
Radiation Physics and Chemistry 190 (2022) 109774

Available online 15 September 2021
0969-806X/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Study of 99Mo and long-lived impurities produced through (p, x) reactions 
in the natMo 
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A B S T R A C T   

Using the stack-foil activation technique, excitation functions were measured for (p, x) reactions on natMo target. 
The target was irradiated with a proton beam of 17 MeV kinetic energy. Along with the medically important 
radioisotopes 99Mo/99mTc we studied other long-lived radio-impurities produced in the target. Cross sections of 
all the produced radioisotopes from natMo(p, x) reactions are compared with the available literature data, which 
show good agreement.   

1. Introduction 

In different fields of science and technology, carrier-free radioiso
topes are used for many applications (Khandaker et al., 2007). Two 
major reactors that were used to produce medical radioisotopes faced 
sudden failures in the previous decade. Due to these, radioisotopes 
production methods based on charged particle accelerators were 
developed and are more favorable in many aspects (Scholten et al., 
1999; Lagunas-Solar et al., 1991; National Research Council, 2009; 
Takács et al., 2003). Medium-energy particle accelerators are becoming 
a viable option for radioisotope production. 

The importance of 99mTc in medicine is well known; about 80% of the 
nuclear medicine procedures utilise 99mTc radionuclide (Tárkányi et al., 
2012). 99mTc decays to 99Tc with a half-life of 6 h through 140.5 keV 
photon emission. Due to the small half-life, in many applications 99mTc is 
produced from its parent 99Mo radioisotope (t1/2 = 65.94 h). The ma
jority of 99Mo is produced through reactor-based fission reactions with 
enriched uranium-235, i.e. the 235U(n, f)99Mo reaction. However, many 
of the reactors that are involved in the production of medical radioiso
topes are scheduled for shutdown within the next few years, due to their 
aging. Hence, over the longer run, the reactor-based production will 

become unreliable (Starovoitova et al., 2014). 
The 99Mo/99mTc can be produced using proton beams through the 

following reactions 100Mo(p, pn)99Mo and 100Mo(p,2n)99mTc. The proton 
induced reactions on molybdenum were studied in detail by many 
research groups (Khandaker et al., 2006; Scholten et al., 1999; Lagu
nas-Solar et al., 1991; Takács et al., 2002, 2003, 2015; Tárkányi et al., 
2012, 2019; Bonardi et al., 2002; Alharbi et al., 2011a, 2011b; Chodash 
et al., 2011; Lebeda and Pruszyński, 2010; Červenák and Lebeda, 2016; 
Qaim et al., 2014; Szkliniarz et al., 2017; Gagnon et al., 2011; Elbinawi 
et al., 2020), but the cross-section data show significant discrepancies (e. 
g. the discrepancy between the literature data is about a factor 2 in 
magnitude in the case of 99mTc around 10 MeV proton energy). Deter
mination of the optimum irradiation conditions for the production re
quires precise cross-section data as input. Also, such data are of 
importance for other applications such as medical science, environ
mental science, accelerator technology, astrophysics, space, and avia
tion technology (Khandaker et al., 2007). 

In this work, we present results of a direct measurement for the 
production cross section of 99Mo, 99mTc and other long-lived radio-iso
topes produced through (p, x) reactions on natMo by a standard stack-foil 
activation technique up to 17 MeV proton energy. 
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2. Materials and methods 

2.1. Experimental procedure 

The target setup consisted of six metallic discs of natural molybde
num of 25 mm diameter, 0.1 mm thickness and 99.9% purity sand
wiched between copper foils of 0.01 mm thickness. Isotopic composition 
of the natMo target is given in Table 1. The copper foils were used for 
beam current monitoring. 

An external beam line of the AIC-144 cyclotron in the Institute of 
Nuclear Physics Polish Academy of Sciences, Cracow, Poland was used 
for irradiation. The cyclotron is an isochronous type, capable of deliv
ering a 60 MeV collimated proton beam with 65 nA beam intensity. 
Since the beam energy cannot be regulated, we used a 99% pure 
aluminium foil of 13.2 mm thickness as an energy degrader. The average 
energy downstream of the degrader was calculated through the Geant4 
simulation software (GEANT-4, 2017), and was found to be 17.5 MeV 
with a 0.8 MeV spread. The stack of targets was irradiated for 5 h, the 
targets were left to cool down for 8 h after the end of bombardment 
(EOB). The dimensions of the proton beam were measured using a 
fluorescent sheet placed at the Al degrader position. The beam diameter 
was found to be 5 mm before the degrader, 20 mm behind it, and 24 mm 
behind the entire target stack. Thus, the entire beam profile was con
tained in the target lateral dimensions. 

2.2. Measurements and data analysis 

The activity measurements were performed using an HPGe detector 
(type-p, 10% relative efficiency, energy resolution 3.4 keV FWHM at the 
1332.5 keV peak of 60Co, built in the Institute of Nuclear Physics PAN – 
Cracow) coupled with an ORTEC Multichannel Analyzers 919E Ether
NIM, which was used to register energy spectra of the gamma quanta 
emitted from the irradiated targets. . The efficiency calibration of the 
detector system was done using the 241Am, 133Ba, 109Cd, 60Co, 137Cs and 
22Na standard sources. For routine control of energy calibration, we used 
the 152Eu source. The detector was calibrated for different sample- 
detector geometries and the activity measurements were done in one 
of the geometries used for calibration, thus no interpolation of efficiency 
function was required. In all measurements the dead time of the detector 
was monitored and kept below 6% to avoid pile-up effect. Table 2 shows 
the nuclear data of the identified radioisotopes together with the re
actions potentially contributing to their production (Nuclear data, 2020; 
NuDat 2.8; Chu et al., 1999). The resolution of the detector is σE = 2.7 
keV for the 1173 keV γ-line, efficiency of the detector was 5%. To 
identify the radioisotopes, we conducted a series of measurements at 
different times after irradiation for each target foil. The data analysis 
proceeded as explained in Ref. (Ahmed et al., 2020). In the first step, the 
registered spectra were normalised to the detector live measurement 
time. Then the gamma peaks were fitted with a sum of Gaussian peaks 
and linear background yielding the peak integral count Ṅ. The activities 
at the time of measurement were calculated according to the formula 

Ai,j =
Ṅi,j

fjεjτj(1 − e− tmeas,i/τj )
, (1)  

where the index i represents the measurement number in the sequence of 
collected spectra at different time after irradiation, j enumerates iden
tified peaks, fj is the relative emission probability per decay of a parent 
nucleus, εj stands for energy-dependent detector efficiency, τj is the 
mean lifetime and tmeas,i denotes the duration time of the i-th 
measurement. 

Subsequently, an exponential function (Eqn. 2) was fitted to the time 
dependence of Ai,j to find the activity at the end of bombardment (AEOB) 
for each identified peak j. 

Table 1 
Isotopic composition of natMo target taken from Ref 
(Meija et al., 2016).  

Isotopes Abundance (%) 

92Mo  14.64 
94Mo  9.18 
95Mo  15.87 
96Mo  16.67 
97Mo  9.58 
98Mo  24.29 
100Mo  9.74  

Table 2 
Nuclear data for radionuclides produced via proton-induced reactions in a natMo 
target (Nuclear data, 2020; NuDat 2.8; Chu et al., 1999). Gamma ray energies 
used in the analysis are in bold. Uncertainties of the half-life, photon energies 
and the corresponding intensities in the last valid digits are in italics.  

Radio- 
Nuclide 

t1/2 Eγ [keV] Iγ [%] Contributing 
reactions 

Q-value 
[MeV] 

93Tc  2.75 h 
5 

1363.02 4 66 92Mo(p, γ) 4.086   

1477.13 4 8.7 5 94Mo(p,2n) − 13.661   

1520.37 9 24.4 8 95Mo(p,3n) − 21.030     
96Mo(p,4n) − 30.185     
93mTc decay   

94Tc  293 
min 1 

702.622 
19 

99.6 
18 

94Mo(p,n) − 5.038   

849.74 7 95.7 18 95Mo(p,2n) − 12.407   

871.09 18 99.9 96Mo(p,3n) − 21.562   

993.91 18 2.21 3 94mTc decay    
1522.11 
20 

4.5 3     

1868.68 8 5.7 3   
95Tc  20.0 h 

1 
765.794 7 93.82 

19 
94Mo(p, γ) 4.896   

947.67 2 1.951 
19 

95Mo(p,n) − 2.473   

1073.71 2 3.74 4 96Mo(p,2n) − 11.627     
97Mo(p,3n) − 18.448     
95mTc decay  

95mTc  61 d 2 204.117 2 63.25 
13 

94Mo(p, γ) 4.896   

582.082 3 29.96 5 95Mo(p,n) − 2.473   

835.149 5 26.63 
19 

96Mo(p,2n) − 11.627     

97Mo(p,3n) − 18.448 
96Tc  4.28 

d 7 
314.337 
71 

2.43 19 96Mo(p,n) − 3.756   

778.224 
15 

99.9 97Mo(p,2n) − 10.577   

812.581 
15 

82 4 98Mo(p,3n) − 19.219   

849.929 
13 

98 4 96mTc decay    

1126.965 
21 

15.2 12   

99mTc  6.01 h 
1 

140.511 1 89 98Mo(p, γ) 6.500     

100Mo(p,2n) − 7.796     
99Mo decay   

99Mo  65.94 h 
1 

140.55 1 89.43 
23 

100Mo(p,pn) − 8.294   

181.063 8 5.99 7     
366.421 
15 

1.191 
13     

739.50 2 12.13 
12    
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Aj(t) = AEOB,jexp(− t
/

τj). (2) 

Plugging the AEOB value into the standard activation formula we 
determined the reaction cross section σ [mb] 

σ =
ZeMAEOB

HNAxI(1 − e(− λtirr ))
. (3)  

Here, Z is the atomic number of projectile, e is the elementary charge, M 
represents the atomic mass of the target material, H stands for the 
enrichment of the target, NA is Avogadro’s number, x is the target 
thickness, I is the beam current, λ denotes the decay constant of the 
radioisotope and tirr represents the irradiation time. 

2.3. Beam energy and current 

To determine the energy degradation in the target stack, we per
formed Monte Carlo simulations using the Geant4 simulation software 
(GEANT-4, 2017). Fig. 1 shows the proton energy distribution in the 
subsequent natMo targets. The energy distribution in the targets is 
Gaussian for both proton beams entering and leaving the target. The 
energy range ΔE in the target is calculated as follows 

ΔE = Ein + HWHM(Ein) − (Eout − HWHM(Eout)), (4)  

where Ein and Eout represent mean proton energies at the front and back 
plane of the target, respectively, and HWHM(x) stands for the half width 
at half maximum of the x variable distribution. 

To verify the beam intensity experimentally, thin copper foils were 
used, as described in Sec. 2.1. Copper is an ideal material due to its 
physical, chemical and mechanical properties. Eqn. (3) was used to 
calculate the beam current. The nuclear reactions natCu(p, x)62,63,65Zn are 
used to calculate the beam current based on the cross-section data of 
Ref. (Hermanne et al., 2018). The beam current value was deduced from 
each natCu target, the values were consistent for the whole set with a 
mean of 26 ± 1.5 nA. 

2.4. Estimation of uncertainties 

The total uncertainty is divided into two parts: a point specific un
certainty and a common absolute normalisation uncertainty. The point 
specific one consists of the statistical uncertainty for the measured 
counts in the photo-peak, the uncertainty of the target foil thickness, and 
the uncertainty in nuclear decay data. The common uncertainty is 
composed of the accuracy of the detector efficiency and beam current 
determination. The point specific uncertainty ranges between 9 and 11% 

3. Results and discussions 

3.1. Cross sections of Tc isotopes production 

The activation formula (Eqn. 3) was used to calculate the cross sec
tion. The obtained results, together with the corresponding 

Fig. 1. Geant4-simulated energy distributions in the natMo targets, on the front surface (black) and back surface (red).  

Table 3 
Experimentally determined cross sections of production of all the detected ra
dioisotopes through the (p, x) reactions in a natMo target. Energy ranges in the 
targets as well as the point specific uncertainties of cross sections in the last valid 
digits are in brackets.  

Proton 
energy 
[MeV] 

Production cross section [mb] of different nuclei from the natMo(p,x) 
reactions 

93Tc  94Tc  95Tc  95mTc  96Tc  99mTc  99Mo  

3.3(27) 0.82 
(10) 

0.92 
(10) 

3.47 
(42) 

2.54 
(28) 

1.45 
(13) 

1.38 
(15) 

1.01 
(11) 

5.9(38) 1.03 
(12) 

1.05 
(11) 

10.8 
(12) 

6.02 
(66) 

10.48 
(95) 

2.09 
(22) 

1.11 
(12) 

9.4(34) 1.71 
(20) 

7.31 
(77) 

55.7 
(64) 

28.8 
(32) 

104.8 
(96) 

49.8 
(52) 

2.16 
(24) 

12.5(27) 2.11 
(25) 

18.5 
(20) 

93 
(11) 

36.9 
(41) 

140 
(13) 

211 
(22) 

10.9 
(12) 

15.1(24) 13.6 
(16) 

51.8 
(55) 

116 
(14) 

50.1 
(55) 

125 
(12) 

242 
(26) 

34.9 
(39) 

17.3(21) 46.1 
(53) 

65.2 
(69) 

108 
(13) 

48.8 
(54) 

101.2 
(91) 

242 
(26) 

64.8 
(72)  
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uncertainties, are listed in Table 3. The literature data used for com
parison were taken from EXFOR database (EXFOR database, 2020). 

For the production of 93Tc radioisotope, the dominant reaction in the 
investigated energy range is 94Mo(p,2n) and the decay of 93mTc (t1/2 =

43.5 min), so the reported cross section is cumulative. Independent 
gamma line 1363 keV (66%) was used to determine the cross section of 
93Tc production. The contribution from the reaction 92Mo(p, γ) domi
nates below 13.8 MeV. As shown in Fig. 2 (a) there is a good agreement 
between the present and the literature data (Khandaker et al., 2007; 
Tárkányi et al., 2012; Lebeda and Pruszyński, 2010; Červenák and 
Lebeda, 2016; Elbinawi et al., 2020). The data points of Ref (Khandaker 
et al., 2007). are considerably above the trend of other data sets for 
beam energies above 19 MeV. 

To determine the formation cross section of 94Tc, the photo-peak of 
702.62 keV γ-line (99.6%) was used. We studied the excitation function 
of natMo (p,x)94gTc reaction only, and the contribution from 94mTc could 
be neglected due to the relatively short half-life of 94mTc compared to the 
measurement agenda, as discussed in Refs. (Lebeda and Pruszyński, 
2010; Takács et al., 2015; Červenák and Lebeda, 2016; Qaim et al., 
2014; Ahmed et al., 2019). From Fig. 2 (b), it is evident that the results 
obtained are in agreement with the literature data, except the data of 
Ref. (Khandaker et al., 2007), which are for higher beam energies. 

The 95Tc radioisotope has a long-lived isomeric state 
95mTc(t1/2 = 61 days) and relatively short-lived ground state with t1/2 
= 20 h, electron capture process is the major decay mode. Th e 95Tc 
activity measurement was based on the detection of 765.79 keV 

Fig. 2. Obtained production cross sections of nat/100Mo(p, x) reactions (black circles) shown together with other existing data sets. The horizontal error bars represent 
the range of energy degradation within the natMo targets (eq. (4)), and the vertical ones the point specific cross-section uncertainty (see sec. 2.3). The uncertainty of 
absolute normalisation σN is stated in each panel. 
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(93.82%) gamma line. Formation of 95Tc is due to the 95Mo(p, n) and 
96Mo(p,2n) reactions with a small contribution from the 95mTc decay. 
The present data were compared with the available literature data and 
are shown in Fig. 2 (c); the present data are in good agreement with the 
literature data from Refs (Khandaker et al., 2006, Khandaker et al., 
2007; Tárkányi et al., 2012; Bonardi et al., 2002; Alharbi et al., 2011a, 
2011b; Lebeda and Pruszyński, 2010; Červenák and Lebeda, 2016; 
Elbinawi et al., 2020). within the uncertainties. 

The long-lived 95mTc isomer is produced through the same processes 
as 95Tc. Cross section calculations were done by considering 204.11 keV 
γ-line (63.25%). The interference of 95mNb (2.3%) photo-peak of the 
same energy was insignificant for the current proton energy range. The 
obtained radioisotope production cross section is consistent with the 
available literature data (Fig. 2 (d)). 

The 96mTc (t1/2 = 51.5 min) decays into 96Tc through isomeric 
transition (98%) by emitting less intense gamma spectral lines that are 
not suitable for quantitative studies (Khandaker et al., 2006; Alharbi 
et al., 2011b). To measure the excitation function of 96Tc we considered 
the photo-peaks 778.22 keV (99.9%) and 812.58 keV (82%) γ-lines. 
Because of short t1/2 and the high isomeric transition decay rate of 96mTc, 
we can consider the measured cross section as the cumulative cross 
section of 96mTc and 96gTc. Fig. 2 (e) shows the comparison of the present 
data with the available database. Our data shows good agreement with 
all other reported data. 

The 99mTc emits only 140.5 keV gamma quanta while decaying to the 
ground state, exploited in medical applications. The dominating route 
for the production of 99mTc radioisotope is via 100Mo(p,2n)99mTc [nat
ural abundance in 100Mo is 9.74%], small contribution from 

Fig. 3. Excitation function of 100Mo(p, x)99mTcTc 
reaction overlaid with the results of theoretical cal
culations of Refs (Tárkányi et al., 2019; Qaim et al., 
2014). and very recent experimental data from Refs. 
(Takács et al., 2015; Elbinawi et al., 2020; Ahmed 
et al., 2019). The horizontal error bars represent the 
range of energy degradation within the natMo target 
(eq. (4)), and the vertical ones the point specific 
cross-section uncertainty (see sec. 2.3). The σN rep
resents the uncertainty of absolute normalisation.   

Fig. 4. Production cross section of 100Mo(p, x)99Mo reactions. The horizontal error bars represent the range of energy degradation within the natMo target (eq. (4)), 
and the vertical ones the point specific cross-section uncertainty (see sec. 2.3). The σN represents the uncertainty of absolute normalisation. 
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98Mo(p, γ)99mTc reaction and the 99Mo decay. Activity measurement of 
99mTc was done by studying the 140.5 keV gamma line. The data analysis 
of this photopeak was done as discussed in Ref. (Ahmed et al., 2019). We 
have used natMo target, but the cross section of 99mTc presented here is 
after extrapolating to 97.4% of 100Mo. Fig. 2 (f) shows the comparison of 
present and existing literature data. Good agreement is found with all 
data sets except the data of Refs. (Khandaker et al., 2006, Khandaker 
et al., 2007; Scholten et al., 1999), which have the same trend as others 
but lower cross-section values. A theoretical approach to model the 
production cross section of 99mTc and 99Mo was presented in Ref (Qaim 
et al., 2014). and recently in Ref. (Tárkányi et al., 2019). In Fig. 3 the 
comparison of the present data with very recent literature data from Refs 
(Takács et al., 2015; Tárkányi et al., 2019; Qaim et al., 2014; Elbinawi 
et al., 2020; Ahmed et al., 2019). and the theoretical calculations are 
presented. 

3.2. Cross section of 99Mo production 

The radioisotope 99Mo emits very intense 140.55 keV [89.43%] ra
diation, but this gamma line interferes with the 99mTc line. Therefore, 
other transitions of smaller intensity were used: 181.06 keV [5.99%] and 
739.5 keV [12.13%] to determine the 99Mo production cross section. 
The production channels which contribute to the production of 99Mo 
are: 100Mo(p, pn)99Mo and 100Mo(p,2p)99Nb, whereas 99Nb (t1/2 = 15 s)
decays to 99Mo through the β-decay. A comparison between our 
measured cross section, recalculated to the 97.4% abundance of 100Mo 
in the target, and previously reported data is presented in Fig. 4. A 
satisfactory agreement is observed. 

4. Summary and conclusions 

The nuclear reactions natMo(p, x) were studied for proton beam en
ergy range 2–17 MeV. We measured the cross section for the production 
of 93Tc, 94Tc, 95Tc, 95mTc, 96Tc, 99mTc and 99Mo radioisotopes through 
the stacked foil technique on natMo using a proton beam. The determined 
cross sections have been compared with the available literature data and 
a good agreement within the uncertainties with most of the data sets was 
found. The present results add value to database and help to reduce the 
uncertainties as it was recommended by the authors of Ref. (Elbinawi 
et al., 2020), calling for more experimental results for proton induced 
reaction on Mo targets. 
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Kisieliński, M., Stolarz, A., Trzcińska, A., Wojtkowska, J., Zipper, W., 2017. 
Production efficiency and radioisotopic purity of 99mTc formed using the (p, 2n) 
reaction on highly enriched 100Mo target. Mod. Phys. Lett. 32, 1740012–1 – 
1740012–11.  
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