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Abstract 

Activation cross sections of alpha-induced reactions on natural erbium were measured using a 

50.9-MeV alpha-beam at the RIKEN AVF cyclotron. Well-established methods for the measurements, 

the stacked-foil activation technique and gamma-ray spectrometry, were used. Production cross 

sections of 166,169Yb and 165,166,167,168,170,173Tm were determined. This is the first measurement of the 

cross sections of 166,170Tm. The integral yield of the medical radionuclide 169Yb was derived from the 

measured excitation function. 
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1. Introduction 

Radionuclides can be used in application fields such as engineering and medicine. The production 

reactions of such radionuclides should be investigated for practical use. The best way of the production 

can be discussed based on excitation functions of a variety of possible nuclear reactions. 

The radionuclide 169Yb (T1/2 = 32.018 d) is one of the medical radionuclides. It decays with 

emission of Auger electrons and X-rays, which can be used for brachytherapy (Leonard et al., 2011). 

There are several reactions to produce 169Yb. One is the neutron capture reaction on 168Yb in reactors, 

however it has a disadvantage of low abundance of 168Yb (0.123%) in natural ytterbium. Charged-

particle induced reactions on erbium and thulium targets allow for production of 169Yb, too. In this 

                                                        
* Corresponding author: Moemi Saito, moemi@nds.sci.hokudai.ac.jp 
1 Present address: Graduate School of Biomedical Science and Engineering, Hokkaido University, 
Sapporo 060-8638, Japan 



paper, we focused on the alpha-induced reactions on natEr (162Er: 0.139%, 164Er: 1.601%, 166Er: 

33.503%, 167Er: 22.869%, 168Er: 26.978%, 170Er: 14.910%). Four previous studies of the 
natEr(α,x)169Yb reaction (Archenti et al., 1985; Homma et al., 1980; Király et al., 2008; Sonzogni et 

al., 1992) could be found in the EXFOR library (Otuka et al., 2014). However, the experimental data 

published earlier are rather inconsistent. Therefore, we re-measured the excitation functions of the 

alpha-particle induced nuclear reaction on natEr with particular focus on 169Yb. The production cross 

sections of co-produced radionuclides, 166Yb, and 165,166,167,168,170,173Tm, were also determined. Based 

on the measured cross sections, the integral yield of 169Yb was calculated from the measured cross-

sections. 

 

  



2. Experimental 

The activation cross sections of the alpha-induced reactions on natEr were measured. The 

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

activation method and the gamma-ray spectrometry were used. 

The target for the experiment consisted of natEr (99% purity, Goodfellow Co., Ltd., UK) and natTi 

(99.6% purity, Nilaco Corp., Japan). The natTi foils were used for the natTi(α,x) 51Cr monitor reactions 

to assess beam parameters and target thicknesses. The sizes and weights of both foils were measured 

to estimate their thicknesses. The derived thicknesses of natEr and natTi were 20.06 mg/cm2 and 2.26 

mg/cm2, respectively. The measured foils were cut into 10×10 mm2 to fit a target holder. The target 

holder served also as a Faraday cup. 

The stacked target was irradiated for 1 hour by a 50.9-MeV alpha-beam at the AVF cyclotron of 

the RIKEN RI Beam Factory. The energy was measured by the time-of-flight method (Watanabe et al., 

2014). The energy degradation in the stacked target was calculated using the SRIM code (Ziegler et 

al., 2008). The beam intensity measured by the Faraday cup was 200.3 nA. These beam parameters 

were assessed by the natTi(α,x) 51Cr monitor reactions. 

Gamma rays emitted from the irradiated foils were measured using two HPGe detectors (ORTEC 

GEM30P4-70 and ORTEC GMX30P4-70). The detectors were calibrated by a multiple gamma ray 

emitting point source (Eckert & Ziegler Isotope Products Inc.) consisting of 57,60Co, 88Y, 109Cd, 113Sn 
137Cs, 139Ce and 241Am, which cover the energy range between 60 keV and 1836 keV. The gamma ray 

spectra were analyzed by the dedicated software, Gamma Studio (SEIKO EG&G). Reaction and decay 

data of the reaction products were taken from NuDat 2.7 (National Nuclear Data Center, 2017), 

Lund/LBNL Nuclear Data Search (Chu et al., 1999), LiveChart (International Atomic Energy Agency, 

2009) and QCalc (Pritychenko and Sonzogni, 2003). The data are summarized in Table 1. 

 

Table 1. Reactions and decay data of reaction products  

Nuclide Half-life Decay mode (%) Eγ (keV) Iγ (%) Contributing reactions Q-value (MeV) 

169gYb 32.02 d ε (100) 63.12044(3) 43.62(23) 166Er(α,n)169Yb -10.2 

   177.21307(4) 22.28(11) 167Er(α,2n)169Yb -16.6 

   197.95675(4) 35.93 168Er(α,3n)169Yb -24.4 

     170Er(α,5n)169Yb -37.7 

166Yb 56.7 h ε (100) 82.29(2) 15.552 162Er(α,γ)166Yb -2.3 

     164Er(α,2n)166Yb -18.1 

     166Er(α,4n)166Yb -33.2 

     167Er(α,5n)166Yb -39.6 

     168Er(α,6n)166Yb -47.4 

173Tm 8.24 h β−(100) 398.9(6) 87.9(9) 170Er(α,p)173Tm -8.7 



170Tm 128.6 d β−(99.87) 84.25474(8) 2.48(6) 167Er(α,d)170Tm -8.4 

  ε (0.13)   168Er(α,d)170Tm -13.9 

     170Er(α,tn)170Tm -20.9 

168Tm 93.1 d β−(0.01) 184.295(2) 18.15(16) 166Er(α,d)168Tm -14.3 

  ε (99.99) 198.251(2) 54.49(16) 167Er(α,t)168Tm -14.5 

   447.515(3) 23.98(11) 168Er(α,tn)168Tm -22.3 

   815.989(5) 50.95(16) 170Er(α,t3n)168Tm -35.5 

167Tm 9.25 d ε (100) 207.801(5) 42(8) 164Er(α,p)167Tm -8.3 

     166Er(α,dn)167Tm -21.2 

     167Er(α,tn)167Tm -21.3 

     168Er(α,t2n)167Tm -29.1 

     170Er(α,t4n)167Tm -42.4 

166gTm 7.70 h ε (100) 184.405(25) 16.2(10) 164Er(α,d)166Tm -14.8 

   705.333(20) 11.1(7) 166Er(α,tn)166Tm -23.6 

   778.814(15) 19.1(12) 167Er(α,t2n)166Tm -27.6 

   785.904(15) 10.0(6) 168Er(α,t3n)166Tm -37.8 

   1273.540(16) 15.0(9)   

   2052.36(3) 17.4(11)   

165Tm 30.06 h ε (100) 242.917(7) 35.5(17) 162Er(α,p)165Tm -8.3 

   297.369(6) 12.7(6) 164Er(α,t)165Tm -15.5 

     166Er(α,t2n)165Tm -30.7 

     167Er(α,t3n)165Tm -37.1 

     168Er(α,t4n)165Tm -44.9 

51Cr 27.7025 d ε (100) 320.0824 9.910(10)   

 

Cross sections of the natTi(α,x)51Cr monitor reaction were derived to assess the beam parameters 

and target thicknesses. The gamma line at 320.08 keV (Iγ = 9.910%) from decay of 51Cr (T1/2 = 27.7025 

d) was measured for the cross sections. The dead time during the measurements was kept less than 

1.1% after a cooling time of 12 days. The derived cross sections were compared with the IAEA 

recommended values (Hermanne et al., 2018) and shown in Fig. 1. We could obtain good agreement 

with the recommended values using the corrected thickness of natEr decreased by 1% within the 

uncertainty, the measured one of natTi and intensity. 

 



 
Fig. 1. Excitation function of the natTi(α,x)51Cr monitor reaction with the 

recommended values (Hermanne et al., 2018). 

  



3. Result and discussion 

The production cross sections of 169Yb and co-produced radionuclides, 166Yb and 
165,166,167,168,170,173Tm, were determined. The numerical data of the measured cross sections are listed 

in Table 2. The results are displayed in Figs. 2-9 with the previous experimental studies (Archenti et 

al., 1985; Homma et al., 1980; Király et al., 2008; Sonzogni et al., 1992) and the TENDL-2017 data 

(Koning et al., 2019). The production yield of 169Yb deduced from the measured cross sections is 

shown in Fig. 10. The yield was compared with the previously integrated experimental data (Király et 

al., 2008). 

The total uncertainty of the cross sections was estimated to be 8.5-29.0%. It was derived from the 

square root of the quadratic summation of each component; statistical uncertainty (0.2-27.7%), target 

thickness (1%), target purity (1%), beam intensity (5%), detector efficiency (6%), γ-intensity (<19%) 

and peak fitting (3%). 

 

Table 2. Measured production cross sections (mb) 

Energy 

(MeV) 
169Yb 166Yb 173Tm 170Tm 168Tm 167Tm 166Tm 165Tm 

48.9 ±0.8 170 ±15 414 ±37  14 ±2 31 ±3 531 ±111 95 ±14 23 ±2 

47.5 ±0.8 156 ±13 372 ±34  16 ±3 28 ±3 534 ±111 78 ±10 18 ±2 

46.1 ±0.8 144 ±12 317 ±29  16 ±3 26 ±2 542 ±113 57 ±8 19 ±2 

42.7 ±0.9 186 ±16 153 ±14  11 ±2 22 ±2 572 ±119 23 ±4 24 ±2 

41.2 ±0.9 236 ±20 86 ±8 0.39 ±0.04 11 ±2 19 ±2 570 ±119 3.8 ±0.6 22 ±2 

39.6 ±0.9 303 ±26 38 ±4 0.42 ±0.04 9.1 ±1.7 18 ±2 559 ±117 2.5 ±0.3 22 ±2 

35.8 ±1.0 398 ±34  0.49 ±0.04 7.4 ±1.6 12 ±1 427 ±89  15 ±1 

34.1 ±1.0 394 ±34  0.53 ±0.05 8.2 ±1.7 9.3 ±0.9 349 ±73  9.9 ±1.0 

32.3 ±1.0 379 ±32  0.56 ±0.05 6.8 ±1.6 6.8 ±0.7 235 ±49  4.5 ±0.4 

27.9 ±1.1 263 ±22  0.55 ±0.05 2.8 ±0.8 1.9 ±0.2 8.9 ±1.9  0.26 ±0.04 

25.8 ±1.2 218 ±19  0.44 ±0.04 2.3 ±0.6 0.80 ±0.10 2.5 ±0.5  0.35 ±0.04 

22.9 ±1.3 172 ±15  0.15 ±0.01  0.11 ±0.04 4.2 ±0.9  0.60 ±0.06 

19.7 ±1.4 92 ±8  0.019 ±0.003   3.8 ±0.8  0.35 ±0.04 

16.1 ±1.6 6.2 ±0.5     0.31 ±0.07  0.031 ±0.005 

  



3.1 The natEr(α,x)169Yb reaction 

The production cross sections of the natEr(α,x)169Yb reaction were derived. The radionuclide 169Yb 

has a metastable state with a short half-life (T1/2 = 46 s, IT: 100%), which decays only to the ground 

state 169gYb (T1/2 = 32.02 d) soon after the end of bombardment. The gamma line at 177.21 keV (Iγ = 

22.28%) from the decay of 169gYb was measured after a cooling time of 11 days. The cross sections 

were obtained from the net counts of the gamma line and shown in Fig. 2. The results are compared 

with the previous studies (Archenti et al., 1985; Homma et al., 1980; Király et al., 2008; Sonzogni et 

al., 1992) and the TENDL-2017 data (Koning et al., 2019). Both data of Király et al. (2008) and 

TENDL-2017 have nearly the same peak position as ours at around 35 MeV while the amplitudes are 

different. The other experimental data differ significantly in both the shape and amplitude from our 

results. 

 

 
Fig. 2. Excitation function of the natEr(α,x)169Yb reaction 

 

  



3.2 The natEr(α,x)166Yb reaction 

The excitation function of the natEr(α,x)166Yb reaction was derived from the gamma line at 82.29 

keV (Iγ = 15.552%) from the decay of 166Yb (T1/2 = 56.7 h). The measurements of the gamma line 

were performed after a cooling time of 11 days to reduce background. The derived excitation function 

was shown in Fig. 3 with the experimental data studied earlier (Archenti et al., 1985; Sonzogni et al., 

1992) and the TENDL-2017 data (Koning et al., 2019). The two previous experimental data are lower 

than our data. The TENDL-2017 data overestimate all the experimental data including ours. 

 

 
Fig. 3. Excitation function of the natEr(α,x)166Yb reaction 

 

  



3.3 The natEr(α,x)173Tm reaction 

The excitation function of the natEr(α,x)173Tm reaction was derived from measurements of the 

gamma line at 398.9 keV (Iγ = 87.9%) from the 173Tm decay (T1/2 = 8.24 h). The measurements were 

performed after a cooling time of 2.2 h. The cross sections obtained from the net counts of the gamma 

line are shown in Fig. 4. The results are compared with the previous study (Király et al., 2008) and the 

TENDL-2017 data (Koning et al., 2019). The result of the previous study is slightly higher than our 

result while the peak positions are located at nearly the same energy. The TENDL-2017 data 

underestimate remarkably the experimental data. 

 

 
Fig. 4. Excitation function of the natEr(α,x)173Tm reaction 

 

  



3.4 The natEr(α,x)170Tm reaction 

The measurements of the 84.25-keV gamma line (Iγ = 2.48%) from the 170Tm decay (T1/2 = 128.6 

d) were performed after a cooling time of 247 days. The cross sections of the natEr(α,x)170Tm reaction 

were derived from the measurements. The result is shown in Fig. 5 in comparison with the TENDL-

2017 data (Koning et al., 2019). The TENDL-2017 data underestimate our data. There was no 

experimental study found in the literature survey. 

 

 
Fig. 5. Excitation function of the natEr(α,x)170Tm reaction 

 

  



3.5 The natEr(α,x)168Tm reaction 

The production cross sections of 168Tm (T1/2 = 93.1 d) were derived from the gamma line at 815.99 

keV (Iγ = 50.95%). We used the gamma spectra recorded after a cooling time of 247 days. The cross 

sections are compared with the previous studies (Homma et al., 1980; Sonzogni et al., 1992) and the 

TENDL-2017 data (Koning et al., 2019). The data of Homma et al. (1980) are very different from the 

other experimental and calculational data. The data of Sonzogni et al. (1992) are in good agreement 

with ours. The TENDL-2017 data underestimate the experimental data. 

 

 
Fig. 6. Excitation function of the natEr(α,x)168Tm reaction 

 

  



3.6 The natEr(α,x)167Tm reaction 

Measurements of the 707.80-keV gamma line (Iγ = 42%) after a cooling time longer than 11 days 

were used to derive the production cross sections of 167Tm (T1/2 = 9.25 d). Its parent 167Yb (T1/2 = 17.5 

min) decayed completely during the cooling time. The gamma intensity has a large relative uncertainty 

of 19%, which causes the large uncertainty of our result. The cumulative cross sections are shown in 

Fig. 7 with the previous experimental data (Homma et al., 1980; Király et al., 2008) and the TENDL-

2017 data (Koning et al., 2019). The experimental data of Homma et al. (1980) and Király et al. (2008) 

slightly deviate to smaller and larger than our data. The TENDL-2017 data are in good agreement with 

ours below 35 MeV, however lower above 35 MeV. 

 

 
Fig. 7. Excitation function of the natEr(α,x)167Tm reaction 

 

  



3.7 The natEr(α,x)166Tm reaction 

The cross sections for the 166Tm production were derived using measurements of the 778.81-keV 

gamma line (Iγ = 19.1%) from the decay of its ground state 166gTm (T1/2 = 7.70 h). The metastable state 

of 166Tm has a short half-life (T1/2 = 340 ms) and decayed during the irradiation. The measurements 

of the gamma line were performed after a cooling time of 11 hours. The contribution of the parent 

isotope 166Yb (T1/2 = 56.7 h) could be estimated from the cross sections determined in section 3.2. The 

activity of the directly created 166Tm was obtained by subtracting the estimated contribution of 166Yb 

from the measured activity. The independent cross sections obtained from the corrected activity are 

shown in Fig. 8. Our results are compared with the TENDL-2017 data (Koning et al., 2019), that by 

far underestimate our data. No experimental data were found in the EXFOR library. 

 

 
Fig. 8. Excitation function of the natEr(α,x)166Tm reaction 

 

  



3.8 The natEr(α,x)165Tm reaction 

The excitation function of the natEr(α,x)165Tm reaction was derived from measurements of the 

gamma line at 242.92 keV (Iγ = 35.5%). The spectra measured after a cooling time of 2.2 h were used. 

During the cooling time, the parent radionuclide 165Yb (T1/2 = 9.9 min) decayed to 165Tm (T1/2 = 30.06 

h). The cumulative cross sections were obtained from the net counts of the gamma line and shown in 

Fig. 9. The result is compared with the previous studies (Homma et al., 1980; Király et al., 2008) and 

the TENDL-2017 data (Koning et al., 2019). The data of Király et al. (2008) are nearly consistent with 

our data. The data of Homma et al. (1980) are smaller than the other experimental data. The TENDL-

2017 data show very different behavior above 38 MeV. 

 

 
Fig. 9. Excitation function of the natEr(α,x)165Tm reaction 

 

  



3.9 Integral yield of 169Yb 

The integral yield of 169Yb was deduced from the measured excitation function of the 
natEr(α,x)169Yb reaction and stopping powers calculated by the SRIM code (Ziegler et al., 2008). 

Physical thick target yield (Otuka and Takács, 2015) up to 48.9 MeV is displayed on Fig. 10 together 

with the previously published data (Király et al., 2008). Our results are slightly smaller than the 

previous data, which can be expected from the difference of the cross sections shown in Fig. 2. 

 

 

Fig. 10. Integral yield of 169Yb 

 

  



4. Conclusion 

We measured the excitation functions of the alpha-induced reactions on natEr up to 48.9 MeV at 

the RIKEN AVF cyclotron. The production cross sections of 169Yb and co-produced radionuclides, 
166Yb and 165,166,167,168,170,173Tm, were determined. These are the first cross section measurements of 
166,170Tm. The derived cross sections were compared with the previous studies and the TENDL-2017 

data. Based on the measured cross sections, the integral yield of 169Yb was derived. The results 

obtained in the experiment are expected to contribute to finding the best nuclear reaction to produce 

the medical radionuclide 169Yb. In addition to the production cross sections, consideration on cost 

effectiveness is required for practical use as discussed for the neutron capture reaction on enriched 
168Yb by Flynn et al. (2019) (Flynn et al., 2019). Based on the current nuclear data, the neutron capture 

reaction is possibly the best route in case that the costly enriched targets can be prepared and 

reactivated. 
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