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Abstract 

Production cross sections of medical radionuclides 111In, 110mIn and 109Cd were investigated in the α-particle-

induced reactions on natural silver up to 50 MeV. The stacked-foil activation technique and γ-ray spectrometry 

were used to determine the cross sections. The excitation functions of byproducts 104g,105,106m,110mAg, 107,111mCd 

and 107g,108g,108m,109,110gIn were also determined. Physical yields of 111In, 110mIn and 109Cd were deduced based on 

the measured cross sections.  
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1 Introduction 

Indium and cadmium radionuclides, such as 111In, 110mIn and 109Cd, can be used for nuclear medicine. Indium-

111 (T1/2 = 2.8047 d) decays via the electron capture process with emission of intense 𝛾 rays of 171.28 keV (𝐼𝛾 = 

90.7%) and 245.35 keV (𝐼𝛾 = 94.1%). The radionuclide also emits 2.72-keV L-Auger line (100.4%) and 19.3-

keV K-Auger line (15.5%). Due to its favorable half-life and decay properties, 111In is used in diagnostic nuclear 

medicine and internal radiotherapy (Chow et al., 2008; Kassis, 2004). It is also employed in radiolabeled 

immunoglobulin treatment (Chow et al., 2008; Hu et al., 2007), labeling of monoclonal antibodies (Mitterhauser 

et al., 2003) and cellular blood components (Thakur, 1977), and cancer imaging (Misri et al., 2011). 111In can be 

produced by bombarding enriched/natural cadmium and silver targets with protons, deuterons, and α-particles. 

The natural composition targets are economically desirable for production of medical isotopes. Using natural 



cadmium targets, however, the production of the impurity 114mIn (T1/2 = 49.51 d) could not be avoided at any 

projectile energy (Lahiri et al., 2013). Alternative production route for 111In without the impurity 114mIn can be 

the (α,x) reaction on natAg (Tárkányi et al., 2015) .  

The meta-stable state of indium-110 (110mIn) has a half-life of 69.1 min and emits a positron (𝐸𝛽+ = 1011 keV, 

𝐼𝛽+ = 61.3%). This radionuclide can be used to label proteins and peptides for positron emission tomography 

(PET) imaging (Lubberink et al., 2002; Tolmachev and Stone-Elander, 2010). 110mIn also emits the medium-

energy and high-intensity  line that is useful for β+γ coincidence PET (Sitarz et al., 2020). The 107Ag(α,n)110mIn 

reaction is the promising candidate route for the 110mIn production (Tárkányi et al., 2015). The existing 

experimental data in our literature survey are inconsistent with each other and insufficient for investigating this 

production route above 30 MeV. 

Cadmium-109 (T1/2 = 461.9 d) decays to 109mAg (T1/2 = 39.79 s, IT = 100%) via only the electron capture 

process. 109Cd is commonly used as a calibration source for X-ray and γ-ray detectors, and a radioactive tracer 

for environmental study of Cd pollutant (Aardaneh et al., 2008; Landini and Osso, 2001). Morewover, this 

radionuclide can be considered as a generator of 109mAg, which emits 88.03-keV γ rays suitable for single photon 

emission computed tomography (SPECT) (Faßbender et al., 2004; Mansur et al., 1995; Mirzaii et al., 2009). 

Possible production routes of 109Cd are charged-particle-induced reactions on silver, cadmium, indium and 

palladium targets (Tárkányi et al., 2018). Among these production routes, the natAg(α,x)109Cd reaction is 

considered as a promising one. However, the experimental results of the natAg(α,x)109Cd reaction are largely 

scattered.  

The cross sections of the α-particle-induced reactions on a natural silver target are thus related to medical 

radioisotope production. The availability of the reactions in practical use can be discussed based on the 

experimental cross sections. Accurate experimental cross sections are indispensable for the discussion to obtain 

enough amount of the radioisotope of interest and to suppress production of unnecessary co-products. However, 

the experimental cross sections published earlier are scattered and less consistent. Therefore, this work aims to 

measure reliable energy-dependent cross sections of the α-particle-induced reaction on natural silver. The 

production cross sections of 104g,105,106m,110mAg, 107,109,111mCd and 107g,108g,108m,109,110g,110m,111In were determined. 

The results are expected to contribute to the selection of the production route of the medical radioisotopes. 

 

2 Experimental methods 

The experiment was performed at the AVF cyclotron of RIKEN RI Beam Factory. The stacked-foil activation 

technique and γ-ray spectrometry were used to measure the cross sections. 

The stacked target consisted of thin and pure metallic foils of natAg (99.9% purity, Nilaco Corp., Japan) and 

natTi (99.6% purity, Nilaco Corp., Japan). The average thicknesses of the foils were derived by measuring the 

weight and size of the original foils. The derived thicknesses of the natAg and natTi foils were 10.1 mg/cm2 and 

2.23 mg/cm2, respectively.  The targets of 10×10 mm dimensions were cut and arranged into the target holder, 



which served as a Faraday cup. The stacked target consisted of 13 sets of the Ti-Ag-Ag-Ag foil. The second and 

third Ag foils in each set were used as main targets taking into account compensation of recoiled reaction 

products from the Ag foils at the beam upstream. The Ti foils served for monitoring the beam parameters via the 

natTi(α,x)51Cr reaction. 

The stacked target was irradiated for 30 min with an α-particle beam with incident energy of 50.3 ± 0.2 MeV, 

determined by the time-of-flight method (Watanabe et al., 2014). The average beam current determined by 

irradiation time and the collected charge with the Faraday cup was 212 nA. The beam energy loss in the stacked 

target was calculated using stopping power derived from the SRIM code (Ziegler et al., 2010).  

The γ-ray spectra of each irradiated foil were measured by a high-resolution HPGe detector (ORTEC 

GMX30P4-70) without chemical separation and analyzed by the Gamma Studio software (SEIKO EG&G). The 

detector was calibrated by a mixed γ-ray point source containing 57,60Co, 85Sr, 88Y, 109Cd, 113Sn, 137Cs, 139Ce, 

203Hg, and 241Am. Several series of γ-ray measurements were performed to follow the decay of the produced 

isotopes. Each foil was measured more than three times in 3 months. The distance between the detector and the 

foils was arranged to keep the dead time less than 5%. The nuclear reaction and decay data for the γ-ray 

spectrometry were taken from NuDat 3.0 (National Nuclear Data Center, 2019), LiveChart (International Atomic 

Energy Agency, 2009; Verpelli and Abriola, 2011) and QCalc (Pritychenko and Sonzogni, 2003). The data for 

all possible contributing reaction channels for the formation of radionuclides of interest are listed in Table 1. 

The primary beam parameters and target thicknesses were cross-checked using the natTi(α,x)51Cr monitor 

reaction. The cross sections of the natTi(α,x)51Cr monitor reaction were derived from the measurements of the 

320.08-keV γ rays (Iγ = 9.91%) emitted in the 51Cr decay (T1/2 = 27.704 d). Each Ti foil was measured with the 

next Ag catcher foil. There was an overlapping contribution from the decay of 105Ag (T1/2 = 41.3 d), which emits 

the γ line at 319 keV (Iγ = 4.35%) above the threshold energy of 18 MeV. The contribution of 105Ag could be 

found in the spectra above 25 MeV. Therefore, the cross sections below 25 MeV were compared with the IAEA 

recommended values (Hermanne et al., 2018; Takács et al., 2007). To obtain a better agreement between the 

measured excitation function and the IAEA recommended values, the measured initial beam energy was 

corrected by +0.2 MeV within the uncertainty. The measured thicknesses of the Ti and Ag foils were corrected 

by -1% within the uncertainty. The cross sections using the corrected parameters are in good agreement with the 

recommended values as presented in Fig. 1. The corrected projectile energy (50.5 ± 0.2 MeV) and thicknesses 

(10.0 and 2.21 mg/cm2 for Ag and Ti foils, respectively) were adopted for the following analysis. 

The uncertainty of the projectile energy is propagated to ± 1.1 MeV in the last foil of the stack, which was 

estimated from uncertainties of the incident energy (± 0.2 MeV) and target thicknesses (1%). The energy loss of 

0.4-1.3 MeV in the foils was obtained using stopping power of the SRIM code. The midpoint projectile energy, 

total uncertainty and energy loss at each foil are listed in Table 2.  

The total uncertainty of the cross sections was 7.1-41.1%.  It was calculated as the square root of the quadratic 

summation of the components: beam intensity (5%), target thickness (1%), target purity (1%), detector efficiency 

(5%), γ-ray intensity (<3%), and γ-ray counting (0.4-40%). 



3 Results and discussion 

The activation cross sections of 104g,105,106m,110mAg, 107,109,111mCd and 107g,108g,108m,109,110g,110m,111In were 

measured for the α-particle-induced reactions on natAg. The results with total uncertainties are summarized in 

Table 2 and  displayed in Figs. 2-15, in comparison with the previous experimental values  using natAg (Chaubey 

et al., 1990; Ditrói et al., 2018; Fukushima et al., 1965; Fuqing et al., 1994; Guin et al., 1992; Ismail and Divatia, 

1988; Mukhrjee et al., 1991; Peng et al., 1996; Porges, 1956; Shahid et al., 2017; Singh et al., 1987; Takács et 

al., 2010; Tárkányi et al., 2015; Wasilevsky et al., 1988, 1985a, 1985b), and the theoretical prediction of TENDL-

2021 (Koning et al., 2019). The literature data normalized to enriched isotope targets were renormalized 

appropriately to those on natural targets for comparison in the figures.  

 

3.1 Cumulative cross sections of the natAg(α,x)111gIn reaction 

The short-lived meta-stable state (T1/2 = 7.7 min) and the long-lived ground state (T1/2 = 2.8047 d) of 111In are 

simultaneously formed through the (α,𝛾) reaction on 107Ag and the (α,2n) reaction on 109Ag in natural silver. The 

meta-stable state decayed by the internal transition (IT) (100%) into the ground state during a cooling time of 

about 1 day. The cumulative cross sections of the natAg(α,x)111gIn reaction were derived from the measurements 

of the intense 171.28-keV γ rays (𝐼𝛾 = 90.7 %) emitted from the decay of the ground state. An overlapping 

contribution of the 171.34-keV γ rays (𝐼𝛾 = 0.056%) emitted from 105Cd (T1/2 = 55.5 min) into the photo peak at 

171.28 keV was negligible due to its short half-life and weak intensity. Based on measurements of another γ line 

at 245.35 keV (𝐼𝛾= 94.1%), the internal consistency was confirmed.  

The excitation function is shown in Fig. 2 in comparison with the theoretical prediction of TENDL-2021 

(Koning et al., 2019) and the previous experimental data on natural silver targets (Chaubey et al., 1990; Ditrói 

et al., 2018; Fukushima et al., 1965; Fuqing et al., 1994; Guin et al., 1992; Ismail and Divatia, 1988; Mukhrjee 

et al., 1991; Peng et al., 1996; Porges, 1956; Shahid et al., 2017; Singh et al., 1987; Takács et al., 2010; Tárkányi 

et al., 2015; Wasilevsky et al., 1985a). The present results show overall agreement with the measured values 

except for the data reported by Wasilevsky et al. (1985a). The TENDL-2021 prediction underestimates the 

experimental values at the peak of the excitation function.  

 

3.2 Independent cross sections of the natAg(α,x)110mIn reaction 

The meta-stable state of 110In (T1/2 = 69.1 min) can directly be formed by the (α,n) reaction with Ethr = 7.81 

MeV on 107Ag and the (α,3n) reaction with Ethr = 24.74 MeV on 109Ag in the natural silver targets. Hence, two 

peaks below 50 MeV were observed. With no indirect way to produce 110mIn, the independent cross sections of 

the natAg(α,x)110mIn reaction could be determined. The intense 657.75-keV γ rays (𝐼𝛾 = 97.4 %) emitted from the 

decay of 110mIn were used for the data assessment. After cooling times of 1-3 hours, the γ-rays from the irradiated 

foils were measured. The γ line was possibly interfered with γ rays of 657.8 keV (I = 95.61%) in the decay of 



110mAg (T1/2 = 249.83 d) and of 657.53 (𝐼𝛾 = 0.070%) and 658.27 keV (𝐼𝛾 = 0.03%) in the decay of 105Cd (T1/2 = 

55.5 min). The interferences were neglected due to the long half-life of 110mAg and weak intensities of 105Cd, 

respectively. The contribution to the same γ line (𝐼𝛾 = 98%) from the decay of 110gIn (T1/2 = 4.9 h) was subtracted 

taking into account the detector efficiencies, the γ-ray intensities, and the measured net counts of another γ line 

at 884.667 keV (𝐼𝛾  = 93.0 %). The internal consistency among the series of the activity measurements was 

confirmed.  

The obtained excitation function of the natAg(α,x)110mIn reaction is shown in Fig. 3 in comparison with 

previously measured cross sections on natural silver targets (Chaubey et al., 1990; Ditrói et al., 2018; Fukushima 

et al., 1965; Peng et al., 1996; Shahid et al., 2017; Takács et al., 2010; Tárkányi et al., 2015; Wasilevsky et al., 

1985b), and the theoretical prediction of TENDL-2021 (Koning et al., 2019). The most data are consistent with 

our results. At the first peak below 25 MeV, the position of data reported by Takács et al. (2010) is slightly higher 

than our results. The data reported by Ditrói et al. (2018) at the second peak are much higher than other measured 

values. The excitation function extracted from the TENDL-2021 library is higher than our results above 25 MeV.  

 

3.3  Independent cross sections of the natAg(α,x)110gIn reaction 

Independent cross sections of the natAg(α,x)110gIn reaction were derived from the measurements of the intense 

884.667-keV γ rays (𝐼𝛾 = 93.0 %) emitted from the decay of 110gIn (T1/2 = 4.9 h). The γ-ray measurements were 

performed after a cooling time of 3-5 hours. The contribution of the same γ line (𝐼𝛾 = 75.0 %) emitted from 

110mAg (T1/2 = 249.83 d) was negligibly small due to its longer half-life. In addition, contributions from γ-rays of 

884.7 keV (I = 0.16 %) emitted from 110mIn (T1/2 = 69.1 min), 884.1 keV (I = 0.28%) from 108mIn (T1/2 = 39.6 

min), and 884.57 keV (I = 0.59%) from 105Cd (T1/2 = 55.5 min) were neglected due to their weaker intensities. 

The internal consistency was confirmed using the 937.478-keV γ line (𝐼𝛾= 68.4 %).  

   The obtained excitation function of the natAg(α,x)110gIn reaction is compared with previously measured 

cross sections on natural silver targets (Chaubey et al., 1990; Ditrói et al., 2018; Fukushima et al., 1965; Fuqing 

et al., 1994; Guin et al., 1992; Porges, 1956; Shahid et al., 2017; Singh et al., 1987; Takács et al., 2010; Tárkányi 

et al., 2015; Wasilevsky et al., 1985b), and the theoretical prediction of TENDL-2021 (Koning et al., 2019) in 

Fig. 4. Our results are consistent with all the previous data within the uncertainty except for the data of 

Wasilevsky et al. (1985b), and Singh et al. (1987) above 30 MeV. The TENDL-2021 prediction underestimates 

the experimental data, and its peak position is slightly shifted to the lower energy side. 

 

3.4 Cumulative cross sections of the natAg(α,x)109gIn reaction 

109gIn (T1/2 = 4.167 h) can be formed directly in the (α,2n) reaction on 107Ag and the (α,4n) reaction on 109Ag 

and indirectly from the decays of the short-lived excited states of 109In at 0.650 MeV (T1/2 = 1.34 min, IT: 100%) 

and 2.101 MeV (T1/2 = 0.209 s, IT: 100%). The cumulative cross sections of the natAg(α,x)109gIn reaction were 



derived from the measurements of 203.3-keV γ rays (𝐼𝛾  = 74.2 %) after a cooling time of 3-5 hours. An 

overlapping peak at 204.95 keV (𝐼𝛾  = 47.2%) emitted from 107gIn (T1/2 = 32.4 min) in the spectra was properly 

separated. The contribution of 202.21-keV γ rays (𝐼𝛾  = 0.029%) from 105Ag (T1/2 = 41.29 d) was negligibly small 

due to its long half-life and weak intensity. The internal consistency was checked using the γ line at 1148.5 keV 

(𝐼𝛾= 4.67 %) emitted from the 109gIn. 

Figure 5 shows the obtained excitation function of the natAg(α,x)109gIn reaction in comparison with previously 

measured cross sections on natural silver (Chaubey et al., 1990; Ditrói et al., 2018; Guin et al., 1992; Mukhrjee 

et al., 1991; Peng et al., 1996; Porges, 1956; Shahid et al., 2017; Singh et al., 1987; Takács et al., 2010; 

Wasilevsky et al., 1985a), and the theoretical prediction of TENDL-2021 (Koning et al., 2019). The data reported 

by Chaubey et al. (1990) are lower than our data at the first peak. The peak position of the data of Wasilevsky et 

al. (1985a) is shifted to the higher energy. The shape of the excitation function extracted from the TENDL-2021 

library is in partial agreement with all the experimental datasets. 

 

3.5 Independent cross sections of the natAg(α,x)108mIn reaction 

The meta-stable state of 108mIn (T1/2 = 39.6 min) can directly be formed through the (α,3n) reaction on 107Ag 

and the (α,5n) reaction on 109Ag in natural silver targets. 108mIn decays through the electron capture and β decay 

modes (100%) into 108Cd and no internal transition mode into 108gIn. The measurements of 632.9-keV γ line (𝐼𝛾 

= 76.4 %) after a short cooling time of 1-3 hours were used to deduce the independent cross sections of the 

natAg(α,x)108mIn reaction. The intense γ line was interfered with the same γ line (𝐼𝛾  = 100%) emitted from 108gIn 

(T1/2 = 58.0 min). The contribution of 108gIn was properly subtracted using the net counts of another γ line of 

875.4 keV (𝐼𝛾  = 100%) from 108gIn. 

The obtained excitation function of the natAg(α,x)108mIn reaction is shown in Fig. 6 in comparison with previous 

experimental data on natural silver targets (Ditrói et al., 2018; Shahid et al., 2017; Takács et al., 2010; Wasilevsky 

et al., 1985b), and the theoretical prediction of TENDL-2021 (Koning et al., 2019). Above 35 MeV, our results 

are lower than previously measured values. The peak position of the data of Wasilevsky et al. (1985b) is shifted 

to the higher energy. The shape of the excitation function of the TENDL-2021 prediction is similar to that of our 

results. 

 

3.6 Independent cross sections of the natAg(α,x)108gIn reaction 

Several γ rays emitted from 108gIn (T1/2 = 58.0 min) are listed in Table 1. Among them, the stronger and 

interference-free γ line at 1032.8 keV (𝐼𝛾   = 35 %) was adopted. The independent cross sections of the 

natAg(α,x)108gIn reaction were derived. The internal consistency could not be confirmed among different γ rays 

emitted from the 108gIn decay. The cross sections using the 1032.8-keV γ line are smaller than those using others, 

which may indicate less interference from the 108mIn decay. The inconsistency may be caused by a large 



uncertainty of the γ-ray intensity (~10 %). 

The obtained excitation function of the natAg(α,x)108gIn reaction is compared with the previous experimental 

data on natural silver targets (Ditrói et al., 2018; Shahid et al., 2017; Takács et al., 2010; Wasilevsky et al., 1985b), 

and the theoretical prediction of TENDL-2021 (Koning et al., 2019) in Fig. 7. Present results are in good 

agreement with data reported by Shahid et al. (2017) and are consistent with data reported by Ditrói et al. (2018) 

and Takács et al. (2010) within the uncertainty. The data reported by Wasilevsky et al. (1985b) shift to the higher 

energy. The TENDL-2021 prediction shows partial agreement with our data and its peak position shifts to the 

lower energy side. 

 

3.7 Cumulative cross sections of the natAg(α,x)107gIn reaction 

107gIn (T1/2 = 32.4 min) could be directly produced through the (α,4n) reaction on 107Ag with Ethr = 35.74 MeV 

in natural silver targets. The cross sections are cumulative regarding indirect contribution from an excited state 

at 0.679 MeV of 107In (T1/2 = 50.4 s, IT: 100%). The measurements of the 204.45-keV γ line (𝐼𝛾 = 47.2 %), which 

overlapped with the peak at 203.3 keV (𝐼𝛾 = 74.2%) from 109gIn (T1/2 = 4.2 h), were used in data assessments. 

The interfered peak was properly separated. The internal consistency was checked with the γ rays of 320.94 keV 

(𝐼𝛾= 10.2 %) emitted from 107gIn.  The consistency with the results using the other γ lines and measurement series 

was confirmed. 

   The obtained excitation function is compared with previous experimental data on natural silver targets 

(Wasilevsky et al., 1985a), and theoretical prediction of TENDL-2021 (Koning et al., 2019) in Fig. 8. Our results 

are inconsistent with the data of Wasilevsky et al. (1985a). The TENDL-2021 prediction underestimates our 

experimental data. 

 

3.8 Independent cross sections of the natAg(α,x)111mCd reaction 

 The meta-stable state of 111Cd (T1/2 = 48.5 min) can be formed directly in the (α,d) and (α,np) reactions on 

109Ag in natural silver targets. Most of the co-produced 111gIn (T1/2 = 2.8047 d, EC: 100 %), 111mAg (T1/2 = 64.8 

s, 𝛽−: 0.7 %) and 111gAg (T1/2 = 7.45 d, 𝛽−: 100 %) decay only to the ground state of 111Cd. The branching ratio 

of the co-products decay to 111mCd is negligible. The independent cross sections of natAg(α,x)111mCd reaction 

were derived based on the measurements of 150.825-keV γ rays (𝐼𝛾 = 29.1 %) after a short cooling time of 1-3 

hours. The interference from the 111gIn (T1/2 = 2.8047 d) decay can be neglected due to its long half-life and tiny 

branching ratio (0.003%). 

The obtained excitation function of the natAg(α,x)111mCd reaction is presented in Fig. 9 in comparison with 

previously measured cross sections on natural silver targets (Shahid et al., 2017; Takács et al., 2010) and the 

theoretical prediction of TENDL-2021 (Koning et al., 2019). Our results are in good agreement with data 

reported by Takács et al. (2010) and slightly larger than the data reported by Shahid et al. (2017). The excitation 



function in the TENDL-2021 prediction agrees with the data of Shahid et al. (2017) but disagree with the other 

experimental datasets.  

3.9 Cumulative cross sections of the natAg(α,x)109Cd reaction 

The long-lived radionuclide 109Cd (T1/2 = 461.4 d) can be formed directly by several channels listed in Table 1 

and indirectly through decay of the simultaneously produced 109gIn (T1/2 = 4.167 h, EC: 100 %). The cumulative 

cross sections of the natAg(α,x)109Cd reaction were derived from the measurements of only one detectable γ ray 

of 88.0336 keV (𝐼𝛾 = 3.644 %) emitted in decay of 109Cd. The γ-spectra measurements were performed after a 

longer cooling time of around 50 days. There are possible interferences of X rays at 87.300 keV (𝐼𝛾  = 3.90%) 

and 87.580 keV (𝐼𝛾 = 0.88%) of the Pb shielding. The X-ray interferences could be ignored because no peak of 

the more intense X ray at 74.969 keV (I = 46.8%) was observed in the spectra. The self-absorption correction 

(Alfassi et al., 2009) for this low energy γ rays was taken into account using the mass attenuation coefficient of 

2.18 cm2/g for the γ line at 88.0336 keV (Hubbel and Seltzer, 2004). The self-absorption was estimated to be 

1.1%. 

The obtained excitation function is shown in Fig. 10 in comparison with the previously measured cross sections 

on natural silver targets (Ditrói et al., 2018; Peng et al., 1996; Porges, 1956; Tárkányi et al., 2018), and the 

theoretical prediction of TENDL-2021 (Koning et al., 2019). presentresults agree with data reported by Ditrói et 

al. (2018), Tárkányi et al. (2018), and Porges (1956) within the uncertainty. The data reported by Peng et al. 

(1996) are much lower than other experimental datasets. The data in TENDL-2021 underestimate the amplitude 

at the first peak. 

 

3.10 Cumulative cross sections of the natAg(α,x)107Cd reaction 

In addition to direct reactions listed in Table 1, 107Cd (T1/2 = 6.5 h) could be indirectly formed from the decay 

of co-produced 107In (T1/2 = 32.4 min, EC: 100 %). After the cooling time of 5-20 hours, the cumulative cross 

sections were derived from the measurements of an interference-free γ ray of 93.124 keV (𝐼𝛾 = 4.7 %) emitted 

from 107Cd. Based on the mass attenuation coefficient of 1.88 cm2/g for the γ line at 93.124 keV (Hubbel and 

Seltzer, 2004), the self-absorption was estimated to be 1.1%. The internal consistency among the series of the 

activity measurements was confirmed. 

The obtained excitation function is shown in Fig. 11 in comparison with the theoretical prediction of TENDL-

2021 (Koning et al., 2019). The previous experimental data for the natAg(α,x)107Cd reaction are not available in 

the investigated energy range. The TENDL-2021 prediction shows partial agreement with our experimental 

results. 

 

3.11 Independent cross sections of the natAg(α,x)110mAg reaction 

The long-lived meta-stable state of 110Ag (T1/2 = 249.83 d) can be formed directly in the (α,x) reactions on 



natAg as listed in Table 1. The measurements of the intense γ line of 657.76 keV (𝐼𝛾 = 95.61%) after a long 

cooling time of around 50 days were used in data assessments. The contributions to the same γ line from 110gIn 

(T1/2 = 4.9 h) and 110mIn (T1/2 = 69.1 min) were negligible because they completely decayed during the long 

cooling time. The consistency of the result was confirmed using another γ line at 884.78 keV (𝐼𝛾= 75 %) emitted 

from 110mAg.  

   The obtained excitation function of the natAg(α,x)110mAg reaction is shown in Fig. 12. The results are 

compared with the previously measured cross sections on natural silver targets (Ditrói et al., 2018; Shahid et al., 

2017; Takács et al., 2010; Wasilevsky et al., 1988),  and the theoretical prediction of TENDL-2021 (Koning et 

al., 2019). Our results are comparable with all the measured values. The excitation function extracted from the 

TENDL-2021 library is in partial agreement with our results. 

 

3.12 Independent cross sections of the natAg(α,x)106mAg reaction 

In our investigated energy range, 106mAg (T1/2 = 8.28 d) can be formed directly by several nuclear reactions in 

natural silver targets listed in the Table 1. The measurements of the interference-free γ rays at 450.976 keV (𝐼𝛾 

= 95.61%) after a cooling time of 1.9-2.5 days were used in data assessments. The internal consistency was 

confirmed with the 1045.83-keV γ line (𝐼𝛾= 29.6 %) emitted from 106mAg. 

   The obtained excitation function of the natAg(α,x)106mAg reaction is shown in Fig. 13 and compared with the 

previous experimental data on natural silver targets (Ditrói et al., 2018; Shahid et al., 2017; Singh et al., 1987; 

Takács et al., 2010; Wasilevsky et al., 1988), and the theoretical prediction of TENDL-2021 (Koning et al., 2019). 

The peak position of the data reported by Wasilevsky et al. (1988) shifts to the higher energy. Our results agree 

with the other experimental values within the uncertainty and the TENDL-2021 prediction. 

 

3.13 Cumulative cross sections of the natAg(α,x)105gAg reaction 

105gAg (T1/2 = 8.28 d) can be formed directly through several nuclear reactions listed in Table 1. It can also be 

formed indirectly by the decays of 105Cd (T1/2 = 55.5 min, ++: 100%) and 105mAg (T1/2 = 7.23 min, ++: 0.34% 

and IT: 99.66%). The cumulative cross sections of the natAg(α,x)105gAg reaction were derived from the 

measurements of the interference free γ rays of 280.54 keV (𝐼𝛾 = 31 %) and 344.61 keV (𝐼𝛾= 42 %) emitted from 

105gAg. The cross sections deduced from several series of the activity measurements and different γ lines were 

consistent. 

   The obtained excitation function of the natAg(α,x)105gAg reaction is shown in Fig. 14 in comparison with the 

previous experimental data on natural silver targets (Ditrói et al., 2018; Guin et al., 1992; Ismail and Divatia, 

1988; Shahid et al., 2017; Singh et al., 1987; Takács et al., 2010; Wasilevsky et al., 1988), and the theoretical 

prediction of TENDL-2021 (Koning et al., 2019). Present results agree with the experimental data other than 

those reported by Singh et al. (1987) and Wasilevsky et al. (1988). The TENDL-2021 prediction underestimates 



all the measured cross sections. 

 

3.14 Independent cross sections of the natAg(α,x)104gAg reaction 

104gAg (T1/2 = 69.2 min) can be formed directly through several nuclear reactions listed in the Table 1. The 

production cross sections of 104gAg can be regarded as independent ones because of only negligible contribution 

from 104mAg (T1/2 = 33.5 min, ++: 99.93% and IT: <0.07%). The measurements of γ rays of 767.6 keV (𝐼𝛾 = 

65.7%) emitted from 104gAg were used in the data assessment.  

   The obtained excitation function of the natAg(α,x)104gAg reaction is compared with the data normalized from 

the previously measured cross sections (Guin et al., 1992; Wasilevsky et al., 1988) and the theoretical prediction 

of TENDL-2021 (Koning et al., 2019) in Fig. 15. One data point reported by Guin et al. (1992) at 48.3 MeV is 

in good agreement with our data. Our measured cross sections agree with the data reported by Wasilevsky et al. 

(1988) within the uncertainty. The TENDL-2021 prediction shows partial agreement with our results. 

 

3.15 Integral Yield 

The physical yields of 111In, 110m,110gIn, and 109Cd were deduced based on the measured excitation functions 

and the stopping powers calculated using the SRIM code (Ziegler et al., 2010) according to the definition (Otuka 

and Takács, 2015). The results are shown in Figs. 16-18 with the previous experimental data  (Dmitriev, 1986) 

up to 50 MeV.  

The deduced physical yield of 111In is shown in Fig. 16 and compared with the experimental data (Dmitriev, 

1986). Our deduced physical yield is in partial agreement with data reported by Dmitriev (1986). The (α,2n) 

reaction on 109Ag dominantly contributes to 111In formation. To reduce co-produced indium isotopes, enriched 

109Ag targets and the beam energy window between the threshold energies of the 109Ag(α,2n)111In (Ethr = 14.45 

MeV) and 109Ag(α,3n)110In (Ethr = 24.74 MeV) reactions can be considered. The physical yield of 111In reaches 

at 9 MBq/µAh in this condition.  

Figure 17 shows the deduced physical yields of 110m,110gIn in comparison with the previous experimental data 

of 110m,110gIn (Dmitriev, 1986). Our deduced physical yield of 110gIn is close to the experimental data reported by 

Dmitriev (1986). For 110mIn, data reported by Dmitriev (1986) are much lower than our deduced physical yield. 

The physical yield of 110mIn is greater than that of 110gIn below 45 MeV. Thus, a higher isomeric ratio can be 

achieved with lower projectile energy. In this production route, isotopic impurities 111In and 109In can be formed 

by the (α,2n) reaction on 109Ag (Ethr = 14.45 MeV) and the (α,2n) reaction on 107Ag (Ethr = 16.10 MeV), 

respectively. Therefore, 110mIn without contaminations from co-formed 111In and 109In can be produced by the 

(α,n) reaction on enriched 107Ag in the energy range of 7.8-16.1 MeV. 

The deduced physical yield of 109Cd is shown in Fig. 18 in comparison with the previous experimental data 

(Dmitriev, 1986). Our deduced data are in agreement with the measured values reported by Dmitriev (1986). 

The deduced physical yield is 0.05 MBq/µAh in the 16-30 MeV energy range. This value is comparable with 



that of the natAg(p,x)109Cd reaction (0.07 MBq/µAh at 24 MeV) (Landini and Osso, 2001; Mirzaii et al., 2009). 

The co-produced 111mCd (T1/2 = 48.5 min) and 107Cd (T1/2 = 5.6 h) can be easily eliminated thanks to their short 

half-lives.  Production of ¹⁰⁹Cd with high radionuclidic purity is thus feasible.  

 

4 Conclusion  

The excitation functions of the α-particle-induced reactions on natAg were measured up to 50 MeV with the 

special focus on the 111In, 110mIn and 109Cd production. The stacked-foil activation technique and the high-

resolution γ-ray spectrometry were used for the cross-section measurements. The obtained results were compared 

with the previous experimental data and the theoretical predictions in the TENDL-2021 library. The measured 

excitation functions of the natAg(α,x)111In, natAg(α,x)110mIn, and natAg(α,x)109Cd  reactions are consistent with 

most of the previously published values. The physical yields are deduced from the measured cross sections. The 

radionuclidically pure ¹⁰⁹Cd can be produced by the α-particle-induced reaction on natural silver by applying 

proper cooling time and chemical separation. 
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Figure captions 

Fig. 1. The excitation function of the natTi(α,x)51Cr monitor reaction compared with the recommended 

values (Hermanne et al., 2018; Takács et al., 2007).  

 

Fig. 2. Excitation function of the natAg(α,x)111gIn reaction.  

 

Fig. 3. Excitation function of the natAg(α,x)110mIn reaction.  

 

Fig. 4. Excitation function of the natAg(α,x)110gIn reaction.  

 

Fig. 5. Excitation function of the natAg(α,x)109gIn reaction.  

 

Fig. 6. Excitation function of the natAg(α,x)108mIn reaction.  

 

Fig. 7. Excitation function of the natAg(α,x)108gIn reaction.  

 

Fig. 8. Excitation function of the natAg(α,x)107gIn reaction.  

 

Fig. 9. Excitation function of the 109Ag(α,x)111mCd reaction. 



 

Fig. 10. Excitation function of the natAg(α,x)109Cd reaction. 

 

Fig. 11. Excitation function of the natAg(α,x)107Cd reaction.  

 

Fig. 12. Excitation function of the natAg(α,x)110mAg reaction.  

 

Fig. 13. Excitation function of the natAg(α,x)106mAg reaction.  

 

Fig. 14. Excitation function of the natAg(α,x)105gAg reaction.  

 

Fig. 15. Excitation function of the natAg(α,x)104gAg reaction.  

 

Fig. 16. The physical yield of 111In produced by the (α,x) reaction on natAg.  

 

Fig. 17. The physical yields of 110m,110gIn produced by the (α,x) reactions on natAg. 

 

Fig. 18. The physical yield of 109Cd produced by the (α,x) reactions on natAg.  

  



Table 1 

Reactions and decay data for the investigated reaction products (International Atomic Energy Agency, 2009; 

National Nuclear Data Center, 2019; Pritychenko and Sonzogni, 2003). γ lines in bold were used in our 

evaluation. 

Nuclide Half-life 
Decay 

mode (%) 
E (keV) I (%) 

Contributing 

reaction channels 

Q-value 

(MeV) 

Threshold energy   

(MeV) 
111In 2.8047 d  (100) 171.28 90.7(9) 109Ag(,2n) -14.05 14.45 

   245.35 94.1(10) 107Ag(,) 2.40 0.00 
        

110mIn 69.1 min ++ (100) 511.0 122.5(8) 109Ag(,3n) -24.04 24.74 
   657.75 97.74(7) 107Ag(,n) -7.58 7.81 
        

110gIn 4.9 h ++ (100) 641.68 26.0(8) 109Ag(,3n) -24.04 24.74 
   657.75 98(3) 107Ag(,n) -7.58 7.81 
   707.40 29.5(11)    
   884.667 93(3)    
   937.478 68.4(19)    
   997.16 10.5(3)    
        

109In 4.167 h  (100) 203.3 74.2(5) 109Ag(,4n) -32.09 33.03 
     107Ag(,2n) -15.64 16.10 
        

108mIn 39.6 min ++ (100) 511.0 100.8(23) 109Ag(,5n) -42.53 43.77 
   632.9 76.4(6) 107Ag(,3n) -26.08 26.85 

   1986.3 12.4(7)    

108gIn 58.0 min ++ (100) 242.6 41(5) 109Ag(,5n) -42.53 43.77 
   325.6 13.7(15) 107Ag(,3n) -26.08 26.85 
   511.0 50(3)    
   632.9 100(7)    
   875.4 100(11)    
   1032.8 35(3)    
   1056.6 29(3)    
   1299.3 15.1(16)    

107In 32.4 min ++ (100) 204.95 47.2(3) 107Ag(,4n) -34.70 35.74 
   320.94 10.2(3) 
   505.51 11.9(4)    
   511.0 72(6)    

111mCd 48.50 min IT (100) 150.825 29.1(18) 109Ag(,np) -12.40 12.76 
     109Ag(,d) -10.18 10.48 
   245.395 94(7) Decay of 111gIn   
     Decay of 111gAg   
        

109Cd 461.9 d  (100) 88.0336 3.644(16) 109Ag(,3np) -29.29 30.15 
     109Ag(,2nd) -27.01 27.86 
     109Ag(,nt) -20.81 21.42 
     107Ag(,np) -12.84 13.22 
     107Ag(,d) -10.61 10.93 
     Decay of 109gIn   
        

107Cd 6.5 h  (100) 93.124 4.7(3) 109Ag(,5np) -46.95 48.32 
     109Ag(,4nd) -44.73 46.03 
     109Ag(,3nt) -38.47 39.59 
     107Ag(,3np) -30.49 31.41 
     107Ag(,2nd) -28.27 29.11 
     107Ag(,nt) -22.01 22.67 
        



110mAg 249.83 d − (98.64) 657.76 95.61(9) 109Ag(,n2p) -21.49 22.11 
  IT (1.36) 677.6217 10.70(5) 109Ag(,pd) -19.26 19.82 
   706.6760 16.69(7) 109Ag(,3He) -13.77 14.17 
   763.9424 22.60(7)    
   884.6781 75.0(11)    
   937.485 35.0(3)    
   1384.2931 25.1(5)    
   1505.0280 13.33(15)    
        

106mAg 8.28 d  (100) 221.701 6.6(3) 109Ag(,4n3He) -46.57 47.93 
   406.182 13.4(4) 109Ag(,3npt) -45.81 47.14 
   429.646 13.2(4) 109Ag(,2ndt) -43.58 44.85 
   450.976 28.2(7) 109Ag(,n2t) -37.32 38.41 
   511.85 88(8) 109Ag(,3n) -25.99 26.75 
   616.17 21.6(6) 107Ag(,3n2p) -37.83 38.96 
   717.34 28.9(8) 107Ag(,2npd) -35.60 36.67 
   748.36 20.6(6) 107Ag(,n2d) -33.38 34.38 
   824.69 15.3(4) 107Ag(,2n3He) -30.11 31.01 
   1045.83 29.6(10) 107Ag(,npt) -29.35 30.23 
   1128.02 11.8(5) 107Ag(,dt) -27.13 27.94 
   1199.39 11.2(5) 107Ag(,n) -9.54 9.82 
   1527.65 16.3(13)    
        

105Ag 41.29 d ++ (100) 64.072 11.3(11) 109Ag(,2n2t) -45.27 46.59 
   280.54 31(3) 109Ag(,4n) -33.93 34.92 
   344.52 42(4) 107Ag(,4n2p) -45.77 47.14 
   443.37 10.9(10) 107Ag(,3npd) -43.55 44.85 
   644.55 10.2(10) 107Ag(,2n2d) -41.33 42.56 
     107Ag(,3n3He) -38.06 39.19 
     107Ag(,2npt) -37.29 38.41 
     107Ag(,ndt) -35.07 36.12 
     107Ag(,2t) -28.81 29.67 
     107Ag(,2n) -17.48 18.00 
     Decay of 105Cd   
        

104gAg 69.2 min ++ (100) 555.8 92.6 109Ag(,5n) -43.96 45.24 
   767.6 65.7 107Ag(,4n3He) -48.08 49.52 
   857.9 10.4 107Ag(,3npt) -47.32 48.73 
   941.6 25 107Ag(,2ndt) -45.09 46.44 
   1341.8 7.3 107Ag(,n2t) -38.84 40.00 
     107Ag(,3n) -27.50 28.33 

51Cr 27.704 d  (100) 320.0824 9.910(10) 50Ti(,3n) -21.77 23.35 
     49Ti(,2n) -10.83 11.64 
     48Ti(,n) -2.68 2.89 
     47Ti(,𝛾) 8.93 0.00 

 

 

 

  



Table 2 

Production cross sections derived in the experiment. The midpoint projectile energy, total uncertainty, and 

energy loss of each foil are shown in the first column. 

 

Energy (MeV) 
Cross sections (mb) 

111In 110mIn 110gIn 109In 108mIn 108gIn 107gIn 

49.1 ± 0.2 ± 0.4 

48.3 ± 0.2 ± 0.4 
46.4 ± 0.2 ± 0.4 

45.6 ± 0.2 ± 0.4 

43.6 ± 0.2 ± 0.4 
42.7 ± 0.2 ± 0.4 

40.7 ± 0.3 ± 0.5 

39.8 ± 0.3 ± 0.5 
37.6 ± 0.3 ± 0.5 

36.6 ± 0.3 ± 0.5 

34.3 ± 0.3 ± 0.5 
33.3 ± 0.3 ± 0.5 

30.8 ± 0.4 ± 0.6 

29.7 ± 0.4 ± 0.6 
27.0 ± 0.4 ± 0.6 

25.8 ± 0.5 ± 0.6 

22.8 ± 0.5 ± 0.7 
21.4 ± 0.6 ± 0.7 

18.0 ± 0.7 ± 0.8 

16.4 ± 0.7 ± 0.9 

12.2 ± 0.9 ± 1.1 

10.0 ± 1.1 ± 1.3 

27.4 ± 1.9 

28.5 ± 2.1 
32.8 ± 2.4 

31.4 ± 2.3 

36.8 ± 2.7 
45.6 ± 3.3 

58.2 ± 4.2 

57.3 ± 4.2 
90.8 ± 6.6 

108 ± 8 

173 ± 13 
212 ± 15 

353 ± 26 

424 ± 31 
565 ± 41 

578 ± 42 

517 ± 38 
458 ± 33 

246 ± 18 

123 ± 9 

0.251 ± 0.019 

0.0341 ± 0.0026 

10.6 ± 0.9 

11.0 ± 0.9 
17.8 ± 1.4 

23.8 ± 1.9 

25.5 ± 1.9 
37.2 ± 2.9 

54.7 ± 4.2 

60.9 ± 4.7 
83.0 ± 6.3 

82.8 ± 6.3 

93.3 ± 7.2 
87.6 ± 6.8 

76.5 ± 6.2 

60.5 ± 4.9 
19.7 ± 2.1 

7.90 ± 0.99 

19.4 ± 2.1 
21.4 ± 2.1 

103 ± 9 

139 ± 12 

24.9 ± 5.5 

2.24 ± 0.30 

172 ± 14 

189 ± 15 
242 ± 20 

279 ± 22 

355 ± 28 
379 ± 30 

442 ± 35 

455 ± 36 
464 ± 37 

460 ± 37 

400 ± 32 
372 ± 30 

228 ± 18 

164 ± 13 
47.4 ± 4.2 

27.4 ± 2.7 

47.2 ± 4.7 
75.8 ± 6.5 

133 ± 11 

94.8 ± 7.9 

5.14 ± 0.76 

0.282 ± 0.030 

412 ± 30 

394 ± 29 
345 ± 25 

318 ± 23 

252 ± 19 
228 ± 17 

169 ± 13 

148 ± 11 
160 ± 12 

180 ± 13 

278 ± 20 
342 ± 25 

487 ± 35 

539 ± 39 
573 ± 42 

554 ± 40 

468 ± 34 
340 ± 28 

129 ± 10 

33.9 ± 2.8 

51.6 ± 8.5 

65.8 ± 9.1 
59.0 ± 10.9 

72.4 ± 11.8 

92.5 ± 14.1 
89.7 ± 14.9 

123 ± 17 

125 ± 18 
109 ± 17 

124 ± 18 

86.9 ± 15.7 
105 ± 16 

49.6 ± 9.9 

18.5 ± 7.1 

123 ± 17 

147 ± 20 
171 ± 23 

186 ± 25 

214 ± 29 
227 ± 30 

237 ± 32 

230 ± 31 
216 ± 29 

207 ± 28 

149 ± 21 
116 ± 16 

38.8 ± 6.2 

27.3 ± 4.6 

170 ± 13 

154 ± 12 
114 ± 10 

94.5 ± 8.3 

51.9 ± 5.8 
37.1 ± 4.8 

Energy (MeV) 
Cross sections (mb) 

111mCd 109Cd 107Cd 110mAg 106mAg 105Ag 104Ag 

49.1 ± 0.2 ± 0.4 

48.3 ± 0.2 ± 0.4 
46.4 ± 0.2 ± 0.4 

45.6 ± 0.2 ± 0.4 

43.6 ± 0.2 ± 0.4 
42.7 ± 0.2 ± 0.4 

40.7 ± 0.3 ± 0.5 

39.8 ± 0.3 ± 0.5 
37.6 ± 0.3 ± 0.5 

36.6 ± 0.3 ± 0.5 

34.3 ± 0.3 ± 0.5 

33.3 ± 0.3 ± 0.5 

30.8 ± 0.4 ± 0.6 

29.7 ± 0.4 ± 0.6 
27.0 ± 0.4 ± 0.6 

25.8 ± 0.5 ± 0.6 

22.8 ± 0.5 ± 0.7 
21.4 ± 0.6 ± 0.7 

18.0 ± 0.7 ± 0.8 

16.4 ± 0.7 ± 0.9 

15.7 ± 2.9 

14.3 ± 2.8 
17.2 ± 3.4 

15.3 ± 3.5 

17.7 ± 3.8 
19.4 ± 3.9 

21.9 ± 4.4 

21.9 ± 4.9 
28.1 ± 4.9 

29.1 ± 4.9 

31.9 ± 5.4 

35.4 ± 5.5 

32.5 ± 5.1 

26.4 ± 6.3 
20.5 ± 3.8 

16.2 ± 4.1 

8.15 ± 3.35 

537 ± 42 

523 ± 38 
453 ± 36 

438 ± 35 

369 ± 30 
298 ± 25 

228 ± 19 

221 ± 20 
227 ± 20 

267 ± 23 

384 ± 31 

445 ± 35 

614 ± 47 

652 ± 50 
676 ± 52 

619 ± 47 

521 ± 39 
416 ± 31 

143 ± 12 

35.3 ± 4.1 

340 ± 34 

302 ± 30 
224 ± 23 

181 ± 19 

107 ± 13 
65.6 ± 9.8 

23.7 ± 8.9 

2.86 ± 0.49 

2.25 ± 0.19 
2.10 ± 0.29 

1.71 ± 0.41 

1.24 ± 0.23 
0.706 ± 0.201 

0.616 ± 0.200 

0.616 ± 0.203 

35.4 ± 2.8 

32.5 ± 2.6 
23.7 ± 1.9 

21.3 ± 1.7 

19.4 ± 1.6 
19.4 ± 1.6 

22.4 ± 1.8 

23.7 ± 1.9 
28.0 ± 2.2 

30.3 ± 2.4 

30.9 ± 2.9 

30.4 ± 3.2 

18.3 ± 1.9 

16.5 ± 1.8 
8.98 ± 1.40 

7.96 ± 1.27 

1.86 ± 0.28 

69.5 ± 8.4 

69.9 ± 8.4 
70.2 ± 8.5 

68.0 ± 8.3 

61.7 ± 7.5 
56.8 ± 6.9 

46.1 ± 5.6 

38.9 ± 4.7 
23.8 ± 2.9 

18.4 ± 2.3 

7.33 ± 0.94 

4.00 ± 0.54 

0.596 ± 0.172 

18.5 ± 2.5 

14.7 ± 2.2 
5.28 ± 1.78 
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