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Abstract

The excitation functions of the proton induced "% Ag reactions were measured using the stack foil acti-
vation followed by the off-line y-ray spectrometry. The present work was carried out at 14UD BARC-TIFR
Pelletron accelerator, Mumbai, India. The proton beam of 22 MeV was used for the irradiation of the sam-
ples and was degraded along the stack of silver foils. The measured cross-section data were compared with
the existing literature data available in EXFOR. The calculated excitation functions were also compared
with the calculated values from TALYS-1.9 model code using a suitable input parameters for the pure com-
pound nucleus (CN) and pre-equilibrium (PE) reaction cross-sections. ALICE-2014 code was also used to
validate the present experimental findings as well as the TALYS-1.9 results.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Silver is a soft, white, lustrous transition metal. It also exhibits the highest electrical conduc-
tivity, thermal conductivity, and reflectivity of any metal. Silver is also an essential component of
the different alloys which are commonly used in nuclear technology. This metal can be found in
the earth’s crust in the pure, free elemental form (native silver), as an alloy with other metals like
gold, and in mineral form with its two stable isotopes 107 Ag (51.839%) and ' Ag (48.161%) [1].
Most of the silver is produced as a byproduct of copper, gold, lead, and zinc refining. The exci-
tation functions of the proton-induced reactions on silver isotopes are of keen interest in various
scientific applications, like accelerator technology, charged particle activation analysis, medical
applications, thin layer activation analysis (TLA) [2—4] and to test theoretical nuclear models.
The long-lived activities produced in the silver target are also crucial for the management of
radiotoxic waste for modern nuclear technology.

Silver isotopes are widely used for the production of some very important medical radionu-
clides like !9 Pd and '°'Rh [5,6]. These isotopes are extensively used in the prostate cancer,
intra-vascular brachytherapy and the other types of tumors [7]. The '°1 Rh nuclide has some
applications as the anti-tumor and a chemotherapeutic agent. The proton induced reactions with
silver targets provide some important alternative routes for the production of different radioiso-
topes of Cd, Pd, and Rh, which are important for the advancement of the medical accelerators
and the fast reactors. The chemical and metallic properties of silver make it a suitable candidate
to be used in the advanced fast nuclear reactor technology. One of the significant application
to study the single charged particle induced reactions with silver targets is to test and provide
some useful outcomes for the theoretical model codes. This also serves an excellent opportu-
nity to perform a comparative study among the different nuclear model codes, experimental
data and the data from different data libraries. Very few experimental investigations are avail-
able for the p + Ag reactions at low and medium energies [2,8]. However, several experimental
findings are available in the literature for high energy proton-induced reactions of Ag [3,4,8].
The accurate measurement of the proton flux forms an important parameter. In spite of these,
the cross-section data with natural silver targets are very much limited. Earlier a few authors
[2,8] have used the monitor reaction for the measurement of the proton flux. Therefore, the
measured data is strongly correlated with the monitor reaction cross-sections, and hence, larger
uncertainties may possibly reflect in the results [9]. To avoid the large uncertainties and the cor-
relations among the measured data, we have calculated the proton flux using the charge collected
on the Faraday cup and by monitoring the proton beam current during the course of the experi-
ment.

In the present work, we have studied the excitation functions of proton induced reactions
on natural silver target within the projectile energy range of 10-22 MeV. The motivation for
the present study was to measure the cross-section of produced radioisotopes at the available
excitation energies. Besides this, a comparison of the present reactions with the theoretical value
based on TALYS-1.9 [10] and ALICE-2014 [11,12] codes has been carried out. It was observed
from our previous work [13] that there may be a significant PE contribution in the formation
of the radioisotopes at the energies under consideration. Therefore, in the present measurement,
we have also examined the probable pre-equilibrium effects at 10-22 MeV projectile energies.
Different level density models available in TALYS-1.9 [10] and ALICE-2014 [11,12] were also
tested for the reproduction of the experimental data.
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Fig. 1. (Color online.) The schematic diagram of the experimental setup of stacked foil activation technique.

2. Experimental methodology

The measurement of the excitation functions for the present experiment was carried out by
using the stack foil activation technique [14,15] followed by off-line y-ray spectroscopy at
14UD Bhabha Atomic Research Center-Tata Institute of Fundamental Research (BARC-TIFR)
Pelletron facility in Mumbai, India. High purity (& 99.98%) natural silver foils of thickness
~ 32 um were used as target. Aluminum foils of appropriate thickness were applied after each
Ag target foil to reduce the beam energy significantly. The proton energy degradation on dif-
ferent targets along the stack was calculated by SRIM code [16]. A schematic diagram of the
stack is presented in Fig. 1. The stack wrapped in thin aluminum foil was kept inside the
6 m irradiation port, just before the analyzing magnets on the main beam line of the Pel-
letron. This port is most suitable for the irradiation experiments, which require high proton
flux. The proton beam was made to pass through a thick Ta collimator of 6 mm diameter to
get a proper circular shaped beam. The stack was irradiated for 2-2.5 h with a constant pro-
ton current of 180 nA to build up sufficient activity. The proton flux during the irradiation
was calculated from the charge collected on a Faraday cup and using current as well. In or-
der to reduce the radioactive dose before recording the y-ray spectra, the irradiated samples
were allowed to cool for few hours. Each sample was counted for about 1 h by using a pre-
calibrated 80 cm® HPGe detector coupled to a PC based 4096 channel analyzer. The counting
of targets for a longer time helps reducing the uncertainty in counting statistics. 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 of the detector. The HPGe detector was calibrated with a
standard 52 Eu source. The resolution of the detector system during counting was measured
as 1.82 keV at 1332 keV of %°Co. The counting of the samples was repeated over a period of
time according to the decay half-life of the reaction products. The characteristic y-lines with
their respective half-lives were used to identify the residual nuclei of interest. All the spec-
troscopic data used in the present calculations were taken from NuDat [17] database, whereas
the Q-values and the threshold energies were taken from Qtool [18], which are summarized in
Table 1.
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Table 1

List of identified residues in the p + "% Ag reactions with their spectroscopic data [17] and reaction threshold energy
[18].

Nuclide Ti)2 Decay mode Ey I Channel Epy
(%) (keV) (%) (MeV)
107 ¢cq 6.50 £0.02 h £(100%) 93.12 4 0.02 48+0.3 107 Ag(p, n) 221
109 Ag(p, 3n) 18.82
106g 4 ¢ 23.96 & 0.04 min £(99.5%) - - - -
B~ (< 1%) - - - -
106m 4 4 8.28 4 0.02 days £(100%) 450.98 +0.02 28.2+0.7 107 Ag(p, d) 737

616.17 £0.03 21.640.6 107 Ag(p, pn) 9.62
717.24 £ 0.09 28.940.8
748.44 £0.11 20.6+0.6
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Fig. 2. (Color online.) A typical y-ray energy spectrum obtained from the interaction of p + "% Ag at Ey 4, ~ 17 MeV.

3. Data analysis

The excitation functions in the proton induced reaction of "% Ag were measured at five ener-
gies within the range 10-22 MeV. The mid-point energy for each Ag foil was calculated by SRIM
code [16] and were found to be 21.82 +0.17, 19.48 £ 0.18, 16.77 £ 0.20, 13.90 £ 0.23, and
11.13 + 0.28 MeV, respectively. In the present study, we have identified two reaction residues,
107Cd and 9 Ag. The radionuclide %7 Cd was found to be populated through 7 Ag(p, n) and
109 Ag(p, 3n) reaction channels with the thresholds of 2.21 and 18.82 MeV, respectively. On the
other hand, the residue %" Ag, which is populated through the %7 Ag(p, d) and %7 Ag(p, pn)
reaction channels with the thresholds of 7.37 and 9.62 MeV, respectively. All these residues
were identified through their characteristic y-lines [17] and by following their half-lives [17].
A typical recorded y-ray spectrum for the "#’ Ag sample irradiated at ~17 MeV proton en-
ergy is shown in Fig. 2. The radionuclide '’ Cd has a half-life of 6.50 & 0.02 h. The y-line of
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93.1240.02 keV (4.8 +0.3%) was used to evaluate the cross-sections for the " Ag(p, x)'9Cd
reaction. However, 1%°Ag has the ground state as well as the metastable state. The ground state
of 1% Ag has a half-life of 23.96 + 0.04 min, which is very short as compared to its metastable
state (8.28 + 0.02 days). The transition of 19" Ag is due to the 7 (100%) decay into the % Pd
daughter nucleus. The longer half-life of the 19" Ag enabled us to perform the repeated counting
of the Ag targets before it decays to the ground state. The four y-line energies of 450.98 4 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
nat Ag(p, x)'%m Ag reaction. The final cross-section for the "* Ag(p, x)'%9" Ag reaction was
opted by taking the weighted average of the cross-sections from each of the four gamma lines
under consideration. All the details related to spectroscopic data are presented in Table 1. The
photo-peak counts from each y-lines described above were used to calculate the reaction cross-
sections for each residue by using the following expression,

op = Cobs(CL/LT))»
k= Noel, K (1 — e i) (e 2Te) (1 — e=*Lr)

(D

where, o is the reaction cross-section, C,ps is the photo peak counts of the gamma line of
interest, Cp, L7 are the clock time and the live time for the counting of the spectrum, A is the
decay constant, /,, is the branching ratio for the each y-ray taken from Ref. [17], Ny is the
total number of target nuclei in the sample, € is the detector efficiency and ¢ is the proton flux.
K =[1—exp(—ud)]/(ud) is the correction factor for the self-absorption of y-rays in the sample
thickness ‘d’ with the absorption coefficient .

4. Theoretical framework
4.1. Theoretical calculations by using the TALYS-1.9 code

The cross-section for the " Ag(p, x)'%7Cd and the "% Ag(p, x)'%°" Ag reactions as a func-
tion of proton energy from their respective thresholds to 50 MeV were calculated by using the
TALYS-1.9 code [10]. This code is the most useful theoretical nuclear model code, which is being
used worldwide for nuclear reaction cross-section data prediction. It can successfully reproduce
the nuclear reaction cross-section, and the other data for the light particles induced reactions on
incident particle energies up to 200 MeV. TALYS code takes the reaction parameters from the
Reference Input Parameter Library (RIPL) database [19]. The code accounts for various reaction
mechanisms like; compound nucleus, pre-equilibrium, and direct reactions. It also accounts for
the effects of level density as a function of incident particle energy. TALYS-1.9 is equipped with
the optical model parameters by using a global potential, which was proposed by Koning and
Delaroche [20]. The Hauser—Feshbach model [21] takes care of the compound nuclear reaction
using the exciton model, which was developed by Kalbach [22] and is used to accommodate the
pre-equilibrium contribution.

4.2. Theoretical calculations by using the ALICE-2014 code

The cross-sections for the "* Ag(p, x)'97Cd and the " Ag(p, x)'9" Ag reactions as a func-
tion of proton energy from their respective thresholds to 50 MeV were theoretically calculated
by using the ALICE-2014 [11,12] code. This code is based on the Hybrid Monte-Carlo Sim-
ulation (HMS) pre-compound decay [23], Weisskopf—-Ewing evaporation [24], Bohr—Wheeler
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Table 2

Experimentally measured cross-sections for the identified reaction residues.
Proton energy 106 gg(p, )17 Cq 106 gg(p, x)100m 4o
(MeV) (mb) (mb)

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 28.45+2.25 30.57 £0.2.65
21.82+£0.17 104.18 £9.89 52.14+£4.74

[25] fission models and the angular distribution was incorporated by the linear momentum con-
servation model of Chadwick and Oblozinsky [26]. ALICE-2014 is a much-advanced version,
and it uses the Monte Carlo simulation technique to reproduce the reaction data. The code ac-
cepts incident particles from neutron, proton, and gamma to heavy-ions and it works flawlessly
up to 250 MeV incident particle energies. The code uses mainly three level densities such as
Fermi gas, backshifted pairing energies, Kataria—Ramamurthy and Obninsk. The level density
parameter (PLD) can be changed in order to get the most significant fit for the experimental
data.

In the present work, the experimental data were compared by the cross-sections reproduced
by activating different level density models (Idmodel 1-3) present in TALYS-1.9 [10]. The dif-
ferent level densities in TALYS (Idmodel 1-3) account for, Constant Temperature Fermi gas
model (CTFGM) [27], Back-shifted Fermi gas model (BSFGM) [28], Generalised superfluid
model (GSFM) [29,30], respectively. The present data were also compared with the theoretical
predictions from ALICE-2014 [11,12] using the obninks level density model. The level den-
sity parameter was chosen as 9, which is set as default for each level density model in the
ALICE-2014 [11,12] model code. The PE contribution was calculated by using the exciton model
[31] (preegmode3) present in the TALYS-1.9 [10] model code. The ALICE-2014 model code was
also used to verify the pre-equilibrium contribution present in the experimental cross-sections
and that calculated by the TALYS-1.9 model code.

5. Results and discussion

In the present paper, the excitation function for the proton induced " Ag reactions were mea-
sured at the five proton energies of 21.82 £+ 0.17, 19.48 £+ 0.18, 16.77 £ 0.20, 13.90 &+ 0.23
and 11.13 £ 0.28 MeYV, respectively. The experimentally measured cross-sections for both the
residue are summarized in Table 2. The calculated cross-sections were also compared with the
literature data available in EXFOR [32] and the theoretical results were obtained by using the
TALYS-1.9 [10], and ALICE-2014 [11,12] model codes. The uncertainties in the present mea-
surement were calculated as the quadratic sum of both statistical and systematic uncertainties.
The statistical error serves as the primary source of uncertainty in the measurement and was
estimated to be < 5%. The statistical error was reduced by performing the counting of each sam-
ple for a significant time. There could be various sources of the systematic uncertainty in the
measured cross-sections. The dead time of the HPGe detector was kept < 2% by adjusting the
sample to detector distance. An uncertainty may appear due to the solid-angle effect, as the ir-
radiated samples were not point-source like the >2 Eu standard source but had a finite diameter,
and it is found to be < 5%. The fluctuations in the beam current may result in the uncertainty in
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Fig. 3. (Color online.) Excitation function of " Ag(p, x) 107 reaction. The comparison of the present and the literature
data [8] with different level density model parameters (Idmodel 1-3) in TALYS-1.9 [10] and ALICE-2014 [11,12] default
values.

incident flux. The current was kept constant during the irradiation, and the error due to the flux is
estimated to be < 3%. The inaccurate estimation of the foil thickness may lead to the uncertainty
in determining the number of target nuclei and comes out to be < 3%. The overall error in the
present measurements have been estimated to be < 10%.

5.1. Excitation function of the " Ag(p, x)'7Cd reaction

The present experimental results were compared with the literature data [8] and the theoretical
reproduction using the model codes TALYS-1.9 [10] and ALICE-2014 [11,12]. Three different
level density models (Idmodel 1-3) were used in the TALYS-1.9 calculations. The cross-section
data for the "% Ag(p, x)'%7Cd reaction are plotted in Fig. 3. From Fig. 3, it can be noted that
the experimental data were found in fairly good agreement with the literature data [8] from the
EXFOR [32] compilation. It can also be seen that only one experimental finding available in the
literature for the production cross-sections of %7 Cd radioisotope using natural Ag as the target
material. The first peak in the Fig. 3 corresponds purely to the (p,n) channel from the '%°Ag
isotope, however, both the 1% Ag(p, n) and '%° Ag(p, 3n) channels contribute to the second peak.
The dip in the reaction cross-sections around 20 MeV is due to the opening of the ' Ag(p, 3n)
reaction channel around 18 MeV. The nuclear model codes; TALYS-1.9 [10] and ALICE-2014
[11,12] were found to be successful in order to reproduce the reaction cross-section data up to
25 MeV. Beyond 25 MeV energies, the codes were only able to reproduce the trend of the data,
however, the broadening of the second peak in the Fig. 3 may be due to the admixture of the
(p, 3n) channel coming from the ' Ag, and can be fitted by using a more rigorous calculations
in TALYS-1.9. Among the different level density model used for the present calculations, the
Back-shifted Fermi gas model (Idmodel 2) [28] was found to be successful in order to reproduce
the experimental data. The ALICE-2014 [11,12] code also provides the similar trend for the
cross-sections except for the second peak in Fig. 3, which corresponds to the '%° Ag(p, 3n)1%7Cd
reaction channel.
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ture data [2,8] with different level density model parameters (Idmodel 1-3) in TALYS-1.9 [10] and ALICE-2014 [11,12]
default values.

5.2. Excitation function of the " Ag(p, x)'%" Ag reaction

The excitation function of the "% Ag(p, x)'%™ Ag reaction is shown in Fig. 4. It can be ob-
served from the Fig. 4 that the present results are in consensus with the literature data [2,8]. The
data from Uddin et al. [2] and from Khandaker et al. [8] were also found in a general agreement.
However, the data from Khandaker et al. [8] were found to be enhanced to a small degree. The
minor disagreement between both the data [2,8] can arise from the different flux values used from
the monitor reaction. The theoretical data from TALYS-1.9 [10] were found significantly higher
than the experimental results. On the other hand, the experimental results are very well repro-
duced by the ALICE-2014 [11,12] model code calculations in the present energy region of 10 to
22 MeV. The different level density models were also tested by using the TALYS-1.9 [10] model
code to reproduce the reaction cross-section data successfully up to 30 MeV. Furthermore, the
ALICE-2014 [11,12] model code was found more accurate in the theoretical calculations of the
reaction cross-section data for an almost entire range of the proton energies under consideration.
It may be observed that the TALYS-1.9 code shows an overestimation in the PE contribution and
that increases with the increase in the proton energy. To investigate the observed disagreement
between the experimental and the theoretical data, the PE calculations have been performed using
the pre-equilibrium exciton model [31] (preeqmode3) and the pure compound nucleus reaction
cross-sections were calculated by switching off the PE in the TALYS-1.9 code [10].

The PE calculations were performed using the exciton model [31], which takes the numerical
transition rates with an optical model for collision probability. The pure compound nucleus (CN)
contribution was calculated using TALYS-1.9 [10] by switching off the PE part. The results from
the default, modified input in TALYS-1.9 [10] together with the results of ALICE-2014 [11,12]
are plotted in Figs. 5 and 6 for production cross-sections of '©7Cd and %" Ag radionuclide,
respectively. From Fig. 5, it can be observed that the default, CN, and PE with mode3 all were
found in good agreement with the experimental data up to 22 MeV. Beyond 22 MeV, only the
default from TALYS-1.9 [10] was found to explain the trend of the measured and literature data.
However, in the case of %7 Ag, it can be seen from Fig. 6 that the TALYS with PE mode 3
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Fig. 6. (Color online.) Excitation function of "% Ag(p, x)106m Ag reaction. The comparison of the present and the lit-
erature data [2,8] with pure CN and CN+PE reaction cross-sections from TALYS-1.9 [29] and default values from
ALICE-2014 [11,12].

[31] was found to be the closest among all the models of TALYS-1.9 [10] and ALICE-2014 [11,
12] in order to interpret the experimental data. It is also evident from the above discussion that
there is a significant contribution from the PE emission in the production of both the residues.
Therefore, to investigate this, we have calculated the pre-equilibrium contribution (PE%) present
in each case as a function of projectile energy and is plotted in Fig. 7. The PE% can be stated
as the ratio of PE cross-section to the evaporation residue cross-section. It can be seen from
the Fig. 7 that the PE contribution starts at around 13 MeV and increases with the projectile
energy. However, after a small increment, the PE% starts to die out in both the '97Cd and 10" Ag
isotopes. The rapid decrease in PE% can be a signature of opening up of ' Ag(p, 3n)'%Cd and
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Fig. 7. (Color online.) The estimated PE (%) contribution from the present data as a function of projectile energy.

107 Ag(p, pn)'%9™ Ag channels. Furthermore, the PE contribution was found to be greater for
the reaction that consists fewer particles in the exit channel and has a small threshold value. It
can also be stated that the PE emission directly depends on the initial excitation energy or the
Q-value of the reaction.

6. Conclusions

In the present work, the excitation function of the "* Ag(p, x) reactions were determined ex-
perimentally using the stack foil activation technique at five proton energies of 21.82 + 0.17,
19.48 £0.18, 16.77 £ 0.20, 13.90 £ 0.23 and 11.13 £ 0.28 MeV, respectively. We have calcu-
lated the flux directly from the charge integrator and current using the Faraday cup instead of
using any monitor reaction. Different level density models in TALYS-1.9 and the nuclear model
code ALICE-2014 have been tested for the reactions of present study. The experimental data
were found to be in good agreement with the literature data and the theoretical values calcu-
lated using TALYS-1.9 and ALICE-2014 codes. It was observed that ALICE-2014 values were
in general more accurate to reproduce the experimental data. On the other hand, TALYS-1.9 can
provide a better insight into the PE calculations as it contains different models for the theoretical
calculations. It is also needed to be mentioned that, the calculation of PE contribution is vital
for the proton/neutron induced reactions at such higher energies. The precise measurement of
the nuclear reaction data is the key tool for the future medical accelerators and reactor develop-
ment. The present work is also essential for the dose estimation and the production cross-section
measurement of medical isotopes using "% Ag target.
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