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Abstract

Excitation functions of the proton induced reactions on 93Nb were measured using the stack foil activa-
tion followed by off-line γ -ray spectrometry at 14UD BARC-TIFR Pelletron accelerator, Mumbai, India. 
Proton beam of 22 MeV was used for the present analysis and was degraded along the stack of five niobium 
foils. We have identified 93mMo, 92mNb and 89gZr reaction residues populated through (p, n), (p, pn) and 
(p, αn) reaction channels, respectively. The measured cross-section data were compared with the existing 
literature data available in EXFOR and were found to be in a good agreement. The calculated excitation 
functions were also compared with the theoretical predictions of TALYS-1.9 code using suitable input pa-
rameters for the pure compound nucleus (CN) and pre-equilibrium (PE) reaction cross-sections. The PE 
process was found to be dominant over the CN process at higher incident proton energies. The present work 
is also essential for the production cross-section and dose estimation for the medical isotope 89gZr in PET 
diagnostics procedure.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Niobium is the least dense metal among the refractory metals and still has various uses. It 
possesses high strength, high melting point, and can be worked through annealing to achieve 
a wide range of elasticity. It has a great importance in modern space, aircraft and nuclear re-
actor technology [1]. Niobium has broad applications as a superconducting material. Together 
with Tin (Sn), it is used in the toroidal coils of the International Thermonuclear Experimen-
tal Reactor (ITER) [2]. Different alloys of niobium are capable of generating strong magnetic 
fields, and therefore, they are used as wires for the superconducting magnets and the nuclear 
magnetic resonance instruments in linear and small medical accelerators. Due to the essential 
refractory properties of niobium, it is a valuable constituent in ADSs, and hence, the charged 
particle induced reaction cross-sections of niobium become vital for the accelerator technology. 
On the other hand, the excitation function of the proton-induced reaction cross-sections are also 
of interest for the production yields of 89Zr due to its medical and biological uses.

A notable amount of data have been reported over the years for the proton-induced reac-
tion cross-sections with niobium metal using different measurement techniques. It can be stated 
from the EXFOR [3] compilation that the literature data has a significant uncertainty and the 
reported cross-sections from different authors [4–13] also have minor discrepancies. The dis-
agreement of the literature data over the wide range of incident proton energies is possibly due to 
the relative measurement of reaction cross-sections with the different monitor reactions. Single 
charged particle induced reactions at such higher energies can be carried out by the compound 
nucleus mechanism, however, several experimental evidences [14–18] suggests that there is a 
finite probability of particle emission before the compound nucleus sets into the statistical equi-
librium. A similar kind of attempt has been made [19] to understand the energy dependence 
of pre-equilibrium (PE) emission for niobium up to 12 MeV. The geometry dependent hybrid 
model proposed by Blann [20,21] has been found thriving in reproducing the light-ion induced 
experimental data using the model code ALICE-91 [22]. On the other hand, the comparison of 
experimental data with a much-updated code TALYS-1.8 was shown in recent work by Lawrini-
ang et al. [23]. The authors had successfully reproduced the experimental 93Nb(p, n)92mMo
reaction cross-sections data by modifying the input optical model potential parameter. However, 
the modification was not found to be the unique as it could not reproduce the 93Nb(p, pn)93mNb
reaction cross-sections.

Taking this as the sole motivation for the present work, we have studied the excitation func-
tion for the proton-induced niobium reactions using off-line activation technique. The flux was 
measured directly from the Faraday cup and by monitoring the current. The technique is help-
ful in order to make the masured cross-sections independent of monitor reaction cross-sections, 
which enables us to minimize the uncertainty in the data. The experimentally produced data were 
compared with the theoretical data from TALYS-1.9 code [24]. Different level density models 
have also been tested for the present case in order to find the best-suited model among all. The 
data measured in the present work would be useful for the accelerator technology, for optimizing 
a radioisotope production and also for verification of different models to better understand the 
dependence of PE emission on the Q-value of the different reactions.

2. Experimental methodology

The measurement of excitation functions for the present experiment was carried out by us-
ing the stack foil activation technique [25,26] followed by off-line γ -ray spectroscopy at 14UD 
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Fig. 1. (Color online.) The schematic diagram of the experimental setup at 14UD BARC-TIFR Pelletron accelerator.

Bhabha Atomic Research Centre – Tata Institute of Fundamental Research (BARC-TIFR) Pel-
letron facility in Mumbai, India. High purity (≈ 99.98%) Niobium foils of thickness ≈ 22 µm
and area 1 cm2 were used as target. Aluminum foils of appropriate thickness were applied after 
each Nb target foil to reduce the beam energy significantly in steps of about 2 MeV per target. 
The proton energy degradation along the stack was calculated by SRIM code [27]. A schematic 
diagram of the stack is presented in Fig. 1. The stack wrapped in thin aluminum foil was kept 
inside the 6 meter irradiation port, just before the analyzing magnets on the main beam line of 
the Pelletron. This port is most suitable for the irradiation experiments which require high proton 
flux.

The energy spread for the proton beam at 6 meter height beamline was 50–90 keV. At this 
port, the terminal voltage was regulated by generating voltage mode (GVM) using the terminal 
potential stabilizer. A thick Ta collimator of 6 mm diameter was used to get a proper circular 
shaped beam. The stack was irradiated inside a Faraday cup holder at a constant 160 nA proton 
current for about 1.5–2.0 hours to build up sufficient activity. The proton flux during the irra-
diation was calculated from the charge collected on a Faraday cup and using current as well. 
The irradiated samples were allowed to cool for about four hours to reduce the radioactive dose 
before recording the γ -ray spectra. Each sample was counted by using a pre-calibrated 80 cm3

single crystal HPGe detector coupled to a PC based multi channel analyzer. The irradiated sam-
ples 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 
152Eu source. The resolution of the detector system during counting was measured as 1.82 keV 
at 1332 keV of 60Co. Each irradiated Nb sample was counted for about 1 hour to minimize the 
counting statistic uncertainty. The counting of the samples was repeated over a period according 
to the decay half-life of the reaction products. Fig. 2 shows a 78 hours cooled spectrum from Nb 
foil irradiated at 19 MeV proton energy. The characteristic γ -lines with their respective half-lives 
were used to identify the residual nuclei of interest like 93mMo, 92mNb, and 89gZr. The detector 
efficiency for the 1477.14 keV γ -line was determined by extrapolating the polynomial fit of the 
energy vs efficiency curve. A typical efficiency curve measured at a distance of 5 cm from the 
detector head is shown in Fig. 3. The spectroscopic data used in the present calculations were 
taken from the NuDat [28] database, whereas the Q-values and the threshold energies were taken 
from Qtool [29], which are summarized in Table 1.
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Fig. 2. (Color online.) The typical γ -ray energy spectrum obtained from the interaction of p + 93Nb at ELab ≈ 19 MeV.

Fig. 3. (Color online.) The measured efficiency with the 152Eu source keeping at 5 cm from the detector head.

3. Data analysis

The excitation function of the proton induced reaction on 93Nb was calculated at five energies 
within the range 10–22 MeV. The mid-point energy for each Nb foil was calculated by SRIM 
code [27] and were found to be 21.85 ± 0.14, 19.53 ± 0.16, 16.98 ± 0.17, 14.13 ± 0.20 and 
11.56 ± 0.23 MeV, respectively. At such high incident proton energies, several reaction chan-
nels populate and result in different residues. In the present case of study, we have identified 
three residues, 93mMo, 92mNb, and 89gZr, populated through (p, n), (p, pn) and (p, αn) reaction 
channels, respectively. All these residues were identified using the spectroscopic properties of 
their characteristic gamma lines [28] and by following their half-lives [28] from different count-
ing statistic data. The radionuclide 93Mo has ground state with a half-life of 4.0 × 103 years 
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Table 1
List of the identified residues in the p + 93Nb reaction with their spectroscopic data [28,29].

Nuclide T1/2 Deacy mode Eγ

(keV)
Iγ
(%)

Channel ET h

(MeV)
93mMo 6.85 ± 0.07 h IT (99.88 %) 263.05 ± 0.13 57.40 ± 0.11 (p,n) 1.20

ε(0.12%) 684.69 ± 0.21 99.9 ± 0.8
1477.14 ± 0.03 99.10 ± 0.11

93gMo (4.0 ± 0.8) × 103 y ε(100%) – – – –
92mNb 10.15 ± 0.02 d ε(100%) 934.44 ± 0.10 99.15 (p,pn) 9.06
92gNb (3.47 ± 0.24) × 107 y ε(100%) 934.5 74.0 ± 0.11

β+(< 0.05%)
89mZr 4.16 ± 0.10 min IT(93.77%) 587.83 ± 0.01 89.62 (p,αn) 5.60
89gZr 78.41 ± 0.12 h ε(100%) 909.15 ± 0.15 99.14

and a metastable state (93mMo) with a comparably short half-life of 6.85 hours. The γ -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 metastable state of 93mMo. However, the metastable state 92mNb has a 
half-life of 10.15 hours, which is very short as compared to its ground state (T1/2 = 3.47 years). 
It prevents the intermixing of events coming from the common γ -line of both the ground as well 
as the metastable state. Therefore, the spectrum recorded after a short cooling time was used for 
the estimation of cross-sections by identifying 934.44 keV (99.15%) gamma line. The radionu-
clide 89Zr 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 89Zr by using 909.15 keV 
(100%) γ -line. The photopeak counts from each γ -lines described above were used to calculate 
the reaction cross-sections for each residue using the following formula [30],

σR = Cobsλ(CL
LT

)

N0φIγ Kε(1 − e−λti )(e−λtc )(1 − e−λLT )
(1)

where σR is the reaction cross-section, Cobs is the photo peak count of the γ -line of interest, 
CL and LT are the clock time and the live time for the counting of the spectrum, λ is the decay 
constant, Iγ is the branching ratio for the each γ -ray taken from Ref. [28], No is the total number 
of the target nuclei in the sample, ε is the detector efficiency, φ is the proton flux and K =
[1 − exp(−μd)]/(μd) is the correction factor for the self absorption of the γ -rays in the sample 
thickness ‘d’ with absorption coefficient μ.

4. Experimental results

In the present work, the excitation function of the 93Nb(p, n)93mMo, 93Nb(p, pn)92mNb
and 93Nb(p, αn)89gZr reactions have been measured at five proton energies of 21.85 ± 0.14, 
19.53 ± 0.16, 16.98 ± 0.17, 14.13 ± 0.20 and 11.56 ± 0.23 MeV, respectively. The experimental 
cross-section for all the residues are summarized in Table 2. The present cross-sections were 
also compared with the literature data available in EXFOR [3] and the theoretical model code 
TALYS-1.9 [24]. The uncertainties in the present measurements were obtained as the quadratic 
sum of both statistical and systematic uncertainties. As the primary source, the statistical error 
in the present measurement was estimated to be < 5%. The statistical uncertainty was reduced 
by performing the counting of each sample for a significant time. There could be various sources 
for the systematic uncertainty in the measured cross-sections. The fluctuations in the beam cur-
rent may result in the uncertainty in the incident flux. The current was kept constant during the 
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irradiation, and the error due to the flux is estimated to be < 2%. The estimation of the foil thick-
ness may lead to the uncertainty in determining the number of target nuclei and comes out to be 
< 3%. An uncertainty may appear due to the solid-angle effect, as the irradiated samples were 
not point-source like the 152Eu standard source but had a finite diameter, and it is found to be 
< 2%. The dead time of the HPGe detector was kept < 1.5% by adjusting the sample to detector 
distance. The overall errors in the present measurements have been estimated to be < 10%.

4.1. Theoretical cross-section calculations using the TALYS-1.9 model code

The TALYS-1.9 [24] is the most updated theoretical model code that is being used worldwide 
for nuclear data prediction for light particle induced reactions for the energies up to 200 MeV. 
The TALYS model code uses the reaction parameters from the RIPL database [31]. The code 
accounts for the effect of level density parameters, compound, pre-equilibrium, and direct reac-
tion mechanisms as a function of the incident particle energy. The optical model parameters were 
obtained by using a global potential, proposed by Koning and Delaroche [32]. The compound 
nucleus reaction mechanism have been incorporated by using the Hauser–Feshbach model [33]. 
The pre-equilibrium contribution have been accounted an exciton model which was developed 
by Kalbach [34]. In the present work, the experimental data were compared with the cross-
sections reproduced by activating different level density models (ldmodel 1-6) present in the 
TALYS-1.9 [24]. The different level densities used (ldmodel 1-6) account for, constant tempera-
ture Fermi gas model (CTFGM) [35], Back-shifted Fermi gas model (BSFGM) [36], Generalized
superfluid model (GSFM) [37,38], Microscopic level densities from Goriely’s and Hilaire’s 
tables [39] and Microscopic level densities (temperature dependent HFB, Gogny force) [40], 
respectively. It was well evident from the recent work by Lawriniang et al. [23] that the default 
TALYS-1.8 values were unable to reproduce the experimental data beyond a certain point. There-
fore, all the level density parameters were tested for the three reaction residues, and the results are 
plotted in Fig. 4–6 along with the present experimental results as well as the data taken from EX-
FOR [3]. The experimental data for the 93Nb(p, n)93mMo reaction is plotted in Fig. 4. It can be 
seen that the CTFGM (ldmodel 1) was in good agreement with the results up to 17 MeV proton 
energies; however, above this energy region the theoretical values from any of the level density 
models were not able to fit the experimental results. Similarly, in the case of 93Nb(p, pn)92mNb
reaction, the cross-sections plotted in Fig. 5 are based on the ldmodel 5, which uses the mi-
croscopic level densities from Hilaire’s tables [39]. The present data were found in the closest 
agreement with the literature data. On the other hand, it can be observed in Fig. 6, the ldmodel 1 
(CTFGM) as well as ldmodel 6 (temperature dependent HFB, Gogny force) were found to be in 
good agreement with the literature data from Ditroi et al. [9,11] and the present data for 89gZr
reaction residue. As discussed earlier, the PE process can also be a channel towards the formation 
of the reaction residues. Therefore to calculate the precise pre-equilibrium contribution, exciton 
model [41] was used with the exciton number n = 3 which is set as default in the model code 
for the proton-induced reactions. However, the compound reaction results were calculated by 
switching off the pre-equilibrium calculations. A detailed discussion is provided in the following 
section.

4.2. Excitation functions of the 93Nb[(p, n), (p, pn), (p, αn)] reactions

4.2.1. The 93Nb(p, n)93mMo reaction
The present measured cross-section data along with the available literature data are shown 

in Fig. 7–9. The data have also been compared with the theoretically calculated cross-sections. 
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Fig. 4. (Color online.) Excitation function of the 93Nb(p, n)93mMo reaction. The comparison of the present and the 
literature data [9–13,23] with different level density model parameters in TALYS-1.9 [24].

Fig. 5. Excitation function of the 93Nb(p,pn)92mNb reaction. Rest is the same as in Fig. 4.

From the Fig. 7, it can be observed that the measured cross-sections are consistent with the liter-
ature data [9–12,23] from EXFOR [3]. It can also be found that the data from Avila Rodriguez et 
al. [10], Ditroi et al. [9,11] and Levkovski [12] are not consistent with each other for the incident 
proton energies below 14 MeV. Since the measurement is strongly dependent on the flux, there-
fore, the discrepancies of such an order can arise from the variation of proton flux values from 
the monitor reactions. However, the data from Lawriniang et al. [23] and the measured data from 
present work were found to be in consensus with the data from Ditroi et al. [9,11] in this energy 
region. Although for the energies above 16 MeV, the literature data were found consistent with 
each other. The default values from TALYS-1.9 model code [24] were found to be higher than 
the experimental data by order of magnitude. A better agreement was found when the theoreti-
cal calculations were done using exciton model as shown in Fig. 7. Furthermore, the theoretical 
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Fig. 6. (Color online.) Excitation function of the 93Nb(p,αn)89gZr reaction. Rest is the same as in Fig. 3.

Fig. 7. Excitation function of the 93Nb(p, n)93mMo reaction. The comparison of the literature data [9–13,23] with pure 
CN and CN+PE reaction cross-sections from TALYS-1.9 [24].

cross-sections using pure compound nucleus (CN) model calculations were also plotted in Fig. 7, 
which indicates a significant contribution from the PE reaction in the present case for incident 
proton energies above 15 MeV. Beyond 15 MeV the PE contribution reduces as indicated by the 
under estimation of the experimental results.

4.2.2. The 93Nb(p, pn)92mNb reaction
The excitation function for the 93Nb(p, pn)92Nb reaction is presented in Fig. 8. From the 

figure, it can be observed that the literature data from Ditroi et al. [9,11], Michel [13] and 
Lawriniang et al. [23] are in agreement with each other in the entire energy range besides the 
small discrepancies in the data because of the selection of different monitor reactions and the 
relative uncertainties. Although, the cross-section values from Levkovski [12], were found to 
be slightly enhanced as observed in the previous case also. However, the cross-sections from 
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Fig. 8. Excitation function of the 93Nb(p,pn)92mNb reaction. Rest is the same as in Fig. 6.

Fig. 9. (Color online.) Excitation function of the 93Nb(p,αn)89gZr reaction. Rest is the same as in Fig. 6.

Table 2
The experimental cross-sections of the (p, n), (p, pn) and (p, αn) reactions.

Projectile energy
(MeV)

Cross-section (mb)
93Nb(p,n)93mMo 93Nb(p,pn)92mNb 93Nb(p,αn)89gZr

11.59 ± 0.46 22.31 ± 1.16 0.113 ± 0.006 –
14.13 ± 0.40 22.89 ± 1.12 5.56 ± 0.25 0.023 ± 0.002
16.98 ± 0.35 10.54 ± 0.75 41.36 ± 2.93 2.83 ± 0.18
19.53 ± 0.32 5.58 ± 0.32 75.25 ± 3.37 13.24 ± 0.59
21.85 ± 0.29 4.09 ± 0.27 91.17 ± 5.74 24.54 ± 1.59
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Fig. 10. (Color online.) The comparison of the present data with pure CN and CN+PRE reaction cross-sections from 
TALYS-1.9 [24] for the 93Nb(p, n)93mMo reaction.

the present calculations are consistent with the literature data and the theoretically reproduced 
data using the TALYS-1.9 model code [24]. It can also be noted that the modified as well as the 
default values from the TALYS-1.9 were found successful to reproduce the experimental cross-
sections up to incident proton energies around 25 MeV. However, towards the higher proton 
energies above 25 MeV, the predicted cross-sections from the default TALYS-1.9 input parame-
ters are significantly higher than the literature data [9–13,23]. As indicated in figure, a reasonable 
amount of PE contribution can be observed for energies above 20 MeV.

4.2.3. The 93Nb(p, αn)89gZr reaction
The excitation function for the 93Nb(p, αn)89gZr reaction is compared with literature as well 

as with the results from the TALYS-1.9 model code predictions in Fig. 9. It can be seen from the 
figure that the data from Levkovski [12] is quite high as compared to the data from Ditroi et al. [9,
11] and the data from the present measurements. However, the current analysis and the data from 
Ditroi et al. [9,11] are in a good agreement with the theoretical results of the TALYS-1.9 using 
default values. On the other hand, the data from Avila Rodriguez et al. [10], is unexpectedly low. 
In the present case, the theoretical calculations using the TALYS-1.9 model code with default 
parameters were found to reproduce the cross-sections for the entire proton energy range of the 
present investigation. In the case of 93Nb(p, αn)89gZr reaction, it was noted that both the CN 
and PE+CN reaction cross-sections are closer to the present results up to ≈ 20 MeV. However, 
no significant PE contribution was found in the formation of the 89gZr residue for the present 
case. Furthermore, the PE contribution starts to increase, which is possibly due to the opening of 
the (p, dt) and (p, pnt) reaction channels around 35 MeV.

To provide a more clear insight into the present work, the theoretical calculations for the 
pre-equilibrium reaction are provided in Fig. 10 and Fig. 11 with the data only from the present 
work. The TALYS-1.9 model code calculations were found to be consistent with the experimental 
data. It is also evident from both the figures that there is a significant contribution of PE in the 
formation of 93mMo and 92mNb residues. Therefore, the PE contribution (PE %) was calculated 
at given energy for a particular channel, which can be defined as the ratio of PE cross-section 
to the evaporation residue cross-section. The PE fraction (PE %) from the analysis of present 
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Fig. 11. (Color online.) The comparison of the present data with pure CN and CN+PRE reaction cross-sections from 
TALYS-1.9 [24] for the 93Nb(p, pn)92mNb reaction.

Fig. 12. (Color online.) The estimated PE contribution (PE%) from the present data as a function of projectile energy.

data for each residue are plotted in Fig. 12 as a function of incident projectile energy. As can be 
observed from Fig. 12, the percentage PE contribution was found to increase with the incident 
projectile energy. Although, the threshold for the (p, n) and (p, pn) reaction channels were found 
to be different, depending upon the associated Q-values. 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 emission in the PE mode 
is higher than the multi-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 CN 
formation for higher excitation energies.
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5. Conclusions

In the present work, the excitation function for the 93Nb[(p, n), (p, pn), (p, αn)] reactions 
were experimentally determined using the stack foil activation technique at five proton energies 
of 21.85 ± 0.14, 19.53 ± 0.16, 16.98 ± 0.17, 14.13 ± 0.20 and 11.56 ± 0.23 MeV, respectively. 
The flux was measured directly from the charge integrator and current using Faraday cup instead 
of using monitor reaction. Different level density models have been tested in the present case. 
The present results were found to be in good agreement with the literature data and the theoretical 
calculations using the model code TALYS-1.9. The PE contribution in the 93Nb(p, n) reaction 
was found larger than the 93Nb(p, pn) reaction. This is due to the fact that there is a high prob-
ability of the emission of a single particle in PE mode. In case of the present work, TALYS-1.9 
model code predictions were found successful to reproduce the cross-section data to an accept-
able degree. It is necessary to mention that, the calculation of PE contribution is essential for the 
proton/neutron induced reactions at such higher energies. The data from the present work will be 
useful for the development of the future reactors, medical accelerators and to measure the dose 
rates for the medical isotope 89Zr. The present work also serves a purpose to the use of p + 93Nb
as the monitor reaction from threshold to 22 MeV proton energies.
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