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Abstract

The nuclear reaction cross-sections of the *>Nb(p,n)**™Mo process were measured in three experiments up to 17 MeV pro-
ton energy by using the stacked target foil technique. The target stacks were irradiated at the cyclotron JSW BC 1710 at the
Forschungszentrum Jiilich, INM-5. The "Cu(p,x)%¥®*Zn reactions were used as monitor reactions to determine the proton
particle flux and the incident proton energy. The experimental results were compared with literature data and with theoreti-
cal nuclear model calculations based on the TALYS-1.96 code and the data from TENDL-2023. Furthermore, it could be
shown that the *Nb(p,n)*>™Mo reaction delivers sufficient amounts of activity for the later application of *>™Mo as a tracer
to optimize the radiochemical separation of low specific activity *’Mo and **™Tc.

Keywords Cross-section - Excitation function - Cyclotron irradiation - Targetry - Molybdenum-93m

Introduction

Nuclear data are of significant importance across a wide
range of research areas and applications, particularly in the
context of evaluating the validity of nuclear models and
the production of medical radionuclides and other tracer
nuclides. Mo, the parent of the world"s most widely used
medical radionuclide, *™Tc, is almost exclusively produced
in nuclear research reactors by the fission of highly enriched
235U, which poses a threat of proliferation. In addition, there
have been repeated supply shortages of Mo in the past
due to maintenance work on the ageing nuclear reactors and
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unexpected reactor shutdowns. To address these problems,
among others, the joint project “’MoBest was initiated by
the German Federal Ministry of Research, Technology and
Space (BMFTR) to develop alternative production routes
for *Mo using accelerator-based technologies to avoid the
use of fissile material. However, these alternative produc-
tion methods will produce **Mo with low specific activity,
making it necessary to adapt the established *’Mo/**™Tc
generator system for the use of *’Mo with low specific
activity. Therefore, Bm\Mio was selected as a tracer to opti-
mize the radiochemical separation of *Mo and **™Tc. The
radionuclide *>Mo has a ground state **Mo (half-life of
4.0x103 y; spin 5/2+), and a metastable isomer BmMo
(half-life of 6.85 h; spin 21/2+4). The excited state decays
almost exclusively (99.8832%) via isomeric transition to the
ground state and by beta plus decay (0.1169%) to **Nb [1].
During the decay, three high-intensity gamma lines (263.1,
684.7 and 1477.2 keV) are emitted, which are suitable for
identification and activity determination. To optimize the
cyclotron production of **™Mo, it is essential to know the
exact excitation function. Furthermore, at higher energies,
the *>Nb(p,4n)°°Mo reaction can be used as a proton beam
monitor [2]. The excitation function of the 93Nb(p,n)%mMo
nuclear reaction has been reported in the literature [3-9].
However, these data sets show inconsistencies, which require
a critical review.
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In this work, we aimed to comprehensively evaluate the
excitation function up to 17 MeV, using experimental data
and nuclear model calculations performed with the TALYS-
1.96 code. The nz“Cu(p,x)(’z/“Zn monitor reactions were used
to determine the proton energy and proton flux. The nuclear
reaction cross-sections were calculated by using the activa-
tion equation.

Experimental
Target preparation

For the activation experiments at the cyclotron, the stacked-
foil technique [10] was used. Each target consisted of three
distinct types of metal foils: niobium target foils (99.9%
purity, 0.0075 mm thickness, Thermo Scientific), copper
monitor foils (99.9% purity, 0.01 mm thickness, Good-
fellow), and aluminum energy degrader foils (99.0% and
99.999% purity, 0.020 mm and 0.050 mm thickness, Good-
fellow). The foils were cut into 13 mm diameter discs,
weighed using an analytical balance (accuracy of 0.0001 g)
and stacked in the screw-capped target holder, which was
made of copper [11].

Irradiation and beam monitoring

The sequence of the foils in each target stack was based on
calculations of the energy loss along the stack. These cal-
culations were carried out using the Excel-based program
Stack, written by Forschungszentrum Jiilich based on the
formalism of Bethe [12] and the tables of Williamson et al.
[13]. A copper monitor foil was placed on the top of each
stack to determine the incident proton energy and proton
particle flux, employing the "Cu(p,x)****Zn monitor reac-
tions as recommended by the IAEA [14] and Hermanne
et al. [15], and the ratio of ®Zn and ®*Zn as described by
Piel et al. [16]. The proton irradiations were conducted at
the JSW Baby Cyclotron BC 1710 at the INM-5. The target

stacks were irradiated for 30 min with an incident proton
beam energy of 17 MeV and a bream current of 1 pA.

Measurement of radioactivity

Following the irradiations, the target stacks were disas-
sembled and the activity of the niobium and copper foils
was determined by gamma-ray spectrometry using a high-
resolution HPGe gamma-ray detector (Ortec, GEM-20190).
The measured count rates were converted into decay rates,
considering the corresponding y-ray emission probabil-
ity and the efficiency of the detector. The efficiency of the
HPGe y-ray detector was determined with standard gamma-
ray point sources (241Am, 133Ba, ¥7Co, Co, 137Cs, 152gy,
and >*Mn from Eckert & Ziegler). The detector efficiency
calibration was performed for different distances between
the sample and the detector. For each measurement, a suf-
ficiently large distance was chosen to minimize the dead
time (< 10%) and reduce the coincident summing effect. To
ensure adequate statistical uncertainties of 1% the count-
ing times were adjusted accordingly. The decay data used
for identifying and measuring the activity of the reaction
products were obtained from the Live Chart of Nuclides [1]
of the IAEA and are given in Table 1. A typical y-ray spec-
trum of a niobium foil irradiated with 12.8 MeV protons is
shown in Fig. 1. The measured y-ray spectra were analyzed
using GammaVision software (version 8.10.02, Advanced
Measurement Technology, Inc.), which can determine the
energy and number of counts of the photopeaks.

Calculation of cross-sections and uncertainties

The cross-section values were calculated using the well-
known activation equation. The total uncertainty in each
cross-section value was obtained by error propagation, con-
sidering the following uncertainties: mass of the metal foils
(1%), peak area (statistical uncertainty; 0.8 to 3.4%), peak
efficiency (uncertainty of the fitted efficiency curve; 1.3 to
1.6%), decay data (1%), and calculated proton flux (8%).

Table 1 Decay data [1] and

. Nuclide Production Half-live Decay mode Energy of gamma Intensity of
pI‘Odl:lCtIOI’I routes of the route (%) emission gamma emis-
reaction products (keV) sion

(%)
SmMo 93Nb(p,n) 6.85h IT (99.88); 263.05 57.4
EC+p* (0.12) 684.69 99.9

1477.14 99.1
927Zn ntCy(p,x) 9.193 h EC+p* (100) 548.35 15.3
596.56 26.0
7Zn natCy(p,x) 38.47 min EC+p* (100) 669.64 8.2
962.06 6.5
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Fig.1 Typical y-ray spectrum of a niobium foil irradiated with
12.8 MeV protons measured five hours after the end of bombardment,
showing the three most intense gamma-ray signals of **™Mo. By-
products could not be observed

The total uncertainty in each measured cross-section value
ranged from 8 to 8.7%.

Theoretical calculations

Different codes are available for the simulation of nuclear
cross-sections [15]. The TALYS code has been developed
for the calculation of reaction cross-sections from 1 keV to
200 MeV [17, 18]. TALYS-1.96 is the most recent version
for the validation and evaluation of experimental data. The
input parameters are normally obtained from the RIPL-3
library of the IAEA [19]. The ECIS code, incorporated in
TALYS implements the optical model and direct reaction
mechanisms for the calculation. The continuum levels were
calculated by the back-shifted Fermi gas model developed
in the TALYS-1.96 code. The modified optical model poten-
tials (OMPs) from the compilation of Koning and Delaro-
che were chosen for protons in all competing nuclear reac-
tions [20]. The results obtained using general and modified
parameters led to the generation of reaction cross-sections
of the >Nb(p,n)-reaction for the formation of *>™Mo. The
calculated results are shown in Fig. 2 together with TENDL-
2023 data [21] for comparison.

Results and discussion
Cross-sections

The experimental cross-sections and their associated uncer-
tainties derived from the three irradiations presented in this
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Fig.2 Experimental cross-sections of the >Nb(p,n).”*™Mo reaction
of the present work compared with theoretical nuclear model calcula-
tions by TALYS-1.96 and the TENDL- 2023 data [21]

study are listed in Table 2. These are illustrated alongside
theoretical calculations obtained from TALYS and data from
TENDL-2023 [21] in Fig. 2.

As illustrated in Fig. 2, cross-section values of all three
irradiations are consistent within the uncertainties. The
cross-sections of irradiation 1 seem to be somewhat shifted
to lower values yet remain within the range of measure-
ment uncertainties. The experimental cross-sections of the
present study and recent literature data from Avila-Rodri-
guez et al. [3], Ditr6i et al. [4], Kim et al. [5], Lawriniang
et al. [6], Parashari et al. [7], Rizvi et al. [8] and Levko-
vskij [9] are compared in Fig. 3. It should be noted that
some older literature values, including those from Blaser
et al. [22], Forsthoff et al. [23], and James [24], were not
considered in this study and the focus was on comparison
with more recent literature. The measured cross-sections
follow the general trend of the literature curves and are in
good agreement with the data reported by Avila-Rodriguez
et al. and Ditr6i et al. In contrast, the data of Ditrdéi et al.
are somewhat scattered. The data presented by Lawriniang
et al. and Kim et al. tend to underestimate the cross-section
in certain regions of the excitation function. In particular,
the three measured values in the range of the maximum
of the excitation function of Kim et al. are significantly
lower than our data and the other literature values. Fur-
thermore, the cross-sections from Rizvi et al. are shifted
to higher values in the lower energy region. The cross-
sections from Levkovskij [9] are generally shifted to lower
energies compared to the other literature values and our
experimental data. The theoretical values derived from the
TALYS calculations are in accordance with the experimen-
tal cross-sections of our study. However, above 13 MeV,
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Table 2 Experimental cross-

Irradiation 1
sections of **Nb(p,n)*>™Mo

Irradiation 2

Irradiation 3

reaction Proton Cross- section Proton energy Cross-section Proton energy Cross- section
energy (mb) (MeV) (mb) (MeV) (mb)
(MeV)
17.1+0.2 11.3+1.0 17.0+0.2 124+1.0 17.0+£0.2 12.1+1.0
16.3+0.2 143+12 16.2+0.2 15.1+1.2 16.1+0.2 15.1+1.3
154+0.2 16.1+1.3 15.3+0.2 19.2+1.6 152+0.2 194+1.6
144+0.2 23.0+1.8 14.3+0.2 254+2.1 142+0.2 244+2.0
13.9+0.3 25.4+2.0 13.8+0.3 27.8+2.2 13.7+0.3 27.0+2.3
13.5+0.3 27.4+22 13.4+0.3 29.1+2.3 13.3+0.3 29.4+2.5
13.0+0.3 28.5+2.3 12.9+0.3 31.2+25 12.8+0.3 31.4+2.6
12.5+0.3 28.2+23 12.4+0.3 302+2.4 12.3+0.3 30.4+2.5
11.5+0.3 232+19 11.4+0.3 243+2.0 11.3+0.3 245+2.1
10.7+0.3 189+1.5 10.5+0.3 19.2+1.6 10.4+0.3 19.5+1.6
9.8+0.4 12.8+1.0 9.6+0.4 14.1+1.1 9.5+04 143+1.2
8.8+04 10.2+0.8 8.6+0.4 9.3+0.8 85+04 9.4+0.8
8.0+0.4 6.5+0.5 7.7+0.4 55+05 7.6+0.4 59+0.5
6.6+04 25+0.2 6.3+04 1.3+0.1 6.2+0.4 1.6+0.1
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Fig.3 Comparison of experimental cross-sections with literature data
of the 93Nb(p,n).%mMo reaction and theoretical calculation obtained
from TALYS-1.96 and TENDL-2023 [21]

a slight shift towards higher energies is observed for the
data presented in this work. The theoretical TALYS calcu-
lations show better agreement with our experimental data
values than the TENDL-2023 data. The crosssections from
TENDL are much lower compared to most of the literature
values, except the data from Kim et al. Compared to many
other (p,n)-reactions in this mass region, the cross-sec-
tion value for the 93Nb(p,n)93”‘M0 reaction is rather small
[25]. There are possibly two reasons: (1) cross-sections for
metastable states are generally lower than the total (p,n)
cross-section; (2) the very high-spin isomer (spin 21/2 4)

@ Springer

Fig.4 Integral yields for the production of **™Mo

is not favorably populated at low projectile energies used
in this work [26, 27].

Integral yields

The integral yields for the production of **™Mo were calcu-
lated based on the measured cross-sections corresponding to
an irradiation period of 1 h and a beam current of 1 pA and
are given in Fig. 4. By irradiating >*Nb for one hour with a
beam current of 1 pA in the energy region around the maxi-
mum of the excitation function (between 11 and 13 MeV), a
9MMo activity of 12.7 MBq can be obtained. This amount of
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activity is sufficient for the planned use of *>™Mo as a tracer
to optimize the radiochemical separation of low specific activ-
ity Mo and **™Tc. In the literature, some single values are
known for certain energies, e.g. [28-31], but no complete yield
curve. Sadeghi et al. [28] report a yield of 19 MBg/pAeh at
an energy of 12.5 MeV, which is close to our value reported
in Fig. 4. The other yield data from Abe et al. [29] (269 pCi/
pAeh, respectively 10 MBg/pAsh; 15.5 MeV), Isshiki et al.
[30] (6400 pCi/pAsh, respectively 237 MBq/pAeh; 10.4 MeV)
and Nickles [31] (1.7 mCi/pA, respectively 63 MBq/pA;
11 MeV) show large deviations from our experimental data.

Conclusions

The excitation function of the 93Nb(p,n)93mMo reaction was
measured three times up to proton energies of 17 MeV using
the stacked foil technique with an overall uncertainty of 8 to
8.7%. The experimental cross-sections were compared with lit-
erature data and theoretical values obtained from calculations
conducted with TALYS-1.96. It was observed that the excita-
tion functions from the present work were in good agreement
with the theoretical TALYS code calculations and with most
of the literature values, except for the TENDL-2023 data. It
was also shown that the 93Nb(p,n)93mMo provides sufficient
activity for the future application of **™Mo as a tracer in radio-
chemical separations of low activity *Mo and **™Tc.
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