Chapter 6

Proton Induced Reaction
Cross-sections

Present chapter is based on the experimental measurements of the proton
induced reaction cross-sections of the " Nb!, " Ag?, and "*Ti® isotopes.
The experiment was performed at BARC-TIFR Pelletron accelerator at Mum-
bai. Stack-foil activation technique followed by the off-line spectroscopic
measurement of y-rays were used for the estimation of the production
cross-sections of different radionuclide. TALYS-1.9 and ALICE-2014 codes
were used for the theoretical reproductions of the data. The pre-equilibrium
(PE) calculations were performed within the framework of TALYS-1.9 code.
The details about both the TALYS-1.9 and ALICE-2014 codes are provided
in sections 4.1 and 4.3, respectively.
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6.1 Introduction

The proton-induced reactions are of prime interest for the cross-section
data measurements, which are useful for the advanced fusion/fission re-
actor technology, advancement of the medical /experimental accelerators,
dose estimation in nuclear medicine, radiation damage studies for high
energy secondary particles generated through different reaction channels
during the operation of fast reactors, etc. [1,2]. In order to completely uti-
lize the ADSs [3-9] and the ITER [10] for the green energy production in
near future, light-ion induced reaction cross-section data are required with
minimal uncertainties [9]. Different refractory metals are used in various
reactor grade alloys [11,12] to design the structural components of a fusion
reactor. These structural components get irradiated with secondary v, n,
and p’s during the operation of a reactor. The interaction of these high en-
ergy particles may result in long-lived radioisotopes, hydrogen production
or radiation damage in the surrounding materials. Based on the discussion
provided in the section 1.1, we have selected three natural occurring iso-
topes, niobium (Nb), silver (Ag) and titanium (Ti), for the proton-induced
reaction cross-sectional studies.

The isotopes of Nb, Ag and Ti have different applications in aircraft,
modern space, nuclear medicine, and, advanced nuclear reactor technolo-
gies [3-10], as they have high strength-to-weight ratio, good fatigue and
creep rupture properties, small modulus of elasticity, high electrical resis-
tivity, heat capacity, low coefficient of thermal expansion and high melting
point etc [1]. Among the various applications, Nb is used in superconduct-
ing coils with tin (Sn). The toroidal coils thus made by Nb3Sn are used in the
modern experimental fusion reactors to hold and confine the shape of the
plasma inside the ITER core [10]. Due to its usability in ITER and essential
properties as a refractory metal, it becomes a valuable material for the ADSs,
ITER and future advancement of present reactors. On the other hand, the
Ti alloys are important as they possess low long-term (< 10 years after
shutdown) residual radioactivity, which is important in order to decrease
the nuclear waste production. Ti based alloys have also been proposed
and were found suitable for the application in fast reactor first wall and
blanket structures [13]. Furthermore, the isotopes of silver are widely used
in the industrial production of important medical radioisotopes %3 Pd and
101RK [14,15], which are commonly used for the treatment of prostate cancer
and other types of tumors. The 11 Rz isotope is also used as chemotherapeu-
tic agent. Some of the medical isotopes like; 43Gc,¥5c, 7S¢, are produced
through the proton induced reactions on Ti. The #Sc isotope is widely used
for nuclear imaging using B+ — < coincidences [16]. In addition to this, it
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is also used for pre-therapeutic imaging with the 4’ Sc isotope. The 4’Sc
radionuclide is also found suitable for the radio-immunotherapy [17] due
to its appropriate B~ emission. The radioisotope %Sc has different applica-
tions, such as it can be used in myocardial blood flow measurements [18],
as a radio-tracer to analyze Lungs [19] and a cosmogenic radionuclide for
an investigation of the history of evolution of chondrites [20].

Besides the important applications of different isotopes discussed above,
the proton-induced reactions with the above mentioned metals are also im-
portant for the measurements of thin layer activation, thick target yields and
to provide accurate data with optimum uncertainties, so that it can be used
for the charged particle beam monitoring [21-24]. The study of different
reaction channels which lead to the production of different radioisotopes is
also important to find the contribution of the pre-equilibrium (PE) process
over the compound nucleus and direct reactions [25-27]. Taking this as the
motivation, the reaction cross-sections of proton induced reactions with
natNp, "1t Ag, and " Ti isotopes were determined. Also, the PE (%) contribu-
tion was calculated and compared within the Q-value systematics [25,26].

6.2 Experimental Details

The measurement of excitation function of proton-induced reactions were
carried out at 14UD Bhabha Atomic Research Center - Tata Institute of Fun-
damental Research (BARC-TIFR) Pelletron facility in Mumbai, India. Stack
foil activation technique [28,29] followed by the off-line y-ray spectroscopy
was used for the irradiated samples. A detailed description about the pel-
letron, stack foil activation, and the off-line y-ray spectroscopy has been
given in sections 2.1.1, 2.3.2, and 2.4, respectively. The target specifications
are provided in the section 2.2. A 22 MeV proton beam of ~180 nA current
was used for the irradiations of all the samples. The proton beam energy
was degraded along the stack of five sample foils with the help of Al foils
of appropriate thicknesses. A schematic diagram of the target irradiation
stack is shown in Figure 6.1. The effective proton energy after each set of
degraders was calculated at the center of sample foils using the SRIM [30]
software. The stack of each sample-degrader set was then irradiated in a
6 meter port of the main beam-line of the pelletron. A view of the 6 meter
port is shown in Figure 2.3. A thick tantalum (Ta) collimator was used to
get a proper circular shaped beam of diameter 6 mm. The beam current was
constantly monitored using a Faraday cup connected to a charge integrator.

The irradiated samples were allowed to cool for a few hours to reduce
the radioactive dose before recording the y-ray spectrum. Each sample
was then counted by using a pre-calibrated 80 cc co-axial single crystal
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Figure 6.1: A schematic diagram of the stack foil arrangement of the target assem-
bly

HPGe detector # coupled to a PC based multi channel analyzer. Different
y-ray acquisition softwares like; Maestro [31] Genie [32], FitzPeaks [33]
were used to measure the activity of different y-rays of particular interests.
The irradiated samples were placed at a distance of 5 cm from the detector
end cap to avoid the summing effect and to reduce the dead time. The
efficiency curve for the HPGe detector at 5 cm distance is shown in Figure
2.7. The HPGe detector was calibrated with a standard ®2Eu source [34].
The resolution of the detector system during counting was measured as
1.82 keV at 1332 keV gamma-line of ®°Co. The counting of the samples
was repeated over a long period of time extended up to days, according to
the decay half-life of the reaction products. Figure 6.2 shows the recorded
y-ray spectra for [a] p +"" Nb,. [b] p +"* Ag, and [c] p +"* Ti reactions at
Erap = 19 MeV.

The characteristic y-lines shown in Figure 6.2 with their respective half-
lives were used to identify the residual nuclei of interest. The spectroscopic
data used in the present calculations were taken from NuDat [34] database,
whereas the Q-values and the threshold energies were taken from Qtool [35],
and are summarized in Table 6.1 for all the reaction residues.

6.3 Data Analysis forthe "Nb, " Ag,and "' Ti(p, x)
reactions

The excitation function for the proton-induced reactions on " Nb, " Ag,
and " Ti have been measured at five incident energies within the 10-22

4Details about the HPGe detector are given in section 2.4.1
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Figure 6.2: Typical y—ray energy spectrum obtained from the interaction of (from
top) [A] p +"* Nb at E,, ~ 19 MeV, [B] p +"" Ag at E;,, ~ 19 MeV, and [C]
p+"" Tiat E; 5 ~ 19 MeV
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Table 6.1: List of the identified residues in the proton induced "*Nb, "* Ag and
"4t Tj reactions with their spectroscopic data [34,35].

Nuclide Ty /o Deacy Mode E, Ly Reaction Ery,
(keV) (%) (MeV)
93m Mo 6.85 h IT (99.88 %)  263.05 57.40+0.11 Nb(p,n) 1.20
€(0.12%) 684.69  99.9 +0.8
147714 99.10 £+ 0.11
BSMo  40x10%y €(100%) - - - -
92mNb 10.15d €(100%) 934.44 99.15 BNb(p,pn)  9.06
922Nb 347 x 107y €(100%) 9345  74.0+0.11
BT (< 0.05%)
89m 7y 416 m IT(93.77%)  587.83 89.62 BNb(p,an)  5.60
898 7r 78.41h €(100%) 909.15 99.14
107¢g 6.50 h (100%) 93.12 48403 W Ag(p,n) 221
19A¢(p,3n) 18.82
1068 Ag 23.96 m £(99.5%) - - - -
/3_ (< 1(70) - - - -
106m A ¢ 8.28d £(100%) 45098 282407  WAg(p,d) 737
616.17  21.6+06 7Ag(p,pn) 9.62
71724  289+0.8
74844  20.6+0.6
8y 15.97 d £(100%) 983.52 99.98 Ti(p,v) —
1312.1 97.5 BTi(p,n) 4.8
YTi(p,2n)  13.20
475¢ 3.349d B~ (100%) 159.38 68.3 BTi(p,2p)  11.68
YTi(p? He) 12.11
NTi(p,a) 2.28
465¢ 83.79 d B~(100%)  889.28 99.98 YTi(p,2p)  10.69
1120.55 99.99 BTi(p® He) 14.67
OTi(p,a) 1.98
NTi(p,na)  13.13
4g5c 3.93h £(100%) — — YTi(p, ) 2.30
dmge 58.61 h IT(98.8%) 271.1 86.7 BTi(p,na) 1417
£(1.2%)

m — minute, h — hour,d — day, y — year

MeV range. At such high incident proton energies, several reaction channels
populate and result in different residues. In the present work, we have iden-
tified three residues in the " Nb(p, x) reactions, two residues in " Ag(p, x)
reactions and four residues in "™ Ti(p, x) reactions in the energy region from
10 to 22 MeV. The characteristic y-lines of each populated residue were used

to calculate the reaction cross-sections using the following expression,

5

5A detailed derivation for the reaction cross-section has been given in section 3.1
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where oy, is the reaction cross-section, C,s is the photo peak count of
the ~-line of interest, Tr and T are the clock time and the live time for the
counting of the spectrum, A is the decay constant, I, is the branching ratio
for the each <y-ray taken from Ref. [34], N, is the total number of the target
nuclei in the sample, € is the detector efficiency, ¢ is the proton flux and
K =[1—exp(—pud)]/(ud) is the correction factor for the self absorption of
the 7y-rays in the sample thickness ‘d” with absorption coefficient u [36].

All the residues were identified using the spectroscopic properties of
their characteristic y-lines and by following their half-lives [34] from dif-
ferent counting statistic data. Three residues, Bmpafy, 2MNp and 887y,
populated through (p, n), (p, pn) and (p, an) reaction channels, respectively,
in the interaction of proton with " Nb target for the incident energies of
11.56 £0.23,14.13 £ 0.20, 16.98 + 0.17, 19.53 £ 0.16, and 21.85 + 0.14 MeV.
The radionuclide **Mo has a ground state (t;,, — 4.0 X 103 years) and a
metastable state (t;,, — 6.85 hours). The y-lines of 263.05 keV (57.4%),
684.69 keV (99.8%) and 1477.14 keV (99.1%) were used to evaluate the cross-
sections for the #*" Mo residue. Similarly, the 2" Nb isotope has a short
half-life of 10.15 hours, compared to its ground state (T}, = 3.47 years).
This prevents the intermixing of events coming from the common y-lines
of both the ground as well as the metastable states. Therefore, a y-ray
spectrum recorded after a short cooling time was used to estimate the cross-
sections by identifying 934.44 keV (99.15%) y-line. The radionuclide ¥ Zr
also possesses both ground and metastable states with half-lives of 78.41
hours and 4.18 min respectively. Therefore, in this case, we have identified
only the ground state of % Zr by using the 909.15 keV (100%) *y-line.

The mid-point energy for the Ag foils were found to be 11.13 £ 0.28,
13.90 £ 0.23,16.77 £ 0.20, 19.48 4= 0.18, and 21.82 £ 0.17 MeV, respectively.
In the present study, we have identified two reaction residues, 07Cd and
106m Ao The residue 'Y Cd may populate by 17 Ag(p, n) and /or 1 Ag(p, 3n)
reaction channels which have thresholds of 2.21 and 18.82 MeV, respec-
tively. On the other hand, the residue 9" Ag, may populate through the
197 Ag(p,d) and %7 Ag(p, pn) reaction channels having the threshold of 7.37
and 9.62 MeV, respectively. These residues were identified by following the
half-lives of their characteristic y-lines [34]. A -line of 93.12 £ 0.02 keV
(4.8 & 0.3%) was used to identify radionuclide '7Cd (t, /2 — 6.50 £0.02
hours) and to evaluate the cross-sections for the " Ag¢(p, x)1%” Cd reactions.
However, 1% Ag¢ has both ground as well as the meta-stable state. The
ground state of 1%Ag (t;,, — 23.96 + 0.04 minutes) has a short half-life
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as compared to its metastable state (8.28 & 0.02 days). Four y — lines
of 450.98 + 0.02 (28.2 £ 0.7%), 616.17 £ 0.03 (21.6 = 0.6%), 717.24 £ 0.09
(28.9 + 0.8%) and 748.44 £+ 0.11 (20.6 & 0.6%) keV, respectively, were used
for the measurement of the cross-sections for the " Ag(p, x)1%" A¢ reac-
tions. The final cross-sections for the " Ag(p, x)'%" Ag reactions were
opted by taking the weighted average of the cross-sections from each of the
four y-lines.

The energy of the incident proton beam (E,) at the center of "*Ti foils
were found to be 12.94 £+ 0.07, 15.05 £ 0.07,17.56 £ 0.06, 19.84 £ 0.05, and
21.95 £ 0.05 MeV, respectively. In the present case, four reaction products;
4By 47Gc 480 and #™Sc, were found to be produced in the p +"* Ti
reaction. The residue ¥V (f /2 = 15.97 days) [34] can be produced through
three different channels ¥ Ti(p, ), *®Ti(p,n), and *Ti(p,2n) depending
on the respective reaction threshold values. The counting statistics of two
prominent y-lines, 983.52 (99.98%) and 1312.1 keV (97.5%) [34] were used
separately for the measurement of the production cross-section of the ¥V
isotope. The final cross-section of the " Ti(p, x)*V reaction was measured
by taking the weighted average of the results of two y-lines. Similarly,
the production cross-sections were measured for the ¥/ Sc and #¢Sc reaction
residues. The contributing reaction channels from different isotopes of Ti
into the ¥ Sc and #0Sc residues are listed in Table 6.1.

6.3.1 Uncertainties in the Measurement

The errors in the measured production cross-sections may arise mainly due
to following reasons;

* Since we have used the Faraday cup for the measurement of the proton
flux, therefore, the small fluctuations in the beam current may result in
the variation of incident flux. Proper care has been taken to minimize
the beam current fluctuations and the beam profile was monitored on
small intervals to minimize the statistical fluctuations as well.

* Non-uniform thickness of samples may lead to the uncertainty in the
determination of the number of target nuclei. To reduce this error, all
the samples were cut off from a large foil. It is estimated that the error
in the thickness of the samples as < 1%.

* Uncertainty in the determination of geometry dependent efficiency of
r-spectrometer. The error in the efficiency determination due to the
statistical fluctuations in the counting statistics has been estimated to
be < 1% for the present measurements.
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* The loss of the product nuclei recoiling out of the sample may intro-
duce large errors in the measured cross-sections. In order to prevent
it, all the samples were wrapped in thin aluminum catcher foil and
were counted along with the wrapper.

* The dead time of the spectrometer may also introduce errors in the
measured cross-sections. The dead time of the spectrometer in the
present measurements has been kept < 5% by suitably adjusting
sample-detector distance.

The production cross-section using the equation 6.1 were measured for
each residue populated in the proton induced reactions of " Nb, " Ag,
and " Ti. The measured cross-sections are listed in Tables 6.2, 6.3, and 6.4,
respectively.

Table 6.2: The experimentally measured cross-sections for the identified residues
in the p +"" Nb interaction.

Proton Energy (Ep) Cross-Section (mb)
(MeV) 93m Mo 2mNb 887y

11.59 £0.46 2231 +1.16 0.113 £0.006 -

14.13 £0.40 2289 +1.12 556=£0.25 0.023 £ 0.002
16.98 4= 0.35 10.544+0.75 41364293 2.8340.18
19.53 = 0.32 5581032 75254337 13.24+0.59
21.85+0.29 409027 91.17£574 2454=+1.59

Table 6.3: The experimentally measured cross-sections for the identified reaction
residues in the p +"" Ag interaction.

Proton energy (Ej) Cross-Section (mb)
(MeV) 107Cd 106m Ag

11.13 +0.28 222.52 +20.44 -

13.90 £0.23 175.59 £16.85 0.218 +0.215
16.77 £0.20 47.76 £4.63 11.21 £0.93

19.48 £0.18 2845+225 30.57 =0.2.65
21.82 +£0.17 104.18 =9.89  52.14+4.74
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Table 6.4: The experimentally measured reaction cross-sections for the identified
residues in the p +"* Ti interaction.

Proton Energy (Ep) Cross-Section (mb)
(MeV) 8y 475¢ 465¢ ddmg e
12.94 £0.07 45792 +4244 1.06+0.07 1.58+0.12 0.837 £ 0.069
15.05 £ 0.07 328.54+£2831 1.18+0.08 2.09+0.16 1.03£0.08
17.56 4 0.06 158.34 +£14.23 298 +0.18 3.43+022 142+0.11
19.84 4 0.05 93.46 +8.9 6.96+052 422+034 1.35+0.09
21.9540.05 67.76 £58  10.79+0.83 5494045 3.54+0.23

6.3.2 Theoretical Calculation within the Framework of
TALYS-1.9 and ALICE-2014 codes

In the present work, the experimental data were measured with the theo-
retical results from TALYS-1.9 [37] and ALICE-2014 [38,39] codes®. In the
code TALYS-1.9 [37], all the six level density models (Idmodel 1-6)7 [40-45]
have been tested for the comparison of the measured data. Similarly, the
level density models present in ALICE-20148 [38,39] were used to find a
better agreement of theoretical results with the measured data. The pure
compound nucleus contribution was calculated by using different pre-
equilibrium models (preeqmodel 1-4)° [46-48] present in TALYS-1.9 as well
as by switching off the pre-equilibrium calculations in the input description.
The PE contribution (%) [49] can be defined as,

(ERtot — ERcn)

PE(%) = TR x 100 (6.2)

where, ER;,; is the total production cross-section and ERcy is the pure CN
cross-section of an evaporation residue. The pure CN and PE+CN results
for different residues are plotted in respective figures. A PE contribution (%)
is also calculated to check the effects of PE process with the incident particle
energies. In addition to the above, pre-equilibrium fraction has also been
compared among the (n, p) channels of " Nb, " Ag, and "*Ti reactions.

®A detailed discussion about the codes are given in section 4.

"The details of each of the model code is provided in the section 4.1.

8 All the ingredients of ALICE-2014 code has been discussed in section 4.3.
9See section 4.1.2
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6.4 Excitation Functions

The excitation functions of the proton-induced reactions with nat Np, nat A S,
and " Tj targets were measured by using the equation 6.1. The measured
cross-sections are given in Tables 6.2, 6.3, and 6.4. The measured cross-
sections were compared with TALYS-1.9 [37] and ALICE-2014 [38,39] the-
oretical codes. The comparison between the measured data and the the-
oretical reproductions are plotted in Figures 6.3-6.15. The present results
show fair agreement with the literature and theoretical data. A detailed
discussion is provided in the following subsections, 6.4.1, 6.4.2, and, 6.4.3,
for the radioisotopes populated in each interaction, separately. The effect
of PE process and its contribution to the formation of the residues is also
discussed in section 6.5.

6.4.1 The " Nb(p, x) reaction cross-sections

The measured reaction cross-sections compared with the theoretical re-
productions using different level density models (Idmodel 1-6 [40—45]) in
TALYS-1.9 [37] along with the literature data [50-55] are plotted in Figures
6.3-6.5. The excitation function of the " Nb(p, n)**" Mo reaction is shown
in Figure 6.3. It can be seen from the figure, that the measured data are in
agreement with the literature data [50-55]. Minor discrepancies can also
be found among the data from Ditroi et al. [50], Rodriguez et al. [51], and
Levkovski [53] for the incident proton energies below 14 MeV. Since the
measurements are strongly dependent on the proton flux, therefore, discrep-
ancies of such order can arise due to the use of different monitor reactions.
It can also be seen from the figure that the Idmodel 1 [40], which stands for
the Fermi gas model [40]19, has been found successful to reproduce the ex-
perimental data up to 15 MeV. As the incident energy increases beyond this
point, the TALYS-1.9 starts to over-predict the data. The over-prediction of
data may be due to involvement of the pre-equilibrium and direct reactions
at energies above 15 MeV.

The excitation function of " Nb(p, pn) reaction is shown in Figure 6.4.
It can be observed from the figure that the measured data are in agreement
with the literature data. A constant enhancement in the reported cross-
section by Levkovski [53] from the rest of the experimental data can also
be noticed, which is similar to the Figure 6.3. On the other hand, the data
from Ditroi et al. [50], Michel [54] and Lawriniang et al. [55] were found to
be consistent except a few data points above 40 MeV. It is also noticed that
the TALYS-1.9 was only found to reproduce the trend of experimental data.

19Fermi Gas model is used by the TALYS default input description
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Figure 6.8: Excitation function of "Ti(p, x)*V reaction. The comparison of the
present and the literature data [63-65,68-73,75] with different level density model
parameters (Idmodel 1-6) [40—45] in TALYS-1.9 [37].
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However, ldmodel-5 [44], which uses the microscopic level densities
from the Hilaire’s Tables, was found to reproduce best fit among the dif-
ferent ldmodels of the code. Similar to the previous case, TALYS-1.9 was
found to over-predict the cross-sections above 25 MeV, which may again
refer to the over-prediction of the PE and direct reaction cross-sections in (p,
pn) channel.

The excitation function of " Nb(p, an)¥3 Zr reaction is shown in Figure
6.5. It can be seen from the figure that the present results are in agreement
with the data from Ditroi et al. [50] and Rodriguez et al. [51]. However, the
data from Levkovski [53] are slightly more enhanced as compared to that
from Ditroi et al. [50] and the present results. The ldmodel 1 [40] and 6 [45]
from TALYS-1.9, were found suitable to fit the measured data. However,
other ldmodels [41-44] present in TALYS-1.9 were only found to reproduce
an overall trend of the data.

6.4.2 The " Ag(p, x) reaction cross-sections

The excitation function for the " Ag(p, x)1%7Cd reaction is plotted in Fig.
6.6 and are given in Table 6.3. As shown in the figure, there is only one
experimental study that has been carried out by Khandaker et al., [56] using
natural silver as target. The present results are in accordance with this
literature data [56] and from the EXFOR [57] compilation. Two distinct
peaks can be observed in the Fig. 6.6, in which, the first corresponds purely
to the (p, n) channel from the 106 A¢ isotope, however, both the 196 Aq(p,n)
and ' A¢(p,3n) channels contribute to the later. The valley around the
20 MeV proton energies corresponds to the opening of the 1% A¢(p,3n)
reaction channel around 18 MeV. The nuclear model codes; TALYS-1.9 [37]
and ALICE-2014 [38, 39] were found to be successful in reproducing the
reaction cross-section data fairly well up to 25 MeV. Beyond 25 MeV, a
slight departure of theoretical values can be observed from the measured
values. The broadening of the second peak in the Fig. 6.6, may be due
to the admixture of the (p, 3n) channel coming from the ' Ag, which
can be fitted by using a rigorous calculations in TALYS-1.9. The Back-
shifted Fermi gas model (Idmodel 2) [41], among the different level density
models used for the present calculations, was found to be successful in
order to reproduce the experimental data. The ALICE-2014 [38,39] code
also follows a similar trend except for the second peak which corresponds
to the 19 Ag(p, 3n)1%Cd reaction channel.

The excitation function of the " Ag(p, x)1%" Ag reaction is shown in
Fig. 6.7. It can be observed from the figure 6.7 that the present results are in
agreement with the literature data [56,60]. The data from Khandaker et al.
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[56] were found to be enhanced to a small degree. The minor disagreement
between both the data [56, 60] may be attributed to the use of different
monitor reactions. The theoretical results from TALYS-1.9 [37] were found
to be significantly higher than the experimental results for energies above 25
MeV. On the other hand, the experimental results were very well reproduced
by the ALICE-2014 [38,39] calculations in the incident energy range of 10-22
MeV. The different level density models from TALYS-1.9 [37] have also been
tested for the present case, however, the results followed the trend of default
values. Furthermore, the ALICE-2014 [38,39] model code calculations were
found to be more accurate in the theoretical calculations of the reaction
cross-section data for an almost entire range of the proton energies under
consideration.

6.4.3 The ""Ti(p, x) reaction cross-sections

The excitation function of the "*Ti(p, x)*V reaction was measured at five
incident proton energies, 21.95 4 0.05, 19.84 £ 0.05, 17.56 & 0.06, 15.05 + 0.07,
and, 12.94 4= 0.07 MeV respectively. The measured cross-sections are shown
in Table 6.4. A comparison have also been made with the literature data
[63-65,68-73,75], and the theoretical model code reproductions from TALYS-
1.9 [37] and ALICE-2014 [38,39]. It can be observed from figure 6.8 that the
present results are in accordance with the literature data for the entire range
of the incident particle energies under consideration. The TALYS-1.9 input
level density models were also find successful in order to reproduce the
reaction data except the Idmodel 6 [45], which was found to under-predict
the data for the 6-14 MeV proton energies. On the other hand, Fig. 6.9
presents the comparison among the theoretical data using the Fermi Gas
and Kataria-Ramamurthy level density models (at level density parameter
K=9 [76]) of ALICE-2014 [38,39] with TALYS-1.9 [37] default (Fermi Gas
model) [40], present results and the literature data. We can observe from Fig.
6.9 that ALICE-2014 [38,39] model code was found to be over-predicting
the reaction cross-section data by using the similar Fermi Gas model as
that of TALYS-1.9 [37]. However, the Kataria-Ramamurthy level density
model was found to under-predict the cross-section data for the incident
proton energies from threshold to 14 MeV. Moreover, the Obninsk level
density model predicted the trend of the cross-section data successfully. The
ambiguity between the ALICE-2014 [38,39] and TALYS-1.9 [37] data values
using different level density models may be attributed to the level density
parameter values set as default in both the codes.
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The excitation function of the " Ti(p, x)* Sc reaction is plotted in Fig.
6.10. It can be observed from the figure that the uncertainties have been
minimized in present results as compared to literature data [61-64, 66, 71].
The present results were have also been found in agreement with the pre-
vious data. Fig. 6.10 also shows that the TALYS-1.9 level density model
(Idmodel 1-5) [40—44] codes were able to reproduce the trend of the exper-
imental results except the ldmodel 6, which was found to under-predict
the data above 20 MeV energies. Fig. 6.11 present a comparison among
the different level density models of ALICE-2014 (Fermi Gas, Obninsk and
Kataria-Ramamurthy) with the default results of TALYS-1.9. A similar
kind of trend can be observed for the Obninsk level density data values.
The Fermi Gas and Obninsk models were found to reproduce the reaction
cross-section data successfully, however, similar to the previous case, the
Kataria-Ramamurthy level density under-predicted the data values above
18 MeV incident energies.

A comparison of the measured excitation function of the " Ti(p, x)%*Sc
reaction with the literature data, TALYS-1.9 and ALICE-2014 model codes
are plotted in Figs. 6.12 and 6.13. The present results were found to follow
the trend of the literature data [61,63,72,74,75]. It can be seen from the Fig.
6.12 that there are minor discrepancies among the data from Khandaker et al.
[72] and Hermanne et al. [74], which may arise due to the choice of the flux
monitor reactions. It can also be seen that the uncertainties in the present
data have been optimized significantly compared to the literature data.
Both TALYS-1.9 [37] and ALICE-2014 [38,39] codes were found successful
in order to reproduce the trend of the cross-section data for the considered
energy range as shown in Fig. 6.13. However, a slight decrement is observed
in ALICE-2014 values around 15 MeV as the “Ti(p,® He) channel starts to
contribute.

The excitation function of the " Ti(p, x)**"Sc reaction are shown in
Figs. 6.14 and 6.15. The present data were compared with the literature
data [61,62,64,65,67,71,72,75], TALYS-1.9 [37] and the ALICE-2014 [38,39]
model codes. It can be seen from the figure 6.14 that the measured data
are in fair agreement with the literature and theoretical data from TALYS-
1.9. The data from Garrido et al. [75] do not follow the trend of the data
reported by other authors as can be observed from figure 6.14. Fig. 6.15
shows a comparison of the present results with the theoretical data from
ALICE-2014 code [38,39]. It can be clearly stated that the model fails to
reproduce the cross-section data. However, the predicted cross-sections
were found to have an enhancement at two distinct places; one around 14
MeV and other above 22 MeV proton energies. These enhancements in
the predicted data may be attributed to the contributions coming from the
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BTi(p,na) (Ey, = 14.17 MeV) and ¥ Ti(p, 2na) (Ey, = 22.47 MeV) reaction
channels, respectively. Further increasing trend of the cross-section may
attribute to involvement of the °Ti(p, 3n«) (Ey, = 33.63 MeV) reaction.
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Figure 6.15: Excitation function of "*Ti(p, x)*™Sc reaction. The comparison of the
present and the literature data [61,62,64,65,67,71,72,75] with different level density
model parameters (Fermi Gas and Kataria-Ramamurthy) in ALICE-2014 [38,39]
and TALYS-1.9 [37] default values.

6.5 Pre-equilibrium Fraction Calculations

It is clear from the discussion provided in the previous section that the pre-
equilibrium process plays an important role at the incident particle energies
above =~ 10 MeV for the reactions under consideration. Therefore, to inves-
tigate the contribution coming from the PE process into the formation of the
reaction residues, we have calculated the PE fraction (%) presented by the
equation 6.2. The PE calculations were performed in the framework of the
nuclear model code TALYS-1.9 [37], by invoking suitable PE mode present
within. The results of the model calculations for the p +"* Nb reactions
are presented in Figures 6.16 and 6.17. It is observed from the figure that
the results from the preeqmode 2 of the TALYS-1.9 [37] provide a better
description of the measured data for the entire range under investigation
for the #*" Mo residue. Similarly, for the °>" Nb radioisotope, the theoretical
results were found to be in better agreement with the use of preeqmode 2.
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Figure 6.16: Excitation function of the **Nb(p, n)*" Mo reaction. The comparison
of the literature data [50-55] with pure CN and CN+PE reaction cross-sections
from TALYS-1.9 [37]
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Figure 6.17: Excitation function of the *Nb(p, pn)?*" Nb reaction. The comparison
of the literature data [50-55] with pure CN and CN+PE reaction cross-sections
from TALYS-1.9 [37]
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Figure 6.18: Excitation function of " Ag(p, x)'%Cd reaction.. The comparison
of the present and the literature data [60] with pure CN and CN+PE reaction
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Figure 6.19: Excitation function of " Ag(p, x)1%" A¢ reaction. The comparison
of the present and the literature data [56,60] with pure CN and CN+PE reaction
cross-sections from TALYS-1.9 [37] and default values from ALICE-2014 [38,39].
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Figure 6.20: The comparison of the excitation function of the (a) " Ti(p, x)*V, (b)
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The preeqmode 3 was used for find a better definition of the literature
data for the 1%7Cd and %" A¢ radionuclide populated in the p +"* Ag
reaction. A comparison of the results from TALYS-1.9 (with preeqmode 3)
and ALICE-2014 (default) are shown in Figures 6.18 and 6.19, for the %7Cd
and 19" A¢ residues, respectively. It is obvious from the figures that the
TALYS-1.9 is successful in order to find a better description for the literature
data. A comparison between the present data and the PE results for the
products formed in the p +"* Ti interaction are plotted in Figure 6.20. It
can be observed from the figure that a significant PE contribution is present
in the formation of the ¥V, %S¢, and #0Sc radioisotopes. However, the CN
description was found to be more satisfactory for the #"Sc isotope.

In view of the above discussion, PE fraction (PE %) has been calculated
for each of the product nuclei produced in the proton induced reaction of
"tNb, Ag and Ti reactions. The results are presented in the Figure 6.21 for
the respective cases. The percentage PE contribution was found to increase
with the incident projectile energy for the " Mo, 2" Nb, and 19" Ag ra-
dioisotopes. On the other hand,the PE contribution starts to increase at
around 13 MeV and increases with the projectile energy and starts to die out
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Figure 6.21: The estimated PE contribution (PE%) from the present data as a
function of projectile energy.

for both the '%7Cd and 19 Ag isotopes. The rapid decrease in PE% may be
due to the opening up of 1% Ag(p,3n)'1%Cd and %7 Ag(p, pn)'%" Ag chan-
nels. In case of the p +"* Ti reaction, the PE fraction starts to saturate/die
out for #V and 6Sc residues as the *°Ti(p,3n) and *®Ti(p,2pn) channels
open up around 23 MeV proton energies. However, the PE fraction com-
pletely dies out for “6Sc at the opening up of ¥ Ti(p,2pn) channel around
20 MeV. Furthermore, the PE contribution was found to be greater in the
reaction that consist a single neutron in the exit channel and has a small
threshold value. This may be due to the probability of single particle emis-
sion in the PE mode is higher than the many-particle emission. It can also
be stated that the PE emission inherently depends on the initial excitation
energy or the Q-value of the reaction and dominate over the CN formation
for higher excitation energies. Therefore, a comparison of the PE fractions
among the (p, n) channels from all the three reactions [77,78] is also shown
in figure 6.21. It is evident from the figure that the PE fraction depends on
the associated Q-value of the reaction and decreases as with the increment
in the |Q|-value.

MO
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