Chapter 5

Cross section measurement on
Cadmium for the nuclear reactor and

astrophysical applications

The multidisciplinary work was conducted in the field of nuclear reactors and astro-

physics for the first time. Cadmium has exceptional importance for the development
of nuclear reactors and astrophysical applications. The stacked foil activation tech-
nique and offline v ray spectroscopy have been utilized for the present study. We
have studied *Cd(p, v)'**™In, and *Cd(p, n)'*™In reactions for the reactor and
astrophysical applications, 1'2Cd(p, v)!*™In for astrophysical p process, (p, n) and
(p, 2n) reaction channels on '°Cd for reactor applications. These reactions were
chosen as the scarcity of cross section data found in the previously published data
libraries. The astrophysical S factor has been also calculated for *4Cd(p, v)!*™In,
B40d(p, n)*™mIn, and '2Cd(p, v)"*™In reactions using their respective cross sec-
tion data. Statistical nuclear model codes such as ALICE-2014, TALYS-1.95, and
EMPIRE-3.2.3 were utilized for statistical model calculations. The simulation of
presently evaluated data with previously published data of literature and theoretical
calculations was performed. It is concluded that the evaluated data are well matched
with the EXFOR data, and the theoretical calculations.
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5.1 Introduction

Nuclear data related to the reactions produced using proton beams have many
applications in various fields such as nuclear reactors and technology, radioactive
waste management, accelerator physics, cyclotrons, production of medical radionu-
clides, nuclear astrophysics to understand the driving mechanism behind the cause of
chemical elements, test the nuclear theories, and many more [1-4|. The experimental
study on proton induced nuclear data is also significant to improve the theoretical
modeling for fundamental and applied research. We have focused this study on the
significance of proton induced reaction data for the application in a nuclear reactor

and astrophysics and discussed below.

5.1.1 Importance in Nuclear Reactor Technology

The reactions induced by proton have significant importance for the development
and advancement of a new concept of nuclear power generation from nuclear reactors
such as compact & high-temperature reactors (CHTR), Accelerator-driven sub-critical
systems (ADSs) [5-8|, advanced heavy water reactors (AHWRs), and fast reactor
19, 10].

In ADSs, the particles with high energy are bombarded on a heavy radionuclide
that produces spallation reactions, which may produce high neutron flux to be used
for the transmutation of the isotopes having a long life. In addition to the neutrons,
other particles such as protons, « particles, and fission fragments will be produced
from the lowest energy to GeV energy range [11,12|. In recent years, the reactions
using these particles became more interesting for finding out suitable materials for

the mentioned applications and for withstanding radiation [13].

In fission-based reactors, the fission neutrons slow down in a hydrogenous medium,
and a considerable amount of fast recoil protons are generated due to (n, p) interac-
tion, and elastic or inelastic scattering. These protons have enough energy to start
the nuclear reactions, such as (p, 7), and (p, n) reactions for light or heavy elements.

These reactions can be the origin of different background activities and they are
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utilized to generate small radioactive sources which is impossible to generate in the

reactor by any means [14].

5.1.2 Importance in Nuclear Astrophysics

Apart from reactor applications, the reactions induced by utilizing protons have
prime importance in the field of astrophysical processes. The origin of proton-rich
(neutron deficient) stable isotopes with a mass between "Se and %Hg, usually named
as “p nuclei”, that is the topic of discussion [15,16]. Many assumptions are made for
the creation of p nuclei. It is believed that proton capture reactions can produce p
nuclei in He-accreting sub-Chandrasekhar white dwarfs. The p processes are also pre-
sumed to be taking place in a zone of core-collapse supernovae, with the temperature
lying between T = 2-3 GK [17]. Tt is also assumed to be taking place in a singly de-
generate type-la supernova scenario [18], in the deep O-Ne layers of massive stars like
supernova or pre-supernova phases etc. The detailed modeling of p process requires
comprehensive knowledge about the stellar environment (temperature, original seed,
burning time scale etc.). Nuclear physics plays a key role in modeling. Approximately
20,000 reactions among 2000 nuclei from Ni to Bi (p process network), which requires

attention for the measurement of reaction rates [17].

Cadmium is chosen for proton induced study in this work due to its application
in the field of nuclear reactors as well as in nuclear astrophysics. It is a naturally
occurring silver-white, soft, ductile, and tarnishable metal. It is nearly divalent, and
the chemical properties resemble zinc that is found in the earth’s crust with a very

common impurity of zinc ores [19].

Cadmium is widely used as control rods to control nuclear fission in nuclear reac-
tors (AHWRs, PWR, etc.) due to its high capability to absorb low energy neutrons
i.e., thermal neutrons [20,21]. Further, the recoil protons of the reactor may interact
with Cd isotopes and can transmute them into different isotopes, and can change the
mechanical and other properties of the controlling material [22]. Tt is also used for
radiation shielding purposes in nuclear reactors as well as a different concentration of

CdO along with Bismuth Borate glasses is an excellent shielding material to shield
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gamma rays in various medical and industrial sectors |23|. Moreover, the nuclear
data on "®Cd are essential to check the consistency of the data obtained with the
enriched targets as well as with the evaluated data [24,25]. Besides application in
nuclear reactors, Cadmium is also important for nuclear astrophysics. The proton
induced reaction with Cadmium will contribute to the p process reaction network
among approximately 20,000 reactions. Cadmium isotopes have some other general
industrial applications such as bearing alloys, galvanization, electroplating, manufac-

turing batteries, and pigments |1, 26, 27|.

We have studied "Cd(p, v)'""™In, "Cd(p, n)''*™In reaction for the nuclear
reactors and astrophysical applications for three different proton energies 14.14 +
2.03, 10.10 £ 2.15, and 4.86 4+ 2.40 MeV. Moreover, the reaction cross section was
measured for 12Cd(p, v)"*"In reaction at 4.86 + 2.40 MeV of proton energy which
is relevant to the astrophysical application. The scarcity is observed for the 1*Cd(p,
7) reaction in the literature for higher proton energy range [28,29]. We have studied
140d(p, n)!!™In reaction utilizing the data obtained from the same experiment,
and previously reported data available in the Refs. [30-37]. For '2Cd(p, v)!'*™In
reaction, only one dataset of A. Psaltis et al. (2019) [38] is available in the literature.
The astrophysical S factor has been also studied for these reactions. Our motivation
for studying these reactions is to provide the nuclear data to the existing database
related to the p process and for the validation of the statistical model codes for the

broad range of nuclides.

Further, the cross sections were determined for 19Cd(p, n)*%In & M°Cd(p, 2n)*In
reactions for the reactor and other applications. The isotope ''°Cd is important
for the thin layer activation analysis (TLA), medical isotope production, radioac-
tive waste handling, etc. [1,4,24]. As the product nuclei 1°!%In have shorter half-
life which is around 4.167 h and 4.92 h, respectively, these nuclei are convenient
for PET studies [24]. Moreover, the scarcity of cross sections is found for '°Cd(p,
n)'%n [28, 30,39,40], and "9Cd(p, 2n)'%In [28,39] reactions. Therefore, we aim to
report experimentally measured data for the 1'°Cd(p, n)''°In reaction for the ground
state population and '°Cd(p, 2n)'%In reaction at 14.14 & 2.03 MeV of energy. Also,

the cross section ratio has been calculated for '°Cd(p, n)!'%In reaction as the product
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nuclei ''°Tn populates to the ground state (77) and metastable state (27). The ratio
of cross section is crucial for the nuclear model examination and to get a complete un-
derstanding of the mechanism behind compound nuclear reactions [41]. The ground
state (0,) to isomeric state (o,,) cross section ratio depends on the distribution of the

compound nucleus (CN) that populated them [42] and on the spin of the states.

The activation cross sections and corresponding S factors for *4Cd(p, v)''*™In,
and MCd(p, n)"*"In, and 12Cd(p, v)!*™In reactions are presented in this study.
The data obtained from the experiment are simulated with the theoretical data of
TALYS (latest version), and with the EXFOR which is the nuclear data library of
the previously published experimental data [43]. Further, the cross sections are re-
ported for 1°Cd(p, n)"%In, & °Cd(p, 2n)'®In reactions and simulated with the
phenomenological and microscopic nuclear level densities (NLDs) of TALYS [44],
EMPIRE [45], and ALICE [46] codes, and with the EXFOR database [43]. Only
theoretical calculations were carried out for '°Cd(p, n)""In, & "°Cd(p, n)''"In
reactions utilizing the above mentioned three nuclear model codes. The cross section

ratio was found using theoretical models for '°Cd(p, n) reaction .

This chapter is portrayed as follows: Section 5.2 includes experimental procedure.
Section 5.3 is the description of the data analysis part, which explains the cross section
measurement and S factor determination. The overview of theoretical calculations is
included in §5.4. The obtained results are discussed in §5.5. At the end, summary

and conclusions are portrayed in §5.6.

5.2 Experimental Details

The BARC-TIFR pelletron [48] facility has been utilized to deliver 16 MeV of the
proton beam. The stacked foil activation method, and offline v ray spectroscopy were
utilized for the experiment. A constant current of 150 nA was used for the proton
beam throughout the experiment. The natural Cadmium foils of approximately 250
microns of thickness were utilized as targets and Copper foils of 3.56 microns of

thickness were used as degrader. The Copper degrader was used in between the
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target foils to reduce the significant amount of proton energy. The stack used for the
experiment is presented in Fig. 5.1. The proton energy degradation was estimated
using SRIM code [49] as well as using Monte Carlo Simulation code MCNP-6.2 [50].
The energy degradation curve obtained using MCNP code is presented in Fig. 5.2.
It is presumed that the reaction is occurring at the mid way of the target, and the

effective proton energy of the experiment is considered as 14.14, 10.10, and 4.86 MeV.
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Figure 5.1: Arrangement of the stacked foil experiment [47].

For the proton irradiation, thin aluminium (Al) foil was used to wrap the stack
made up of targets and degraders. This assembly was placed inside the irradiation
port of 6 m for irradiation. To obtained a perfectly circular shaped proton beam,
it is allowed to pass through the 6 mm aperture of a Tantalum collimator. The
stack was irradiated for sufficient time to build an acceptable amount of activity.
After cooling down these samples, the targets were taken for gamma ray counting.
The HPGe detector was used for the counting of v rays which was pre-calibrated
with multi gamma source »>Eu, and joined to 4K channel analyzer. The collected
activity of targets is in the form of v ray spectra which is presented in Fig. 5.3. The
product nuclei of our interest were identified using characteristic gamma lines with
their half-lives. Spectroscopic details were extracted from the NuDat database [51].
The threshold energies and Q values were extracted from QTOOL [52|. spectroscopic
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details are indicated in Table 5.1.
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Figure 5.2: Proton energy degradation using MCNP 6.2 code. [50].

5.3 Data Analysis

5.3.1 Analyzed reactions

Natural Cadmium has eight stable nuclides with atomic mass numbers A = 106,
108, 110, 111, 112, 113, 114, and 116 having isotopic abundance 1.25 %, 0.89 %, 12.49
%, 12.80 %, 24.13 %, 12.22 %, 28.73 %, and 7.49 % [54]. The 14Cd, and *°Cd nuclei
with their respective isotopic abundances 28.73 %, and 12.49 % have been considered
for the study. Spectroscopic detail of the selected reactions are presented in Table
5.1.
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Figure 5.3: Gamma ray spectra typically obtained from the interaction of proton-
Cadmium at (a) E, ~ 16 MeV, (b) 7.8 Mg} & (c) 16 MeV of proton energies, respec-
tively.



Table 5.1: Isotopic abundance of samples, energy level of the resultant nuclei, threshold
energy of reaction, product nucleus, spin, decay mode and half life of the product nucleus,

and v-energies with relative intensities of proffered reactions.

Reaction E(level) | Isotopic abundance (a) [53] | Threshold energy (Eq) [52] | Product nucleus | J* Decay mode | Half-life [51] | y-ray energy (E,) [51] | Branching intensity (I,)
(MeV) (%) (MeV) kéV (%)
10d(p, v) | 0.3362 28.73 0.0 Hsmy 17| IT:95.00% | 4486 (4)h 336.24 (25) 45.9 (1)
B~ 500 %
14Cd(p, n) 0.1903 28.73 2.247 Hdmyy 5T IT :96.75 % 49.51 (1) d 190.27 (3) 15.56 (15)
€:325%
H2Cd(p, 7) | 0.3917 24.13 0.0 H3mIn %_ 1T : 100.00 % | 99.476 (23)m 391.698 (3) 64.94 (17)
1100d(p, n) 0.0 12.49 4.703 11097y 7t | e=10000% | 492(8)h 937.478 (13) 68.4 (19)
657.75 (10) 98 (3)
HOCd(p, n) | 0.0621 12.49 4.703 10myy, 2t | €=10000% | 492(8)h 657.75 (5) 97.74
H1Cd(p, 2n) 0.0 12.80 4.703 11091 2+ | e =100.00 % 492 (8) h 937.478 (13) 68.4 (19)
657.75 (10) 98 (3)
H1Cd(p, 2m) | 0.0 12.80 4.703 110my 2+ | ¢=100.00% | 492(8)h 657.75 (5) 97.74
110Cd(p, 2n) 0.0 12.80 11.472 10991 4% €=100.00% | 4.159 (10) h 203.3 (1) 74.2
1100d(p, 2n) | 0.6501 12.49 12.829 109m 17 |IT=10000% | 1.34(7)m 649.8 (2) 93.51 (9)
100d(p, 2n) | 2.1018 12.49 12.829 109m1y 1% 1T ~ 100.00 % | 0.209 (6) s 673.52 (8) 97.6 (3)

The In radionuclide produced via Cd(p, ) reaction channel populates into
the ground state and metastable state with 4.41 x 10 y and 4.486 h of half-life,
respectively. The measurement of cross section was performed for "4Cd(p, v)'**™In

reaction as ''°In has sufficient half-life in its metastable state.

The *In radionuclide produced via *Cd(p, n) reaction channel populates into
ground state with 71.9 s of half-life and two metastable states, 4™In with half-
life of 49.51 d and ''*™2In with half-life 43.1 ms. The half-life of the ground state
and isomeric state is shorter so that it is not feasible to measure cross section using
the offline v ray spectrometry. Therefore, the cross sections were estimated for the

H4Cd(p, n)H4™In reaction.

For 12Cd(p, v)'3In reaction, the product nuclei '3In populates into ground state
and metastable state. As 13In is stable at its ground state whereas it’s the metastable
state has 1.6582 h of half-life. Therefore, the '2Cd(p, 7)'*"In reaction has been

chosen for this work.
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Further, the "%In and '®In radionuclides are produced via (p, n), and (p, 2n)
channels, respectively. The 1%In nuclide populates in two metastable states '09™1In
with half-life 71 /o = 1.34 m and '*™2In with half-life 71 /> = 0.209 s. Due to the shorter
half-life of both metastable states, after sufficient cooling time, these states decayed
by 100 % IT to the ground state. Therefore, the decay of the ground state delivers the
knowledge regarding production of total cross section. The *°In nucleus is formed in
its the ground state with spin J™ = 7 and populates in isomeric state with the energy
Eiever = 62.1 keV and J™ = 27 spin via M9Cd(p, n) reaction channel. The cross section
was measured for the "'°Cd(p, n)"%In reaction corresponding to 937.478 keV of v
energy. The cross section measurement of metastable state population of *°Cd(p, n)
reaction is difficult as more than two reaction channels produce the product nuclei
having the same ~ energy which is 657.75 keV, and it is difficult to separate those
reaction channels. Therefore, the theoretical model codes have been utilized for the

prediction of cross section for ''°Cd(p, n)''%"In reaction.

5.3.2 Cross section determination

The standard activation analysis method is widely utilized for the delayed radio-
chemical measurement of the nuclear reactions that produced radionuclides in the
same manner as in NAA technique. In the activation technique, the proton beam
targeted on the target nucleus excites the nuclei and emits the characteristic v-rays.
The emitted 7-lines should have a sufficiently longer half-life & ~-branching intensity.
The cross sections were calculated for the selected reactions utilizing the activation

formula [55, 56] presented below:

A (fe)eM
"~ NeLp(1 — e Mi)(1 — eAe)

OR

The symbols have their usual meanings.

Cadmium has many isotopes so numerous reaction channels may produce the
same radionuclide as a reaction product. Therefore, it is necessary to separate out

the product nucleus from the merged photopeak of v ray. We have separate out the
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following reaction product from the merged photopeak of y-ray in the present study.

e The ''5In radionuclide is produced as a reaction product from *Cd(p, 7)
and °Cd(p, 2n) reaction channels. 'Cd(p, 2n) reaction has threshold energy
of 8.099 MeV. Therefore, we have separated the activity of the photopeak for
proton energies of 14.14 + 2.03 and 10.10 + 2.14 MeV for the estimation of

cross section for 14Cd(p, )%™ In reaction.

e The "4"In product nucleus is produced from **Cd(p, n) and "3Cd(p, v) reac-
tion channels. As there is no threshold energy for **Cd(p, 7) reaction channel,
we have separated activity for all the three proton energies i.e., 14.14 £+ 2.03,
10.10 4+ 2.14 MeV, and 4.86 + 2.40 MeV.

e The "%In radionuclide produces as a reaction product from "°Cd(p, n) and
1 COd(p, 2n) reactions. The "!'Cd(p, 2n) reaction has threshold energy of 11.472
MeV, so we have separated activity of the photopeak for proton energy of 14.14

+ 2.03 MeV for the cross section estimation of *°Cd(p, n)"%In reaction.

The activity of a merged photopeak has been delineated using a technique ex-
plained in the literature [57,58|. Presently, the delineation of the '*™In the product
nucleus is explained here as an example. The same procedure was applied for '4"In

and 1%In product nuclei.

Factor = Agps from(p, y)reaction/Agps from(p, 2n)reaction
_ Nogyoe(l — e M) (1 — e~ Ne)eMu /)
 Nogande(l — e X)(1 — eMe)eMto /) (5.2)
_ 9190y

1160 (p,2n)

where a,14 and a4 represent the isotopic abundances of 1**Cd & 16Cd, respectively.
o(p, 7) and o(p, 2n) are the calculated cross sections obtained from the TALYS for
both reactions. TALYS code has been described briefly in the next section. The
activity of the single reaction product was collected using the activity ratio (factor)
and the total activity of the 336.24 keV + ray of ''*™In from '*Cd(p, 7)''*"In and
16Cd(p, 2n)M5™In reactions. After separating the activity of '*™In radionuclide, the

individual cross sections can be measured.
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5.3.3 The S factor determination

The nuclear reactions in stars will occur near the energies where the product of
velocity distribution and the cross section is at maximum. The standard approxima-
tion of the Gamow window assumes that the energy dependence of the cross section
o is mainly determined by the projectile’s penetration of the Coulomb barrier (the
Gamow factor e ™) and a part representing the weakly energy-dependent properties
of the nuclear interior (the astrophysical S factor). The non-resonant reaction rate is
given by [59,60],

< ov>= S ! 3/ S(E)e B/ e=2mg R (5.3)
T ) (kT)2 Jo

where, S(E) is the astrophysical S factor defined by,

(5.4)

which is assumed to be only weakly dependent on the energy E for non-resonant
reactions. The astrophysical S factor is a rescaled variant of nuclear reaction’s total
cross-section o(FE) which is required for many astrophysical applications specifically
for the energies below the Coulomb barrier. The S factor varies much smoothly with
the energy compared to the cross-section, thus allowing for safer extrapolations to

the experimentally inaccessible energy range [38,61].

The second exponential in Eq. 5.3 contains the Coulomb penetration approxima-

tion through the Sommerfeld parameter 7,

. 212262 M
=" / °F (5.5)

where, Z; and Z; describes the charges of projectile and target, respectively and p is

the reduced mass. In the Eq. 5.3, while the first exponential decreases with increasing
energy, this second one increases, leading to a confined peak of the integrand, the so-
called Gamow peak. The location of the peak is shifted to higher energies with respect
to the maximum of the MB distribution at E;g = kT .
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The exponent can be approximated in numerical units by

91 = 31.297, Z, E“’ (5.6)

c.m.

where,the reduced mass p in |[amu| (atomic mass units) and the center-of-mass energy

Eem. is in [keV].

Maxwell-Blotzmann
Distribution
a exp(-E/KT)

.

Gamow Peak

\

Tunneling Through
Coulomb Barrier
a exp(-b/E'?)

Relative Probability

kT E, Energy

Figure 5.4: The Coulomb penetration probability folded with the Maxwell-Boltzmann

velocity distribution forms the so-called Gamow peak.

The charged particle induced reactions are taking place in this relatively narrow
energy window around the Ej effective burning energy for a given stellar environment.

This can be obtained by the first derivative of the integrand yields [62-64].

(Y
e (1) o =

Eo = 0.12204(u2,2 252 Ty?) s
The effective width A of the energy window can be define as

A = 0.23682(1u 2,2 Z5°Ty")s (5.8)
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Here Eg and A are in units of mega-electron volts (MeV), Ty is the plasma tem-
perature in gigakelvins (GK), Equations 5.7 and 5.8 are widely used to determine a
relevant energy range Eg - (A /2) <E < Eq + (A/2) within which the nuclear cross
sections have to be known. This region represents the effective energy window for
non-resonant thermonuclear reactions in stars |60] which is shown in Fig. 5.4. This
window shifts towards higher energy and becomes broader for increasing temperature
according to Eqs. 5.7 and 5.8. These equations are important to design experiments

and valid for the sufficiently low temperature and constant astrophysical S factor.

In the present study, the proton energy of 4.90+2.40 MeV lies in the range of the
Gamow window for the temperatures related to the production of p-nuclei at Tpeqr —
5 GK. Moreover, the astrophysical S factor has been measured for 1*4Cd(p, v)!*™In,
4Cd(p, n)*™In, and "2Cd(p, v)"*"In reactions. The **Cd(p, n)'*™In reaction

has limited utility as the reaction has [Q = - 2227.5 (0.4) keV| negative Q-value .

5.4 Theoretical Calculation

Several nuclear model codes namely, ALICE, TALYS, EMPIRE, etc. are available
for the identification of reaction channels and to create nuclear data libraries. These
codes predict different nuclear properties in different energy ranges using various
nuclear models. We have used statistical nuclear codes such as ALICE-2014, TALYS
(v. 1.95), & EMPIRE (v. 3.2.3) for the simulation of nuclear data in the present
study. The aim of our theoretical study with different model codes is to acquire

optimum conditions for the calculations.

5.4.1 TALYS code

The detailed description of the several reaction models has been discussed in
Chapter 3. In the present study, optical models, v- strength functions, pre-equilibrium
models, and the level density (Id) models have been utilized for the cross section

prediction.
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The theoretical predictions were carried out using 96 different combinations of the
basic constituent of the model i.e., eight v-SFs, six NLDs, and two OMPs for "*Cd(p,
y)HmIn, 1MCd(p, n)*™In, and "2Cd(p, 7)"*"In reactions. The minimum and
maximum values for each energy were defined with area of blue borders as displayed

in Fig. 5.5, 5.6, & 5.7, after performing all model calculations noted in Chapter 3.

Figure 5.5 shows different combinations of TALYS code as follows: For the 14Cd(p,
)™ In reaction, TALYS-1 and TALYS-2 utilize the Bauge-Delaroche-Girod OMP
and the Brink-Axel (BA) Lorentzian 7-SF model, whereas TALYS-3 employs the
Koning-Delaroche (KD) OMP and Kopecky-Uhl (KU) generalized Lorentzian 7-SF
model; TALYS-2 and TALYS-3 include the Generalized Superfluid Model (GSM)
NLD, whereas TALYS-1 employs the Back shifted Fermi gas model (BFM) NLD.

Figure 5.6 shows different combinations of TALY'S code as follows: For the 114Cd(p,
n) "4y reaction, TALYS-1 and TALYS-2 utilize the Bauge-Delaroche-Girod (JLM)
OMP and TALYS -3 employs the Koning-Delaroche (KD) OMP. TALYS-1 employs
HilaireaAZs combinatorial tables (HFB) of the NLD and Kopecky-Uhl (KU) gener-
alized Lorentzian v-SF model. TALYS-2 employs GorielyaAZs tables (HFBCS) and
Hartree-Fock-Bogolyubov tables (HFB/QRPA) of the -SF model whereas TALYS-3
employs the generalized superfluid (GSM) NLD and T-dependent relativistic mean
field (RMF) ~-SF model.

Figure 5.7 shows different combinations of TALYS code for 2Cd(p, ~)!"*™In
reaction as follows: TALYS-1 employs Bauge-Delaroche-Girod OMP with Goriely’s
tables NLD and Brink-Axel Lorentzian 4-SF. TALYS-2 and TALYS-3 include Koning-
Delaroche OMP and temperature-dependent HFB, Gogny force NLD. TALYS-2 em-
ploys Goriely T-dependent HFB ~-SF while TALYS-3 employs T-dependent RMF
~-SFE.

Further, six NLD options have been utilized for the cross section estimation of

10Cd(p, n)!%In, 1°Cd(p, n)'%"In, 1°Cd(p, n)'°Tn, and "'°Cd(p, 2n)'*In reactions
from threshold to 20 MeV of proton energy. We have adopted the best suitable model

among them for all the reaction channels studied in the current work.

For "°Cd(p, n)'%In reaction, the default input parameter does not reproduce
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data of the literature data, and the present measurement. Therefore, the input pa-
rameters have been modified for the reproduction of the acceptable cross sections.
The adjustment in level density parameter was performed for the BFM model. The
NLD formula is given in §3.2.2.1 of Chapter 3.

The asymptotic value and systematic formula of damping parameter are given
below,

asymptotic value b= aA + BA3 (5.9)

damping parameter -~y = % + Y2 (5.10)
3

where, a, 3, 712 are global parameters, and A is the atomic mass of the nuclide. The
default value of a global parameter (a) is 0.0722. This value is adjusted using the
keyword “alphald” to 0.1220 which is an optimum value of the BFM effective model
for this reaction. The performed calculation with this adjusted parameter is plotted
in Fig. 5.8-(a), and labelled as “modified BFM”.

Further, the “Rspincut” keyword was used with the modified BFM to reproduce
the presently measured data and previous ones. Also, this keyword is utilized to
study the distribution of spin of the excited state of CN. This keyword is a multiplier
to the spin cut-off parameter (02). The spin cut-off parameter was multiplied by
“Rspincut” keyword with the factor of 1.8 in TALYS (default value 1), to reproduce
the suitable cross sections. The obtained data are plotted in Fig. 5.8-(a), and labelled
as “modified BFM, Rspincut = 1.8”.

5.4.2 EMPIRE code

Various nuclear models are available to study different reaction mechanisms in
EMPIRE code [45]. Hauser-Feshbach formalism [65] for compound nuclear reactions,
exciton model for pre-compound reaction mechanism, and optical model parameter
of outgoing proton particle are taken into the consideration for this study. Out of
four nuclear-level density models (three-phenomenological + One-microscopic), the
best-fitted model is utilized for the study.
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Moreover, to achieve a better fit with presently measured data and EXFOR
data for ''°Cd(p, n)"%In reaction, the data were obtained using the combination
of the HFBM level density model with Transition Fermi densities of Monte Carlo
pre-equilibrium model (FHMS) [66] and MLO3 Lorentzian ver. 3 + strength function
which is plotted in Fig. 5.8 (b).

5.4.3 ALICE code

Four different NLD options are available in the ALICE code. It is also possible
to change the LD and PLD parameter of the code to obtain a considerable match
of experimental measurements. The PLD can be calculated as, a PLD = A/9. The

default model has been utilized for the present cross section calculation.

5.5 Results & Discussion

The activation cross sections were determined for Cd(p, v)"*™In, Cd(p,
n)'4™In reaction for different proton energies of 14.26 + 2.03, 10.18 4 2.15, and
4.90 + 2.40 MeV in the laboratory frame, which has eminent importance for reactor
applications, and the lowest energy lies in the Gamow window. The activation cross
section was also estimated for "2Cd(p, 7)'?™In reaction to the astrophysical inter-
est for 4.90 £+ 2.40 MeV in the laboratory frame. Further, The cross sections were
computed for 1°Cd(p, n)*%In and "°Cd(p, 2n)'%In reactions at 14.14 4 2.03 MeV
of proton energy via activation method for reactor applications. The error in proton
energy represents the thickness of the Cadmium target. The quadratic sum of the
mentioned partial errors was considered for the estimation of uncertainty in the cross
section values: counting (< 2-3 %), efficiency of the HPGe detector (< 3 %), mass
(< 0.001 %), and decay parameters (< 0.5 %). Further, a theoretical study has been
also accomplished for metastable and total cross sections for 1*°Cd(p, n)'°In reaction
using various NLDs of TALYS and EMPIRE codes, and with the default model of
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Figure 5.5: Upper panel: Comparison of the cross sections for the 14Cd(p, 7)!**"In re-
action with three different HF calculations using the TALYS-1, TALYS-2, and TALYS-3

combinations (see §5.4.1 for details) and with the data retrieved from the literature [43].

Lower panel: The corresponding astrophysical S factors.
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ALICE, as it is unfeasible to measure cross sections experimentally due to shorter

half-life or merging of multiple gamma rays in a photopeak.

5.5.1 MCd(p, 7)""In reaction

The activation cross sections are simulated with the theoretical calculation of
TALYS obtained with the different combinations, and the available experimental
data of EXFOR [43] is presented in the upper panel of Fig. 5.5. The corresponding
astrophysical S factor measured in the centre-of-mass frame is presented in the lower

panel of Fig. 5.5.

The blue shaded region in the graph shows the uncertainty range of the predicted
cross sections. The upper and lower borders of the shaded region associate to the

highest and lowest cross section values of TALYS-1.95, respectively.

The upper border of the shaded region is the combination of JLM OMP with BSM
NLD and BA ~-SF named TALYS-1. The lower border of the shaded region is the
combination of KD OMP with GSM NLD and KU ~-SF named TALYS-3. The data
points of 14.26 4+ 2.03 and 10.18 £ 2.15 MeV lie close to the results of TALYS-2 and
TALYS-3. The cross-section value of 4.90 4+ 2.40 MeV is well matched with the results
of TALYS-2, which is the combination of JLM OMP, GSM NLD and BA ~-SF. The
presently measured data are well inside the region and has same trend of previously
available data from the EXFOR data library and the predicted data of nuclear model
code TALYS. The data point measured at 14.26 + 2.03 MeV for the first time and
that can help us to understand the trend. Overall the experimental data follow the

trend of TALYS data and are analogous to the literature data.

5.5.2 MCd(p, n)"""In reaction

The activation cross section is compared with the theoretical calculation of TALY'S
obtained with the different combinations, and with the available experimental data

of EXFOR [43] is presented in the upper panel of Fig. 5.6. The corresponding
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astrophysical S factor measured in the centre-of-mass frame is presented in the lower

panel of Fig. 5.6.

Similar to the 1*Cd(p, 7)'*™In reaction, the shaded region in the graph shows the
uncertainty range of the predicted cross sections. The upper and lower borders of the
shaded region related to the highest and lowest cross-section values of TALYS-1.95,

respectively.

The upper border of the blue-shaded region is the combination of JLM OMP with
HFB NLD and KU 7-SF named TALYS-1. The lower border of the shaded region is
the combination of KD OMP with GSM NLD and T-dependent RMF ~-SF named
TALYS-3. The present measurements are in the range of predicted data of TALYS.
The data points of 14.26 4+ 2.03 and 4.90 £ 2.40 MeV are slightly suppressed compared
to the existing data points and combinations of TALYS. The cross section value of
10.18 4+ 2.15 MeV is analogous to all combinations of TALY'S and the literature data.
The cross section value of 4.90 + 2.40 MeV is well matched with the results of TALY'S-
3. Overall the experimental data follow the trend of TALYS and well matched with

the literature data.

5.5.3 12Cd(p, 7)""In reaction

The measured cross section is compared with the theoretical calculation of TALYS
obtained with the different combinations, and with the available experimental data
of EXFOR [43] is presented in the upper panel of Fig. 5.7. The astrophysical S factor
was determined using reaction cross sections and is shown in the lower panel of Fig.
5.7.

Similar to the *Cd(p, ~)'*%™In, and “Cd(p, n)''*"In reactions, the shaded
region in the graph shows the uncertainty range of the predicted cross sections. The
upper and lower borders of the shaded region related to the highest and lowest cross-

section values of TALYS-1.95, respectively.
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Figure 5.6: Upper panel: Comparison of the cross sections for the 4Cd(p, n)!**”In re-
action with three different HF calculations using the TALYS-1, TALYS-2, and TALYS -3
combinations (see §5.4.1 for details) and with the data retrieved from the literature [43].

Lower panel: The corresponding astrophysical S factors.
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Figure 5.7 shows the measured cross section data point and also the astrophysical S
factor plotted in the lower panel lie in the shaded region of TALYS-1.95 and is in good
resemblance with the data of TALYS-1 and the available evaluated library TENDL-
2019. The highest and lowest cross section values of TALYS are taken into account,
to achieve a good description of experimental data. The measured cross-section and
S factor values corresponding to 4.86 MeV of proton energy are mentioned in Table
5.2.

Table 5.2: Cross sections and astrophysical S factors for the "Cd(p, 7)''"™In,
40d(p, n)™In, and "?Cd(p, 7)'"**™In reactions.

114(‘1(1(13j ”,')“‘r’mln 114Cd(pj 11)114771111 112(‘1(1(})j ,‘,,)113711,111

E, Ecm. Ew Cross section S factor Cross section S factor Cross section S factor
(MeV)  (MeV) (MeV) (mb) (105 MeV barn) (mb) (10° MeV barn) (mb) (10° MeV barn)
16.00 14.14 14.26 £+ 2.03 0.389 + 0.087 0.0017 47.60 £ 7.53 0.2037
12.27  10.10 10.18 +=2.15 0.351 + 0.044 0.0108 258.72 + 63.31 7.9908
7.83 486 4.90 £240 0.227 £+ 0.054 2.4542 2.67 £+ 0.23 28.8429 0.691 + 0.0625 7.497

5.5.4 1Cd(p, n)!''"%In, 9Cd(p, n)'"In, & ' Cd(p, n)'’In

reactions

Figure 5.8 (a) contains measured cross section value for ''°Cd(p, n)''%In reaction
compared with the data obtained from threshold energy (E; = 4.703 MeV) to 20
MeV of proton energy using phenomenological NLD models of TALYS, EMPIRE and
ALICE codes, and with the data retrieved data from K. Otozai et al. 1966 [39]. The
estimated cross section value agrees well with the ESLD model of EMPIRE. The BFM
model of TALY'S predicts underestimated data than the other data sets. To overcome
the discrepancy of the predicted data of TALYS, the calculations were modified by
adjusting the relevant parameter set as mentioned in subsection §5.4.1. The obtained
data after modification in parameters of TALYS (i.e, modified BFM, Rspincut—1.8)
shows a better match with present measurement, predictions of the ESLD model of
EMPIRE, and also with the K. Otozai et al. 1966 data. The predictions of ALICE
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are well matched with the data of K. Otozai et al. 1966 at low energy range but over-
predicted than the other datasets. After 16 MeV of proton energy, a slight variation
is observed between model predictions. Due to the discrepancies in the predicted
data of models at higher energies, it is essential to measure experimental data for

validation of the codes that confirm the appropriateness of the model.

Figure 5.8 (b) shows a resemblance of presently measured experimental data with
microscopic approaches of TALYS and EMPIRE predictions. Our measurement is
slightly higher than the HFBM of EMPIRE-3.2.3. We have obtained theoretical
data using the combination of Transition Fermi densities of the Monte Carlo pre-
equilibrium model (FHMS) with HFBM level densities and MLO3-modified Lorentzian
ver. 3 of v-SF which is well matched with our data. The EXFOR data is also close to
the data obtained with this combination. The predictions of TALYS are lower than
the present measurement, EXFOR databases, and EMPIRE predictions.

Further, the comparison of default level density models of TALYS, EMPIRE, and
ALICE along with the microscopic approaches such as TDHFB calculations using the
Gogny force of TALYS, and HFBM model of EMPIRE with the previously reported
data for 1°Cd(p, n)''%"In reaction is presented in Figure 5.8-(c) and for "°Cd(p,
n)"%n reaction in Figure 5.8-(d). Tt is observed from Figure 5.8-(c) that all the LD
options are compatible with one another from the threshold to 14 MeV energy range
except for ALICE data. For the higher energy, the data shows a slight discrepancy
in the prediction. The previously reported data of J. -P. Blaser et al. (1951) [30]
covers threshold energy to 6.5 MeV of energy range and is consistent with all models’
predictions. Moreover, the data of K. Otozai et al. (1966) are also consistent with all
the models except ALICE-2014. Figure 5.8-(d) depicts that all the phenomenological
and microscopic approaches of TALYS and EMPIRE predictions follow the same
trend for the whole range. The data are consistent for lower energy ranges but the
discrepancy has been observed for higher energy ranges. The reported data of S. N.
Abramovich et al. (1975) [40] and E. A. Skakun et al. (1975) [28] are lower than the
theoretical predictions and hence measurement of cross section of reactions is essential

to validate codes. Also, data measurement is required to enhance the data library.

The cross section ratio adversely depends on the incident energy, spins of the
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Figure 5.8: Presently measured cross section comparison of (a) "°Cd(p, n)'%In re-

action with phenomenological models, (b) 1°Cd(p, n)!!%In reaction with microscopic
models of TALYS [1], EMPIRE [17] and ALICE |38]. The theoretical predictions of (¢)
10Cd(p, n)1In, and (d) "'°Cd(p, n)"%In reactions using different NLDs of TALYS,
EMPIRE, and default NLD option of ALICE, and with the EXFOR database [43].

ground state, and metastable state. The ratio has been calculated using theoretical

model codes for 1'°Cd(p, n) reaction from threshold (E4;,) to 20 MéV of proton energies
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and presented in Fig. 5.9 along with the ratio retrieved from EXFOR, the existing
data set of E. A. Skakun et al. (1975) [28]. The ratio calculated using Hilaire’s tables,
the modified parameters of TALYS, and the GCM of EMPIRE has been plotted in
Fig. 5.9. All models are well matched with the EXFOR data till 14 MeV, then the

experimental data have a higher value than the predicted data.
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Figure 5.9: The cross section ratio of the "°Cd(p, n)'*%In (o,) to *°Cd(p, n)'**"In
(0,,) reaction for the previously measured experimental data with the theortical pre-
dictions based on the TALYS, and EMPIRE code.

In general, for the nuclei having higher spin than the metastable state, the ratio
increases concerning incident energy then decreases up to some energy and remains
constant for the raise in incident energy. The increasing tendency of the ratio up to a
certain energy range is because of the phenomenon of compound nucleus (CN) reac-
tions. As energy increases, the pre-compound process begins, and the ratio decreases
which is due to the evaporation of the low energy nucleons occurring from the excited

nucleus in the CN process. Further, the pre-compound or non-compound reaction
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process initiates at higher energies in which the nucleon or nucleon clusters are emit-
ting that remove more spin than the emission of the particle during the compound
nucleus process. The large angular momentum is taken away by emitted high-energy
particles during the process. Therefore, the spin distribution of the product nuclei is

commonly less than the initial spin distribution |67, 68].

The ground state spin (71) is higher than the metastable state (27) of the *°In
nuclei, that increases the probability of the ground state population with increasing
energy. Figure 5.9 also illustrates that the cross section ratio increases concerning
the proton energy. This is the same behaviour observed in the compound nuclear
reaction mechanism, the higher angular momentum transferred to the CN favours

the formation of high-spin nuclei.

5.5.5 10Cd(p, 2n)'"In reaction

The cross section value evaluated with the activation method is presented in Fig.
5.10 - (a) & (b) along with theoretical predictions using different models of TALYS,
EMPIRE, and default level density model of ALICE-2014 as well with the EXFOR
data, MENDL-2, and TENDL-2019 evaluated data libraries.

Figure 5.10 - (a) shows the analogy of estimated data with the phenomenological
model of TALYS, EMPIRE, and ALICE.

It is noticeable from the figure that experimentally measured cross section value
is in the range of theoretical predictions. The earlier reported data of K. otozai et
al. (1966) [39] also match the theoretical predictions while the data of E. A. Skakun
et al. (1975) [28] is lower than all the level density models but nearer to the ESLD
model of EMPIRE-3.2.3. As the energy increases, the discrepancy found in the data
is predicted by various phenomenological models. The TENDIL-2019 data and cross
sections obtained using the GSM model of TALYS complement each other.

Figure 5.10 - (b) shows an analogy of presently evaluated data with the microscopic

models of TALYS and EMPIRE codes. Our data falls in the range of theoretical
predictions. The data obtained from Goriely’s tables of TALYS-1.95 is nearer
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Figure 5.10: Presently measured cross section comparison of (a) ''°Cd(p, 2n)'%In

reaction with phenomenological models, (b) "°Cd(p, 2n)'%In reaction with micro-
scopic models of TALYS, EMPIRE, ALICE and with EXFOR data. The MENDL-2
and TENDL-2019 data libraries are also included.
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to the previously reported data of K. otozai et al. (1966) |39] & E. A. Skakun et
al. (1975) |28] retrieved from EXFOR. The data of the TENDL-2019 library and the
HFBM model of EMPIRE complement each other. The data of the MENDL-2 library
is over-predicted than the data predicted using all phenomenological and microscopic
approaches of presently utilized codes. At the higher energies, a discrepancy in the-
oretical data prediction is found. Therefore, to validate the theoretical model codes,
experimental measurements are required. Moreover, the previously reported data are

very old and scarce so new measurements using the latest facilities are required.

Table 5.3: Experimentally measured cross sections for "°Cd(p, n) & "°Cd(p, 2n)

reactions.

Reactions Energy (E,) Cross section (o)
(MeV) (mb)
H0Cd(p, n)'1%9In  14.14 + 2.03 139 + 10
10Cd(p, n)'®Tn 14.14 + 2.03 242 £ 15

5.6 Summary and Conclusion

Multidisciplinary work has been accomplished in the nuclear reactors and astro-
physics. This work was performed to enhance the nuclear data library of proton
induced nuclear reactions as well as a contribution to the p process reaction network.
The irradiation experiment on Cadmium was carried out utilizing the stacked foil

activation analysis method and offline v ray spectrometry.

The cross sections were determined for "*Cd(p, v)*'*™In, *Cd(p, n)'**™In reac-
tions for three different proton energies, 14.26 + 2.03, 10.18 4+ 2.15, and 4.90 + 2.40
MeV, while the cross section of "2Cd(p, 7)''*™In reaction was evaluated at 4.90=
2.40 MeV of energy in the laboratory frame. The cross sections were simulated with
the previously reported literature data and the data obtained from the combination
of nuclear models of the TALYS code. The astrophysical S factor was also determined

for all three reactions in the centre of mass frame.
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The cross sections were evaluated for 1'°Cd(p, n)''%In and "'°Cd(p, 2n)'®In re-
actions at 14.14 + 2.03 MeV of proton energy, and compared with the EXFOR data,

the theoretical prediction obtained using phenomenological and microscopic approach
of TALYS, and EMPIRE code, and with the default level density of ALICE code.

The phenomenological BFM model of TALYS was modified with the level density
and spin-cut-off parameter which shows good resemblance with presently measured
data, EMPIRE data, and with previously reported data of EXFOR for "°Cd(p,
n)'%In reaction. Further, to achieve resemblance in the microscopic approach, the
combination of HFBM + FHMS + MLO3 modified Lorentzian ver. 3 of 7-SF of
EMPIRE was adopted which shows fairly good agreement with presently measured
data and EXFOR data. However, Predictions of TALYS are underestimated for the
reaction. The isomeric state population of 1'°Cd(p, n)'%In reaction and total cross
sections were studied using TALYS, EMPIRE, and ALICE codes, and comparison
with previously reported data shows good agreement. Further, the data produced
using a default model of ALICE-2014 code are under/over-predicted for the reaction.
The cross section ratio (¢,/0,,) has been also studied theoretically for the ''°Cd(p, n)
reaction that shows the CN mechanism. The experimentally measured cross section of
10Cd(p, 2n)'%In reaction also shows good resemblance with theoretical predictions of
TALYS, EMPIRE, and ALICE. However, the data libraries MENLDI.-2 and TENDIL-
2019 are over-predicted.

Overall, the present study observes that less experimental data are available for
the chosen reactions. Therefore, experimental measurements are required for theoret-
ical code validation and the advancement and improvement of nuclear reactors and
medical accelerators, the accurate measurement of reaction data is very important.
Also, it is important to study theoretical and experimental aspects to achieve a deep

understanding of the driving mechanism behind the astrophysical p process.
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