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A B S T R A C T

Technetium radioisotopes have garnered interest in medical applications. In this study, niobium- 
93 foils were irradiated with a 50-MeV alpha-particle beam to determine the production cross 
sections of technetium radioisotopes including 96g,95m,95g,94g,93m,93gTc, along with 93mMo, 
95m,95g,92m,91m,90Nb, 89gZr and 88,87gY. The stacked-foil activation technique and gamma-ray 
spectrometry were adopted for this experiment. The results were compared with the theoret
ical values of TALYS based TENDL-2023 library, and the previously published experimental data. 
Physical thick target yields (TTY) were deduced based on the measured cross sections.

1. Introduction

The radionuclides 96gTc and 95gTc have been proposed as potential alternatives to the widely used medical radioisotope 99mTc [1], 
which serves as a gamma-ray emitter in single-photon emission computed tomography (SPECT) for diagnostic imaging. Compared to 
99mTc (T1/2 = 6.0 h), the longer half-lives of 96gTc (T1/2 = 4.3 d) and 95gTc (T1/2 = 20.0 h) make them more suitable for extended 
transportation and prolonged use in remote medical facilities. 94mTc has also been considered as a positron emitter for positron 
emission tomography (PET) [2–4].

The technetium radionuclides with mass numbers A ≤ 97 can be produced via alpha-particle-induced reactions on the target of the 
monoisotopic element niobium (93Nb 100 %). However, the available experimental data for the 93Nb(α,x) reactions are not fully 
consistent, and additional reliable measurements are required.

This study investigated the production cross sections of Tc radionuclides (alongside Mo, Nb, Zr, and Y byproducts) generated via 
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the 93Nb(α,x) reactions. The resulting nuclear data help to optimize radionuclide production for practical applications using alpha- 
particle beams. Our experimental cross sections are compared with the theoretical values of TALYS code based TENDL-2023 li
brary [5] and existing literature data [6–30].

2. Method

The well-established stacked-foil activation technique was employed for this study. We performed an experiment in which a 
stacked target composed of niobium foils and natural titanium foils was irradiated with a 50-MeV alpha-particle beam using the AVF 
cyclotron at RIKEN, Japan. The reaction cross sections were determined through off-line gamma-ray spectrometry performed with a 
high-purity germanium (HPGe) detector (ORTEC GEM30P4-70).

A niobium foil (Purity: 99.9 %, Thickness: 12.7 μm, Size: 50 × 50 mm; The Nilaco Corporation, Japan) served as the primary target 
material. A natural titanium foil (Purity: 99.5 %, Thickness: 5 μm, Size: 100 × 50 mm; The Nilaco Corporation, Japan) was used as a 
beam monitor through the natTi(α,x)51Cr reaction. The areal densities of the Nb and Ti foils were 10.1 and 2.36 mg/cm², respectively, 
determined by measuring their lateral length and weight. The foils were cut to 8 × 8 mm to cover a hole size in a target holder. The 
target holder also served as a Faraday cup to measure the beam current during the irradiation.

The trimmed foils were arranged in a Nb-Nb-Ti-Ti configuration, repeated 14 times to form the stacked target. Recoiled products 
from the preceding Nb/Ti foils were captured by the subsequent Nb/Ti foils. Therefore, the recoil product losses of the subsequent Nb/ 
Ti foils were considered to be compensated by those from the preceding Nb/Ti foils. For this reason, gamma-ray spectrum mea
surements were performed only on the subsequent Nb/Ti foils in each arrangement. The configuration of a single set is presented in 
Table 1.

The stacked target was irradiated with an alpha-particle beam for 30 min. The average beam intensity was 200 nA, which was 
determined from the integrated charge using the Faraday cup. The incident beam energy was measured as 51.0 ± 0.2 MeV using the 
time-of-flight method [31]. Energy degradation through the stacked target was calculated using the stopping power data from SRIM 
[32]. We used the median energy between incoming and outgoing particles at each foil as the effective projectile energy.

After irradiation, the target was disassembled and gamma-ray spectrometry was done by using HPGe detectors. The detector ef
ficiencies were calibrated at various source-to-detector distances using two point-like calibration sources: a 152Eu source (Japan 
Radioisotope Association) and a mixed radionuclides source (Eckert & Ziegler Isotope Products). The mixed source contained ten 
radionuclides (57, 60Co, 85Sr, 88Y, 109Cd, 113Sn, 137Cs, 139Ce, 203Hg, and 241Am) emitting multiple gamma-rays, covering an energy 
range between 60 to 1836 keV. Gamma-ray spectrum analysis was performed using the Gamma Studio software (SEIKO EG&G).

For different half-lives of the radioisotopes of interest, five series of gamma-ray spectrum acquisitions were performed for the Nb 
foils and three for the Ti foils. The source-to-detector distances were optimized in each case to ensure the detector dead time remained 
below 3.4 %. A summary of experimental parameters is provided in Table 2. The nuclear reactions investigated, along with their 
associated decay data were retrieved from NuDat 3.0 [33] and Q-Calc [34], were compiled in Table 3.

Cross sections σ were deduced using the following formula: 

σ =
Nγλ

εγεtIγNtNb(1 − e− λti )e− λtc (1 − e− λtm )
(1) 

where Nγ is the net count of the peak area of the characteristic gamma-ray, λ is the decay constant (s-1), εγ is the detector efficiency for 
the characteristic gamma-ray at a specific source-to-detector distance, εt is the dead time correction factor, Iγ is the characteristic 
gamma-ray emission intensity of the radionuclide, Nt is the surface density of target atoms (cm-2), Nb is the intensity of incident alpha- 
particle projectiles (s-1), ti is the irradiation time (s), tc is the cooling time (s), and tm is the measurement time (s).

When the characteristic gamma-ray of the radioisotope of interest was interfered with gamma-rays by another radioisotope, the 
contribution from the interfering radioisotope NI

γ was calculated using the following equation and subsequently subtracted from the 
measured count Nγ: 

NI
γ = NΓ

εγIʹγ
εΓIΓ

(2) 

where NΓ is the net count of another accompanying characteristic gamma-ray from the interfering radioisotope. εΓ is the detector 
efficiency for the accompanying gamma-ray. Í γ and IΓ are the emission intensities of the interfered and accompanying gamma-rays for 
the interfering radioisotope, respectively.

When the radioisotope of interest was also produced by the decay of its parent radioisotope, the independent cross sections were 

Table 1 
The configuration of a single set in the stacked target (total 14 sets).

Number Foil Spectrometry measured or not

1 Nb No
2 Nb Yes
3 Ti No
4 Ti Yes
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determined by subtracting the contribution of the parent radioisotope from the cumulative cross sections, using the following equation 
[35]: 

σd = σ(cum)

d − bITσp
λp

(
λd − λp

)

[
λdλd

λpλp

(1 − e− λpti )e− λptc (1 − e− λptm )

(1 − e− λdti )e− λdtc (1 − e− λdtm )
− 1

]

(3) 

where σ(cum)

d is the cumulative cross section of the daughter radioisotope, σd is the independent cross section of daughter radioisotope 
(direct production), σp is the cross section of the parent radioisotope, bIT is the branching ratio of the parent radioisotope decaying to 
the daughter radioisotope, λd and λp are the decay constant of the daughter and parent radioisotope, respectively.

The cross sections of the natTi(α,x)51Cr monitor reaction were derived using the Eq. (1), and compared with the recommended 
values provided by IAEA [36,37]. We applied a correction of +0.2 MeV to the beam energy (within its uncertainty range) and adjusted 
the beam intensity by − 3 % to improve agreement with the reference data. The comparison is shown in Fig. 1, presenting both un
corrected and corrected results. The other measured values of the beam parameters and foil thicknesses were directly adopted without 
any adjustments.

The total uncertainties in the beam energy for each foil were propagated from the uncertainties in the primary beam energy (0.2 
MeV) and target thickness (1 %). The total uncertainties in the cross section values included contributions from the target thickness (1 
%), foil purity (1 %), beam intensity (5 %), detector efficiency (5 %), gamma-ray intensities (< 3 %), and counting statistics (0.5 - 40.6 
%).

The physical thick target yields αphys [38] is estimated from the interpolated excitation function obtained from the experimentally 
determined cross section data using the following formula: 

αphys = λ
∫E0

0

dE
(

−
1
ρ

dE
dx

)− 1

σ(E)
/

(Ze) (4) 

Where E0 is initial beam energy, − (1 /ρ)(dE /dx) is the stopping power, Z is the charge number of the projectile, e is the elementary 
charge.

3. Results and discussion

Production cross sections of 96g,95m,95g,94g,93m,93gTc, 93mMo, 95m,95g,92m,91m,90Nb, 89gZr and 88,87gY were determined in this 
experiment. The obtained cross sections were summarized in Table 4 and shown graphically in Figs. 2–16 in comparison with the 
theoretical values from TALYS code based TENDL-2023 data library [5], as well as the previously reported experimental data [6–30] 
found in the EXFOR data library [39]. The physical thick target yields [38] for the measured radionuclides were determined based on 
the interpolation of the measured cross sections, and are illustrated in Figs. 17 and 18.

3.1. Production cross sections of 96Tc

96Tc isotope can be produced via the 93Nb(α,n)96Tc reaction, which has a threshold energy of 7.3 MeV. The 96Tc has a metastable 
state (96mTc) and a ground state (96gTc).

The metastable state, 96mTc, has a half-life of 51.5 min and decays to the ground state via isomeric transition (IT) with a probability 
of 98 %. The gamma line at 1200.15 keV (96mTc: Iγ = 1.1 %) was detected in niobium foils corresponding to beam energies of 13.9 and 

Table 2 
Experiment parameters.

Target foils

​ Nb 10.1 ± 0.1 mg/cm2

​ Ti 2.36 ± 0.02 mg/cm²

Beam

​ Energy 51.0 ± 0.2 MeV
​ Average intensity 200 ± 10 nA
​ Irradiation time 30.0 min

Measurement Set number Cooling time Distance Dead time

Nb Series 1 All even-numbered foils 1.6–3.0 h 50–100 cm 0.1–2.7 %
Nb Series 2 All even-numbered foils 3.2–7.8 h 50–100 cm 0.0–1.8 %
Nb Series 3 All even-numbered foils 8.2–36.7 h 5–50 cm 0.0–1.1 %
Nb Series 4 All even-numbered foils 211.7–218.1 h 0–10 cm 0.0–3.0 %
Nb Series 5 All even-numbered foils 293.3–310.0 h 0–2.54 cm 0.0–3.4 %
Ti Series 1 All even-numbered foils 20.5–37.7 h 5 cm 0.0–1.0 %
Ti Series 2 All even-numbered foils 238.7–257.7 h 3 cm 0.0–0.8 %
Ti Series 3 Even-numbered foils (2–18) 317.7–331.8 h 2.54 cm 0.3–0.7 %
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18.6 MeV, indicating relatively large production of 96mTc. However, due to significant statistical uncertainties (> 30 %), cross sections 
for 96mTc were not quantified in this study.

The ground state 96gTc has a half-life of 4.3 d, and its cross sections could be determined by counting the gamma line at 812.5 keV 
(Iγ = 82 %). The measurement in Ser. 4 was adopted, during which the metastable state had fully decayed. Considering the contri
bution from its metastable state’s IT decay (98.0 %), the results were cumulative and shown in Fig. 2.

Our results were compared with the previously published data [7–10,13–16,18–20,22–25,27–29] found in the EXFOR data library 
[39] and the theoretical prediction in the TENDL-2023 library [5]. The previously published data have some differences in description. 
Some reported cumulative cross sections of 96gTc and others 96(g+m)Tc. Given that 96mTc decays almost entirely to 96gTc within a short 
period, all reported values were compared with our results in Fig. 2. Our results show good agreement with some of the previously 
published data and the theoretical values.

3.2. Production cross sections of 95Tc

95Tc can be produced via the 93Nb(α,2n)95Tc reaction, with a threshold energy of 15.4 MeV. 95Tc has a ground state (95gTc) and a 
metastable state (95mTc). The metastable state 95mTc has a half-life of 61.9 d, which is significantly longer than that of its ground state 
95gTc (19.3 h).

The cross sections of 95mTc were determined by the photopeak at 204.1 keV after cooling time of 293.4 - 315.5 h. The results are 

Table 3 
Possible reactions and decay data of reaction products. Gamma lines in bold were adopted to derive cross sections. The reactions with the highest Q- 
values are listed for the specified target isotopes and residuals.

Nuclide E[level] 
(keV)

Half-life Decay mode (%) Eg (keV) Ig (%) Contributing 
Reaction

Q-Value 
(MeV)

Threshold Energy 
(MeV)

51Cr 0.0 27.704 d ε: 100 320.0824 9.91 47Ti(α,γ)51Cr 8.9 0.0
​ ​ ​ ​ ​ ​ 48Ti(α,n)51Cr − 2.7 2.9
​ ​ ​ ​ ​ ​ 49Ti(α,2n)51Cr − 10.8 11.6
​ ​ ​ ​ ​ ​ 50Ti(α,3n)51Cr − 21.8 23.4
96gTc 0.0 4.28 d ε+β+: 100 778.22 99.760 93Nb(α,n)96Tc − 7.0 7.3
​ ​ ​ ​ 812.54 82 (3) ​ ​ ​
​ ​ ​ ​ 849.86 98 (4) ​ ​ ​
​ ​ ​ ​ 1126.85 15.2 (12) ​ ​ ​
96mTc 34.234 51.5 min IT: 98.0 (5) 778.22 1.9 (5) ​ ​ ​
​ ​ ​ ε+β+: 2.0 (5) 1200.15 1.1 (3) ​ ​ ​
95gTc 0.0 20.0 h ε+β+: 100 765.789 93.8 (3) 93Nb(α,2n)95Tc − 14.9 15.4
​ ​ ​ ​ 1073.71 3.74 (4) ​ ​ ​
95mTc 38.9 61 d IT: 3.88 (32) 204.117 63.2 (8) ​ ​ ​
​ ​ ​ ε+β+: 96.12 (32) 582.082 29.9 (4) ​ ​ ​
​ ​ ​ ​ 835.149 26.6 (4) ​ ​ ​
94gTc 0.0 293 min ε+β+: 100 702.67 99.6 (18) 93Nb(α,3n)94Tc − 24.8 25.7
​ ​ ​ ​ 849.74 95.7 (18) ​ ​ ​
​ ​ ​ ​ 871.05 99.9 ​ ​ ​
94mTc 76 52.0 min ε+β+: 100 871.05 94.2 (5) ​ ​ ​
​ ​ ​ ​ 993.19 2.21 (3) ​ ​ ​
​ ​ ​ ​ 1522.1 4.5 (3) ​ ​ ​
​ ​ ​ ​ 1868.68 5.7 (3) ​ ​ ​
93gTc 0.0 2.75 h ε+β+: 100 1362.94 66.2 (6) 93Nb(α,4n)93Tc − 33.5 34.7
​ ​ ​ ​ 1477.14 8.7 (5) ​ ​ ​
​ ​ ​ ​ 1520.28 24.4 (8) ​ ​ ​
93mTc 391.83 43.5 min IT: 77.4 (6) 391.83 58.3 (9) ​ ​ ​
​ ​ ​ ε+β+: 22.6 (6) 2644.6 14.3 (6) ​ ​ ​
93mMo 2424.97 6.85 h IT: 99.8832 (24) 263.049 57.4 (11) 93Nb(α,n+t)93Mo − 21.0 21.7
​ ​ ​ ε+β+: 0.1169 

(24)
684.693 99.9 (8) ​ ​ ​

​ ​ ​ ​ 1477.138 99.1 (11) ​ ​ ​
95gNb 0.0 34.991 d β-: 100 765.803 99.808 

(7)

93Nb(α,2p)95Nb − 12.6 13.0

95mNb 235.69 3.61 d β-: 5.6 (6) 235.69 24.8 (8) ​ ​ ​
​ ​ ​ IT: 94.4 (6) ​ ​ ​ ​ ​
92mNb 135.5 10.15 d ε+β+: 100 934.44 99.15 (4) 93Nb(α,n+p+t)92Nb − 28.6 29.7
91mNb 104.6 60.86 d IT: 96.6 (5) 1204.67 2.02 (8) 93Nb 

(α,3n+p+d)91Nb
− 42.8 44.3

90gNb 0.0 14.60 h ε+β+: 100 141.178 66.8 (7) 93Nb(α,3n+α)90Nb − 28.8 29.8
​ ​ ​ ​ 1129.224 92.7 (5) ​ ​ ​
89gZr 0.0 78.41 h ε+β+: 100 909.15 99.04 (3) 93Nb(α,n+t+α)89Zr − 25.4 26.3
88gY 0.0 106.627 d ε+β+: 100 898.042 93.7 (3) 93Nb(α,n+2α)88Y − 13.4 13.9
​ ​ ​ ​ 1836.063 99.2 (3) ​ ​ ​
87gY 0.0 79.8 h ε+β+: 100 388.5276 82.2 (7) 93Nb(α,2n+2α)87Y − 22.8 23.6
​ ​ ​ ​ 484.805 89.8 (9) ​ ​ ​
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Fig. 1. The cross sections of the natTi(α,x)51Cr monitor reaction, compared with the IAEA recommended values [36,37].

Table 4 
Cross sections (mb) determined in this work.

Energy 
(MeV)

93Nb(α,n)96gTc 
(cum)

93Nb 
(α,2n)95mTc

93Nb 
(α,2n)95gTc

93Nb 
(α,3n)94gTc

93Nb 
(α,4n)93mTc

93Nb(α,4n)93gTc 
(cum)

93Nb(α, 
x)93mMo

50.0 ± 0.4 3.56 ± 0.29 4.2 ± 0.4 48 ± 4 352 ± 27 11.7 ± 2.3 366 ± 28 195 ± 15 ​
47.8 ± 0.4 4.07 ± 0.33 4.8 ± 0.5 58 ± 5 459 ± 35 10.7 ± 2.7 299 ± 23 141 ± 11 ​
45.5 ± 0.4 4.7 ± 0.4 5.5 ± 0.5 70 ± 5 590 ± 40 ​ 214 ± 17 82 ± 7 ​
43.1 ± 0.4 5.4 ± 0.4 7.4 ± 0.6 85 ± 6 720 ± 50 ​ 113 ± 9 35 ± 4 ​
40.7 ± 0.4 6.5 ± 0.5 9.4 ± 0.8 124 ± 9 810 ± 60 ​ 41 ± 4 10.0 ± 2.0 ​
38.1 ± 0.5 7.8 ± 0.6 12.3 ± 1.0 195 ± 14 810 ± 60 ​ 5.2 ± 1.5 ​ ​
35.4 ± 0.5 9.8 ± 0.8 21.1 ± 1.6 329 ± 24 720 ± 50 ​ ​ ​ ​
32.6 ± 0.5 13.1 ± 1.1 37.3 ± 2.8 600 ± 40 470 ± 40 ​ ​ ​ ​
29.5 ± 0.6 18.6 ± 1.5 71 ± 5 920 ± 70 126 ± 10 ​ ​ ​ ​
26.3 ± 0.7 32.6 ± 2.6 103 ± 8 1020 ± 70 ​ ​ ​ ​ ​
22.7 ± 0.7 113 ± 9 106 ± 8 840 ± 60 ​ ​ ​ ​ ​
18.6 ± 0.9 470 ± 40 50 ± 4 322 ± 23 ​ ​ ​ ​ ​
13.9 ± 1.1 264 ± 21 ​ ​ ​ ​ ​ ​ ​
7.7 ± 1.8 0.089 ± 0.008 ​ ​ ​ ​ ​ ​ ​

Energy 
(MeV)

93Nb 
(α,2p)95mNb

93Nb 
(α,2p)95gNb

93Nb(α, 
x)92mNb

93Nb(α, 
x)91mNb(cum)

93Nb(α,x)90 

(g+m)Nb

93Nb(α, 
x)89gZr(cum)

93Nb(α,x)88 

(g+m)Y

93Nb(α, 
x)87gY(cum)

50.0 ±
0.4

0.093 ± 0.021 2.79 ± 0.21 25.6 ± 1.9 10.7 ± 2.6 43.6 ± 3.3 0.119 ± 0.019 2.74 ± 0.24 0.129 ± 0.019

47.8 ±
0.4

0.127 ± 0.027 2.52 ± 0.20 23.5 ± 1.7 7.2 ± 2.3 19.2 ± 1.5 ​ 1.89 ± 0.20 ​

45.5 ±
0.4

0.118 ± 0.027 2.67 ± 0.21 22.7 ± 1.6 9.7 ± 2.8 4.9 ± 0.5 ​ 1.14 ± 0.15 ​

43.1 ±
0.4

0.080 ± 0.029 2.47 ± 0.20 20.5 ± 1.5 8.5 ± 2.5 ​ ​ 0.56 ± 0.09 ​

40.7 ±
0.4

0.096 ± 0.029 2.51 ± 0.20 19.1 ± 1.4 9.6 ± 2.8 ​ ​ 0.23 ± 0.06 ​

38.1 ±
0.5

​ 2.38 ± 0.19 17.1 ± 1.2 6.3 ± 2.5 ​ ​ ​ ​

35.4 ±
0.5

​ ​ 16.0 ± 1.2 ​ ​ ​ ​ ​

32.6 ±
0.5

​ ​ 15.0 ± 1.1 ​ ​ ​ ​ ​

29.5 ±
0.6

​ ​ 12.3 ± 0.9 ​ ​ ​ ​ ​

26.3 ±
0.7

​ ​ 8.0 ± 0.6 ​ ​ ​ ​ ​

22.7 ±
0.7

​ ​ 2.44 ± 0.19 ​ ​ ​ ​ ​
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shown in Fig. 3. The former published studies [7,8,10,13,14,18–20,23,27,28] provided cross sections of 95mTc. Their results and 
theoretical prediction in the TENDL-2023 data library [5] were compared with ours.

As for the production cross section of 95gTc, although the contribution of 95mTc decay to 95gTc production during cooling was 
minimal (IT: 3.88 %), it was initially treated as cumulative values. These cumulative cross sections were derived by analyzing the 
765.8-keV gamma line after cooling time ranging from 17.4 to 36.7 h (Ser. 3). Eq. (3) was then applied to correct for the contribution 
from 95mTc, and the resulted independent cross sections were less different from the original cumulative values.

Furthermore, 95gNb, which has a relatively long half-life of 35.0 d and also emits the 765.8-keV gamma line, interferes with the 
measurement. Its contribution to the total gamma counts in Ser. 3 was estimated based on the results from measurements in Ser. 5 and 
its decay curve, and was subsequently subtracted. Thus, independent cross sections of 95gTc are obtained and shown in Fig. 4.

The literature values [7–10,12–16,18–20,22–25,27,28] and the theoretical prediction in the TENDL-2023 data library [5] were 
consequently compared with our experimental results in Fig. 4. Although the previous works [7,8,10,14,15,18–20,23,24,27,28] did 
not explicitly state this, their reported values likely correspond to cumulative 95gTc cross sections. Mukherjee et al. [12] and Bran
quinho et al. [25] reported total cross sections of 95(g+m)Tc along with isomeric ratios. From these data, we derived their 95gTc cross 
sections for comparison with our measurements. Palshetkar et al. [9], Mukherjee et al. [16] and Rao et al. [22], provided only total 
cross sections of 95(g+m)Tc, which are labeled as “G+M” in Fig. 4. Tarkanyi et al. [13] employed short irradiation and cooling periods to 
minimize the contribution via 95mTc decay. Consequently, their reported cross sections represent independent production values and 
are designated “Ind.” in Fig. 4. Our results show good agreement with the most recently published data and are slightly higher than 
values from TENDL-2023.

Fig. 2. Cumulative cross sections of the 93Nb(α,n)96gTc reaction, compared with the previously published data [7–10,13–16,18–20,22–25,27–29] 
and the theoretical values from the TENDL-2023 library [5].

Fig. 3. Cross sections of the 93Nb(α,2n)95mTc reaction, compared with the previously published data [7,8,10,13,14,18–20,23,27,28] and the 
theoretical values from the TENDL-2023 library [5].
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3.3. Production cross sections of 94Tc

94Tc can be produced via the 93Nb(α,3n)94Tc reaction, with a threshold energy of 25.7 MeV. 94Tc has a ground state and a 
metastable state, that are not related through parent-daughter decay. Both states decay exclusively via electron capture and β+ decay. 
The cross sections of metastable state 94mTc (T1/2 = 52 min) were not quantified in this work due to large statistical uncertainties 
exceeding 40 %

The independent cross sections of the ground state 94gTc (T1/2 = 293 min) were measured by analyzing the 702.7-keV gamma line 
after cooling time ranging from 3.2 to 6.1 h. Our results were compared with those reported in the references [7,8,10,13–15,18–20,
23–25,27,28,30] and the theoretical prediction in the TENDL-2023 library [5] in Fig. 5.

Among these literature data, Branquinho et al. [25] provided total cross sections of 94(g+m)Tc and the isomeric ratios. Based on these 
data, the cross sections of 94gTc were calculated and compared with our results in Fig. 5. Our data are consistent with some of the 
previously published values and are slightly higher than those predicted by TENDL-2023.

3.4. Production cross sections of 93Tc

93Tc can be produced via the 93Nb(α,4n)93Tc reaction, which has a threshold energy of 34.7 MeV. 93Tc has ground and metastable 
states. The metastable state 93mTc undergoes the isomeric transition to 93gTc with a branching ratio of 77.4 %.

The cross sections of 93mTc were determined by analyzing the 391.8-keV gamma line. The signals were only observed and 

Fig. 4. Cross sections of the 93Nb(α,2n)95gTc reaction, compared with the previously published data [7–10,12–16,18–20,22–25,27,28] and the 
theoretical values from the TENDL-2023 library [5].

Fig. 5. Cross sections of the 93Nb(α,3n)94gTc reaction, compared with the previously published data [7,8,10,13–15,18–20,23–25,27,28,30] and the 
theoretical values from the TENDL-2023 library [5].
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quantified in the two foils at the highest energy. Due to its short half-life (43.4 min), spectra with cooling time of 1.8–1.9 h were used. 
Our results were compared with those from former studies [19,25] and theoretical prediction in the TENDL-2023 library [5], shown in 
Fig. 6. The comparison shows that TENDL-2023 overestimates the 93mTc cross sections.

The cross sections of 93gTc (T1/2 = 2.8 h) are shown in Fig. 7. The cumulative cross sections were determined by analyzing the 
1362.9-keV gamma line after 3.2–5.0 h, including minor contributions from 93mTc. Our results were compared with the previous 
studies [19,24,25] and the theoretical prediction in the TENDL-2023 library [5] in Fig. 7. The 93gTc and 93mTc results reported by 
Branquinho et al. [25] were derived from their published total cross sections of 93(g+m)Tc and corresponding isomeric ratios. Our 
results are in good agreement with the previously published data and the theoretical values from TENDL-2023 at energies below 50 
MeV.

3.5. Production cross sections of 93mMo

93Mo can be produced through the 93Nb(α,x)93Mo reaction (Eth = 21.7 MeV). The ground state 93gMo (T1/2 = 4 × 103 y) does not 
emit detectable gamma rays. The cross sections of 93mMo (T1/2 = 6.9 h) were determined by analyzing the 684.7-keV gamma line after 
cooling time of 29.4–36.7 h.

Our results were compared with the previously published data [6,8,18–20,24,25] and the theoretical values from the TENDL-2023 
library [5] shown in Fig. 8. The data reported by Branquinho et al. [26] shows larger cross sections, while those by Singh et al. [20] are 
smaller.

Fig. 6. Cross sections of the 93Nb(α,4n)93mTc reaction, compared with the previously published data [19,25] and the theoretical values from the 
TENDL-2023 library [5].

Fig. 7. Cumulative cross sections of the 93Nb(α,4n)93gTc reaction, compared with the previously published data [19,24,25] and the theoretical 
values from the TENDL-2023 library [5].
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3.6. Production cross sections of 95Nb

95Nb can be produced via the 93Nb(α,2p)95Nb reaction with a threshold energy of 13.0 MeV. The 95Nb has two long-lived energy 
levels: the metastable state 95mNb (T1/2 = 3.6 d) and the ground state 95gNb (T1/2 = 35.0 d). 95mNb decays to its ground state through 
isomeric transition with a branching ratio of 94.4 %.

The cross sections of 95mNb were determined by analyzing the gamma line at 235.7 keV in spectra measured after cooling time of 
211.8–216.0 h. The results were compared with the previously published data [6,8] and the theoretical prediction values in the 
TENDL-2023 library [5]. The results reported by Amanuel et al. [8] are much larger than the other experimental cross sections.

The cross sections of 95gNb were initially determined using the gamma line at 765.8 keV, after long cooling time of 311.0–316.5 h. 
The contributions from the parent isotope 95mNb were accounted using the equation (3) then and subsequently subtracted.

However, an interference exists from the closely overlapping 765.8-keV gamma-ray (Iγ = 93.8 %) emitted by 95gTc (T1/2 = 20.0 h) 
in equilibrium with the decay of long-lived 95mTc (T1/2 = 61 d). The contribution from this interference can be evaluated using the Eq. 
(2), combined with the characteristic gamma-ray of 95gTc at 1073.7 keV (Iγ = 3.74 %), measured in the same series. The 1073.7-keV 
gamma line was detected at projectile energies equal to or below 35.4 MeV, but with large uncertainties (>22 %). Due to the potential 
impact on the cross section data, and the substantial associated uncertainties, the corrected results are presented only for energies 
above 35.4 MeV.

Our results were compared with the previously published data [6,8,13,16,21,26,27] and the theoretical prediction in the 
TENDL-2023 data library [17], shown in Fig. 10. Both our data and several earlier experimental results are higher than the theoretical 

Fig. 8. Cross sections of the 93Nb(α,x)93mMo reaction, compared with the previously published data [6,8,18–20,24,25] and the theoretical values 
from the TENDL-2023 library [5].

Fig. 9. Cross sections of the 93Nb(α,2p)95mNb reaction, compared with the previously published data [6,8] and the theoretical values from the 
TENDL-2023 library [5].
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values.

3.7. Production cross sections of 92mNb

92gNb has an extremely long half-life (T1/2 = 3.5 × 107 y), and cannot be detected by gamma-ray spectroscopy. In contrast, 92mNb 
(T1/2 = 10.2 d) can be measured by counting the 934.4-keV gamma line after cooling time of 293.4–314.4 h.

Our results were compared with the previously published data [6,8,13–16,18–21,23,25,27] and the theoretical prediction in the 
TENDL-2023 library [17], shown in Fig. 11. Our results show good agreement with the recently published data [6,8,13,14,19,20] but 
exhibit a different trend compared to the theoretical values.

3.8. Production cross sections of 91mNb

91Nb can be produced through both the 93Nb(α,x)91Nb reaction and electron capture and β+ decay of 91gMo (ε+β+: 100 %) and 
91mMo (ε+β+: 50 %, IT: 50 %). Since both 91Mo states have short half-lives, 15.5 min for 91gMo and 64.6 s for 91mMo, contributions 
from indirect production via 91Mo decay cannot be excluded in this analysis.

The cross sections of the long-lived ground state 91gNb (T1/2 = 6.8 × 102 y) could not be determined. Only the cross sections of the 
metastable state 91mNb (T1/2 = 60.86 d) were measured, using the gamma line at 1204.67 keV, after cooling time of 293.4–309.0 h.

Our results were compared with the previously published results [6,21] and the theoretical prediction in the TENDL-2023 data 

Fig. 10. Cross sections of the 93Nb(α,2p)95gNb reaction, compared with the previously published data [6,8,13,16,21,26,27] and the theoretical 
values from the TENDL-2023 library [5].

Fig. 11. Cross sections of the 93Nb(α,x)92mNb reaction, compared with the previously published data [6,8,13–16,18–21,23,25,27] and the theo
retical values from the TENDL-2023 library [5].
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library [17], shown in Fig. 12. The existing experimental results are scattered, and our results are lower than the prediction values.

3.9. Production cross sections of 90Nb

90gNb can be produced through both the 93Nb(α,x)90gNb reaction and isomeric transition decay of 90mNb (IT: 100 %). Due to the 
extremely short half-life of 90mNb (18.91 s), it completely decayed before measurement. Therefore, the measured results represent the 
sum cross sections of 90(g+m)Nb. The cross sections were determined by counting the 1129.224-keV gamma-ray measured after cooling 
time of 34.6–36.7 h. Our results are compared with the published data [16,17,21,24,25] and the theoretical prediction in the 
TENDL-2023 library [5], shown in Fig. 13. Except for the data reported by Branquinho et al. [26] and Singh et al. [17], the existing 
experimental data show good agreement with the theoretical values from TENDL-2023.

3.10. Production cross sections of 89gZr

89gZr can be produced through both the 93Nb(α,x)89gZr reaction and the isomeric transition of 89mZr (T1/2 = 4.2 min, IT: 93.77 %). A 
measurable signal for determining the cumulative cross section of 89gZr was only observed at 50.0 MeV, based on the analysis of the 
909.2-keV gamma-ray (Iγ = 99.04 %) after a cooling time of 211.8 h. The contribution from the isomeric transition of 89mZr is 
considered negligible due to its very low production cross section predicted by TENDL-2023 at energies below 50 MeV (maximum: 
0.004 mb) [5].

Fig. 12. Cumulative cross sections of the 93Nb(α,x)91mNb reaction, compared with the previously published data [6,21] and the theoretical values 
from the TENDL-2023 library [5].

Fig. 13. Cross sections of the 93Nb(α,x)90(g+m)Nb reaction, compared with the previously published data [16,17,21,24,25] and the theoretical 
values from the TENDL-2023 library [5].
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Fig. 14. Cumulative cross sections of the 93Nb(α,x)89gZr reaction, compared with the previously published data [16] and the theoretical values from 
the TENDL-2023 library [5].

Fig. 15. Cross sections of the 93Nb(α,x)88(g+m)Y reaction, compared with the theoretical values from the TENDL-2023 library [5].

Fig. 16. Cumulative cross sections of the 93Nb(α,x)87gY reaction, compared with the theoretical values from the TENDL-2023 library [5].
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Mukherjee et al. [16] provided one data point at 51.6 MeV, which is close to our experiment energy range and is thus compared 
with our result. Their value is much larger than ours. Our measurement agrees well with the TENDL-2023 prediction [5].

3.11. Production cross sections of 88Y

88gY (T1/2 = 106.6 d) can be produced through both the 93Nb(α,x)88gY reaction and the decay of 88mY (T1/2 < 1 s) via 100 % 
isomeric transition. In this study, the 88(g+m)Y cross sections were determined by detecting the 1836.1-keV gamma line measured after 
cooling time of 203.4–308.0 h.

No previous experimental data exist for 88Y cross sections below 50 MeV. Compared with the TENDL-2023 theoretical predictions 
[5], our results show systematically higher values.

3.12. Production cross sections of 87gY

87gY (T1/2 = 79.8 h) can be produced through both the 93Nb(α,x)87gY reaction and the isomeric transition of 87mY (T1/2 = 13.4 h, IT: 
98.43 %). The characteristic 380.8-keV gamma-ray from 87mY (Iγ: 78.05 %) was not observed even in early measurements, indicating 
the production of 87mY was small. A cumulative cross section of 87gY was determined using the 484.8-keV gamma-ray after a cooling 
time of 211.8 h, when the 87mY was totally decayed.

No experimental data for 87Y cross sections below 50 MeV have been previously reported. Our results are consistent with the 
theoretical predictions from TENDL-2023 [5].

Fig. 17. The physical thick target yields of Tc radioisotopes, derived from interpolated cross section data obtained in this work.

Fig. 18. The physical thick target yields of Mo and Nb radioisotopes, derived from interpolated cross section data obtained in this work.
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3.13. Physical thick target yields

Physical thick target yields [38] of 96g,95m,95g,94g,93m,93gTc, 93mMo and 95m,95g,92m,91m,90gNb produced through 
alpha-particle-induced reactions on 93Nb were estimated based on the interpolated cross sections measured in this work.

The physical thick target yields of Tc and other radioisotopes were shown in Fig. 17 and Fig. 18, respectively.

4. Conclusion

We measured the production cross sections of 96g,95m,95g,94g,93m,93gTc, 93mMo, 95m,95g,92m,91m,90Nb, 89gZr and 88,87gY in the alpha- 
particle-induced nuclear reactions of 93Nb. The experiment was performed at the RIKEN AVF cyclotron facility using the stacked-foil 
activation technique coupled with high-resolution gamma-ray spectrometry. The derived cross sections were compared with the 
previously reported experimental data [6–30] and the theoretical values of TALYS based TENDL-2023 library [5]. Based on inter
polated experimental cross section values, we calculated the physical thick target yields for Tc, Nb and Mo radioisotopes. These results 
are expected to both optimize radionuclide production parameters and contribute to improvements in nuclear reaction modeling.
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