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Production cross section measurements of proton-induced reactions
on Nb at energies of 58 to 100 MeV
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Production cross sections for the 93Nb(p, x)%Mo, 92m90.89mNp 8988867, and 88.87m878y reactions were
measured using a stacked-foil technique in the proton energy range of 58—100 MeV. The target was arranged
in the stack including Nb, Al, Au foils, and Pb plates and was irradiated with 100-MeV protons. After the irra-
diation, the production yields of the interested radionuclei were measured by a y-ray spectroscopy system using
HPGe detectors. Proton beam intensities were measured using the 2’ Al(p, 3pn)**Na, 7 Au(p, p3n)'**Au, and
197 Au(p, pn)'°® Au monitor reactions. Some 54 cross section data points were measured, including independent
and cumulative cross sections and were compared with other experimental data. The excitation functions of the
reactions were also calculated by nuclear models using the TALYS code with a default mode as well as different
nuclear level-density models. The calculated cross sections were compared to the measured data and to the
TENDL library. It was figured out that the theoretical calculations could reproduce the shape of the measured
cross sections well, whereas the magnitude of the cross sections was not reproduced. It was also shown that the
preequilibrium mechanism played an important role in the cross section calculations in this paper.

DOLI: 10.1103/PhysRevC.103.064617

I. INTRODUCTION

Niobium alloys play an important role in different practical
fields, such as accelerator applications. Niobium is used in the
coil windings of superconducting magnets as it can withstand
high magnetic fields [1]. In addition, high-purity niobium is
a preferred material used in the superconducting cavity of
particle accelerators due to its high accelerating gradient [2].
The proton-induced reactions are very important in the view
of the cavity performance and the radioactivity. Niobium is
also used as the target holder and entrance foil in the medical
radioisotope production targets, e.g., H, 30 irradiated with
protons for the '8F production [3]. Furthermore, recently,
the >Nb(p, 4n)*°Mo reaction has drawn the attention of the
researchers as a candidate for monitor reactions at proton en-
ergies above 40 MeV [4]. The monitor reactions are important
in the cross section measurements [5]. The proton-induced
reactions on Nb, on the other hand, result in some radionu-
clei, such as %°Nb, 8887Zr and 8%y which are crucial in
medical and biological applications [6,7]. The knowledge of
their excitation functions will provide a precise prediction and
estimation in the above cases. Other researchers have studied
the proton-induced reactions on Nb [1,4,7-17]. However, new
cross section measurements are still required to improve the
excitation functions of these reactions.

In our previous works, the production cross sections
of proton-induced reactions on Bi and Pb were measured

“Present address: Deutsches Elektronen-Synchrotron (DESY),
Notkestrasse 85, 22607 Hamburg, Germany.
TCorresponding author: lee @postech.ac.kr

2469-9985/2021/103(6)/064617(11)

064617-1

[18,19]. In this paper, the measured cross sections of
BNb(p, x)°°Mo, S2m908mNp, 8988867 and 88.87m878y are
presented over the proton energy of 58-100 MeV. The
measured cross sections include isomeric and ground-state
reaction cross sections and are compared with other experi-
mental data in the literature.

The nuclear model calculations could be evaluated by the
measured cross sections at intermediate proton energies ei-
ther in their default mode or by switching to other modes
or models rather than the default one. The contributions of
the compound, preequilibrium, and direct mechanisms are
also discussed to explain the possible reasons of the dis-
crepancies between the nuclear model calculations and the
measured cross sections. Thus, the excitation functions of the
mentioned reactions were compared with the calculated cross
sections using the TALYS-1.95 [20] code together with the
TALYS evaluated nuclear data library (TENDL-2019) [21]. The
TENDL library is based on both the default and the adjusted
TALYS calculations. The TALYS code is capable to calculate
the isomeric and ground-state cross sections separately so that
they can be compared with the measured data. The TALYS-
1.95 default mode could not reproduce the measured data
in the investigated reactions and, in addition, the knowledge
of nuclear level densities (NLDs) plays a leading role in the
evaluation of nuclear data [22,23]. Therefore, the calcula-
tions were performed using the default models as well as
using the phenomenological and microscopic NLD models
to find out the NLDs impact on the cross section estima-
tions. Various NLD models, such as microscopic NLDs have
been developed beside the conventional Fermi-gas-type for-
mulas. Microscopic NLDs provide energy, spin, and parity
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FIG. 1. A schematic of the stacked-foil target.

dependence of NLDs in a nonstatistical way. Such a nonsta-
tistical behavior can have a significant impact on the cross
section predictions, particularly, isomeric production cross
sections that are known to be sensitive to spin or parity dis-
tributions [22,24].

The goal of this paper is to extend the nuclear data libraries
for proton-induced reactions on Nb for practical applications
and to consider the ability of nuclear model calculations in
predicting the reaction cross sections.

II. METHODS

A. Target preparation

The stacked target was irradiated at Korea Multi-purpose
Accelerator Complex (KOMAC). A schematic of the target
is depicted in Fig. 1 which is similar to our previous
works [19,25]. The stack included the Nb activation and
monitoring foils that were sandwiched between two Al
foils to avoid cross contamination and recoil -effects.
One Au (30 um, 19.3 gcm™>, 99.99%) and one Al foil
(100 pm, 2.69 gcm™3, 99.99%) were used as the monitoring
foils. Natural lead plates were placed between the foils to
degrade the proton energy. The thickness of the first four Pb
plates was 2 mm and that of the last plate was 10 mm to
stop the proton beam. Five Nb foils (50 um, 8.57 gcm ™,
99.9%) were used as the activation foils. The cross sectional
size of the stack was 5x5 cm. All foils were purchased from
the Goodfellow Ltd. The amount of major impurities in the
Nb samples were 500 ppm of Ta, 100 ppm of W, and less
than 10 ppm of Mo [26]. The foils were prepared without
any contamination, and their masses were measured using
an analytical scale with the precision of 0.1 mg. The total
thickness of the target was 1.95 cm which is larger than
the range of the 100-MeV proton beam in the target. The
required thickness to stop 100-MeV protons in the target was
calculated by the SRIM [27] code.

B. y-ray spectrum and data analysis

The y-ray spectrum measurement of the activation foils
started after cooling time of 30 min. HPGe detectors with
relative efficiencies of 15% and 20% were used for y-ray
spectra measurement. The energy resolution of detectors was
1.71-keV full width at half maximum at the 1.33-MeV peak
of %°Co. The absolute efficiency of the HPGe detectors were
obtained using standard multiline y-ray sources at positions
ranging 10-35 cm from the front face of the detector. Regard-
ing the half-life of a radionuclide, the y-ray spectra analysis
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FIG. 2. The y-ray spectra of the Nb samples (a) 1.52 h after the
end of irradiation, and (b) 93.49 h after the end of irradiation.

was performed several times, and the averaged cross sec-
tions were determined. Canberra’s GENIE-2000 (version 3.2)
[28], the y-ray analysis software was used to determine the
photopeak area of the y-ray spectra. For the early y-ray mea-
surements with a short cooling time, the dead time was about
5% for which the measured cross sections were corrected, and
for the later measurements with a longer cooling time, the
dead time was less than 1%. Figure 2 shows the typical y-ray
spectra acquired from the Nb sample at two different cooling
times after the end of irradiation.

C. Determination of proton energy and intensity

The stacked foils were irradiated for 45 s by 100-MeV
protons with the repetition rate of 1 Hz. The beam shape was
described by Gaussian distribution at the target in both x and y
directions (z is the beam direction) based on the beam profile
measurement using the Gafchromic film [25].

The proton energy striking on each Nb foil was calculated
using the SRIM code to be 99.3 0.1, 90.0 = 0.5, 80.6 +
0.7, 70.0 £ 0.8, and 58.1 = 1.2 MeV. The uncertainty of
the proton energies on each Nb sample was obtained by
considering one standard deviation (lo) of the transmitted
protons through each Nb foil as well as the energy uncertainty
in the primary proton beam (0.1 MeV). The contribution of the
secondary neutrons and protons to the measured cross sections
were negligible.

The proton beam intensity was measured by
the activation analysis method using the monitor
reactions 2TAl(p, 3pn)**Na, 7 Au(p, pn)'*°Au, and
97 Au(p, p3n)'**Au. The production yields of **Na, '%®Au,
and '"*Au were measured several times by identifying their
y rays listed in Table I and consequently, the average values
of their production yields were obtained. Having measured
the production yields, and given the number of atoms in
the target and the production cross sections of the monitor
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TABLE I. Decay characteristic of monitor reactions [30].

Nuclide Half-life E, (keV) L, (%) Contributing reactions Threshold energy (MeV)
196 Au 6.1669 £ 0.0006 d ;gzg; 228'2 i 2'9 97 Au(p, pn) 8.11

19 Au 38.02+0.1h ggz:igi ég:i i 8:;5 197 Au(p, p3n) 23.26

%Na 14.997 £ 0.012 h ;228(2)3 9299322 i 888;5 2T Al(p, 3pn) 32.6

reactions, the proton beam intensity was measured using the
well-known activation equation. The details of the proton
beam intensity determination method could be found in Ref.
[25]. To obtain the beam intensity, cross sections of the
monitor reactions were taken from Refs. [14,29]. The decay
data of all radionuclei were taken from Ref. [30] and are listed
in Tables I and II. The measured production yields of monitor
reactions and relevant proton beam intensities are given

in Table III. The uncertainty of the proton beam intensity
measurement by the activation analysis was estimated by
possible uncertainties of the measured yields (~2.0%), used
cross sections (X11%), and mass of the monitor activation
foils (~0.01%). The overall uncertainty in the beam intensity
measurement was estimated to be approximately 11.4%. For
determining the cross sections, the average value of the proton
beam intensity was used.

TABLE II. Decay characteristic of measured radionuclei [30].

Nuclide Half-life E, (keV) L, (%) Contributing reactions Threshold energy (MeV)
Mo 5.56+0.09 h 122.37 64 +3 BNb(p, 4n)°*°Mo 32.38
257.34 77+ 4
92nNb 10.15+0.02d 934.44 99.15 4 0.04 SNb(p, pn)°*"Nb 8.93
141.178 66.8+0.7 BNb(p, nt)*°Nb 20.5
“Nb 14.6+0.05h 1129.224 92.74+0.5 Nb(p, d2n)*°Nb 26.8
Mo — P°Nb
507.4 81+7 3Nb(p, 12n)¥"Nb 30.7
8mNb 66 + 2 min 588.0 95.574+0.13 %Nb(p, d3n)**"Nb 37
PNb(p, p4n)**"Nb 39.3
3Nb(p, an)*Zr 5.61
BNb(p, dt)¥Zr 23.38
89 s
Zr 78.414+0.12h 909.15 99.04 & 0.03 SNb(p. npt O Zt 25 63
ONb — ¥7r
3Nb(p, a2n)®Zr 15.02
BNb(p, 21)¥Zr 26.48
88 ]
Zr 83.44+0.3d 392.87 97.29 4+ 0.09 Nb(p. ndt ) Zr 08
8Nb — 87r
3Nb(p, wdn)*Zr 37.1
PNb(p, 2n2t)%Zr 48.52
867r 165+0.1h 242.8 95.844+0.2 3Nb(p, 3ndt)*Zr 54.84
3Nb(p, 4npt)Zr 57.1
8Nb — 807
SNb(p, ad)®Y 11.3
898.042 937403 BNb(p, apn)®®Y 13.55
8By 106.627 £+ 0.021 d 1836.063 992403 %3Nb(p, t *He)*®Y 2578
3Nb(p, pdt)*¥y 31.33
8SZI. N 88Y
BNb(p, at)¥"Y 14.43
3Nb(p, adn)®™y 20.76
87my 13.37+0.03 h 380.79 78.05 £ 0.07 3Nb(p, a2np)¥"y 23
BNb(p, p2t)¥"yY 34.46
872r N 87mY
388.5276 82.2+0.7 Same as above 14.43
87¢
Y 798£03h 484.805 89.8 £ 0.9 §my s 8Tey
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TABLE III. Measured yields of monitor reactions together with measured proton beam intensities.

Method Reaction Irradiation time (s) Production yield (Bq) Beam intensity (protons/s)
T Al(p, 3pn)**Na 45 4037.3 + 68.7 (9.84 +£0.11) x 10"
Activation analysis 7 Au(p, pn)'*°Au 1338.8 + 54.1 (1.03£0.11) x 102
97 Au(p, p3n)'**Au 4614.3 +97.6 (1.03 £0.11) x 102

D. Nuclear model calculations

Theoretical excitation functions were calculated using the
TALYS-1.95 [20] code. TALYS is a nuclear model calculation
code in which photons, neutrons, protons, deuterons, 3He, and
“He can be used as projectiles in the energy range of 1 keV to
200 MeV for target elements with mass of 12 and heavier [20].

As default, the TALYS code uses the constant temperature
model (CTM) [31] at low energies and the Fermi gas model
(FGM) [32] at higher energies for NLDs, global optical model
potential (OMP) of Koning and Delaroche [33] for OMPs, and
it uses y-ray transmission coefficients, which are generated
with the Kopecky-Uhl generalized Lorentzian for the y-ray
strength functions (y SFs) [34]. Preequilibrium reactions that
become far more dominant at energies higher than around
10 MeV are modeled according to the two-exciton model
[20]. It is known that the nuclear cross sections are dependent
on NLDs, OMPs, and y SFs [35-37]. In the Hauser-Feshbach
model [38], (A) spin parity of the target and residual nuclei,
(B) transmission coefficients of outgoing particles, and (C)
photon transmission coefficients are the main ingredients. In
the TALYS code, spins and parities could be read from a table
or calculated using a NLD model, transmission coefficients
of particles are calculated by means of the OMP, and photon
transmission coefficients are obtained from the y SF models.
In Refs. [39,40], we considered the effects of TALYS nuclear
models on reaction cross sections. Moreover, in our previous
works [18,19], it was concluded that NLDs were the most
effective nuclear ingredients to the reaction cross sections
for proton-induced reactions on Bi and Pb. In this paper, the
effects of level-density models are studied for the Nb target.

The NLD models used in the TALYS code including phe-
nomenological and microscopic NLD models are listed in
Table IV. The results of these models are compared with the
measured data and are discussed in Sec. III.

III. RESULTS AND DISCUSSION

The measured independent and cumulative cross section
values and their uncertainties are listed in Table V. The

excitation functions of the investigated radionuclei are illus-
trated in Figs. 3-11 including other existing measured data
as well as the theoretical calculations. Cross-section values
were determined using the standard activation equations. Un-
certainties of the presented cross sections were estimated
as the sum in quadrature of possible individual uncertain-
ties including proton beam intensity (11.4%), nuclear data
(0.03%-4%), detection efficiency (~1%), net area uncertainty
(<2.5%), and sample mass (0.01%). Overall uncertainties
were X11.5%-12.4%. Uncertainties of measured independent
cross sections of “°Nb and %8y do not include the uncertainties
from the decay process of their parent nuclei.

A. ®Nb(p, 4n)*°Mo reaction

Mo (Th/» = 5.56h) decays to ONb via electron capture
[(EC), 100%]. The 122.37- and 257.34-keV y rays were
used to determine the *°Mo yields. The intense y rays from
%Mo are located around the peak of the detection efficiency
curve, and the measured detection efficiencies could result in
a change in the measured cross section values. Figure 3 shows
the measured cross sections for the reaction *>Nb(p, 41n)°*Mo
compared to other experimental data as well as the nuclear
model calculations. The cross sections of this reaction were
measured by Voyles et al. [4], Titarenko et al. [11], and Ditréi
and co-workers [1,7]. It is seen that our measured data are
consistent with the data measured by Titarenko ez al. [11] and
are lower than those of Voyles et al. [4].

The TALYS calculations are also illustrated in Fig. 3 using
the default mode as well as different NLDs. The general shape
of the theoretical calculations agree with the measured data.
Howeyver, the TALYS default results are shifted down in en-
ergy by almost 7 MeV. LDM-5 and LDM-6 show reasonable
threshold energies, whereas they underestimate the measured
data at the peak. LDM-2 indicates the similar cross section
magnitude to the measured data by Titarenko et al. [11]. On
the other hand, LDM-4 seems to be in agreement with the
data in the present paper from 70 to 100 MeV, overestimating
other experimental data around 50 MeV. LDM-3 shows very
low cross sections. The TENDL data also underestimate the

TABLE IV. Different nuclear level-density models implemented in the TALYS code.

Phenomenological

Microscopic

Default: CTM [31]+FGM [32]

LDM-2: Backshifted Fermi gas model [32]
LDM-3: Generalized superfluid model [42]

LDM-4: Microscopic level densities on the basis of
Hartree-Fock calculations [41]

LDM-5: Hilaire and Goriely microscopic combinatorial model [24]

LDM-6: Microscopic level densities based on temperature-
dependent Hartree-Fock-Bogoliubov [22]
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TABLE V. Measured cross sections of Mo, Nb, Zr, and Y radioisotopes produced from the 93Nb(p, x) reactions. “Ind” and “Cum” stand

for independent and cumulative cross sections, respectively.

o + Ao (mb)

Nuclide E, (MeV) 99.3 +0.1 90.0 £ 0.5 80.6 + 0.7 70.0 £ 0.8 58.1+1.2
90Mo™ 93+1.1 11.6+1.4 15.1+1.8 19.6+2.3 53.5+6.3
92mNp"™ 36.7+£4.2 42.8+4.9 46.4+53 48.5+5.5 52.746.0
9ONp™ 114.6+13.1 125.7+14.4 141.8 £16.2 180.9 £ 20.7 305.1+£34.9
ONp ™ 128.5+14.7 143.7+£16.5 165.9 £ 19.0 211.9+24.3 389.0 +44.6
89mNp " 10.6+£1.2 135+1.6 158+1.9 223428 10.7+£1.2
897, 165.6 +18.9 181.5+20.7 212.9+243 269.0 +30.7 116.5+13.3
887, 125.5+14.5 140.5 +16.1 128.6 £ 14.7 48.6+5.6 23.64+2.7
807, 123+14 10.0+1.2 149+1.7 15.0+1.7

88 18.1+2.1 18.3+2.1 149417 95+1.1 95+1.2
87my Com 96.34+11.3 70.0+ 8.0 41.8+4.8 51.1+5.9 71.4+82
8y i 117.6 £13.5 86.8+9.9 50.1+5.7 59.6 +6.8 85.3+9.8

measured cross sections, and they predict the peak position
shifted down in the energy. It seems that more cross-section
measurements are needed to confirm the shape of the exci-
tation functions over the whole proton energy range for this
reaction.

B. ®Nb(p, pn)**"Nb reaction

The isomeric state cross sections of °?”Nb (o =
10.15 d; EC, 100%) were measured. The ground state of
92Nb has a long half-life of 3.47x 107 yr. Considering that the
half-life of the ground state is extremely long, the measured
cross sections from short measurements represent only the
cross sections of the metastable state. In addition, there is
no precursor to decay to °*"Nb so that the measured cross
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FIG. 3. Measured independent cross sections for the

PNb(p, 41)*°Mo reaction compared with the previously published
data together with the theoretical calculations based on the TALYS
code. The experimental data are taken from Refs. [1,4,7,11].

sections are independent cross sections. The production yields
were measured using the intense y ray of 934.44 keV. Because
of the suitable half-life of this radionuclide, its production
cross sections have been measured by several researchers
[1,4,7,9-13]. Figure 4 shows the cross sections of the reaction
PNb(p, pn)°*"Nb measured in this paper and other experi-
mental data. Our measured independent cross sections are in
good agreement with the data measured by Voyles et al. [4],
Titarenko et al. [11], Michel et al. [14], and Ditréi et al. [1].
The TALYS calculations indicate different peaks so that LDM-3
estimates quite high cross-section data. The TALYS defaults,
LDM-2, LDM-4, LDM-5, and LDM-6 predict the cross sec-
tions at the peak well. However, all NLDs overestimate the
experimental cross sections above 40 MeV. The TENDL data
show lower values around the peak, however, they are in good

280 03, ' \92mpy . @ Thiswork ' T Parashari ot al. (2018)
m IS wort arashari et al.
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> Steyn etal. (2011) —— TALYS-1.95 (LDM-2)
< Ditroi et al. (2009) ——TALYS-1.95 (LDM-3)
Ditroi et al. (2008) - = - TALYS-1.95 (LDM-4)
3'200 - *  Levkovski (1991) TALYS-1.95 (LDM-5) =
Kiselev et al. (1974) - =~ TALYS-1.95 (LDM-6)
,g, v Michel et al. (1997) T TTIT YT T T L
= ——TENDL-2019 1204 A 1
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S o Bl S,
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1) I
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%) 40
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o
O 804
40 +
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Proton energy [MeV]
FIG. 4. Measured independent cross sections for the

%'Nb(p, 41)°"Nb reaction compared with the previously published
data together with the theoretical calculations based on the TALYS
code. The experimental data are taken from Refs. [1,4,7-16].
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FIG. 5. (a) Measured independent cross sections and (b) mea-
sured cumulative cross sections (indicated by “Cum”) for the
PNb(p, x)*’Nb reaction compared with the previously published
data together with the theoretical calculations based on the TALYS
code. The experimental data are taken from Refs. [1,4,7,11,12,14].

agreement with the measured data at the high proton energies
above 60 MeV. It might be interpreted that the evaluated
data from the TENDL library allocate less contributions from
the compound mechanism but emphasize the preequilibrium
contribution at the higher proton energies.

C. ®*Nb(p, x)*"Nb reaction

%Nb (Ti)» = 14.60 h; EC, 100%) can be produced
through different nuclear reaction channels as well as from
the decay of Mo (Table II). The cumulative and independent
cross sections could be measured. The cross sections of
this radionuclide were obtained by identifying 141.178- and
1129.224-keV y rays.

The independent cross sections are shown in Fig. 5(a) with
comparison of other experimental data in the literature as

well as the theoretical calculations. The experimental data
in the literature were rare and reported by Voyles et al. [4],
Titarenko et al. [11], and Ditr6i et al. [1]. It can be seen from
Fig. 5(a) that measured cross sections in this paper are in good
agreement with those of Ditréi et al. [1] and Titarenko et al.
[11]. The experimental data measured by Voyles et al. [4] are
higher than our measured data. On the other hand, the TALYS
calculations reveal the fact that the cross section calculations
are highly dependent on the nuclear level density applied in
the code. The TALYS defaults, LDM-2 and LDM-4 show the
position of the maximum cross section at around 46 MeV,
whereas the experimental data present the peak position at
51 MeV. It is seen that LDM-5 shows more reasonable esti-
mation from 70 to 100 MeV. LDM-6 predicts the lowest cross
section values among the models. The TENDL cross sections
misplace the peak center, and they underestimate both the
measured cross sections and the TALYS default calculations.

The cumulative cross sections of “°Nb were also measured
and are depicted in Fig. 5(b) together with other experimen-
tal data. It is seen that the measured cross sections in the
present paper are quite consistent with the data measured in
Refs. [11,14]. In the case of the TALYS calculations, the pro-
duction cross sections of *’ Mo and *°Nb are added together
in the default mode to obtain the cumulative cross sections
to be compared with the experimental data. The TALYS cal-
culations and the TENDL library predict the reaction threshold
reasonably and are in agreement with the measured data up to
45 MeV and above 80 MeV. However, they underestimate the
data around the peak region.

D. **Nb(p, x)*”"Nb reaction

The production yields of the isomeric state of
$9"Nb (T;/, = 5.80 h) were measured using the intense y ray
of 588 keV. The independent cross sections of this reaction
were rare in the investigated proton energy range (Fig. 6). Our
measurement results are similar to that of Titarenko ef al. [11]
at 100 MeV. The data measured by Voyles et al. [4] are higher
than our measurement. The TALYS calculations could predict
the reaction threshold well except for LDM-3 that shows a
lower threshold. In addition, the theoretical calculations could
not reproduce the experimental data over the whole proton
energy range, particularly, LDM-5 and LDM-6 underestimate
the the cross section data significantly for this isomeric state
of ¥ Nb. The illustrated results from the TENDL library show a
deviation from the TALYS default calculations at the threshold
up to 65 MeV and after that they are consistent with each
other. TENDL underestimates the experimental cross sections
significantly. Further experiments seem to be necessary for
this reaction.

E. ®*Nb(p, x)¥Zr reaction

The production yields of ¥ Zr (T; 2 = 718.41 h) were mea-
sured by a 909.15-keV y ray. As listed in Table II, ¥Zr
is produced via different nuclear reaction channels depend-
ing on the proton energy. In addition, ¥’ Nb decays to ¥Zr
and because the cross sections of 3Nb could not be ob-
tained, the cumulative cross sections were only measured. Our
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FIG. 6. Measured independent cross sections for the
PNb(p, x)**"Nb reaction compared with the previously published
data together with the theoretical calculations based on the TALYS
code. The experimental data are taken from Refs. [4,11].

measured data with other experimental data are shown in
Fig. 7 together with the theoretical calculations. The present
results are consistent with the data measured by Titarenko
et al. [11] and Steyn et al. [12], and are slightly lower than
those of Voyles et al. [4]. For comparing the TALYS calcula-
tions with the experimental data, the cross sections of 89Nb
and ¥Zr are summed up in the default mode.

In the %°7Zr production, the (p,an) channel is open at
the proton energy of 5.6 MeV and it seems that the TALYS
calculations could reproduce the measured data well up to
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FIG. 7. Measured cumulative cross sections (indicated by Cum)
for the **Nb(p,x)*®Zr reaction compared with the previously
published data together with the theoretical calculations based
on the TALYS code. The experimental data are taken from
Refs. [1,4,7,9-15].
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FIG. 8. Measured cumulative cross sections (indicated by Cum)

for the *Nb(p,x)®Zr reaction compared with the previously

published data together with the theoretical calculations based

on the TALYS code. The experimental data are taken from
Refs. [1,4,7,11,12,14].

40 MeV. However, as the proton energy increases, other nu-
clear reaction channels, such as (p, npt) open for which the
TALYS results deviate from the experimental data. It can be
deduced that in case the composite particles are emitted, the
nuclear models can handle the calculations better than the case
with separated emitted particles. The TENDL data, however,
depict more reasonable estimation of the excitation function
shape for this reaction. TENDL presents lower results than the
measured data at around 70 MeV.

F. **Nb(p, x)*®Zr reaction

The production yields of #Zr with a long half-life of 83.4 d
were measured using its strong y ray of 392.87. It can be
produced via different nuclear reaction channels. The cumu-
lative cross sections are illustrated in Fig. 8. Our results are
in good agreement with Ref. [11] and slightly lower than the
data reported in Ref. [4].

The theoretical calculations using the default mode and
different level-density models are shown as well. Because, the
cross sections of parent nuclei *Nb calculated by the TALYS
code were negligible, they are not shown in the figure. It is
clearly seen that NLDs have a great impact on the reaction
cross sections. This is, particularly, more obvious at proton
energies above 50 MeV. All NLDs predict the reaction thresh-
old well and LDM-5 shows the maximum cross section more
reasonable than other NLDs however, it overestimates the
measured data between 50 and 75 MeV. Generally, LDM-3
and LDM-6 underestimate the measured data. As shown in
Table II, the exit channel includes two protons and four neu-
trons for 93Nb(p, x)38Zr reaction so that composite particles,
such as « particles could be emitted at lower proton ener-
gies. Therefore, the models related to the « particles would
play an important role at low proton energies. The theoretical
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FIG. 9. Measured cumulative cross sections (indicated by Cum)
for the **Nb(p,x)%Zr reaction compared with the previously
published data together with the theoretical calculations based
on the TALYS code. The experimental data are taken from
Refs. [1,4,11,12,14].

calculations seem to be less in agreement with the measured
data at higher proton energies as more nuclear reaction chan-
nels containing more separated particles become feasible.

In the case of the TENDL results, it can be seen that they
underestimate the first peak of the measured data which is
related to the compound mechanism, whereas they are in a
good agreement with the measured data at the high proton
energies. The high-energy tail is assumed to be related to
the preequilibrium mechanism, and it seems that the TENDL
library is describing the preequilibrium effects well, whereas
the compound part is less consistent with the measured data.

G. BNb(p, x)*Zr reaction

The production yields of ¥Zr (T 2 = 16.5h) were mea-
sured by identifying its intense y ray with energy of 242.8
keV. This nuclei could be produced through several nuclear
reaction channels with the minimum reaction threshold energy
of 37.22 MeV. It might also be generated from the decay
of **Nb (71, = 88 s). The results are depicted in Fig. 9 in
comparison with other available experimental data. It is seen
that our results are in agreement with the data measured by
Michel et al. [14] and are slightly higher than that of Titarenko
etal. [11] at 100 MeV. The measured data by Voyles et al. [4]
are somewhat higher than our data. The TALYS calculations
showed a negligible contribution of 3Nb to the excitation
functions, thus, are not indicated in the figure. In this reaction,
two protons and six neutrons exist in the exit channel which
make the reaction much more complicated. At lower threshold
energies composite particles are emitted via the **Nb(p, a4n)
reaction, whereas at higher energies particles tend to be sep-
arated so that (p,4npt) channel opens at around 57 MeV.
Regarding Fig. 9, all NLDs could not reproduce the position
of the maximum measured cross section value at 75 MeV.

50
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FIG. 10. Measured independent cross sections for the
PNb(p, x)*Y reaction compared with the previously published data
together with the theoretical calculations based on the TALYS code.
The experimental data are taken from Refs. [1,4,7,11,14,17].

However, LDM-5 reproduces the experimental data well from
90 to 140 MeV. Other NLD models overestimate the measured
data considerably above 80 MeV. As shown in the figure, the
TENDL data reproduce different shape and the magnitude of
the measured cross sections for this reaction. However, the
TENDL results are smaller than those of the TALYS code.

H. **Nb(p, x)¥Y reaction

Y has an isomeric state with the half-life of 0.301 ms
that decays to the ground state via isomeric transition. The
898.042- and 1836.063-keV y rays from the ground state
could be detected for measuring the production yields of 8.
Several nuclear reaction channels contribute to the formations
of 8y, and it can be fed from the parent 87y (T1, = 83.44d).
The independent cross sections were measured and are shown
in Fig. 10 with other experimental data and the theoretical
calculations. Our results are in good consistency with the
data measured by Titarenko er al. [11] and Voyles et al.
[4]. The TENDL data as well as the theoretical calculations
by the TALYS code show a reasonable reaction threshold.
LDM-6 reproduces the first peak in shape and magnitude,
and it overestimates the data from 70 to 100 MeV. It is in an
agreement with the data measured by Albouy et al. [17] above
100 MeV. Other NLD models underestimate the experimental
data above 40 MeV.

I. #Nb(p, x)¥7™ 872y reactions

8Imy (Ti, = 13.37h) decays to the ground-state
8y (T, 2 =79.8h) via isomeric transition, emitting a
380.79-keV y ray. The ground state was identified by
388.5276- and 484.805-keV y rays. The isomeric state could
be produced from different nuclear channels as indicated
in Table II, and it could be produced from the decay of
8Zr (T1 )2 = 1.68 h) as well.
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FIG. 11. Measured cumulative cross sections for the (a)
PNb(p, x)*”"Y and (b) **Nb(p, x)*’¢Y reactions compared with the
previously published data together with the theoretical calculations
based on the TALYS code. The experimental data are taken from
Refs. [1,4,11,14].

Because the production cross sections of the 8Zr could not
be measured, the measured cross sections of the isomeric and
ground sates were cumulative. The results for the isomeric
and ground states are indicated in Fig. 11. Our data are in
agreement with other experimental data over the whole in-
vestigated proton energy range for both the isomeric and the
ground states. The TALYS code can calculate the isomeric and
ground-state production cross sections separately.

As illustrated in Fig. 11(a), the calculated cumulative cross
sections show the reaction threshold quite well, whereas they
underestimate the fist peak at around 60 MeV considerably.
Above 70 MeV, however, the calculations are in reasonable
agreement with the measured data for Y. The TENDL data
show the position of the first peak slightly better than the
TALYS code, however, it is still mismatched with the exper-
imental data. For the high proton energy region, the TENDL
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FIG. 12. Contribution of the compound, preequilibrium, and di-
rect mechanisms to the total reaction cross section of the **Nb( P, X)
reaction calculated by the TALYS-1.95 code.

results are in reasonable agreement with the measured data.
Similar to the previously discussed reactions, TENDL indicates
a better description of the preequilibrium mechanism. On
the other hand, the theoretical calculations underestimate the
measured data for 8¢y and could not estimate the shape and
magnitude of the cross sections at the peaks [Fig. 11(b)].
Although the TENDL data tend to show a better agreement with
the measured data particularly around the second peak.

J. Discussion on the nuclear model calculations

In order to explain the disagreement of the theoretical cal-
culations with the measurement, the contribution of different
reaction mechanisms to the reaction cross section are shown
in Fig. 12. As can be seen from the figure, the contribution
of the compound mechanism is dominant at low proton en-
ergies, whereas the preequilibrium mechanism takes the lead
at higher proton energies. The direct mechanism contribu-
tion is negligible. Thus, several reasons might be expected
as follows that the calculated cross sections differ from the
experimental data. (A) The energy at which the preequilib-
rium becomes dominant is around 30 MeV, but this value
might be higher or lower. An inaccurate estimate of the pree-
quilibrium contribution to the cross section would eventually
result to inaccurate compound nucleus cross sections. (B) Ac-
cording to the Hauser-Fechbach formalism, which describes
the compound reactions, the important ingredients are the
nuclear level densities, optical models, and y-ray strength
functions [9,43]. By assuming more or less contributions of
the compound mechanism to the reaction cross sections, the
effect of a level-density model becomes more evident. By
changing the NLD model, in fact, the level-density parameters
are different, resulting in different cross section values. (C)
The preequilibrium mechanism is described by the exciton
model in the TALYS code [44], and its contribution is domi-
nant at high proton energies. The models and corresponding
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parameters play a very important role in the cross-section
estimation at these energies. (D) In the 93Nb(p, X) reactions,
there are many open channels so that the nuclear models
might overestimate the cross sections of one channel and,
consequently, underestimate another channel cross section.
This misprediction of the channels by the code could also be
the reason for the disagreement.

As was discussed, the contribution of the preequilibrium
mechanism to the cross sections becomes considerable at
proton energies above 30 MeV. It seemed that the evaluated
data in the TENDL library could describe the preequilibrium
mechanism quite well. However, TENDL underestimated the
measured data at the lower proton energies which are related
to the compound mechanism.

IV. CONCLUSION

The cross sections for the proton-induced reac-
tions on Nb were measured for the 93Nb(p, x)*°Mo,
92m,90,89mNb’ 89’88‘86Zr, and 88,87/71,87gY between 58 and
100 MeV. Some 54 cross section data points were obtained
including cumulative and independent cross sections. The
measured data also contained the isomeric and ground-state
reaction cross sections which are suitable for investigating
the nuclear models calculations. Our results were in good
agreement with the most experimental data in the literature.

The nuclear model calculations using the TALYS code were
also performed using the default mode as well as using
various level-density models. The cross sections from the
TENDL-2019 library were also taken for the comparison. In
general, the TALYS calculations and the TENDL data could
reproduce the shape of the measured cross sections well even
for 8988367, with two peaks. However, they could not show
the position of the maximum cross sections correctly, and
for the most cases, the calculations were shifted down in

energy. It was found out that the TALYS code could reproduce
the excitation functions at low proton energies well when
composite particles, such as « particles are emitted. For the
BNb(p, x)* Mo, 22m:90-89mNb reactions, all NLDs were un-
able to predict the position of cross section peak. In the case
of 93Nb(p, x)89:88.86 7, 88.87Tm.87ey reactions, however, NLDs
were in a better agreement with the experimental data at low
proton energies, whereas at higher proton energies, the nu-
clear model calculations deviated from the experimental data
significantly. In general, the TENDL library presented smaller
cross sections than the TALYS code. It was shown that the
TENDL library could reproduce the high-energy tail of the
excitation functions better than the TALYS code. The results
in this paper showed that existence of several particles in
the exit channel makes the cross section calculations more
complicated, and the nuclear models need to be improved.

Our measured cross sections can extend the nuclear data
for Nb and can be useful for more reliable evaluated cross sec-
tion data. It was also confirmed that the NLD models, which
are related to the compound nucleus, as well as the preequi-
librium mechanism play a significant role in the reaction cross
section estimation. The NLDs which are implemented in the
TALYS code require to be more improved.
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