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The gated spectrum of 984 keV transition. In inset, it is compared with the normalised

total projection spectrum of Clover detector.

The E,-E, matrix is shown. The Compton lines (E,, +E,, = E,) corresponding to E,=
1229 keV and 2615 keV are indicated. The vertical and horizontal lines corresponding to

correlated photopeaks of 253 keV, 1050 keV and 1229 keV are also marked. . .

The gated spectra of new or unplaced transitions are shown.

Projection of TAC spectrum gating 25 keV in one Clover detector and 253 keV in the
another (in log scale). The TAC spectrum has been compared with prompt distribution

(normalised) obtained by gating 25 keV and 158 keV in the detectors. .

Projection of TAC spectrum gating 253 keV in one Clover detector and 1229 keV in the
another. In the inset, the TAC spectrum is compared with prompt distribution (normalised)

gating after region 253 keV and 1229 keV in the detector.
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2.15

2.16

2.17

2.18

2.19

2.20

The prompt TAC spectrum of >’Na obtained by gating 154-160 keV in both detectors of
set up I. The TAC spectrum is fitted with two different Gaussian distributions. The fitted
left-side is shown in topmost left and right side is shown in topmost right part. In bottom,
the asymmetrical prompt curve is fitted with the Gaussian distributions having different

parameters for two sides.

The time-delayed spectrum of !'7Sn is fitted with convoluted function. In inset, compari-

son of the prompt (*>Na) and delayed ('7Sn) TAC spectra is shown.

Fig. (a) The setup of VENTURE array with six CeBr; detectors is shown. (b) The
schematic diagram of electronics used for timing signal processing. The set up is iden-

tical to Ref. [45] except for the number of detectors.

(Left) Two dimensional Ey-Ey matrix is generated from the data collected using six CeBr;
detector. (Right) The total projected spectrum obtained from the matrix is shown. The

gated spectra are obtained by gating Xray and 158 keV peaks.

Two different matrices are constructed under two different conditions : (a) Time difference
(TAC) vs. E,; matrix is build up by gating 158 keV in E,, and (b) vice versa. Different

projected regions are also shown in the figure.

(a) The prompt TAC curve is generated by gating after region of 158 keV and it is fitted
with a Gaussian distribution [shown by red curve]. (b) Delayed TAC curve is built up by
gating 158 keV in both the detector. It is fitted with a Gaussian distribution function fixing

the same width parameter obtained from the fitted prompt spectrum.
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2.21

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Fig. (a) shows delayed TAC curve, that is built up by gating 158 keV in both the detectors.
Fig. (b) 158 keV-158 keV TAC is modified by substituting the left part by the prompt
Gaussian distribution obtained from Fig. 2.20 (b). It is fitted with exponentially modified

Gaussian distribution.

Schematic flow chart of data sorting program.

Typical gamma spectrum of irradiated natural Indium by 32 MeV @-beam collected using

HPGe detector.

(Left) Growth curves of daughter nucleus for different intense y-transitions. (Right) De-
cay of parent nucleus is followed to evaluate decay half-life. In Inset In(count rate) are

shown. The spectra are generated time with 3M event bin.

Same as Fig. 3.3. The spectra are generated with 1M event bin.

The decay curve of ''”Sb following the time evolution of 158 keV 7y-transition from the

digital data acquired by CAEN 5780 Digitiser.

Typical in-beam and decay spectra of natural Zn target bombarded by 10 MeV proton

projectile.

Variation of peak area of different y-transitions with time. The dash-dotted line differenti-
ates between the beam-on and beam-off situations. The inset shows a zoom-in of transition

time.

Growth curves of Zn isotopes ( #%%%Zn ) generated from decay gamma rays of corre-

sponding radioactive Ga isotopes . .
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4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

(Top) Left: The variation of projected range is plotted with alpha energy [56]. Right: The
variation of absorption depth with the electron energy is presented. The plot has been
taken from Ref. [57]. (Bottom) The variation of attenuation length is plotted with X-ray

energy calculated from Ref. [58]. ) .

The pictures of different diode detectors [(a) BPW24, (b) BPW21, (c) VTB8440BH, (d)
BEL Si(PIN) diode] are shown along with their specification details provided by the man-

ufacturer.

Variation of capacitance with varying reverse voltage for different diode detectors mea-

sured using Agilent LCR meter.

The spectra of '*3Ba are compared for two different leakage current of BEL-Si(PIN) diode.

The schematic diagram of preamplifier circuit following circuit provided in Ref. [66].

The pulses of (a) laser light, (b) alpha source >*! Am are processed using the preamplifier

fabricated in a breadboard.

Different parts of the cooling arrangement using liquid N, are shown in the figure.

The variation of leakage current of BEL-Si(PIN) diode is plotted with decreasing temperature.

Different arrangements using TEC are shown along with the schematic diagram.

4.10 The spectrum is acquired (a) without / (b) with using the TEC using water-cooling ar-

4.11 The block diagram of the experimental setup used in the alpha particle detection experiment.

rangement. The noise level reduces by a significant amount using the water-cooled TEC

arrangement.
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4.12

4.13

4.14

4.15

4.16

4.17

4.18

The preamp pulses of different diode detectors, such as (a) BPW21, (b) BEL-Si (PIN), (c)

VTB8440BH are displayed. The experimental conditions are also mentioned.

(Left) The alpha spectra are obtained by BPW21 detector using triple line alpha sources for
different shaping times of spectroscopic amplifier. (Right) The alpha spectra for amplifier

shaping time 10 us.

(Left) The alpha spectra are obtained by BEL-Si (PIN) diode detector using triple-line
alpha source to set optimum shaping time of spectroscopic amplifier. The inset shows the
alpha spectrum having the best resolution obtained for 3 us. (Right) The alpha spectra are

compared for single -line and triple -line sources under the same experimental condition.

The effect of reverse bias is shown in figure using two different radioactive sources: (a)

241 Am and (b) ?Eu.

The X-ray - conversion electron spectra of '3?Eu is compared with increasing thickness of

protective layer (plastic) around the source mentioned in legend.

The spectra are obtained using standard radioactive sources of '3*Ba at different reverse

voltages applied on BEL Si(PIN) diode.

(a) The setup for the measurement of internal conversion coefficient. (b) The zoomed view

of the setup with PIN diode cooled with TEC using by water-cooling arrangement.
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4.19

4.20

5.1

5.2

5.3

54

(a) The two dimensional energy matrix constructed from coincidence data using LAMPS
software is represented. The X axis corresponds to the energy spectrum of gamma tran-
sitions detected by Nal(Tl). The Y axis represents the electron energy spectrum obtained
using Si(PIN) diode. (b) The total projection of gamma spectrum is shown (green colour)
indicating the peaks of '32Eu. (c) The internal conversion spectrum is illustrated showing

the energy of the peaks. .

(a) A simplified decay scheme of '3?Eu is shown in the figure [76]. Approximate energies
are presented in keV. (b) The gated spectra is represented. The spectra in blue colour are
the projected electron spectra gating the specified gamma transition indicated in box. The

spectrum in green colour is the projected gamma spectrum gating 115 keV electron peak.

The excitation energies of this enlisted nuclei are calculated to understand different ingre-

dients of the effective interaction.

The theoretically calculated excitation energies of '°'Sn (left panel) and '3!Sn (right panel)
are shown using different interactions. The experimental data [18] are also plotted wher-

ever available.

The theoretically calculated excitation energies of '°!Sb (left panel) and '33Sb (right panel)
are shown using different interactions. The experimental data [18] are also compared

wherever present.

The theoretically calculated excitation energies of '°2Sn (left panel) and '3Sn (right panel)
are shown using different interactions. The experimental data [18] are also plotted wher-

ever available.
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5.5

5.6

5.7

5.8

59

5.10

5.11

The theoretically calculated excitation energies of '92Te (left panel) and '**Te (right panel)
are shown using different interactions. The experimental data [18] are also plotted wher-

ever available.

The theoretically calculated excitation energies of '°>Sb (left panel) and '*2Sb (right panel)
are shown using different interactions. The experimental data [18] are also plotted wher-

ever available.

The variation of excitation energy and half-lives of different isomers observed in even
(left panel) and odd (right panel) isotopes of Sn are shown. Data are taken from Refs.
[18,21,84-86]. The half-lives of 5~ and 7~ states of 8Sn have been determined in the

present work.

Comparison of experimental and calculated (two interactions : sn100pn and Bonnnewpn)

excitation spectra of 1241261281309 Experimental data are obtained from Ref. [18].

Comparison of experimental and calculated (two interactions : sn100pn and Bonnnewpn)

excitation spectra of '23127129Sn, Experimental data extracted from Ref. [18].

The level energies of different isomeric states are shown. The experimental levels (star

102

103

104

106

107

symbol) are compared with theoretical energies using sn100pn (circle symbol) and Bonnnewpn

interaction (up triangle). The left panel shows the excitation energies of 5~ isomeric states

of even isotopes and 19/27 states for odd isotopes. The right panel indicates the excitation

energies of 7~ isomeric states of even isotopes and 23/2* states for odd isotopes.

The level energies of different isomeric states are shown systematically. The experimen-

tal levels (star symbol) are compared with theoretical energies using sn100pn interaction

(circle symbol) and Bonnnewpn interaction (up triangle).
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5.12

5.13

5.14

5.15

6.1

6.2

6.3

The experimental reduced transition probabilities, B(E2) are compared with theoretical re-

sults. The calculations are performed for two different effective charges such as e, =0.50e

and 0.85e for both interactions, sn100pn and Bonnnewpn. The results are given for 7~ —

5~ state for even isotopes (left panel) and 23/2* — 19/2* state for odd isotopes (right panel).

The experimental reduced transition probabilities, B(E2) are compared with theoretical re-

sults. The calculations are performed for two different effective charges such as e, =0.50e

and 0.85e for both interactions, sn100pn and Bonnnewpn. The results are given for 15~ —

112

13~ state for even isotopes (left panel) and 19/2* — 15/2* state for odd isotopes (right panel). 114

Same as Fig.5.12. Here, the results are plotted for 10" — 8~ state for even isotopes (left

panel) and 27/2~ — 23/2~ state for odd isotopes (right panel). .

The theoretically calculated magnetic moments are compared with the experimental re-

sults [91].

The empirical interaction energy between two nucleons is plotted. One of them is in

1hy;/, orbit and the other in 2f;/, orbit. The CWG (sm56: present) tbmes are for 7 — v

(v—v) interaction. The dashed (solid) line indicates the monopole energy for CWG (sm56:

present) interaction.

The list of nuclei for which theoretical calculations have been done. The maximum npnh

excitation mode which was computationally possible in the present calculation has been

indicated in the chart.

Comparison of theoretically calculated and experimental binding energies with respect to

132Sn
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127
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6.4 Comparison of (a) positive parity and (b) negative parity states in the experimental spectra
of 32Sn with theory with 3p3h excitations. The results with sm56 fp are shown with filled
blue bullets and those with sm56fph are indicated with open blue bullets. The number
of asterisks (N) appearing as superscript in the value of angular momentum in the x-axis

label indicate it as the (N+1)th state of thatspin. . . . . . . . . . . . . . . . . 134

6.5 Comparison of experimental spectra of high spin states in '*3S b with theory. More details

are included in the legend, caption of Fig. 6.4 and the text. S 1 ]
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A.1  Schematic figure of activity building and decaying of daughter nucleus during the irradia-

tion and after the irradiation. U X ¢ 7 1

B.1 The internal conversion coefficient is plotted with increasing energy for Sn element. It is
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CHAPTER 1

Introduction

The presence of shell-closure and discovery of magic numbers (2, 8, 20, 28,
50, 82, 126) at the shell closure of atomic nuclei, prescribed by Goeppert-
Mayer and Jensen in 1940s [1, 2], are key achievements in nuclear structure
physics. The structural feature near the doubly magic shell has enormous im-
portance. The long isotopic chain between two doubly magic nuclei '°°Sn and
1328n has grabbed a special interest both from experimental and in theoreti-
cal view. This chain of isotopes having eight stable isotopes (!'412°Sn, 122Sn)
provides insight to explore the change in nucleon-nucleon interaction starting
from proton-rich nuclei near '°Sn (N ~ Z and N/Z ~ 1) to neutron-rich nuclei
near '32Sn (N - Z ~ 32 and N/Z ~ 1.64) via the line of stability.

In this current doctoral thesis, the experimental as well as theoretical investi-
gation of the nuclear structure of Sn (Tin) isotopes between two doubly magic
nuclei '®Sn and '32Sn and their neighbours have been explored. With the pro-
gression in experimental and theoretical tools, the available spectroscopic data

of the most neutron-deficient N = 50 isotope till neutron-rich isotopes with N =
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82-88 are useful to analyse different basic concepts of nuclear physics. There-
fore, this particular series can be a fertile ground to investigate the evolution of
nuclear interaction with increasing neutron numbers. This whole chain can be

partitioned into few groups such as,

e neutron deficient ones near '°°Sn (near proton drip line),

e isotopes at the mid-shell with N~ 64 (on and close to the line of stability),

and,

e the neutron-rich and exotic isotopes (near to neutron drip line).

Each of these groups has distinctive features of its own. The experimental
methods to populate these different groups also vary widely. Fusion evapora-
tion reaction is an appropriate technique to populate these nuclei. However,
being far away from stability, the low production rate is crucial for these ex-
periments. The nuclei around the mid-shell can be produced using the heavy-
ion fusion evaporation reaction. However, with increasing neutron numbers,
relatively lighter projectile-induced fusion reaction and Coulomb excitation
methods are more effective methods to study them. Heavier Sn isotopes, af-
ter A>122, are difficult to populate using standard fusion-evaporation reaction
due to lack of proper stable projectile and target combination. The neutron-rich
species, closer to the neutron drip line, can only be populated through fission

or fragmentation reactions.

The vital physics issues for these groups reveal different aspects of nuclear
structure. In the proton-rich region, '®°Sn is predicted to be the heaviest self-

2
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conjugate doubly magic core. It lies in the proton drip line’s vicinity and has
been populated experimentally [3,4]. This nucleus is bound by ~ 3 MeV
against the proton emission [5]. Since this region resides near the N=Z line,
the protons and the neutrons occupy identical orbitals. This feature brings the
opportunity to study the pairing relation between the proton and neutron. In
the neutron-deficient region, there is an ambiguity in the assignment of the
ground state spin of Sn isotopes due to the near degenerate energies of the neu-
tron 1g7,, and 2ds,, orbits outside the 100§ core. From the conventional shell
model, it was expected that, at least, the ground states of '°'~1%Sn must be
identical, and the spin value will be either J* = 5/2* or 7/2* depending on the
lowest single-particle orbital spin. It is observed that for 101:103-109G " 5/2+ jg
the ground state spin [6]. However, in a later experiment [7], the ground state
of 191Sn has been reported as 7/2*. The ambiguous ordering of v1g;/,-v2ds,,

orbits needs a more detailed spectroscopic study to be resolved.

One of the most exciting topics for the chain of Sn isotopes is the study of the
evolution of B (E2, 0%, ; — 27) values with increasing neutron number from
1008n. For semi-magic nuclei, according to the generalized seniority scheme,
it is expected that the excitation energy of 27 should have a constant value, and
the transition rate will exhibit a parabolic feature showing a maximum at mid-
shell. The excitation energy of the 27 states (~ 1.2 MeV) and the transition
rates in the neutron-rich side of Sn isotopes follow the theoretical predictions
well. Experimentally, a local minimum is observed at A = 116 i.e. at mid-

shell, showing higher values than predicted values for '2114Sn [8,9]. A few
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theoretical calculations are performed, which can interpret part of the features
of experimental data successfully [10]. For more neutron-rich Sn isotopes be-
yond N=82, a sudden depression in 2 energy (E(2}) for 1**Sn = 0.726 keV) is
observed [11]. Comparison with the systematics of 2} energies of other n-rich
domains and the spin-tensor decomposition of the two interactions establish
the prediction for a new shell closure at '*°Sn. The anomalously depressed 2}
states in Sn isotopes having N = 84—-88 and the new shell closure for N = 90

might have interesting consequences for the r-process nucleosynthesis [ 12—14].

1.1 Aim of the thesis

With the advent of technology, most recent nuclear spectroscopic studies are
intended to extend to the extremes of angular momentum, energy, and isospin.
However, to have complete information about nuclear structure over the entire
nuclear chart from stability to drip lines, the existing knowledge of the low-spin
structure of nuclei on and near the valley of stability needs to be refined further.
Although the features observed in two extreme sides of the isotopic chain near
the two drip lines are more demanding and reveal interesting physical phenom-
ena, the mid-shell also offers different intriguing facts. The low energy spectra
of these nuclei are generally accessed through decay-spectroscopy. For mid-
shell Sn isotopes, most of these experiments were studied almost two decades
ago [15-17]. Additionally, these data contain some uncertainties, as mentioned
in the recent compilations [18]. The information about ''8Sn [produced from

4
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EC decay of '8”Sb (T;,,= 5.0 hr)] provided in ENSDF (Evaluated Nuclear
structure Data File [18]) incorporates information about some gamma transi-
tions that are not placed in the adopted level scheme. These gamma transitions
are only reported in the work of Rahmouni et al. [16]. Moreover, all of these
previous works had been performed at best with Ge(Li) detectors. Therefore,
with the available improved experimental and theoretical tools, decay studies
should be revisited to resolve the present ambiguities to understand the nu-
clear structure better. Such refined decay data might be advantageous to have
complete information on beta decay feeding levels, including level lifetimes,
moments, etc. Thus the motivation of the present thesis is to study the low-
excitation spectra of near mid-shell nuclei from decay spectroscopy with im-
proved detection and analysis techniques that are available to us to eliminate

some of the uncertainties.

To have a complete understanding of experimental studies of nuclear struc-
ture physics, there is also a need for developmental work. Such activity helps to
have thorough knowledge about the detector, data acquisitions system, which
are the essential components of any experimental study. Additionally, with the
advancement in the detection system, development in the analysis technique is

also indispensable.

On a theoretical front, we have reviewed the available effective interactions
and constructed a new one to probe important physics issues spanning over the

whole isotopic chain of Sn.
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1.1.1 Structure of thesis

The subject matter of the thesis has been divided into two major parts: exper-
imental investigation and theoretical study. In the first part of experimental
studies, revalidation of decay data and resolution of present uncertainties have
been studied through decay spectroscopy experiments described in Chapter 2.
The subsequent chapters (Chapter 3 and 4) include associated developments
in analysis techniques and detector characterization. The second part contains
the results using available nuclear interactions for this mass region to better
explain the experimental data theoretically. Large basis shell model calcula-
tions have been performed to interpret experimental data of nuclei near shell
closure and also of mid-shell isotopes in Chapter 5. A multi-shell interaction
has been constructed to describe cross-shell excitation across N=82 shell. The
details of the calculation and the results obtained using this interaction have
been reported in detail in Chapter 6. Additional information on techniques and

methodologies used in this thesis are included in the Appendices.



CHAPTER 2

Decay spectroscopy of Sn isotopes

2.1 Introduction

The long isotopic chain of Sn, between two doubly magic °Sn and !32Sn, is
of special interest to both experimentalists and theoreticians. One can study
the evolution of nucleon-nucleon interaction from neutron-deficient nuclei (N

~ 7, N/Z ~ 1) to neutron-rich (N-Z ~ 32, N/Z ~ 1.64) domain.

The energies of low-lying states, associated electromagnetic transition prob-
abilities, and moments are useful experimental observables for testing and
tuning the effective interaction for any region. The experimental data asso-
ciated with low-lying yrast and non-yrast states are extracted from decay spec-
troscopy. Most of these studies for nuclei on and close to the stability line
have been pursued a long ago. Hence, with the advanced experimental tools,
theoretical techniques, and computational facilities, these decay spectroscopy
measurements need to be revisited to refine the data further. These studies may
result in the completeness of the information on beta decay feeding of levels,

including level lifetimes, magnetic and quadrupole moments, etc.

The Sn isotopes lying at the mid-shell of this isotopic chain are mostly stable

7
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(A =112, 114, 115, 116, 117, 118, 119, 120, 122, and 124). These isotopes
are well studied experimentally [18-21]. Most of these studies were mainly in-
tended for the high spin states. The recent nuclear spectroscopy experiments’
primary objectives are to extend the measurements to the extremes of angu-
lar momentum, energy, and isospin. However, the decay data, particularly for
Sn nuclei close to the stable ones, have been obtained almost two decades
back [15-18], except for recently published [22] decay spectroscopy data of
18Sn from the decay of ''8In. Hence, to have a complete understanding of the
evolution of nuclear structure starting from stability to drip lines, the existing
knowledge of stable nuclei at low-spins and decay data need to be appropri-

ately refined.

2.2 Interesting features of this region

To describe the region of the long isotopic chain of Sn isotopes, starting from
100Sn to 1328n, the relevant neutron single particle orbits are 1g72, 2ds,2, 2d3a,
3s1,2 and 1h;;/2. Among them, 1h;;/, is the intruder orbit because of its oppo-
site parity relative to the other neighbouring orbits. Due to this intruder nature,
neutron lh;;, orbital plays a vital role in the structure of Sn (Z=50) nuclei and
its neighbours with N=50-82. Up to ''*Sn (i.e. N = 64), the low-lying positive
parity states originate primarily from 1g7,, and 2ds,, orbits. For these light
isotopes of Sn, v1hj;/, orbit lies at relatively higher energy. Hence, it does not
affect the low-lying states significantly. However, beyond N=64, when 1g7/,

8
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2ds/, orbits are completely filled up, the neutron 1h;;, orbit starts playing an

important role in the low-lying spectra of the Sn isotopes.

The downward evolution of the energies of yrast 11/2~ states of Sn odd iso-
topes as a function of increasing neutron number is shown in Fig. 2.1 (a).
Even with the addition (removal) of two protons in Te (Cd) with Z=52 (48),
similar variation is observed for odd A isotopes of Te (Cd). Relatively higher
angular momentum and opposite parity of lh;;,, orbit compared to the other
neighbouring positive parity ones (2ds/», 3s1/2) have been the primary reasons
behind the origin of such low-lying isomers for odd isotopes of Sn, Te, and
Cd (with N>64). Fig. 2.1 (b) shows the half-lives of these 11/2] states, which

justifies this statement [23].

In the case of even isotopes of Sn (1'>7132Sn) also, neutron 1h;y/, orbit plays
a significant role in the formation of negative parity low-lying isomers. The
evolution of energies and half-lives of yrast 5 and 7~ states are shown as
shown in Fig. 2.2. The angular momenta of these states are generated from the
coupling of one unpaired neutron in lh;;,, orbit with the other either in 3s;,,

or in 2ds3, orbit.

2.3 Experimental details

In this present work, to study the low energy excited states of ''7118Sn, two
irradiation experiments were performed using energetic alpha particle beams
to irradiate natural Indium targets. Both experiments have been carried out

9
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Figure 2.1: Variations of experimental half-lives and excitation energies ( [18]) of first 11/2" state of odd
A isotopes of Cd (Z = 48), Sn (Z = 50) and Te (Z = 52).
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Figure 2.2: Variation of experimental energies and half-lives [18] of (5] and 77) isomer in even A isotopes.

using K = 130 cyclotron in the Variable Energy Cyclotron Centre (VECC),

Kolkata, India.

This cyclotron facility has four beamlines [24]. The choice of the beamline
for an experiment depends on the experimental motivation. The irradiation

10
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experiments with the high current requirement are performed at 0° beamline at
channel 1. The second beamline (channel 2) at 15° is utilized for experiments
which need a large scattering chamber. The third beamline at 30° (channel 3)
1s used for gamma-ray spectroscopy experiments and neutron detection-related
measurements. The fourth beamline is constructed for the RIB (radioactive
ion beam) facility. The schematic layout of different beamlines is shown in
Fig. 2.3. The pictures of the beamline and the target mounting flange with the
Faraday cup are shown in Fig. 2.4. In the target mounting flange, a Faraday cup
is attached to estimate the irradiation dose by measuring the charge collected

n it.
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Figure 2.3: The schematic diagram [24]) of the different beamlines of K = 130 cyclotron. We have
performed the irradiation experiment in channel 1.

2.3.1 Irradiation experimental details:

The experiments have been performed at channel 1 (0°) with a high beam cur-
rent of approximately 1 uA. The target chosen for the experiment are foils of
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Faradaycup [
i

< S

Figure 2.4: (a) The collimator, target holder, and the Faraday cup as indicated in the picture constitute the
irradiation flange. (b) The flange position and the direction of the beam along with the beamline are marked
in the picture.

natural Indium (In: Z=49) of thicknesses 54 and 60 microns. Natural Indium
contains mainly two isotopes: ''°In with 95.71 (5)% and ''*In with 4.29 (5)%

abundances [25]. They are irradiated by 32 MeV a-beam.

After the fusion evaporation reaction, a compound nucleus is formed and it
decays via various exit channels. To predict the cross-sections of these differ-
ent channels, we have used PACE4 (Projection Angular-momentum Coupled
Evaporation) [26, 27] statistical model code. The results of the calculation are

tabulated in table 2.1.

The irradiation time is fixed depending on the half-life of the long-lived nu-
cleus of interest. The half-lives of other nuclei produced during the irradiation,
which are not of interest, are also considered before starting the measurement
(see, Appendix A).

12
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Table 2.1: The estimated cross-section of different reaction channels. Only the dominant channels are
tabulated. The target is ''3In with a-projectile of energy 32 MeV. The calculations are done using the code
PACEA4 [27].

Nucleus | Events Cross-section  Nucleus | Events | Cross-section
in% | inmb || in% | inmb |
) 72448 | 72.40 | 1.05E3 78n 7044 | 7.04 | 102
4Tn 1727 1.73 25 118Gh 48 0.05 | 0.695

In both cases, the irradiation time was around 5 h . The long-lived isotopes
117¢,118.118mQh and an isomer of ''’Sn were produced. The half-lives of the
isotopes and their metastable variants are: ''3Sb: 1% ground state (Tj, =
3.6 (1) min), ''8"Sb: metastable 8" state (T1» = 5.00 (5) h) [28] and '!74Sb:
5/2% ground state (T, = 2.80 (1) h) [29]. Along with these two isotopes,
a considerable amount of '7Sn (T, = 13.91 (3) d) [30] isotope has been
populated. The irradiated target is then allowed to cool for a few hours to
eliminate the short-lived unwanted activities to a permissible limit. Later it
has been brought to a nearby laboratory for counting purposes. Thus, when
the counting was started, the activity of ''3Sb: 17 ground state has decayed
almost fully.

Two different experimental setups utilizing two different approaches (analog

and digital) for data acquisition have been used in the two experiments.

2.3.2 Setup I utilizing analog Data acquisition system

The experimental setup consists of two Clover detectors and a ‘low energy
photon spectrometer’ (LEPS). Most of the previous decay studies [15-17]
have been done with either scintillator or with Ge(Li) detectors. Therefore,

13
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Clover
detector

S
&

] " " A

Figure 2.5: Experimental setup I is shown indicating the positions of detectors and the source stand. The

distance between each Clover and the source stand is 5 cm.
the present high-resolution and high efficiency set up will be advantageous to
improve the results. The Clover detectors are placed at 90° (as shown in Fig.
2.5) with respect to each other. The LEPS detector is set at 180° relative to
Clover 1 detector.

For pulse processing, ORTEC amplifiers and other standard NIM electron-
ics were used. Data were collected using VME based data acquisition system

(LAMPS software [31]).

Each of the Clover detectors has eight (two for each crystal) output signals
that convey the energy and timing information. One set of pulses were fed in
amplifiers (ORTEC 672) to shape and amplify the heights of the pulses. Next,

they were sent to the Analog to Digital Converters (ADC).

The other set were amplified by using timing filter amplifiers (TFA: OR-
TEC 474). Then, they were fed to the constant fraction discriminators (CFD:
ORTEC CF8000) to generate the signals containing the time information of
the pulses by eliminating the effects related to the (amplitude-dependent) time

14
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walks. The four output CFD pulses were properly time matched to preserve the
timing correlation among the different crystals. The OR of the time-matched
CFD pulses were sent to the input of a Time to Amplitude Converter (TAC)
to act as START or STOP signal. The OR outputs were also processed in
the input logic unit (ORTEC C04020). This module executes logic functions
(AND, OR, NOT, etc) required in most of the coincidence experiments. For
the master trigger generation, the OR outputs (of the four CFD outputs) of two
Clover detectors and the LEPS have been sent to the gate and delay generator
(GG8020). The OR output from the GG unit acted as the master gate signal,
or trigger signal in DAQ system to acquire the incoming energy and timing

information.

In singles mode measurement, spectra were stored in sequences of 10 min-
utes. The decay rates for various transitions were followed to identify their ori-
gin and confirm their parent nuclei’s half-lives. Two TAC (Time to Amplitude
Converter) spectra are generated from Clover 1-LEPS and Clover 1-Clover 2
combinations, to acquire time-correlated data and timing information. The

data were collected in LIST mode.

The energy calibration of the Clover has been performed using standard ra-
dioactive sources, '"2Eu and '**Ba. In case of LEPS, the X-ray energies of
152Eu and '*3Ba have been taken into consideration. The relative efficiencies of
Clovers and LEPS are determined from standard '>?Eu and '**Ba sources. The

analysis has been done using LAMPS [31] and INGASORT [32] softwares.
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2.3.3 Setup II utilizing Digital Data acquisition system

In this approach, data have been collected with a single 80% relative efficiency
HPGe detector and a CAEN 5780M desktop digitizer (14 bit, 16k channel, and
100 MS/s). The specific details of the detector and data acquisition system
as well as the employed analysis technique will be discussed in forthcoming

Chapter (section 3.6.1).

2.4 Results

2.4.1 Decay half-life measurement of parent nucleus from singles data

2.4.1.1 Decay half-life of !'3”Sb

To estimate the decay half-life of 8~ state of '!8”Sb, the counts (area) under
the strong photopeaks of daughter nucleus !'8Sn with increasing decay time
are determined as shown in Fig. 2.6. The decay constant or half-life is de-
termined from the best fit of the plot with an exponential decay function by
using y?>-minimization. The extracted half-lives are in well agreement with the

previously reported values [18] as shown in table 2.2.

The time-stamped singles data acquired by the digitizer in the second exper-
iment have also been utilized to determine the radioactivity built-up and the
decay of '!8"Sb (‘using setup II). The details are in preceding chapter.
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Figure 2.6: The decay curve of parent nucleus ''®Sb, monitoring different y-transitions of !'8Sn, as
function of decay time utilizing the setup L.

Table 2.2: Half-life of ''¥”Sb determined from time-evolution of different decay y-rays for Setup I. The
errors are indicated within brackets.

Half-life (h)

Energy Prev. Present
(keV) [18]  (SetupI)
253 5.13 (20)
1050  5.00(2) 5.14(18)
1229 5.15(17)
Average 5.14 (10)

2.4.1.2 Decay half-life of ''7¢Sb

In this particular experiment, ''’Sn has been populated through two differ-
ent decay channels. The first one is via the decay of ''7¢Sb (T;,,=2.80 (1) h
[18,29]) and the other directly through the fusion evaporation reaction, ''””"Sn
(11/27 state at 314 keV: T ,,=14.0 d). The off-line data has recorded the strong
158 keV y-ray of !'’Sn from both the decays [Fig. 2.7 (left)]. Therefore, while
following time evolution of the area of 158 keV vy-ray, two distinctive slopes
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must be found if the sufficiently long time data can be acquired. On the other
hand, the evolution of 156 keV, which is solely emitted from ''””"Sn, will fol-
low the half-life of !'7Sn. But, we could not collect data for sufficiently long
time to evaluate the half -life of '7"Sn. The half-life of '78Sb has been ex-
tracted utilizing both the setup I and II. The half-life obtained using setup I
1s 2.91 (5) [Fig. 2.7 (right)]. The half-life extracted from digital data will be

discussed in later Chapter.

IT Decay EC Decay 52" mrzwme "sh: 512" state | Setup |

"gp

10 - 4
o~ A
S
58- T,=291(5)h .
97.2 % @
T, =|400|5}d11/2 3145 EC decay -
N S 6+ 1
< 9 =
E e
352 158.5 a2 158.5) @]
T T T

| T T — T T T T T 1
o _—to 7Yoo 6 8 10 12 14 16 18
Sn "sn Time (h)

Figure 2.7: Left : The population of 158 keV state (3/2* state of ''”Sn) from ''7”’Sb (5/2* state) and
117mSn IT decay is shown in figure. Right : The decay curve of ''’Sb following the time evolution of 158
keV y-transition from experimental setup L.

2.4.2 Excitation energy and Level structure : ''8Sn

The work started with searching already known and placed [18] y-transitions
of 1'8Sn populated from the electron capture decay of '!'8Sb. The job of placing
the gamma in the level scheme is done by inspecting coincidence relationship.
By putting a gate on this unknown transition on the one axis, other coincidence
partners are identified from the projected spectrum.

In all the earlier experiments [15—17] including in current experiment, the
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Figure 2.8: The decay scheme of ''8Sn via E.C. decay from 8~ state of ''"8Sb. The 40 keV transition
(coming from 5~ state to 4% ) is not mentioned because of closed spacing. Fig. (a) Adopted in NNDC,
Fig. (b) decay scheme presented by Rahmouni et al. [16]. Red transitions are unplaced gammas that are
not adopted in NNDC. Fig. (c) The decay scheme proposed from present work. Level energies and gamma
transitions are expressed in keV.

strong peaks at energy 41 keV, 253 keV, 1050 keV, 1091 keV and 1229 keV
are seen unambiguously. An additional y-transition (984 keV) from the level
energy 3558.8 keV level is assigned in the adopted level scheme [18] as shown
in Fig. 2.8 (a). This transition is only mentioned in the work of Hattula et
al. [17]. Additionally, three unplaced y-transitions are enlisted without any
assignment of spin-parity or placement in the National Nuclear Data Centre
[18]. These unplaced y-transitions, such as 1303 keV, 1482 keV, 2362 keV
and also 984 keV have been identified in this current experiment. In order
to clarify this ambiguity, three different symmetrised E,-E, (Clover-Clover)
correlation matrices have been build up by putting different timing condition
in the TAC spectrum, such as, (a) no timing condition, (b) gate of 855 ns and
(c) gate of 270 ns. The projected spectra are generated from time gated matrix
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with coincidence time window of 270 ns, such that the randomly correlated
peak at 158 keV (most intense y-ray emitted from excited state of ''7Sn) can be
eliminated significantly. The gated spectra of the strong gammas such as 253
keV, 1050 keV and 1229 keV generated (270 ns time gated matrix) are shown
in Fig. 2.9. In the gated spectrum of 253 keV, coincident 1050 keV, 1229 keV,
1091 keV, 41 keV as well as X-ray of Sn (25 keV) are seen properly, which is
expected. Along with these, a few gamma-transitions such as 1387 keV, 2279
keV and 2362 keV are also seen in the projected spectrum. Among these, 2362
keV has been reported only in Ref. [16]. In the same manner, in the gated
spectrum of 1050 keV, unknown gamma transitions are observed at energy
411 keV, 1387 keV and 1482 keV (Fig. 2.9). In case of gate at energy 1229
keV, additional transition at 1208 keV and 1303 keV are identified. Among
these unplaced transitions, 1303 keV, 1482 keV and 2362 keV are reported
only by Rahmouni et al. [16]. This group has placed these gammas in their
proposed decay scheme (Fig. 2.8 b) but it is not adopted in National Nuclear

Data Centre [18].

2.4.2.1 984 keV:

As mentioned earlier, this particular y-ray is adopted in the level scheme and it
originates from I" = (77, 8, 97 ) state to 7~ state with very low intensity (Fig.
2.8). The presence of this transition is confirmed only in Hattula et al. [17].
But in our present data, in the gate of 253 keV, it is seen very weakly (almost
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Figure 2.9: Spectra gated by different strong y-rays (253 keV, 1050 keV, 1229 keV) are shown. The -

transitions confirmed in the present work and also included in the adopted decay scheme [18] are marked

(blue colored). Energies of the unplaced [18] and new y-rays are written in red-colored fonts.
comparable to the background level). Whereas, strong existence is observed in
the gated spectra of 1050 keV and 1229 keV (Fig. 2.9). Weaker presence in
the gated spectrum 253 keV is unexpected as this transition has been shown to
feed the level, which deexcites by emitting 253 keV transition. Therefore, it is
an indication that even if 984 keV belongs to ''8Sn, it is not placed correctly.
In reverse gate of 984 keV (Fig. 2.10), the transitions at energy 66 keV, 245
keV, 476 keV, 1050 keV and 1229 keV are observed. Presence of strong peak
at 245 keV instead of 253 keV in the gated spectrum is an indication of a
problem in placing that transition in level scheme. It is found out from E,-E,
two dimension plot (Fig. 2.11) that, this 245 keV and 984 keV are correlated
Compton pairs of 1229 keV. Similarly, 66 keV is a part of 1050 keV Compton
line with the complementary part 984 keV. From this, it is concluded that 984
keV is Compton part of 1050 keV and 1229 keV. Furthermore, by comparing
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the decay scheme of '2%122124Gn  the presence of 984 keV can be ruled out

also.
80 ‘
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Figure 2.10: The gated spectrum of 984 keV transition. In inset, it is compared with the normalised total
projection spectrum of Clover detector.
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Figure 2.11: The E,-E, matrix is shown. The Compton lines (E,,+E,, = E,) corresponding to E,= 1229
keV and 2615 keV are indicated. The vertical and horizontal lines corresponding to correlated photopeaks
of 253 keV, 1050 keV and 1229 keV are also marked. .
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2.4.2.2 The unplaced y-transition:

From the coincidence study, we can establish that all of these unplaced transi-
tions (411 keV, 1208 keV, 1303 keV, 1387 keV, 1482 keV, 2279 keV, 2362 keV)
as well as 984 keV transition do not belong to ''Sn. These transitions are orig-
inating from the three different conditions. These peaks are generated due to
random summing and also from coincidence summing. Since only two Clover
detectors have been utilized in the experiment, even the correlated Compton
parts appeared as distinctive peaks. The various events have been categorised

in different sections:

1. 411 keV, 1208 keV and 1387 keV peaks are originating from random
summing of 253 keV, 1050 keV and 1229 keV +y-rays, respectively, of
118Sn with intense 158 keV y-ray of ''7Sn due to high count-rate and/or

during the addback process.

2. 1303 keV and 1482 keV peaks are arising from coincidence summing of
intense 253 keV y-rays with 1050 keV and 1229 keV transitions, respec-

tively (from !'8Sn itself).

3. From 2D plot of E,-E, matrix (Fig. 2.11), it is concluded that 2279 keV
peak originates from coincidence summing of 1050 keV and 1229 keV,

which are emitted sequentially.
4. These correlated Compton scattered pairs of y-rays are,

o (476 keV + 984 keV) and (157 keV+ 1303 keV) and (1208 keV
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+ 253 keV) arising from 1460 keV room-background y-ray emitted

from long-lived K.

e (253 keV + 2362 keV) and (336 keV + 2279 keV) and (1386 keV
+1229 keV) and (2204 keV +411 keV) from 2615 keV emitted from
the decay of 2T, which is a progeny of long-lived >**Th (T;,, =
1.40(1)x10' y).

e (66 keV + 984 keV) from 1050 keV and (245 keV + 984 keV) from

1229 keV, an intense y-transition of 13Sn.

The details of the origin of these unplaced y-rays are given in Table 2.3. For
each y-transition, the table contains information about the energy of the gates
in which it is observed (Fig. 2.9). It also enlists the y-transitions observed in
the spectrum gated by that particular unplaced y-transition (Fig. 2.12). Finally,

based on these observation, we have identified the origin of these y-transitions.

2.4.2.3 Relative Intensities and Feeding Pattern: ''8Sn from !'8”Sh

The relative intensity of gamma transition contains information regarding the
population of the different levels. We have calculated the relative intensity
from the time gated (855 ns) symmetrised y-y matrix to remove the unwanted
contributions coming from background. The intensity of low energy 41 keV
includes substantial error due to uncertainties associated with the threshold
values of the CFD of different crystals of the Clovers. The corrections due to
the presence of sum-peaks have been incorporated in the intensity calculation,
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Table 2.3: The list of y-transitions, which do not originate from ''8Sn, but observed in the present work.

The origins of these y-rays are also listed. All the energies are quoted in keV.

Energy| Seen in y-rays observed Remarks
gate in reverse gate
411 1050 1229, 1050, 2204 (158+253) keV
(2204+411) keV = 2615 keV
984 |1050, 1229|66, 245, 476, 1050, 1229| (66+984) keV = 1050 keV
(245+984)keV=1229 keV
(4764+984) keV= 1460 keV
1208 1229 156, 253, 1229 (158+ 1050) keV
(1208+253) keV= 1461 keV
1303 1229 158, 1229 (253+1050) keV
(157+1303) keV= 1460 keV
1387 1050 253, 1050, 1229 (158+1229) keV
(1387+1229)keV = 2616 keV
1482 1050 1050 (253+1229) keV
2362 253 253 (253 + 2362)keV = 2615 keV
2279 253 253,336 (1050+1229) keV
(336+2279) keV= 2615 keV
20
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Figure 2.12: The gated spectra of new or unplaced transitions are shown.
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wherever needed. The relative intensity values are tabulated in the table 2.4.

From the present investigation, we have ruled out the presence of 984 keV v-

Table 2.4: Intensity of y transitions. The conversion coefficients are obtained from Ref. [18].

Energy I)’ Iy+c.e

(keV) | Adopted [18] | Present | Adopted [18] | Present

41 30 (2) 29 (5) 97 (6) 92 (16)

253 99 (6) 91 (6) 105 (6) 97 (6)

1050 97 (5) 95 (5) 97 (5) 95 (5)

1091 3.6 (3) 3.2(3) 3.6 (3) 323

1229 100 (5) 100 (5) 100 (5) 100 (5)

transition in the decay scheme as shown in Fig. 2.8 (c). Therefore, the feeding
intensity of 2573 keV (Fig. 2.8 (a)) has been modified from 98.3% [18] to

100%. No other levels have any direct feeding.

2.4.3 Level lifetime measurement

In nuclear spectroscopy, determination of level lifetime of nuclear excited state
carries wealth of information as it provides insight about the internal structure,
shape, deformation etc. The lifetimes of excited states cover a very broad
range, and therefore several techniques are applied depending on the range of
lifetime of the nuclear state. In this current work, we have mostly used delayed
coincidence technique, where time difference between two events occurring

within the coincidence window is measured.

In order to have accurate measurement of lifetime, we need to consider the
intrinsic time resolution of the experimental set up. That arises because of the
time fluctuation of the detectors and associated electronics. To have a knowl-
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edge about the time resolution, one has to derive the experimental prompt dis-
tribution. This can be obtained by using a radioactive source that emits con-
secutive gamma radiations strictly simultaneously. So that, the level lifetime
of the nuclear state (radioactive source) is very smaller than the lifetime that
we want to measure. In general, this prompt distribution [P(t)] is a symmet-
ric Gaussian distribution (if two similar kind of detectors are used). The full
width at half maximum 1.e. FWHM of this distribution is noted as time resolu-
tion of the experimental setup. It is important that the prompt curve has to be

generated under the same conditions as the delayed distribution.

The delayed time distribution [F(t)] is not an ideal exponential function, but
it 1s the result of convolution of P(t) with the exponential function (say, with

decay constant 1). It can be expressed as [33],

F(t;) = NA f ) P(t; — t)e dt, (2.1
0

where, N is the total counts of the time distribution, P(t;) corresponds to prompt
time distribution (in general) and A is the characteristic decay constant of the
isomeric state.

Depending on the order of the lifetime generally two methods are used to ex-
tract the life-time : slope method or deconvolution method and centroid shift
method. We have used slope method as well as deconvolution techniques to
extract the lifetimes. Taking logarithmic derivative of the equation 2.1, one can

deduce the following equation [33, 34],

27



Chapter 2. Decay spectroscopy of Sn isotopes

%an(z) = —A(1 - P(0)/F(1). (2.2)

Now, for the situation, where F(t)> P(t), equation 2.2, reduces to

d
Ean(t) =-A (2.3)

This particular method is known as slope method. It is applied generally if
the level lifetimes are much longer (approximately 30% [35]) than the time
resolution of the experimental set up. If the lifetime is comparable or slightly
longer than the prompt distribution, then deconvolution technique is used. In
this particular case, the prompt distribution is an important parameter. In this
process the real delayed distribution is extracted by unfolding the delayed dis-
tribution with the help of prompt distribution. In this case the delayed function

is defined as [36,37].

. 1
F(t;) = No f P(t;— t)—e ""dt
0 T

I | > 1
= N, f —— D2 Z =T gy (2.4)
0 2no T

= &e—?i/T‘ngz/ZT2 [1 —erf( g

L
2 =)
where, the prompt distribution is defined by Gaussian distribution with width
o and the decay constant A of exponential function is given by, 4 =1/7. Here,
Np 1s the normalisation constant and erf(....) is the the error function and also

F(t;) is described as the convolution of Gaussian and exponential distribution.
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2.4.3.1 Result of ''8Sn

In the present work, lifetimes of both the levels at energies 2320 keV (57)
and 2573 keV (77) are remeasured from Clover-Clover TAC data using de-

layed coincidence technique. To extract the half-life of 7~ state, the TAC spec-
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Figure 2.13: Projection of TAC spectrum gating 25 keV in one Clover detector and 253 keV in the another
(in log scale). The TAC spectrum has been compared with prompt distribution (normalised) obtained by
gating 25 keV and 158 keV in the detectors.

trum is projected under the condition of gating the energy spectra of Clovers.
That particular level (at Ej,.; = 2573 keV) has direct feeding (100% as es-
tablished in present work) through electron-capture (E.C.) decay from !'¥"Sb.
The electron-capture decay has an associated emission of K X-ray (25 keV).
Thus a TAC spectrum has been generated by selecting 25 keV (Sn K X-ray) in
one Clover, and 253 keV is chosen in the other. It has been compared with the
prompt spectrum generated from 25 keV vs 158 keV (intense y-ray of !17Sn)
TAC spectrum. An additional slope of the delayed spectrum is observed as
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Figure 2.14: Projection of TAC spectrum gating 253 keV in one Clover detector and 1229 keV in the
another. In the inset, the TAC spectrum is compared with prompt distribution (normalised) gating after

region 253 keV and 1229 keV in the detector.

300 400

shown in Fig. 2.13. By fitting the delayed region by a straight line, the half-
life 1s estimated from the slope of the line as shown in the Fig. 2.13. The
half-life is deduced to be 218 (36) ns.

Now, the same procedure has been followed to evaluate the lifetime related
to 5 state. The TAC spectrum has been generated by putting energy gates at
253 keV in one detector and another at 1229 keV. Instead of choosing the im-
mediately following transition such as highly converted 40.8 keV; 1050 keV,
or 1229 keV is selected in order to minimize the contribution coming from the
energy jitter for timing. Also, the half-lives of the associated states are much
smaller (<0.7 ns [18]). Gating 1229 keV does not add further time delay. For
this case, prompt spectrum is generated by gating the region after 253 keV
(over the same number of channels as 253 keV gated) vs 1229 keV (inset of
Fig. 2.14).
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Since the reported half-life of this level [18] is 21.7 (2) ns, which is compara-
ble to the full width at half maxima (FWHM) of prompt curve, deconvolution
of Gaussian and exponential has been applied (as described in equation 2.4) to
extract the half-life. The half-life of (57) is found out to be 19.6 (10) ns (Fig.
2.14). Similar order of result has also been estimated from 253 keV vs 1050

keV gated spectrum.

2.4.3.2 Result of ''’Sn

As stated earlier, ''’Sn is populated from two different decay channels: a) via
decay of 17¢Sh [T, ;2 = 2.80 (1) h] [18,29] and b) from an isomeric state of
178n having T/, = 14.00 (5) d [18] (J* = 11/27). From the statistical model
calculation (PACE 4 [26]), it is estimated that the cross-section in fusion reac-
tion is about 7% (table 2.1). This isomeric state decays primarily via emission
of two coincident y rays of energies 156 keV (11/2= — 3/2%) and 158 keV
(3/2* — 1/2*). The 156 keV transition is of M4 character, and hence, it is

highly converted, with a conversion coefficient = 46.9 [18](see appendix B).

Our main objective is to remeasure the level lifetime of 3/2* state of !'Sn.
From earlier studies, estimated lifetime is of the order of 279 (9) ps [18]. The
lifetimes obtained from other measurements [39] deviate around 12-30% from
the adopted one. This short lifetime can be usually measured using fast scin-
tillators. But, the main difficulty of measuring this is to separate out feeding
gamma (156 keV) from the decaying gamma of the 158 keV state. The differ-
ence being only 2 keV, one cannot resolve these two gammas using commonly
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used fast timing detectors. As a result of this, both sides of the delayed spec-
trum contain timing information. It needs some special analysis technique to
resolve this. P. John ef al [38] has discussed this technique. However, the type
of detector used in the measurement of lifetime was not explicitly mentioned
in the reference. In another work [39], both conversion electron-electron and
electron-y-ray coincidence measurements were done and the lifetime is re-
ported as Ty, = 0.31 (3) ns. Hence, this lifetime needs a remeasurement for

resolving this ambiguities.

ePresent work

To address this uncertainty, we have used two different setups consisting of

different fast scintillators.

2.4.3.2.1 Setup 1: Measurement with LaBr;(Ce) and BaF, scintillators: In the first
measurement, the setup consists of a LaBr;(Ce) and BaF, scintillators. y — vy
timing spectra (TAC) has been generated by gating 154-160 keV in both de-
tectors using necessary analog electronics . In our experimental setup, prompt

spectrum is generated using >>Na source. The time calibration of this spectrum

1s 0.09 ns/ch.

As stated earlier, ideally, prompt TAC spectrum should be generated under
the identical condition as in the delayed case. But, due to unavailability of ra-
dioactive sources with emitting correlated photopeaks at similar energy range,
the prompt spectrum has been generated by gating at the Compton continuum

32



Chapter 2. Decay spectroscopy of Sn isotopes

at an energy region 154-160 keV. The system resolution of this setup is 900 ps
(at energy range 154-160 keV). As discussed earlier, deconvolution technique
has to be adopted, when the prompt resolution is comparable to the level life-
time.

In general, deconvolution method is an iterative approach where decay curve
and the prompt time distribution are separated from experimental delayed time
distribution [42]. However, in the case of unresolved feeding and decaying
gammas, normal deconvolution method does not work properly [38].

Using two similar kind of detectors, for the degenerate feeding and decay-
ing transition, the delayed time distribution (equation 2.1) can be modified
as [38,43],

FU»:NIWW@—0+P@+Dka. (2.5)
0

Since in our experiment, the start detector and the stop detector are different,
the prompt function will not be a symmetric one (as the right and left edges are

different). So, the decay spectrum has to be modified as,
FUQ=NJ‘W@—n+Pm+0MWm, (2.6)
0

where P(z;-t) and P’(¢;+t) represent the prompt characteristics of two dissimilar
detectors. Since the prompt distribution is asymmetrical, the distribution is
segregated into two parts (i.e. left part and right part). It is fitted with two
different Gaussian functions having two different width parameters (say, o7, w;

for left part and o, u, for right part). The two different parameters of Gaussian
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Figure 2.15: The prompt TAC spectrum of >’Na obtained by gating 154-160 keV in both detectors of set
up I. The TAC spectrum is fitted with two different Gaussian distributions. The fitted left-side is shown in
topmost left and right side is shown in topmost right part. In bottom, the asymmetrical prompt curve is fitted
with the Gaussian distributions having different parameters for two sides.

distribution are used to fit the full prompt distribution (Fig. 2.15).

Now, by varying the decay parameter of exponential function (of equation
2.6), the best fit of the delayed spectrum has been obtained by minimisation
of x? (Fig. 2.16). The procedure has been executed numerically using ROOT
package [44]. The minimum y? of the fitting is obtained half-life T;/,=0.281

(28) ns. Both statistical as well as fitting error have been considered.

2.4.3.2.2 Setup 2: Measurement with VENTURE array:

Experimental details In this experimental set up, we have used VENTURE ar-
ray (abbreviation of VECC array for Nuclear fast Timing and angUlar corRElation
studies (VENTURE)).
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Figure 2.16: The time-delayed spectrum of ''7Sn is fitted with convoluted function. In inset, comparison
of the prompt (**Na) and delayed ('!'”Sn) TAC spectra is shown.

(b) it
(o 2,

2003120703 AN 1937

SC array for Nudiear fast Timing
[ana Argiiar Corfitation studies

D2
CFD3
MAJORITY

LOGIC

M>2

Det? '_l__‘ CFD7 WA
Adj.
Det8 CFDS [Tow ]

{_DELAY

ik
TRy

!
|

Figure 2.17: Fig. (a) The setup of VENTURE array with six CeBr; detectors is shown. (b) The schematic
diagram of electronics used for timing signal processing. The set up is identical to Ref. [45] except for the
number of detectors.

The set up consists of six (6) CeBrjs detectors, having dimension of 1"x 1".
The characterisation details of the detector can be found in the Ref. [45]. Each
of the detector has been coupled with Hamamatsu R9779 PMT. Along with
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Figure 2.18: (Left) Two dimensional Ey-Ey matrix is generated from the data collected using six CeBrs
detector. (Right) The total projected spectrum obtained from the matrix is shown. The gated spectra are
obtained by gating Xray and 158 keV peaks.

this, standard NIM based electronics has been used for pulse processing. To
acquire data, VME based data acquisition (that includes Mesytec MAD-32 unit
and LAMPS [31] data acquisition system) has been used. All of the detectors
are operated at bias voltage -1.2 kV (using ORTEC 556 module). At this high
voltage, the detectors show best time resolution. In this present set up, we have
followed common start technique. The schematic diagram of the experimental
set up is same as Fig. 2.17(b) as mentioned in Ref. [45]. In our case the only
change is in the detector number which is six instead of eight. The details

about the experimental setup can also be found in this reference.

Data analysis procedure and results: At our present experiment, list mode data
have been stored at an interval of 1 h. Data of standard radioactive source,
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152Bu is taken for the energy and efficiency calibration. At the starting, the en-
ergy spectra are calibrated. Now, all the energy as well as time parameters are
gain matched. In some cases, the drift in the amplifier as well as in TAC spec-
trum is observed with increasing time. Because of this, accurate gain matching
is an essential step.
During the analysis, the list mode data have been sorted in such a way that
the ADC corresponding to the energy (say E,, and E,) and timing parameter
(TAC,, and TAC,) contain valid data. Now, for each of the events, TAC,, and
TAC, are subtracted. The resultant spectrum is the time difference spectrum
TAC,,, (m>n). In the current setup, there are 6 detectors. So, °C, i.e. 15
unique combinations of time difference spectra (TDS) can be generated. Now,
a shift is observed between these different combination of time difference spec-
tra. This discrepancy is removed by matching all the TAC spectra with respect
to a particular TAC spectrum. After that, all these spectra have been added to
generate the “Total Time Difference Spectrum’. Additionally, the gain matched
energy of each pair of detectors E,, and E,, are kept in two energy parameters.
In this condition, these two energy parameters with total TDS are equivalent to
a setup containing two detectors.
Now, the Tac spectrum can be projected by gating feeding transition in one of
the energy parameter and decaying transition in the other.

Two dimensional energy-energy (E,; vs E,;) symmetric y — y matrix is con-
structed as shown in Fig. 2.18(a). The total projection is also shown in Fig.

2.18(b) (topmost). In the Sn K X-ray (25 keV) gated spectrum, the peak of
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Figure 2.20: (a) The prompt TAC curve is generated by gating after region of 158 keV and it is fitted with
a Gaussian distribution [shown by red curve]. (b) Delayed TAC curve is built up by gating 158 keV in both
the detector. It is fitted with a Gaussian distribution function fixing the same width parameter obtained from
the fitted prompt spectrum.

156-158 keV (unresolved) is seen very clearly. A small contribution of 25 keV
(self-coincidence) is also observed. A bump around energy 100 keV is also
marked that corresponds to the region of backscattered peak of 158keV. The
gated spectrum of 158 keV shows the peak of 156 keV (unresolved) as well as
the peak of Sn X-ray.

The time resolution at the photopeak energies of %°Co is 0.154(8) ns for any
two CeBrj detectors. The time resolution for the full array is 0.188 (3) ns [45].
In order to estimate the half-life, two matrices are generated having time dif-
ference (TAC) in one axis (say along Y axis) and energy parameter (say, E,;
along X axis) along the other axis under condition of 158 keV gated in another
energy parameter (say, E,» ) and vice versa (Fig. 2.19). The TAC spectrum is
projected under condition of gating 156-158 keV in the both energy parame-
ters. Since, 156 and 158 keV can not be distinguished properly, same region
(158 keV photo-peak) is gated. As a result, the timing information is present
in both sides of delayed spectrum. Hence, both sides of the delayed distri-
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bution show exponential slope. The prompt spectrum is generated by gating
Compton region after 158 keV photo-peak in the both detectors (Fig. 2.20 (a)).
The resolution comes out to be 762(2) ps. The background contribution is sub-
tracted from the total TAC to have only real counts as discussed in Appendix
C (Fig. 2.21 (a)). Since, the start and stop y-rays are almost degenerate, the
centroids of the delayed and anti-delayed distributions shift opposite to each
other. Hence, the centroid of the distribution does not show any effective shift.
The left part of the delayed spectrum is now replaced by a Gaussian distribu-
tion having the same width of the prompt spectrum (Fig. 2.20 (b)). Now, this
modified delayed spectrum (Fig. 2.21 (b)) is fitted with an exponentially mod-
ified Gaussian distribution (as described in equation 2.4). Using deconvolution
technique, the half-life has been deduced to be 258 (18) ps. Since the statistical
error is too small, only error from the fitting parameters are considered.

From these two above measurements, the weighted half-life of 3/2* state of

1781 is deduced to be 265 (15) ps.

Table 2.5: Comparison of experimental lifetimes of excited levels in ''”''8Sn measured in the present
work with previous data.

Spin (I") E, (keV) Half-life (T ,2)
Prev. [18] Present
IISSn
5- 2320 21.7(2)ns  19.6 (10) ns
7 2573 230 (10) ns 218(36) ns
7y
3/2* 158 0.279 9)ns 0.265 (15) ns
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Figure 2.21: Fig. (a) shows delayed TAC curve, that is built up by gating 158 keV in both the detectors.
Fig. (b) 158 keV-158 keV TAC is modified by substituting the left part by the prompt Gaussian distribution
obtained from Fig. 2.20 (b). It is fitted with exponentially modified Gaussian distribution.

2.5 Theoretical interpretation: Shell model calculations

To interpret the experimental data and understand the microscopic structure of
the low-lying states of ''7118Sn, a large basis shell model (LBSM) calculation
has been performed using OXBASH [46] code. The low-lying excitation spec-
tra of Sn isotopes involve neutron excitations within the shell model orbitals
between N = 50 and 82. Among the five relevant neutron orbitals, the intruder
negative parity relatively high-spin 1h;;/, orbit is mostly responsible for the

occurrence of low-lying isomers in Sn isotopes with N>64.

For Sn isotopes with around 64 neutrons (N), the number of valence neutron
particle (hole) is =~ 14-16 above (below) the N=50 (82) core. Therefore, un-
restricted calculations are difficult, if not impossible. The low-lying states in
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these mid-shell Sn isotopes are expected to be collective involving the mix-
ing of multiple configurations. However, the isomers in these nuclei, have
much purer structure. In even Sn isotope, 7~ has dominant neutron config-

uration v1h7! 2d:!

11/22d3),, whereas the excitation of 5~ can be described by either

vih7! 2d7L or vih?!

112243, 1 /23s1‘/12 configurations. Therefore, these states can be in-

terpreted by putting reasonable restrictions in the model space. More details
about theoretical calculations to study the structure of Sn isotopes and compar-
ison of results with available interactions will be discussed in Chapter 5 of this

thesis.

2.5.1 Model space and interaction

In the calculation, sn100pn interaction [47] with the gdsh model space (1g72,
2ds,2, 2d3/2, 38172, 1hyy/2 for both neutrons and protons) and '%Sn core have
been used. The residual interaction is derived from CD-Bonn renormalized G
matrix. For sn100pn interaction, the neutron single particle energies (spe) are
-10.6089, -10.2893, -8.7167, -8.6944, -8.8152 (all in MeV) for v1g7,2, v2ds,s,

v2d3,2, v3sy,2 and v1hy;, orbits, respectively.

2.5.2 Truncation schemes

Three different truncation schemes, namely SM1, SM2, SM3 are used. In
SM1, vlg7,, and v2ds,, orbitals are kept fully occupied with 8 and 6 neutrons,
respectively. Only v1g;,, orbital is fully occupied in the case of SM2, with no
other restrictions in other orbitals. In SM3 truncation scheme, v1g7,, orbital is
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restricted to have minimum 4 and maximum 8 neutrons, v2ds/, orbital with 2
(minimum) - 6 (maximum) neutrons and v1hy;/, orbital with O (minimum) - 2

(maximum) neutrons.

2.5.3 Results and Discussions

The calculated excitation energies for !'8Sn with different truncations are tab-
ulated in Table 2.6. Due to severe restriction, none of the results reproduce
experimental data well. The results with SM2 truncation have reproduced the
relative ordering and the energy values of the levels observed in the present

experiment much better than the other two.

Therefore, the transition probability for 7~ to 5~ transition in ''8Sn are cal-
culated with SM2 truncation. The theoretical B(E2: 7~ — 57) = 3.091 ¢*fm*
matches reasonably well with experimental data 2.200 (103) e*fm* [18] (2.325

(554) e*fm* from present study) with %/ = 0.15e.

Table 2.6: Comparison of experimental excitation energy of ''®Sn with sn100pn for different restrictions.

Spin (I) Excitation energy (MeV)

Expt. sn100pn
SM1 SM2 SM3
0* 0 0 0 0

2% 1.229 | 0.754 0.989 0.626
4* 228 | 1.203 1.660 1.157
5 2.324 | 1.351 1.856 3.069
7" 2.574 | 1.378 2.069 2.773

With same SM2 restriction, the excitation energy and transition rates for
11781 have been calculated. Although, the 3/2* state has been predicted at 149

43



Chapter 2. Decay spectroscopy of Sn isotopes

keV, reasonably well compared to the 1/2* (experimental energy 158 keV), the
11/2~ state is underpredicted severely by around 580 keV, and it appears as the
ground state. Therefore, experimental y - energies are considered while cal-
culating the lifetimes of the excited states from theoretical reduced transition
probabilities. The branching ratio of 314.48 keV state and lifetimes of excited

states are compared with experimental data (Table 2.7).

The neutron effective charge e,if 7= 0.15€ is low compared to the standard
values adopted in this region. However, for the truncation scheme (SM2), this
low value reproduces the experimental data reasonably well for both 117-118Sp,

Table 2.7: Comparison of different experimental observables [18] related to transition rates for ''7Sn with
theoretically calculated (sn100pn) values using SM2 restrictions. B(EA) is expressed in e’fm?! and B(MA)
is expressed in u2 fm*=2. The neutron effective charges and g factors are mentioned in footnote.

Ji—=Jf Observables
Type Expt. Theory
3/2% —1/2* BMI)! 0.0306 0.0327
B(E2)? 3.09 (40) 2.315
o (E2/M1) 0.0133 (8) 0.0118
Half-life (Ty,2) inps | 279 (9), 265 (15)? 263.89
11/2= -3/2* B(M4)* 1.22 (72)x 10° 1.43x 10°
11/2= —>1/2* B(E5)? 2.44 (65) x 10* | 3.84x 10*
1172 Branching for M4 99% 99%
11/2~ Half-life (T;;) ind 13.91 (3) 11.41

1801 = glree. 26817 = (). 15¢; 3Present work; g%/ = 0.5 g/™.

2.6 Summary

The decay studies of ''7¢118mSb_have been performed with high resolution -
spectroscopy setup. The decay half-lives of !'781187Sb have been remeasured.
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The present study has modified the adopted level scheme of ''8Sn by excluding
the 984 keV y-ray from the scheme and revised the feeding intensity of the
2573 keV state to 100%. The origins of the unplaced y-rays reported earlier
have been identified. It is conclusively proven that none of them belongs to the
excitation spectrum of '"®Sn. The remeasured lifetimes of the isomeric levels

agree reasonably well with reported values.

The half-life of 3/2} state of ''7Sn which is measured using two indepen-
dent experimental setups agree reasonably well with the values available in the

literature.

The shell model calculations have been done with different truncation schemes
to interpret the experimental results. Although the results failed to reproduce
the experimental excitation energies satisfactorily in both the nuclei, the cal-
culated transition rates agree reasonably well with the data. A low er 7=0.15¢

has been found to reproduce the B(E2) values for both the nuclei.
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CHAPTER 3

Development of analysis method of digital data

3.1 Introduction

In general, the decay half-life of a radioactive nucleus is a key observable in
nuclear spectroscopy. It contains invaluable information about the overlapped
states between which the transition occurs. In the case of unstable nuclei, the
role played by the S-decay holds immense importance. In that way, the half-
life related to this weak interaction offers a wealth of information about the
internal structure of the nuclei. One of the crucial tests of different theoretical
nuclear models is an accurate reproduction of lifetime related to either S-decay
or EM transition.

In order to measure the activities of short-lived radionuclide, in general, the
activation method (appendix A) is used as discussed in earlier chapter. The
target is irradiated over a specific period of time depending on the estimated
half-lives. After that, the decay data are accumulated to extract the half-life.
For such a situation, where a set of nuclei have been populated with unknown
half-lives. They may span over a range from a few seconds to days order
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or higher. In that case, choosing the time step for counting is very difficult.
Motivated by this fact, we made an attempt to remeasure the lifetimes those
are too long for measurement using in-beam electronic technique and also too
short for off-beam methods. For determination of half-lives of different orders,

we have relied on the digital approaches utilizing the time-stamped data.

The advancement of digital technology is rapidly substituting the analog tech-
nology in different areas of nuclear spectroscopic experiments [48,49]. This
progression is offering a different level of flexibility in nuclear spectrometry
that was previously very difficult or impossible to implement with the use of
standard analog techniques. In recent timing, digital pulse processing (DPP)
provides not only improved technical performance and reliability but also its
compact physical dimension and low weight carry extra credit. The aim of sig-
nal processing (both in analog and digital process) in nuclear spectroscopic ex-
periment is to extract information regarding the radiation or radiation-induced
events. These signals contain not only information about the energy deposited
by the particle, but also about the time of arrival and the shape information
depending upon the experiment.

In previous chapter, the decay half-lives of !17&!18"Sph have been determined
from the data using analog system. In this current chapter, we have remeasured
these decay half-lives of employing digital techniques from an off-beam data.
To demonstrate the effectiveness of such digital technique, decay data have
also been stored continuously from in-beam to off-beam condition during an

in-beam experiment. Utilizing such singles time-stamped data, the half-lives
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of different orders ranging from few minutes to several hours (for Ga isotopes)
have been estimated. Moreover, the data have been employed to note minute
details of beam profile in an in-beam experiment. Also, one can discriminate

the in-beam and off beam situations by analysing such digital data.

3.2 Digital Electronics

Over last few decades, fast analog to digital converters (ADCs), field pro-
grammable gate arrays (FPGAs), and digital signal processors (DSPs) are evolv-
ing very rapidly. Taking advantages of these, the output of the detector can be
processed in digitizer just after the pre-amplification. DPP is mainly dependent
on high speed digitizer and digital filter. The signals are continuously sampled
and saved in a compressed data format that contains the relevant informations.
The readout or simple digital processing is mainly processed by the algorithms
implemented in FPGAs, such as digital filters, pulse shapers, constant fraction
discriminators etc. These algorithms are used to evaluate several necessary pa-
rameters like amplitude or the arrival time of the pulse. In digitizer, pulse shap-
ing is done by means of a trapezoid filter or ‘moving window de-convolution
filter’ [50]. This filter can transform an input signal (typically an exponen-
tial pulse) produced by charge sensitive pre-amplifier into a trapezoidal pulse.
Generally, the amplitude of the pulse is measured from the pulse height differ-
ence between the flat top of trapezoid and signal base-line. It is the measure
of the energy released by the particle in the detector. In this digital approach,
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the pulse height analysis algorithm has the power to perform online base-line
restoration, ballistic effect correction and to manage the pile-up of online data
acquisition [51]. In order to determine the arrival time of the pulse, the second
derivative of the input signal is calculated. This is performed by an algorithm
implemented on FPGA and this replaces the usage of traditional CFD. The
purpose of this derivation is to eliminate low frequency fluctuations associated
with the baseline part. From a simple calculation, one can understand that the
zero crossing of the pulse is independent of pulse amplitude and depends on
only the time constant of the pulse. So, the zero crossing of second deriva-
tive of the input signal estimates the accurate time arrival with an uncertainty
equivalent to one unit of sampling time [52]. Whenever the pulse crosses the

base-line, a trigger signal is generated that produces a time-stamp.

3.3 Experimental Details

Two distinctive experiments have been carried out at Variable Energy Cy-
clotron Centre (VECC), Kolkata. The first experiment is related to the spectro-
scopic study of long-lived isotopes populated via irradiation. The second one
1s an in-beam study.

Both of the experiments have been performed using an HPGe detector to detect
the y-rays decaying from the excited target. It is coupled with a CAEN 5780M
desktop digitizer [51] to acquire the experimental information. This 14 bit
(16 k channel and 100 MS/s sampling rate) digitizer module is equipped with
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two high voltage power supplies (£5 kV, 300 uA) along with two preamplifier
power supplies (+12 V, £24 V). Therefore, no separate module has been used
in purpose of biasing and pre-amplification. It is well furnished with DPP-
PHA (Digital Pulse Processing-Pulse Height Analyzer) firmware. This feature
enables the digitizer to evaluate precise energy and timing information [51].

The data has been collected with the use of MC?analyzer software [53].

The data exchange and control command between the computer and the dig-
itizer was carried out by attaching the USB cable. This can be done also by
connecting a CAEN proprietary optical bus. The maximum transfer rate can be
30 MB/s while using USB cable. This can be increased up to a transfer rate of
80 MB/s [51] via optical link, that offers Daisy-chain capability. In the present

work, using USB cable is the most convenient choice.

3.4 Methodology

In this current study, the lifetime or the half-life has been estimated following
two different methods: from the decay of parent nucleus as well as from the
growth of daughter nucleus.
In general, the half-life of the parent nucleus is generally described by the
equation,

N! = NOe (3.1)
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where N is the number of parent nuclei present at t = 0 and A, is the decay

constant. This equation can also be expressed as,

In(N') = In(N°) — At (3.2)

Now, by taking derivative of the equation 3.1, the equation reduces to be,

dN',

7 = —AmNoe_/lmt. (33)

m

Now, if the decay half-life of daughter nucleus is much much larger than that of
parent i.e. the daughter nucleus is stable, the growth curve of daughter nuclei
can also be generated from the data. The number of daughter nuclei produced
will increase exponentially and will attain a saturation value following the re-
lation,

N’ = N1 — exp(=A,,0)], (3.4)

where, N/, is the number of daughter nuclei produced in time t. The half-life
can be obtained either from the decay of the parent nuclei or growth of the
daughter nuclei. The variation of count rate as a function of time is obtained
in case of the decay of parent nucleus. Whereas, the growth of the daughter
nucleus can be generated by accumulating the data with increasing the time-bin

of digitizer time-stamped data.

In case of decay of parent nucleus, the count rates are determined at different
instants of time. Let us assume that T, is the starting time of the measure-

ment. Now, the next measurements are done at an interval of time AT. Now,
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the spectra corresponding to 7, to T, + AT, T, + AT to T, + 2AT and so on
are generated. The peak area of the most intense y-transitions are plotted (as a
function of time). However, in the current study, we have adopted a different
technique to analyse the time-stamped data. The interval of time is not kept
uniform for all instants. Rather, we have kept the number of total decay events
to be constant and it leads to a variation in time bin. This can be explained as:
at the starting time of the decay, the rate is faster as 3 milion (3M say) events
can decay within a smaller time. Whereas, after some time, to accumulate the
same number of decay events, a longer time bin is needed. Lastly, the count
rate i.e. the number of decay events per unit time of accumulation is calculated

and plotted with time to estimate the half-life.

The decay constant is evaluated by fitting the curve with an exponential func-
tion (equation 3.3) with minimum y? value to have the best fitting. One can
also estimate half-life by fitting the curve [i.e. In(count rates) vs time] with a
linear function (equation 3.2). The slope of that function is the measure of the
half-life.

In case of building the growth curve of the daughter nucleus, for an equal num-
ber of decay events associated with different intervals of time AT are summed
up consecutively such that spectra are generated for (i.e. T, to T, + AT, T, to
T, + AT +AT’ ...) time period. As the decay time increases, the area under the

v-peak of interest increases by reducing the statistical error.
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3.5 Data analysis procedure

The ‘LIST mode’ data format of digital acquisition system is beneficial as it
offers sequential list of the events with measured parameters depending upon
the requirement of the experiment. In the present work, energies and corre-
sponding timing information are key parameters. List mode data can be saved
either in ‘Binary’ format or in ‘ASCII’ format. In our case, we have saved
the data in ‘ASCII’ format. In this format, the list mode file typically contains
two columns. The first column describes the arrival time of different pulses
(multiplying by 10 ns) w.r.t. the Digitiser and the second one represents the
number proportional to the pulse amplitude (Energy parameter). Now, select-
ing a particular time window, the list mode data can be handled using a simple
computer program. Using MAT LAB [54] software package, the list mode file
is analysed to generate histograms of energies within specific time windows.

The whole algorithm is defined in few steps described below.

3.5.1 Details about the data sorting program

The main issue of handling the data file is particularly the size of the file, which
is typical of the order of few GBs as it contains information of several hours.
Importing the whole data into the array is very time consuming. One can han-
dle such files using ‘datastore’ function in MAT LAB.

As stated earlier, in the list mode data, there are two columns : the first col-
umn gives information about the timing and the second represents the energy

54



Chapter 3. Development of analysis method of digital data

Algorithm of data sorting and creation of
spectrum

Scan the data
file
l If Iteration =
multiple of a -
Set iteration (1) =0 | Assign a vector certain previously
l .. fixed number
containing the
Assign size of the array ™| channels in which L
[Row = no of specified hi - ed YES
events (say, 10k); istogram is stor
Column= no of variables
in the source file; assign Createa new file
variable names] All channel values are
set to zero at l
iteration=0 Store the histogram
Import 10 k data data for that
into array from l iteration into that
the sourc.e file, Add histogram with file
Note the time for e I l
1=0 histogram for each
iterations (1> 0) Close the file
and note the
i time
YES 4 If source file \\ 1
T —
NO

Figure 3.1: Schematic flow chart of data sorting program.

parameters. For the first set of data, the time-stamp corresponding to the first
event is noted. Then, the set of data is plotted as a histogram to generate a
specified spectrum. This histogram is stored in an array. If the data file con-
tains further information, then again a set of 10k events are replaced in the data
array. The corresponding histogram is now added with the previous histogram.
The stored histogram is written in the file only after a specific number of it-
eration to be fixed by the user. Otherwise, a large number of spectra will be
created that is too difficult to handle. Additionally, the time-stamp of the last
event of that histogram is also noted to have the timing information. A flow
chart of the program is given in Fig. 3.1.

The number of the generated spectrum can also be reduced by increasing the
number of events in per event bin. Hence briefly, the large data streams are split
into different parts by specifying a particular event bin such as 10k events. If
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the time resolution of the digitizer is 10 ns and then, for 10 k events, the time
interval should correspond to at least of 100 us. The exact time interval is es-
timated by calculating the difference between the last and first time-stamp of
each set of 10k events. Therefore, depending on the predicted half-life, event
bin for saving consecutive decay spectra can be chosen appropriately to follow

the decay.

Ideally, event binning must be chosen in such a way that reasonably good
statistics remains even at the end of the decay. But, this reduces the total num-
ber of data points in the decay curve. On the contrary, the smaller event binning
results into larger number of data points. A larger number of data points results
into a better fit in some cases. However, it also increases the error in the area of
each peak. So, optimization has to be done depending on the source strength

and half-life.

At last, the energy histogram is plotted with a specified number of event-bin.
In order to find the area under the photopeak from the generated spectrum,

INGAS ORT [32] software has been used.

3.6 Specific experiment details

3.6.1 Offline experiment:

Similar to the experiment described in chapter 2, 117¢Sb (T;,,= 2.80 (1) h),
18mSh (T} /2= 5.00 (5) h) and '7"Sn (T} ;= 14.00 (5) d) have been populated
via the irradiation of "“In target of thickness 54 um by a-beam of 32 MeV
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energy at VECC, Kolkata. In this particular case, the experimental setup (re-
ferred as Setup II in section 2.3.3) contains only HPGe detector 80% relative

efficiency and CAEN 5780M Digitizer.
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Figure 3.2: Typical gamma spectrum of irradiated natural Indium by 32 MeV a@-beam collected using
HPGe detector.

3.6.1.1 !'87Sh: 8~ state

To estimate the decay half-life of ''8"Sb (I"=8~ state), the decay of ''®"Sb
(parent) and the growth of '8Sn (daughter) have been plotted for different y-
transition of daughter nucleus taking two different event bins such as 3M and
IM as shown in Fig. 3.3 and Fig. 3.4. The results obtained using different
binning and techniques are tabulated in the table 3.1 and compared with the

previous results [18].

3.6.1.1.1 Discussion It is noted that in case of smaller bin (for 1M event bin in
this case), more number of data points are present in the curve. That results
in the better fitting. Eventually, the error related to this area (statistical one)
also increases. Hence, to have a more accurate result, optimization is always
necessary. As shown in the table 3.1, the half-lives estimated employing the
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Figure 3.3: (Left) Growth curves of daughter nucleus for different intense y-transitions. (Right) Decay
of parent nucleus is followed to evaluate decay half-life. In Inset In(count rate) are shown. The spectra are
generated time with 3M event bin.
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Table 3.1: Decay half-life of ''¥”Sb (8 state) determined from time-evolution of different intense -
transitions. The errors are reported within parentheses.

Half-life (h)
Energy  Prev. Present
(keV) [18]
Decay Growth
Eqn. (3.3) Linear ! Eqn. (3.4)
BIN1? BIN2? BIN1?  BIN23 BIN1?  BIN23
253 528() 525@) 4953) 4.92(2) 4.87(1) 4.87(1)
1050 5.00 (2) 5.18(15) 5.07(10) 5.20(3) 5.03(2) 5.00 (2) 4.99 (1)
1229 5.36 (7) 5.23(10) 5.17(2) 5.11(2) 5.04 (1) 5.04(1)

'Determined from logarithmic plot.
2Event Bin of 3M.
3Event Bin of 1M.

both techniques reasonably agree with the previous results [18]. Among them,
the results obtained from the growth curve show a better match. Also, change
of size in event bin shows less effect in case of the half-lives determined from

growth curves.

3.6.1.2 !'7:Sb: 5/2" state

The decay half life of ''7¢Sb of 5/2* state has been evaluated having event bin
3M following the technique described above. Similar to section 2.4.1.2, the
time evolution of 158 keV is plotted to estimate the decay half-life as shown
in Fig. 3.5. The half-life is estimated to be 2.98 (1) h. Hence, the weighted
average of different experimental setup is found out to be 2.97 (2) h.
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Figure 3.5: The decay curve of !'”Sb following the time evolution of 158 keV y-transition from the digital
data acquired by CAEN 5780 Digitiser.

3.6.2 In-beam experiment:

This in-beam experiment has also been carried out at VECC, Kolkata, using
proton beam of energy 10 MeV produced from the K-130 cyclotron. The target
was "“Zn. The isotopic composition of natural Zn is tabulated in Table 3.2. In
this experiment, by fusion evaporation reaction, the compound nuclei, viz.,
65.67.68.69.71Ga isotopes have been populated. The main deexcitation processes
proceeded by emitting one neutron and the populated nuclei are %400:67.688.70Gg,
These nuclei were eventually decayed and the most dominant decay channel at

that particular energy was (p,n) reaction. The details of the decay modes have

been enlisted in table 3.2.

Hence, this particular data set of data includes information about the several
radioactive decays of nuclei, of which half-lives span from minutes to days.
The experimental data have been acquired encompassing in-beam condition to
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Table 3.2: Isotopic composition of natural Zn and decay modes, half-lives and most intense decay y-ray
energies of short-lived Ga isotopes produced by (p,n) reaction. The masses (shown in first column) are same
for target Zn (Z=30) isotopes and corresponding Ga (Z=31) isotopes produced as reaction products [18].

Mass Abundance Decay mode Half-life y-ray Energy (keV)

(A)  ™7Zn [25] (Error) Intensity( %)"
64 49.17% EC 2.627 min 991.51°2
(12) (46)
66 27.73% EC 9.49h 1039.22 2
3) (37)
67 4.04% EC 3.2617d 93.312
5) (72.57)
68 18.45% EC 67.71 min 1077.34 2
(8) (3.22)
70 0.61% B~ (99.59%) 21.14 min 1039.51°
EC (0.41%) 5) (0.65)

! Absolute intensity per 100 decays.
2From corresponding Zn isotopes via electron capture (EC)-decay.
3From "°Ge via ~-decay.

beam off situation (Fig. 3.6). Data have been collected using a 20% relative

efficiency HPGe detector with the same CAEN 5780 digitizer.

In the Fig. 3.7, the variations of count rate with the time for the strong gamma
rays associated with the transition from 2* to 0* for #4669 7n isotopes i.e. 991
keV, 1039 keV, 1077 keV respectively are shown. These y-transitions, which
are emitted from excited levels of "*Zn isotopes have been populated from two
different feeding channels. Those are "“Zn(p,p’)**0%8Zn reactions and decay
of 4+66.58Ga isotopes populated via "“Zn(p,n) reactions.

Now, the 1014 keV y-ray is the de-exciting gamma transition of 2’ Al from the
first excited state to its ground state. It is populated via (p,p’) reaction. This
material is one of the component of the target holder and other accessories
of the chamber. Hence, the count rate of this particular transition can be a
parameter related to the measure of misalignment of the beam. Four gamma-
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ray energies 991, 1039, 1077 and 1014 keV are arising from the excited states
of %4Zn, %7Zn, 8Zn and ?’ Al (target frame material) respectively. It is observed
that, the total area under the photo-peaks remain almost constant in the BEAM-
ON interval. As no drastic change has been made in beam parameters (like

current intensity or beam focusing etc.), such an observation is expected [55].
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Figure 3.6: Typical in-beam and decay spectra of natural Zn target bombarded by 10 MeV proton projec-
tile.

In general, for a specific target material, the absolute area under the photo-
peak depends on the various parameters such as, the abundance of the isotope,
cross-section of the reaction at the particular energy and also on beam speci-
fications (like, beam current incident on the target). Additionally, a variation
of count rate of characteristic y-s emitted from the elements present in the tar-
get holder or in accessories of the chamber can provide information about the
beam tuning and focusing. Such minute details as a function of time can be ob-
tained from such time-stamped data. A significant increase in the count of real
peaks along with the beam-generated background peaks will be the signature
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Figure 3.7: Variation of peak area of different y-transitions with time. The dash-dotted line differentiates
between the beam-on and beam-off situations. The inset shows a zoom-in of transition time.

of an increase in beam intensity. Whereas, on the other hand, the increment
in these background peaks compared to the real peaks, will be an indication
of poor beam focusing. In the BEAM-OFF condition, data has been accumu-
lated for 4 hours. It is noted that since the half-life of ®*Ga is nearly order
of a few minutes, it decays more sharply than other nuclei (°®°3Ga) as shown
in Fig. 3.7. It is also observed that the area of 1014 keV goes to zero as a
prompt effect of beam stop. The 2’ Al(p,n) reaction product >’Si has a half-life
of 4.15 sec, which can also populate 1014 keV vy ray. However, the ?’Si de-
cays 99.7% to the ground state of 2’Al. Thus, 1014 keV y-ray is originating
mostly from the in-beam excitation. From Fig. 3.7, the yield curves of dif-
ferent Zn isotopes follow the abundance ratio in "#Zn. Their de-excitation ys
have nearly the same energy, which ensures that the detector efficiency will be
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Table 3.3: Measured half-lives of short-lived Ga isotopes.

Mass Energy Half-life
(keV)
Adopted [18] Present work
64 991 2.627 +0.012min  2.61 + 0.15 min
66 1039 9.49 + 0.03 h 9.82+1.18h

68 1077  67.71 £0.08 min  70.30 + 3.57 min

nearly the same. The half-lives of 4+50%Ga isotopes have been determined
from the BEAM-OFF portion of the curve in Fig. 3.7. We have not analysed
the decay data of ©77°Ga due to long half-life (*’Ga: 3.2617(5) d) and weak
decay y-transition ("°Ga: 1039.51 keV). The growth curve of ®*Ga, is plotted
for 12 minutes, beyond which it saturates as shown in Fig. 3.8. The growth
curves (Fig. 3.8) of %¢%Ga have been plotted up to ~ 4 h (depending upon
the availability of data). The extracted half-lives of ¢+6%%3Ga are tabulated in
Table 3.3. The calculated half-lives match reasonably well (Table 3.3) with
the previously values [18]. A large deviation of calculated half-life from the
reported value is seen in case of °Ga. It must be due to the time restriction
of our data (as only ~ 4 h data was available). Moreover, for ®®Ga, relatively
lower abundance of ®Zn (see, Table 3.2) in natural Zn and lower intensity of

the decay y-ray have increased the error in the result.

3.7 Discussion

In this current work, the digital data saved in List mode have been used to
estimate decay half-life of several different nuclei. The data have been sorted
for a constant number of event bin instead of constant time interval. The half-
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Figure 3.8: Growth curves of Zn isotopes ( %+6%687Zn ) generated from decay gamma rays of corresponding
radioactive Ga isotopes .
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lives have been remeasured from the decay of parent nucleus as well as growth
of daughter nucleus. The obtained results show a very good agreement with
previously reported value. It is observed that, building up growth of curve is
more advantageous, as a relatively small statistical error is induced by resulting
in better fit. Whereas, the count rate gradually decreases as the time evolves in
case of decay curve. Moreover, with different event bins, the applied technique

has been discussed.
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CHAPTER 4

Detector development and characterisation

4.1 Introduction

Recently, low-cost photodiodes and similar devices are utilized as radiation
detectors, especially in high energy physics experiments, nuclear radiation-

based medical diagnostic tools, security surveillance monitors, etc.

A photodiode that can be used for nuclear radiation detection should have
its capacitance low, decreasing with increasing reverse bias. However, as the
reverse bias increases, the leakage/dark current increases. Thus the choice
of a suitable photodiode for radiation detection needs a careful measurement
of the capacitance and leakage current with increasing reverse bias to select
the optimum operating reverse voltage for that particular variety of the diode.
The low capacitances (=~ pF) of these detectors demand the usage of properly

impedance matched preamplifiers.

When radiation interacts with the detector material, energy deposition re-
sults in the creation of electron-hole pairs. In the case of semiconductors, the
main advantage is low ionization energy. On average, 3.6 eV is needed at 300
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Figure 4.1: (Top) Left: The variation of projected range is plotted with alpha energy [56]. Right: The
variation of absorption depth with the electron energy is presented. The plot has been taken from Ref. [57].
(Bottom) The variation of attenuation length is plotted with X-ray energy calculated from Ref. [58]. )

K to create one electron-hole pair in silicon (Si). The number of generated
electron-hole pairs is proportional to the particle’s energy, provided the energy

is entirely deposited in the active volume of the detector.

For charged particles such as alpha particles or heavy ions, the energy is
dissipated along a linear track [59]. The path-length is dependent on the type
and energy of the incident particle. In contrast, beta particles’ tracks are non-
linear as their ranges are long due to relatively smaller mass. Additionally,

electron penetration is also dependent on the thickness of the detector layer.

X-ray and gamma rays are electromagnetic radiations that interact with mat-
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ter via three processes depending upon their energies. The interaction pro-
cesses are photoelectric effect, Compton scattering, and pair production. For
Si with Z=14, the cross-section of photoelectric absorption dominates in the
lower energy range, < 50 keV in the soft X-ray region. In this process, the
full energy of the X-ray photon is transmitted to electron-hole pairs. These
pairs are the source of electric current under the applied electric field. For E >
50 keV, the Compton scattering process dominates. In this process, a fraction
of X-ray or gamma-ray energy is transmitted to the electron-hole pairs. The
partial deposition of energy reduces the detection efficiency. The efficiency
depends on incident radiation’s energy and varies as a function of Si wafer
thickness [60]. For a thick Si wafer, the efficiency of the detection of higher

energy photon improves.

It is well known that Si-photodiodes and PIN diodes can efficiently detect al-
pha particles and low energy x-rays and gamma rays. The detection efficiency
of a 300-micron silicon wafer falls off sharply beyond ten keV. The diodes
have an intrinsic capacitance, which reduces with increasing reverse voltage to
reach the maximum depletion zone to give the best detection efficiency. How-
ever, an increase in reverse bias voltage results in a higher leakage current.
This dark leakage current is temperature-dependent and increases due to ther-
mal excitation. Dark current approximately doubles for every 10 °C increase

in temperature. The dark current dramatically reduces by cooling the detector

diode.
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4.2 Photodiodes used in the present project

In the present work, two different types of photodiodes are used: PN photodi-
ode and PIN photodiode. PN photodiode is a two-terminal device, in which one
side is doped with p-type and another with n-type of material. In PIN diodes,
an extra intrinsic layer (highly resistive) is present between the heavily doped
p-type and n-type material. This extra layer benefits high-speed response with
reverse bias operation. PIN type diodes offer additional advantages due to their
thicker depletion layer, enabling it to be hit more number of particles or pho-

tons.

In this study, we have used photodiodes that are cost-effective relative to stan-
dard commercial ones. We started our testing procedures with BPW34 (from
VISHAY Semiconductors), BPW21 (from OSRAM Opto Semiconductors),
VTB8440BH (from Excelitas Technologies), and BEL-Si PIN diode (from
Bharat Electronics Limited). Typical optical and electrical characteristics of
these diodes can be found from their data-sheets [61-64]. The important func-

tional parameters have been specified in Fig. 4.2.

4.3 Characteristics of photodiodes and PIN diodes used

4.3.1 Capacitance

Junction capacitance is the parameter that is related to the response speed of
the photodiode. When the depletion region is fully depleted, the capacitance
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Figure 4.2: The pictures of different diode detectors [(a) BPW24, (b) BPW21, (¢c) VTB8440BH, (d) BEL
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Si(PIN) diode] are shown along with their specification details provided by the manufacturer.

is minimum. It is essential to keep the capacitance as low as possible. With

increasing reverse bias, the width of the depletion layer increases, resulting in

lower capacitance.

At the Advanced Material Science Lab of SINP, using Agilent E4980A LCR

meter, we successfully measured the range of different photodiodes’ capaci-

tance with reverse voltages shown in Fig. 4.3.
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Figure 4.3: Variation of capacitance with varying reverse voltage for different diode detectors measured

using Agilent LCR meter.
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4.3.2 Dark Current

Dark current or leakage current is a relatively small but finite amount of cur-
rent, which flows in a photodiode even when no radiation / charged particle
is incident on the diode. This current increases with the detector volume and
surface area [65]. Photodiodes have temperature-dependent leakage current,

which increases with temperature and reverse bias.
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Figure 4.4: The spectra of '33Ba are compared for two different leakage current of BEL-Si(PIN) diode.

The detector leakage current is an indicator of stability. For a steady con-
dition, the value of the leakage current will be stable. Any abrupt increase
of leakage current indicates deterioration of detector performance in terms of
worsening of energy resolution. The leakage current of the detector increases
significantly after it is continuously used for a long time. It is evident from the
spectrum of '*3Ba acquired by a Si-PIN diode, as displayed in Fig. 4.4. The
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leakage current increases from 0.03 uA to 0.22 uA, after the BEL - Si PIN

diode is continuously used.

Detector cooling is one of the practical solutions to minimize leakage current.

Under such circumstances, cooling the detector is essential.

4.4 Other essential details and electronics

4.4.1 Mounting of the detector

The photodiodes’ flying leads are mounted either with 50 ohm BNC or Lemo
connector. However, the parasitic capacitance and inductance can pose a seri-
ous problem while extracting signals from the wire. Thus mounting the pho-
todiode is very critical and needs special attention. Moreover, in some cases,
for detecting the charged particles, the protective window of the diode has to

be removed carefully.

4.4.2 Preamplifier

A preamplifier is needed to generate an equivalent voltage pulse for process-
ing the electron-hole pairs generated by the charged particle’s interaction in
the depletion region of the photodiode. The preamplifier’s function is to ex-
tract the signal from the detector without affecting the signal’s quality. It has to
be kept as close as possible to the detector. It acts as an impedance matching
component (to have high impedance to the detector side and low impedance
on the amplifier side). Most frequently, a charged sensitive preamplifier (CSP)
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is used. The sensitivity or the limitation is determined from the signal to noise

ratio.

4 —=-
ALMINIUM . —&
FOIL CAP, etc. i
10kz 10H
+24 V

Figure 4.5: The schematic diagram of preamplifier circuit following circuit provided in Ref. [66].

Usually, commercially available preamplifiers are quite costly. So, we in-
tended to develop a suitable preamplifier that would be cost-effective. We have
fabricated a preamplifier in the breadboard following the circuit given in the
Ref. [66]. The first part of the circuit acts as a current integrator or charge
amplifier having a high impedance. In this circuit, we have used LF442 (JFET
operational amplifier) as A; shown in Fig. 4.5. It is connected with a high
impedance of 10 MQ resistor. It converts the charge accumulated into a pro-
portional voltage output. Further, it is fed to an inverting amplifier that ampli-
fies its pulse height. We tested the preamplifier with a laser light source and a

radioactive source (@ source: 24! Am).

The preamp pulses are shown in Fig. 4.6. It is observed that the output
pulse height for input from the laser source is very high and saturates at 10
V. Whereas, for input from an alpha source emitting alpha particles of 5.486
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MeV, the output amplitude is around 150 mV. The laser source emits photons
of a single frequency. An intense ray of visible light is emitted from the laser
source. The output pulses from individual photons overlap with each other,

resulting in a higher output voltage.

However, for a standard laboratory radioactive source, the number of alpha
particles/X-rays/gamma-rays emitted is much less. Thus output correspond-
ing to each incident particle/photon is distinct, and the pulse height becomes
directly proportional to the energy of the incident particle/photon (Fig. 4.6).
Therefore, for X-rays (< 50 keV), the output pulse is comparable to the elec-
tronic noise and can not be distinguished from the noise.

Despite some success, we could not reduce increasing stray capacitance,

- E|1~..h.:1‘#5 18145 [[r19Mwll TR i e Et&—_.h_a_l':’.’:‘. 15:83  Trigd /M
(a) Laser light 1R (b} Alpha Source(2*tAm)

E S
ey ]“"'v--*fM iy
: : el

Figure 4.6: The pulses of (a) laser light, (b) alpha source >*! Am are processed using the preamplifier
fabricated in a breadboard.

which induces electrical noise with this particular circuit. We have tried to
improve the circuit but eventually failed. Therefore, we have to opt for com-
mercially available preamplifiers like ORTEC 142A, 142B, 142IH e.t.c.
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4.4.3 Cooling the detector
The thermal excitation of the electron-hole pair is one of the sources of leakage

current. The leakage current is strongly dependent upon the temperature (T)

following the equation [67],

Eg

ILC & T2 €_W, (41)

where I;¢ is leakage current, T represents the temperature, E, denotes the

bandgap energy (1.12 eV for Si), «p is the Boltzmann constant.

Hence, to improve the detector performance, cooling the detector is immensely
important. In general, the Si Photodiode or PIN diode detector can be used at
average room temperature during the heavy-charged particle detection. How-
ever, for an X-ray or low energy photon, the number of e-h generated is min-
imal and almost comparable to the electronic noise level. In such a case, the
detector’s noise level should be reduced as far as possible to distinguish real
pulses from the noise. To maintain such a condition, the cooling of the detector
1s essential. In this present work, an effort has been made to cool these diodes

using different arrangements.

4.4.3.1 Liquid N, cooling arrangements

Most of the semiconductor gamma detectors require cooling at cryogenic tem-
perature. The standard method is to cool using liquid Nitrogen (LN;). We also
used LN, for cooling. The detector was placed on a metallic plate at the top
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Figure 4.7: Different parts of the cooling arrangement using liquid N, are shown in the figure.

of a thermocol box filled with LN,. A copper (Cu) rod, attached to the plate,
was dipped in LN,. The rod worked as a cold finger to cool the detector. The
detector was covered by another box (as shown in Fig. 4.7) to minimize the

background light.
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Figure 4.8: The variation of leakage current of BEL-Si(PIN) diode is plotted with decreasing temperature.

The effect of cooling is quite dramatic and is demonstrated from the variation
of leakage current with temperature (Fig. 4.8). The leakage current decreases
from 0.45 pA to 0 uA, when the PIN diode is cooled from room temperature
to -37°C.
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4.4.3.2 Development of cooling device: Using Thermoelectric cooler

We procured cheap and compact thermoelectric coolers (TEC), TEC 12706,
from the local market. These coolers work following the basic principle of the
Peltier effect. The internal structure of a TEC consists of an array of semi-
conductor pellets connected in series electrically [68]. But, thermally, they
are arranged in parallel to achieve maximum heat transfer between the hot and
cold sides. When the required voltage is applied across the device, one of the
sides becomes hot, and the other side becomes colder, maintaining a constant
temperature difference (60°c in the present) between the two sides. From the
data-sheet provided by the manufacturer, we can get an estimate of the temper-
ature difference that can be created between the two sides for a given operating
voltage. Thus to achieve a low temperature at the cold side, one has to dissipate

the heat generated at the hot side as quickly as possible.

The Thermoelectric cooler TEC-12706 (manufactured by Hebei IT Co. LTD
[69]) draws a maximum of 6 Amp current. An ATX 24 pin switched-mode
power supply (SMPS, which is frequently used in the motherboard of a com-
puter) or a high — current power supply provided 12V with the required current
specification to the device. The TEC has been mounted with thermal paste on
a suitable heat sink to ensure good contact between the sink and TEC module.
The different arrangements have been tested with the heat sink to dissipate the

hot side’s heat most effectively (Fig. 4.9).

In the first arrangement, (Fig. 4.9(a)) the TEC is connected with a high
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Figure 4.9: Different arrangements using TEC are shown along with the schematic diagram.

wattage low resistance (1€, 30 W) in series to control the current. The min-
imum temperature reached using this setup is around -2.6°C (when the ambi-
ent temperature was ~ 30°C ). However, with this arrangement, we could not

maintain a low temperature over a long time.

In the second arrangement, three heat sinks were used, and the TEC was
placed in the middle heat sink, as shown in Fig. 4.9 (b). The minimum temper-
ature for the cold side reached -9.7°C. However, it was challenging to maintain

a stable minimum temperature.

Later, this second arrangement was used to cool the photodiodes. However,
the mechanical vibration of the fan attached to the heat sink introduced addi-
tional noise in the response of the detector. Therefore, cooling with TEC in

combination with heat sink and fan was discarded.

Finally, continuous water flow worked perfectly for TEC cooling. The TEC
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was mounted on a hollow metallic box with thermal paste. A small pump was
used to continuously flow water in that metallic box (Fig. 4.18). The TEC’s
hot side temperature started to come down very quickly, increasing the device’s
efficiency. The improvement of using this cooling arrangement is evident from

Fig. 4.10. The noise level reduces w.r.t two other peaks as shown in Fig. 4.10

(b).

(@) No-cooling| ,
(b) With-cooling
5 15
-m Channel
20 50 480 560 2% b2 Sz

Figure 4.10: The spectrum is acquired (a) without / (b) with using the TEC using water-cooling arrange-
ment. The noise level reduces by a significant amount using the water-cooled TEC arrangement.

4.5 Detection of nuclear radiation

We have used the photodiodes of a few varieties, as discussed before, for the

detection of electrons, alpha particles, and X-ray, as well as gamma photons.

4.5.1 Detection of alpha particles

To test the detectors, we have started with the alpha sources. As the energy of
the alpha particles emitted by radioactive sources available in our laboratory
is around 5 MeV, the pulse heights are expected to be above the noise level,
even without cooling the detector. Moreover, the intrinsic detection efficiency
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1s around 100% for charged particles of moderate energy.

Two different alpha sources are used. One is i Am (T;,=432.2(6) y) that
emit alpha particles of energy 5.486 MeV (84.8% [18]). The second source,
namely triple line alpha source, is a mixed one that consists of three different
radioactive isotopes 52 Pu (T;2=24,100(30) y; E,=5.156 MeV), 52! Am, and

24Cm) (T, ,=18.11 (3) y; E,=5.805 MeV).

The detector is coupled with a preamplifier (ORTEC 142A or 142B or 142IH,
depending on the photodiode’s capacitance) with bias supplied from 710 Quad
1 kV Bias Supply or an equivalent unit. The detector and the source are placed
in the vacuum chamber to minimize the alpha particles’ energy loss. The
output of the preamplifier is amplified by a spectroscopic amplifier (ORTEC
576) for pulse processing. It is later sent to a multi-channel analyzer (FAST
COMPTEC- MPA) for analog to digital conversion. The block diagram is

shown in Fig. 4.11.

Reverse
bias

Voltage Pre-
Source amplifier |

h 4

Vacuum

chamber Alpha source

Amplifier > MCA

h 4

Figure 4.11: The block diagram of the experimental setup used in the alpha particle detection experiment.

For different photodiodes, the preamplifier pulses corresponding to alpha par-
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Figure 4.12: The preamp pulses of different diode detectors, such as (a) BPW21, (b) BEL-Si (PIN), (c)
VTB8440BH are displayed. The experimental conditions are also mentioned.

ticle are shown in Fig. 4.12 [70]. BPW34 photodiode contains a protective

layer (window), which can not be removed easily. This window is thick enough

to stop =~ 5 MeV alphas. So, we could not use this diode in alpha detection. For

BPW?21, the protective window of the diode encasing was removed for alpha

detection. The Bharat Electronics Limited (BEL) Si-PIN diode is window-

less. The preamplifier pulses from BPW21 and Si-PIN are relatively high for

incident alphas, even without any applied reverse bias.

45.1.1 BPW21

For BPW21, the preamplifier output became noisy with reverse bias. So, the

data were acquired under no bias condition. It is well known that energy res-
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Figure 4.13: (Left) The alpha spectra are obtained by BPW21 detector using triple line alpha sources for
different shaping times of spectroscopic amplifier. (Right) The alpha spectra for amplifier shaping time 10

us.

olution is also dependent on the shaping time of the amplifier. The optimum
value of shaping time of the amplifier was obtained to improve the detector

performance.

Under the same condition, spectra are acquired with varying shaping times of
the amplifier. With increasing shaping time, the resolution of the energy peak
improved. For the lowest shaping time (1 us), the three intense peaks of the
triple line source could not be resolved. With increasing shaping time, peaks

are resolved. The best resolution is achieved for 10 us [Fig. 4.13 (left)].

4.5.1.2 BEL Si-PIN diode

Similarly, the amplifier’s optimum shaping time was selected by acquiring data
for triple-line source with varying shaping times with the BEL-Si diode detec-
tor. The best resolution of the detector was obtained for 3 us shaping time (Fig.
4.14 [left panel]). The Si pin diode is operated with reverse bias voltage -70
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Figure 4.14: (Left) The alpha spectra are obtained by BEL-Si (PIN) diode detector using triple-line alpha
source to set optimum shaping time of spectroscopic amplifier. The inset shows the alpha spectrum having
the best resolution obtained for 3 us. (Right) The alpha spectra are compared for single -line and triple -line
sources under the same experimental condition.

V as specified in the manufacturer’s data-sheet. The diode is placed within a
vacuum chamber, and data are acquired for 3 us shaping time of the ampli-
fier. The data have been acquired with both the alpha sources (single and triple

line). The spectrum was calibrated using the triple-line source.

The data obtained with >*' Am showed an additional low intense peak apart
from that at 5.486 MeV. The triple line source normalized spectrum has been
overlapped in the same plot (Fig. 4.14 right) to identify the small peak. Inter-
estingly, the three-line source spectrum also contains a low-intensity additional
peak at the left side of the alpha peaks. Such spurious peaks have also been
reported in the alpha spectra acquired by a similar detector [71]. One of the
significant reasons is incomplete charge collection in the diode’s edges, or the
fluctuation in energy loss through the dead layer [65]. Such partial energy loss
can also broaden the peak, resulting in the deterioration of the detector’s energy
resolution.
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Figure 4.15: The effect of reverse bias is shown in figure using two different radioactive sources: (a) >*' Am
and (b) ?Eu.

4.5.2 Detection of X-rays, gamma rays and conversion electrons

We only worked with the BEL Si- PIN diodes to detect X-rays, gamma rays,
and conversion electrons. In general, Si PIN diodes are capable of detect-
ing X-ray and gamma photons. But the detection efficiency sharply decreases
with the thickness of Si. For a wafer of 300 um, the detection efficiency re-
duces drastically for y-rays beyond 10 keV. The best detection efficiency can
be achieved by increasing the reverse voltage that induces a more extensive
depletion layer. The neutral gamma rays interact differently with the medium
than charged particles. Whereas alpha and beta (electrons) beam transfer their
energy to the medium gradually, gamma (X-ray) photons may or may not fully
or partially transfer their energies. Thus gamma (X-ray) photons have longer
penetration depths. Therefore, the Si-PIN diode also needs higher reverse bias
voltage to improve detection efficiency for even low energy X-rays. However,
it introduces a higher leakage current and induces more thermal noise. For the
detection of X-rays, cooling of the detector becomes essential.
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Several sets of data were acquired by varying the reverse bias to identify
the optimum voltage for detecting alphas and X-rays. For 3 us shaping time,
the reverse bias is varied from 60 to 180 V [72]. It is observed that for the
single-line source (>**! Am), the alpha peak remains fixed at one position (Fig.
4.15). However, on the low energy side, a low-intensity peak varied its position
(moving to higher channels) with increasing bias voltage. We know that 24! Am
source also emits internal conversion electrons (associated with 59 keV excita-
tion energy), several low energy X-rays, and a low energy 59 keV gamma-ray.
The moving peak may correspond to them. Increasing bias voltage increases
the depletion layer’s width. It improves charge collection, which increases the
pulse height. However, for alpha particles, the depletion depth corresponding

to the lowest voltage is sufficient to stop it entirely.

The effect of increasing reverse bias with '>2Eu source is evident in Fig.4.15.
The beta ray continuum distribution becomes more prominent for higher bias

voltage.

4.5.2.1 Identifying electron and X-ray peaks in the spectrum

To allow conversion electrons from the source to reach our detector, we pre-
pared a '>?Eu source covered with a thin X-ray Mylar foil to minimize the

energy (intensity) loss of electrons (low energy X-rays).

Three distinct strong peaks with two weaker ones are seen in the spectrum.
These are X-ray and conversion electron peaks. The first peak corresponds to
40 keV X-ray. The other peaks correspond to conversion electrons of energies
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Figure 4.16: The X-ray - conversion electron spectra of '>Eu is compared with increasing thickness of
protective layer (plastic) around the source mentioned in legend.

75 keV (K-conversion electron energy of 121 keV), 115 keV (L conversion
electron peak of 121 keV), 198 keV (K-conversion electron energy of 244

keV), and 294 keV (K-conversion electron energy of 344 keV) [73,74].

Data have been acquired by introducing a plastic cover on the source to check
the correctness of identification of the peaks. With the increasing number of
plastic layers, the intensities of the electron peaks significantly reduced. How-
ever, the X-ray peak height at 40 keV remain almost constant (Fig. 4.16). For
two layers of plastic, the peak heights of 75 keV and 115 keV are reduced dras-
tically. These peaks correspond to the conversion electron peaks. Thus, we can

successfully distinguish between the X-ray and conversion electron peaks.

4.5.2.2 Gamma-ray detection using cooling arrangement

In general, detecting gamma-ray with energy more than 50 keV using this Si
(PIN) detector is difficult, if not impossible. Because of the relatively low
atomic number, the photoelectric effect’s cross-section (e Z°) is significantly
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low. However, the detection efficiency improved by increasing the applied

reverse bias after cooling the detector.
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Figure 4.17: The spectra are obtained using standard radioactive sources of '*Ba at different reverse

voltages applied on BEL Si(PIN) diode.

The arrangement of LN, cooling (Fig. 4.7) as discussed before has been uti-
lized. The data have been acquired with '**Ba radioactive source. To prevent
the detection of conversion electrons, the source was covered with thick plas-
tic. The data have been taken for two different reverse bias voltages (150 V
and 200 V, respectively). By cooling the detector, the spectrum improved. In
Fig. 4.17, the reduction in detection efficiency with increasing energy is also
evident. However, with cooling, bias could be increased to 200V, and the peaks

at higher energies also become more prominent.

4.5.2.3 Coincidence study between conversion electrons and y-rays in >>Eu

The correlation between the conversion electrons and y-rays of '>2Eu has been
tested. The experimental set up is arranged very compactly in a compact geom-
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Figure 4.18: (a) The setup for the measurement of internal conversion coefficient. (b) The zoomed view

of the setup with PIN diode cooled with TEC using by water-cooling arrangement.
etry without a vacuum chamber. To detect gamma rays a 3" X 3" Nal(Tl) has
been used [75] (as shown in Fig. 4.18). The conversion electrons are detected
using Si-PIN diode which is cooled by a TEC using water-cooling arrangement
as discussed before. The data have been collected using CAEN 5780M desk-
top digitizer. The digitizer provided the detector bias. The Si (PIN) diode has
been used with ORTEC 142B preamplifier. The output of the Nal(Tl) detector

is fed directly to the digitizer for further pulse processing.

The standard '>?Eu (T;,,= 13.517(14) y) is one of the suitable sources that
decays to two different daughter nuclei via beta decay. It disintegrates to
1528m via electron capture (72.1%) and positron emission process (0.0027%).
Whereas, rest (27.9%) of the decay is followed by 8~ emission to >2Gd [18].

A simplified decay scheme is shown in Fig. 4.20(a).

The data were collected in ‘LIST’ mode format to store the energy as well
as temporal information with a coincidence window of 2.5 us. The data have
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Figure 4.19: (a) The two dimensional energy matrix constructed from coincidence data using LAMPS
software is represented. The X axis corresponds to the energy spectrum of gamma transitions detected
by Nal(Tl). The Y axis represents the electron energy spectrum obtained using Si(PIN) diode. (b) The
total projection of gamma spectrum is shown (green colour) indicating the peaks of >?Eu. (c) The internal
conversion spectrum is illustrated showing the energy of the peaks.

been further analysed in LAM PS software to build up two dimensional matrix
(Eeiec vs. E, matrix). The two - dimensional matrix is displayed in Fig. 4.19
(a). The projection of the matrix is also shown in 4.19 (b,c). In the full pro-
jection of gamma spectrum, intense y-peaks of °?Eu are identified. Likewise,
the conversion electron peaks of 122 keV, 245 keV and 344 keV are also de-
tected. 75 keV and 115 keV correspond to the K and L conversion electron
peaks, respectively. Whereas, 198 keV, 294 keV is coming as K shell conver-
sion electron contribution of 245 keV and 344 keV, respectively. In the gated
spectrum of 244 keV, the projected electron spectrum shows the peaks at 75
keV and at 115 keV. It is expected as 122 keV is in coincidence with 244 keV.
Whereas, 344 keV gamma gated spectrum shows a continuum spectrum. It is
noted that 344 keV is the most intense transition of excited '°2Gd, that is popu-
lated via S~ decay. Hence, this continuum spectrum is justified. In the current
study, the - end point energy comes out to be around 800 keV. The maximum
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(a) Simplified Decay scheme of *52Eu (b) Gated spectrum
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Figure 4.20: (a) A simplified decay scheme of '3?Eu is shown in the figure [76]. Approximate energies are
presented in keV. (b) The gated spectra is represented. The spectra in blue colour are the projected electron
spectra gating the specified gamma transition indicated in box. The spectrum in green colour is the projected
gamma spectrum gating 115 keV electron peak.

[ - decay energy corresponding to 344 keV is noted at 1.474 MeV with 0.574
MeV being the average value [77]. Likewise, the gamma spectrum with gate
on the electron peak at 115 keV is also projected. The gamma peak at 244 keV,
964 keV, 1112 keV and 1408 keV are identified in the projected spectrum. All

of these are in coincidence with 122 keV.

Thus this setup is successful to detect electrons as well as gamma rays and

establish their coincidental relationship.
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CHAPTER 5

Theoretical study for Sn isotopes

5.1 Introduction

The long isotopic chain between °°Sn to 1*¥Sn beyond '*2Sn offers a rich arena
with the available spectroscopic information to test the applicability of differ-
ent theoretical nuclear models. With the advent of the radioactive ion beam
(RIB) and improved experimental tools and techniques, the region far away
from the stability line is now accessible. However, there are many nuclei
with limited or no experimental information available yet. In such cases, a
reliable prediction of the theoretical model is more important. Theoreticians
have studied and interpreted the existing experimental data of a few proton
(neutron)-rich nuclei and predicted other similar nuclei’s structure to provide
useful information for more experimental efforts. Additionally, these studies
are relevant to understand the evolution of nuclear interaction at extremes of

1sospin with the increasing neutron (or proton) number.

The i1sotopic chain of Sn has special significance as it encompasses two dou-
bly magic nuclei '°°Sn and '*2Sn. The nuclei near doubly closed shells have a
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relatively simple structure and provide an opportunity to investigate different

components of the nuclear interaction.

5.2 Motivation

There are several exciting physics issues associated with different regions of
the isotopic chain of Sn. For neutron number N< 82, sn100pn [47] interaction
has been reasonably successful in the interpretation of data for heavier isotopes

of Sn, Te, 1.

The near degeneracy of the energies of 1g7,, and 2ds), is an issue of concern
for light Sn isotopes. Their relative order is a subject of debate. A monopole
optimized effective interaction named as Bonnnew proposed in Ref. [78] could
explain the swap of the spin. This interaction has also been applied for lighter
Te, and I isotopes with neutron numbers just above N=50. However, this inter-
action generated to tackle the issues in lighter Sn isotopes has not been utilized

to explain these heavier isotopes.

The Sn isotopic chain is also interesting as many isomers are present in dif-
ferent Sn isotopes and their neighboring elements. Reproduction of the tran-
sition rates is always a crucial test for any theoretical model. The transition
probability is a reliable measure to test the two (initial and final) overlapped

wave-functions, providing useful information about the interaction.

The nuclei in these regions (!°°Sn to '32Sn) have been studied by several re-
searchers [47,78]. Our primary objective is to test the applicability of these two
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interactions over the region from N= 50 to N=82. We have performed Large
Scale Shell model (LSSM) calculation using shell model codes "OXBASH"
[46], and "NUSHELLX" [79]. We have also utilized a rudimentary way of
changing single-particle energies of the Bonnnewpn interaction and named it

Bonnsn.

After reviewing the single-particle energies and TBMEs of these three in-
teractions, for calculations of spectra of one and two-valence particle (hole)
nuclei close to the double closed '°°Sn and '32Sn, the spectroscopic properties
of the heavy Sn isotopes are calculated in unrestricted space and compared

with experimental data.

5.3 Model space and effective interactions

In this present endeavour, we have worked with three different effective in-
teractions namely: sn100pn [47], Bonnnewpn (a monopole optimised interac-
tion) [78] and a modified version of Bonnnewpn, which is named as Bonnsn
interaction [80]. All of these interactions have the common model space con-
sisting of the orbitals: 1g7,2, 2ds,2, 2d3/2, 3s1/2 and 1h;; /2 both for protons and

neutrons with core 1%°Sn.

5.3.1 The effective interactions used

5.3.1.1 The sn100pn interaction

The sn100pn Hamiltonian [47] is obtained from G matrix derived from CD-
Bonn nucleon-nucleon interaction. The charge dependence (CD) of the inter-
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action arises from nucleon and pion mass splitting [81]. The sn100pn inter-
action is a combination of four parts : sn100nn (neutron (v) — v interaction),
sn100pp (proton(rr) — mr interaction), sn100pn (v — 7 interaction) and sn100co
(Coulomb interaction between protons). All the v—v two body matrix elements
(TBME) are reduced by a factor of 0.9 to reproduce the experimental spectra

of 1308,

The neutron single particle energies (spe) ( [47]) are chosen to reproduce ex-
perimental levels of '3!Sn. The spes are -10.6089, -10.2893, -8.7167, -8.6944,
-8.8152 (all in MeV) for v1gy/», v2ds s, v2ds o, v3si/2 and vlhyy ), orbits, re-
spectively. The proton single particle energies ( [47]) tuned to reproduce the
experimental excitation spectra of '33Sb, are 0.8072, 1.5623, 3.3160, 3.2238,
3.6051 (all in MeV) for nlgy/, n2ds/2, n2d3/2, 13812 and mlhy; ), orbits, re-

spectively.

5.3.1.2 The Bonnnewpn interaction

The Bonnnew interaction is an optimized monopole interaction proposed by
Chong Qi and Z. X. Xu [78] for Sn isotopes. The interaction is derived from re-
alistic CD Bonn nucleon-nucleon interaction in isospin formalism. The single-
particle energies of a few orbitals and the T=1 monopole interactions are de-

termined by fitting to the binding energies of 157 low-lying yrast states in

102—132Sn

Originally, this interaction is in isospin formalism, and neutrons and protons
have the same single-particle energies. The isospin formalism is useful when
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neutrons and protons occupy the same orbitals like nuclei near '°Sn. This in-
teraction has been successful in analyzing the origin of spin inversion of 1°!Sn
w.r.t. 10Sn. It is used mainly to illustrate the structure of nuclei near '°°Sn
region. Though it has also been applied for the isotopes near '*Sn [83]. In the
case of some Sn isotopes with A =~ 111, it cannot reproduce the experimen-
tal ground states correctly [78]. The nuclei near *?Sn (with Z = 50-56 and
N=74-82) have large differences in neutron and proton numbers. Thus proton-
neutron formalism of representing an interaction may help to tune proton and
neutron single-particle energies independently. In the present work, we have
converted the interaction Bonnnew to pn formalism and named it Bonnnewpn.
However, we have kept the spes same as provided in the original interaction.
The spes both for neutron and protons are 0, 0.172, 5.013, 0.369, 3.247 (all in

MeV) for the 1g7/2, 2ds/2, 2d3/2, 381/2 and 1h;;, orbits, respectively.

5.3.1.3 Bonnsn interaction

To initiate the tuning of the spes of Bonnnewpn to make it more applicable
near '32Sn, the two body matrix elements of Bonnnewpn and spes of protons
and neutrons from sn100pn interaction have been coupled to generate a new

interaction named Bonnsn [80].

5.3.2 Reviewing the SPEs and TBMEs

To test the choice of single-particle energies and the TBMEs of these three
interactions, excitation spectra of one and two valence particle (hole) nuclei
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To test predictive power of shell model

1005 1326

Excitation Energy

core core
+ 1 neutron = | 11gy, | N SPE | Mige | +1 Ezl;:l'on
+1 proton = | 100G | P SPE | 1335h | ¢mm +1 proton
+2 neutron =mp | 1025n | N-N interaction | 130Gy, | dm— - ]]l;:;:mn
+2 proton oy | PTe | P-P interaction | 1Ba | = +2 proton

+1 proton + 1 - | 1025} ‘ | e | . | +1 proton + 1

neutron neutron hole

Figure 5.1: The excitation energies of this enlisted nuclei are calculated to understand different ingredients
of the effective interaction.

near '°°Sn (132Sn) have been calculated and compared with the experimental

data (Fig. 5.1).

5.3.2.1 Neutron single-particle energies

To test the choice of the neutron single-particle energies, we have calculated
the excitation spectra of 1°!Sn and !3!Sn with the three interactions. We have
compared with experimental data [18]. °!Sn can be expressed as '%°Sn core
with a single neutron particle ('°°Sn +1v particle) in the valence shell. On the
other hand, '*'Sn can be expressed as '°°Sn core with 31 neutron particles, or

a single neutron hole in 132Sn +1v hole).

In the case of 1°1Sn, experimental information [7] is available only for the two
states, ground state (7/2%), and first excited state (5/2%). Each of the interaction
reproduces the ground state. For 5/27 state, results with sn100pn and Bonnsn
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Figure 5.2: The theoretically calculated excitation energies of '°'Sn (left panel) and '3!Sn (right panel) are
shown using different interactions. The experimental data [18] are also plotted wherever available.

show higher values (Fig. 5.2) compared to experimental data.

For 131Sn, the excitation energies calculated using sn100pn and Bonnnewpn
match quite well with the experimental values [18]. The results with Bonnsn
show deviation, which is expected as the tuning between SPE and TBME is

critical (Fig. 5.2).

5.3.2.2 Proton single-particle energies

Similarly, the proton single-particle energies’ choice has been tested by calcu-
lating the spectra of 1°1Sb and '33Sb. 1°1Sb is equivalent to %Sn +17 particle.
1338b is expressed as '°Sn core with 32 v particles and 17 particle, or '32Sn

core with a 1 particle in valence space.

No experimental data is available for °!Sb. The results using sn100pn are
in good agreement with the experimentally observed low-lying states of '3>Sb
(Fig. 5.3). For 3/2* and 11/2" states, Bonnnewpn interaction overpredicts the
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Figure 5.3: The theoretically calculated excitation energies of '°'Sb (left panel) and '33Sb (right panel) are
shown using different interactions. The experimental data [18] are also compared wherever present.

excitation energies.

5.3.2.3 Neutron-neutron two body matrix elements (TBME)

To test the v — v TBMEs, the excitation spectra of 10281 and '3°Sn have been
calculated. '°2Sn can be represented as '®°Sn core with two neutron (2v) par-
ticles in the valence orbits. *°Sn has 30 neutrons with '°°Sn core or has two

neutrons (2v) holes with *?>Sn core.

For '92Sn (Fig. 5.4), the experimental trend is reproduced by all the interac-
tions. Though, Bonnsn results overpredict the excitation energies. Moreover,

results with all the interactions predict higher energy for 4™ state than 6™ state.

For 13%Sn, results with sn100pn and Bonnnewpn interactions agree with ex-
perimental data reasonably well. But, Bonnsn results show gross mismatch
(Fig. 5.4).
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Figure 5.4: The theoretically calculated excitation energies of '°2Sn (left panel) and '3°Sn (right panel) are
shown using different interactions. The experimental data [18] are also plotted wherever available.

5.3.2.4 Proton-proton two body matrix elements (TBME)

The proton-proton TBMEs have been tested by calculating the energy spectra
of 192Te and 3*Te. In the case of '92Te, there is no valence neutron outside
100Sn core, and only two proton (27) particles occupy the proton shells. On the
opposite side, **Te can be expressed as filled neutron orbitals with °°Sn core,

with two proton (2r) particles in the proton valence shells.

For '%2Te, no experimental information is available. The same trend is pre-
dicted by all three interactions (Fig. 5.5). In the case of '3*Te, the best agree-
ment with experimental data is obtained for sn100pn interaction. However, it
predicts a higher value for 8* state similar to the other interactions. The other
interactions could predict the trend of variation of energy with increasing an-

gular momentum (Fig. 5.5).
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Figure 5.5: The theoretically calculated excitation energies of '°Te (left panel) and '**Te (right panel) are
shown using different interactions. The experimental data [18] are also plotted wherever available.

5.3.3 Neutron-proton two body matrix elements (TBME)

To test the (v — m) TBMEs, the results for '%2Sb ('°°Sn +1v +1x) and '*?Sb
(1%9Sn + 31y particle + 17 or *2Sn +1v hole +1x hole) have been shown in
Fig. 5.6. No experimental information is available for 1°2Sb. We have com-
pared the theoretically predicted values in the figure. The results with sn100pn
is totally different from those predicted by other two interactions. For '32Sb,
large deviations from data are observed for Bonnsn results, as expected. It is
also interesting that although Bonnnewpn fails for 1*3Sb (Fig. 5.3), good agree-
ment for '32Sb with both Bonnnewpn and sn100pn is noted. This indicates that

in Bonnnewpn, (7 — v) TBMEsS are better tuned to work near N=82.

The results mentioned above indicate that, despite their limitations, both
sn100pn and Bonnnewpn can be utilized to study the Sn isotopes over the
entire range of masses. However, Bonnsn interaction needs more tuning to be
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Figure 5.6: The theoretically calculated excitation energies of '°2Sb (left panel) and '32Sb (right panel) are
shown using different interactions. The experimental data [18] are also plotted wherever available.

used for further calculations. For heavier Sn isotopes, sn100pn interaction is

expected to provide better results.

5.4 Isomers in even and odd Sn isotopes

In this current section, we have studied the structure of the isomers observed
in even and odd Sn isotopes from mid-shell to the neutron-rich region as pre-
sented in Fig. 5.7. The excitation energies and lifetimes of different yrast
states mentioned in the figure are extracted from Ref. [18,21,84—-86]. Only the

lifetimes of 5~ and 7~ states of !'¥Sn have been quoted from the present work.

The main objective is to investigate their structural changes with the increas-
ing neutron number by analyzing their wave-functions calculated using the
shell model approach. The theoretical calculations have been performed with
sn100pn and Bonnnewpn interactions. Full-scale calculations can be done with
the available computational facility only for >*~131Sn. For lighter isotopes,
unrestricted calculations become computationally difficult, if not impossible.
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Figure 5.7: The variation of excitation energy and half-lives of different isomers observed in even (left
panel) and odd (right panel) isotopes of Sn are shown. Data are taken from Refs. [18,21, 84-86]. The half-
lives of 5~ and 7~ states of !'Sn have been determined in the present work.

Hence, we shall discuss only the structure of >7131Sn isotopes. A comparison
of theoretical results obtained using two interactions with experimental data
has been discussed below. At first, the excitation energies are calculated using
the two interactions and compared with available experimental data. Then, the

transition rates, as well as the composition of wave-functions, are studied.

5.4.1 Calculations and Results

The excitation spectra of even isotopes of Sn, '24~13°Sn, have been calculated

with sn100pn and Bonnnewpn interactions as shown in Fig. 5.8.

From the excitation spectra of 1241261281308y "an overall good agreement with
experimental data is observed for both interactions. The results with sn100pn
interaction agree with the experimental data relatively better than that with
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Bonnnewpn interaction. In general, for positive parity states, the theoretically
estimated values are under-predicted with sn100pn interaction. Bonnnewpn in-
teraction causes over-prediction. These deviations are observed in all of these

1sotopes. In most of the cases, the deviations are within 300 keV.

Even for odd isotopes, '>>127:129Sn, the excitation energies are calculated the-
oretically and compared with experimental data shown in Fig. 5.9. For these
three isotopes, the deviation is larger for Bonnnewpn interaction, similar to
even isotopes. Bonnnewpn interaction is unable to reproduce the experimen-
tally observed ground state of '?’Sn (11/27). In this interaction, 11/2~ state
lies at 27 ke V. Apart from that, both interactions show overall good agreement

with experimental data.

A regularity is seen in the variation of excitation energies of isomeric states
in different isotopes of Sn (Fig. 5.7). In heavier even Sn isotopes, yrast 5~ and
7~ states are low spin isomers. It is evident that the level energies of 7~ and
5™ states decrease with increasing neutron numbers, and an inversion of the
relative positions of these two states is observed at '28Sn. According to Iskra
et al. [85], it 1s an indication that the position of Fermi level with respect to
the 3s;/2 and 2ds/, 1s changed. This configurational change is also reflected
through the half-lives of the isomeric states. From A=120 -126 Sn, the half-
lives of 7~ states are of the order of us. However, in '?8Sn, the 7~ state Ty /,= 6.5
(5)s [18], which is about 10° orders higher than its nearest neighbour. From

A=114-126, the isotope excited in the 7~ state primarily decays to the final
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: sn100pn and Bonnnewpn)

state 5~ state via an E2 transition. But, because of change in these two states’

positions in '?8Sn, the 7~ state has to decay to 4" state. This decay is through

a higher multipolarity transition (AJ=3, E3 transition), resulting in a longer

half-life of the 7~ state. Similarly, 7~ state of '3°Sn has to decay to 2" state

(or to the 0 ground state) through an ES5 transition (or higher-order multipole

transition) leading to minute order half-life.

Similarly, in the case of odd isotopes, a lot of isomers are observed. Among
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them, 19/2* state and 23/2* state are well known. In the formation of these
isomers, the role played by intruder h;;/, orbital is very important. In the odd
mass A=119-129 [84,86] of Sn isotopes, 23/2" and 19/2* isomeric states have

been observed. Generally, 23/2* decays to 19/2" state through E2 transition.
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Figure 5.10: The level energies of different isomeric states are shown. The experimental levels (star
symbol) are compared with theoretical energies using sn100pn (circle symbol) and Bonnnewpn interaction
(up triangle). The left panel shows the excitation energies of 5~ isomeric states of even isotopes and 19/2*
states for odd isotopes. The right panel indicates the excitation energies of 7~ isomeric states of even isotopes
and 23/2" states for odd isotopes.

In this portion, we have systematically shown (full space theoretical calcula-
tion is done only for A=124-130 Sn) the excitation energy evolution of yrast
57, 7~ states of even Sn isotopes as well as 23/2" and 19/2* states of odd iso-
topes with increasing neutron number (Fig. 5.10). For both 5™ and 7~ states, an
excellent agreement is observed for A=124-128 Sn using sn100pn interaction.
However, a higher value is predicted at '*°Sn. For Bonnnewpn interaction, an
over-prediction is observed for both even and odd isotopes.

The regularity in the excitation energies indicates that these states originate
from similar configurations, which is also endorsed by the theoretical results.
The 7~ state has major contribution from the configuration vh} . /2d§ 15- The the-
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Table 5.1: Two major partitions in terms of their contributions in the wave-functions of isomeric states
are shown for both interactions, sn100pn and Bonnnewpn. The partitions are presented in terms of the
occupation numbers of neutrons in the following order :1g7/2, 2ds/2, 2d3/2, 3si/2 and 1lhyj;;. The table
contains the information for yrast 57, 7~ states of even isotopes and 19/2*, 23/2* states of odd isotopes.

57 (even) / 19/27 (for odd) 7, (even) / 23/27 (for odd)
A sn100pn Bonnnewpn sn100pn Bonnnewpn
Partition Y% Partition % Partition % Partition %
124 | [8,6,2,1,7] 23.2 | [8,6,2,1,7] 22.0 | [8,6,1,2,7] 22.1 | [8,6,3,2,5] 31.2
[8,6,1,2,7] 8.6 | [8,6,3,2,5] 12.7 | [8,6,3,0,7] 12.8 | [8,6,3,0,7] 10.9
125 | [8,6,2,1,8] 31.2 | [8,6,3,2,6] 30.7 | [8,6,1,2,8] 25.3 | [8,6,3,2,6] 49.2
[8,6,1,2,8] 13.7 | [8,6,2,1,8] 18.2 | [8,6,3,0,8] 18.7 | [8,6,3,0,8] 11.7
126 | [8,6,2,19] 27.8 | [8,6,2,1,9] 249 | [8,6,3,2,7] 244 | [8,6,3,2,7] 452
[8,6,1,29] 13.8 | [8,6,3,2,7] 20.1 | [8,6,1,2,9] 229 | [8,6,3,09] 14.2

127 | [8,6,2,1,10] 25.7 | [8,6,3,2,8] 54.0 | [8,6,3,2,8] 47.3| [8,6,3,2,8] 66.1
[8,6,3,2,8] 23.4 | [8,6,2,1,10] 10.4 | [8,6,3,0,10] 17.2 | [8,6,3,0,10] 12.1
128 | [8,6,3,29] 30.1 | [8,6,3,29] 36.1 | [8,63,29] 59.8| [8,6,3,29] 64.0
[8,6,4,1,9] 185 | [8,6,4,19] 15.8 | [8,6,1,2,11] 11.6 | [8,6,3,0,11] 14.3

129 | [8,6,3,2,10] 79.0 | [8,6,3,2,10] 81.2 | [8,6,3,2,10] 96.7 | [8,6,3,2,10] 954
[8,6,4,1,10] 17.1 | [8,6,4,1,10] 13.2 | [8,5,4,2,10] 1.7 | [8,5,4,2,10] 2.3
130 | [8,6,3,2,11] 57.9 | [8,6,3,2,11] 64.8 | [8,6,3,2,11] 97.7 | [8,6,3,2,11] 96.6
[8,6,4,1,11] 39.5 | [8,6,4,1,11] 31.2 | [8,54,2,11] 1.4 |[854,2,11] 2.0

oretical calculations performed using both the interactions have similar predic-
tions, as shown in table 5.1. However. the 5~ state is originating from two dif-

ferent configurations: major contribution from vhj, ,s| , for A=124,126 which

changes to vh!, d!  for A=128,130.

11/2%3/2

Similar to the 7~ state of even isotopes, 23/2* state of odd isotope has the con-

figuration of v1h{, ,2d} , and the 19/2* state has contributions from v1hj, ,3s; ,

and vh%1 /Zdé 1 configurations. The average occupancy in each of the orbital for

yrast 57, 7~ states of even isotopes and 19/2%, 23/2 states of odd isotopes are

also tabulated in table 5.2.
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Table 5.2: Average occupation numbers for neutrons in each orbital of the model space for two different
interactions are shown. Details are given for yrast 57, 7 states of even isotopes and 19/2*, 23/2* states of
odd isotopes.

sn100pn interaction
A | State | g7 | dspp | dapp | S12 | hupp || State | g70 | dsp | a3 | S12 | hup

124 | 57 | 7.49 (545|205 | 1.17 | 7.82 77 1750|548 | 2.04 | 1.26 | 7.69

125 27 769561218128 822 || 27 [768]564|225]|135] 8.06

21

126 | 57 |7.71 562|238 | 132 895 7, | 7.50 | 5.65| 240 | 1.48 | 8.75

127 D7 1785578 2.61 | 148 926 || 27 [7.85|5.81 [2.69 | 1.61 | 9.01

128 | 57 | 7.86|5.79|2.84 | 150 | 9.98 7, | 7.86 582|278 | 175 | 9.76

129 [ 27 [798 579320 1.82]10.00 %; 7.98 | 5.98 | 3.03 | 2.00 | 10.00

130 | 57 | 799 (598|342 |1.60 | 11.00 || 7, |7.99|598|3.02|2.00 |11.00

Bonnnewpn interaction
A | State | g72 | dsp | d3pp | S12 | higp || State | g72 | dspp | d3pp | si2 | hip

124 | 57 | 7.58|5.54 232|124 7.29 7, | 7.58 559|249 | 144 | 6.88

125 27 [7721569 (262|147 747 %j 77315731276 1.62 | 7.14

126 | 57 | 7.74 | 5.66 | 2.57 | 1.34 | 8.67 77 | 77741 5.69 | 2775 | 1.55 | 8.25

127 B7 1786[5.82[293][168]| 869 || 27 [786]5.83]295]1.73| 8.60

21

128 | 57 | 7.87|5.80]292| 149 | 9.89 7, | 7.87]582]294 | 1.69 | 9.66

129 [ 27 [7.97[597[3.18|1.86 | 10.00 %IL 7.97 |1 597 | 3.04 | 2.00 | 10.00

130 | 57 | 798|597 |335|1.68 | 11.00 | 7, |798|597|3.03|200 |11.00

~
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Figure 5.11: The level energies of different isomeric states are shown systematically. The experimental
levels (star symbol) are compared with theoretical energies using sn100pn interaction (circle symbol) and
Bonnnewpn interaction (up triangle).

It is also noted that, the maximum angular momentum generated by vh, /2d§ 1

are 7~ and 23/2" for n=1,2 respectively. For the values n=3,J" would be 15~.

> Ymax

In A=120-128 Sn [85,87], 15~ isomeric states are also observed. Usually, this
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Table 5.3: Same as table 5.1, except the details are given for yrast 8%, 10* states of even isotopes and
23/27,27/2" states of odd isotopes.

8] (even A) /23/27 (for odd A) 107 (even A) / 27/27 (for odd A)
A sn100pn Bonnnewpn sn100pn Bonnnewpn
Partition % ‘ Partition % ‘ Partition Y% ‘ Partition Y%

124 | [8,6,2,2,6] 18.7 | [8,6,2,2,6] 26.5 | [8,6,2,2,6] 185 | [8,6,2,2,6]] 26.0
[8,6,2,0,8] 16.3 | [8,6,4,24] 15.6 | [8,6,2,0,8] 16.1 | [8,6,4,24] 159
125 | [8,6,2,2,7] 31.8 | [8,6,4,2,5] 31.48 | [8,6,2,2,7] 345 | [8,6,4,2,5] 31.6
[8,6,2,0,9] 139 | [8,6,2,2,7] 29.0 | [8,6,2,09] 12.8 | [8,6,2,2,7]] 29.6
126 | [8,6,2,2,8] 37.8 | [8,6,4,2,6] 31.1 | [8,6,2,2,8] 37.2 | [8,6,4,2,6] 29.1
[8,6,4,0,8] 9.09 | [8,6,2,2,8] 28.2 | [8,6,4,0,8] 9.07 | [8,6,2,2,8] 28.2
127 | [8,6,2,29] 52.5 | [8,6,4,2,7] 53.7 | [8,6,2,29] 544 | [8,64,2,7] 61.4
[8,6,4,0,9] 104 | [8,6,2,29] 24.6 | [8,6,4,2,7] 123 | [8,6,2,29] 21.0
128 | [8,6,2,2,10] 43.8 | [8,6,4,2,8] 60.1 | [8,6,2,2,10] 452 | [8,6,4,2,8] 59.0
[8,6,4,0,10] 11.5 ] [8,6,2,2,10] 20.3 | [8,6,4,0,10] 11.7 | [8,6,2,2,10] 21.4
129 | [8,6,4,29] 99.4 | [[8,6,4,29] 995 | [8,6,4,29] 100 | [8,6,4,29] 100
130 | [8,6,4,2,10] 100 | [8,6,4,2,10] 100 | [8,6,4,2,10] 100 | [8,6,4,2,10] 100

state decays to the 13~ state via E2 transition. We have calculated the excitation
energies of these states and compared with the available experimental data [85]
as shown in Fig. 5.11 (middle panel). The results obtained using sn100pn
interaction depict a fair agreement. Bonnnewpn interaction results can follow
the trend of the excitation energies for both of these states.

We also have analyzed the structure of 107 and 27/2" states. These isomeric

n

1120 where n=2 for even isotopes and

states have the typical configuration vh
n=3 for odd isotopes (n is the number of broken pair). These isomeric states
are observed over the entire mass region of A=116-130. It is observed that for
27/2 (table 5.3) the probability of having h?l 1 configuration is 100% (for both
interactions) for '°Sn and the purity of this state reduces with the decreasing
neutron number (odd isotopes). The 23/2~ state is also a member of the above-
mentioned multiplet. For 12980, 23/2~ state has >99% contribution from h?l 1
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configuration for both the interaction.

Table 5.4: The reduced transition probabilities B(E2) of different isomeric states observed in even (A=124-
130) isotopes of Sn. The experimental data extracted from Ref. [18, 85, 88, 89]

State B(E2) in e’fm*
A Ji=J; Expt. sn100pn (e//) Bonnnewpn (e//
0.50 064 070 0.85 ‘ 0.50 064 0.70 0.85
124 4.01(67) | 4.91 8.05 9.63 14.2 1 0.504 0.826 0.988 1.46
126 7- 5 11(2) 0.006 0.010 0.012 0.018 | 3.75 6.14 7.34 10.83
128 - 7.58 1242 14.85 2190 | 9.09 14.89 17.82 26.27
130 41(5) 1797 2943 3521 5192 | 17.38 28.48 34.07 50.24
124 0.89(11) | 3.41 559 6.69 9.87 | 0.014 0.023 0.028 0.041
126 10% — 8+ 5.6(4) 1043 17.09 2045 30.15| 392 643 7.69 11.34
128 14.4(13) | 1588 26.02 31.12 45.89 | 5463 8951 10.71 15.79
130 14.5(14) | 530 8.69 1040 1534 | 530 8.69 1040 15.34
124 3.2(4) | 3688 6042 7228 147.5]0.665 1.09 1.31 1.92
126 | 15~ —» 13~ 22(2) 1538 252 30.15 4446 | 24.55 40.22 48.11 70.94
128 57(8) 29.74 48.73 58.30 85.96 | 29.36 48.11 57.55 84.85
100 T T T T T T T T T T T T LI | T T T 100
~_ 1 7-state to 5-state - Expt. 23/2+ state to 19/2+ state =
E 804 —®— Sn100pn(en=0.50e) Jgo s
£ o Domnnowen(enst a0 z
Z 60+ —w— Bonnnewpn(en=0.85e) Y J608
:g 20 — 4 e — > / 8 20 :"_;
E o] *Z/ég%g/ - éu/ o Eh:
124 125 126 127 128 129 13 125 126 127 128 129

25 126 127 128 129 130

Sn isotopes

Figure 5.12: The experimental reduced transition probabilities, B(E2) are compared with theoretical re-
sults. The calculations are performed for two different effective charges such as e, =0.50e and 0.85e for both
interactions, sn100pn and Bonnnewpn. The results are given for 7~ — 57 state for even isotopes (left panel)
and 23/2* — 19/2% state for odd isotopes (right panel).

The reduced transition probabilities related to these isomeric states are also

calculated using both the interactions. For theoretical calculation, the transi-

tion rates are determined with different neutron effective charges (eflf / =0.50e,
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Table 5.5: The reduced transition probabilities B(E2) of different isomeric states observed in odd (A=125-
129) isotopes of Sn. The experimental data extracted from Ref. [84, 86].

State B(E2) in e*fm*

A Ji—=Jf Expt. sn100pn (e//) Bonnnewpn (e//)

050 0.64 070 085 | 050 0.64 070 0.85
125 17.7(12) [ 23.88 39.12 46.80 69.00 | 7.89 12.94 1548 22.82
127 | 27 - 27 | 26.8(32) | 44.27 72.52 86.76 127.9 | 9.05 14.83 17.74 26.16
129 30.7(122) | 11.16 18.29 21.88 3277 | 11.18 1831 219 323
125 54(7) | 814 1334 1596 2354 251 412 492 726
127 [ 275 D7 16(2) | 1.54 253 3.03 447 | 1002 1642 19.64 28.97
129 50(10) | 2252 369 44.15 65.09 | 22.29 36.53 4370 64.43
125 22(4) [ 970 1589 19.01 28.03 | 8.60 14.09 16.86 24.86
127 | D7 L1 39(9) | 1551 2542 304 44.83 2038 33.39 39.95 58.90
129 58(9) | 3261 5343 63.92 9424 |33.17 5434 6501 95.85

0.64e, 0.70e, 0.85¢e) in order to estimate the effective charge over the mass re-

gion.

The transition rate related to 7~ — 5~ state 1s estimated for A=124-130 Sn.

In the case of '2%139Sn, the 7~ state is energetically lower than the 5~ state.
For 139Sn, for the sake of completeness, the transition probability of 5~ — 7~
i1s converted to 7~ — 5~ state by including appropriate factor . The B(E2)

values for different effective charges are tabulated in table 5.4 and are plotted

in Fig.5.12 (left panel).

The transition rate associated with 23/2* — 19/27 state is plotted in Fig. 5.12
(right panel) and the values are tabulated in table 5.5. Also, the transition rates
of 157 — 13~ state for even isotopes (left panel) and 19/2* — 15/2" state for
odd isotopes are shown in Fig.5.13. In Fig.5.14, the reduced transition prob-
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Figure 5.13: The experimental reduced transition probabilities, B(E2) are compared with theoretical re-
sults. The calculations are performed for two different effective charges such as e, =0.50e and 0.85e for
both interactions, sn100pn and Bonnnewpn. The results are given for 15~ — 137 state for even isotopes (left
panel) and 19/2* — 15/27 state for odd isotopes (right panel).
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Figure 5.14: Same as Fig.5.12. Here, the results are plotted for 10" — 8~ state for even isotopes (left
panel) and 27/27 — 23/2~ state for odd isotopes (right panel).

abilities of 10" — 8" state for even isotopes (left panel) and 27/27 — 23/2*
state for odd isotopes are shown. With increasing neutron number, we need
to increase the effective charge to reproduce the experimental data. A particu-
lar value of effective charge is unable to reproduce the experimental data. For
1308n, for a fixed effective charge, the estimated rate is same for both the in-
teractions. Because of absence of any mixing, B(E2) values are independent
of SPEs and TBME:s of the interaction. Hence we need to exclude this N=80
results to fix the effective charge.
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The gyromagnetic factors or g factors are also important parameters that

provide useful information about the single particle composition of the wave-

functions. We have also calculated the magnetic moments of 2] state of even

isotopes ('#*~128Sn) along with 3/27 and 11/27 state of odd isotopes ('*>~'3!Sn)

[90]. The calculations are performed using free g factor ( g'= -3.826, g/ =0)

and also with an effective quenching factor, q;=0.7. The theoretical results are

compared with the experimental data [91]. The figure (Fig.5.15) shows that a

better agreement is achieved with the introduction of quenching factor.
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Figure 5.15: The theoretically calculated magnetic moments are compared with the experimental results
[91].
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CHAPTER 6

Cross-shell excitation near °?Sn

6.1 Introduction

The region near '3?Sn holds a significant importance in nuclear structure physics
and nuclear astrophysics because of the presence of two shell-closures at Z= 50
and N = 82. The structural information of these nuclei are helpful to examine

different basic ingredients of different theoretical models.

Typically, the excitation spectra of these nuclei near to shell closure show
two different types of excitation mechanisms : the first one is the excitation of
valence particles within the specified shell and the other being the excitation
involving across the shell gap [94]. Roughly speaking, the low-lying struc-
ture can be described by different effective interactions including the nearest
intruder orbital from the higher opposite parity shell. Whereas, to characterise
the high energy states featuring cross-shell excitation, the involvement of the
other orbitals across the shell are mandatory. However, such interaction en-
compassing over two major shells are not very readily available for heavier
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nuclei except for some recent studies [94]. Furthermore, unrestricted calcula-
tion over a such large model space is computationally challenging. Hence, one

need to put proper truncation to achieve fairly precise results.

To describe near Sn region mainly two different model spaces are adopted
for neutrons. In case of N<82, the standard model space (above Z, N = 50
shell gap) contains five orbitals namely, 1g7,2, 2ds/2, 2d3/2, 3s1/2 and lhy;»
both for protons and neutrons with '°°Sn core. On the other hand, to depict
the excitation of nucleus for N >82, the usual model space constitutes with six
neutron orbits, viz, lhy, 1f7/2, 3p3/2, 3p12, 1fs/2, and 1ij3/, with the same
proton orbitals as in N<82. Hence, the core of the model space is '3Sn.

The effective interactions such as, sn100pn and CWG [47] are quite successful
to describe the low energy states. However, in most of the cases, they can
not reproduce higher energy states involving cross-shell excitations. These
interactions are not constructed to describe the excitation spectra of a doubly
closed shell nucleus, like, '32Sn. Only the ground state can be calculated by
such existing standard interactions. Moreover, for its very close neighbours,
only a few low energy states can be estimated theoretically.

It is also interesting to point out that such cross-shell excitation is not merely
noticeable near the region of doubly magic nucleus to illustrate high spin states.
Even, such kind of excitation is also evident in mid-shell nucleus (such as

118Sn) for describing low spin states [95].
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Table 6.1: Details of El transition from 57, state to 4%, state of even ''8-13Sn isotopes. Experimental
data extracted from NNDC [18].

A | Transition energy | Half-life
571 = 4% (keV) | of 57 state

118 40.8 (1) 21.7ns (2)
120 89.87(16) 5.55ns (3)
122 103.74 (1) 7.9 ns (9)

124 102.91 (2) 0.27 us (6)
126 111.79 (5) 10.8 ns (7)
128 120.54 (5) 8.6 s (8)
130 89.23 (3) 52 s (3)

6.2 Motivation of this work

In the subsection 2.4.3.1, it is noted from the level scheme of ''®Sn that 5] state
is an isomer having half-life around 20 ns. With increasing neutron number up
to 1*°Sn, in each even isotope, this 57 isomer is observed systematically (Table
6.1). This state decays primarily to 4] state via E1 transition by emitting a low
energy gamma ray. In this present work, our goal is to calculate the transition
rates related to E1 transition theoretically in the framework of shell model.

In general, electric dipole (E1) transitions are observed with decay probabili-
ties around 107> to 10~ Weisskopf unit. These transitions rates are retarded
because of the organization of nuclear orbitals. Usually, the nuclear orbitals
connecting by the dipole operators are at a larger distance in terms of energy.
In order to proceed by El transition, the connecting orbital must have AJ = 1
with changing parity. Due to small but finite overlapping between the initial
and final wave-function, a slower rate in E1 transition is observed.
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Now, in the standard gdsh model space, this E1l transition rate can not be
calculated due to the unavailability of opposite parity orbital with AJ = 1. To
probe this particular problem, there is a demand to extend the model space
by including opposite parity orbitals with the conventional model space. In
the forthcoming sections, a multi-shell interaction has been constructed from
two well known interactions. To check the applicability of the newly formed
interaction, the excitation energy as well as transition rates are calculated for
1328n and its neighbouring nuclei. Furthermore, the transition rates related to

El transition (57 — 47 ) of '®71%0Sn have been calculated.

6.3 Formalism

In this current section, we shall describe the derivation of the newly formed
interaction. It is referred as sm56 with appropriate suffixes for two different

variant interactions, sm56fp and sm56fph.

6.3.1 Model space and choice of single particle energies (spe)

In this newly formed interaction, we have restricted the model space by taking
only two proton orbitals (w1g7/,, and n2ds,,) to tackle the problem of dimen-
sionality. Whereas, the model space for the neutrons are expanded by adding
three orbitals (v1hg,,, v217/2, v3ps,2) along with the standard gdsh model space.
Therefore, the model space is constituted with two proton orbitals (w1g7/, and
n2ds;) only and eight neutron orbitals ( v1gy,, and v2ds,,, v2ds/n, v3si,
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vlhyi 2, vlhg s, v2f7/2, v3ps2) with 1%0Sn as core.

The new Hamiltonian has been derived mainly from two very widely known
interactions of this region: sn100pn and CWG interactions [47]. For the sake
of clarity, the proton orbits are expressed by P and the neutron orbitals below
N = 82 shell (1.e. 1g7/, 2dsn, 2d3/2, 3512, 1hj1/2) are referred as N1 and

whereas, above N = 82 shell (1hg/,, 2f7,2, 3p3,2) are noted to as N2.

The single particle energies (spe) of the neutron orbitals are considered to be
-9.74, -8.97, -7.31, -7.62, -7.38 (all in MeV) for v1g7,2, v2ds 2, v2d3/2, v3s) 2,
vlh;;,, respectively, as proposed in Ref. [47]. These spes are chosen to match
the experimental spectra of 13!Sn [47]. Whereas, for the orbitals above N = 82
shell, the spes are considered by adjusting the spe of v2f7,, orbit such that the
experimental binding energy (be) of '*3Sn with respect to '32Sn are reproduced.
In order to calculate the binding energy, all the orbitals below N = 82 shell are
filled up and only one particle is allowed in the orbit above N = 82 shell. Also,
the other orbits must follow 3/2] and 9/2; states of '**Sn. Hence, the chosen
spes are 11.06, 5.718 and 8.287 (all in MeV) for vlhgs, v217/2, v3p3,2 orbits

respectively.

The proton spes are considered to be 0.8072 and 1.5623 (all in MeV) respec-

tively for 1g7/, and 2ds,, orbitals respectively following sn100pn interaction.

121



Chapter 6. Cross-shell excitation near '32Sn

6.3.2 The two body matrix elements (tbme)

The two-body matrix elements (tbme) have been extracted following the pre-

scribed way.

e The proton-proton tbmes are (P;P;| V |P;P) 11 where i, j, k, [ are the pro-
ton orbits. These elements are obtained from sn100pp ( i.e. m — & part of

sn100pn interaction) including the Coulomb contribution from sn100co.

e The neutron-neutron tbmes have been categorised into a few groups as

follows

— The tbmes of the intra-shell interaction (i.e. within a particular shell)
for neutron orbits below N = 82 shell (v1g7/2, v2ds)2, v2d3,2, V3812,
vlhii), (NI;N1;|V INIkNll)I’1 coupled to I and T=1, are taken

from sn100nn interaction.

— The tbmes involving the neutron orbitals N > 82, (N2;N2;| V [N2;N2;) I
(1.e. interaction between v1hg o, v217/2, v3p3,2) coupled to I and T=1,

have been obtained from CWG interaction.

— Additionally, the T = 1, 7 — v tbmes of CWG interaction have been
considered as cross-shell neutron-neutron tbmes, viz., (N1;N2;| V [N1;N2;) 11
by following the isospin invariance and charge independence of nu-

clear interaction.

— Also, some of neutron-neutron tbmes like (N1;N2;| V [N1;N1;) 11 Of
(N1;N2;| V |N2kN21)I’1 which are absent in the 7 — v tbme set of
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CWG interaction have been estimated from zero range delta inter-
action [96]. The details of this calculation will be discussed in the

section 6.3.2.1.

e The proton-neutron tbmes involving the neutron orbits below N=82, viz.,

(PiN1;| V |PyN1 have been deduced from sn100pn and those for

l>1,1 and 0
neutron orbits above N = 82 shell, viz., (P;N2;| V IP;<N21>L1 and 0 ave

been considered from CWG interaction.

e Rest of the 7 — v tbmes, viz., (P;N1,| V |PkN21>L1 .nd o have also been es-

timated using delta interaction.

This newly formed interaction contains total 1466 two body matrix elements
and among them 21 PP elements, 883 NN elements and 562 PN elements. The
number of PP, NN, PN elements for a specific I is also tabulated in table 6.2.
Moreover, the details of different number of matrix elements with isospin T=0

and 1 are categorised for a given set of I as shown in table 6.3.

Apart from that, to reproduce the experimental results of some nuclei, a fine

tuning of the tbmes have been done as discussed below.

6.3.2.1 Calculation using Delta interaction

As mentioned in earlier section, some of the unknown tbmes are calculated
using ‘zero range delta interaction’ [96]. This is one of the useful and sim-
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Table 6.2: Numbers of Proton-Proton (PP) , Neutron-Neutron (NN) and Proton-Neutron (P-N) two body
matrix elements for different set of I (both positive and negative parity states).

I | PP | NN | PN | Total
0] 3| 39 5 47
1 1 | 36 | 41 78
21 6 | 191 99 | 296
3 1 | 133|129 | 263
4 | 6 | 211|115 | 332
5 1 (114 77 | 192
6 | 3 100 | 51 154
710 | 31 | 31 62
8|1 0 | 21 12 33
910 4 2 6
10| 0 3 0 3

Table 6.3: Numbers of two body matrix elements (jq jsl V |jsj,) for different set of I and T (both positive
and negative parity states).

| 1=0 [I=1 [I=2 [I=3 [I=4 [I=5 [I=6 [I=7 [I=8 [I=9 [I=10 |Total |
=0 |1 25 43 |72 [51 |43 [24 J16 |6 1 0  [282
1 [46 |53 [253 [191 [281 (149 130 |46 [27 [5 |3 1184

ple schematic interactions that generally emphasises the short range nature of

nucleon-nucleon interaction. It has the form of

Verr(1,2) = =Vo(1 — @ + a01.0%) 6(F1 — 12), 6.1)

where, V is the strength of the force. The value of parameter « varies between
0 to 1. The calculation has been done using a Fortran program provided in the

pioneering book of Kris Hyde [96].

6.3.2.2 Tuning of cross-shell v — v tbme

As discussed earlier, a set of cross-shell neutron—neutron (v — v) tbmes of
particle-hole multiplets have been deduced from the T=1 tbmes of v — 7 in-
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teraction from CWG Hamiltonian. But, these tbmes are unable to match the
low-lying experimental spectra of '32Sn [98]. In Bocchi et al., [99], these states
are identified theoretically using RPA calculations as a member of particle-hole
multiplets.

Such kind of discrepancy in this collated interaction is expected. This is be-
cause though nuclear interaction is assumed to be charge independent; but
Pauli exclusion principle (that warrant anti-symmetrization of two wave-function)
differentiates between the interaction originating from similar and dissimilar
type of nucleons. It is also noted that, though the interaction energies of T=1
parts of 7 — 7, v — v and v — & are alike for a pair of nucleons in the same or-
bit, the interaction between like nucleons are much weaker than those between
unlike ones as mentioned in Ref. [100]. The interaction energies are much dif-
ferent for dissimilar orbits. For two like nucleons, the monopole interaction is

mainly repulsive. Whereas, it becomes attractive for unlike nucleons.

Therefore, to overcome this, tuning of the neutron—neutron tbmes is impor-
tant. The relevant multiplets for '*Sn have been extracted following the pro-
cedure described in Ref. [100]. The experimental binding energies of '3!Sn,
13281 and 33Sn extracted from Ref. [101] and the excitation energies of differ-
ent multiplet states from NNDC [18], are used to obtain the diagonal tbmes of

corresponding multiplets.

o The low-lying positive parity states in '>*Sn:

In formation of the low-lying spectra of '*2Sn, the two most important
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cross-shell positive parity multiplets are 1hy} , - 2f7/> and 1hj] , - 3p3 /2.

-1

Whereas, the coupling arising from Thy; , -

lhg, configuration has sig-

nificance for generation of 8] state.

1. Estimation of the v 1 h;ll n-V 2f7,2 tbmes :
The diagonal tbmes of 1h[l1 n- 217/, coupling are estimated from the
experimental binding energies of '3!Sn, 132Sn and '3*Sn [101] as well
from the excitation energies of '32Sn [18]. In Ref. [99], the states 27,
47, 57, 67, 77, 8], 97 are predicted to be members of 1h[l1 1 2f7,2
multiplet. Since the minimum angular momentum generated by this
configuration is 2, the corresponding experimental energy, E.(27)=
4.041 MeV is used as reference energy. As most of the tbmes are
negative, the interaction is attractive. In the Fig.6.1, the monopole
contribution to the interaction energies is noted. Since, the adopted
level scheme of 132Sn does not include a 3 state, the corresponding
tbme remains unaltered. A comparison of the 7 — v interaction en-
ergies from CWG interaction [47] with the newly modified energies
for v — v has been shown in Fig. 6.1. Similar kind of observation is
also mentioned in Ref. [100], for 1h1_11 = 2 f7/2 coupling. For this, the
monopole interaction between neutrons (-0.1374 MeV) is about two
times weaker than those between neutron-proton (-0.2317 MeV).

2. Tuning ofvlhfll/2 -v3p3/2 thmes:

-1

The coupling v1hi;,

, -v3p3/2 can generate angular momenta ranging
from 4% to 7*. The experimental level spectrum of '*2Sn contains
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only two 6% and 7* at low spins. Due to lack of experimental data,
unlike the tbmes of vlhﬁ] 1 V2f2 coupling, all tbmes correspond-

I11 12 = v3p3,2 could not be determined in systematic way.

ing to vlh
However, some of relevant tbmes are tuned in order to improve the

predictions for 67 and 77 states.

3. Tuning ofvlhfll/2 -v1hg), tbmes:
Similarly, from the coupling of vlhl‘l1 12 -v1ho/> angular momenta rang-
ing from 1% to 10" can be generated. Few relevant tbmes of this cou-

pling have been tuned to improve the predictions of 77 and 87 states.

. 1 1
0.4 - n—v: 1 h11/2 2f7/2

: CWG

—O—v—v:1h_ "2f ':sm56

11/2 712

Interaction Energy (MeV)

T T T T T T
2 3 4 5 6 7 8 9

Angular Momentum (I)

Figure 6.1: The empirical interaction energy between two nucleons is plotted. One of them is in 1hy
orbit and the other in 2f7,, orbit. The CWG (sm56: present) tbmes are for 7 — v (v — v) interaction. The
dashed (solid) line indicates the monopole energy for CWG (sm56: present) interaction.
o The low-lying negative parity states in '32Sn:
The negative parity 37, 47 and 5] states, present in '*Sn, don’t have pure
multiplet structures. Generally, these angular momenta can be generated

from the coupling of v2d§/12 and v 2f7/,. Also, the yrast 37, 4~ states have
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contributions arising from the v3s;/12—v 2f7/, configuration. The particle in
vlgy, state can be coupled to the holes in v2ds,, and v1g7,, to generate

these -ve parity spin states. Hence, these tbmes have not been modified.

6.3.2.3 Tuning of inter-shell tbhmes

The present newly modified interaction doesn’t include the full proton model
space as considered in sn100pp and CWG interactions. Also, the neutron
model space for N>82 has been truncated from the one proposed in CWG
interaction. Therefore, the corresponding m — 7 and v — v tbmes of this newly

formed truncated space are needed the following modifications.

1. The tuning m — x tbmes:
The diagonal two body matrix element for 71g;,,-m1g7,, coupled to I=0

is tuned to reproduce the binding energy of '3*Te.

2. The tuning v — v tbmes:
The v2 f7/2- v2 f7/2 are tuned to reproduce the binding energy and excita-
tion energies of 2} to 67 levels of **Sn. Additionally, the tbme v 2f7)>-
vlhg), corresponding to I=8" has been adjusted to match experimental 8}

excitation energy.

6.3.2.4 The center of mass correction

It 1s noted that when a nucleus with A nucleons are studied, out of A coor-
dinates (momenta), only A-1 are linearly independent as the wave-functions
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can not depend on the center-of-mass (c.m.) coordinates. The nuclear excited
states correspond to excitation of the internal degrees of freedom. Hence, the
wave-functions should be factorized into relative and c.m. parts. Otherwise,
it may give rise to spurious states [102—-104] corresponding to c.m. excita-
tion. The c.m. excitation operator has the tensorial rank J*T=170. However,
the approaches suggested in Refs. [102, 103] in order to resolve the c-m prob-
lem become exponentially more difficult with the increasing active nucleons.
In case of heavy nuclei, as in the present case, two consecutive complete 0s-
cillator shells are not used. Thus, as reported in Hagen et al. [104], it is not
analytically guaranteed that these wave-functions could be successful in fac-
torization. Therefore, it is evident that in O%iw and extruded — intruded (EI)
(as defined in [103]) spaces (like in sn100pn and CWG interactions), in which
no J*T=170 states existed, the low-energy c.m. spuriosities are absent. In the
extended — extruded — intruded (EEI) (as defined in [103]) valence spaces,
as in the current work, c.m. spuriousness is present due to the presence of
orbitals with opposite parity and AJ=1. Although, Caurier et al. [103] demon-
strated that for EE1 space, the spuriosities are strongly suppressed because the
main contributor pairs with the largest j’s in each shell, like (1g9/2, 1h;;,2) and
(1hy12 and 11y3/2) are always excluded. Hence, in the present work, as well
as in earlier studies for heavy nuclei [94, 105] c.m. corrections have been i1g-
nored. It is also noted in Ref. [106] that the neglect of the c.m. motion will
result into errors of order 1/A in calculations of different experimental observ-

ables. Therefore, these corrections are much important for very light nuclei.
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6.3.3 The interactions

In this work, we have used two different versions of this interaction. The first
version, named as ‘sm56fp’ includes only the modifications in v — v tbmes
(without those corresponding to vlhl‘l1 12 vlho ) of the collated interaction.
Whereas, all modifications in v — v and m© — & tbmes, the final version of the

interaction has been named as ‘sm56fph’.

6.4 The calculation I: Excitation spectra of '>’Sn and its

neighbour

We have calculated excitation energies and transition probabilities (including
B(E1) values) of doubly magic '32Sn. Also, to understand applicability power
of the new shell-model Hamiltonian, the excitation spectra of a few neighbour-
ing nuclei around '32Sn with neutron numbers 80, 81 and 82 are calculated.

130-134 131-134 133-135
These are 50 Sn80_84, 51 Sb80_83, 50

Tes—g3 and '2Tg,.

The calculations have been performed using the shell-model code OXBASH
[46] and NUSHELLX @MSU [79].

In order to calculate, the excitation spectra of these nuclei, we have put no re-
striction for N < 82 orbitals. In case of nuclei with N<82 neutrons, the allowed
excitation modes are: (1) no neutron (OpOh) beyond N>82 orbits, or, (ii) at least
one neutron excited in any of the three orbits (1plh), (ii1) 2p2h and (iv) max-

imum one neutron excited in each of the three orbits (i.e. 3p3h). Therefore,
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135,
Z= 53
2p2h
133 134 135
7= 52 Te Te Te
1plh 2p2h 1plh
132 133 134
s- 51| 2sb Sb Ssb
2p2h 2p2h 2p2h
131 132
Z= 50 Sn Sn
3p3h 3p3h
N =81 N = 82 N =83

Figure 6.2: The list of nuclei for which theoretical calculations have been done. The maximum npnh
excitation mode which was computationally possible in the present calculation has been indicated in the
chart.

from no neutron in N>82 orbits (i.e OpOh), 1plh, 2p2h and 3p3h excitations are
possible in this choice. For nuclei with neutrons more than 82, 1plh, 2p2h and
3p3h excitation modes are allowed (apart from the neutrons already in N>82
orbitals). However, during the calculation of some of the nuclei, all options
were not possible due to our limited computational facilities. Hence, we had to
restrict ourselves to 2p2h or even 1plh excitations only. The nuclei, for which
calculations have been performed, is shown in the chart (Fig. 6.2). For each
nuclei, the computationally possible maximum npnh excitation mode has also

been indicated.

6.5 Results and Discussion - I

6.5.1 Binding Energies

The binding energies (with respect to that of '¥2Sn) are calculated theoreti-
cally in 1p-1h option for neutrons (in which case, maximum one neutron can
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20 4

60 K Bt
10 - 81 —O— sm56fph-1p1h

-10 4

-20 -

Relative Binding Energy (MeV)

-30 -

Nucleus

Figure 6.3: Comparison of theoretically calculated and experimental binding energies with respect to
1328 n.

be excited to the orbitals above N=82 and with no restriction in the orbits be-
low N=82). These are compared with experimental values and a very good
agreement is observed as shown in Fig. 6.3. The results are mainly shown for

smS56fph interaction.

6.5.2 Excitation Energies

e Calculations for N=82 isotones

6.5.2.1 éSZSngz

The excitation energies of '32Sn have been calculated in such a way that there
is no restriction for N < 82 orbitals and at best one particle (neutron) can be
excited up to each of the three orbits for N > 82 (2f75, 1hg» and 3p;2). There-
fore, with no neutron in N>82 orbits i.e. OpOh to 3p-3h excitations are allowed.
The first excited state 2* of '*?Sn lies at higher energy (~ 4 MeV) relative to
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its neighbouring nuclei as neutron/s has/have to excite across the N=82 shell
closure. Since the excitations involve a few particle and hole states, the struc-
ture of individual states should mostly possess pure multiplet structure. Thus,
the low-lying excited states can be described well by particle-hole (p-h) exci-

tations.

P. Bhattacharyya et al. [98] have pointed out that the yrast 2%, 4%, 5%, 6%, 7%,
8%, 9" states are arising as members of v1h;; /2‘12f7/z multiplet. A very good
agreement is observed in energy values as shown Fig. 6.4 for 3p3h excitation
modes with both the versions, sm56fp and sm56fph interactions. Although, a

deviation is also seen for the 87 state with experimental data.

The positive parity 67, 87, and 77 states near 5.4 MeV have been identified
as members of 71gy,» ' 1g7,, multiplet in the work of Fogelberg et al. [107].
But, the w1gy/, orbital is not included in this proposed valence space. Though,
6,, and 77 are reproduced well with sm56fp interaction in the present study
and these are originating from v1h;j/,~12ps,, multiplet. The 87 arising from
vlhy; /2‘1 lhg/, multiplet shows gross mismatch for results with sm56fp inter-
action with experimental data. In case of sm56fph, the corresponding thmes
relevant for 67, 87, and 77 states are adjusted to reproduce them. So, experi-
mental energies of these states show better agreement with sm56fph interaction

as depicted in Fig. 6.4.

The level present at the energy 4.352 MeV is identified to be a 3~ state as

reported by B. Fogelberg et al. [107]. It is expected that the yrast negative
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8 —¥— Expt
—O0— sm56fph-3p3h

Excitation Energy (MeV)
N

—@— sm56fp

T T T
2+ 4+ 6+ 8+ 5+ 7+ 9+ 6+* 8+* 7+

Angular Momentum (Ix)

Figure 6.4: Comparison of (a) positive parity and (b) negative parity states in the experimental spectra
of 1328n with theory with 3p3h excitations. The results with sm56fp are shown with filled blue bullets
and those with sm56fph are indicated with open blue bullets. The number of asterisks (N) appearing as
superscript in the value of angular momentum in the x-axis label indicate it as the (N+1)th state of that spin.

parity 37, 4] and 5] states are originating from configuration v2ds 7 1267,.
Theoretically calculated energies of 47 and 57 states match with experimental
data within 100-200 keV for sm56 f ph interaction, without any tuning of the
relevant tbmes. Whereas, the 3| state is over predicted by ~600 keV com-
pared to experimental level. However, 4| state is arising from the partition
v2d3/,7 27/, (96%). 57 state has dominant contribution from v2ds/;~'lhy)
(88% ) for sm56fph interaction. The 5 state calculated at 5.299 MeV is pro-
posed to be a member of the v2d; /2‘12f7 ;> multiplet. In Ref. [107], the inability
of shell model approach to replicate the energy of 37 state has also been dis-
cussed. It is stated that, 3] and 57 levels of '#2Sn should be present within
about 100 keV from each other. The experimental level energy of 5] state is
4.942 MeV. The experimental energy of 37 is around 600 keV lower than other
members of the v2d; /2‘12f7 ;2 multiplet. This is a signature of collective na-
ture of this state. It is generated from a coherent superposition of many p-h
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configurations. The failure of this present calculation (to be discussed in Sec.
6.5.3) to reproduce the enhanced E3 transition from this state also supports the

possible collective nature of this state.

The 6] state, which is arising from the configuration v2d; /2‘1 lhg/, 1s also
under-predicted in theory. However, 6,, 65 and 7] states coming primarily
from V2d5/2_12f7/2 (99%), V2d5/2_11h9/2 (98%) and V2d5/2_11h9/2 (95%) parti-

tions, respectively, are in well agreement with experimental data.

6.5.2.2 3Sby,

The immediate neighbour of '32Sn, !33Sb, offers an excellent opportunity to
examine the single proton states beyond Z=50. In low energy excitation region
of this nucleus, relatively higher spin states are observed. Those are primarily
arising due neutron hole-particle excitation across the shell gap at N=82. A
few experimental groups [108—112] have studied to extract the experimental
data for '33Sb. A high spin, core excited isomeric state of this nucleus was first
directly identified at E, = 4.56(10) MeV with measured half-life of 17 us [113]
using the facility isochronous mass spectrometry at GSI. They have estimated
a limiting value of half-life for the fully ionized '*3Sb nucleus corresponding
to a totally disabled internal conversion decay mode. Eventually, in 2016, the
informations about the core-excited states of '33Sb above the isomer 21/2* state
had been extracted from the cold neutron induced fission of *!Pu and 2*U in
an experiment performed at ILL reactor in Grenoble [99]. The properties of
such core excited states, provide a chance to test our newly formulated shell
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Figure 6.5: Comparison of experimental spectra of high spin states in '33S b with theory. More details are
included in the legend, caption of Fig. 6.4 and the text.

model interaction.

In case of '33Sb, the calculations have been done for both 1plh and 2p2h
excitation options with sm56fph interaction. Similarly, in this case also, no
restriction has been put for the neutrons N< 82 orbitals. The 3p3h excitations
can not be calculated due to limitation in available computational facilities. In

Fig. 6.5, results for both 1plh as well as 2p2h are shown.

In the present calculation, 3/2* and 11/2™ at the energy 2.44 MeV and 2.792
MeV respectively, can not be reproduced as these states are arising from single
proton excitation to n2dz, and wlhy, orbitals respectively. However, these
orbits are not included in our proposed model space. Therefore, these states

are not included in the Fig. 6.5.

Although, the positive and negative parity states observed in higher energy re-
gion (> 4 MeV) mainly arising from core-excitation show good agreement in
2p2h excitation mode in current calculation as shown in Fig. 6.5. The positive
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parity yrast states, such as 11/2%, 13/2%, 15/2*, 17/2* and 21/2" states origi-
nated mainly from the configuration 71g7/2-v1hy, /2_12f7 2 with 90-94% major
contribution. The 21/27, 23/27 and 25/27 have leading contribution (96%, 89%

and 97% respectively) from the partition n1g; /z—vlhﬁl /21h9 /2.

Whereas, the negative parity 13/2] and 15/27 states have major contribu-

-1

tions (86% and 70% respectively) from partition 1g7/2-v2d; 1

2f7/2. In present
calculation, the 2p2h option can successfully replicate experimental excitation
energy of all core excited states except for the 13/2] and 21/27 states, where

Iplh option shows better agreement.

6.5.2.3 ;§4Te32

134Te can be described as two valence protons outside the doubly closed '32Sn
core. Most of the experimental information have been extracted from co-
incidence measurements of prompt and delayed gamma ray cascades of fis-
sion fragments emitted following spontaneous fission using large arrays of y-
detector [114-118].

At low excitation near up to ~ 3 MeV, the states are primarily originating from
proton excitations within the shell. In this energy region, the two most im-
portant partitions are 1 g% n and wl1g7/» — 2ds;>. As shown in Fig. 6.6 (lower
panel), results obtained from this work with 2p2h excitations of sm56fph in-
teraction show a very good agreement with experimental data, even for these
low spins. Now, above 3 MeV (but < 4.5 MeV), a few negative parity states
are also observed. It is expected that these -ve states are coming from the mul-
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Figure 6.6: Comparison of experimental spectra of '3*Te with theory.

tiplets of m1g7,21h;1/2. Since the present model space does not include 7 1hy ),
orbit, these states are not reproduced. As, in our present model space to create
a negative parity state, a neutron has to be excited beyond the shell gap, the
energies of these states resulted in the higher excitation energy. In Fig. 6.6 we

have not included these states.

At excitation energy 4.558 MeV [118], 8" state is the first excited state that
involves excitations across the neutron core. These positive parity states are
considered to be members of the multiplets of 71g3 , — vih| ,2f7/5. Results
obtained for 2p2h excitation mode for smfph interaction are shown in the Fig.
6.6. In present calculation, 87 state at an energy 4.843 MeV, has this particular
configuration with around 90% amplitude. The 97 state is arising from 71 g% =
Vlhl_ll/z

predicted at 5.85 MeV (E,,,= 5.621 MeV), has a mixed configuration with

lhg/, with nearly 70% amplitude. The 107 state, which is theoretically
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2f7/2 (259%), 7T1g7/22d5/2 — Vlh_1 2f7/2 (236%) The yrast

ﬂlg%/z — vlhy! 11/2

11/2

12* (13%) state has major contribution of ~45% (31%) nl g% 0= vlhy!

1122t772

and ~48% (65%) 7T1g7/22d5/2 — ylh7!

11 /22f7/2 partition.

The negative parity state 107 (E..,=5.658 MeV) predicted to be at 5.746

MeV has mixed composition with 45% contribution from the partition 71 g% n

v2d;!

32 2f72 and 24% from mlg752d 5.5 — v2d;}

3/2

lhg/>. On the other hand, 11 has 72%

2f7,2. The 117 has 77% con-
tribution arising from wlg % N 1/2d§/12
contribution from the partition 71g7,,2ds/, — v2d§/121h9 /2. S0, the theoretical

calculation is showing a overall good agreement with available experimental

data.

6524 Tl

The experimental information about the excited states of this odd nucleus, '*°I

have been mainly gathered from the decay [119] of !3°Te and the prompt y -ray

spectroscopy of the spontaneous fission fragments of 2*Cm [116, 118].

Three valence protons outside the Z=50 core are primarily responsible for
the low-lying yrast excitations. The low-lying states, observed within 1.5 MeV
(suchas, 7/27, 9/27, 11/27, 15/27) have dominant configuration of 71 g? - The-
oretical results, represented in Fig. 6.7 show good agreement with available
data. On the other hand, the 5/27 and 17/27 states show major participation
of w1g7/2>2ds,, partition. Also, a few negative parity states are seen at excita-
tion energies within 3.5 MeV to 4 MeV. Such -ve parity states are expected to
originate from the multiplets of 11g; /221h1 1,2 This is beyond the scope of this
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present calculation due to absence of m1h;;,, orbit. So, these particular states

are not included in the Fig. 6.7.

In 131, the states arising from the neutron core excitations have been observed
after 4 MeV. Results calculated with 1p1h excitations and 2p2h excitations for
smS56fph interaction are shown in Fig. 6.7. With 2p2h excitations mode of
sm56fph, the positive parity states (19/27, 21/27, and 23/27) are reproduced
better. The yrast 19/2*, 21/2" states have ~ 55% and 42% (57% and 45%) con-
tributions arising from ﬂlg%/22d5/2 — vlhyy 7 12f7)5 and ~ 36% and 48% (35%
and 46%) from m1g; /23 —v1hy; /2_12f7 ;2 partitions with 2p2h (I1p1h) modes. For
yrast 23/2* state, both the modes of excitations (i.e. 1plh and 2p2h) estimate =~
75% contribution from 71g7/,° — v1hy;»~'2f;, partition. Also, for yrast 25/2*
state, a deviation of around 130 keV is observed for both the modes. They have
common major structure of 71g3 1 —vihy 12" 1hg, with ~ 83% contributions.
In Fig. 6.7, the limitation of sn100pn interaction to predict the core-excited

states is depicted.

—o—sn100pn
3 —@— sm56fph-1p1h

T T T T T T T
19/2+ 21/2+ 23/2+ 25/2+ 27/2+ 23/2- 25/2-

Excitation Energy (MeV)

2] | SK-Expt ‘

—O— sm56fph-2p2h

T T T T T T T
7/2+ 5/2+ 5/2+* 11/2+ 9/2+ 15/2+ 1712+
Angular Momentum(lr)

Figure 6.7: Comparison of experimental spectra of '3 with theory.
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After excitation energy of 5.7 MeV, core excited negative parity states 23/27
(25/27) are noticed [118]. The 23/2 state matches better with theoretical pre-
diction for 2p2h excitation. The composition of the state has =~ 53% (50%)

contribution from x1g3 ,2ds/, — v2d;)

3 /22 f7,2 for 1plh (2p2h excitation). Ex-

perimentally observed 25/27 state at E,=5.849 MeV matches with 25/27 state
with =~ 67% contribution from 71g’ 152ds2~v2d; 2 1hg), for 1plh excitation.
Whereas, for 2p2h mode, an deviation in excitation energy around 400 keV is
noted while the state has ~ 57% contribution from 71g? 122ds512~v2d; 12870

partition.

e Calculations for N=81 isotones

6.5.2.5 1'Sng

This odd A nucleus has a single neutron hole coupled to the doubly closed
132Sn. Hence, one can gather information about the single hole states. These
informations are important parameters for nuclear shell model calculations.
Experimentally, the information about the single hole states (1g7,2, 2d3/2, 351/2)
in '*'Sn have been obtained from S-decay experiments performed by De Geer
and Holm [120]. There is some uncertainties regarding the relative position of
the 11/2] state. This particular state is a S-decaying isomer. Several experi-
ments have been performed for precise determination of the excitation energy
of 11/2] state [121-123]. The most recently adopted data as obtained from
NNDOC site, reports the energy obtained from the 8 spectrum is 69 (14) keV,

141



Chapter 6. Cross-shell excitation near '32Sn

whereas it is 65.1 (3) keV from the level scheme [18]. In the present work, this
energy is predicted at 36 keV for 3p3h mode of excitation with sm56fph inter-
action. The trend of other excited states in low energy region, such as, 1/27,
5/27, 7/27 at 0.332 MeV, 1.655 MeV, 2.434 MeV, respectively, as determined
from the decay studies [120, 123] are in good agreement with the calculated
spectra as shown in Fig. 6.8. However, the theoretically estimated values do

not exactly match with the experimental data for 1/2f and 7/21r states.

The higher core excited states are observed within the energy range 4-5 MeV.
These excited states are populated from the spontaneous fission of 2**Cm and
it had been studied via prompt-delayed gamma spectroscopy as described in
Ref. [98] . The positive parity states 13/27, 15/27, 17/21 and 19/2] are ma-
jorly originating from the configuration of v2d3, ' 1hyy ;™! 2f;/, with the pu-
rity gradually increasing ranging from ~ 82% to 95%. The 15/27 state, al-
though emerging from the similar configuration has much less purity (=~ 61%).

The 17/2% arises from v2ds;, ™' 1hy1 27" 1hg/, partition with 82% contribution.
The 15/27, 17/27, 19/27, 21/2], and 23/2] states are originating with lead-
ing structure vlhy; /2‘2 217/, with 94%, 83%, 96%, 88% and 94% parentage,

respectively. These states have been compared with theoretical prediction by

considering the excitation energy of the 11/27 isomer as zero.
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Figure 6.8: Comparison of experimental spectra of '3!Sn with theory.

6.5.2.6 7Shy

This odd-odd isotope is described as one proton particle and one neutron hole
outside the doubly closed '*2Sn. The low-lying states are arising primarily
from the interaction between the single proton and the single neutron hole.

Several experimental findings about this nucleus are reported in Refs. [124—

126].

From earlier works, the 4™ (ground state) as well as 37 state have been iden-
tified to be composed via coupling between m1g7/, — v2ds;»~'. The present
calculations are also able to reproduce the sequence as well the composition
following earlier reports as shown in Fig. 6.9. The 37 state, which is pre-
dicted theoretically at an energy of 135 keV, is observed at experimental level
of 85.55(6) keV. This particular state is also an i1somer having T, ;= 15.62(13)
ns [18].
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The low-lying 8| isomer, whose experimental level energy is yet to be de-
termined precisely, is produced at 193 keV in the current calculations. It is
originating with a major configuration of 71g7/, —v1hyy ;1. This state is iden-
tified to be a beta decaying isomer with half-life of 4.10(5) min. As found
in NNDC site [18], its excitation energy is not determined properly but it is
predicted to be around 150-250 keV above the ground state [125]. Also, this
level is specified at 200 keV with an uncertainty of 30 keV in the atomic mass
database [127]. The other members of nl1g7,» — v1lhy; /2‘1 multiplet such as, I
= 3], 4, 6, 9] are also experimentally observed. As per calculation, in most

of the cases, the purity of this structure is more than 95%.

After 2.5 MeV, as mentioned by P. Bhattacharyya et al., two positive parity
states 10™, 11* states are observed and these are populated from the fission of
248Cm [128]. These two are originated from coupling of 7lhyj, — vlhyy™!
at energies 2.8 and 3.2 MeV, respectively. Due to absence of w1hy/, orbit, we

are unable to reproduce these states.

Above 4 MeV, a few more positive (117, 12%, 13%) and also negative (127,
137, 147, 157) parity levels are noted. In order to generate spin more than
11, the core has to be excited. That means, at least one neutron has to be
excited to orbitals across the N=82 shell gap. These high spin states have
been observed to decay to 8~ isomer. As the energy is not well known, we
have compared theoretical estimations considering the 8| (theory) state (i.e.
193 keV) to be zero. Now, the 117 state is arising majorly from the multiplet

7T1g7/2 —vlh7! 247}

112243 /22f7 /2 having 84% contribution. However, the other states,
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Figure 6.9: Comparison of experimental spectra of '32Sb with theory.

2d;}

like 12* and 13* have structure of 71g7; — v1hjj ,2d),

11’19/2 with 86% and
90% parentage. However, the negative parity states (127 to 157) have leading

contribution around 90-96% from w1g7,, — vlhy, /2‘22f7 /2 partition.

6.5.2.7 é? T881

133Te can be characterised as '*2Sn with additional two proton particles and
one neutron hole. The second excited state (11/27) of this nucleus (E, = 0.334
MeV) is a beta decaying isomer with half-life, T, = 55.4 (4) min. Theoret-
ically, it is predicted to be at energy of 413 keV. The experimental details of
3/2* (ground state), 1/2* state below this isomer and other low-spin states have

been gathered from 8~ decay of 133Sb [18].

The theoretical results predicted using sm56fph interaction are compared
with experimental data as shown in Fig. 6.10. A comparison with sn100pn
interaction is also presented. The positive parity yrast states 3/2%, 5/2% are

145



Chapter 6. Cross-shell excitation near '32Sn

44 —3— Expt
2] —O— sn100pn
—©— sm56fph-1p1h

T T T T T
23/2-** 25/2- 27/2- 29/2- 31/2-

Excitation Energy (MeV)

T T T T T T T T T T
3/2+ 1/2+ 11/2- 5/2+ 15/2- 19/2- 17/2- 21/2- 23/2- 23/2-*
Angular Momentum(ir)

Figure 6.10: Comparison of experimental spectra of '3*Te with theory.

originating from the dominant configuration 71 g% 1~ V2d3 /12 with contributions
93% and 74%, respectively. On the other hand, 1/27 state is arising with major

partition ﬂlg% V3 sf/lz of 74% amplitude.

The yrast isomer 11/27 state and other members of this sequence, such as,
15/27, 17/27, 19/27, 23/2] have been originated with the configuration ﬂg% 1"
vh;l1 1, With more than 90% parentage. The 21/2} state has a mixed structure
with 52% contribution from the partition arising from ﬂg% /2—vhfl1 1» and 46%

-1

from m1g7/22ds/2 — v1h; 1 The second 23/2~ state has leading partition from

rwlg7/22ds, — vlh;ll/2 (98%), as also proposed in the study of Hwang et al.

[129].

The excitation energies of +ve parity states observed near 4 MeV, (such as,
21/2%, 25/2*, 23/2*, 27/2%) can not be calculated properly in the current cal-
culations. Hwang et al. [129] have pointed out that these states are arising
from wlg7/21hyy/ — vlhl‘l1 e So, these energies can not be reproduced in our
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calculations due to the unavailability of the proton 1h;;/,, orbit in the model

space.

Hwang et al. [129] also suggested that the sequence of states, starting at 5.2
MeV in !33Te are arising from the particle-hole excitation from the '*?Sn core.
In our calculation, the 23/27 and 25/27 have leading contribution (around 86%
and 71% respectively) from the configuration 71g7»* —v1h7 ,2f; },. However,
the other members, such as, 27/27, 29/27 and 31/2] have mixed structure aris-
ing from both 71g7/,2ds/, — v1h1‘12/22f;/12 (61-75%) and m1g7,,% — v1h1‘12/22f;/12

(30-21%). The results obtained using sn100pn interaction show a substantial

deviation from experimental data, as expected.

e Calculations for N=83 isotones

6.5.2.8 !3Sbg

134Sb consists of one proton and one neutron particle outside the doubly closed
1328n core. The theoretical calculations are performed with CWG interaction
as well as with 1plh and 2p2h excitations modes of sm56fph interaction. It is
compared with experimental data as shown in Fig. 6.11. Both of the modes are
able to replicate the experimental findings for higher spin states much better

than those estimated by CWG interaction.

From the adopted decay scheme, it is noted that '3*Sb has a beta decaying
isomer having Ty, = 10.07 (5)s at spin 7. The details of low-lying struc-
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Figure 6.11: Comparison of experimental spectra of '3*Sb with theory.

ture are extracted from B8~ and S~n decay of '3*133Sn, respectively mentioned
in Ref. [130]. There is an experimentally observed 1~ state, which is almost
degenerate to 0~ at an energy 13 keV. Both, CWG and sm56fph interactions
are failed to match the low-lying 1~ state. The yrast ranging from spin 0~ to
7~ states are majorly coming from the partition 71g;,, — v2f;,,. Whereas, the
second 17 state is originating from the partition 1g7,> — vlhg/. Also, the 27
and 27 states have around 70% contributions arising from 71g7,> coupled with
neutron in lhy/; and 3p3/;, respectively. The 55 state has a dominant contribu-
tion 59% from the partition 7w1g7/2 — v3ps/2. Now, near excitation energy of 2
MeV, 15 and 1} are mainly formed via coupling of proton at 2ds,, with neutron

in 2f7,5 (94%) and 3p3/, (95%), respectively.
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After the excitation energy of 2 MeV, 9" and 10" states are observed. In the-
ory, these are originated with leading contribution from the partitions w1h;;/, —
V217, and w1 g7/, —v1i;3,2, respectively, as proposed in Ref. [131]. But, our cal-
culation predicts these particular states to be at higher energies due to absence

of proton 1hy/; and neutron 1i;3/, orbits in the assigned model space.

The high spin negative parity states are generally, originated from the neu-
tron excitation through the N=82 shell gap. For, 2p2h mode with sm56fph
interaction, the yrast 10~ state has the structure of 71g7/, — v1hy/,2f7 , with
73% parentage. The other negative parity yrast, such as, 11~ to 14~ states have
originated from the partition nlgy, — vlhl‘l1 122f7/21hg > gradually increasing
contribution spanning over 49% to 92%. This structure 1s different from the

partition (71g7/2 — v1hy| ,2f7 ) mentioned by Fornal ez al. in Ref. [131].

6.5.2.9 ;35 Tegg

The nucleus, '*>Te can be described to be composed of two proton particles
and one neutron particle outside doubly magic '*2Sn nucleus. The information
about the low-lying states of this nucleus have been obtained from Hoff et
al. [132]. Much more information about the isomeric state are mentioned in
Kawade et al [133]. Additionally, the information about high spin states can
be collected from the Ref. [131, 134, 135]. The theoretically calculated results
using CWG interaction and 1plh excitations mode with sm56fp and sm56fph
interactions are compared with existing experimental results as shown in Fig.
6.12. It is noted that, both sm56fp and sm56fph interactions reproduce the
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experimental result better than the predictions made using CWG interaction in

case of high spin states.

Now, low-lying states (7/27, 11/27, 15/27) are originating majorly from the
partition ﬂlg% 15 — V27> with contributions approximately 94%, 91% and 82%
respectively for sm56fp interaction. Similarly, for sm56fph interaction these
state are predicted to arise from the same leading configuration along with ap-
proximately 93, 87 and 82%, respectively, amplitude. The yrast 3/27 state is
originated from the partition nl g% 12— V3Pp32 With 75% contribution for sm56fp
and 73% for sm56fph interaction. In case of, 1/27 and 5/2" states, the leading
configuration is 7l g% n= v217,,. These states have 78% (77%) and 71% (65%),
respectively amplitude for sm56fp (sm56fph) interaction. The 9/27 state has
major contribution 95% from the partition ﬂlg% 1p = vlhgp, for sm56fph inter-

action.

Also, yrast 19/27 state is arising from mixed structure m 1 g% 0~ v2f7/, with
47%(48%) and ml1g7/22ds,2 — v2f7,, with 53%(50%) contributions for sm561p
(sm56fph) interaction. The 19/27 has dominant part of 7 1 g% 1p = v2f7), par-
tition with 53%(50%) and 7 1g7,22ds;, — v2f7/, with 47%(48%) for sm561p
(sm56fph) interaction. The 19/27 has leading contribution of 78% from the
partition 71g3 ,~v1hy| ,2f7/,* for sm56fp. On the contrary, in case of sm56fph

it has a contribution of 98% coming from ﬂlg% 1 — vlhgp partition. The yrast

-1

112287 /2% partition with 52% contri-

21/2" is originated from r1g3,2ds/, —v1h
bution as estimated by sm56fp interaction. But, in case of sm56fph interaction,

the leading contribution is arising from 71 g% j2 — vlhoyy (86%). It is noted that,
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the 21/2; state has 71g3 , — v1hj} ,2f7),> with 52% along with competing con-
tribution of 36% from m1g7/,2ds,, — vlhl‘ll /22f7 /22 for sm56 f p. For sm56 f ph,

this state arises from 71g7/22ds/, — vlhg/, with 86% contribution.

It is also analysed that the 23/27, 25/27, 27/27, 29/27, 31/2], 33/2] and

35/2] states have contributions from r1g> 1 = vihy| ;26 % and m1g7/52ds), —

-1
11/2

vih7!

11/22f7/22 with amplitudes ranging from 41% - 13% and 31% - 86% for

smS56fp interaction.

For sm56fph interaction, the negative parity states, such as, 23/27, 25/27,
27/27,29/27, 31/27, 33/27 and 35/27 are originating from a mixed structure of
conﬁgurations of ﬂlg%/z —vylh7! 2f7/2 11’19/2 and 7T1g7/22d5/2 —vylh7! 2f7/2 11’19/2

11/2 11/2

with contributions ranging from 86%-25% and 2-74%.

Some of the +ve parity states (such as, 21/2%, 25/2%, 27/2" etc.) can not be
matched with experimental data with these two specified interactions because
of unavailability of proton 1h;/, orbital in the model space, as described ear-

lier.

6.5.3 Transition Probabilities in '*’Sn and its neighbours

In this section, the transition probabilities of yrast states, which are originating
from cross-shell excitations in 132Sn, 13!1Sn, 133Sb and !**Te isotopes have been
calculated (Table 6.4) for sm56 f ph interaction and compared with experimen-
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Figure 6.12: Comparison of experimental spectra of '3>Te with theory.

tal data wherever available [18].

6.5.3.1 Effective charges

In a restricted model space, the electromagnetic properties of the many nu-
cleon system are reproduced by introducing model operators, effective charges
and effective gyromagnetic factors [96, 136]. If the motion of protons and neu-
trons associated with recoil effects is considered, both nucleons must acquire
effective charges. These charges depend on the multipolarity of the transition
and also on the nature of the associated single-particle wave-functions. This
effect is particularly important in case of electric dipole (El) transitions. Both
neutron and proton effective charges are important for reproducing the experi-
mental values of B(E1), even for nuclei having no valence proton (such as for
Sn isotopes in the current work). Although, transition rate of higher multipo-
larity B(EI) (i.e. 1>1), absence of valence proton (neutron) make the calculated
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values independent of effective proton (neutron) charges. For nuclei having no
valence proton, the B(EI) values increase with increasing eﬁf ! But, for nuclei
having both active valence protons and neutrons, increase in proton (neutron)

effective charge increases (decreases) B(El) values.

6.5.3.2 Comparison with experimental data

e Nuclei with only valence neutrons:

Hence, for '31'1328n, except for B(E1) results, only neutron effective charges,
e,if J are mentioned in Table 6.4. In case of EA (A4=2-4) the neutron effective
charge is taken as 1.2e. Due to the limitation in computational facilities, only
a few cross-shell neutron excitations are considered. Therefore, a higher
neutron effective charge has to be used to reproduce the experimental data.
The results for all modes of excitation are shown in the table. The results
reproduce data reasonably well for '32Sn, except in a few cases (for 8" to 6%
and those involving the 3~ state). In case of magnetic transitions, quenched

intrinsic neutron g-factor (g;) by a factor of 0.7, improves the results consid-

erably.

In case of E3 transition from the 3] state, a gross mismatch is observed.
It has been already noted that this particular state (3] state) possibly has a
collective structure. Hence, its energy as well as transition rates are not re-

produced with such limited options for excitations in this present calculation.

During the calculation of El transition, effective charge has been taken as
e,*/= 0.35¢ and epef /= 1.64e¢ (Table 6.4). However, the theoretically pre-
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dicted values are underestimated compared to experimental data by one or-
der of magnitude in most of the cases. On the other hand, for E1 transitions
from 5] — 47 state, the B(E1) value is well reproduced. Whereas, the B(E1)
value for 57 — 6 state shows over-prediction relative to the experimental

data.

In the present model space, the 2fs5,», 3p1/2, and 113/, orbits have been ex-
cluded. These orbitals are not usually significant for reproduction of excita-
tion energies or transition probabilities (except for E1) of the nuclei which
are being discussed in this work. However, this argument does not hold for
El transition probabilities, i.e. for B(E1) values. These transitions occur due
to (very) small but finite contributions of the orbitals originating in higher
shells in the wave-function. Hence, this small overlap in wave-functions has
significance for proper reproduction of experimental B(E1) values, which
are generally at least 5-6 orders of magnitude slower than the single particle

estimate.

For 131Sn, the B(E2:23/2~ + 19/27) has been reproduced with the same
effective charge (e,*’/= 1.2e) to a reasonable extent. However, the B(E1)
and B(E4) values are under-predicted. A similar mismatch of theoretical

B(E1) value with experimental data has been reported for '**Ba in a recent

work by Kaya et al. [137].

e Nuclei with both valence protons and neutrons:

For 33Sb, with one valence proton along with neutrons, the calculated B(E2)
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value of the 21/2* — 17/2* transition from the microsecond 21/2* isomer
(without the internal conversion correction) also yields a milli-second half-
life of the isomer as reported in the work of B. Sun ef al. [113]. For exact
reproduction of the B(E2), effective proton charge needs to be greater than
2. Although, the sharp difference between experimental B(M1) values ex-
tracted for the 15/2% — 13/2% and 13/2" — 11/27 transitions could not be
reproduced for the calculated yrast states for both 1plh and 2p2h modes of
excitation. However, a better reproduction in excitation energy is observed

for 2p2h mode. A similar kind of observation is reported in Wang et al. [94].

In '3*Te, with two valence protons along with neutrons, calculated B(E2)
for 12* is also under-predicted in present calculation. It indicates a need for

higher proton effective charge.

Thus, calculation of B(E2)s in two of these nuclei, even with neutron effec-
tive charge as zero with effective charge of proton as 2, the B(E2) values
are under-predicted. Possibly availability of only two active orbitals for pro-
tons in the model space is responsible for the need of large effective proton

charge.

6.6 The calculation II: Determination of B(E1:57;, — 4%)
of Sn isotopes
As proposed in the section 6.2, we want to evaluate the B(E1) values theoreti-

cally. Now, full space of calculation in mid-shell is very difficult due to large
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Table 6.4: The comparison of theoretical transition rates of yrast states which arise from cross-shell excita-
tions in '32Sn, 131Sn, 133Sb and '**Te isotopes with experimental data [18]. The B(M1) values are quoted in
i,?. The B(EQ) values are quoted in unit of e fm?!. The B(E1) values are quoted in the unit of 10~%¢% fm?.

X Ji J; Type Expt. Theory
(Error)  Effective charges Mode
e, e, Iplh 2p2h  3p3h
13260
2* 0* E2 224.6 (6) - 1.2 235.3 232.8 2329
4+ 2* E2 16.3 (10) - ! 34 3.3 3.0
6" 4+ E2 11.9 4) - ! 8.1 8.3 8.0
8" 6" E2 4.2 (1) - ! 049 048 0.26
5 3 E2 24.9(3) - " 0.09 0.041 0.05
3 0* E3 >7348.4 - 1.2 823 815 715
4+ 0* E4 227.1(4) - 1.2 153 154 149
x10? x10° x10° x10°
3 2* El > 284 1.64 0.35 - 031 0.83
4+ 3 El 4.45(55) " ! - 0.055 0.12
4~ 4 El 48548 " " - 019 023
5 6" El 4.90(53) " ! - 253 264
5” 4+ El 140(15) " ! - 113.8 120.1
7" 8" M1 0.042(5) 0.7g,* 0.019 0.034 0.033
7t 6" Ml 0.066(7) 0.7g,* 0.029 0.046 0.045
5 4- M1 0.123(14) 0.7g,* 0.028 0.023 0.020
13]Sn
19/2= 17/2% El > 333 1.64 0.35 - 0.25 040
23/2= 19/2= E2 14.7 (10) - 1.2 939 955 9.13
19/2= 11/2= E4 > 1.891 - 1.2 1.059 1.069 1.030
x10° x10°  x10° x10°
133G
212 172  E2 ~10.48 2.0 0.0 486 4.86 -
15/2% 13,2 Ml >043 0.7g,"and 0.7g," 0.25 0.23 -
13/2* 1127 M1 0.0075 (27) " 0.65 0.67 -
134Te
12* 10" E2 133 (12) 2.0 0.0 36.8 41.1 -
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dimension of Hamiltonian matrices. The difficulty increases while working
with this new interaction in the expanded model space. Thus, suitable trun-
cations schemes have been adopted. Since, the vlhg/, orbital is at relatively
higher energy, no neutron is allowed to be excited to this orbital. The trunca-

tion schemes adopted are:

e for !187126Gn, y1g5/, and v2ds), orbits are totally filled up and rest of the
neutrons are free to access any one of the v2ds s, v3sy/2, vlhy, orbits,
only one particle is allowed to be excited to orbits beyond N=82, i.e.,

v21;,, and v3p3/, orbits, and
e for '2Sn, only v1g;, orbit is fully occupied and the rest is same as above,

e there is no restriction in N< 82 orbits and maximum one neutron excita-

tion is allowed to each orbit in case of *9Sn.

6.7 Results and Discussion - I1

Because of these severe truncations, the calculated excitation energies do not

match well with the experimental data for these isotopes.

The B(E1:5; —4]) values have been calculated with effective charges (e;f s
=1.64e, ¢!/ =0.35¢) for 118-1268n (Table 6.5). Near the N=82 shell closure,
for 128139Sn, where minimum truncation in the model space was opted for
calculation, the B(E1) values (e}’ =1.35e, ¢;// =0.35¢) match well with the
reported data . Maximum deviation is observed for '?°Sn. The deviations are
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Table 6.5: Details of El transitions (57; — 4*) in even ''8130Sn isotopes. The B(E1) values are
extracted from experimental half-lives [18] of 5~ states after incorporating the corrections for branching
ratios and conversion coefficients, wherever needed. The B(E1) values are quoted in the unit of 107> e*fm?.
Theoretical transition probabilities are calculated with e,%/= 1.64e and e,*/= 0.35¢, unless mentioned
otherwise.

A | Transition energy Ty B(E1)
571 = 4% (keV) ns Expt. Theory
21.7(2) | 8.84(109)

118 40.8 (1) 19.6 (10)' | 9.10 (465 0.04345
120 89.87(16) 5.553) 8.63 (78) 0.03781
122 103.74 (1) 7.9 (9) 4.12 (63) 0.01102
124 102.91 (2) 270 (6) | 0.0705(17) | 0.001753
126 111.79 (5) 10.8 (7) 2.54 (37) | 0.00001758
128 120.54 (5) 8.6 (8) 2.62 (24) 0.3569 2
130 89.23 (3) 52 (3) 0.595 (82) 0.43772

! Present work, * €,/= 1.35¢ & €,%//= 0.35¢

in 2-3 orders of magnitude. This deviation possibly arises due to the severe

truncations adopted in the calculations.
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CHAPTER 7

Summary and future outlook

In this present thesis, extensive experimental as well as theoretical studies of
Sn isotopes have been accomplished. The low-lying structures of mid-shell
Sn isotopes (!17-118Sn) have been studied from off-line decay spectroscopy ex-
periment. These nuclei are populated in irradiation experiment performed at
Variable Energy Cyclotron Center (VECC). The main populated nuclei are
7. 118mQh  117mQn  The data have been acquired using conventional analog
electronics as well as utilizing digital techniques. We have remeasured the de-
cay half-lives of parent nuclei !178!18mSb_ that decay to ''”-!!8Sn. The values
extracted with the help of both techniques are in well agreement with previ-
ous literature values [18]. Some of the ambiguities present in the placement of
some transitions in the excitation spectra of ''8Sn have been resolved in this
current work. Moreover, the level scheme of ''8Sn has been modified by elim-
inating a y-ray (984 keV) that was previously assigned to ''8Sn. Using two
different experimental setups, we have attempted to remeasure the level life-

time of 3/2} state of ''’Sn.
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Chapter 7. Summary and future outlook

Moreover, the decay half-lives of parent nuclei '!74!18"Sb are also measured
from the digital data. In this part of work, the list mode data of digitiser have
been employed to evaluate decay half-lives of different nuclei ranging from
few min to several hrs using a novel technique. In this current technique, spec-
tra have been generated after a constant number of decay events instead of an
equal time interval. As a consequence, good statistics is maintained even at the
end of the decay that induces less statistical error. Two different experiments
(an off-line experiment and an in-beam experiment) have been performed at
VECC.Kolkata to test the effectiveness of the present technique. It is observed
that, the applied method is quite successful to estimate the half-life and the ob-
tained values match with previous experimental results. Even, we can provide
minute details of different beam parameters from these digital data. In future,
we would like to apply this technique to determine half-lives ranging in the

order of ns, which is not perused in this work.

In the part of developmental activities, we have attempted to study the co-
incidence relation between X-rays and internal conversion electron using cost
effective photodiodes or PIN diodes. To start with, we have tested different
photodiodes and PIN diodes (BPW34, BPW21, VITB8440BH, BEL PIN diode)
with alpha-emitting radioactive sources. Among them, the best performance is
achieved with the PIN diode procured from Bharat Electronics Limited (BEL).

This particular diode is able to detect X-rays, conversion electron and low en-
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Chapter 7. Summary and future outlook

ergy gamma-rays quite efficiently. Finally, a set up comprising of Nal(T1) and
BEL PIN diode is made to investigate the coincidence relation between X-rays
and internal conversion electron. We are able to test this setup using commonly
used radioactive source '>?Eu successfully. We have struggled to test the setup
with long-lived isotope of Sn region prepared from irradiated foil. The strength
of these source was very weak to detect conversion electron. Therefore, in fu-

ture, we intend to overcome this difficulty and test the setup with such sources.

In the theoretical part, large basis shell model calculations have been per-
formed in order to describe the experimental findings. This work has been
started with the objective to reconstruct an effective nucleon-nucleon interac-
tion, that will be able to explore all the physical issues encompassing over the
whole isotopic chain. As a starting point of the work, existing interactions
(sn100pn and Bonnnewpn) are used to figure out the strength and weakness of
these interactions. Overall, sn100pn and Bonnnewpn are quite able to repro-

duce the experimental data for the nuclei near the shell closures (1°%132Sn).

By putting proper restrictions, using sn100pn interaction, the transition prob-
abilities (mainly E2 transition probability) associated with different isomeric
states present in '!7-!18Sn isotopes are well reproduced. However, these stan-
dard interactions fail to describe E1 isomers because of the conventional model
space specified. In this present work, we have expanded the neutron model
space and reconstructed a new cross-shell interaction by recombining two com-

monly used interactions: sn100pn and CWG interactions. Some of the missing

161
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TBMES have been calculated using zero range Delta interaction. Also, a few
TBME are estimated empirically and tuned further to reproduce the low-lying
multiplet states of 132Sn. To check the applicability of this newly formed inter-
action, the excitation spectra as well as the transition probabilities are calcu-
lated for '32Sn and its neighbouring nuclei. This is the first shell model study
of 132Sn energy spectra and transition probabilities within an extended space.
This interaction is capable to account the low energy states as well as high en-
ergy states showing very good agreement with the available experimental data.
Moreover, we also have calculated the transition rates associated with E1 tran-
sitions of 181305 systematically. In most of the cases, theoretically predicted
B(E1) values are underpredicted. It is an indication that we need to include

other higher orbitals for correct reproduction of experimental values.
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Summary

In this doctoral thesis, mainly the nuclear structure of Sn isotopes and their
neighbours has been explored by means of experimental and theoretical inves-
tigation. In the experimental part, we have performed two irradiation experi-
ments at Variable Energy Cyclotron Centre (VECC), Kolkata to pursue decay
spectroscopy of 17&118mSp and '7mSn. The experimental data have been ac-
cumulated utilizing two different experimental setups employing analog and
digital techniques. In the current work, we have resolved some of the ambigu-
ities present in the adopted level scheme of !'8Sn. The level lifetimes of some
of the yrast states of '17-118Sn are also remeasured using the slope and decon-
volution methods. The digital data as well as analog singles data have been
considered to extract the decay half-lives of parent nuclei, ''7¢!18”Sb. During
the estimation of half-life from digital data, a different technique has been con-
sidered to evaluate lifetime ranging from a few min to several hrs. Moreover,
these digital data are able to provide minute details of different beam param-
eters. In the part of developmental activities, we have tested cost effective
rugged photodiodes and PIN diodes with some standard radioactive sources.

Among them, the best performance is achieved using the PIN diode procured
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from Bharat Electronics Limited (BEL). This particular diode is able to detect

X-rays, conversion electron and low energy gamma-rays quite efficiently.

In the theoretical part, large basis shell model calculations have been per-
formed in order to describe the experimental findings. By putting proper
restrictions, commonly available interactions are tested to estimate the exci-
tation energies and transition probabilities associated with different isomeric
states present in '!'7!'8Sn. However, these standard interactions are unable to
describe E1 isomers because of the conventional model space specified for
these interactions. We have reconstructed a new multi-shell interaction to de-
scribe the cross-shell excitation by recombining two commonly used interac-
tion: sn100pn and CWG interactions. Some of the missing two body matrix
elements have been calculated using ‘zero range Delta interaction’. Also, a few
tbmes are estimated empirically and tuned further to reproduce experimental
data. To check the applicability of this newly formed interaction, the excita-
tion spectra as well as the transition probabilities are calculated for '*2Sn and
its neighbouring nuclei. This is the first shell model study of '*2Sn in an ex-
tended space. This interaction is capable to account for the low energy states
as well as high energy states showing very good agreement with the available
experimental data. Moreover, we also have calculated the transition rates as-

sociated with E1 transitions of !'8-139Sn systematically.



APPENDIX A

Activation analysis

It is an analytical method in which the stable nuclei are made radioactive by the
process of irradiation. In this process, both uncharged (neutron) and charged
particles (such as proton, alpha particles) can be used as a projectile.

This kind of radioisotopes can be created using a reactor or cyclotron. There
are several advantages of using accelerator to produce radioisotope over that
produced via reactor [138]. One of the main reasons is that higher specific
activity, that can be achieved in case of bombardment by proton and alpha
particle. Also, it produces lesser amount of radioactive waste that is primarily

generated from reactions associated with charged particles.

In case of charged particle activation process (depending on the type and
energy of the bombarding particle), different radionuclide can be formed from
a specific target isotope. In this process, in general, neutron-deficient isotopes
are formed and these decay preferentially by the emission of S* particle or
by the process of electron capture [139]. If we consider a situation, where
a stable target (N,) is bombarded by a projectile that produces a radioactive
element (N,,: number of nuclei of present in target) (say, at a rate of M). At
the same time, that radioactive product decays with a decay constant 4,, and
produces stable nucleus (N,;: number of nuclei of present in daughter nucleus).
So, the net activity during the irradiation will be balance between the rate of

production of radionuclide and the spontaneous decay of it. The equation for
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Appendix A. Activation analysis
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Figure A.1: Schematic figure of activity building and decaying of daughter nucleus during the irradiation
and after the irradiation.

the rate of production of N,, over a small time dt can be written as,

dN,,
M = ANy, Al
— (A1)

In general, the rate of production of radioactive nuclide is priorly dependent
on some important factors like, reaction cross-section as a function of energy
(o), thickness of the target or number of atoms present in target (N;), flux of

incident projectile (¢). The production rate can be expressed as,
M = N,o¢. (A.2)

So the equation A.1 turns out to be,

dN,,
d— = NtO'(]S - /lmNm
t Nod (A.3)
or, N, (t) = (1 — e,

As, the equation A.3 contains a saturation term (1 — e~%), the production
rate is also influenced by the radioactive decay of resultant nuclide. If the half-
life is short, then after a long irradiation time, the activity build up will reach
a saturation limit. For irradiation time equals to two times of half-life, the
activity would be 3/4 of the maximum activity and for three times of half life
it would be 7/8 of the maximum activity. So, in general, the irradiation time is
not kept longer than 2 -3 half-life periods [140].
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APPENDIX B

Gamma decay and Internal conversion

B.1 Gamma decay

The electromagnetic transition rate is an important parameter that gives struc-

tural information. The transition probability or the transition rate is given by,

Ti(oL) = - =

[ 8n(L+1) (E,
T KL[Q2L + D!1]?

2L+1
) B(oL: I — If), (B.1)

where, B(oL) 1s known as the reduced transition probability with multipolarity

g.

B(oL:I; - Iy) = | < If||O(oL)|II; > 2, (B.2)

21i+ 1
where O(o, L) represents the multipole operator. Here, double bar (||) repre-
sents the reduced matrix element. For a reverse transition (such as in coulomb

excitation) (I — I; ), we can write

21+ 1
2If4-1

B(oL:I; > I;)= B(oL:I; — Iy). (B.3)

Experimentally, one can measure the lifetime 7 of the level. Now, consider-
ing the branching ratio as well as the internal conversion correction, the partial
lifetime of a particular gamma transition can be compared with 7 by the rela-

tion.
1+«

BR’
where, B.R is the branching ratio for that particular y-transition and « is the

(B.4)

T, =T
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Appendix B. Gamma decay and Internal conversion

1

Table B.1: The total transition rate of electric and magnetic type of transition. T is expressed in sec™ and

E, is in MeV. B (EL) and B (ML) are in the units of e2fm?~ and /J%fmzL’2 [141].

| Electric | Magnetic |
T(EI) = 1.59 x 10° E2 B(ED) | T(MI) = 1.76 x 10 E2 B(MI)
T(E2) = 1.22 x 10° B B(E2) || T(M2) = 1.35 x 107 5 B(M2)
T(E3) = 5.67 x 10? EZ, B(E3) T(M3) = 6.28 x 10° EZ, B(M3)
T(E4) = 1.69 x 107* E?, B(E4) || T(M4) = 1.87 x 107° E?, B(M4)

internal conversion coeflicient. Now the total transition rate is reciprocal of the
level life-time. The transition rates associated with electric and magnetic type

are given in the table B.1.

e In general, an excited nuclear state may have more than one decay branch.
Therefore, the total decay constant A, Or Ty, must be sum of all decay
constants or transition rates.

e Generally, for a given type of transition lowest permitted multipole more
dominant.

e For a single branch decay, more than one kind of multipole radiations can be
observed. In order to conserve parity selection rule, the competitive transitions
mustbe E(L+ 1), ML or M(L+ 1), EL. In such cases, one can find the mixing
ratio 6. For mixed E2 + M1 transition or for M2 + E1 transition, the mixing

ratio 62 can defined as

52 (E2/M1) = T(Ez),
T(M1) (B.5)
5> (M2/E1) = T(M2) |
 T(ED’

e In general, for a fixed multipole, the transition rate or probability is more for

electric transition than the magnetic one, in case of medium and heavy nuclei.

B.2 Internal conversion

Internal conversion is a deexcitation mode, which is complementary to gamma

transition. It arises due to electromagnetic interaction. In this process, the de-
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Appendix B. Gamma decay and Internal conversion

excitation energy is transmitted to an extranuclear electron and that particular
electron is ejected from the atomic orbital. The kinetic energy of the ejected
electron is given by,

Tetec = E, — B, (B.6)

where, E, is the transition energy and B is the binding energy of the orbital
shell from which the electron is emitted.

In case of electromagnetic decay with a transition less than 1.022 MeV, gamma
ray emission and internal conversion compete with each other. The ratio of
transition probability of internal conversion to y-ray emission is termed as in-
ternal conversion coefficient (ICC) denoted by a.

Let us assume that, A, and A, be the transition probability of internal conversion
and gamma ray emission respectively. Then, the total transition probability 4,

18 defined as,

A=A+, =1(1+a), (B.7)
where ICC 1s defined as ,
Ae
a=— (B.8)
A,

The total ICC (@) is the sum of conversion coefficients related to all sub shells.

a=ag+a,+ay+... (B.9)

Non-relativistically, the electric and magnetic multipole can be estimated as
[142]

3 2 4 7\ L+5/2
a(EL)zZ—( = )( ‘ )(2'”66) ,

n3 \L + 1/ \4nephic E,
Z3 82 4 'm C2 L+3/2 (BIO)
ML) ~ — = .
(ML) n’ (47rsohc) ( E, )

Here, Z is the atomic number of that particular atom from which the electron is

knocked out and n represents the quantum number (principal) of bound elec-
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Figure B.1: The internal conversion coefficient is plotted with increasing energy for Sn element. It is
calculated theoretically using BRICC code [74].

tron. The multipolarity of the transition is denoted by L and m, is the electron
rest mass.

e From equation B.10, it is observed that « is proportional to Z>. Hence, for
heavier nuclei the process is more significant.

e o is inversely proportional to E,. So, in case of lower transition energy it is
more dominant.

e « 1s proportional to multipolarity. Therefore, for higher multipolarity transi-
tion the conversion coeflicient is larger.

Hence, in general, it can be said that for low energy and higher multipolarity
transitions of heavier nucleus, the process has greater importance. Theoreti-
cally, this ICC can be calculated using the available computer code "BRICC"
[74].

168



APPENDIX C

Measurement of lifetime from time difference

spectrum

Let us consider a nuclear excited state, which is populated by the gamma tran-
sition vy, and de-excited by emitting an transition of energy y; (as shown in
Fig. C.1). We want to measure the half-life of this excited state, 7. At first,
time difference spectrum is obtained by projecting the total TAC by gating the
feeding gamma 7y, (say photo-peak P, region P, P, here) in one detector and
the decaying gamma v (say, photo-peak P; region P;;P,). From the figure,
we can observe that obtained time difference spectrum (say, T;) contains the
gating region the photo-peak as well as the contributions from the background.
And, we want solely the contribution related to photo-peak. So, we need to
eliminate the background part. Let us consider, B; (region B{;B) is the back-
ground region of photo-peak P; and B, (region B,;Bj,) is of photo-peak P,.
The background region is considered in the right of the photo peak to avoid the

part coming from the Compton scattering.

Photo peak

By By [ mEY
W i Ea
) 00 520 S0 ) 20 0 om0
Crannes it

Figure C.1: A typical gamma ray spectrum indicating photopeaks and their neighbouring background.
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Appendix C. Measurement of lifetime from time difference spectrum

Now,
(P1+Bl)*(P2+Bz)=P1*P2+P1*Bz+P2*Bl+Bl*Bz. (Cl)

So, the first term of the equation C.1, will give the desired contribution. The

equation C.1 can be re-written as,

P1#Py = (P1+B))*(Py+By)—[(P1+B1)*By+(Py+By)*B; — By *By]. (C.2)

.,] (a) Gate (P,+B,) ®CAEN J|= @CAEN |

(b) Gate (P,+E.)
s

vs.
Gate (Py+B;)

vs.
Gate B,

@CAEN J = ®CAEN

(d) Gate B,
v

() GateB,

vs.
Gate (P,+B,)

s
Gate B,

Figure C.2: These four spectra illustrate the regions in which the photo-peaks or their backgrounds are

selected as gating region. The gating regions have been specified in each of the spectrum.

Therefore, we need to subtract the bracketed term from the 7'} spectrum. The
first part of the bracketed term (say 7,) can be picked up by gating the (P,
+B1) in one detector and B, in another detector. Similarly, applying the same
procedure, second part (say 73) of the bracketed term is calculated. The third
term (say T4) is obtained by projecting the tac spectra under the condition such
that in one detector the background region of y; and in another detector the
background region of vy, is selected. So the resultant background corrected

time difference spectrum (77,;,;) has been calculated using the relation,

Tiwi =T —Tr—T3+ T4 (C.3)

Applying the proper method depending upon the time resolution of the ex-

perimental setup, the level lifetime can be measured.
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The doctoral thesis is based on the experimental and theoretical investigation of nuclear structure of Sn
isotopes between two doubly magic nuclei 2°°Sn and *32Sn and their neighborhood. In the experimental part,
two irradiation experiments have been performed at Variable Energy Cyclotron Centre (VECC), Kolkata to
pursue decay spectroscopy of 1178118mSh and 117mSn, The experimental data have been accumulated utilizing
two different experimental setups employing analog (with Clover-Clover-LEPS detectors) and digital
techniques (using single HPGe detector).

Some of the ambiguities present in the adopted level scheme of 1'8Sn have been resolved. The half-life of
3/2" state of ’Sn (which is of ps order) has been
measured using the setup of

VENTURE array at VECC. Additionally, the decay
half-lives of parent nuclei, 17&18MSh have been
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extracted from both analog and digital data.
During the estimation of half-life from digital
data, a different technique has been considered
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to evaluate lifetime ranging from a few min to

s

several hrs. Moreover, these digital data are able

to provide minute details of different beam o gy kvﬂ""""""
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parameters. In the part of developmental Figure 1. E, -E, matrix obtained from two Clover data is

activities, we have tested cost effective rugged shown. The Compton lines (E;1+E,2 = E; ) corresponding to
photodiodes and PIN diodes with some standard £ =1229 keV and 2615 keV are shown. This correlation data
is important to resolve uncertainties present in adopted data

radioactive sources. Among them, the best of 115sn

performance is achieved using the PIN diode
procured from Bharat Electronics Limited (BEL). This particular diode is able to detect X-rays, conversion

electron and low energy y-rays.

In the theoretical part, large basis shell model calculations have been performed in order to interpret the
experimental findings. By putting proper restrictions, commonly available interactions are tested to estimate
the excitation energies and transition probabilities associated with different isomeric states present in
1711857 A new multi-shell interaction is reconstructed to describe E1 isomers observed in this region by
recombining two commonly used inter-actions: sn100pn and CWG interactions. This interaction is capable to
account for the low energy states as well as high energy states showing very good agreement with the
available experimental data. Moreover, we have calculated the transition rates associated with E1 transitions
of 1181305 systematically.
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