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Abstract. Excitation functions of proton-induced reactions for the natural iron and zirconium targets
were measured from their respective threshold energies to 22 and 20 MeV. The conventional stacked foil
technique was used in combination with the off-line «-ray spectroscopy at the BARC-TIFR Pelletron
facility, Mumbai. The computer code SRIM 2013 was used to calculate the energy degradation along the
stack and the proton beam intensity was measured via the "**Cu(p, a:)ﬁQZn monitor reaction. The measured
excitation functions were then compared with the literature data available in EXFOR database as well
as with the theoretical values from the TALYS-1.8 code and the TENDL-2017 data library. The shapes
of the excitation function for all the reactions were reproduced well by TALYS-1.8. In terms of absolute
values, for some reactions the data are in good agreement with both the literature data and TALYS-1.8
whereas, for others there is a slight deviation either from the literature data or from the theoretical values

of TALYS-1.8 and TENDL-2017.

1 Introduction

Studies on the excitation function of charged-particle—
induced reactions are of considerable importance for var-
ious practical applications such as thin layer activation,
astrophysics, accelerator technology, medical radioisotope
production, behavior of materials in particle irradiation
and for the development of improved reaction theory.
Among different elements iron, zirconium, niobium and
aluminum are the primary elements in any accelerator and
reactors. Iron is one of the most abundant and most use-
ful metals that make up 5% of the Earth’s crust. Stainless
steel is an alloy mainly composes of iron, which is highly
resistant to corrosion and it can withstand high pressure
and temperature. Ferroniobium, an alloy of iron and nio-
bium, is extremely strong and is used in the construction
of nuclear reactors. Natural iron has an isotopic compo-
sition of %*Fe (5.85%), °°Fe (91.75%), *"Fe (2.12%) and
%8Fe (0.28%). On the other hand, zirconium is a metal
with five stable isotopes “0Zr (51.45%), 9'Zr (11.22%),
927r (17.15%), %4Zr (17.38%) and ?Zr (2.80%). The main
challenges in designing a reactor [1] consist in specifying
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the right materials based upon their strength and their
interactions with the environment depending upon the
metallurgy of the material. The properties of zirconium
are, e.g., high melting (1855°C) and boiling (4371°C)
points, low neutron absorption, good temperature perfor-
mance and its ability to withstand corrosion of utmost
nuclear reactors environment. Thus about 90% of zirco-
nium metal found applications in nuclear reactors. Zirco-
nium metal with addition of niobium [2,3] (containing 1
and 2.5% of niobium) is found to be the right choice to
be used as a cladding material of fuel rods in nuclear re-
actors. Therefore, there is a great demand of highly accu-
rate nuclear data of zirconium as it is one of the important
structural materials in the design of the accelerator-driven
sub-critical system (ADSs).

The charged-particle-induced reactions of Fe and Zr
are also important for the production of radioisotopes
for medical purposes, nuclear reactor engineering as well
as for other applications. Out of these, nuclear medicine
is a rising field in today’s generation for detecting and
treating diseases like cancer and tumors and the radionu-
clides are playing a crucial role in this field. The radioiso-
tope “ONb [4], which is produced by irradiating zirco-
nium with protons, is one of the potential radionuclide
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used in immuno-Positron Emission Tomography (PET).
This is because of the short half-life of “°Nb (14.6 hours)
produced from the proton irradiation of the high isotopic
abundant *°Zr isotope. On the other hand, °”Co radioiso-
tope, obtained by irradiating iron with protons, is used
in the Schilling test [5] to test vitamin B-12 deficiency
or pernicious anemia [6]. °"Co label to bleomycin (°7Co-
bleomycin) is used in nuclear scintigraphy [7] for locating
and staging lung cancer, in visualizing brain metastases [8]
and is also an anti-cancer chemotherapy drug. The °6Co
and ®7Co radioisotopes are also commonly used as stan-
dards for detector calibration [9,10] in y-ray spectroscopy
for high energy (> 1MeV). The °"Co radioisotope also
finds applications in Mossbauer spectroscopy [11] and in
Single Photon Emission computed tomography calibra-
tion [12] due to its low energy ~-rays.

Among different charged-particle reactions, proton-
induced reactions are certainly of interest for accelerator
and ADSs. Proton-induced nuclear reactions are also used
to produce the radioisotopes for the thin layer activation
technique (TLA) [13]. It has been found that the 5¢:57:58Co
and 92™Nb are some of the most suitable radioisotopes for
the application of the TLA technique. TLA is performed
in order to understand the surface properties of the mate-
rials used in nuclear reactors, engineering components and
other industrial applications. In view of these facts, in this
paper, we focus on the measurements of proton-induced
reaction cross sections of iron and zirconium.

In the literature [14-35], it was found that the database
for the proton-induced activation on zirconium is scarce
and not satisfactory as compared to that of iron. It was
also found that there is a large disagreement in the data
obtained by different groups of experimentalists. Thus, we
study the formation of ®6°7Co and 99-91m:92m N} radioiso-
topes produced by proton irradiations of iron and zirco-
nium, respectively.

2 Experimental details

The excitation function for the "&'Zr(p,x)%0:91m.92mN

and the "'Fe(p,x)%57Co reactions were measured us-
ing the 14UD BARC-TIFR [36] (Bhabha Atomic Research
Centre and Tata Institute of Fundamental Research) Pel-
letron facility at Mumbai, India. The proton beam main
line at 6 m above the analyzing magnet of the Pelletron
facility was used to utilize the maximum proton current
from the accelerator. At this port, the terminal voltage
is regulated by the generating voltage mode (GVM) us-
ing a terminal potential stabilizer. Further, we used a
collimator of 6 mm diameter before the target. The ex-
periments were performed by employing the conventional
stacked foil activation technique in combination with the
off-line «-ray spectrometry. In these experiments, two sep-
arate stacks of iron and zirconium were irradiated with
22 and 20 MeV proton energies, respectively. In the first
stack, high-purity (> 99.99%) natural iron and copper
metal foils of thickness 100 um and 103 um, respectively,
were arranged in the order of Al-Fe-Cu-Fe-Cu-Fe-Cu-Fe-
Cu-Fe-Cu for irradiation. Similarly, the second stack was
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arranged in the same way in the order of Zr-Cu-Zr-Cu-
Zr-Cu-Zr-Cu-Zr-Cu, in which high-purity (> 99.99%) zir-
conium and copper metal foils thicknesses of 95 um and
99 um, respectively, were used. The sizes of iron and zirco-
nium foils were 0.7 x 0.7 cm? whereas, those of copper foils
were 0.8 x 0.8 cm?. Copper foils were also included in both
stacks to monitor the proton beam intensity as well as to
degrade the beam energy. Each foil was wrapped with an
aluminum foil of 25 ym thick to avoid contamination from
other samples in the stack. The first stack was irradiated
for 40 minutes with a proton beam of 21 MeV and beam
current of 28 nA. The second stack was irradiated for 10
minutes with a proton beam energy of 20 MeV and beam
current of 100nA.

At the end of irradiations, the stacks were taken out
after a considerable cooling time. Then the activated foils
were mounted on the Perspex plates and the y-ray activ-
ities were measured with an HPGe detector connected to
a PC-based 4K channel analyzer without chemical sep-
aration. In the first few days, y-ray counting was done
at Tata Institute and Fundamental Research (TIFR) and
afterwards in the Radiochemistry Division (RCD) labo-
ratory, BARC using two different detectors. Cooling time
was required in order to avoid disturbances from over-
lapping 7-lines of undesired sources. Keeping in mind the
half-life of the radionuclides, the samples were counted ac-
cordingly in order to get a better counting statistics. Since
the half-lives of radionuclides considered here range from
14.6 hours to 271.79 days, measurements started after 2
hours up to 14 days with some time interval. Each sample
and monitor foil was recounted three to four times in or-
der to follow the decay of the radionuclides and also for a
more accurate evaluation of cross-sections. The irradiated
copper monitor foils sandwiched between the samples were
counted with the same detector and in a same geometry
as the irradiated iron and zirconium samples. The stan-
dard '52Eu source [37,38] of known activity was used for
the energy and efficiency calibration of the detector. Sep-
arate efficiency versus energy curves of the detector used
at TIFR and RCD, BARC were determined carefully at
different source-to-detector distances. From these curves,
efficiency values for any gamma line of the produced ra-
dionuclides and at various distances could be deduced.
The energy resolutions of the detectors were 1.8keV at
the 1332.5keV 7-line of °Co. However, the y-ray count-
ings were done by placing the samples at a distance of
about 10-20 cm from the end cap of the detector in such
a way that the dead time of the detector was less than

5%.

3 Data analysis

In order to measure the °%57Fe(p,n)%6*"Co and
56,57,90,91,92 (1 1)90,91m,92m N reaction cross-sections, the
proton beam intensity was determined from the
nat Cu(p, 2)%2Zn monitor reaction, with the known cross-
section taken from the IAEA database [39], using the
548.35 and 596.56 keV 7-lines of 52Zn. The protons lose en-
ergy as they travel along the stack and this energy degra-
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Table 1. Nuclear spectroscopic data for the radionuclides from the ™**Cu(p,x)%?Zn, ™*Fe(p,z)**°"Co and *'Zr(p, z)

90,91m,92m N}y peactions.

Nuclei | Half-life Decay mode ~-ray energy | v-ray intensity | Production route | Threshold energy | Spin parity
E, (keV) I, (%) (MeV)
%27n | 9.186h e (100%) 548.35 15.3 %3 Cu(p, 2n) 13.476 0t
596.56 26.0
Co | 77.236d e (100%) 846.77 99.9399 %6Fe(p,n) 5.445 4+
1238.29 66.46 5TFe(p, 2n) 13.226
Co | 271.74d e (100%) 122.06 85.60 5TFe(p,n) 1.647 (7/2)”
136.47 10.68 8Fe(p, 2n) No threshold
90mNp | 18.81s IT (100%) 207r(p,n) 7.096 4~
917r(p, 2n) 14.370
98Nb | 14.60h e (100%) 141.18 66.8 207r(p,n) 6.971 gt
1129.22 92.7 917r(p, 2n) 14.245
9ImNb | 60.86d IT (96.60%) | 1204.67 2.0 97r(p,n) 2.167 (1/2)"
e (3.40%) 927r(p, 2n) 10.898
91eNDb | 6.8 x 10°y | € (100%) 917r(p,n) 2.063 (9/2)*
927r(p, 2n) 10.793
92mNp | 10.15d e (100%) 934.44 99.15 927r(p,n) 2.954 2t
947r(p, 3n) 18.072
92eNb | 3.47 x 107y | € (100%) 934.5 74.0 927r(p,n) 2.818 el
B~ (< 0.05%) 947r(p, 3n) 17.936

dation was calculated using the computer code SRIM-
2013 [40], which is based on the energy range relation
described by Anderson and Ziegler. However, the loss of
proton flux along the stack was negligibly small and there-
fore it was considered constant in the cross-section calcu-
lation given by the activation formula [41]

_ AN (FF)
~ NOLe(l—eAi)e A Me(1 — e AOL)

OR

where A is the net counts in the photopeak, X is the decay
constant (A = In2/T} 3) of the reaction product of interest
with a half-life 77 /5, N is the number of target atoms, &
is the proton flux calculated from the monitor reaction, I,
is the absolute intensity, ¢ is the detection efficiency, T;
T., CL and LT are the irradiation, cooling, clock and live
times, respectively.

The decay and spectrometric characteristics of the ac-
tivated products were taken from NuDat [42] database and
are presented in table 1 together with the Q-values [43] of
the contributing reactions.

4 Results and discussion

The cross-sections for the "*'Fe(p,z)%65"Co and "*'Zr
(p, 2)20:91m92mNh reactions measured in this work are
listed in table 2 and the excitation functions as a function

of the proton energy are shown in figs. 1-5. The overall
uncertainty was obtained by taking the quadrature sum
of statistical and systematic uncertainties. The system-
atic uncertainties, which summed to 7.8-9.1% are due to
uncertainties in proton flux determination (~ 6.5%), the
efficiency detection (1.5-4.9%) and the decay data used
(4.0%). The statistical uncertainty due to counting statis-
tic was 1.0-3.8%. Thus, the overall uncertainty was found
to range between 7.9% and 9.9%.

For comparison, theoretical calculations of the reac-
tion cross-sections were performed by using the computer
code TALYS-1.8 with default parameters as well as by
adjusting the level density and optical model parameters.
To obtain the best fit the nuclear level density was calcu-
lated using the Generalised Superfluid model [44,45] and
the optical model parameter was done by adjusting the v;
parameter of the real volume term as given by Konig and
Delaroche [46]. The default and adjusted parameters of
different sets of model parameters used in TALYS-1.8 [47]
are presented in table 3.

In figs. 1-5, the reaction cross-section obtained for the
different reactions were then compared with the literature
data available in EXFOR database [48] as well as with
the theoretical calculation by the reaction code TALYS-
1.8 (default and adjusted parameters) [46] and TENDL-
2017 data library [49]. The cross-section increases from
zero at the threshold energy to a proton energy, which
approaches the Coulomb barrier energy. Then the cross-
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Table 2. Experimental cross-sections for the "*'Fe(p, )*%*"Co and "*Zr(p, z)°**'™°2™Nb reactions.

Reactions Threshold 228 Cu(p, x)%2Zn | Proton flux Proton energy Reaction cross-section or (mb)
Energy cross-section  |= x 10 (MeV) natFe(p, )*°Co  [***Fe(p, )" Co
(MeV) o (mb) [11] p/cm? cross-section cross-section
or (mb) or (mb)
%Fe(p,n)*Co  |5.445 5.89 + 1.71 33.13 4+ 1.63 6.42 +0.83
5Fe(p,2n)"Co |13.226 9.73+1.11 342.65 £2.23  [16.45 £ 2.19
45.89 1.40 13.74 +0.89 427.27 +£14.42  |8.69 4+ 0.82
5TFe(p,n)*"Co  [1.647 16.95 4 0.88 164.21 £22.01 |5.55 £ 0.45
*8Fe(p,2n)°"Co |No Threshold 19.99 4 0.68 60.29 £ 0.19 2.90 £ 0.29
Reactions Threshold 228 Cu(p, 2)%?Zn| Proton flux|Proton Reaction cross-section og (mb)
Energy cross-section  [= x10''  |energy 22871 (p, ) ONb [ Zr (p, )™ Nb [*** Zr (p, 2)*™Nb
(MeV) o (mb) [11] p/cm? (MeV)
907r(p,n)°°Nb  |6.971
6.66 £ 1.11 11.02 £ 0.73 23.38 4 0.28
7r(p,2n)*'Nb |14.254
N7r(p,n)°'™Nb [2.167 20,08 6.8 10.73 4 0.84(289.42 £ 22.20 |37.01 + 6.49 91.00 + 3.74
927r(p, 2n)°"™Nb|10.897 13.93 4 0.70{405.01 #+ 27.91 |78.94 + 0.98 22.89 + 0.62
927r(p,n)*?™Nb |2.954 16.69 + 0.62|388.60 4 43.30 [67.77 £ 1.72 5.46 +0.12
947r(p, 3n)?*™Nb|17.936 19.15 4 0.57|217.29 & 39.64 |61.31 + 7.59 8.04 & 0.54
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Fig. 1. Excitation function of the "**Fe(p, z)*°Co reaction.

section for a particular reaction decreases as more complex
nuclear reactions compete.

4.1 "*Fe(p, x)**Co reaction

The long-lived radionuclide °*Co with a half-life of 77.236
days is produced via the "'Fe(p, x)%%Co reactions. This
radionuclide was identified by ~-lines of 846.77keV and
1238.29keV. The excitation function is shown in fig. 1
where the measured reaction cross-section from this work
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Fig. 2. Excitation function of the ™Fe(p, z)*"Co reaction.

follows the trend of the theoretical prediction by TALYS-
1.8 [47] and TENDL 2017 [49] data library. The database
for this reaction is very broad. Our experimental data
from the present work are in excellent agreement with
other literature data except for the proton energy of
13.74 MeV, which is slightly high. The calculation of the
nat FPe(p, 2)°°Co reaction cross-section by TALYS-1.8 cal-
culation with adjusted parameters is found to predict very
well the present data.
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Fig. 4. Excitation function of the ™**Zr(p, z)°'™Nb reaction.

4.2 "*Fe(p, x)% Co reaction

The excitation function of "8Fe(p,x)°"Co reactions is
shown in fig. 2. The excitation function follows the trend of
the theoretical calculation by TALYS-1.8 [47]. The magni-
tudes are in excellent also agreement with the values from
TALYS-1.8 as well as with the literature data available
in EXFOR [48] database. Our data are well predicted by
TALYS-1.8 with the adjusted parameters presented in ta-
ble 3. As observed in fig. 2, the cross-section values from
this work are in excellent agreement with the data by
Daum [25], Kim [15], Michel [17], Al-Abyad [30] and Wen-
rong [26]. However, the cross-section obtained by us at the
proton energy of 9.73 MeV is slightly higher in comparison
with TALYS-1.8 calculation and other literature data but
it is in good agreement with the data by Daum [25].
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Fig. 5. Excitation function of the **Zr(p, z)°*Nb reaction.

4.3 "*Zr(p,x)°Nb reaction

The ground and metastable states of the "°Nb radionu-
clide have a half-life of 14.6 hours and 18.81 s, respectively.
Since the measurement was done after a cooling time of
1.79 hours, the ground state apart from the direct produc-
tion is also contributed by the internal transition of the
isomeric state. Hence the cross-section considered here is
the sum of ground and the metastable states. The °Nb
radionuclide was identified by the ~-lines of 141.78 keV
(66.8%) and 1129.22keV (92.7%) for the determination
of the reaction cross-section (cg). The excitation func-
tion of "Zr(p, z)°°Nb reactions from the present exper-
iment is shown in fig. 3 together with the literature data
available in EXFOR [48] as well as the calculated values
from TALYS-1.8 [47] and TENDL-2017 [49] data library.
Over the whole energy range, our data are in good agree-
ment with the literature data by Szelecsenyi et al. [27] and
Térkényi et al. [28]. The data presented by Al-Abyad et
al. [30] are a little bit high in the peak region, whereas
in the lower range, their data are in agreement with other
literature data. The " Zr(p, 2)°°Nb reaction cross-section
value obtained from TALYS-1.8 [47] based on adjusted pa-
rameters is in the acceptable range for both the shape and
absolute values.

4.4 "Zr(p,x)'™Nb reaction

The excitation function of "*'Zr(p, z)°1™Nb reactions is
shown in fig. 4. The excitation function obtained in this
work is different from the other literature data [17,27-
29,33] but it follows the trend of calculated values from
TALYS-1.8 [47] using default parameters, moreover the
TENDL-2017 [49] data library and the magnitudes are
also in good agreement. It is surprising to see from
fig. 4 that the peak position of the excitation function
of "3Zr(p, z)°!™Nb reactions from the present work, as
well as from TALYS-1.8 and TENDL-2017 data library
shift towards the higher energy compared to the litera-
ture data [17,27-29,33].
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Table 3. Default and adjusted parameters used in TALYS-1.8 calculation.

Level density
Reactions Default Adjusted Default Adjusted

() () (v1) (v1)
22t (p, 2)°Co 0.648723 0.99 1.0 0.7
22t Fe(p, 2)°"Co 0.648723 0.99 1.0 0.7

22871 (p, £)*°Nb 0.648723 0.99 1.0 3.0

"2t 7r(p, z)? ™ Nb 0.648723 - 1.0 -
n28 71 (p, )92 Nb 0.648723 0.99 1.0 0.5

4.5 "Zr(p,x)?2™Nb reaction

The excitation function of "*Zr(p,z)*?™Nb reactions
compared with the earlier experimental data available in
TAEA database, TENDL-2017 [49] data library and the
theoretical calculation by TALYS-1.8 [47] code are shown
in fig. 5. As observed in fig. 5, our experimental data
show a similar trend as obtained from TENDL-2017 and
TALYS-1.8 using default parameters, and the magnitude
are also in an acceptable range. The reaction cross-section
obtained from TALYS-1.8 with adjusted parameters pre-
dicted very well our experimental points and other data
available in EXFOR [48] database. It is also observed that
our measured data are in excellent agreement with the ex-
isting data by Murakami et al. [29] over our whole energy
range whereas above 10 MeV, they fit well with the data
by Al-Abyad et al. [30], Tarkanyi et al. [28] and Michel et
al. [17].

5 Conclusion

The "2*Fe(p, 2)°5°"Co and "™Zr(p, x)*1m92mNb reac-
tion cross-sections have been measured experimentally
from the threshold energy up to ~ 20MeV using the
stacked-foil activation technique with an overall uncer-
tainty of about 7.9-9.9%. They are also calculated the-
oretically by using the nuclear code TALYS-1.8. The ex-
perimental results obtained were then compared with the
data available in the EXFOR database, TENDL-2017 li-
brary as well as with the values from TALYS-1.8. For
the "a'Fe(p, 2)%5°"Co and "**Zr(p, )" Nb reactions,
the agreement between earlier and present experimental
data over the whole investigated energy region is accept-
able and hence increases the liability of the database.
However, we observed that the cross-section data for the
12t 7r(p, n)?1MNb reaction are different from the literature
data but are in good agreement with the TALYS-1.8 cal-
culation and TENDL data library. Since °"Co is a longer-
lived radionuclide, it is a good choice for thin layer ac-
tivation. The proton-induced reaction cross-sections are
minimal as compared to neutron-induced reactions and
hence the measured data could play an important role to
enrich the literature database leading to various practical
applications and for improving the models and adjusting
input parameters.
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