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SYNOPSIS

Nuclei with magic number of protons and neutrons show spherical structures whereas
the nuclei with proton and neutron numbers near the mid-shell are mostly deformed.
The heaviest known magic numbers for proton and neutron are Z = 82 and N = 126,
respectively.2®*Pb with Z = 82 and N =1 26, is the heaviest stable doubly magic nucleus.
The TI, Pb, and Bi nuclei around this doubly magic 2°*Pb are mostly spherical. However,
this spherical symmetry is broken for the lighter isotopes of these nuclei when the neutron
Fermi level moves towards the mid-shell. The shape of a nucleus and the generation
of angular momenta in a nucleus depends sensitively on the single particle nucleonic
levels around the Fermi level. The high-j orbitals are specifically important, not only
for determining the shape of a nucleus near the ground state but also for the high spin
structure of a nucleus. The low (high) components of a high-j orbital come down in energy
very sharply for prolate (oblate) deformation. So, these orbitals have large shape driving
effect. Moreover, these orbitals experience larger Coriolis force for a rotating nucleus and
thereby becomes accessible at higher angular momenta which affects the high spin states
of a nucleus. On the other hand, if the high-j orbitals are available near the Fermi level
of a nucleus, higher spin states can be generated at a relatively lower excitation energy
where lower energy states have much smaller angular momenta. This gives rise to spin-gap

1somers.

For the nuclei in mass A=190 region with proton number near Z=82, the intruder mhyg
(9/2[505], 1/2[541]) and miy32 (13/27[606], 1/2% [660]) orbitals come down in energy
for both oblate and prolate nuclear deformations. Whereas, in the neutron sector,
the d13/2(1/27[660], 13/2%[606]) orbitals compete with ps/, (3/2[512], 1/2[521]) and f5/2
(5/2[503], 1/2[510]) for neutron occupation.

In the present thesis work, the motivation was the experimental investigation of the effect
and relative importance of these high-j proton and neutron orbitals on the high spin states
in the nuclei near proton magic number Z = 82. For this study, two systems were chosen,
195Bi and %T1 where proton Fermi level lies just above and below the Z=82 shell closure,

respectively. The high-spin states in these nuclei were studied by populating them via



heavy-ion fusion evaporation reaction and the de-excited gamma- rays were detected by

high-resolution clover HPGe detectors.

For Bismuth nuclei with Z=83, the proton Fermi level lies just above the Z = 82 shell
closure and near the high-j hg/, orbital. Because of the proximity of the spherical shell
closures at Z = 82 and N = 126, the heavier Bi isotopes with neutron number N > 114 are
spherical and the high spin states are mostly generated by single particle excitation [1,2].
However, rotational bands, indicating deformed shape, have been observed in 9%193Bi
isotopes with neutron number N < 112 [3,11]. This is apparently due to the involvement
of the high-j 413/2 neutron orbital which becomes available for neutron number N <
114. In the transitional nucleus *°Bi a rotational band based on 13/2T state (mitg)2
configuration) has been observed indicating the onset of deformation at N = 112 for
Bi isotopes. However, the information on the high spin states in this nucleus is very
limited as only 9 (with one tentative state) excited states were known prior to the present
work [5]. This also include a long-lived isomeric state having spin parity of 29/2(~) with
half-life of 750 ns at an excitation energy of about 2.4 MeV. A few transitions bypassing
this isomeric state were also known but the high spin states were known only up to less
than 3 MeV. Therefore, the effect of high-; unpaired neutron orbitals are not known
in this important transitional nucleus. In comparison to '%Bi, the information of high
spin states in neighouring odd-A Bi isotopes are very rich with the observation of several
band structures up to an excitation energy more than 5.5 MeV and 45/2 h of angular
momentum. Moreover, several long-lived isomeric states were also known in this nucleus
with half-lives ranging from 3 us to 85 us. Because of the presence of these high-j orbitals,
several isomeric states are known in this mass region. For example, 29/2~ state is a well-
known isomeric state in 1?7201 Bi isotopes with configuration 7he /2 @ v127. There is also
31/2~ known isomeric state in Bi isotope with configuration mi;3 /2 @ vy~ . There is also

31/2~ known isomeric state in Bi isotope with configuration mi;3 /2 @ vy

There have been several attempts to produce the high spin states in %Bi nucleus with
various heavy-ion fusion evaporation reactions using 60, F and ?°Ne projectiles on
various targets but the high spin states could not be populated beyond those limited
number of states as mentioned above, although the projectiles could be able to populate

angular momentum more than 40 A. It was, therefore, presumed that there may exists



a high-spin long lived isomer in *>Bi which prevented the observation of the higher spin

states.

In this thesis work, an experiment was designed to preferentially identify this possible high-
spin isomer and its decay. The reaction % Tm(*°Si,4n)!%Bi at a beam energy of 146 MeV
on the target was used to populate the high spin states of this nucleus. Prior to these 1*3Bi
was populated with 1%Tm(3°Si,6n)!9*Bi fusion evaporation reaction at beam energy of 168
MeV as a test case. Since the interest was to detect isomer, the decay v-rays were detected
at the focal plane of a Recoil separator. The experiment was, therefore, performed at the
Pelletron-Linac facility at Inter University Accelerator Centre (IUAC), New Delhi using
the HYbrid Recoil mass Analyzer (HYRA). The residues were separated from the large
background of fission fragments by HYRA and brought at the focal plane where they were
implanted on Si-pad detectors after passing through a Multi Wire Proportional Counter
(MWPC). The delayed 7-rays were detected using a clover HPGe detector. There was

another clover HPGe detector placed near the target chamber.

The time difference (AT) between the arrival of the residues, obtained from the MWPC,
and the detection of a y-ray in the clover detector was used to find the half-life of the
isomer. For this, a matrix between the energy of the y-rays, E, and AT was formed from
which the AT spectrum was projected, gated by various decay gamma-rays. The method
was tested from the observation of the known decay gamma- rays from a 3-us isomer in
193Bi and reproducing its half-life. The observation of the 457-keV prompt ~-ray of *°Bi
at the focal plane clover detector confirmed the presence of a new higher-spin isomer in
this nucleus with half-life longer or of the order of the transit time of *>Bi residues from
the target site to the focal plane. The time of flight of evaporation residue at HYRA
was measured to be 1.53(9) us. A half-life of 1.6(1)us was obtained for the new isomer
by fitting the AT spectrum gated by 457-keV 7-ray. This was confirmed from other
AT spectra gated by other transitions. Three new transitions were also observed in this
nucleus and the excitation energy and most likely spin- parity of the new isomer was also
established as 3336 keV and (31/27), respectively. From a systematic comparison of the
configuration and excitation energy of nearby high spin isomers in the neighbouring Bi
isotopes, the configuration of the new isomer has been assigned as mij3/2 ® v9~. The

Total Routhian Surface (TRS) calculations for this three quasi particle configuration of



the new high spin isomer suggest an oblate deformation. The same calculations for other
configurations in 'Bi and even-even '"Pb core indicated that the proton iy3, orbital

has large shape driving effect towards the oblate shape in these nuclei.

In the case of Thallium (T1) nuclei with Z = 81, rotational bands corresponding to oblate
deformation has been reported in '729TI isotopes [6-10] based on the proton in the
9/2[505] intuder orbital. The decoupled bands based on the mhg/, intruder orbital with
prolate deformation has been reported in the lighter isotopes of 87189T1 [6,11]. Also,
the neutron pair alignments of the oblate bands based on the 7hg/, configuration in
WLI9ST] [6,7] take place in viyg» orbital. As neutron number increases to 114, in case
of T1, the viy3/5 orbital closes up and nearby ps/, and f5/, orbitals open up for neutron
occupation. Therefore, T can be considered as a transitional nucleus in this respect.
Moreover, as the high-j orbitals exist near the proton and neutrons Fermi levels for
these nuclei and the proton particle angular momentum (j,) and neutron hole angular
momentum (j,) are mutually perpendicular, they satisfy the criteria for the emergence of
exotic high-spin phenomena, like magnetic rotation and nuclear chirality for near spherical
and triaxial deformed shapes. Some of these bands are reported for the odd-odd TI
isotopes in this mass region. However, the odd-A nuclei with N = 114 are not well
studied. The previous investigation of the high spin states in ***T1 was done by using the
97Au(a, 6n)'9TI fusion evaporation reaction and using only four Ge(Li) detectors [12].
Therefore, high-spin states could not be produced in that work and was therefore, limited
to below band crossing region of the mhg/»[505] band with no information on the neutron
pair alignment or other exotic high-spin phenomena. Therefore, in order to investigate
in detail about the high-spin states in '%°T1, it has to be populated by heavy-ion induced
reaction to generate higher spins and also using a more efficient gamma detector array to

observe the weakly populated states.

In order to investigate the high-spin states in '%T1 in this thesis work, an experiment
was performed at the TIFR-BARC pelletron facility at Mumbai, using heavy-ion induced
fusion evaporation reaction 8518 Re(13C, xn)!'%TI at 75 MeV of beam energy. The In-
dian National Gamma Array (INGA) consisted of 15 Compton-suppressed clover (HPGe)
detectors were used to detect the prompt gamma-rays. Data were taken with digital

data acquisition system, based on Pixie-16 modules. E,-E., matrix, E,-E,-E, cube were
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made for further analysis to build the level scheme from ~-ray coincidence and intensity
relations. For spin assignment of each level from the multipolarity of the de-exciting
gamma-rays, directional correlation ratio (RDCO) matrix was prepared with 157° detec-
tor data on one axis and 90° data on other axis for analysis. Similarly, for the parity
assignment from the type (E/M) of the y-rays, two integrated polarization asymmetry
(IPDCO) ratio matrices were made for perpendicular and parallel scattered events in the

crystals of the clover detectors.

In this work, the previously known level scheme of Tl has been extended considerably
with the placement of 57 new transitions. The ground state band based on mhyg/, orbital,
which was known up to 27/2~ state has been extended beyond first band crossing up
to 39/2 h spin and ~ 5.3 MeV of excitation energy. The three-quasi particle (qp)
s-band above band-crossing is accompanied by a very weak band structure with several
interconnecting transitions, which has been interpreted as a possible candidate of a gamma

band to the former.

With the added advantage of multi-polarity (RDCO) and polarization (IPDCO) measure-
ment using clover HPGe detectors, compared to earlier angular distribution measurement
only, the type and multipolarity of some the known transitions have been altered and
consequently, the spin-parity of the concerned levels are modified. Because of these mod-
ifications, the configuration of the three-qp band based on 15/2~ state has been modified
from 7whg; ® viigje, vj to wiizpe @ Vi, vj, where vj is y(p3/2, f5/2). It has been
observed for the first time that the higher energy part of this band above 33/2~ A spin
has been bifurcated into two bands. The stronger populated one is the continuation of
the 3-qp band after another neutron pair alignment attains 5-qp configuration. The other
weakly populated band is connected to the former through several interconnecting gamma
transitions. These two bands are quite degenerate to each other based on 5-qp i3/, ®
z/il_g?’/2(p3 /2f5/2) " configuration. The total Routhian surface calculation done for the above
stated configuration shows the presence of a triaxial minimum. These mutually orthog-
onal particle-hole angular momentum along with the core rotational angular momentum
forms a chiral geometry. Therefore, these two bands seems to be candidates of doubly

degenerate bands which needs to be confirmed through lifetime measurement.
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Apart from these, a few number of excited states have been identified in this nucleus
which do not show any regular pattern. These are interpreted as originated from the
single particle excitations in the ms; /2, mds/2, Ti13/2, etc., however, no rotational band has

been observed based on the 7i;3/, configuration in this nucleus.

In conclusion, the present knowledge on the high spin states in *>Bi and '*T1 have been
extended substantially in the present thesis work. The dilemma of non-observance of the
high-spin states in '’ Bi has been solved by identifying a new long-lived high-spin isomer
with a half-life of 1.6(1) us. An oblate deformation is suggested for this isomeric state.
The decay pattern of the isomer has also been identified. On the other hand, in Tl the
level scheme has been extended beyond band-crossing in the ground band and several new
band structures have been identified with the inclusion of 57 new gamma- transition. In
this thesis work, it has been observed that the 73/, level has more deformation driving
effect (towards oblate shape) for the Bismuth nucleus in which the Fermi level lies above
the Z = 82 shell closure, whereas no rotational band based on this configuration has been
observed in Thallium nucleus for which the Fermi level lies below the Z = 82 shell closure.
However, a rich variety of high-spin level structures have been observed in the ' T1 nucleus
unlike in 1% Bi in the low as well as higher excitation energies. This needs to be further
investigated whether it is due to the presence of isomer or because of more competition
of positive parity vii3/, and negative v(ps/2f5/2) orbitals for the neutron number N = 114

in 19T1 than for the neutron number N = 112 in °Bi nucleus.

The present thesis work also opens up the possibilities of further investigation on some
of the interesting aspects in the nuclei in this region. For example, the prediction of
oblate deformation of the highest spin isomer in *°Bi identified in this work, needs to
be confirmed by establishing the band structure above this isomer. On the other hand,
more works are needed (in particular, life-time measurements) to understand the nature
of the possible doubly-degenerate band-like structures in '%T1. Moreover, the absence of
rotational band based on 7hg /s orbital in 195Bj and the absence of rotational band based

on miy3; orbital in '%°T1 needs to be understood from theoretical approaches.
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Chapter 1

Introduction

At the end of the 19" century Henry Becquerel discovered radioactivity in uranium salt
using photographic plate, this led to a new branch of physics. Later on Marie Curie
and her husband Pierre Curie developed the theory of radioactivity and discovered two
new elements polonium (Z=84) and radium (Z=88). In order to explain atomic spectra
Ernest Rutherford in 1911 put forward the concept of nucleus which is positively charged
and contains the entire mass of the atom, started the field of nuclear physics. Later on
discovery of neutron and use of modern accelerator based research using various type
of detector systems kept on enriching our knowledge about the atomic nucleus. In the
last 100 years the parallel development of experimental techniques along with theoretical
advancement not only improved our knowledge about this subject but also invention of

various technologies became part of our day to day life.

Atomic nucleus is a many body complex system. Various nuclear structure model has
been developed over the years to successfully interpret various excited states of a nucleus.

The liquid drop model was successful in interpreting the binding energy per nucleons,



saturation of nuclear force etc. [1,2]. Later on the same model was used by to explain
newly discovered phenomenon like nuclear fission [3-5]. But this model was inadequate
to interpret the stability of magic (proton and neutron) number nuclei 2, 8, 20, 28, 50, 82
and 126. Later on spherical shell model was introduced with the nucleons under harmonic
oscillator potential along with strong spin orbit interaction term to interpret these magic
numbers by Haxel, Jensen, Suess [6] and Maria Goeppert-Mayer [7] independently. These
model also interprets excited states in nuclei, particularly single particle excitation in
magic nuclei or near shell closure (e.g., 2Bi(Z=83, N=126)). The odd proton occupies
hg/ state which makes the ground state spin and parity of **Bi is J™=9/2~ as seen in
Figure. (1.1). The excited odd proton occupies spherical single particle states f7/2, i13/2,
f5/2, and ps/, which is analogous to the observance of J™= 7/27, 13/2%, 5/27 and 3/2~

states by Lipoglavsek et al., [8].

However, far from closed shells i.e., for mass numbers A~25 150<A<190 (rare earth
nuclei) and A>220 (actinides) the spherical single particle model with an inert core could
not explain the large quadrupole moment and enhanced quadrupole transition probability
(BE2) values with pronounced rotational bands of I(I+1) characteristic (where I is the
angular momentum of the states), led to the development of deformed shell model [9-11].
In 1955 Nilsson [14] incorporated strong spin orbit term and flatness determining term to
the axially deformed harmonic oscillator potential [13] at the nuclear surface to generate

a realistic average potential.
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Figure 1.1: The level scheme of ?*Bi [8].

Later on various nuclear model had been proposed e.g., triaxial particle core model [5,
8,14], cranking model etc. [18,20,21,46] which were quite successful in interpreting the
ground state rotational band along with the similar bands based on - and ~- vibration

states in nuclei in different mass region [12,21, 22, 24].

Apart from this single particle and collecting nuclear phenomenon there has been various
isomeric states and other exotic modes of nuclear excitation like magnetic rotation, chiral

rotation etc. observed in various nuclei around proton magic number Z=82 [25, 35].

Nuclear isomers are metastable states with half-life T'; , > 10 ns. There are various reason
depending on detailed nuclear shell structure leads to such long lived nuclear states. Some

of these reasons are discussed below with the pictorial representation in Figure. (1.2).

Shape isomers: The secondary energy minimum at large deformation lies much above

the primary energy minimum of the ground state give rise to this type of isomers. This



isomer can de-excite to the ground state via - ray emission or undergo fission to two
lighter nuclei. The longest half-life of 14 ms fission isomer has been reported in ?*?Am at

an excitation energy of 2.2 MeV with major to minor axis ratio 2:1 [27].

P
50 © = 2 % & ? O é
2 15 s
w Spin trap
Shape Isomer K- trap
Shape elongation Spin projection Spin

Figure 1.2: The excitation energy as a function of various nuclear variables. The sec-
ondary energy minimum is responsible for different kinds of isomer (a) Shape isomers,
(b) K-traps, (c) Spin traps. In each case, various nuclear shape with respective angular

momentum (as arrows) shown above.

K- isomers: Usually axially symmetric deformed nucleus with large difference in K quan-
tum number (projection of angular momentum on the nuclear symmetry axis) de-excites
from excited state to the ground state via electromagnetic transition of multipolarity ()
following the selection rule A > A K. However violation of the above stated selection rule
leads to K trap isomers. In OHf there is an I=8, K=8 isomer at 1.1 MeV with half-life
of 5.5 hours [28]. It decays via 58 keV, A=1 transition to an I=8, K=0 state violating A

> A K selection rule.

Spin trap isomers: This is the common form of isomer, whose existence depends on the
difficulty in spin selection rules in accordance with the conservation of angular momentum.
The decay to the lower energy states requires large change in nuclear spin with high
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multipolarity(A) ~- ray emission or internal conversion. Some of the well known spin

isomers in various odd Bi isotopes in mass region A~187-201 have been tabulated below

in Table. 1.1.
Table 1.1: Some of the isomers observed in Bi isotopes
near A~190 region are tabulated below with their respec-
tive excitation energy, spin-parity and configurations.
Nucleus Ercver States Half-life Configuration References
keV J7 Ty
187B4 252 13/2* 3.2*76 Ti13/2 A. Hiirstel et al., [29]
189B; 357 13/27  880(50)ms Ti13/2 A. Hiirstel et al., [29]
191B; 430 13/27  562(10)ns Ti13/2 P. Nieminen et al., [30]
400(40)ns
193Bj 0 9/2- 67(3)s mhy 2 A. Herzéan et al., [31]
605 13/27  153(10)ns Ti13/2
2350 29/2% 85(3)us Thy /o @ V11~
2405 (29/27)  3.02(8)us mhy /o @ Vig+
195Bj 887 13/2% 32(2)ns Ti13/2 H. Pai et al., [32]
2195 23/2% 80(10)ns Thy e & v7-
(2396) 29/205) 750(50)ns  Thes @ vig+
197B; 1601 17/2t  16.2(17)ns  whgs ® vs- T. Chapuran et. al., [33]
2360+A  (29/27)  263(13) Thejs @ V-
2929 (31/27)  209(30) Thy o @ vo-
1966.7+ A (25/27) 18ns G.K. Mabala et al., [34]



Table 5.1: Continued...

Nucleus Ercvel States Half-life Configuration References
keV J7 Ti/2
2065 25/27F 37ns
197B; 2087.9 (25/21) 19ns G.K. Mabala et al., [34]
2357.4 53ns
199B4 1647.5 17/2* 34.1(24) mhys @ vs- W.F. Piel et al., [35]
1922.3 21/2+ < 50 hg /s ® v
1922+ A 25/2+  101(31) hoys ® vy-
2523+ A 29/2  168(13) Theja @ Vig+
201Bj 1746.4 17/2%  5.1(13) hoys ® vs- W.F. Piel et al., [35]
1932.2 21/2+ < 40 Thess @ vr-
19324+-A 25/2% 118(28) Thy s @ V-
1971+A  27/2F  105(75) Thoja @ V-
2740+ A 29/2- 124(4) Thes ® Vigt

Apart from these high spin isomers, magnetic rotational bands reported in both 1%4T1 and

97Bi [34, 36] along with several Pb isotopes in mass A~190 region [37].

Magnetic Rotation: In early 1990s, rotation like patterns of gamma- rays (mostly M1

in nature) were discovered in near spherical nuclei 197199200 Py (38 39]. This regular band

like structure appears for I>10, kinetic moment of inertia J©& ~ 20 MeV~!, decreasing

B(M1) values with increasing spin. This type of rotational band structure was interpreted



as coupling of high-;7 particle and holes at the band head. Step-by-step alignment of the
particle and hole spins into the direction of the total angular momentum resembling the

closing of the blades of a pair of shears [40] give rise to angular momentum in a MR band.

Recently, doubly degenerate bands are reported in odd-odd **1%T1I isotopes possessing

chiral geometry [41,42].

Chiral Rotation: The chirality in nucleus was first predicted by Frauendorf and Meng

[43]. The experimental signature of chiral partner bands are
i> The existence of near degenerate doublet bands of same spin and parity.

ii> Both bands should show a smooth variation i.e., there should be no or less staggering

of S(I) (=(E(I)-E(I-1))/2I) as a function of spin(I).

iii> Both bands should have very similar physical properties like quasi-particle alignments
(i), moment of inertia (J) and electromagnetic properties with similar characteristic

staggering of the inband B(M1)/B(E2) ratio as a function of spin(I).

iv> The B(M1) and B(E2) transition strengths as a function of spin should be very similar

for the chiral partner bands in the nucleus.

These effect is expected to occur in triaxially deformed nuclei at moderately high spin,
where proton particle angular momentum j, is along the short (s) axis, high-j neutron
hole angular momentum j, along the long () axis and collective (core rotational) angular
momentum R along the intermediate axis (7). Depending on the rotation of the core (i.e.,
Right handed system or Left handed system) two identical chiral partner bands have been

also reported in mass A ~ 100 [44,45] and A ~ 130 [46,47] region.



For the nuclei in mass A = 190 region with proton number near Z = 82, the intruder whyg,
(9/2[505], 1/2[541]) and miy32 (13/27[606], 1/2% [660]) orbitals come down in energy for
both oblate and prolate nuclear deformations. Whereas, in the neutron sector, the i3/,
(1/2%[660], 13/27[606]) orbitals compete with ps/, (3/2[512], 1/2[521]) and f5/2 (5/2[503],

1/2[510]) for neutron occupation.

In the present thesis work, the motivation was the experimental investigation of the effect
and relative importance of these high-j proton and neutron orbitals on the high spin states
in the nuclei with proton number near the heaviest proton magic number Z=82. For this
study, two systems were chosen, proton Fermi level lies just above the Z = 82 shell closure
and %Bi in which T in which the proton Fermi level lies just below it. The high-spin
states in these nuclei were studied by populating them via heavy-ion fusion evaporation
reaction and the de-excited gamma rays were detected by high-resolution clover HPGe

detectors.

For Bismuth nuclei with Z = 83, the proton Fermi level lies just above the Z = 82
shell closure and near the high-j hg/, orbital. Because of the proximity of the spherical
shell closures at Z = 82 and N = 126, the heavier Bi isotopes with neutron number
N>114 are spherical and the high spin states are mostly generated by single particle
excitation [34,35]. However, rotational bands, indicating deformed shape, have been
observed in 19193Bi isotopes with neutron number N<112 [30,31]. This is apparently due
to the involvement of the high-j i,3/» neutron orbital which becomes available for neutron
number N<114. In the transitional nucleus ' Bi a rotational band based on 13/2% state
(mi13/2 configuration) has been observed indicating the onset of deformation at N=112

for Bi isotopes. However, the information on the high spin states in this nucleus is very



limited as only 9 (with one tentative state) excited states were known prior to the present
work [32]. This also include a long-lived isomeric state having spin parity of 29/2(7) with
half-life of 750 ns at an excitation energy of about 2.4 MeV. A few transitions bypassing
this isomeric state were also known but the high spin states were known only up to less
than 3 MeV. Therefore, the effect of high-j unpaired neutron orbitals are not known in
this important transitional nucleus. In comparison to that, in the neighbouring lighter
isotope ¥Bi, information on the high spin states are very rich with the observation of
several band structures up to an excitation energy of more than 5.5 MeV and 45/2 h
of angular momentum. Moreover, several long-lived isomeric states were also known in
this nucleus with half-lives of 3 us to 85 us. Because of the presence of high-j orbitals,
several isomeric states are known in the nuclei in this region. For example, 29/2~ state is
a well-known isomeric state in >72°'Bi isotopes with configuration 7hg/, ® v12". There
is also 31/27 known isomeric state in Bi isotope with configuration mij3/2 ® v9~. There

is also 31/27 known isomeric state in Bi isotope with configuration 7i;3 2@ Vg~

There have been several attempts to produce the high spin states in *>Bi nucleus with
various heavy-ion fusion evaporation reactions using 'O, F and 2°Ne projectiles on
various targets but the high spin states could not be populated beyond those limited
number of states as mentioned above although the above projectiles could be able to
populate angular momentum more than 40 A. It was, therefore, conjectured that there
may exists a high-spin longer lived isomer in '%Bi which prevented the observation of the

higher spin states.

In this thesis work, the experiment was designed to preferentially identify this possible

high-spin isomer and its decay. The reaction **Tm(*°Si,4n)'%Bi at a beam energy of



146 MeV on the target was used to populate the high spin states in this nucleus. Since
the interest was to detect isomer, the decay 7-rays were detected at the focal plane of a
Recoil separator. The experiment was, therefore, performed at the Pelletron-Linac facility
at Inter University Accelerator Centre (IUAC), New Delhi using the HYbrid Recoil mass
Analyzer (HYRA). The residues were separated from the large background of fission
fragments by HYRA and brought at the focal plane where they were implanted on Si-
pad detectors after passing through a Multi Wire Proportional Counter (MWPC). The
delayed ~-rays were detected using a clover HPGe detector. There was another clover

HPGe detector placed near the target chamber.

In the case of Thallium (T1) nuclei with Z = 81, rotational bands corresponding to oblate
deformation has been reported in '72°'T1 isotopes [48-52] based on the proton in the
9/2[505] state originated from the whg, intruder orbital and decoupled bands based on the
mhg/o intruder orbital with prolate deformation has been reported in the lighter isotopes
of 718977 [48 53]. Also, the neutron pair alignments of the oblate bands based on the
mhy/o configuration in ?'7193T1 [48,49] take place in viyzo orbital. As neutron number
increases to 114, in case of T1, the vi;3/, orbital closes up and nearby ps/, and f5/, orbitals
open up for neutron occupation. Therefore, Tl can be considered as a transitional
nucleus in his respect. Moreover, as the high-j orbitals exist near the proton and neutrons
Fermi levels for these nuclei and the proton particle angular momentum (j,) and neutron
hole angular momentum (j,) are mutually perpendicular, they satisfy the criteria for the
emergence of exotic high-spin phenomena, like magnetic rotation and nuclear chirality for
near spherical and triaxial deformed shapes. Some of these bands are reported for the odd-

odd T1 isotopes in this mass region. However, the odd-A nuclei near N = 114 are not well
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studied. The previous investigation of the high spin states in %°T1 was done by using the
97 Au(ar, 6n)'9T1 fusion evaporation reaction and using only four Ge(Li) detectors [54].
Therefore, high-spin states could not be produced in that work and was therefore, limited
to below band crossing region of the mhg/,[505] band with no information on the neutron
pair alignment or other exotic high-spin phenomena. Therefore, in order to investigate
in detail about the high-spin states in 1%T1, it has to be populated by heavy-ion induced
reaction to generate higher spins and also using a more efficient gamma detector array to

observe the weakly populated states.

The present thesis has been arranged in the following way: A brief introduction of the
nuclear models relevant to the present thesis work is described in chapter 2. Experimental
techniques and data analysis have been discussed in chapter 3. Study of High Spin isomer
in Bi isotopes and interpretation of results in Chapter 4, Study of rotational bands in
19571 and the interpretation of the results have been discussed in chapter 5. followed by

summary and future outlook at the end of the thesis in chapter 6.
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Chapter 2

Nuclear Models

Atomic nucleus is a complex system consisting of several protons and neutrons. These
protons and neutrons interact among themselves through short range strong interaction.
But the exact form of the nuclear potential is still not known after decades of intense re-
search. Therefore, various nuclear properties are interpreted with the help several nuclear
models based on both phenomenological arguments as well as on experimental facts. In

this chapter few of these well known models are briefly described.

2.0.1 Liquid Drop Model

The liquid drop model was the first model that could describe various nuclear properties

B(N,Z)|
A

like I) Binding energy per nucleon A2 = - 8.5 MeV and nuclear mass II) Fissioning

of a nucleus and III) Saturation of nuclear force.

The basic assumption behind this proposition was nucleus is an incompressible liquid

drop and nucleons are only interacting with its nearest neighbours. One can reproduce
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the the behaviour of binding energy per nucleon by fitting the Bethe and Weizsdacker [1,2]

semi-empirical mass formula with the experimental data.

72 (N = 2)?

_ 2/3
B.E(N,Z) = a,A + a, A3 + Geig + U

— §(A) (2.1)

where a, = -15.68; a,=18.56; a,=0.717; a;=28.1 [MeV] [3] and A= Atomic Mass No,

Z/N= Proton/Neutron number.

i(A) = 34A4 for even-even
=0 for even-odd (2.2)
— _34A"1  for odd-odd

The first term in Eq. (2.1) usually called the volume term, as it is proportional to A (o 73,
r=nuclear radius). The second term is responsible for surface energy as it is proportional
to A%3(e r?). The third term takes into account coulomb energy associated with the
coulomb repulsion of proton pairs (o< Z?) which is inversely proportional to the nuclear
radius (r). Whereas the fourth term corresponds to nuclear symmetry energy to take
into account of neutron excess (N-Z) in a nucleus. The last term takes care of paring
effect among the like nucleons. Although this model is quite successful in explaining
above stated nuclear phenomena but fails to interpret stability of nuclei around proton
and neutron magic numbers 2, 8, 20, 28, 50, 82, 126. Also it is quite unsuccessful in
explaining the two proton and neutron separation energy for magic number nuclei along

with their magnetic moment.
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2.0.2 Shell Model

The shell model considers that the nucleons are moving inside the nucleus independent
of each other under the influence of an average potential. This potential is build up by
the interaction of the individual nucleons. The approximate form of the potential will be
such that the nucleons at the centre will not feel any force. But they will feel stronger

binding force from the surface (r=Ryg) to the interior of the nucleus.

oV (r)

o lr=0 =10 (2.3)
oV (r)

87’ ’T<0 O (24)

At the same time finite range of the nuclear force puts the constraint V(r)= 0 when r >

Ro.

So the realistic potential which satisfies the above mentioned criteria is Woods-Saxon

potential [4]

60 T T T T T T
407 // B

201 / a

Or y
I , / ,
7/
-20- / -
| // —- Harmonic Oscillator |
e — Woods- Saxon
A - — SquareWell ]

= R
=- 0
60 V=50 Mev

V(r)

0 2 4 6 8 10 12 14
r[fm—

Figure 2.1: An illustration of three potential well used to model nuclear potential. Here

V) is depth of the potential and Ry is the radius of the nucleus.

17



v
VWS = e 2.5
(r) 13 R (2:5)

a

with Ro=10A'/3; Vo =~ 50 [MeV]; a ~ 0.5 [fm] 1y ~ 1.2 [fm]

Since the eigenfunction for this potential cannot be given in closed form, alternative I)
Square well and IT) Harmonic oscillator potentials are considered for qualitative under-

standing as well as for calculation.

Vir)= =W for r < Ry
(2.6)

=+ 00 for r > Ry
V(r) = —Voll = () (2.7)

A schematic representation of the Square well, Harmonic oscillator and Woods-Saxon
potentials have been shown in Figure. (2.1) with the nuclear potential depth of V=50
MeV and nuclear radius (r). The square potential has a flat bottom but sharp cut off at the
boundary whereas the harmonic oscillator potential don’t represent potential saturation

at the centre of the nucleus without any specific nuclear boundary.

In case of harmonic oscillator potential one gets equidistant energy levels of energy

3
EN = FLCU()(N + 5) - % (28)

with N = 2(n-1) + [ where n = 1, 2, .... and [ = 0, 1, 2,.... where N is the number
of quanta in the oscillator, n is the radial quantum number, [ is the angular momentum

quantum number and wy is the oscillator frequency. But this potential can’t reproduce
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magic numbers beyond 20, so latter Haxel, Jensen, Suess [5] and Maria Geopart Mayer [6]

independently introduced a spin orbit coupling f(r) X

nian.

S term into the nuclear Hamilto-

N=6 lifl= /li13/2 (14)
----- ﬂ,__\___ ,’/,s’pﬂ2 0
- - 13
Y - Sy 54;
= —— b
N5 /- ——==17C - e ((1%))
S = " 92
. th(=5) :\\\\\ /1h11/2 )
CwE) - ,’23112 %
S id 2_2 S ﬁjﬁ ;
S~ = :,/”’ 1
T Ay (10
N Bl - /i?uz (%)
—<C H =z =
\\_M\,(::\\\j @ :2p3/2 (4)
i, @
} 25(1=0) _ Ad,
N=2 - »
TS (=) T - 2
—————— ’lw 0
N=1 L =) - /lpuz b
~~~~~~~ Py
@
N-0 S0 A, ()
Major Ostillator Sin-Orbit Noof
Sl Coupling (19| | Nucleonsin Shells

Figure 2.2: Schematic nuclear levels of the shell model with spin orbit term reproducing

the nuclear magic numbers 8, 20, 28, 50, 82 and 126.

This gives the splitting to the degenerate levels with j= [ + % and energy difference

between the splitted states by AE(l) ~ 2{41 which is shown in Figure. (2.2). An attractive
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spin orbit part of the nuclear potential always assures [ + % level is below the l—% level,

in comply with the experimental observation.

- 3
2.5 sljm >= [j(j—l—l)—l(l—l—l)—Z] | slym > (2.9)

2.0.3 Collective Model

Apart from the static liquid drop model, the nucleus may not necessarily be spherical, it
can undergo dynamical shape and surface oscillations. In order to parametrize the radius

vector pointing from the origin to the surface

R(0,¢) = Ro(1+ag+ Y _ > a3, Yau(0,9)) (2.10)

A=1 u=—2A
where Ry is the radius of the equivalent sphere with the same volume. The constant ag
describes the changes of the nuclear volume which can be expanded upto second order

as [11]

1
a0 =~ D ol (2.11)

A>1,p
The deformations corresponding to A = 2 look like ellipsoidal deformations with z-axis as
the axis of symmetry. For quadrupole deformations there are five parameters ay,, among
them three parameters determine only orientation of the drop in space, corresponding to
three Euler angles. By suitable rotation, the body-fixed system characterized by three
axes 1, 2, 3 can be coincided with the principal axes of the mass distribution of the drop.
The five coefficients s, reduces to two real independent variables agy and ass=as_s (as1=
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ay—1=0) which together with the three Euler angles gives a complete description of the

system. For convenience Hill - Wheeler [12] introduced coordinates /3, v (8 > 0) through

the relation

a0 = [J2.COS 7Y

1 .
Qoo = %52- sy

from which we have

2 _ 2 2 2
Z |aop|” = a3y + 2a3, = 55
I

and

R(6,¢) = Ro{1 + 62\/16%(008 v(3cos* 0 — 1) + /3 sin ysin® § cos 2¢) }
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Figure 2.3: Schematic drawing of the nuclear shape with respect to the deformation

parameters (32,7) (Lund convention [8])

Figure. (2.3) illustrates the possible nuclear shapes in the (s, ) half-plane between v =
—120° and 60°. At v = —120° and 60° nuclear shape is prolate whereas it is oblate at

~v = £60° and nuclear shape is triaxial when ~ is not a multiple of 60°.

The increments of the three semi-axis in the body-fixed frame as functions of (3, and

can be given in the following way

5 2
5Ry. = Roy/ -3 cos(7 - ?ﬁk) k=1,2,3 (2.16)

In a deformed nucleus, the relation between axis lengths a, b and ¢ as shown in Fig-
ure. (2.4) determines the nuclear shape. The deformed nucleus with a # b # ¢ corre-
sponds to triaxial shape whereas a = b # ¢ represents axially- symmetric shape with a

and b represents semi minor axis and ¢ semi major axis length, respectively. A quadrupole
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shape with deformation [e;= 3(c/a—1)

] €2 > 0 correspond to prolate and €5 < 0 to oblate

(142c¢/a)
shape.
Symmetry axis Symmetry axis
Z z
A A
1
1
1
‘
’, S~ A
Y
x4 x4’
() Prolate (b) Oblate

Figure 2.4: Schematic representation of prolate and oblate shapes with symmetry axis is

along the z direction.

Typically, normal deformation is defined by an axis ratio (c¢: a ~ 1.2 : 1) and superdefor-

mation by (c:a~2:1).

2.0.4 Nilsson Model

In case of a deformed nucleus, the average nuclear potential can be approximated with
anisotropic harmonic oscillator potential as
P

1
H= o T Em[wiﬁ + wliy? + w?z? (2.17)

with the three frequencies w,,w,,w, are proportional to the inverse of the half axes

g, ay, a, of the ellipsoid.
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W, = u?o& (v=u1y,2) (2.18)
ay

keeping the nuclear volume conserved the above stated frequencies satisfy the following

relation

WaWyWw, = Wo® (2.19)

The eigenstates of the above stated Hamiltonian are characterized by the quantum num-

bers ng, n,,n, with eigenvalues as

1 1 1
Eo(ng,ny,n,) = hw,(n, + 5) + hwy(n, + 5) + hw, (n, + 5) (2.20)

In axially deformed nucleus, z axis is usually chosen as the axis of symmetry and the

oscillator frequency is dependent on deformation ¢, in the following way

3 (2.21)

The distortion parameter €, is obtained as €5 = ‘”w—_o“’z It is defined so that e; > 0 and

€2 < 0 correspond to the so called prolate and oblate shapes respectively. Using the

criteria cited for w, and w |, it can be shown that

woles) = Wo(l — —€2 — —=€3)73 = Wp(1 + —€2 + ......) (2.22)
Also this deformation parameter ¢, is related the deformation parameter (3 as

24



3,5

It is convenient to use cylindrical coordinates to characterize the eigenstates in terms of
quantum numbers n, n,, m;, where my is the projection of the orbital angular momentum

on to the symmetry axis.

N=n,+2n,+my=n,+n,+n,=2n—-1)+1 (2.24)

Here the eigenvalues in Eq.(2.20) can be expressed as

1
Eo(nz,np,my) = hw,(n, + 5) + hwy (2n, +m; + 1)
(2.25)

. 3 N
ol (N +35) + a5 — )}
In axially symmetric nuclei m; and s, are good quantum numbers, which make the z-

component j, of the total angular momentum a good quantum number, in the following

manner

1
Q:ml+ms:mli§ (226)

usually the eigenstates for an axially deformed nucleus is specified in terms of “Nilsson”

quantum numbers (see Figure. (2.5)) along with parity (7) of the states as specified below

Q" [Nn,m] (2.27)
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Figure 2.5: Asymptotic quantum numbers A, > and 2 for the Nilsson model are shown.

However in order to produce the magic numbers one has to incorporate a strong spin-orbit
term in the Hamiltonian (H). At the same time a heavy nucleus feels a rather flat realistic
average potential at the centre of the nucleus compared to the harmonic oscillator poten-
tial. Specially the nucleons at the surface (i. e., the nucleons with higher [ values) feels
a deeper average potential. To take into account of these two effects Nilsson [14] added
two terms i. e., C7.% and D 2 into the deformed harmonic oscillator (2.17) along with

nuclear deformation (e3) in the following manner

2

1
H= 2 L (@) 4 4) + 022 + €T3 4 D 229

where C gives the strength of the spin-orbit force and DI? shifts the levels with higher

[ values downward as shown in Figure. (2.6). But in higher N quantum orbits the cor-
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responding shift is too strong and later DI? is replaced by D(I*— < [ >%) [15] with

< I >%= $N(N + 3) is the expectation value of [ averaged over one major shell with

quantum number N.

o W08 (=040) _
e —
N« I Jien:
TR TR b
- U: \—\/: e — Zf
N=5 N —= :}<‘=i 0
\\\ <\"’“-—f13/2h/
\ N "
=0.45 T~ hl]JZ
N: (u_ ' ) d3/2
5
il
O d5/27/2
Oy,
- )
- (1=0.35) . ?uz
\ :,><: 52
. ® ::3/2
7
i @
v < y
b d
52
e AT
N=1 E—
3
v 0 Q .
hy t o pf toCls %

Figure 2.6: The energy levels of a spherical nucleus undergoes relative shift due to intro-
duction of DI? term in the asymmetric harmonic oscillator potential for deformed nucleus.
The spin-orbit (Cl.s) coupling term reproduces the magic number which lifts the | degen-

eracy of the different orbitals.

27



Nilsson introduced a deformation-dependent oscillator length b(es)=[h/mwy(e2)]"/? and
dimensionless coordinates '=R/b along with the previously mentioned two correction

terms and the Hamiltonian in Eq.(2.28) transforms to

1 1
H = hu)o(EQ)[—ﬁA, + 57"/2 — ﬁgT’lQYQQ] + Cls + D(ZQ— <1 >?V) (229)

C = —2hdyk D = —hdgkp (2.30)

Whereas the effect of the Coulomb term in the Nilsson Hamiltonian is incorporated

through an appropriate choice of the constants  and p [17].

So some of the characteristic features of the Nilsson diagram which are visible in Fig-

ure. (2.7) are as follows

1. The shells with single particle angular momentum j at zero deformation splits up into
(2j+1)/2 levels for €5 # 0. Each of these is twofold degenerate with eigenvalues ££2 and

can be characterized by || and its parity.

2. The quadrupole field r"?Y 4, causes levels with lower 2 values to be shifted downwards
for positive deformations (prolate shapes) and lifted upwards for negative deformations
(oblate shapes). The lower Q orbitals lie closer to the z-axis and positive quadrupole
moment (r'?Ys) for prolate shape reduces the energy eigen values of the Hamiltonian
because of negative sign in Eq.(2.29). The nucleons feel a deeper deformed potential well

for prolate deformation and vise versa for oblate deformation.
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3. For larger deformation the shells having same quantum number Q™ (different j values)
can come very close to each other due to shape driving effect of the orbitals but they will
never cross each other [16]. The repulsion AE at the crossing point is proportional to the

interaction strength and the properties of levels gets interchanged.

4. The slope of the Nilsson levels E;, are determined from the single-particle matrix

element of the quadrupole operator q=r"*Yy in the corresponding single-particle state |k)

dE )
d_ﬁk = — (k|1 Yao| ) (2.31)

5. The basis chosen for diagonalization of the Nilsson Hamiltonian is a superposition of
spherical harmonic oscillator functions. The expansion coefficient is unity for a particular
orbital (zero for rest of the orbitals) in case of smaller deformation e;. However if there
are no neighbouring orbitals like in case of 1413/2 and 2gg/,. then also there will not be

much mixing and the corresponding levels are almost eigenstates of j2.
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Figure 2.7: Nilsson diagram of single-neutron energies (Z ~ 82) as a function of the
quadrupole deformation parameter e5. Solid and dashed lines correspond to positive and

negative parity, respectively. Figure. taken from [7]
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2.0.5 Strutinsky shell correcction

Liquid drop model successfully represents a dependence of nuclear binding energy whereas
nuclear shell model considers the quantized nucleonic motion in an average potential to
take care of the significance of magic number, nuclear spin etc. But this later phenomeno-
logical model fails to correctly reproduce total binding energy of nucleus, in order take of
care of this Strutinski given a shell correction prescription [9,10]. It is able to reproduce
experimental ground state energies of a nucleus along with its dependence on nuclear de-
formation parameter. Here he considered nuclear binding energy E consisted of a smooth
part E;pys given by Bethe- Weizdcker mass formula (2.1) and an oscillatory part Egsc

defined by

E = Eoe + ELpu (2.32)

This oscillatory part of binding energy is quantum mechanical in nature due to grouping
of levels into bunches- the shells. Near the magic nuclear numbers, the level density
increases and if the Fermi level is situated just above a shell, nuclear binding energy
increases whereas if it occupies just below a shell, binding energy becomes lesser than the
average. So the binding energy corresponding to the shell distribution oscillate around
an average level density. It is this average part of level density comes out wrong from the
phenomenological shell model. So Strutinsky prescribed to calculate the oscillating part
of Eys. of the total energy E in Eq.(2.32) within the shell model and rest of the energy
Erpy from the liquid drop model. So the shell energy is divided up into an oscillating

part E,s., and smoothly varying part Esh.
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Eg =) € =FEp+E (2.33)

g(e) = Z d(e—€) (2.34)

and if we know the level density g(¢), particle number can be calculated as

A:/_ g(e)de (2.35)

o0

with properly chosen Fermi energy .

In the shell model, A has not been defined uniquely by Eq.(2.35). It has been arbitrarily
chosen to be between the last filled and the first unfilled level. For the shell model energy,

we get

Esh:/_ eg(e)de (2.36)

[e.9]

The shell model levels are grouped into bunches with an average distance of hwy = 41
A~1/3. Therefore, the level density g shows oscillations with roughly this frequency and
the fluctuations in the shell model energy E;, are due to this oscillations can be separated
by introducing a smooth part E,, with a continuous function g(€), which represents the
smooth part of the level density g(e). With the help of this average part g(e) of the shell

model level density g(e) we can calculate the corresponding Fermi energy
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a- | " o

o0

For the smooth part of the energy we finally get

The total energy E of the system is given by

E=FEy.+ Erpv = Erpy + Esn — Egp,

(2.37)

(2.38)

(2.39)

Usually stable liquid drops are always spherical but due to the additional term E,,., it

can happen that in some region of periodic table the “Strutinsky averaged energy ”given

by Eq. (2.39) has its minimum at finite values of deformation.

2.0.6 Cranking Model

Figure 2.8: The orientation of the axis of rotation (J) with respect to the principal axes.
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Nilsson model can describe levels for deformed nuclei, whereas rotational level structure
was initially interpreted by Inglis [18,19] using semi classical cranking model. This model
gives the microscopic description of the influence of rotation on single particle motion
[20,21]. By introducing a suitable coordinate system which rotates with constant angular
velocity w around a fixed axis in space, the motion of the nucleons in the rotating frame
becomes rather simple. Therefore, the nucleons can be considered as independent particles
moving in an average potential well which is rotating with the coordinate frame as shown
in Figure. (2.8). The outer shell nucleon angular momentum (j) generates rotation in the

nucleus around x- axis (L the symmetry axis z) with angular frequency w.

Therefore, the single particle Hamiltonian in the cranking model can be given as

Y =hY — wi, (2.40)

which ultimately gives the total many body cranking Hamiltonian of the nucleus as

A
HY=H’—wl, =Y I (2.41)
A=1

solving this Hamiltonian in terms of eigenfunction |\*) the total energy in the laboratory

system can be obtained as

E=Y e{+wd (XX (2.42)

A A
A=1 A=1
This cranking model allows the calculation of various parameters like projection of total

angular momentum (I,) and aligned angular momentum (,) in the following manner
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A
= > (17X (2.43)
A=1

_ des
e =——= 2.44
' dw (244)

The coriolis term —wj, in the total Hamiltonian breaks the time reversal symmetry in the
nucleus as a result of which Nilsson quantum number €2 is not a good quantum number
any more. The signature quantum number o which describes the rotation of a symmetric
rotor by 180% about the rotation axis along with the parity(m) act as a good quantum

number to describe the individual nuclear state.

r=e ™ (2.45)

The eigen values of the signature operator are given in terms of of r and signature quantum

number («) and is related with the angular momentum (I) of a state by

I =a mod 2 (2.46)

The explicit dependence of signature operator eigen value (r) with angular momentum (I)

for integer spin given in Eq.(2.47) and half-integer spin values through Eqs.

r= +1 for 1=0, 2,4,6......
(2.47)
=1 for [=1,3,5,7......
r= —1 for 1=1/2,5/2,9/2...
(2.48)

=44  for1=3/2,7/2,11/2...
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Some of the single particle levels shows strong energy splitting with increasing w, partic-
ularly in large j and small €2 values (e.g liis/s, 660%, 651%, 6422). The signature of the

favoured and unfavoured states is defined as

(112 = (-1 (2.49)

O./f: 5

where the angular momentum of the odd particle is expressed by 7. In case of multi

particle configuration the favoured signature is determined from the following Eq.

ap = %Z(—WW (2.50)

i
The cranking approach is successful in describing the rotation effect on single particle

energy levels in deformed nucleus but can not describe the total nuclear energy.

2.0.7 Total Routhian Surface Calculation

In order to calculate the total nuclear energy the total Routhian Surface (TRS) calculation
has been performed on *°Bi and Tl in this thesis work based on code developed by
Nazarewicz et al. [45,46]. In this model single particle energy levels were generated with

deformed Woods- Saxon potential

Vo

Vi(r,B) = 1 + exp|dists(r, 3/al

(2.51)

where dist s (r, 3) is the numerically generated distance of a point r from the nuclear surface

) and [ denotes the set of all shape parameters specifying X' uniquely and diffuseness
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parameter a=0.7 fm. The total Routhian of a nucleus is calculated as a function of nuclear

deformation (3, )

Ew(Zv N7677> = EZD(Z7 Nvﬁaf)/) + Eg')hell(Zv N?ﬂvV) + E;}’air<Z7 NaﬂaV) (252)

The liquid drop model energy Efj is calculated with nuclear surface energy [E%,, ],

nuclear Coulomb energy [E¢, ;] and the nuclear rotational energy [E% ]

Efp(Z,N,B,7) = Egj(Z, N, 3,7) + E¢ou(Z, N, 8,7) + Ef(Z, N, B,7)  (2.53)

where nuclear rotational energy is calculated with rigid body moment of inertia (J,;,) at

a given deformation of uniform density distribution at ro=1.2 fm

RAI(I+1)

E;:)ot<ZaN76’7): 2J
19

(2.54)

The shell correction energy E$,., is calculated using Strutinsky shell correction [9, 10]

w
Pair

approach whereas E is calculated using monopole pairing in the cranking Hartee-
Fock-Bogoliubov approach. The minimum in the contour plot of this energy gives the
ground state deformation of the nucleus in terms of 35 and ~y. So each of this energy is

minimized on f; in the (fs, 84,7) mesh to generate Routhian.

2.0.8 Chiral Symmetry Breaking

First time in 1997 S. Frauendorf and J. Meng [24] put forward the idea of rotation of

two particle coupled to triaxial particle core in Tilted Axis Cranking (TAC) model. They
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showed that when the axis of rotation lies outside the principal planes of triaxial density
distribution, pairs of identical AI = 1 bands with the same parity are generated as a
solution of the Hamiltonian. These two bands differ by the chirality of the principal axes
with respect to the angular momentum vector as shown in Figure. (2.9). The selection rule
for the electromagnetic transition probability in the chiral geometry has been proposed in
Ref. [25]. Thereafter several candidates of chiral partner bands have been reported in odd-
odd nuclei in mass A~130 region with mhy1/9 ® vhy1/2 configuration [25,27-35], A~100
with 7rg972 ® vhi1/2 configuration [36-38] and A~190 with mwhg/, ® m'fgl/Q configuration
[3,39]. Similar bands based on 3-qp configuration have been reported in odd-A isotopes of
103.105Rh with configuration mgg /2 ®@vhi1/2(g7/2ds/2) [41-43] and in **Nd with configuration
Th?, o ® Vhl_ll/Q [44,45]. There is also theoretical prediction of observing multiple chiral
bands in a single nucleus [46,47] and recently similar bands has been reported in '33Ce [48].
At the same time first chiral doublet bands claimed in 3*Pr [49] was cotradicted by the
life time measurement done by the authors of Ref. [50]. Latter on C.M. Petrache et al.,

put forward more stringent criteria of chiral partner bands in the article [51].
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Figure 2.9: Schematic representation of orientation of the coupling of particle and hole
angular momenta with that of a triaxial deformed core, forming left-handed or a right-
handed coordinate system. Neutron hole angular momentum (j;) and proton particle
angular momentum (j;) and core rotational angular momentum (R) perpendicular to
each other. The relative orientation of R and total angular momentum (j) in this two

systems depends on the handedness of the system, give rise to chiral geometry.

The experimental signature of these chiral partner bands are

i) The existence of near degenerate doublet (AlI=1) bands of same spin and parity. They
maintains constant excitation energy difference throughout the spin range, based on same

configuration.

ii) Both bands should show a smooth variation of S(I)(=(E(I)-E(I-1))/2I) i,e., there should
be no or reduced staggering of S(I) as a function of spin(I). The staggering in the quantity
S(I) represent Coriolis interactions between the particle or hole angular momenta with
core rotational angular momenta. As these angular momenta are perpendicular to each

other which reduces the Coriolis interaction considerably in case of chiral geometry, leads
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S(I) to be independent of spin(I). Also the moment of inertia remains constant of spin

throughout these bands.

iii) Both bands should have very similar physical properties like quasi-particle alignments
(i), moment of inertia (J) and electromagnetic properties with similar characteristic

staggering of inband B(M1)/B(E2) ratio as a function of spin(I).

iv) The B(M1) and B(E2) transition strengths should be similar for both of these bands

which need to checked through life time measurement.

v) Inband and out of band B(M1);,/B(E2),, ratio should maintain similar staggering

pattern for transitions from levels in the partner band.

The chiral geometry is realized with triaxially deformed nucleus where neutron hole angu-
lar momentum (j;) along the short axis(s), proton particle angular momentum (jy) along
the long axis(/) and core rotational angular momentum(R) along the intermediate axis().
Initially the total angular momentum (J) lies in the (I-s) plane but it comes out of the
plane as nucleus starts rotating. The relative orientation of the total angular momentum
(j) depends on how the core of the nucleus is rotating whether it is following left or right

handed system as shown in Figure. (2.9).

This chiral symmetry minimizes the total energy for a given spin and leads to two-fold
degeneracy in the energy eigen values. These two energy eigenstates are denoted as |L)
and | R) respectively. The total nuclear Hamiltonian is invariant under the chiral operator

TR, (7) satisfying the following relation

[H,TR,(r)] =0 (2.55)

40



where T represents time reversal and R, (7) a rotation about the intrinsic y axis by 180°.

However, under the TR, (7) operator,

TR,(m)|L) = |R) (2.56)

and

TRy(m)|R) = |L) (2.57)

Since the Chiral symmetry preserved by the Hamiltonian, which is broken for this solutions
indicates the formation of chiral geometry in the intrinsic frame of rotating nuclei is an

example of spontaneous symmetry breaking [52]

In the ideal case of strong symmetry breaking, i.e. (L|H|R) = (R|H|L)*=0, any linear
combination of the two is an eigen solution. However, those which can be observed in the

laboratory frame are invariant under the chiral operator and given as

1
+) = %(!R> +1L)) (2.58)
=) = ﬁ(|R> —|L)) (2.59)
where
TR, (m)|+) = |+) (2.60)
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TRy(m)|=) = =) (2.61)

Each state with spin I in the rotational band is two-fold degenerate, and it cannot be

associated with either purely left- or purely right-handed solution.

In case of weak symmetry breaking, the degeneracy is lifted via nonzero (L|H|R) =
(R|H|L)*. These off-diagonal matrix elements represent perturbations to a chiral geom-
etry, in terms of an admixture of non-chiral planer component with pure |L) and |R)
wave functions. Therefore, chiral geometry formation is a dynamical process as a function

of spin(I).
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Chapter 3

Experimental Techniques and Data

Analysis

In order to study the nuclei in extreme condition i. e., at high excitation energy and
angular momentum in neutron deficient nuclei, Fusion Evaporation reaction is the most
suitable way to populate the high spin states in nuclei. Nuclear structure information is
extracted in great detail by studying the various properties of the decaying discrete ~-
rays. These properties include coincidence relation among various - transitions, intensity
of the - transitions along with their multipolarity and polarization of the - rays and
level life time of the states etc. The intensities of the - rays generally decrease as one
goes up in angular momentum and excitation energy. Therefore, to study the high spin
phenomena, one requires a high efficient - ray detection system to measure intensity and

characteristics like multipolarity and polarization of the weakly populated ~- rays.
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3.0.9 Generation of Angular Momentum

Although there are several methods such as fusion evaporation, (5- decay, a- decay, inelas-
tic excitation, transfer reaction, Coulomb excitation, deep inelastic excitation, nuclear
fragmentation, fission etc. to populate both excitation energy as well as angular mo-
mentum in nuclei. All of these methods have their advantages as well as disadvantages.
Fusion evaporation reaction is the widely used method for generating high spin states and

excitation in nuclei near the yarst line.

Target Fusion

. — Compound
Biats [] soc Nucleus

Fast Fisston \. ./

10 sec
-15

e Particle

t/ Evaporation
10 sec —

® Neutron

Ground state s ® Proton
Evaporation ® o-Particle

Figure 3.1: Schematic representation of various processes involved to the heavy-ion fusion-

evaporation reaction.

In the schematic representation of fusion-evaporation process in Figure. (3.1) the projectile
above the Coulomb barrier collide with the target nuclei and fuse together within a very
short span of time (10722 sec). Thereafter, the compound nucleus cools off by competition

among particle evaporation ( e. g., a, proton, neutron etc.) or high energy 7- ray (Giant
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dipole resonance) emission within the time scale of 10717-107® sec. Here the proton or
« emission is considerably reduced due to Coulomb barrier offered by nucleus. Whereas
the neutron evaporation is the dominant mode of nuclear de-excitation (~ 8 MeV per
nucleon) but its distribution is isotropic, which leads to very small decrease of angular
momentum (~ 1A per particle). As the nuclei come down below the particle threshold
line, it de-excites by emitting statistical (E1) « transitions followed by E2 ~ transitions

¢

along the nuclear “yarst line” as shown in Figure. (3.2) in a time period of 10™"°sec. The
“yarst line” refers the locus of minimum excitation energy for a given value of the angular

momentum.

'y Compound nucleus formation

Particle emission 3 %
Fission

Entry line of y-
ray transitions ¥

Statistical cascades of
E1 transitions

Excitation Energy (E_,.)

E2 transitions
(rotational cascades)

Nuclear Spin ([}

Figure 3.2: Excitation energy as a function of spin for the decay of compound nucleus in

the heavy-ion induced fusion-evaporation reaction.

In a fusion-evaporation reaction, the kinetic energy of the collision in the centre of mass

frame is converted into excitation energy of the compound system. The projectile having
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energy greater than Coulomb barrier, able to come closer to each other for fusion. The

excitation energy (FE,) of the compound nucleus can be expressed as

E, :Q—l-ECM (31)

where Q is the Q- value for the formation of the compound nucleus.

Q = Mp+ My — Mcn (3.2)

Here Mp, My and Mgy are the masses of the projectile, target and compound nuclei,
respectively. The center-of-mass (E¢jy) energy of the compound nucleus can be expressed

in terms of laboratory frame energy FEj of projectile as follows

My

=—— _F 3.3
Mp + Mr ’ (3:3)

Ecwm

Another important parameter for nuclear reaction is the impact parameter R, which is
defined as the distance between the centers of the target and projectile nuclei. Different
nuclear reactions depending on the impact parameter(R) are shown in Figure. (3.3). The
maximum angular momentum (A, ) transferred to a compound nucleus depends on the
impact parameter(R) [1], reduced mass(u) and Coulomb barrier(V,) between the target

and projectile nucleus as described in the following Egs.

2uR?
bnaz = v/ (Bors = Vo) (3.4)
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Figure 3.3: Schematic representation of various types of heavy ion collision depending on

impact parameter(R).

R =1.36(A} + A2) + 0.5 (3.6)

where Ap and Ar are the mass numbers of the projectile and target nucleus respectively,
which decides the impact parameter between the target and projectile nucleus in accor-
dance with the Bass formula [2]. Whereas V., is represents the Coulomb barrier between

the target and the projectile nuclei which is given by the Eq.

(3.7)



3.0.10 v Ray Detection

In fusion evaporation reaction, after emission of statistical v transitions, nucleus undergoes
de-excitation by emission of E2 cascade ~ transition along the nuclear yarst line. These
v -rays carry crucial information regarding the nuclear energy levels. It is very essential
to have an efficient and high resolution detector system to bring out as much as nuclear
structure information as possible. The incident - ray transfers kinetic energy to the
electrons in the detector material which ultimately produces electrical signal. These
electrical signals are proportional to the incident v energy. So it is important to know the

interaction procedure of the v- ray with detector medium.

Interaction of v Ray with Matter

There are basically three way by which incident v -ray interact with the detector material

such as <i> Photoelectric effect <ii> Compton effect <iii> Pair production.

<i>Photo electric effect:

The Photoelectric effect involves the absorption of a photon by an atomic electron with

the subsequent ejection of electron from the atom with kinetic energy

E=hv—B.E (3.8)

where hv is the incident photon energy and B.E is the binding energy of the electron. For

simultaneous conservation of momentum as well as energy, the incident photon in this
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process transfers energy to the inner shell electrons and momentum to the nucleus. The

cross-section for removing electron from the K shell of the atom is given by [3]

6.3 x 10718

Vi
OphK = T(?)

wloo

(3.9)

where v, and v are the frequency required for removing K orbital electron and incident

photon. Whereas the total cross-section for the photoelectric effect can be given as [3]

2
Tph = 4@2\/525%(77;;5 )% per atom (3.10)
Po = 8712 /3 = 6.651X 10" *cm? a=1/137 (3.11)

here 7. is the classical electron radius. It can be seen from the Eq.(3.10) that the photo-
electric cross-section has a large dependence on the atomic number Z of the material. A
~- ray undergoing photoelectric effect, deposits its full energy into the detector medium

which leads leads into a photopeak in the spectra.
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Figure 3.4: Relative probability of each type of - ray interaction with matter as a function

of energy for Ge(Z=32) and Si(Z=14) [4].

<ii>Compton effect:

In Compton scattering an incident photon of energy £, scattered from a free electron
with an energy E! < E,, is emitted at an angle ¢ with respect to the incident direction.

The energy of the scattered photon depends on the scattering angle as

r_ L,
B = 1+ (E/mec?)(1 — cosf) (312)

where m, (m.c*> = 0.51 MeV) is the rest mass of the electron. The energy difference
E. = E, -E! is transferred to the electron as it’s kinetic energy. While the incident
gets scattered at 180° to the incident direction, the maximum energy is transferred to the

scattering electron.
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2 2
2EZ /mec

Eo=—7—7— 3.13
14 2E,/m.c? (3:13)

When this scattered electron gets absorbed in the detector, it gives rise to Compton edge

below the incident v energy in the spectrum by

1

Ee=—"F7F"FT—— 3.14
1+ 2E,/m.c? (3:.14)

where E.. is the Compton edge energy. In the Compton effect the - ray deposits par-
tial energy into the detector medium. Therefore the Compton scattered events normally
contributes to the background in the spectra. However it can undergo multiple Compton
scattering and totally absorbed inside the detector. As a result of which we usually see

the photopeak of the incident - ray lies above the continuous Compton background.

<iii> Pair-production:

This process dominates at higher energies (E,> 1 MeV). If the incident v has an energy E,
> 2m,c? = 1.022 MeV, a part of the incident energy goes into the production of electron-
positron pair and rest of the energy goes into the kinetic energy of the pair. The electrons
produce the electrical signal whereas the positrons gets annihilated by interacting with
the electrons inside the detector material. The pair of - rays each of energy 511 keV
produced in the annihilation process gets absorbed inside the detector. However if one
of these - rays escapes the detector one gets the first escape peak at an energy 511 keV
below the incident - energy. On the other hand if both the - rays escape the detector

then one gets a peak at 1.022 MeV below the incident - energy.
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A comparative representation of variation of absorption cross-section for photo-electric,
Compton and pair-production with incident gamma ray energy for Ge(Z=32) and

Si(Z=14) materials is shown in Figure. (3.4).

3.0.11 Detectors

The combination of all these effects ultimately gives rise the electrical signal proportional
to the incident v ray energy. But in order to extract maximum nuclear structure in-
formation through ~- ray spectroscopy one requires high energy resolution and efficient
(maximum solid angle coverage) spectrometer. The scintillator detector like Sodium Io-
dide (Nal) or Bismuth Germanate (BisGe3;O12) (BGO) have high efficiency but very poor
energy resolution whereas the semi-conductor detectors made up of High-Purity Germa-
nium (HPGe) crystals have excellent energy resolution (~ 2 keV at 1332 keV of %°Co peak)
but poor energy efficiency. In a spectra of HPGe detector, large unwanted background
comes due to Compton effect. In order to minimize this background an anti- Compton
shield made up of BGO detector along with HPGe detector, are used in making large

detector array for gamma- ray spectroscopy.
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3.0.12 Clover Detector

Figure 3.5: Schematic representation of four crystals of a HPGe clover detector.

A clover HPGe detector consists of four crystals like clover leafs [5] (see Figure. (3.5))
arranged at the front side of a cryostat as shown in Figure. (3.6). Each crystal is of 50 mm
in diameter and 70 mm in length. Usually, the crystals are at ~ 20 mm away from the
outer face of the detector aluminium cage (including 1.5 mm cap thickness). The crystal
front face is designed to be tapered to accommodate close packing inside the aluminium
cage. These crystals are connected with liquid nitrogen dewar with cold finger. In order
to reduce the Compton background, the clover detector is surrounded by anti-Compton
shield of scintillator detector made up of Bismuth Germanate (BGO). As the incident -
ray gets scattered from any of the crystals and hits the anti-Compton shield are rejected

as valid events which considerably improves the quality of the v- energy spectrum.
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Figure 3.6: Schematic diagram of a clover detector capsulated by BGO anti-Compton

shield.

The biggest advantages of these four crystal arrangement in clover detector are it can be
used in add-back mode to increase the photopeak efficiency and Compton polarimeter for

~- ray polarization measurement.

These four crystal arrangement in a clover detector have many salient features over large
single crystal germanium detector of equivalent volume. The individual clover crystals
work as an independent detector of smaller granularity, which considerably reduces the
Doppler broadening on the resulting spectrum. As the individual crystal size is smaller,
the timing response considerably improves over a same volume single crystal HPGe de-

tector.

It is clear from Figure. (3.5), when high energy - ray falls on a crystal, it gets Compton
scattered to its neighbouring crystals. Thus, it is possible to register events in time
correlated “add-back” mode in two clover crystals where Compton background adds up
to give photopeak. Therefore in the add-back spectrum the peak-to-total ratio improves

considerably.

The clover detector can also be used as a polarimeter, where the incident - ray gets

Compton scattered to two neighbouring crystals, acts as both scatterer and absorber. As
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the Compton scattered events are preferentially restricted to horizontal and vertical axis
with respect to the detector surface depending on the magnetic or electric nature of the
~- transition, can be used to determine the polarity of the - transition by comparing the

efficiency corrected spectrum in the vertical and horizontal crystals.

In recent time nuclear structure properties are investigated world wide with the use of
these type of BGO encapsulated (anti-Compton shield) HPGe detector array for both

prompt and delayed spectroscopy.

3.0.13 Indian National Gamma Array

The use of large detector array (Gammasphere, Euroball, Jurogam, Afrodite etc.) in -
ray spectroscopy has opened up new era in nuclear structure physics. These high efficient
v detector arrays allowed us to observe very weak 7 transitions in prompt gamma ray
spectroscopy which produce crucial information regarding nuclear levels and many new
exotic phenomena like Magnetic Rotation, Anti-Magnetic Rotation, Chirality, Superde-

formation, Wobbling phenomena etc.
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Figure 3.7: Schematic representation of Compton-suppressed clover detectors of Indian
National Gamma Array at TIFR with the detectors angular arrangements with respect

to beam axis(z) [6].

The Indian National Gamma Array (INGA) is a multi-detector array in India. It is a
collaborative effort of various research institutes and various Universities in India. INGA
moves between three major accelerator facility in India i. e., Tata Institute of Fundamental
Research (TIFR)- Mumbai, Inter University Accelerator Centre (IUAC)- New Delhi and
Variable Energy Cyclotron Centre (VECC)- Kolkata. During the present work, INGA
was installed at TIFR- Mumbai. This array was designed to consist of 24 clover detectors
with anti-Compton shield arranged in six different azimuthal angles. Among which four
detectors each at 90° and three detectors each at 23°, 40°, 65°, 115%, 140° and 157° with
respect to the beam direction are arranged as shown in Figure. (3.7). These detectors are

placed ~ 25 cm from the target position. In the add-back mode the overall photo-peak
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efficiency of the array is ~ 5 % for £, ~ 1 MeV and energy resolution of the detectors

are ~ 2 keV at 1.33 MeV 7- ray of ®Co.

A digital data acquisition (DDAQ) system, based on Pixie-16 modules developed by XIA
LLC [7] with 112 channels has been used for the present experiment. This system has
the capability of digitization of 96 channels of 24 clover detectors with 100 MHz sampling
rate which can operate both in trigger-less as well as multi-fold coincidence mode which

is shown in the block diagram in Figure. (3.8) .

Time stamped coincidence data were collected when at least two clover detectors were
fired in a time window of 150 ns between the first triggers of individual channels, opened
for 1.5 pus. The BGO signal from the anti-Compton shield of the respective clovers were
used for vetoing the individual channels. The detailed description of the DDAQ can be

obtained from Ref. [8].
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Figure 3.8: Block diagram for the digital DAQ for 24 Compton suppressed clover detectors.
It consists of six Pixie-16 modules; two LVDS level translator modules and one controller

arranged in a single compact PCI/PXI crate [8].

The time stamped data were sorted using “Multi pARameter time stamped based
COincidence Search program (MARCOS) 7 developed at TIFR [8] for generating

E, — E, matrix and E, — E, — E, cube in Radware compatible format.

On the other hand for delayed gamma ray spectroscopy like in long lived isomer decay
study or nuclear structure study above those isomers are carried out using mass spectrom-
eters as an auxiliary device along with clover detector. The fusion evaporation reaction
for the production of nuclei A ~ 190 — 200 region considerable amount of fission prod-
uct obscures the gamma- ray spectrum of the nucleus of interest. Therefore to reduce
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fission background, mass spectrometers are used to select the evaporation residue (ER)

and study their decay properties at a focal plane away from the target site.

3.0.14 HYbrid Recoil mass Analyzer(HYRA)

Ni foil 9Tm QD1

Tdrget
wsl

J

Target si te
Clover

Focal plane
Clover

Figure 3.9: Schematic representation of HYbrid Recoil mass Analyzer (HYRA) and its

focal plane flange.

The HYbrid Recoil Mass Analyzer (HYRA) is a dual mode spectrometer come separator,
capable of operating in both gas filled (in normal kinematics to access heavy nuclei around
~ 200 amu) as well as in vacuum mode (in inverse kinematics to access nuclei around
N~Z upto 100 amu) is shown in Figure. (3.9). In fusion-evaporation reaction, typical

beam current is of the order of 10'°...10'% particles/sec, which leads to unattenuated
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passage of beam current through the target along with a considerable contribution of

fission fragments.

Mass separator, like this, separates the forward focused (around 0° with respect to the
beam direction) primary beam, target like contamination and fission products from the
evaporation residues (ERs) and ERs to pass through the spectrometer focal plane for
isomeric decay measurement and spectroscopy of weakly populated nuclei more precisely.
The basic principle for separation of different reaction product from evaporation residues

depends on different magnetic rigidity Bp for the beam and residues given by

V2Em  2E A
Bp = YEEM _ VERI g 02072 (3.15)
Gav (%)Zg Z3

where E, m, ¢,,, A and Z represents the energy, mass, average charge, mass number
and atomic number of the ions respectively. Whereas B and p represents the magnetic
field strength and radius of curvature of the dipole magnet. Vo(=2.19x10% m/s) is the
Bohr velocity, determines how the charge state is going to be equilibrated when it passes

thorough a gaseous medium [10, 11].

At the focal plane chamber one multiware proportional counter (MWPC) and three Si-pad
detectors were placed along with a clover detector through a re-entrant cup as shown in
Figure. (3.10). Further details about HYRA and its detector specifications can be found

in chapter-4 and Ref. [12].
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Figure 3.10: Detector setup at the focal plane of HYRA. It consist of one MWPC followed
by three si-pad detectors and outside the flange a clover detector placed through a re-

entrant cup.

This type of set up is ideal for isomeric decay study whose life-time is of the order of
time of flight path of evaporation residues (ER) reaching to the focal plane and undergoes

subsequent - decay there.

3.0.15 Target Fabrication

In order do isomeric decay study at the focal plane of HYRA, thin target was needed so
that ER’s reaches to the focal plane without depositing much of its kinetic energy inside
it. At the same time °Tm is a malleable material and rolling was a quite efficient in
terms of less loss of the expensive target material. Therefore, target for '%Bi study was
prepared with the rolling method at TUAC- New Delhi. A small slice of (**Tm) was
taken from a 25 mg/cm? thick sample which was placed between two mirror polished

stainless steel plates and rolled through specially hardened rollers. The gap between the
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rollers is reduced gradually to achieve thinner foils. The rolling machine used for target

preparation is shown in Figure. (3.11)

Figure 3.11: Rolling machine used for target fabrication at [IUAC- New Delhi.

During rolling the sample got wrinkles at edges so it had to be trimmed from that side,
to stop it spreading over the target area. Also repeated rolling of the stainless steel plate
causes it to bend sideways, therefore extra care had to be taken of target sample while
changing one plate to other. At the same time friction between the target material and
stainless steel plate causes enough static electrical charge which can oxidize the target
material, therefore insulating wrist band need to be worn while rolling. Ultimately two
thin targets of 0.80 and 0.86 mg/cm? were made by this method. Their masses were
measured in air tight weight machine and their area were measured using graph paper in

order to determine their thickness.
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Data Analysis Technique

3.0.16 Enmnergy and Efficiency Calibration

The pulse height proportional to the energy of the incident v rays are digitized using
Analog to Digital Converter (ADC) and plotted as a «- ray spectrum for each clover
detector where the channel number of the spectrum is proportional to the energy of the
incident ~-ray baring there is no offset. Usually there might be gain difference among
the various detectors, so it is essential to establish the correlation between channel and
energy using standard radioactive - sources 1*?Eu and *3Ba for calibration. The known
~ lines of these sources are identified and their respective channel numbers are calibrated

using the polynomial fit of the form

k
E=> (a+b.") (3.16)
n=1
where E is the energy of the incident v ray in keV and x is the channel number, usually

upto quadratic fit is sufficient but below 200 keV gamma- ray energy a factor \/z has

been included in the above Eq. (3.16).
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Figure 3.12: Relative efficiency curve for fifteen clover detectors of INGA using '*?Eu and

133Ba source. Solid line obtained by fitting the data points using Eq. (3.18)

Therefore in this thesis work the following Eq. was used for calibration

E=a+bx+cx®+dyx (3.17)

The coefficients a, b, ¢, d were obtained by fitting the channel number vs energy curve

for 12Eu and ¥3Ba source.

In ~- ray spectroscopy only relative intensities of the detected ~- rays are important, so
relative efficiency of the detector array need to be determined. This photopeak efficiency
of the detector varies with - ray energy. The relative efficiency of the detectors are
measured by determining the area under the known 7- lines from the radioactive sources

1%2Fu and '¥3Ba and dividing by their standard intensities. These data points which are
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shown as open circle in Figure. (3.12) are fitted with the EFFIT program of RADWARE

package [22]. In this program the following Eq. was used to fit the relative efficiency

In(e) = [(A+ Bz + C2*) % + (D + By + Fy*) ¢~ V/¢ (3.18)

where e is the efficiency, x = In(E, /100) and y = In(E, /1000). A, B, and C parameters are
used to fit for low energy while D, E, and F are used to fit for higher energy region with
E, in keV [22]. The parameter G determines the shape of the turn-over region between
the high energy and low energy part of the efficiency curve. The fitted curve is shown by
the solid line in Figure. (3.12). In order to get good efficiency and energy calibration the
radioactive sources (1*?Eu and '¥3Ba) are mounted at the target site with same detector

configuration both before and after the experiment.

Add Back Mode in Clover Detector

A great advantage of composite detector like clover is that the high energy v-ray after
Compton scattering goes to its neighbouring crystals, which can be added to get full
photopeak energy. At the same time it also improves the over all peak-to-total ratio
(P/T) [5]. To get the add-back spectrum the time correlated signals from all four crystals
in an event of a detector are added after proper gain matching of the individual crystal

data.
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Coincidence Relation between 7 rays

Figure 3.13: Example of level scheme demonstrates the gamma- ray coincidence relation

(see text below).

A level scheme of a nucleus is a pictorial representation of its excited states which carries
the information regarding the decaying v transition intensity, multipolarity and type
[Electric(E) or Magnetic(M)]. In Figure. (3.13) there is a representation of nuclear level
scheme which is constructed from the coincidence among different - rays. From E,-FE,
matrix one will see F4 « is in coincidence with all transitions except Es5, whereas Ej5 is in
coincidence with only Es and E; 7-rays only. In E.-E.,-E. cube, if someone puts double
gate on E| and Fy y-rays one can see Fs3, Ey, E7 and Ey - transitions. At the same time

putting gate on E5 and Ej transitions one can only see F; - transition.

In the fusion evaporation reaction the intensity of the v rays decreases as one moves up
in angular momentum as well as in excitation energy. Therefore, during building level

scheme, the intensity balance at each energy level is needed to be looked very carefully.
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The total intensity of the lower transitions will always be higher than that of the upper
one. In order to calculate the total intensity one needs to know the conversion coefficient
for each ~- transition. Again conversion coefficient is highly dependent on multipolarity,

type (E/M) and the energy of the ~- transition.

Spin and Parity assignment of the Excited States

After the construction of the level scheme from the coincidence relation and intensity
information, the next step is to assign spin and parity of the individual levels. This can
be done by determining the multipolarity and type of the decaying - transitions through

angular distribution, angular correlation and linear polarization measurement.

3.0.17 Gamma ray selection rule

These electromagnetic radiation happens through - ray emission which are strongly spin

and parity dependent. The selection rule, which dictates the allowed multipoles \ are:

L—I; < A<Ti+1 (3.19)
mmy = (—=1)* for electric
(3.20)
mmy =(—1)**"" for magnetic

From the experimental point of view, the A = 1 dipole and A\ = 2 quadrupole are the most

frequently occurring multipoles of the ~-ray transitions.
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3.0.18 Angular Distribution

In heavy-ion fusion evaporation reaction the spins of the nuclear excited states are aligned
perpendicular to the reaction plane [14,15]. If the spin (I) of the nuclear state and
its component along the symmetry axis (m), [i. e., along the beam axis| the relative
population of the m th substate P,,(I) [16] is given by the following Eq.

cap(—353)

Pm<[> = ’
Ziﬂ:—[ exp(—%)

(3.21)

where o is the measure of the alignment and is usually given in terms of o/I. If the
nuclear state satisfies P,,,(1)= P_,,(I) condition then that state is considered aligned. In
case of o — 0, it corresponds to complete alignment. The gamma- rays emitted from the
aligned states show characteristic angular distributions depending on their multipolarities
and the spins of the involved states [15]. The angular distribution of a - ray of multipole

order A can be expressed as follows

I

Wi(0) = Z o Pop(cos 0) = ag + as Pa(cosh) + a4 Py(cost) + ....... + ay Pycos(0) (3.22)

k=0

where ay;’s are the angular distribution coefficients and Ps;’s are the Legendre polynomi-
als. In experiments mostly dipole (A = 1), mixed (dipole + quadrupole) and quadrupole
(A = 2) transitions are observed which are shown in Figure. (3.14). Here 552.8 keV is
a mixed (dipole + quadrupole) transition whereas 821.6 keV is a stretched quadrupole
transition (belonging to %°T1) based on their angular distribution coefficients A5*” and
AS" determined by fitting the angular distribution yeild for the respective ~-rays with

the following Eq. (3.25).
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W(0) =1+ A5 Py(cos ) + Ay Py(cos 0) (3.23)

I I I I I I I I
5k -
4l @ 4 t (b)
| w 552.8keV (152--13/27) | 4k E -
— Ap=-0.16(3) Ag= - 0.04(5) -
=, [
B O T n i
S |
ER It
4= .
2 [ 1°F :
2+ 4 1
T w $206keV (1727-13/2)
[ —— A,=0.50(16) A4=0.08(22)
1 1 l 1 1 1 l 1 1 l l [ 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 i
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40 80 120 160 40 80 120 160
Angle () Angle (0)

Figure 3.14: Typical gated angular distribution obtained in the present work for (left

panel: 552.8 keV mixed dipole+quadrupole and right panel: 821.6 keV stretched

quadrupole) - transitions belonging to %5T1.

In case of maximum alignment the angular distribution coefficients can be expressed as

1
1+ 02

AP L Ly Mo I ) = (LML) + 28 (T N L) + 02 fr(Ipda o )] (3.24)

While f;, (IrA1A21;) is Tabulated in Ref. [16] in terms of

eI Ael;) = B(L;) Fr(Ip A\ 1) (3.25)
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where

Fu(IphdoLy) = (=) =57 (20 4 1)(20g + 1) (21, + 1)]/2

(3.26)
X < MId —1|k0O > W < LiLid Ao kI >
and By, is the statistical tensor for the complete alignment given by Eq.
Bi(I) = (2I + 1)Y?(=)! < 10I0[k0 > for integral spin
(3.27)

1 -1
=(2I + 1) (=)"2 < I51—-|k0 > for half-integral spin
here < A\j1X\y — 1|k0 > and < 1010|k0 > are the Clebsch-Gorden coefficients and W is

Racah coeflicient.

Whereas ¢ is the mixing ratio defined in the following manner

_ < Iyl[Ae]|fi >

)=

(3.28)

usually in partial alignment maximum angular distribution (A}***) coefficient has to be
modified with the attenuation coefficient [ag(1;)] [17] to get the experimental angular

distribution as follows

Ak<[f)\l)\2[l) = Ckk<[Z)A}r€nam([f)\1)\2[l> (329)
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Figure 3.15: The x? fit of 552.8 keV ~- ray for the mixed dipole-quadrupole multipolarity

are plotted as a function of mixing ratio (¢).

Aexp _ A
2oy (e Ak
X = ( AAZCEP ) (330)
k=2,4

Since Ay is a function of § as specified in Eq. [3.24-3.29], the variation of x? of the mixed
(dipole + quadrupole) 552.8 keV gamma- transition has been plotted in Figure. (3.15)
as a function of mixing ratio () using Eq. (5.4). Here AA™ is the uncertainty in the
experimental angular distribution coefficient A;™. Experimentally § of a mixed transition
is determined for that value of § for which y? is minimum. In case of 552.8 keV gamma-

ray § comes out to be 0.0870 07 in the present study.
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3.0.19 Directional Correlation Ratio (DCO)

The angular distribution of a - ray transition is obtained for singles spectra without
any coincidence at different detector angles. But in heavy ion fusion-evaporation reaction
many nuclei are populated simultaneously which makes it very difficult to measure angu-
lar distribution of each 7- transitions without contamination from nearby ~- rays. Also
limited number of angular combination in modern day v detector arrays constrains full
angular distribution. So multipolarity of the ~- transitions are measured by Directional

Correlation Ratio (Rpco), following the prescription of Krédmer- Flecken et. al., [18].

s £ 6, Z axis
/\ V2

Figure 3.16: The angles between the planes (¢) in a directional correlation of two succes-

sive gamma transitions 7, and -, emitted from a source(S) nucleus.

Two successive gamma- rays v; and 7, emitted from an aligned state observed at angles
0, and 0y with respect to the beam axis as shown in Figure. (3.16) with angle ¢, where ¢
is the angle between the two planes defined by the direction of the emitted ~- rays and

the z axis. The correlation intensity W (61, 65, ¢) can be defined as [19]

W (01,02, 0) = > B (1) A (1) Ax, (72) Hapon, (61620) (3.31)

A1AA2
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where B, describes the alignment of the state with respect to the beam axis (i, e., z axis),
the coefficient A contains the physical parameters like spins of the states, multipolarities
and mixing ratio of the transitions. Hy,x,(0102¢) contains the angular information of the
transitions and the index A refers to the tensor rank of the radiation field with A = 0
corresponds to the non observation of radiation field in a particular direction. The DCO

ratio is given as

W(027 917 (b)

ftbeo = 176, 9,,)

(3.32)

An asymmetric v —~ matrix is sorted with one axis containing forward or backward detec-
tor data with the other axis containing data of 90° detector to measure the experimental

Rpeo ratio as given by

R _ 1, (01)(Measured at 01; Gated by v, at 0y)
peo = L, (62)(Measured at by; Gated by vo at ;)

(3.33)

If a gate is made on stretched quadrupole 7- transition then the Rpco ratio comes out to
be ~ 1.0 for stretched quadrupole transition and 0.5 or 2.0 for stretched dipole transition.
The theoretical Rpco ratios are calculated using the software code ANGCOR [23]. For
mixed ~- transitions the Rpco value has large dependence on the mixing ratio(d). In the

present analysis the Rpco values are obtained for 6; = 90° and 6, = 157°.

3.0.20 Linear Polarization of ~ transitions

The DCO ratio measurement allows us to measure the multipolarity of the - transition

but it doesn’t provide any information regarding the nature of the 7- transition i,e.,
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whether it is electric(E) or magnetic(M) type. So this information can be obtained from
the gamma- ray linear polarization measurement. The close arrangement of crystals in
a clover detector allows the Compton scattered events to scatter from one crystal to the
neighbouring crystals. Therefore, Compton scattering technique has become an efficient
method of measuring the linear polarization of the v- transitions decaying from the excited
nuclear state. The differential cross-section of the - ray of energy E,, Compton scattered

into 7' with energy E! can be obtained by the Klein-Nishina formula [21].

do ¢ E _E E
— = (D)) + oF — 2sin®f cos” ¢ (3.34)
ds2 2B, E, E|

where 6 is the Compton scattering angle with respect to the incident - ray direction and
¢ is the azimuthal angle between the Compton scattering plane and polarization plane of

the incoming - transition as shown in Figure. (3.17).

08

Figure 3.17: A schematic representation of a typical event of polarization measurement of
a 7 transition of energy £, in a clover detector as a Compton polarimeter. The Compton

scattered energy E; and the scattering angles § and ¢ are shown as used in Eq. (3.34).
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Here rq is the classical electron radius e?/m.c?, where m, and c is the rest mass of the
electron and c is the velocity of light. It is quite clear from Eq. (3.34) that the Compton
scattering cross-section is maximum at ¢ = 90" i,e., perpendicular to the electric field
vector (E)) of the incident 7 transitions. The HPGe clover detector have added advantage

of measuring plane polarized ~ transitions in the adjacent crystals to measure the polarity

of the decaying ~- transitions according to below stated Eq.

(3.35)

S| =

(0, 6 = 90°)
(6,6 = 90°)

and the normalization is such that P(f) lies between —1 < P(0) < +1. P(0) = +1
correspond to complete polarization and P(f) = 0 for totally unpolarized y-rays. Again
P(0) > 0 correspond to electric (P(#) < 0, magnetic) type - transition. If the angular
distribution coefficients A5™ and A" of the decaying 7- transitions are measured then the
linear polarization of those transitions [22,23] can be measured with the help of following

the Egs.

BASPHy — T.5APH,

P(90%) 0 = £ 3.36
(90%)ca 2 — AP 1 0.7T5A57 (3:36)
where Hy=-1/6 and Hy can be expressed in the following way
F5(11) — 0.6675F5(12) + 52 F»(22
HyA=1,X=2) = 2(11) = 0.6670F5(12) + 0°F5(22) (3.37)

F>(11) + 20 F5(12) + 02 F5(22)

where +(-) is taken for transition without (with) a parity change and Fo(, \) coefficients

can be taken from Ref. [16].
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Following the prescription of Fagg and Hanna [24] the polarization for stretched E1, M1
(see Eq. [3.38]) and stretched E2; M2 transitions can be calculated using Eq. (3.39) for

the arbitrary angle of the detector with respect to the incident beam direction.

3A5™ sin? 0
2 — A5 4+ 3A5" cos? 6

P(O)pian = + (3.38)

3ASP sin2 6 + Aixp[% cos*f — 10 cos* 6 + g]

2 — A5 + 3A5" cos? 0 + AJ[FF cos' 0 — 5 cos? 0 + ]

P(0)pone =+ (3.39)

Here A5™ and A" are the angular distribution coefficients of the respective - rays
and positive (or, negative) sign in the polarization [P(6)] correspond to the electric (or,

magnetic) type of the ~- transition.

In an array, decaying y-ray’s polarization is measured at a detector perpendicular to the
beam direction to reduce the Doppler broadening effect. The polarization for the stretched

E1, M1 (vy) or E2, M2 () transition can be determined using following Eqs.

3A6.Z‘p
P(90° =42 3.40
( )ELMl 9 _ A;a:p ( )
12A5P 4 5 AP
P(90") gy o = & 2 9% (3.41)

8 — 4457 1 3AT7

Integrated Polarization Measurement (IPDCO)

Experimentally the parity of a nuclear state is determined by Integrated Polarization

Directional Correlation Ratio (IPDCO), following the prescription in Ref. [25,26]. The
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Figure 3.18: The asymmetry correction factor a(E,) at different v energies from '33Ba

and '*2Eu sources. The solid line corresponding to the linear fit of the data.

data are sorted in two matrices, the first one contains data of horizontally (/NV}) Compton
scattered events in the adjacent crystals of 90° detector on Y- axis whereas all v events
of all detectors except 90° on the X- axis. Similarly the other matrix contains vertically
(N1) Compton scattered events in the adjacent crystals of 90° detector on Y- axis and all
7 events in all detectors except 90" on the X- axis. The asymmetry correction factor a(E.)
which describes the geometrical asymmetry of a detector (see Eq. (3.42)) is plotted as a
function of energy (E,) in Figure. (3.42) using - transitions coming from the unpolarized
radioactive sources '*?Eu and '¥3Ba. The average value of this data points is 1.011(16)
which is taken as asymmetry correction factor (a(E,)) for TI data as discussed in

chapter-5.

a(E,) = 2+

D= (3.42)

The IPDCO ratio is defined in the following way
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A _ a(Ey)NL — Ny
IPDCO CL(E»Y)NJ_ I N”,

(3.43)

Depending on this ratio (A;ppco = 1), the polarity of the - transitions are assigned
as either electric (E) or magnetic (M) type. It is quite clear from Figure. (3.19) parallel
(N|) counts are higher than perpendicular (a(E,)*N,) counts for 458- keV 7- ray and
opposite in case of 707- keV 7- ray of 19Tl which makes them dominantly magnetic(IM)

and electric(E) in nature ( details can be found in chapter-5)
2000— w —T— ‘ ‘ o
@ (0)

— Parallel
458 keV . —— Pependicular

I R
700 710 720

O 1 v 1 1
440 450 460 470
Energy (keV)

Figure 3.19: The perpendicular (dashed red) components (multiplied by a(E,)) and the
parallel (solid black) scattered components of 458- and 707- keV gamma- rays are plotted
here. For clarity perpendicular components are shifted with respect to parallel components
here. The A;ppcoo for 458- and 707-keV gamma- rays of 1%T1 (discussed in the chapter-5)
comes out to be negative and positive, respectively, representing them to be magnetic and

electric in nature.

The polarity of the decaying - transitions are determined as
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_ Arppco
Q=== (3.44)

where the polarization sensitivity Q of a detector is dependent on energy of the incident

~- ray and geometry of the detector array which can be defined as

0- do (& = 900, ¢ = 90°) — 42 (¢ = 90°, ¢ = (°)

98(6=900,¢ = 90°) + §&(€ =90, ¢ = 0°) (3.45)

QS

here ¢ is the angle between the beam direction and emitted ~-ray direction. Once the
gated angular distribution coefficients A5 and A§™ are determined one can deduce the
polarization of the decaying stretched E2 gamma- transitions from Eq. (3.41). The cor-
responding A;ppco ratio for these gamma- transitions, helps to find out sensitivity (Q)

of the array using Eq. (5.8) over a long energy range (see Table. 5.1).
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Table 3.1: Energies (E,), gated angular distribution coefficients A5 and AJ™, Polariza-
tion(P), IPDCO ratios (Arppco) and sensitivity(Q) for gamma- rays populated in the

experiment of T discussed in chapter-5.

Energy(E,) A A Polarization(P)  Arppoo  Sensitivity(Q)
(inkeV) — (Err)  (Enr) (Err) (Err) (Err)
492.8  0.20(13) -0.11(19) 0.27(27) 0.19(5) 0.04(1)
575.7  0.19(8) -0.05(12) 0.29(16) 0.14(6) 0.49(29)
672.2  0.30(4) -0.08(6) 0.49(9) 0.10(5) 0.20(4)
7075 0.29(2)  -0.07(3) 0.47(9) 0.16(3) 0.34(7)
7345 0.26(4)  -0.09(6) 0.40(4) 0.11(7) 0.28(6)
821.6  0.32(3) -0.07(5) 0.54(7) 0.10(3) 0.19(3)
8523  0.42(2) -0.48(3) 0.54(7) 0.11(5) 0.20(3)

The resulting polarization sensitivities are fitted using the function,

Q= (C+DE,)Qo (3.46)

where Qg is called the polarization sensitivity for the ideal Compton polarimeter defined

as,

1+«

Qo = 1+ o+ a?

(3.47)

here o = E.,/m.c?, E, being the incident 7- ray energy and m.c? is the electron rest mass

energy.
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Figure 3.20: The measured polarization sensitivity for the clover detectors in the present

experiment. The solid line is the fitted curve for the experimental data points.

The least-squares fitting of experimental polarization sensitivity Q(E,) (see Figure. (3.20))
gave C = 1.76(31) and D = —16.9(44)x10™* in keV~!. The linear polarization (P) of
several new - transitions can be determined from the measured Arppco ratio with the
help of the polarization sensitivity Q(E,) of the INGA [23,26,27]. Thus, an unambiguous
assignment of the electromagnetic character has been established for the - ray transitions

of nuclei populated in the present reaction, will be discussed in the subsequent chapters.

3.0.21 Internal Conversion Coefficient

When the excited nucleus emits gamma rays, some of them knocks out the atomic shell
electrons along with the emission of the characteristic X-ray of that atom. As a result of
which the gamma- ray intensity appears to be some what smaller than what it should be.

This process is quantified by internal conversion coefficient as
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P (3.48)

where L;,; and I, are the total and measured gamma ray intensity and « is the conversion

coefficient.

oa=ar+ap+ay (3.49)

For a - transition of energy E. (MeV), the internal conversion coefficient a for electric(E)
and magnetic(M) type of transitions depends on the multipolarity(A) and the element

(Z) [19,28] in the following way

A ez 2m.c?
E)\) o 73 °AH5/2 3.50
ax(BA) o A+ 1 4mephe E, ) ( )
e? 2m.c?
M) x Z° cA+3/2 3.51
(M) o 2 e ) (3.51)

For mixed (wA+7')\’) multiploarity transitions the conversion coefficients can be deduced

from the following Eq.

_a(mA) 4+ SPa(n'N)
a= T (3.52)

where § is the multipole mixing ratio of 7’\" and 7\ gamma- transitions as specified in

Eq. [3.28].
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Therefore in order to build a level scheme, it is important to consider intensity balance
of gamma- ray transitions at each energy level specially for higher multipolarity and low
energy gamma- transitions in high 7Z material. The total intensity of a - transition in

Eq. (3.48) can be rearranged in the following way

['ytot = ["/<1 —+ C() (353)

3.0.22 Decay of an isomeric state

The decay of an isomeric state of a nucleus by ~- ray is a statistical phenomenon. It is
governed by Batemen [30] Eq. If N is number of nuclei present in a isomeric state at
time T, the number of nuclei dN decayed in time interval dT is proportional to the total

number of nuclei N, therefore

AN = —\NdT (3.54)

where A is the decay constant. By integrating the previous Eq. over observation time T

we get the exponential law of radioactive decay in a form

N(T) = Noe (3.55)

where Ny is the number of nuclei at time zero. The inverse of the decay constant is the

mean lifetime
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=1/ (3.56)

The half-life T, /o determines the time interval needed for the half of the nuclei to decay,

and can be expressed in a form

Ti/2 = 7ln2 = 0.6937 (3.57)

The electromagnetic transition probability from initial state of spin I; to a final state Iy

by emitting v- ray of multipolarity [ carrying angular momentum L is given by

In2 8r(L+1) E
TWIL) = 757 = ppitar s D e BUL L= 1) (3.58)
s I

where, B(IL) is the reduced transition probability of a - ray of branching ratio (BR) can

be expressed in terms of Weisskopf unit [13] as follows

Pl

~

B(EL) — (In2)L[(2L + )!N*h x BR L+3

L2HL A DAPT (14 a)le(fm)?) 3 PE W (3.59)

(In2)L[(2L + 1)1k x BR (Lt By e
80(1.2)%(L + 1) ACL-2ATIL(1 4 o) [u3, (fm)@E-2]" 3 7k,

B(ML) = 2L W)

(3.60)

The measured transition strengths for the single particle states ~ 1 W.u. whereas a
significant departures from these values are observed, compared to the Weisskopf estimate,

when the nucleus exhibits collective behaviour.
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Table 3.2: Transition probabilities T (sec™!) expressed B(EL) [e*(fm)*] and B(ML)

(13 (fm)?'~2] and Weisskopf units By,(M1) expressed in [e?(fm)¥] and [p3 (fm)*~2]. The

energies E, are measured in MeV.

1L T(L) By (IL)

sec’l
El T(E1)=1.587 X 10®E*B(E1) B,,(E1)=6.446 X 1072 A%/3
M1 T(M1)=1.779 X 10E*B(M1) B,,(M1)=1.790
E2 T(E2)=1.223 X 10°E°B(E2)  B,,(E2)=5.940 X 1072 A%/3
M2 T(M2)=1.371 X 10"E°B(M2) B,,(M2)=1.650 A?/3
E3 T(E3)=5.698 X 10°E'B(E3)  B,,(E3)=5.940 X 102 A?
M3 T(M3)=6.387 E'B(M3) B,,(M3)=1.650 A*/3

In Table. 3.2 Weisskopf single-particle estimates [13] for transition probabilities Ty; to-

gether with the reduced transition probabilities BW are listed for | < 3 v-ray transitions.

Quantities Required for Experimental Data Interpretation

T'here are various quantities like rotational frequency (w), moment of inertia (I), kinetic

angular momentum (j'), dynamic angular momentum (j2), aligned angular momentum

(iz), energy staggering [S(I)], Routhian energy etc. required for the interpretation of ex-

perimental data which are deduced from the level scheme.

I. The information about the contribution of single particle excited state of a nucleus

is extracted by subtracting the rigid rotation reference (Egrpp) from the experimentally
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observed energy (E,) as a function of spin (I). This reference energy is determined, con-

sidering the nucleus as a spherical liquid drop [31] of radius (rp=1.24'/3 fm) as follows

2]7‘1’9 7 jm’g

Errp = = 32.324753 MeV/h? (3.61)

IT. If an axially deformed nucleus rotates about an axis (x-axis) perpendicular to its
symmetry axis (z-axis) then the projection of the total angular momentum on the rotation

axis (x-) can be expressed as

L=+II+1)—-K?= \/(1 + %)2 — K2 (3.62)

where I, and K are the projection of the total angular momentum about the rotation axis
and symmetry axis of the nucleus respectively. The rotational frequency of a particular

nuclear state [32] can be expressed in terms of the following canonical equation

_dE(I) E(I+1)-E(I-1) E,
w(l) = L T LOf)-LU-1) 2 for I >> K (3.63)

and the crucial information regarding single particle contribution of alignment angular

momentum i, (see Eq. [3.64]) and Routhian from Eq. [3.65]

[

Z'a; = ]:v - IREF = Ix - (SO + w2\51)w (364)

¢ = E'(w) — Eppr(w) (3.65)

where
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E'(w) = (1/2)[E(I + 1) + E(I - 1)] — w(I)L,(I) (3.66)

1 1 1
Eppr = — /IREFdW = —§W2%0 - Z—lw4§1 + §h2/30 (3.67)

here Sy and 3 are the Harris parameter [33]. This experimentally determined single
particle Routhian can be directly compared with the values obtained from the theoretical

calculation.

ITI. The two moments of inertia i. e., kinetic moment of inertia (j') and dynamic moment
of inertia (j2) gives the information on whether any structural change in a nucleus happens
at a particular spin or frequency. The kinetic moment of inertia (j') and dynamic moment

of inertia (j?) of a nucleus can be defined as follows

I

.1 _ 1=

)= (3.68)
. dl,
Jw) = 7= = Qo + 33w (3.69)

4
~ R*MeV~" for AI=2 band and I >> K (3.
oI +2) —w(l) ~ AE, eV~ for and and [ >> (3.70)

IV. The B(M1)/B(E2) ratio is extremely sensitive to the quasi-particle configuration
involved as it conveys the message of relative v transition probability from one nuclear

state to another [34] and is expressed as.
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ES 1 L, (AI=1)
B(M1)/B(E2) = 0. il n
(M1)/B(£2) 0697E1371+52172(AI:2)

(3.71)

where § is the mixing ratio for M14+E2 (AlI=1) v transition, Eo, and E;, are the energy
of the E2 (AI=2) and M1 (Al=1) ~ transitions respectively. Whereas I,, and I, are

intensity of M1 and E2 ~- transitions respectively.
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Chapter 4

Study of High Spin Isomer in Bi

Isotopes

4.1 Introduction

Investigation of high spin isomers and their decay is one of the most interesting aspects of
nuclear structure study. For Bismuth nuclei (Z = 83) in the A ~ 190 region, the proton
Fermi level lies just above the Z = 82 shell closure and the neutron Fermi level lies below
the N = 126 shell closure. Due to this, the heavier isotopes of Bismuth, having neutron
number close to 126, are near-spherical and the low-lying excited states in odd-A isotopes
are well understood with the odd-proton in the shell-model states above Z = 82 [1].
However, as the neutron number decreases, deformation sets-in for the lighter Bismuth
isotopes with the onset of deformation at N = 112 isotope °Bi in which a rotational

band based on the proton 43/, orbital has been observed [2], similar to those observed in

191,193Bi [3]
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Several high-spin isomeric states have been reported in the Bismuth nuclei in A = 190
region which occur due to the presence of high-; proton and neutron orbitals near the
Fermi level for these nuclei [3-8]. The ground state of all the Bi isotopes is built on odd-
proton in the hg/, orbital. A 13/2% isomeric state, corresponding to the odd-proton in
the 7137 orbital, has also been observed in all Bismuth isotopes and its excitation energy
varies from about 250 keV in ¥7Bi to about 1.6 MeV in 2°°Bi. The high-spin isomers are
interpreted as 3 quasi-particle states arising from the coupling of the odd-proton in either
hgja or i13/2 orbital with the two-neutron states in the neighbouring even-even Pb core.
The coupling of hg/, with the 7~ and 9~ states in Pb nuclei gives rise to 21/2% to 27/2*
states in odd-A Bi isotopes [5,6], and in some cases, they are the isomeric states. Coupling
of the 12% state, arising from the Vi1_32/2 configuration, with the hg/, proton orbital leads
to an isomeric 29/2~ state in odd-A Bi isotopes, the half-life of which varies from 3 us in
193Bi [3] to 124 ns in 2°'Bi [6]. The 31/2~ three-quasi-particle states, observed only in the
heavier isotopes (A > 195), were interpreted as the multiplet of the same configuration.
A second 31/2~ state in *"Bi has been interpreted as the coupling of the miq3/ orbital

with the I/[(fg/éf,;/é)i;;/ﬂg— configuration [5].

In '%Bi, the spin and parity of the highest known isomer is 29/2~ having a half-life of
750(50) ns [4]. The excitation energy of this isomer is tentatively assigned as 2396 keV [2].
The highest known excited state in this nucleus is a (23/27) state at 2.9 MeV, which was
assigned as belonging to the band built on the 13/27" isomer [2]. The level scheme of '%Bi
is quite simple compared to its immediate neighbours 193197Bi [3,5,8,9]. Two other three-
quasi particle states, 23/2% and 25/2(7) are also known in this nucleus at the excitation

energies of 2195 keV and 2310 keV, respectively. No other high-spin states are known in
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Figure 4.1: Excitation function drawn using PACE-IV based on monte carlo calculation.
The cross-section for 1*3Bi and *>Bi maximizes for the fusion evaporation reaction with

30Si beam on %T1 target at 168 and 146 MeV respectively.

this nucleus. The 27/2% and the 31/27 isomers have not been found in Bi isotopes lighter
than A = 197. Recently, a 29/2% isomer has been reported in '%Bi at an excitation
energy of 2350 keV [1] with a half-life of 84.4(6) us. Therefore, it is interesting to look

for other high-spin isomer(s) in the neighbouring isotope '*°Bi.

4.2 Experimental Setup

The experiment was performed at the 15-UD Pelletron-superconducting-LINAC facility at
IUAC, New Delhi using the gas-filled mode of Hybrid Recoil mass Analyzer (HYRA). The
excited states were populated using the fusion-evaporation reaction %Tm(3°Si, 4n)1%°Bi

with an average beam current ~ 0.5 pna.

The beam was selected for the present experiments based on the excitation function

(see Figure. (4.1)) based on PACE-IV calculation where the yield for *°Bi and '**Bi
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maximizes. For % Bi the beam energy was selected to be 146 MeV over a period of 43
hour. In the beginning a short run of 13 hour was taken with 168 MeV of beam energy at
the target to produce **Bi. This run was mainly to optimize the setup and to ensure that
the method works in the new HYRA setup by reproducing the half-life of a known 3-us
isomer in '%Bi and identifying its known decay 7-rays. A self supporting (mono-isotopic)
target of 1%Tm (0.8 mg/cm?) was used for the reaction. The gas-filled (He gas at 0.15
Torr) HYRA [11] was used to separate the evaporation residues (ER) from the beam-like
particles and fission products, and the ERs were carried to the focal plane. The time of
flight for the ERs was estimated to be 1.6 us. There was no foil between the target and
the entrance of HYRA; instead a Ni foil of thickness 1.3 mg/cm? was used up-stream of
the target position which separated the He gas from the beam-line vacuum. The beam
energy degrades by ~ 10 MeV in this foil before interacting with the target, which was

taken into account in choosing the beam energy.

The focal plane chamber consists of a Multi-wire proportional counter (MWPC) (about
150 mm in X and 50 mm in Y) and three Si-pad detectors (each of size 50 mm x 50 mm)
for the identification of ERs. The ERs were implanted in the Si-pad detectors. One clover
HPGe detector was placed at the end of the focal plane chamber using a re-entrant cup
for the detection of the decay ~-rays. The distance between the clover detector and the
Si-pad was about 5.5 cm. The re-entrant cup (diameter 8 inch) had a thin (~ 1.5 mm)
stainless-steel window to reduce the attenuation of the low-energy ~-rays and X-rays. To
detect the prompt v-rays, another clover HPGe detector was placed about 27 cm away
from the target at an angle of ~ 135° with respect to the beam direction. However, this

target-site clover was used only for a part of the experiment towards the end of the run.
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Time and pulse height information of each ~- ray detected in the four crystals of the focal
plane clover detector and the pulse height information of the - rays detected in the target-
clover detector were stored event-by-event using a CAMAC-based data acquisition system,
“CANDLE” [12]. The “master” trigger, 10 us wide, was generated using coincidence
between the MWPC and either of the Si-pad detector signals. Three time-differences
were also recorded using time-to-amplitude converters (TAC). These are (i) between the
target-clover detector and the Si-pad detector (AT}) which gives the time-of-flight of the
recoils from the target position to the focal plane; here the TAC “start” signal was given
from the Si-pad detector and the “stop” signal was obtained from the ‘OR’ of all four
crystals of the target-clover delayed by 2.5 us, (ii) between the MWPC and the focal-plane
clover (‘OR’ of all four crystals) detector (AT3) which is used to obtain the half-life of
the isomers and (iii) between the “master” and the individual crystals of the focal-plane
clover (ATi, i = 1 — 4, for the 4 crystals of the clover) detector which are used to put
‘prompt’ time gate between the ~-rays for v — v correlation between the crystals of the
focal-plane clover detector. The clover detectors were calibrated for y-ray energies and
relative efficiencies by using 3*Ba and '?Eu radioactive sources. The TACs were also

time-calibrated using fixed delay.

4.3 Data Analysis and Results

The data were analysed using the ”offline” version of the "CANDLE” software. The
focal plane clover detector [13] add-back spectrum as shown in Figure. (4.2) were mostly
dominated by background 7- lines. The gamma- rays belonging to 1%Bi and 1% Bi isotopes

are mostly buried inside this huge background. To identify the gamma- rays belonging
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Figure 4.2: Raw gamma-ray spectrum dominated by background line observed at the

focal plane clover detector.

to these nuclei, the add-back spectrum of the focal plane clover detector was gated by
the evaporation residues reaching the focal plane of HYRA. The evaporation residues
were identified from a two-dimensional plot of the energy signal from the central Si-pad
detector (Si-Mid), which has almost all the counts out of the three Si-pad detectors, and
MWPC_Cathode, the cathode signal of the MWPC. The evaporation residue for %3Bi
and '"Bi were identified as the events inside the rectangular box in Figure. (4.3) and

Figure. (4.4) at the focal plane.

The time difference spectrum AT} is shown in Figure. (4.5) which gives the measured
time-of-flight of the recoils from the target to the focal plane. Because of the delayed (by
2.5 ps) stop, the real time-of-flight is from right to left on the X-axis in this spectrum and
the same are labelled at the top. From the peak position in this spectrum, we obtain an
average time-of-flight of 1.53(9) us. The uncertainty is obtained from the fitted FWHM of
the peak. This measured value of time-of-flight matches well with the estimated time-of-

flight of ~ 1.6 us obtained from the calculated kinetic energy of the recoils and the flight
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Figure 4.3: Two-dimensional plot of middle Si-pad detector (Si-Mid) and the cathode
signal of the MWPC (MWPC_Cathode) at the focal plane of HYRA for '%Bi. The

evaporation residues are identified inside the rectangular area.
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Figure 4.4: Two-dimensional plot of middle Si-pad detector (Si-Mid) and the cathode
signal of the MWPC (MWPC_Cathode) at the focal plane of HYRA. The evaporation

residues are identified inside the rectangular area for %°Bi.
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Figure 4.5: TAC spectrum showing the time difference between the signal from the ER
detected in the Si-pad detector and the delayed (by 2.5 us) signal from the target-clover.
The real time of flight of the ER is labelled at the top. The FWHM of the peak is shown

between the dotted lines.

path. The time-of-flight of the recoils indicates that isomers with half-lives shorter than
about a pus will mostly decay before reaching the focal plane. Therefore, the ER gated
v-rays observed in Figure. (4.10)(a,b) are following the decay of isomers on the order of

a us or higher.

The ~-ray energy gated time difference spectrum AT, = 10us was used to obtain the
half-life of an isomer. For this, a two-dimensional matrix between E, and AT is created,
where E, is the "addback” energy of the - ray detected at the focal-plane clover detector.
The energy-gated time spectra are obtained by projecting on the AT; axis with a gate on
a known v- ray of a nucleus on the E, axis in this matrix. The fitted slope of the projected
time spectrum gives the lifetime of the isomer corresponding to the gating transition. To
increase the statistics, the sum spectrum with gate put on several transitions decaying

from the same isomer have been used.
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Figure 4.6: ER-gated "addback” ~-ray spectrum from the focal-plane clover detector for

193Bi using a time window of 10 us after the implantation of the recoils in the focal plane.

To check for the coincidence relation between the decay 7-rays, a coincidence £, — E,
matrix was also created from the focal plane clover detector by treating the four crystals of
the clover as four different detectors. A coincidence time window of 200 ns was put using
the ATy (i = 1 — 4) time spectra. The number of counts in the gated spectra obtained

from this matrix was very limited but it gives important information as discussed later.

4.3.1 93Bi

The raw add-back spectrum as shown in Figure. (4.2) mostly dominated by back ground
lines which gets much cleaner when we put a gate on evaporation residues with a time
window of AT, = 10 us, after the implantation of the recoils in the focal plane. In the
ER-gated 7-ray spectrum shown in Figure. (4.6) consist of 186-, 245-, 279-, 352-, 379-
, 620-, 634-and 818- keV gamma- rays belonging to '%*Bi (see partial level scheme in
Figure.( 4.7)). Among these 186- and 279- keV gamma- rays have been identified for the

first time in the present study which is also later confirmed by the authors [10].
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Figure 4.7: Partial level scheme of *3Bi with 3.02(8) us isomer (J7=(29/27)) predomi-

nantly decaying through 307 keV ~- ray to the lower lying levels taken from the article [10].

As mentioned earlier, in order to validate this well known isomer decay tagging method
using our set up which is used for the first time in such studies, we have verified the 3.02(8)
ps known isomer at 2405 keV excitation energy in '*3Bi. For this, a two-dimensional
matrix between E, and AT, was created for **Bi (see Figure. (4.8)), where E, is the
"addback” energy of the v- ray detected at the focal-plane clover detector. The energy-
gated time spectra are obtained by projecting on the AT, axis with a gate on a known
- ray of a nucleus on the E, axis in this matrix. The above mentioned isomer in '**Bi
is de-excited via 49 keV followed by 307 keV ~- rays as shown in Figure. (4.7). The time
spectrum, projected from the E, Vs. AT, matrix with gate on 307-keV transition in '**Bi
and its fit is shown in Figure. (4.9). From the fitting, we obtain T4/, = 3.0(6) ps as the

half-life of the isomer, which is in very good agreement with the reported value [3].
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Figure 4.9: Time spectrum gated by the 307-keV transition in '%Bi and its fit (blue line).

4.3.2 19Bi

All the known transitions in °Bi [2] are clearly observed in Figure. (4.10) and the peaks
are marked with their energies. These are discussed later in detail. Other isomeric decays
from Pb and T1 isotopes, which were also produced with smaller cross-sections, are marked

by # in this spectrum.

The data were also analysed by treating the crystals of the clover detector as separate
detectors to get coincidence relation between the decay ~-rays. In this analysis, an ER-
gated v — 7 matrix was obtained from the photo-peak events in the individual crystals
of the clover detector with no "addback”. A coincidence time window of 200 ns was put
using the AT: (i = 1 — 4) time spectra. Because of the triple coincidence demand of
ER-7v-7, the number of counts is limited but this gives true correlations with very low

background.
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Figure 4.10: ER-gated “addback” 7-ray spectrum from the focal-plane clover detector for
195Bi using a time window of 10 us after the implantation of the recoils in the focal plane.
The ~-ray peaks from the other ERs are indicated by #. The energy regions of the new
v-rays, 175-keV, 238-keV and 702 keV, assigned to the decay of a new isomer in 1%Bi are

expanded and shown in the insets (a) and (b).
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A higher-lying 750 (50) ns isomer was reported in %Bi by Lonnroth et al. [4] with
J™ = (29/2)~. Tentative excitation energy of 2396 keV and decay path of this isomer was
reported recently by Pai et al. [2]. In that study, the band built on the 13/2% state was
extended up to 2923 keV of excitation energy but no new isomer was reported above the
750-ns isomer. A prompt y-ray of energy 457 keV was known to decay from the highest

observed level (2923 keV) in this nucleus.

As mentioned before, all known delayed ~-rays in '°Bi have been observed in Fig-
ure. (4.10). The energy, intensity and the placement of the y-rays in 1%Bi observed in
this work are given in Table.-[4.1]. The observation of the 457-keV 7-ray in this delayed
spectrum at the focal plane clearly indicates that there is a new high-lying isomer which
feeds the level at 2923 keV from which the 457-keV ~-ray decays. In the prompt spec-
troscopy experiment in Ref. [2], the 457 keV transition was at least a factor of 5 weaker
than the 343 keV transition. However, in the decay spectrum of the present work, these
two 7 rays are observed to be of comparable (within about a factor of 1.5) intensity. This
indicates a stronger decay path of a higher-lying isomer via the 457-keV ~ ray. Because
of this stronger decay path of the isomer, the relative intensity of the 422-keV transition,
which is doubly placed in the level scheme [2], has been found to be larger in this study

(see Figure. (4.10)) compared to that in the prompt spectroscopy in Ref. [2].

The 115- and 150-keV transitions which decay from the 750-ns isomer are also observed
clearly with similar intensity to that of 457-keV. The time-of-flight of the ERs, from the
target to the focal plane, was about 1.5 us in the present experiment which is equivalent
to two half-lives of the 750-ns isomer and about one half-life of the new, high-lying isomer

(T1/2 = 1.6(1) ps). The population ratio of the two isomeric states has been found to be
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Table 4.1: y-ray energies (E,), relative intensities (I,), and assigned type of the 7 rays in
Bi. The energies of initial states (E;), spins and parities of initial (7' ) and final (J7)

states are also given.

E, E; Jr— J§ I, EX / MA

(in keV) (in keV)

114.9(2) 2309.5 B0 _, 2+ 7.9(17) (E1)
150.2(2) 2194.6 Br_, Lot 8.9(13) E2
175.0(4) 3098.0 (ZH) (BT 9.2(26) (E2)
238.0(4) 3336.0 (BA7)—(Z™) 4.4(18) (M2)
343.4(1) 1230.6 1t _, 13+ 29.2(22) M1+E2
391.3(1) 1621.6 I+, 167 27.9(18) M1+E2
421.6(1) 2465.6 ar_,lav 144.3(22) ' (M1+E2)
421.6(1) 2044.9 L+ 1+ (M1+E2)
457.4(1) 2923.0 BT 2w 18.8(22) (M1+E2)
702.0(4) 3098.0 (Z)—(27) 3.1(13) (E1)
734.7(3) 1621.6 g 5.3(9) (E2)
886.7(1) 886.7 g 34.9(22) M2
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Figure 4.11: A 2D spectrum between AT, and ER gated « energies of > Bi at the focal
plane clover detector used to determine the life time of the states by putting gate on 886-,
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axis.

about 1.1 from the statistical model calculations using the PACE code [14,15] for the
fusion evaporation reaction in the present experiment. Using this, the relative intensities
of the decay ~v-rays from the two isomers, e.g., 150-keV and 457-keV, can be estimated.
Relatively larger intensity, compared to the estimated one, observed for the 150-keV ~-ray
indicates that the lower lying 750-ns isomer is partly fed by the new, high-lying isomer.
This gives two decay paths of the new isomer, one via 457-keV transition and another via

the known 750-ns isomer.
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In order to measure the life of this isomer a two-dimensional matrix between E. and
AT, is created as shown in Figure. (4.11), where E, is the "addback” energy of the v
ray detected at the focal-plane clover detector. The energy-gated time spectra are shown
in Figure. (4.12). The spectrum in Figure. (4.12)(a) is obtained by a sum gate on the
low-lying 886-, 343-, and 391-keV ~-rays which were fed by both (new- and the 750-ns)

isomers. Therefore, the following equation was fitted:

A0 Ty 0.693 x ¢ 0.693 x ©
Y = - )= -
T (- — eap(- 222
0.693 * ¢ 0.693 * ¢
+A1 * exp(——*) + A2 % exp(——*), (4.1)
T 15

where, A0, A1 and A2 are three normalization parameters corresponding to the decay of
the higher-lying isomer via the lower-lying isomer, the decay of the higher-lying isomer via
the 457-keV transition and the independent decay of the lower-lying isomer, respectively.
Ty and T, are the half-lives of the higher-lying (new) and the lower-lying (750-ns) isomers,
respectively. The fitting, shown in Figure. (4.12)(a), gives the half-life of the new isomer
as 71 = 1.6(1) ps and the value of To = 0.7(1) us agrees well with the half-life of the
lower-lying isomer determined in Ref. [4]. The fitted values of A0 = 0.5(1), Al = 3.5(3)
and A2 = 8.1(3) give ideas about the branching ratio of the decay of the new isomer and

the relative population of the two isomers.

The time spectrum shown in Figure. (4.12)(b) is obtained by gating on 457-keV transition
which is fed by the new isomer only. As the statistics was limited in this case, the time
spectrum was time-binned into six ”cuts” and fitted. This gives a half-life of 1.6(2) us for
the new isomer and is in very good agreement with that obtained in the first case using

sum-gated spectrum. Therefore, the half-life of the new isomer is adopted to be 1.6(1) us.
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Figure 4.12: (a) Time spectrum with sum-energy gate on 886-, 343- and 391-keV tran-
sitions in *°Bi. T; and Ty are the half-lives of the higher-lying new isomer and the
lower-lying known isomer in '*°Bi, respectively. See text for the details about the fitted
equation. (b) Time spectrum gated by 457-keV transition in *°Bi, (c) Time spectrum
gated by 175-keV transition and (d) Time spectrum gated by 238-keV transition. Because
of the limited statistics in the later three spectra, total data were time-binned into a few

points.
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In order to identify any possible decay v rays from the new isomer, we have closely looked
into the spectrum of Figure. (4.10) for any new 7 ray which corresponds to the same
half-life of the new isomer. Two possible y-rays, 175- and 238-keV, have been identified
which could be the possible decays of the new isomer in *>Bi. The presence of these two
lines are shown in the inset (a) in Figure. (4.10). They are not known to belong to any
of the nuclei which are produced in our reaction and are isomeric in nature. We have
projected the time spectra gated by 175-keV and 238-keV transitions and are shown in
Figure. (4.12)(c) and 4.12(d), respectively. In these two cases also, the time spectra were
binned into a few points and fitted. The half-lives of 1.6(2) us and 1.5(2) s were obtained
for the 175-keV and 238-keV gated spectra, respectively. The excellent agreement of these
half-lives with that obtained for the new isomer, clearly supports the placement of these
transitions as the decay of the new isomer. These two 7y-rays could also be observed in
the ER-gated summed -y — 7 coincidence spectrum shown in Figure. (4.13) with gates on
known vy-rays in '%°Bi. Although the statistics is limited but it gives clear indication that

these two transitions belong to *°Bi.

The Weisskopf estimate of half-life for a 238-keV M2 transition is calculated as 1.22 us,
considering hindrance factor HF (M2) = 1 as suggested in Ref. [16,17] for A > 150 nuclei,
which matches well with the measured half-life of the new isomer. Therefore, we propose
that the new isomer decays by the 238-keV M2 transition. It may be noted here that in
19OW the 97-keV transition, decaying from the 10~, 240-us isomer was assigned as M2
transition from the half-life consideration which also indicated a hindrance factor close to
unity for the M2 transition [18]. For intensity balance with the 457-keV transition, total

conversion coefficient of ar = 4(1) is required for the 238-keV transition which is in good
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Figure 4.13: ER-gated summed ~-ray coincidence spectrum with gate on known transi-

tions in '?°Bi.

agreement with the calculated value of 3.73(6) [19] considering the 238-keV 7-ray as an M2
transition. With this assignment, the total relative intensity of 238-keV transition comes
out to be 21(7) (in arbitrary unit) which matches well, within uncertainties, with the total
intensity of 16(4) (in the same arbitrary unit) for the 175-keV transition, considering it
as an E2 transition. Hence, the 175-keV v ray has been tentatively assigned as an E2
transition. Therefore, we propose that the new isomer decays by the 238-keV transition
followed by the 175-keV transition to the 2923 keV level in '%Bi as shown in Figure. (4.14).
The excitation energy of the new isomer is, therefore, proposed to be 3336 keV with most-

likely spin-parity of 31/2~.

As discussed above, the new isomer is expected to have another decay path through the
750-ns isomer as well. We have observed a weak 702-keV v ray in the decay spectrum

(shown in inset (b) in Figure. (4.10)). The energy of this ~-ray fits well between the
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Figure 4.14: The new 1.6(1)-us isomer identified in the present work and its decay are
shown in the level scheme of 'Bi. The lower part of the level scheme is adopted from

Ref. [2]. The half-life of the 29/2(~) isomer is given as obtained in the present work.

3098-keV (27/2%) level and the 2396-keV 29/2(~) isomer. The intensity ratio of 6.0(19)
between the 702 and the 457-keV v rays is in good agreement with the branching ratio,
estimated from the A0 and Al values in the fitting of Figure.(4.12)(a). However, the time
spectrum gated by the 702 keV ~-ray could not be obtained. Also, this 7y ray was not
observed in the ER-gated v — ~ coincidence spectrum. We understand that these are,

most likely, due to limited statistics.
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4.4 Discussion

The high-spin isomeric states in Bi isotopes are understood as three-quasi particle states
arising from the coupling of the odd-proton in hg/, (ground state) or 433/, orbital coupled
with the different two-quasi particle states (57, 77, 97 and 127) in the even-even Pb
(Z = 82) core. The two- quasi particle states in Pb core involve neutron-holes in negative-
parity fs/2, f7/2 orbitals and positive parity 413/, orbital. In 7199201 Bi isotopes, the 29/27,
31/27 and 33/27 states were interpreted as the multiplets of mhg/, ® 115+ configuration
[5,6]. In 197Bi, a second 31/2~ state, observed at an energy very close to the first one, was
interpreted as the coupling of the 7iy3/9 orbital with the vy state [5]. The 29/2~ isomer
has been observed in all the odd-A Bi isotopes from A = 193 to A = 207, but no isomer
with spin higher than 29/2 h was known in A < 197 isotopes prior to the present study. In
19581 the 29/2(7) isomer was known at a tentative excitation energy of 2396 keV, while in
193Bi, it was observed at an excitation energy of 2357+A keV [3]. Recently, a 29/2% isomer
has been reported in 'Bi and was interpreted as mhgs ® vi1- [10]. However, no 29/2F
isomer has been reported in *>Bi, yet. The systematics of the excitation energies of the
high-spin isomers (and multi-quasi particle states) in Bi isotopes have been discussed in the
subsequent paragraph and it supports the excitation energy and spin-parity assignment

of the new isomer in Bi as well as its configuration as miy3/s ® vo-.

The excitation energy of the three-quasi particle configuration in the odd-A Bi isotopes
can be estimated from the energy of the neighbouring core state and the excitation energy

of the odd-particle state in the odd-A isotope using the following equation,
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EA—I + EA+1

Ejyp = By + ——— (4.2)

where B4

340 18 the excitation energy of a three-quasi particle configuration in an odd-A Bi

A

isotope, Ei,,

is the excitation energy of the corresponding one-quasi proton configuration
in that odd-A Bi isotope and the second term in the right hand side is the energy of the
core state which is taken from the average of the excitation energies of the corresponding
two-quasi particle configuration in the neighbouring Pb nuclei. The systematics of the
observed excitation energies of 27/2%,29/2~ and 31/2~ states are shown in Figure. (4.15)
along with the estimated values calculated from Eq. (3) for the mhg /s ®vg-, Thg /2 @112+ and
Ti13/2@Vy- configurations. It can be seen that the observed energies of the 27/ 2T states for
most of the isotopes match well with the estimated values for the mhg/, ®vy- configuration.
Similarly, the estimated values for the mhg /s ®vi9+ configuration is in between the observed
energies of the 29/2~ and 31/2~ multiplets. The excitation energy of the new isomer in
9Bi is in close proximity with the estimated value for the mij3/2 ® vo- configuration.
The lowest energy state in this configuration is 31/2~ as discussed in Ref. [5]. It was also
argued in Ref. [5] that this configuration in *“Bi becomes more attractive because of the
increasing involvement of v f7/5 orbital in the 9~ state in *Pb. The relative contribution

of v f75 orbital increases with the decreasing neutron number. In '**Bi, the 31/2" state

with the above configuration is expected at 3066 keV, but could not be identified yet.

195Bi having neutron number N = 112 has the distinction of a transitional nucleus with
the observation of onset of deformation in this nucleus as one moves from the neutron
closed-shell towards the mid-shell in the isotopic chain of Bi nuclei. No rotational band

was observed in the Bi isotopes for A > 195, whereas, the 31/2~ isomer, that we have
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Figure 4.15: Systematics of the measured excitation energies, denoted by (Exp), of the
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observed in % Bi, has not been identified in the Bi isotopes for A < 195. Therefore, % Bi
behaves more like 13 Bi (and lighter isotopes) in the low-spin and low-excitation regime
while it behaves more like °“Bi (and heavier isotopes) in the high-spin and high-excitation

regime.

4.5 TRS Calculations

In order to investigate the deformation driving effect of the single-particle proton orbitals
above the Z = 82 shell closure, the shapes of "Bi and its even-even core "*Pb, in
the configurations under discussion, have been studied from the Total Routhian Surface
(TRS) calculations. In these plots, 7 = 0° (v = —60°) corresponds to prolate (oblate)

shape.

The TRSs are calculated for the three configurations in *°Bi those have been discussed in
the previous section i.e., for mij3/ @ vy, Thg /s @ vy- and why s @ 19+ and the surfaces are
shown as contour plots in Figures. (4.16)(a), (4.16)(b) and (4.16)(c), respectively. The
TRS for the two-quasi particle vq9+ (Vi1_32/2) configuration in the neighbouring even-even
194P} is also shown in Figure. (4.16)(d). These Figures show that a minimum in the TRS
occurs at an oblate deformation (v ~ —60°) with 3 ~ 0.12 for the 7i;3/2 ® vy~ configura-
tion (Figure. (4.16)(a)) but for other configurations, including the two-quasi particle con-
figuration in %Pb, the minimum in the TRSs are almost at spherical shape (3, < 0.05).
The difference between the configuration in panel (a) and others in Figure. (4.16) is the
involvement of a proton 73/, orbital. In the Nilsson diagram, the low-{2 components of a

high-j orbital have larger deformation driving effect compared to the high-2 orbitals for
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the prolate shape where as, for oblate shape, the opposite is true. This indicates that if
a high-j shell is fully or nearly fully occupied then there is not much shape driving effect
of the last occupied orbital. For neutron number N ~ 114, the neutron Fermi level lies
near the tip of the neutron i3/, orbitals and therefore, vi 3/, orbital do not have much
deformation driving effect for these nuclei. This is reflected in the near-spherical shape
obtained for the two-neutron configurations of two-iy3/s (v12+) (Figure. (4.16)(d)) as well
as i13/2.f5/2 (9-) in '9*Pb. Inclusion of an additional proton in the hg, orbital to any of
these two-neutron configurations does not alter the shape and it remains near spherical
as seen in Figure. (4.16)(b,c). However, inclusion of a proton in 4,3/, orbital to the vg-
changes the shape to substantial oblate deformation as seen in Figure. (4.16)(a). This
shows that the proton i3/, orbital has a large oblate driving effect in 195Bj compared to
the proton in hg, orbital. The TRS calculations for the one-quasi particle i3/, config-
uration show similar deformation in '%Bi [2]. A rotational band in '®Bi has also been
observed which is based on the low-lying 7,3/, orbital but no rotational band has been
observed in this nucleus based on the 7hg/, ground-state. However, in Bi rotational
bands based on both 7hg s ground-state and miy3/5 excited state have been observed. This
indicates that because of the lower neutron number, the neutron Fermi level lies close to
the lower half of the viy3/, orbitals which affect the shape in the lighter Bi isotopes. It
is worthwhile to note that the TRS calculations in Ref. [2] show triaxial shape at higher
rotational frequencies, after the back-bending, for the mi;3/, band that is, for the positive-
parity 3-quasi-particle configuration, whereas, an axial oblate shape is predicted in the

present calculations for the negative-parity 3-quasi-particle isomer.
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As the TRS calculations predict a well deformed oblate shape for the new isomeric state
having deformation similar to the low-lying mi3/o state, therefore, a rotational band-
structure, similar to that observed on the 13/2% state, is expected to be built up on
this isomeric state. The observation of such band structure was beyond the scope of the
present experiment. However, it would be interesting to look for such a band-structure

above this high-spin isomer in '%°Bi in a future experimental investigation.

4.6 Conclusion

Isomer decay spectroscopic study of *3Bi and **Bi have been done for the first time at
the focal plane of the gas-filled HYbrid Recoil mass Analyzer (HYRA) using the fusion
evaporation reaction of 3°Si on 1%Tm target. A couple of new gamma transitions i.e 186-
and 279- keV have been identified in 1%Bi. The decay of the known 3-us isomer in **Bi
is confirmed and its half-life is remeasured. The value obtained for the half-life of this
isomer in the present measurement agrees well with the known value. A new high-spin
isomer has been identified in ®>Bi. The decay of the new isomer clearly indicates that it
lies above all the known states in this nucleus. The half-life of the new isomer has been
measured and found to be 1.6(1) ps. The spin-parity of the new isomer is proposed to
be 31/2~ with a three-quasi particle configuration of mi;3/» ® 19— from the systematics of
the high-spin isomers in the neighbouring isotopes. Indication of a 702 keV transition in
the second decay path of the new isomer via the 700-ns isomer could be observed in the
present work, however, more works are needed to establish this. The TRS calculations
show an oblate deformation for this isomer similar to the low-lying one-quasi particle

Ti13/2 state in this nucleus. The calculations also suggest that the 4,3/, proton orbital has
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a larger shape driving effect in ' Bi compared to the hg/, proton orbital. A rotational
band is expected to be built on the newly observed isomer which would be an interesting

case to study in future.
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Chapter 5

Study of Rotational Bands in ’°TI

5.1 Introduction

The thallium nuclei with proton number Z = 81 is situated close to the spherical lead
nuclei at Z = 82 compared to the prolate deformed rare earth nuclei. At the same time
various nuclear shapes have been reported in several Hg, Tl and Pb isotopes in the mass
region A ~ 180-190. The low and high 2 components of 7hg/, and i3/, orbitals come
down in energy for both prolate and oblate deformation, respectively from above the Z
= 82 spherical shell closure. These orbitals play a crucial role in breaking the nuclear
spherical symmetry. On the other hand vi,3/, orbital gets filled up at neutron number N
= 114, opens up the possibility of neutron hole states in i3/, orbital for N<114. So it is
important to study the effect of these high-7 proton and neutron orbitals in determining
the nuclear shape at high spin in this mass region. Also this unique set of high-j proton
and neutron orbitals near their Fermi surface with various deformation driving effects

have presented suitable playing ground to study other exotic phenomena like Magnetic
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Rotation in various Pb and Hg isotopes [1,2], Nuclear Chirality [3,4] etc. for the nuclear

structure physics.

The ground-state spin-parity of odd-A T1 isotopes has been observed as 1/2% [5-8] cor-
responding to the proton hole in the 3s1/, orbital and the low lying 3/2" excited state
has been interpreted by the occupation of the odd proton in the mds/, orbital. Experi-
mentally 9/27 state, assigned for hg/, orbital situated above the Z = 82 shell closure, in
all odd-A thallium isotopes have been established as an isomeric state [5-8|. In neutron
mid shell odd-A T1I isotopes ranging from mass number 185 to 201, decoupled rotational
bands have been observed based on prolate deformation in ®>187191T] 9 10] isotopes
and strongly coupled rotational bands based on oblate deformation in odd-A 91720171
isotopes [7,11,12,14,15]. The strongly coupled bands based on mhg, state has been
observed beyond neutron pair breaking in 8%19%193T] jsotopes [11,12] but a very limited
high spin information is available for 191971971 isotopes [7,14] and are restricted below

neutron pair alignment.

In the neighbourhood of %5T1, ” quasi-vibrational” bands have been reported in the even-
even - soft 9%19Hg [17] in the mid spin range. Also the low lying excited states in
190-202H¢ isotopes could be interpreted by rigid-triaxial-rotor model [18]. This shows the
Hg core in this mass region have substantial triaxiality with ~- softness. Recently, can-
didates of chiral partner bands have been reported in the odd-odd isotopes neighbouring
95T In '9T1 a pair of doubly degenerate bands have been reported based on 4-qp
(Thg/2a ® 1/1'1’33/2) configuration [3]. These bands have near-degeneracy in the excitation en-

ergies, with AE not longer than 110 keV in the whole spin range of I = 19-23. Whereas,
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degenerate bands based on 2qp (mwhg/s ® viig/2) configuration were reported in '5T1 [4]

with average energy separation AE~459 keV.

Therefore, it is very important to have high spin data for *>'97T1 isotopes to have com-
prehensive understanding of the effect of neutron pair alignment in vi,3/5 orbital in odd-A
Tl isotopes. Also it is interesting to look for similar degenerate bands based on odd quasi-
particle configuration to have a better understanding of their mechanism irrespective of

the mass region.

Prior to the present work, the high spin information for %T1 was limited to only two
bands: the band based on 7hg/, orbital was known up to spin and excitation energy of
27/2~ and 3156 keV, respectively (below the neutron pair breaking region). A band based
on 3-qp configuration was known up to spin and excitation energy of 35/2~ and 4394 keV,
respectively using « induced fusion evaporation reaction with one planar Ge detector and
two large volume Ge(Li) detectors. In the present thesis work, high spin gamma- ray
spectroscopy study has been carried out for 9Tl using high resolution, higher-efficiency
germanium clover detector array using heavy ion fusion evaporation reaction. This allowed
us to populate higher spin states with the observation of several new band structures. The
ground state band based on 7hg/, orbital has been extended beyond first band crossing.
Various other band structure observed in the present study have been discussed in the

following sections.
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Figure 5.1: Indian National Gamma Array (INGA) at TIFR.
5.2 Experimental Methods

Lo the present thesis work, the excited states of Tl was populated via ¥518"Re(*3C,
xn)19T1 fusion evaporation reaction at 14-UD BARC-TIFR Pelletron at Mumbai, India
using the Indian National Gamma Array (INGA). During the experiment INGA con-
sisted of 15 clover detectors with BGO anti-Compton shields as shown in Figure. (5.1).
Natural Rhenium foil of isotopic ratio 37:63 (***~187Re), thickness 18.5 mg/cm? was used
as target. The experiment was carried out at 75 MeV of beam energy to maximize the
yvield of Tl according to PACE-IV calculations as shown in Figure. (5.2). The clover
detectors were placed in six angles with two clovers each at +40° and +65° while four
clovers were at 90° and three were at —23° angles. The average count rate to each crystal
was limited to ~4000/s. The clover detectors were calibrated by using '**Ba and 5?Eu

radioactive sources.
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Two and higher-fold coincidence data with time stamp were recorded in a fast digital
data acquisition system based on Pixie-16 modules of XIA LLC [20,21]. A time window
of 150 ns is set for the coincidence between the first triggers of individual channels, and
the coincidence trigger was kept open for 1.5 us. For photopeak efficiency measurement,
the digital acquisition system was used in the singles mode. The Multi pARameter time-
stamped based COincidence Search (M ARCOS) program, developed at TIFR was used
to sort time-stamped data to generate a I,-E, matrix and E,-F,-E, cube in RADWARE
compatible format. A time window of 400 ns was selected to generate E.-F. matrix and
E.-E.-E. cube. The matrix contained a total of 3.1 x 10® v~y coincidence events. The
analysis has been done with RADWARE package [22]. The new modified level scheme of
19571 has been constructed using coincidence and intensity relations of v- rays. The inten-
sities of the - rays are obtained from the E,-FE, matrix using a single-gated spectrum.
The spin and parity of the nuclear states have been assigned using mutipolarity and type

(E/M) of the decaying gamma- transitions.

The multipolarity of the 7- rays are determined from the gated angular distribution [23]
and directional correlation of oriented states (DCO) ratio method [24]. For DCO ratio
analysis, the coincidence events were stored into an asymmetry matrix with data from
the 61(90°) detectors on one axis and data from the 05(157°) detectors on the other axis

with respect to the beam line. The DCO ratios are obtained from the formula

L, at 90°, gated by 7, at 157°
L, at 157° gated by 2 at 90°

RDC’O = (51)

where I, is the intensity of the 7;- transition determined by putting a gate on stretched

gamma ray (72) on the above stated Rpco matrix. The calculated DCO ratio for stretched

130



10000 T T T T T T T T T T T T T T T T T T T

F 187 13, _ 195 193 E

1000k Re+°C="TI +5n 2194¢|u ;

F xx 1% E

100? ._.195.” ‘?

- F ngGHg ]
Q e =
g 10E U
N v— Fiss ]
.§1OOO;»!'$'°”«
‘% - Re+c=""T+3n : g :
B 1000- ! a3
g 100 "‘\T\ ooy ]
F | v—v Fission 3

10¢ \>«<g:

1 ! E

E 1 1 E

A R P R B B P R
50 55 60 65 70 75 80 85 90 95 100
Energy(MeV)

Figure 5.2: Excitation function drawn from PACE-IV calculation to identify the beam

energy where production cross-section for '%T1 maximizes.

quadrupole and dipole transition gated by stretched quadrupole transition comes out to
be ~ 1.0 and ~ 0.5, respectively from the computer code angcor of E.S. Macias et. al., [25]
for the above stated angular combination. The value of the DCO ratio depends on the
detectors angle (6, and 6,) as well as the mixing ratio (§) of the gamma- transitions. The
validity of the Rpco measurement is checked with the known transitions in 1%4T1 and 1%T1
nuclei also populated in the present reaction. The DCO ratio for the known 278 keV dipole
quadrupole mixed and 523 keV stretched quadrupole gamma transitions determined to be
1.96(6) and 0.95(4) gated by known 687 keV stretched quadrupole transition in '*4T1 [26].
The calculated values of DCO ratio came out to be 1.97 and 1.00 for the above stated ~

transitions with mixing ratio (&) 0.25 and 0, respectively.

The clover HPGe detectors used in the experiment, allowed us to assign definite parities of

the excited states from the measurement of integrated polarization asymmetry (IPDCO)

131



0.3 ‘ ‘ ‘ ——T—
r oo |
0.2 T O Knownytransitionsin = Tl
’ 1,707 ® Known ytransitionsin %57
628|H4 1 1
TR 822 A Known ytransitionsin **TI
0.1} ssdRTE .
52 760 680
Q [ . 1
o} T Electrictype
A [T ] Magnedic fypd
<— | 394 I { w yp i
E ————— 361
-0.1- >_E_< 306 L N
L 429 - 245, ]
-0.21- ,_%_1 .
+ 278
r 236 ]
P Y N BN BN RN E N

Figure 5.3: The DCO and the IPDCO ratios for a few known 7- rays in *4719T1] obtained
in the present work. The DCO ratios for various - rays are determined by gating on

stretched quadrupole transition.

ratio [27,28]. The v-rays scattered parallel (V) and perpendicular (N, ) to the reaction
plane inside the detector medium gives us qualitative idea about the type of transition

(E/M) through IPDCO ratio. The IPDCO ratio is obtained from the Eq.,

A _ a(E)N, — N
IPDCO CL(E,Y)NL + N”?

(5.2)

The correction due to the asymmetry in the array and response of the clover segments,
defined by a(E,) = ]]\\;—'l', has been checked using *?Eu and '*3Ba sources. The asymmetry
factor [a(E,)] comes out to be 1.011(16) (for details see Chapter 3), for this experiment.
A positive or negative value of A;ppco indicates the transition to be electric or magnetic

type in nature. In the present experiment A;ppco values could not be determined for

~v- energy below 260- keV for weaker transitions. Below this energy the probability of
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Compton scattering of a - ray from one crystal to another reduces considerably, giving

very small measurable signal above threshold in both the crystals.

A comparative representation of DCO and IPDCO ratio for known ~- transitions in
194=196T7 719, 29] are shown in Figure. (5.3). The detailed results of DCO and IPDCO

ratio for gamma- transitions belonging to *°T1 are given in Table. [5.1].

5.3 Experimental Results

In the present experiment the strongly populated gamma- rays in coincidence with 707
keV transition belonging to %°T1 [7] along with several new ~- transitions can be seen in
Figure. (5.4). About 57 new gamma- transitions with asterisks (*) has been placed in the
extended level scheme in Figure. (5.5). The respective informations like excitation energies
of the nuclear levels, intensity, multipolarity and type of the decaying ~- transitions are
given in Table. [5.1]. In order to get clear coincidence information for the nucleus of intent
v-v-v cube has been made. The gamma- rays in coincidence with double gated spectra
in v-7-v cube shows them to be in coincidence with two gamma- rays belonging to that

nucleus.
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Figure 5.4: The strongly populated 7- transitions belonging to 1%T1, gated by 707 keV
transition are shown in two panels. In bottom panel the 7- ray counts from energy 1000

to 1200 are multiplied by 5.

The gamma- transitions belonging to ground state band based on 7h 9 orbital (i.e., 117-,
306-, 393-, 429-, 458-, 546-, 576-, 663-, 734-, 822-, 852 keV gamma- rays) can be seen in
coincidence with 707 keV gamma- ray in Figure. (5.4). In the same spectrum there is
a strong presence of 708 keV v- ray. It has been seen in coincidence with 742-546 keV
double gated spectrum but absent in 742-663 keV double gated spectrum in y-y-7y cube.
This led us to place 708 keV ~- ray above the 2470 keV level in the present study. The
Rpco value of this transition (see Table. 5.1) gated by stretched quadrupole 707- keV

transition indicates it to be quadrupole in nature.

Earlier unplaced 402 keV transition in Ref. [7], is seen in coincidence with 97-, 198-, 273-
and 472 keV transitions along with all other gamma- transitions belonging to band B1.
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On the basis of its intensity, it has been placed above 3156 keV level in the present study.
Several new transitions like 268-, 464-, 296-, 471-, 285- keV (dipole based on their Rpco
value) can be seen in the Figure. [5.6](a) along with 670-, 732-, 760-, 767-, 756 keV new
(quadrupole based on their RDCO value) transitions. These transitions are placed in a
regular sequence of band B2 by applying suitable double gates in the y-v-v cube. In the
same spectrum there are 256-, 700-, 786-, 844 keV new gamma- transitions which are seen
in coincidence with the gamma- rays belonging to band B1 but not with transitions above
402 keV gamma- ray of band B2. The sum double gates of 273/786, 273/256, 822/786,
and 458/786 gamma- transitions from 7-v-y cube (in the upper panel of Figure. (5.6)(b))
shows the presence of new gamma- transitions like 245-; 325-, 356-, 570-, 601-, 612 keV.
These gamma- transitions are placed using suitable gates on ~v-v-v cube, forming a band
like structure B2a in the present level scheme as shown in Figure. (5.5). From DCO
and TPDCO ratio, the 786 keV (see Table. 5.1) gamma- ray appears to be M1+E2 in
nature fixing the spin band parity of 3647 keV level as 25/2~ for band B2a. Also the
interconnecting 844- and 1041 keV gamma- rays between bands B2a and B2 comes out
to be M1+E2 and E2 in nature based on their DCO and IPDCO ratio values as given in

Table. 5.1.

The 563- and 834- keV gamma- rays seen in the Figure. (5.6)(a), are placed above the 2861
and 3826 keV level of band B2 in the present level scheme considering their coincidence

relation by applying appropriate gating transitions in ~y-v-v cube.
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Figure 5.5: The proposed level scheme of >TI obtained from the present work. The

new gamma transitions observed in this work are shown by asterisk *. The width of the

gamma transitions are proportional to their intensity.
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Figure 5.6: Spectra of - ray transitions belonging to band B2, B2a and their intercon-
necting transitions obtained from ~-7-v cube. (a) The spectrum generated by sum of
double gates of 822-, 458-, 576-, 273-, 198 keV transitions in y-vy-v cube, shows ~- transi-
tions belonging to both bands B2 and B2a along with their interconnecting - transitions
like 700-, 786-, 844-, and 1041 keV. (b) The sum of double gates of 273/786, 273/256,
822/786 and 458/786 keV, shows - transitions belonging to band B2a and some of the

lower lying ~- transitions of band B1.

In the double gated of spectrum of 394/607 keV gamma- rays as shown in Figure. (5.7)(a)
we could identify new 134-; 241-, 896- keV gamma- rays. The DCO and IPDCO ratios of
these transitions given in Table.[ 5.1], forms a irregular nuclear level structure. The 896-
keV gamma- ray (level energy 2380 keV) above the 1484 keV level is in coincidence with
117 keV and rest of the gamma- transitions belonging to band B2 via newly placed 90 keV

gamma- ray in the present level scheme. In the same Figure there is a 277 keV gamma-
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ray which, according to the coincidence relation, is placed above the 2861 keV level in
the present study. The sum double gated spectrum of 273/277 + 458/277 + 277/822 keV
transitions from ~-7-v cube in Figure. (5.7).(b) shows 248-, 348-, 702- keV transitions,
which are in coincidence with each other. These gamma- rays are arranged in regular

band like sequence B3 based on their intensity, multipolarity and type (see Table. [5.1]).

There is a 1190 keV gamma- ray in coincidence with 707 keV transition which can be
seen in the bottom panel of Figure. (5.4), placed as the connecting transition between the
2380- and 1190- keV levels. The DCO and IPDCO ratio of this transition suggest it to

be E2 in nature.

138



150 \ T \ T T ‘ T ‘ T ‘ T ‘ T
(b) Sum of Double Gate .

e § 273/277+ 458/277 + 277/822
100t g @ - _
2 T (S 1
[o0) © O N
50 I 5 |8 2 ~ g
0 \
_.(Q
S 300
Q
O

200

100

‘ L Il ‘ Il Il Il Il Il
2000 300 400 500 600 700 800 900
Energy (keV)

‘ Il
100

Figure 5.7: The spectra showing the gamma transition belonging to regular structures
of band B3 and band B4. (a) Double gate of 394-607 keV gamma transitions shows the
presence of 241-, 896 keV gamma- rays of irregular sequence above 1484 keV level. (b) Sum
double gated spectrum of 273-277, 458-277, 277-822 shows the gamma transitions belong

to band B3 and some of the gamma transitions belonging to band B1 (see Figure. (5.5)).

From the coincidence relation using suitable gates in y-v-v cube 419-, 553- and 846- keV
gamma- rays are found to be decaying from the 2037 keV energy state whereas 411- and
840- keV gamma- rays from the 2031 keV energy level 9see Figure. (5.5). The 419-, 553 and
846- keV gamma- rays were reported in Ref. [7] as tentative dipole (E1) transitions based
on their angular distribution coefficients. In the present work polarization measurement
for 419-, 553- and 846 keV gamma- rays allowed us to assign the parity of the 2037 keV
level. In Figure. (5.8) the parallel scattering (solid black line) events are seen to be more

than perpendicular scattering (dashed red line) events for 419-, 553- and 846 keV gamma-
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Figure 5.8: The parallel (solid) and perpendicular (dashed) components of 411-, 418-,
546-, 553-, 840-, 847- keV gamma transitions in ’T1 obtained for IPDCO analysis from
the present work. Here 546- and 822- keV transitions are known as magnetic and electric

type. Whereas 419-, 553-, 840- keV transitions comes out to be magnetic type.

rays. In the same Figure 546- and 822- keV gamma rays can be seen predominantly
magnetic and electric in nature. From the DCO and IPDCO ratio (as given in Table. 5.1)
of these transitions the spin and parity of the 2037 keV level has been changed from 15/27F
to 15/27. Recently a very similar band head spin and parity has been reported by H. Pai

et al., [16] in 97T
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of band B4 shows the transitions belonging to bands B4, B5 and Bba in the new level

scheme. (b) The sum double gates of 218/317 + 218/361 + 218/672 transitions shows

only gamma- transitions belonging to bands B4 and B5.

A new 92 keV ~-ray has been placed within 17/2~ — 15/27 state which is in coincidence
with 175-, 317-, 628- etc gamma- transitions decaying through both 2037 and 2031 keV
levels. So there might be an unobserved 6 keV transition connecting these two energy
levels. Earlier reported band in Ref. [7] above the 2037 keV level has been extended up to
spin 43/2~ state with the observation of 263-, 297-, 350 keV dipole gamma- rays along with
the 468-, 615-, 647 keV E2 crossover transitions as shown in Figure. (5.9)(a). In the same
Figure there is also 143-, 236-, 252-, 278-, 289- and 331 keV gamma- transitions which
are not present in the sum double gated spectrum of 218/317 4 218/361 + 218/672 keV
gamma- rays in Figure. (5.9)(b). Therefore, 143-, 236-, 252-, 289-, and 331 keV gamma-

rays are found to be in coincidence with each other according to the coincidence relation,
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forming a band structure Bba decays through 278 keV gamma- ray to the 4092 keV level
in the present level scheme. There are several interconnecting gamma- rays like 203-,
320-, 354-, 421- and 491 keV linking band Bba with band B5 as shown by the boxed
transitions in Figure. (5.10)(a). These interconnecting transitions are absent in the single
gated spectrum of 143 keV gamma- ray in Figure. (5.10)(b). Further the presence of 320-,
and 491- keV connecting transition has been confirmed with the single gated spectrum of

628 keV gamma- ray in Figure. (5.10)(a) inset.
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Figure 5.10: v— coincidence spectra (a) gated on 155- keV shows gamma- rays belonging
to band B5 (marked as *) and gamma- rays belonging to band B5a (marked as #). (b)
143- keV gated spectrum shows # marked transitions belonging to band Bb5a with the
absence of ¥marked transitions belonging to band B5. The interconnecting gamma- rays

between bands Bba and B5 are enclosed inside the square box in the lower panel.

The double gated spectrum of 458-607 keV gamma- rays (see inset of Figure. (5.7).(a)),

shows the presence of 528 keV gamma transitions which confirms it to be doublet in nature.
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The DCO and IPDCO ratio for this transition establishes it to be E2 in nature which led

to its placement between 2012 and 1484 keV levels (see level scheme Figure. (5.5)). The

sum double gated spectrum of 317-361-672-628-215 keV gamma- rays in Figure. (5.9).(a)

there are 305 and 535 keV gamma transitions. The former transition has been placed

between 2031 and 1724 keV levels and the later one in between 1724 and 1190 keV levels.

Table 5.1: Energies (E,), intensities (I,), DCO ratios

(Rpco), IPDCO ratios (A;ppco) and deduced multipo-

larities of the v rays in '®®T1. The energies of initial

states (E;), spins and parities of initial (J7 ) and final

(JF) states are also given.

E, E; JI— J§ L, Rpco Arppco Deduced
(in keV)  (in keV) (Err) (Err) multipolarity
90.2 2470.3 21 0.14(17) - - (M1+E2)
9015 21284 L7157 168(10)  0.93(15) i (M1+E2)
97.1 3156.3 .z 2.86(9) 0.88(10) ’ - (M1+E2)
117.1 2587.5 2T 701(11)  1.238) - M1+E2
1174 3937.3  ATBT 293(10)  0.85(7) i M1+E2

133.9 1618.8 LT8 2.08(6) 0.50(6) ’ - (M1)

1434 42357 BTLBT 0 100(4)  0.58(10) i (M1+E2)
1551 40923 BT 335(10)  0.65(6) i M1+E2
1713 44820 73T 963(10)  1.33(15) . MI14+E2
1754 23038 LT 1043(19)  1.35(5) ; M1+E2
198.4 3059.2 LTz 7.36(16) 1.24(8) ’ - M1+E2
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Table 5.1: Continued...

E, E; JT— J}r I, Rpco Arppco Deduced
(in keV)  (in keV) (Err) (Err) multipolarity
203.2 4513.2 g ,8%" 0.56(19) - MI1+E2
215.3 3819.9 3 5.49(39)  1.28(16) - M1+E2
2184 43107 BTLBT 483(38)  1.40(19) i M1+E2
236.5 5622.0 LT3 0.21(3) 0.58(7) ’ (M1+E2)
2415 17256 BT 061(6) - - (M1+E2)
244.6 4503.9 g 0.96(7) 1.29(44) ’ - MI1+E2
2484 33867 L BT 213(6)  1.33(28) ; M1+E2
2516 53860 T4 0454)  1.38(30)° M1+E2
256.7 3902.9 .z 1.33(4) 0.87(15) ’ - M1+E2
2634 53921 LTAT 0 062(6)  1.38(18) i M1+E2
268.4 3826.5 am_ 2 202(11)  0.61(9) -0.09(13) M1+E2
273.3 2860.8 B2 19.76(5) 1.80(6) ’ -0.15(4) M1+E2
277.5 3138.3 LT3 4.24(15)  1.62(22)° -0.24(6) M1+E2
278.0 4370.0 $m3 1.38(8) 0.82(9) ! -0.15(3) M1+E2
284.6 5342.5 S 0.23(4) 1.62(22) " - M1+E2
2800 48020 23T 955(14)  0.64(7) (M1+E2)
292.8 1484.1 8T8 2.52(11)  1.37(27) ’ -0.23(12) MI1+E2
296.1 4586.7 BT 387 1L11(11)  0.77(18) - (M1+E2)
297.2 4779.2 B 1.70(15)  1.37(23) " -0.06(6) M1+E2

305.2 2030.5 LT ia% 4.63(20)  0.59(11) ! 0.22(4) El
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Table 5.1: Continued...

E, E; JI— J} I, Rpco Arppco Deduced
(in keV)  (in keV) (Err) (Err) multipolarity
3059 10247 UTLT 904(11)  157(19) -0.07(7) M1+E2
311.2° 2931.5 B-_2m 7.30(29)  1.59(29) ' - 0.22(5) M1+E2
312.3° 36046 L BT 219(17) MI1+E2
313.3 1190.2 B4 35.55(68)  1.60(10) " -0.13(3) M1+E2
3165  2620.3 217 1661(38)  1.37(19) | -0.16(5) M1+E2
320.0 4802.0 - 0.83(10) (M1+E2)
3250 48287  ETET 0 011(5)  1.20(27) ; (M1+E2)
3312 51330 LT3 056(7)  0.52(6) (M1)

333.9 3937.3 gz 0.34(25) . . (E2)
342.0 24865 e 4.29(20) - -
3478 37345 DT q07(21)  1.22(20) - (M14E2)
349.7 51289 LT3 100(19)  1.80(21) 20.08(9) M1+E2
3540  5133.0 - _,39- 0.43(7) - - (M1+E2)
356.0 4258.9 -z 0.96(16)  1.74(36) ’ - M1+E2
360.8 32023 LB 767(22)  1.86(14) -0.04(7) M1+E2
3932 20118 UL 1T 742(23)  1.64(10) -0.15(6) M1+E2
3042 876.9 L-97 100.0(91) 1.27(16)  -0.05(2) M1+E2
4018 3558.1 VU7 97(21)  1.21(8) -0.12(6) M1+E2
4114 20305 BT BT 63721 117(7) -0.03(6) (M1+E2)
418.5 2036.5 L0 2.86(17) 0.71(8)2 -0.04(8) (M1+E2)
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Table 5.1: Continued...

E, E; JI— J} I, Rpco Arppco Deduced
(in keV)  (in keV) (Err) (Err) multipolarity
420.1 2144.5 —— 187 3.42(25) - - -
421.0 4513.0 g% 0.49(5) - - (E2)
1286 16188 BT 9460(42)  1.20(10) © -0.11(2) M1+E2
458.5 2470.3 r 31.19(52)  3.22(16) ! -0.10(2) MI1+E2
464.1 4290.6 -8 2.95(23)  2.28(25) -0.13(5) M1+E2
4680 47790 RT3 191(24)  1.03(34) (E2)
471.2 5057.9 g% 2.02(16) - - (M1+E2)
471.7 3059.2 Lo 1.91(25)  0.96(10) ~ 0.04(8) E2
491.0 4802.0 7% 0.84(27) (E2)
492.8 2620.3 2 3.55(15)  1.01(16) ’ 0.19(5) E2
5277 20118 UTBT 274(18)  1.01(12) 0.15(8) E2
527.8 3819.9 R 0.91(8) 0.95(15) ! 0.06(5) E2
535.4 1724.4 1,187 459(22)  0.66(6) " 0.17(6) El
5457 24703 LT IIT 430(19)  2.61(58) 20.03(7) M1+E2
552.8 2036.9 Lm 18 5.05(19)  0.55(12) ! -0.16(5) M1
563.2 3424.0 £z 4.0(22) 1.20(14) ’ -0.09(11) (M1+E2)
570.0 4829.0 B2 0.10(8) . . (E2)
575.7 2587.4 Z-_ 1 715(24)  0.93(4) 0.14(6) E2
601.0 4504.0 oz 0.61(17) - - (E2)
607.2 1484.1 B4 26.94(66)  1.71(17) ! -0.03(2) M1+E2
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Table 5.1: Continued...

E, E; JI— J} I, Rpco Arppco Deduced
(in keV)  (in keV) (Err) (Err) multipolarity
611.9 4260.9 - 0.56(14)  1.01(13) ’ - (E2)
613.3 5392.1 Lm_4- 1.90(16) - - (E2)
6277 20315 2L 682(27)  0.99(9) 0.12(11) E2
647.3 5128.9 4T3 2.52(25)  1.07(18) ’ 0.06(11) E2
663.1 2587.5 Z-_ 1 8.06(26)  0.97(6) ° 0.11(3) E2
6702 38265 AT 411(21)  1.10(9) 0.08(7) E2
672.2 32062 ZTLT 109(14)  0.97(10) 0.10(5) E2
6731 36046  Z T 2097(14)  101(5) 0.10(4) E2
700.0 4259.1 2" 0.27(5) . . (M1+E2)
702.0 4436.5 g 0.69(40)  1.44(12) ’ -0.12(12) M1+E2
707.5 1190.2 279 58.6(15) 1.02(2) ’ 0.16(3) E2
7081 31784 BT1T 409(74)  1.01(14) . (E2)
732.3 4290.6 B-_2 0.77(10)  0.99(15) ° 0.09(9) E2
7345 19247 U7 9767(54)  0.99(11) 0.11(7) E2
741.7 1618.8 Lm4u- 27.18(51)  0.97(7) ’ 0.06(3) E2
755.6 5342.5 757 1.74(17)  1.01(11) ’ 0.10(7) E2
7608 45867 BT 944(19)  110(7) 0.13(5) E2
767.3 5057.9 sT7_ 387 1.11(12)  1.05(13) 0.08(7) E2
786.4 3647.2 LTz 0.71(16)  1.90(26) ’ -0.08(6) M1+E2
821.6 2011.8 I8 25.35(49)  1.09(2) ’ 0.10(3) E2
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Table 5.1: Continued...

E, E; JI— J} I, Rpco Arppco Deduced
(in keV)  (in keV) (Err) (Err) multipolarity
834.2 4660.7 S 2.51(32)  1.75(15) ’ -0.12(19) MI1+E2
840.3 2030.5 LT BT 20.74(51) 1.12(3)2 -0.11(3) M1+E2
8441 39039 L BT 154(36)  1.66(24) 20.20(9) M1+E2
846.7 2036.5 LT8 24.18(71) 2.24(6)2 -0.03(2) MI1+E2
8475 17244 BTLLT 99319 E1”
$52.3 24703 L2717 899(23)  0.93(10) | 0.11(5) E2
896.0 2380.1 Im8 2.68(18)  1.03(19) ’ 0.02(7) (E2)
10412 39029 L BT 109(18)  1.05(27)° 0.18(8) E2
1067.7 19449 3717 (46(29) . - M1, B2
11616 20385 (251" 100(12) ; . (M2, E3)"
11905 23801 7137 109(14)  1.03(39) 0.07(10) E2

!Gamma energies accurate to £0.3 keV unless otherwise indicated.

2From 707.5 keV (E2) DCO gate.
3From 821.6 keV (E2) DCO gate.
4From 627.7 keV (E2) DCO gate.
SFrom 672.2 keV (E2) DCO gate.
SFrom 734.5 keV (E2) DCO gate.
"From 741.7 keV (E2) DCO gate.

8Combined intensity, DCO and IPDCO ratio.
OFrom 663.1 keV (E2) DCO gate.

12From 761.0 keV (E2) DCO gate.

)

HErom 576.1 keV (E2) DCO gate.
)
)

13From 527.7 keV (E2) DCO gate.

15 Adopted from Ref. [30].
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5.4 Discussion

The proton Fermi level for the T1 isotopes lies below the Z = 82 shell closure near 3s s
and 2d3/, orbitals and neutron Fermi level lies close to the 1iy3/2, 3ps/2 and 2 f5,, orbitals.
The proton hg/, orbital comes down in energy with oblate deformation in lighter thallium
isotopes in mass A ~ 190 region. Therefore the observation of band structure above the
9/2~ isomeric state in lighter thallium isotopes has been interpreted as band based on
proton [505]9/2 Nilsson orbital upto ®!T1. Apart from this band, theoretical calculation
done by Toki et al., [7], predicted 15/2~ and 17/2~ states in *>!97T1 which are not
member of 9/2~ band. Experimentally we have been able to identify (15/27) and 17/2~
states at excitation energies 1726 and 2380 keV respectively. These states lie closer to the

theoretically predicted states based on triaxial rotor-plus-particle model [5,6].
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Figure 5.11: Experimental alignment (i) as a function of rotational frequency hw for
the ground state band of '®TI1 has been compared with the neighbouring odd (A) Tl
isotopes for positive signature (a=+1/2 by filled symbol) and negative signature partners
(=-1/2 by unfilled symbol), respectively. The Harris reference parameters are taken as

Jo= 8 h2MeV ! and J;=40r*MeV 3.

5.4.1 Bands: B1-B2

The band based on mhg, orbital in odd-A ¥97193T1 isotopes has been observed beyond
the band crossing [11,12]. In the present thesis work this band has been extended upto
spin 39/2~ with the observation of band B2. The alignment (i,) for bands B1 and B2
in '9TI observed in the present work are shown in Figure. (5.11) as a function of ro-
tational frequency hw, along those of the neighbouring isotopes °'TI1, 3T and '9"TI.
The initial alignment for band based on mhg/, orbital for all the four isotopes are very

similar. The experimental band crossing for positive (a:%) signature partner band for
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191 193] 19571 and 9771 take place at rotational frequencies Aiw ~ 0.38, 0.31, 0.30 and
0.29 MeV, respectively. Whereas the band crossing for negative (a:-%) signature partner
band for these isotopes takes place at rotational frequencies hw ~ 0.35, 0.34, 0.36 and
0.30 MeV, respectively. In spite of difference in crossing frequencies, the gain in align-
ment (Ai, ~ 7h for V19T and A, ~ 8k for °T1 ) and after the band crossing are
seen to be very similar for both signature partner bands in 119319571 isotopes. The first
band crossing observed in Y!T1 and '?3T1 isotopes were interpreted as alignment of a i 1
neutron pair [11,12]. Similarly the observed band crossing of band B1 in Tl can be
attributed to the alignment in viy3,, orbital. Therefore, the configuration of the higher

lying states in band B2 and B2a (above 2588 keV) would be 7hg/s ® V’Z;32/2.

607 T ‘ T T T L L ‘ L ‘ T T T ‘ L ‘ L
. 19 _
g | < " Tla=-1/2 1y,
L L
3 0. -6 Tl a=-1/2 Thy, A
S 1950 o=
= 0-0 Tl a=-1/2 Thy,
o I 197,
-~ I AATT] a=-1/2 Th9/2
< 20+ s
o[
T |l
I o ]
8 L
_207 | \ \ \ \ \ \ \

5 75 10 25 15 175 20 225
I

Figure 5.12: The energy staggering S(I)=[E(I)-E(I-1)]/2I as a function of spin(I) for the
ground state band (before and after first band crossing) of '%TI has been compared with
neighbouring odd (A) Tl isotopes. For Tl signature inversion observed at spin 2~

2

where filled symbol correspond to a=+1/2 and unfilled symbol represents a=-1/2.
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The energy staggering plot in terms of S(I) = [E(I)—E(I—1)]/2I, where E(I) is the energy
of the state with spin I, has been plotted for odd-A **~197T] isotopes as a function of

spin(I) in Figure. (5.12). The signature of the favoured and unfavoured states is defined

as [33]

Ly = (= 1)1/ (5.3)

4 =g 2

where the angular momentum of the odd particle is expressed by j. Here v = +1/2 is the
favoured signature for mhg/» band in odd-A Tlisotopes. After first band crossing the band
configuration changes to mhg/, ® Vi1_32/2 for 1911931957 jsotopes. This makes a = —1/2 as

the favoured signature when the proton is in hg/o orbital and neutron pair breaking take

place in 713/, orbital in compliance with the following Eq.

o = 5 S (-1 (5.4)

)

where 7; as the qp angular momentum.

Therefore a signature inversion is expected after the neutron pair alignment. A signature
inversion is indeed obtained at spin 27/27 in 'TI with neutron number N = 112. But
there is no indication of signature inversion in ***3T1 isotopes with N = 110, 112. In *"TI
similar signature inversion appears at spin 27/2~ but there is no high spin experimental
data beyond this spin state. Therefore it will be interesting to see what happens to energy
staggering after 27/2~ states in 7T1. The signature inversion has been interpreted in
terms of Coriolis effect [33-35] for spins IS jr + 7, triaxial shape [36] and interplay of

residual p-n interaction [37,38] in this mass region. So detail theoretical calculation is
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required to understand this signature inversion in odd-A TI isotopes for neutron number

N >114.

5.4.2 Sequnce: B3

The irregular sequence observed in the present study does not show any rotational struc-
ture. These states lie close to the neutron pair breaking in **T1 where numerous shell
model states are available near the neutron Fermi level. Therefore, it is quite possible for
them to be generated because of single particle excitation in this region. Whereas detail

shell model calculation need to be done to asserting the nature of this sequence.

5.4.3 Band: B4

From the excitation energy of the negative parity band above 2031 keV level in *°TIl
appears to be based on 3-qp configuration. In the neighbouring even-even Hg nuclei
similar negative parity bands have been interpreted as a coupling of two unpaired neutron

in i13/2 and low j ps/o or fs/o orbital [17,39].
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Figure 5.13: The schematic representation of (a) comparison in alignment (i) vs rota-
tional frequency (fw) for bands B4-B5 of % T1 along with 5~ band of '%*Hg with rotational
reference Harris parameters Jo= 8 h2MeV ! and J;=40r*MeV 3. (b) Excitation energy
(E;) vs spin(I) for bands B4-B5 and Bba. The band B5 becomes degenerate with band
Bba after first band crossing. The band Bba has been shifted upward by 0.3 MeV for

viewing convenience.

The alignment pattern for the band B4 and B5 in '%T1 is quite similar to the 5~ band
in its immediate even-even neighbour '"'Hg nucleus as shown in Figure. (5.13)(a). The
alignment of this band in '*Hg was interpreted as a coupling of fully aligned 713/, neutron
with a poorly aligned low-j (p3/2) neutron [17]. The gain in alignment for these bands in
Y1Hg and %T1 is Ai, ~ 9h. The similarity of 4, (before band crossing) for 5~ band in
Y94Hg with bands B4 in 1% Tl indicate that their intrinsic structures are quite similar. Since
most of the angular momentum contribution comes from the neutron configurations, the

contribution from the odd proton is very small which is quite possible as the odd proton
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occupies high € orbital of hg/y or i3/, in case of oblate deformation. Considering the
negative parity of the band B4 in ®TI, the intrinsic configuration of this band head
can be assigned as mijz/s ® Vil_31/2(p3/2f5/2)_1 which, after band crossing attains 7iy3/,
® l/z'1_33/2(p3/2f5/2)’1 configuration. Also the presence of 305 keV (E1) (see Figure. (5.5))

transition from the 15/27 state to mii3/, state at 1724 keV justifies this assignment [30].
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Figure 5.14: Comparative study of various experimental parameters belonging to band B2
and B2a. (a) Excitation energy(E,) of the two bands maintains similar energy difference
over the entire spin(I) range. (b) Energy staggering S(I)=[E(I)-E(I-1)]/2I for bands B2
and B2a is almost spin(I) independent. (c¢) The variation in alignment (i,) with spin(I)
for bands B2 and B2a, deduced with Harris reference parameters as Jo= 8 h?MeV ! and

J1=40h*MeV 3. (d) The kinetic moment of inertia J®) for bands B2 and B2a.
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5.4.4 Bands: B2-B2a

The band B2 and B2a maintains average relative excitation energy AE ~ 677 keV in the

spin range 2~ < I < 27 as shown in Figure. (5.14)(a). The similarity in alignment
(i,) value and several interconnecting transitions from band B2a to B2 indicates them
to have similar configuration. The energy staggering S(I) of band B2a is much reduced
with respect to band B2 while they are in similar phase over the spin(I) range as shown

in Figure. (5.14)(b). The measured quasi-particle alignments (A4,) and kinetic moment

of inertia (J)) of these two bands are very similar as shown in Figure. (5.14)].
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Figure 5.15: Comparison of various experimental parameters of band B5 and B5a. (a) The
excitation energy of band B5 and Bba is quite degenerate therefore B5a excitation energy
is shifted 0.3 MeV upwards for viewing convenience. (b) Energy staggering S(I)=[E(I)-
E(I-1)]/2I for bands B5 and Bba is seen to be independent of spin(I). (¢) Comparison in
alignment (i,) vs rotational frequency (Aw) for bands B5 and Bba of **T1 with rotational
reference Harris parameters Jo= 8 A*MeV ~! and J;=40h*MeV 3. (d)The kinetic moment

of inertia JO for bands B5 and Bba.

5.4.5 Bands: B5-Bba

The band B4 after neutron pair alignment has been drawn in the present level scheme
(see Figure. (5.5)) as band B5. The side band Bb5a is connected to the former with several
interconnecting transitions. The band head spin-parity of B5a is decided by the DCO
and IPDCO ratio of 278 keV transition. Therefore, the bands B5 and B5a have similar

parity. The excitation energy (E,) is quite similar for both of these bands as shown in
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Figure 5.16: Plots of experimentally obtained transition probabilities (a) B(M1)/B(E2)

ratio for bands B2 and B2a (b)B(M1),,/B(M1),,: ratio for bands B5 and Bba.

Figure. (5.15). The excitation energy of band Bba is higher than band B5 at spin 35/2~
by 59 keV which reduces to -6 keV at spin 43/2~. The similarity in excitation energy of

these B5 and Bba bands, indicates them to be build on similar configuration.

The energy staggering (S(I)) parameter indicator of Coriolis coupling, is independent of
spin(I) for both bands B5 and B5a as shown in Figure. (5.15)(b). This indicates that quasi-
particle angular momentum is perpendicular to the core rotational angular momentum.
The similarity of aligned angular momentum (A7,) and kinetic moment of inertia (J™)
of these two bands shown in Figure. (5.15)(c)-(d) lends further support on their similar

configuration.

The B(M1)/B(E2) transition probability ratios for bands B2-B2a and B5-Bba are shown
in Figure. (5.16)(a)-(b). For bands B2-B2a this ratio is quite identical apart from spin
33/2~. The crossover E2 transition for the above stated spin in band B2a is very weak,
therefore only the lower limit of the B(M1)/B(E2) ratios could be obtained. This simi-
larity of B(M1)/B(E2) transition probability ratios for bands B2 and B2a indicates them

to based on the same configuration (7hg/, ® Vi;32/2). In band Bba we could not identify
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any crossover E2 transitions. So considering the higher limit of the intensity of the unob-
served crossover E2 transitions as the level of background in the data, the lower limit of
the B(M1)/B(E2) ratio has been estimated for band B5a. But the trend of these ratios
for band B5 and Bba are quite identical. This further establishes band B4 after band

crossing have identical configuration i.e., mii3/9 ®z’1’33/2(p3/2f5/2)_1 with band Bba.

The details of all the bands belonging to '*T1 and their respective configurations except

sequence B3 are given in Table. 5.2.

Table 5.2: Different bands and their proposed configurations in *TI.

Name of Band Number of quasi-particle Configuration
B1 1qp mhy o
B2 3 qp Thy/s ® 1/2'1_32/2
B2a 3 qp side band of B2 Thy/s ® I/ifgz/Q
B4 3 qp Tirgsy @ Viygy(pajafss) ™
B5 5 qp Ti13/2 @ Vifg%(p:)./szz)_l
Bba 5 gp side band of B5 Ti13/2 & Vil_g?)/Q(p3/2f5/2)_1

5.4.6 Systematics comparison of degenerate bands with neigh-

bouring odd-odd T isotopes

The excellent near degeneracy of 3qp bands B2-B2a and in particular the 5qp bands B5

(after first band crossing above B4)-B5a in '%T1 has been compared with degenerate bands
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Figure 5.17: Comparison of excitation energy (E,) as a function of spin (I) for doubly

degenerate bands in 94195198 jsotopes.

based on 2-qp configuration in *8T1 and 4-qp configuration in 1%T1 and in Figures. (5.17)-

(5.21).

The 4-qp bands in ®*TI shows near degeneracy in the excitation energies with AE not
larger than 110 keV for the whole observed spin range of I = 19-23, reaching a value
of AE=37 keV at 1=21 see Figure. (5.17),(a) The B2 and B2a bands of ' T1 maintains
average AE = 677 keV whereas band B5 and B5a maintains continuous decreasing trend
of energy separation of 59 keV to -6 keV from spin range I =3 5/27-43/2~ as shown in
Figure. (5.17)(b). In 98Tl degenerate 2qp bands maintains average AE = 459 keV in the
spin range of I = 10-14 (see Figure. (5.17)(c)). So bands B2 and B2a in '*TI maintains
similar energy separation as degenerate bands in 1% T1 and bands B5 and B5a comes closer

to each other with increasing spin as the degenerate bands observed in 4TI.
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Figure 5.18: Comparison of energy staggering S(I)=[E(I)—E(I-1)]/2I as a function of spin

(I) for 9419519877 jsotopes.

Energy staggering S(I) for degenerate bands in *T1 and '%TI (B5-B5a) is independent
of spin(I). Whereas the S(I) parameter for band B2 in ®T1 and B2a in '%TI is quite

independent of I as shown in Figure. (5.18).
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Figure 5.20: Comparison of alignment (i,) as a function of spin (I) for 9419519871 isotopes

with rotational Harris parameters Jo= 8 R2MeV ~! and J,=40h*MeV 3.

The comparison of kinetic moment of inertia (J)) and aligned angular momentum (i,)

for degenerate bands in 94195198 T] isotopes shows identical behaviour with spin in Fig-
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ures. (5.19)-(5.20).

The B(M1)/B(E2) ratio for bands B2-B2a and B5-B5a in **T1 matches quite well com-
pared to degenerate bands in 19T1 and Tl isotopes as shown in Figure. (5.21). Therefore
in all possible way B2-B2a and B5-Bba bands in 1%T1 appears to be degenerate with the

previously reported degenerate bands in 4TI and 8Tl isotopes in this mass region.
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Figure 5.21: Comparison of B(M1)/B(E2) ratio with respect to spin (I) for 19419519871

isotopes in the case of doubly degenerate bands.

Pairs of near-degenerate partner bands built on particle and hole configuration above
axially asymmetric nuclear deformation are most often interpreted as chiral symmetry
candidates in the angular momentum space [40,41]. In the chiral geometry the valence
nucleons with particle (hole) angular momentum aligned along the short (long) nuclear
axes and core rotational angular momentum is predominantly oriented along the interme-
diate nuclear axis. This three-dimensional orientation of the angular momenta of the odd
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nucleons and the collective rotation determines the chiral geometry of the system based
on left-handed or a right-handed orientation of the three angular momenta. The nucleon
configuration of the degenerate bands in '*TI have a valence proton of predominantly
particle nature and valence neutron(s) with predominantly hole nature, thus forming a
suitable nucleon configuration for chiral geometry formation. Furthermore there are sev-
eral indications that the nuclear shape could be triaxial in this mass region. There is
observation of near degenerate bands in '*'9¥T1 isotopes [3,4]. While in the former nu-
cleus, first observation of four quasi-particle whg/ ® 1/@'1’33/2 has been reported and in '%*T1
2- quasi-particle bands based on 7hg/, ® Vi1_31/2 configuration has been observed. Secondly,
the theoretical Total Routhian Surface (TRS) calculation done based on mhg/, ® VZ';32/2
and miyz3/0 ® Vi1_33/2(p3 /25 /2)_1 configurations shows the presence of triaxial minimum for
these bands (see Table. 5.2), which further supports chiral geometry in angular momentum

space (discussed in the following section).

Other very good candidate of multi quasi-particle chiral bands have been reported
in 1%Rh [42] based on ng/g ® vhi1)2(gr/2ds/2) configuration and in '*Nd based on

7(g7/2/99/2/h11/2) ® Vhfl/2 [43,44] configuration.

5.4.7 TRS calculations

In order to investigate the deformation driving effect of single- particle proton orbital
above the Z = 82 shell closure and the effect of neutron i3/, orbitals (for the configurations
under consideration) in determining the shape of '%TI1, Total Routhian Surface (TRS)
calculations have been performed. The TRS code of Nazarewicz et al. [45,46] was used

in these calculations. A deformed Woods-Saxon potential and BCS pairing was used to
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calculate the single-particle energies and the total energy of the system was obtained by
employing the Strutinsky shell correction method. The universal parameter set was used
for the Woods-Saxon potential and pairing calculations. The Routhian energies were
calculated in (fs, v, (1) deformation mesh points with minimization on hexadecapole
deformation ;. The procedure of such calculations have been outlined in Ref. [47]. The
Routhian surfaces are plotted in the conventional 3, — ~ plane. In these plots, v = 0°

(v = —60°) corresponds to prolate (oblate) shape.
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Figure 5.22: Contour plots for Total Routhian Surface (TRS) in the (- deformation
mesh for the mhgy/, configuration calculated at rotational frequency hw=0.11 MeV and
Thy & Vi1_32/2 configuration at rotational frequency 0.36 MeV for bands B2 and B2a

respectively. The contours are 250 keV apart.
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The TRS calculation performed at fiw=0.11 MeV for the mhg/, configuration of band
B1, shows a clear minimum at (3,=0.15 and v=-58° as shown in the lower panel of Fig-
ure. (5.22) and this deformation persists over a rotational frequency up to first band
crossing. Therefore the rotational band observed in 1%T1 based on this configuration is
due to this oblate deformation as in other TI isotopes in this mass region. As the ro-
tational frequency increased upto hw=0.36 MeV, a neutron pair alignment takes place
and the TRS calculation based on 7hg/, ® 1/2'1_32/2 configuration shows two deformed min-
imum in the contour plot, one at £,=0.15 and v=-58° with oblate deformation and the
other one at 3,=0.15 and y=39° with triaxial deformation as shown in the upper panel
of Figure. (5.22). This triaxial minimum also gives the possibility of the nucleus to rotate

around its intermediate axis.
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Figure 5.23: Contour plots for Total Routhian Surface (TRS) in the (- deformation
mesh for the 713/, ® v i1_31/2(p3 /2[5 /2)_1 configuration calculated at rotational frequency
hw=0.16 for band B4 and 7i;3/5 ®z'1_33/2(p3 /215 /2)*1 configuration at rotational frequency

hw= 0.31 MeV for band B5 and Bba, respectively. The contours are 250 keV apart.

The surfaces calculated for mij3, ® Vi1_31/2(p3/2f5/2)_1 configuration at rotational fre-
quency hw=0.16 MeV for band B4, shows a oblate minimum at 3,=0.11 and y=-55°
in the lower panel in Figure. (5.23). This deformation persist upto neutron pair breaking
and TRS calculation done at rotational frequency hw=0.31 MeV for configuration i3/,
®i1’33/2(p3 /2f5/2) " a stable triaxial minimum appears at §5=0.14 and y=25" deformation

as shown in the upper panel in Figure. (5.23). This further supports nuclear rotation
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about its intermediate axis. Therefore the TRS calculation done for the whg/, and miy3/;
Qv 2'1_31/2(]33 /2.f5/2) " configuration bands (B1, B4) after neutron pair alignment shows the

presence of triaxial minimum.

So in the light of above discussions the bands B5 and Bb5a appears to be quite degener-
ate with configuration mi13/2 ® l/z‘l_g?’/z(pg)/gfg,/g)*l, similar to the 4-qp degenerate bands
observed in %T1. The TRS calculation based on the above stated configuration shows
a triaxial minimum, which can give rise to chiral geometry with proton-neutron angular
momenta along the short and long axis with the core angular momenta along the inter-
mediate axis. This makes band B5 and B5a be a potential candidate of chiral partner

bands based on 5-qp configuration in this mass region.

The bands B2 and B2a based on 7hg/» ® Vil_32/2 configuration are identical to the 2-qp
degenerate bands in '%¥T1. The TRS calculation based on the above configuration shows a
triaxial minimum for this configuration in '%T1. The excitation energy separation between
the bands B2a and B2 is quite high compared to the degenerate bands in '%*T1. Therefore

the possibility of B2a be a - vibrational band can not be ruled out.

5.5 Conclusion

The nuclear structure study of 1Tl has been done with gamma- ray spectroscopy using
fusion evaporation reaction of ¥%!8"Re target with 3C beam at 75 MeV. A new and
improved level scheme of 1%T1 has been constructed with 102 gamma- transitions among

which 57 of them observed for the first time in the present work. The DCO ratio and the
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polarization asymmetry ratio (IPDCO) measurements have been used for the assignment

of spin and parities of the levels.

The band based on 7hg/, has been extended up to spin 39/27 (B2) beyond first band
crossing with the observation of a sideband B2a, linking to the band B2 with several

interconnecting transitions. These bands are assigned 7hg/, ® Vi1_32/2 configuration.

The 3-qp band B4 after first band crossing changes to band B5 which is extended up
to spin 43/2~. There is weakly populated degenerate band Bba connected to the former
with several interconnecting transitions. These degenerate pair of bands B5 and B5a have
been assigned 739 ®2'1_33/2(p3 2[5 /2)*1 configuration. The variation of excitation energy
(E;), energy staggering, kinetic moment of inertia, alignment and B(M1)/B(E2) ratio
are studied with spin(I) for these pair of degenerate bands and compared with similar

degenerate bands reported in *4T1 and '%®T1 isotopes.

From the TRS calculation based on mhg,, ® Vi1_32/2 and i3/ ® il_33/2(p3 /2[5 /2)’1 config-
urations the bands B2-B2a and B5-B5a comes out to be based on triaxial deformation.
Whereas the relatively large energy difference between bands B2 and B2a, the possibility

of B2a to be v band of B2 can not be ruled out.

Further the measurement of individual B(M1) and B(E2) reduced transition probabilities
from life time measurement can give us quantitative understanding of the deformation
of these bands which is beyond the scope of the present study. Also the microscopic
calculation like tilted axis cranking can shed further insight into the stabilization of chiral

geometry at these high angular momentum.
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Chapter 6

Summary and outlook

6.1 Summary

In the present work prompt coincident - ray spectroscopy in **T1 and recoil gated decay
spectroscopy including life-time measurements have been performed for '%Bi and *5Bi
nuclei using clover HPGe detectors and recoil spectrometer (with associated focal plane
recoil detection system), respectively. Theoretical calculations have also been performed
in this thesis work in the microscopic-macroscopic approach in the cranked shell model
formalism using Woods-Saxon potential to interpret the data. The high spin level struc-
ture has been improved considerably with the observation of several new band structures,
identification of band crossing above the ground state band based on mwhg/, orbital, defi-
nite spin and parity assignment to the levels in Tl and observation of a new high spin
isomer of life-time (Ty/2) 1.6(1) ps and its decay in '%Bi along with a known 3.02(8) us

isomer in '3Bi have been observed.
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The high spin states of 1°T1 has been populated via ¥>18"Re(13C, xn)1?TI fusion evapo-
ration reaction at 75 MeV beam energy at TIFR-BARC pelletron facility, Mumbai with
15 HPGe clover detectors with BGO anti-Compton shield of Indian National Gamma
Array (INGA). Time stamped digital DAQ system based on Pixie-16 modules were used
for data acquisition in two or more gammas in coincidence mode. In the the analysis y-v
coincidence matrix and y-y-v cube were made to obtain the coincidence relation among
the - rays for building the level scheme. Angle dependent asymmetry matrix were con-
structed for DCO and IPDCO ratio measurement to assign definite spin and parity to the

earlier known nuclear states along with the new ones.

Heavy ion induced reaction was employed for the first time in the present study, allowed
us to explore the high spin regime and extend our knowledge considerably on the high spin
states in '%T1. A total of 57 new gamma- transitions are arranged in several new band
structures. The ground state band (B1) based on 7hg/, orbital has been extended upto
spin 39/2~ and with this, it was possible to observe, for the first time, the band crossing
due to particle alignment and extend this band beyond band crossing as 3-quasi-particle
band (B2). Also a side band (B2a) close to the Band B2 has been identified which are
quite identical in terms of excitation energy, gain in alignment (i, ), kinetic moment of
inertia (J(V) and B(M1)/B(E2) transition probability ratio. These two bands are based
on mhy/; & uil_32/2 configuration. The TRS calculation shows a triaxial minimum for this
configuration which does not rule out the possibility of band B2a to be a gamma band
of B2. The 3-qp band B4 has been extended beyond band crossing (levelled as band B5)
up to spin 43/2~ with the observation of a weakly populated side band Bb5a. The band

Bba is connected with band B5 with several interconnecting transitions. These two bands
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are very close to each other in excitation energy varying from 59 keV at spin 35/2~ to
-6 keV at spin 43/27. The gain in alignment (i,), kinetic moment of inertia (J) and
B(M1)/B(E2) transition probability ratio are quite similar for these two bands. The TRS
calculation done based on 73/, ®i1_33/2(p3 /2[5 /2)’1 configuration for these bands shows
a triaxial minimum which makes them to be a potential candidate of degenerate bands

based on 5-qp configuration.

Candidate of degenerate bands have been reported in recent years in the odd-odd T1
nuclei (e.g., 1%4T1, ¥T1) in this mass region but it would be for the the first time that
such candidate partner bands have been seen in an odd-A nucleus in this region. The
near degenerate bands in '%TI have been compared with those in "1%TI. Several other

band structures have been observed in this nucleus.

Isomer decay study of 9319 Bj isotopes has been carried out at the focal plane of gas-
filled HYbrid Recoil mass Analyzer (HYRA) at IUAC, New Delhi. The high spin states
in these nuclei were populated using fusion evaporation reaction of °Si on %Tm (0.8
mg/cm?) target at 168 and 145 MeV beam energy, respectively. The focal plane chamber
consisted of one MWPC, three Si- pad detectors and one HPGe clover detector outside
the chamber. To detect prompt - rays one HPGe clover detector was placed at the
target site. The time and pulse height information of each - rays both in focal plane
and target site detectors were recorded event by event basis using CAMAC- based data
acquisition system. HYRA was used for the first time for the measurement of isomeric
half-life and its decay. In order to validate the method and the set up, decay of a known 3
s isomer in 19Bi was measured in the beginning and the known decay gamma- rays from

this isomer were observed. The half-life of the isomer was also remeasured in the present
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work and found to be in excellent agreement with the previous measurement. Moreover,
new gamma- rays of energy 186- and 279- keV were identified in 3Bi in this work, which
were later confirmed by Herzan et al. [1]. In '%Bi a new high spin isomer of life-time
(T1/2) 1.6(1) ps at an excitation energy of 3336 keV has been identified, apart from the
700 ns (J™=(29/27)) earlier known isomer. The spin and parity of the new isomer has
been assigned as (31/27) with three quasi-particle configuration mij32 ® v9-. The TRS

calculations show an oblate deformation (y=-60°) with 8, ~ 0.12 for this isomer.

From the experimental work along with the theoretical calculations done in the present
thesis work, there are two main outcome: First we get a better idea about the relative
deformation driving effects of the high-j hg/» and i13/,5 proton orbitals. The intruder hg/,
orbital in 'TI, has rather strong effect in deforming the system which persist up to
high spin through neutron alignments. No deformed band structure based on i3/, proton
orbital could be observed in this nucleus. This suggests that the proton hg/, orbital has
more shape driving effect than the #;3/, orbital. This is also supported by the fact that
deformed band structure based on hg/, orbital in near proton closed shell T1 isotopes
could be observed even up to 2Tl (i.e., upto neutron number N = 120, close to the
N = 126 spherical shell closure). Whereas, the deformed band structure based on i3/,
orbital could be observed only up to N = 112 isotope ®T1. Similar conclusion could
be drawn from the Bi nuclei as well in which the deformed band structure built on i3/,
proton orbital has been observed for the lighter isotopes with an onset of deformation at
neutron number N = 112 in %Bi isotope. On the other hand, the calculations suggest
that the long lived high-spin isomeric state, with the configuration of an 32 proton

coupled with two-neutron 9~ state, observed in this work is a band head of a deformed
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oblate structure. However, no rotational band structure could be observed in the heavier
isotopes in this nucleus with N > 112. Therefore, it can be concluded that the proton i3/,
orbital has deformation driving effect only for neutron number N < 112. In the single
particle diagram for neutrons, it can be seen that neutron 7,3/, orbital is completely filled
at N = 114 and hence, the neutron i3/, orbitals are unfilled and become active for N <
112. Therefore, the deformation driving effect of proton i3/, orbital is realized only when
supported by high-j neutron 4,3/, orbital. But for hg/, proton orbital can deform a system
even without such support from neutron orbitals. Secondly, the high-spin phenomena in
T1 nuclei, situated below the Z = 82 spherical spherical shell closure, are richer in variety
of observed phenomena than in Bi isotopes which lies above the shell closure. This is
evident from the observation of rich variety of phenomena like bands based on oblate
deformation, band crossing, chiral partner bands etc., observed in a single nucleus *TI.
Moreover, the observation of the long-lived isomer in *Bi in the present study helps
to understand the issue of non-observation of high spin levels in this nucleus which was
limited up to 2.9 MeV of excitation energy prior to the present work. After the present

work, the level scheme of 1%Bi has been extended in the thesis work of Herzan [4].

6.2 Future outlook

Deformed band structure based on mhg/, orbital has been observed in odd-A Tl (Z=81)
isotopes in A ~ 190 mass region. Based on total Routhian surface calculations of these
isotopes it was conjectured that they are based on oblate deformation. Till now there
is no life-time measurement of states of band based on deformed proton hg/, orbital.

Recently, in odd-odd 19T isotopes doubly degenerate bands are reported based on
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triaxial deformation [2,3]. Also there are some triaxial core plus particle rotor model [5-8]
calclulations in %1971 isotopes which can interpret the experimentally observed nuclear
energy levels quite well. Therefore, it will be interesting to have life-time measurement
of these deformed band structures of respective isotopes. These will give quantitative

information regarding their deformation and shape driving effect of the proton hg/, orbital.

Also the bands B5 and Bba in '°TI, appears to be doubly degenerate. In order them to
be degenerate bands, they should be formed on triaxial deformation with proton particle
angular momentum (j,) along the the short(s) axis, neutron hole angular momentum (j,,)
along the long(/) axis and core rotational (R) angular momentum along the intermedi-
ate(i) axis. Thus it is important to have information about B(M1) and B(E2) transition
probability through life-time measurement for conclusive idea about the orbitals involved
in forming these bands along with their deformation. At the same time Tilted Axis

Cranking (TAC) calculation is required for better understanding of the nature of these

bands.

The TRS calculation done for *>Bi indicates an oblate deformation for newly observed 3
quasi-particle (7i13/2 ® vy-) isomer in the present study, suggesting a shape driving effect
of the 7i 3,2 orbital. Therefore, it is quite possible to have rotational band structure above
this isomer. Further investigation is required for the search of deformed band structure
above this isomer by prompt and delayed coincidence method. However, in a recently
unpublished result of 1% Bi suggest to have an isomer of life-time 1.49(1) us (quite similar
to our new isomer of life-time 1.6(1) us) at an excitation energy of 2615 keV (I"=29/2)

with configuration miy3/o @ vg+ [4]. Therefore it will be interesting to study, whether there
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is two or one isomer and their configuration can be ascertain unambiguously by g-factor

measurement.

In the present work, it has been concluded that the deformation driving effect of the i3/,
orbital is effective to manifest rotational band structure in nuclei with neutron number
N < 112 i.e., when supported by active holes in i3/, orbital. This conclusion was based
on the observation of high spin states in Bi and Tl isotopes. However, the proton i3/,
orbital is quite accessible for At (Z = 85) and Fr (Z = 87) isotopes but there is no data for
high spin states in these nuclei. Therefore, it will be interesting to look for states above
the miy3/o orbital in At and Fr isotopes (N < 112) to see whether high-j, vij3/, orbital
supports the deformation driving effect in proton 7,3/, orbital in these isotopes as seen in

Tl and Bi isotopes.
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