decay is present to populate a 1/2 state. 

As mentioned in Chapter II, several particle (or quasiparticle)- 

phonon coupling models have been invoked in attempts to describe low-

lying states in odd-Hg nuclei. Comparisons of the present data with 

193 	16,17) 19512
'
13

'
15-17) 

predictions from these models for 	Hg, 	 Hg, 	 and 

197Hg12,13.15-17) are shown in Figures 5-13 through 5-15, respectively. 

As can be seen from these figures, the level density is approximately 

reproduced, but the energy fit and ordering of the levels is relatively 

poor. Thus, despite the complex many-parameter models in use, none seem 

to be useful in predicting the level structure for the odd-mass Hg 

transitional nuclei. No theoretical calculations are available so far 

for 189 ' 191Hg. 
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The Positive Parity States and the i 13/2  Band 

Current experimental information on the positive parity states 

in the odd-Hg isotopes (A = 189-197) is depicted in Figure 5-16. Most 

of the results presented come from the in-beam work done at „Mach
28) 

on 191,193Hg,  at Berkeley
37) 

on 
195,197Hg, 

 and at Rossendorf 42)  on 197  Hg. 

The yrast states that are populated in these in-beam experiments show 

decoupled band behavior (see Figure 2-3 for an explanation) consistent 

with predictions of the rotation-aligned coupling model 18
'
74) 

for hole 

states built on oblate cores. Figure 5-17 shows a comparison of this 

yrast positive parity structure for the Hg isotopes (A = 190-195), 

illustrating the decoupled nature of the odd-Hg isotopes.
28) 

In 

addition, the recent work of Khoo et al.
134) 

on the 113/2  band in 

191
Pt (isotonic to 

193
Hg) has shown that the odd-mass Pt isotopes most 

likely have triaxial shapes. Their ddtailed -decay and in-beam work 

investigated the non-yrast, as well as yrast states in 
191

Pt. The 

non-yrast levels provided the crucial test of triaxiality, and are shown 

to give excellent agreement with the results of the triaxial rotor 

mode1. 8 ' 9)  The odd-Hg isotopes have also been thought by Khoo et al.
134) 

and by us
48) 

to be triaxial, due to the triaxial nature of the even-Hg 

cores (see Chapter II) and the decoupled pattern of the yrast members 

of the i13/2 
band. This success for 

191
Pt has heightened our search 

for the odd-Hg non-yrast states. As can be seen in Figure 5-16, our 

results so far are extremely limited, and no definite conclusion can be 

given as to the exact structure followed by the odd-Hg nuclei. However, 
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comparison of the known experimental levels in Figure 5-18 with the 

triaxial rotor model,
9) 

the triaxial rotor model including VMI,
19) 

and the rotation-alignment model
9) 

exhibits very impressive agreement 

with the two triaxial rotor models including their predictions of the 

two known non-yrast levels. This seems to lend additional credence to 

the prediction of triaxial shapes for the odd-mass Hg isotopes, although 

no final conclusion can yet be drawn. Another possible explanation of 

these bands is provided by the calculations of Baker and Goss
135) 

(made 

specifically for 
187

Ir), which indicate the importance of 8
4 

(hexadecapole) 

(in addition to the well-known 8 2-quadrupole) deformations in this region. 

At present there are no calculations available for other nuclei in this 

region that incorporate 84  deforinations. It should be noted that 
187

Ir 

lies near to the axially symmetric prolate limit of the triaxially 

deformed region centered near 
195  Hg. 136)  A third alternative is the 

Alaga-Paar model
137) 

which couples the 
113/2 

hole with phonon vibrational 

modes. It remains to be seen whether either of the latter two 

proposals can provide comparably good agreement with experimental results. 
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CHAPTER VI 

CONCLUSIONS AND PROPOSED FUTURE EXPERIMENTAL WORK 

Several observations concerning the results and interpretation 

of the work done for this dissertation can be drawn from the results 

discussed above. The relative population of levels in the odd-Hg nuclei 

changes as the nuclei become more neutron deficient, with the ratio of 

Of/EC decay branches from the isomeric and ground states of the 

respective 189-197Tl  parents being essentially 100/0, 100/0,18/82, 

1/99, and 0/100. Low-lying negative parity states in the odd-Hg 

isotopes are too complex to systematize well, but decoupled band 

Hg, 0 structure is indicated in 189-195  , built on the p3/2  state, that 

points to the existence of possible rotational character in these nuclei. 

A study of 191Pt, a nucleus isotonic to 193Hg, gives a strong 

indication of the presence of triaxiality in this region. An alternative 

work by Baker and Goss
135) 

suggests that the nuclei in this region 

can be explained as axially symmetric with hexadecapole 04-deformation), 

in addition to the normal quadrupole 0 2-deformation) degrees of 

freedom. However, this argument has, so far, only been applied to 

187
Ir, a nearly axially symmetric nucleus, and therefore this question 

remains open. 

In addition to the 191Pt results, the even-Hg cores have low-

lying 2 2  and 31  states separated by approximately the 2+ 0
+ energy 



150 

spacing (see Figure 2-2) which is also indicative of the pattern 

exhibited by triaxial nuclei. 58 ' 59)  Finally, we have indicated the 

excellent comparison of the present work and the in-beam results of 

Lieder et al.
28) 

with the triaxial rotor model calculations of Meyer 

ter Vehn9) and Toki. 19) However, a conclusive piece of evidence 

necessary to show that triaxiality is present in odd-Hg isotopes 

would be placement of the non-yrast 
i13/2 

band members. However, these 

have not yet been identified. Rotational character is certainly 

indicated in some form by the unique parity high-spin i 13/2  states in 

this region. It remains an open question, however, whether an 

alternative model,
137) 

based on coupling the 113/2  hole with 

vibrational modes, can provide comparably good agreement with the 

experimental data presented here and reported in the literature for 

191Pt. 

In spite of a relatively complex formalism, present vibrational 

models (for low-spin states) do not perform well when compared to our 

experimental results. Part of this may be due to the rotational 

character possibly exhibited by both the positive and negative parity 

states of the odd-Hg nuclei. A more physically realistic interpretation 

of this region might include both rotational and vibrational degrees 

of freedom and the mixing between these modes of excitation. Such a 

picture has been proposed by Arima and Iachello 79 ' 80) in their 

interacting boson model, as a solution to the failing of vibrational 

models in general. Recently, extensive work on even-even nuclei
79) 

 



151 

has been reported by these authors, but it remains to be seen whether 

this model will provide an explanation of odd-mass nuclei in this 

region. 

An extremely interesting feature suggested by the systematic 

trends observed in these odd-mass Hg levels is the possible presence of 

shape coexistence in 
189

Hg. This phenomena has been found in 

184,186,188
Hg

131,132) 	 185 187 	133) 
and predicted in 	' 	Hg. 	A possible 

deformed band having three observed members exists in 189Hg with a 

bandhead energy of 476.5 keV above the ground state and a predicted 

spin-parity assignment of 7/2. This assignment is consistent with a 

7/2- D03n Nilsson state at the predicted deformation of fi ti +0.27 

(prolate) for 109 neutrons. In order to prove or disprove the 

existence of this deformed band, a lifetime measurement will have to be 

made to see if transitions depopulating levels in the "deformed" band 

have life"times expected to be in the psec to psec range implying that 

the transition probabilities are strongly retarded due to the change in 

nuclear deformation. 

Another interesting feature found in the present work is the 

observation of a relatively intense EO transition depopulating a very 

strongly fed, relatively high-lying level which feeds the p 1/2  single-

particle level in 193,195,197Hg.  The EO transitions increase in 

energy as one goes more neutron deficient. No EO transitions have 

been observed in the neighboring even-Hg nuclei. The interpretation 

of these levels, thus, is intriguing and uncertain. 
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As a final result of the present work, an extremely good set of 

experimental data now exists for the odd-mass Hg isotopes, A = 189-197. 

The remaining task clearly lies in the realm of theoretical calculations 

with models such as those outlined above. 

In addition to the suggested theoretical exploration as a result 

of the present work, future experimental investigations are also 

indicated. The most urgent tasks should be lifetime measurements in 

189T1 decay (and possibly 191Tl decay), to confirm the presence of shape 

coexistence in the Hg daughters,and a more thorough search for the i
13/2 

non-yrast states. Also, band structure built on the p3/2 , p1/2 , and 

f5/2  single-particle states should be further investigated. In this 

respect, studies of the decays from the ground states of 189,191T1  

might prove helpful, as well as a more detailed study of the decay of 

the 195mT1  isomer. In order to populate the ground states of 189,19111,  

•
it will be necessary to enter the mass chains at 189, 191 189

(see Figure 

5-3). The ground state-isomer situation in 
189, 	

Pb seems to be 

analogous to that in 
189,191Hg  in that the isomeric and ground states both 

decay by essentially 100% e/EC. Therefore, as is found in these Ti 

nuclei, heavy-ion reactions will populate preferentially the Pb 13/2
+ 

isomer, which will predominately feed high-spin levels in Tl. However, 

entering these chains at Bi will give e/EC decay from the 9/2 ground 

state populating both low- and high-spin states in Pb (similar to the 

situation found in odd-T1 to odd-Hg decay). Thus the 3/2 ground 

state of Pb will be significantly populated, and this in turn will 
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decay to the 1/2
+ 

ground state in 189,191T1.  The rb 1%
+
/EC branch 

in the decay of the 3.6 sec 
195 11 9/2 isomer can be studied through 

short (4-10 sec) on-line collections of directly produced (Heavy 

Ion,xn) 
195

T1 sources, in order to optimize the 195mTl  production 

over that of the 1.1 hour ground state. In addition, much more 

extensive in-beam studies of low- and high-spin states in the Hg 

nuclei, similar to those on 197Hg42) are needed before a more complete 

picture of these nuclei might emerge. Finally an extension of the 

systematic trends both above 
199

Hg and below 
189

Hg is required. Better 

radioactive decay, in-beam, and single-particle transfer reaction 

data will be necessary to add 201•205Hg  to the systematics. Extension 

of our decay work to the decay of more neutron-deficient nuclei 

187-183
Tl 4-  187-183Hg  has already been started at UNISOR. 
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