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Abstract 

Activation cross sections of the medically interesting radionuclide 45Ti were investigated in the deuteron-induced 

reaction on 45Sc. 45Ti can be produced in a radioactive-contamination-free form in the 45Sc(d,2n)45Ti reaction below 15 

MeV deuteron energy. The stacked foil activation technique and γ-ray spectrometry were used to determine the cross 

sections. The physical yield of 45Ti was deduced from the measured cross sections.  
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1. Introduction 

The radionuclide 45Ti has a half-life of 3.08 h and is a positron emitter (Eβ+
max = 1040 keV, Eβ+

ave = 439 keV, 𝐼𝛽+ = 

84.8%)(National Nuclear Data Center, 2019). The maximum and average energies of emitted positrons are comparable 

to those from 11C and smaller than those of 15O and appropriate for the small animal PET (Vavere et al., 2005). This PET 

isotope can be used for investigation of titanium leaking of medical implants (Kim et al., 2019) as well as for the study 

of the neurotoxicity of titanium dioxide nanoparticles  (Song et al., 2015) and in other applications. The deuteron-induced 

reaction on a monoisotopic 45Sc target is a possible route to produce this radionuclide at low energy cyclotrons. However, 

only one experimental study (Hermanne et al., 2012) on the cross sections of the 45Sc(d,2n)45Ti reaction was found in our 

literature survey and their experimental data are scattered. Hence, the main purpose of the present study was to remeasure 

the cross sections of this reaction with higher confidence. We also measured the cross sections of radioactive by-products, 

44Ti and 44g,44m,46Sc. The physical yields for the 45Ti production were also deduced from the measured cross sections. 

 

2. Experimental methods 

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

and γ-ray spectrometry were used to measure the cross sections. 
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The stacked target consisted of metallic foils of 45Sc (25-m thick, 99.0% purity, Nilaco Corp., Japan and 250-m 

thick, 99.9% purity, Johnson Matthey Alfa Products company, USA), 27Al (18-m thick, 99.6% purity, Nilaco Corp., 

Japan) and natTi (20-m thick, 99.6% purity, Nilaco Corp., Japan). The Ti foils served for monitoring the beam parameters 

via the natTi(d,x)48V reaction. The Al foils were inserted to sandwich the Sc foils and to separate the recoiled reaction 

products from each Sc and Ti foils. The average thicknesses of the foils were derived by measuring the weights and sizes 

of larger area foils from the suppliers before cutting them up. The derived thicknesses were 25.8 and 250 m for 45Sc, 

18.5 m and 20.2 m for 27Al and natTi, respectively. The foils were cut into the size of 8×8 mm to fit into the target 

holder, which served as a Faraday cup. The two thicker Sc foils were placed at the top of the stack for cross section 

measurements of the long-lived 44Ti (T1/2 = 59.1 y). 

The stacked target was irradiated for 30 min with a deuteron beam of 24.3 ± 0.1 MeV energy, determined by the time-

of-flight method (Watanabe et al., 2014). The average intensity of the deuteron beam determined by the collected charge 

measurement with the Faraday cup-like target holder was 180 nA. The energy degradation in the stacked target was 

calculated using the SRIM code (Ziegler et al., 2010). 

The γ-ray spectra of each irradiated foil were measured by a high-resolution HPGe detector (ORTEC GEM30P4-70) 

without chemical separation. The detector was calibrated by a mixed γ-ray point source containing 57,60Co, 88Y, 109Cd, 

113Sn, 137Cs, 139Ce, and 241Am. Several series of γ-ray measurements were performed to follow the decay of the produced 

isotopes. The first series of the measurements for short-lived isotopes started after a cooling time of about 1 hour. Each 

foil was measured more than three times in 5 months. The distance between the detector and the foils was arranged to 

keep the dead time less than 7%, but each series was always measured with the same detector-sample distance. 

The measured γ-ray spectra were analyzed by the Gamma Studio software (SEIKO EG&G). The nuclear reaction and 

decay data for the γ-ray spectrometry were taken from NuDat 2.8 (National Nuclear Data Center, 2019), LiveChart 

(International Atomic Energy Agency, 2009; Verpelli and Abriola, 2011) and QCalc (Pritychenko and Sonzongni, 2003), 

and are listed in Table 1 for all possible contributing reactions for the formation of radionuclides of interest. 

The cross sections of the natTi(d,x)48V monitor reaction were used to check the primary beam parameters and target 

thicknesses. The measurements of the 1312.11 keV γ-rays (Iγ = 98.20%) emitted by the decaying 48V (T1/2 = 15.97 d) 

were performed after a cooling time of 1 month in order to avoid the possible interference from decay of 48Sc (T1/2 = 

43.67 h). The cross sections derived from the measurements for the natTi(d,x)48V reaction were compared with the IAEA 

recommended values (Hermanne et al., 2018; Takács et al., 2007) in Fig. 1. The beam intensity determined by the Faraday 

cup measurement was decreased by 2.0% to have the best agreement between our result and the recommended curve of 

2007. The corrected beam intensity (177 nA) was adopted in the data assessment for the cross sections. As the shape of 

the measured excitation function of the monitor reaction coincided with the shape of the 2007 recommended values, the 

recent recommended values for the monitor reaction published in 2017 were not used. The measured thicknesses and 

incident beam energy were used to derive production cross sections.  

The initial uncertainty on the incident projectile energy of ± 0.1 MeV is propagated to ± 0.6 MeV in the last foil of the 

stack, which was estimated from uncertainties of the incident energy and target thicknesses (<2%). The energy 

degradation of 2.0-2.2 and 0.2-0.6 MeV in thick and thin foils were obtained using the SRIM code. The midpoint 

projectile energy, energy thickness of each foil and the uncertainties were listed in Table 2. The total uncertainty of the 

cross sections was 8.1-28.7%. It was estimated as the square root of the quadratic summation of the components; beam 



 

 

intensity (5%), target thickness, target purity (1%), detector efficiency (6%), γ-intensity (<8%), and γ-ray counting (0.4-

26.4%). The statistical uncertainty was high for the very low-intensity γ line of 45Ti (719.6 keV, 0.154%) due to the small 

peak relative to the background of the gamma-spectra. 

 

3. Results  

The activation cross sections of 44,45Ti and 44g,44m,46Sc were determined for the deuteron-induced reactions on 45Sc. The 

results are summarized in Table 2 and graphically shown in Figs. 2-6, in comparison with the previous experimental data 

(Hermanne et al., 2012; Skobelev et al., 2011) and the theoretical estimation of TENDL-2019 (Koning et al., 2019). Our 

results in the figures show the total uncertainties of the projectile energy without the energy thickness and those of the 

cross sections. Physical yield for the radionuclide 45Ti was derived from the measured cross sections and is shown in 

Fig.7.  

 

3.1 Formation of 45Ti 

As scandium is a monoisotopic element, 45Ti (T1/2 = 3.08 h) can be produced in the (d,2n) reaction on 45Sc. The cross 

sections of the reaction were derived in the measurements after a cooling time of about 1 hour from the low intensity 

719.6 keV (𝐼𝛾 = 0.154%) γ-rays emitted in the decay of 45Ti. The excitation function is shown in Fig. 2 in comparison 

with the previous data (Hermanne et al., 2012) and the theoretical estimation of TENDL-2019 (Koning et al., 2019). The 

present cross section data are consistent with the data reported by Hermanne et al. (2012) and are less scattered. The peak 

position of the TENDL-2019 data is slightly shifted to the lower energy against the two experimental datasets.  

 

3.2 Formation of 44Ti 

The long-lived radioisotope 44Ti (T1/2 = 59.1 y) can be formed by only the (d,3n) reaction on 45Sc. It decays by EC 

process (100%) into 44gSc. After a long cooling time of about 5 months, the γ-ray measurements were performed for more 

than 6 hours for the first two thicker Sc foils (250 m thickness). The 78.32-keV γ-rays (𝐼𝛾= 96.4%) emitted in the decay 

of 44Ti were used to derive the cross sections of the 45Sc(d,3n)44Ti reaction. For this low energy γ-rays, the self-absorption 

correction (Alfassi et al., 2009) was considered using the mass attenuation coefficient of 0.40 cm2/g for the γ-line at 78.32 

keV (Hubbel and Seltzer, 2004). The self-absorption was estimated to be 1.5%. The internal consistency was checked 

with the 67.87 keV γ-line (𝐼𝛾 = 93%). The derived cross sections are compared with the previous experimental data 

(Hermanne et al., 2012) and the theoretical estimation of TENDL-2019 (Koning et al., 2019) in Fig. 3. The energy 

uncertainty of the two data points of Hermanne et al., 2012 is large because these two points correspond to the last two 

foils of a long stack irradiated at 50 MeV deuteron energy. Our data agree with the data reported by Hermanne et al. 

(2012) within the uncertainty. The TENDL-2019 data largely overestimate the two experimental datasets. 

 

3.3 Formation of 46Sc 

The short-lived meta-stable state (T1/2 = 18.75 s) and the long-lived ground state (T1/2 = 83.79 d) of 46Sc can be 

simultaneously formed by the (d,p) reaction on 45Sc. The meta-stable state decayed by the internal transition (IT) (100%) 

into the ground state during a cooling time of about 1 week. The cumulative cross sections of the 45Sc(d,p)46Sc reaction 

were derived from the measurement of the 1120.545-keV γ-line (𝐼𝛾 = 99.987%) from the decay of the ground state. The 

excitation function for the 46Sc production is shown in Fig. 4 in comparison with the previous experimental data 



 

 

(Hermanne et al., 2012; Skobelev et al., 2011), and the TENDL-2019 data (Koning et al., 2019). The present data are 

consistent with both the experimental data sets. The predictions by TENDL-2019 are lower than those of the experimental 

data. 

 

3.4 Formation of 44mSc 

The (d,t), (d,dn) and (d,p2n) reactions on 45Sc contribute to the formation of the long-lived meta-stable state of 44Sc 

(T1/2 = 58.61 h). The meta-stable state, 44mSc decays by the IT process (98.8%) into the ground state 44gSc and by the EC 

process (1.2%) into 44Ca. The cross sections of the 45Sc(d,x)44mSc reaction were derived from the measurements of the 

intense γ-rays at 271.24 keV (𝐼𝛾 = 86.7%) emitted from the decay of 44mSc. The γ-ray spectrometry measurement was 

performed after an average cooling time of about 28 hours. The excitation function for the 45Sc(d,x)44mSc reaction is 

shown in Fig. 5 in comparison with the previous experimental data (Hermanne et al., 2012) and the TENDL-2019 data 

(Koning et al., 2019). The present dataset is consistent with the data reported by Hermanne et al. (2012). The TENDL-

2019 data overestimate the experimental cross sections above 15 MeV.  

 

3.5  Formation of 44gSc 

The ground state of 44Sc (T1/2 = 3.97 h) can be formed directly in the 45Sc(d,x)44gSc process and indirectly by decay of 

its co-produced meta-stable state 44mSc. The contribution of the parent nucleus 44Ti is very small and neglected due to its 

long half-life and small production cross sections, which were derived in section 3.2. The ground state decays by 𝛽+ and 

EC processes into 44Ca. The intense γ-rays at 1157.02 keV (𝐼𝛾  = 99.9%) were used in the data assessment. The 

contributions to the collected counts from both decay processes of 44mSc to 44gSc (IT: 98.8%) and 44Ca (EC: 1.2%) were 

subtracted using the cross sections presented in section 3.4. The estimated contributions of the IT and EC processes of 

44mSc were less than 35% and 0.5%, respectively. Both contributions were subtracted from the measured counts of the 

1157.02-keV photo-peak. The corrected net areas were then used to derive the independent cross sections for the 

45Sc(d,x)44gSc reaction. The derived excitation function is shown in Fig. 6 in comparison with the previous experimental 

data (Hermanne et al., 2012; Skobelev et al., 2011) and the TENDL-2019 prediction (Koning et al., 2019). Our data are 

between the experimental data reported by Hermanne et al. (2012) and Skobelev et al. (2011). The TENDL-2019 data 

present a partial agreement with our data.  

 

3.6 Integral Yield 

The physical yield of 45Ti was deduced from the spline fitted curve of the measured excitation function presented in 

section 3.1 according to the yield definition (Otuka and Takács, 2015) and the stopping powers calculated using the SRIM 

code (Ziegler et al., 2010). The result is shown in Fig. 7 with the single experimental data point at 22 MeV (Dmitriev et 

al., 1983). Our result is slightly larger than the experimental data.  

In the irradiation of 45Sc with a deuteron beam, no other radioactive Ti impurities are produced below the threshold 

energy of the 45Sc(d,3n)44Ti reaction. Therefore, production of 45Ti without radio-contamination is possible in the 

45Sc(d,2n)45Ti reaction in the deuteron energy range up to 15 MeV.  

The stable isotope 46Ti can also be formed directly and indirectly through the decay of 46Sc in the corresponding nuclear 

reactions and affect the specific activity and labeling yield of 45Ti. The ratio of produced numbers of 45Ti to all considered 

titanium (45Ti+46Ti+47Ti) was estimated using our cross section data for 45Ti and 46Sc and the TENDL-2019 data for 46Ti 



 

 

and 47Ti. This ratio has a maximum in the energy window from 15 to 8 MeV and is about 0.74 at the end-of-bombardment 

for a 1h irradiation. The EOB activity reaches 680 MBq for 1h and 1μA irradiation. The minimum energy of the applied 

energy window was optimized for the higher ratio or activity. 

 

4 Conclusion  

The excitation function of the 45Sc(d,2n)45Ti reaction was measured up to 24 MeV. The stacked-foil activation 

technique and the high-resolution γ-ray spectrometry were used for the cross section measurements. The obtained data 

were compared with the previous experimental data and the TENDL-2019 prediction. The derived excitation function of 

the 45Sc(d,2n)45Ti reaction is consistent with the earlier published data of Hermanne et al. (2012). The physical yield 

deduced from the measured cross sections is slightly larger than the experimental data of Dmitriev et al. (1983). The 

radioactive-contamination-free 45Ti can be obtained via the 45Sc(d,2n)45Ti reaction in the energy region of 15 - 8 MeV 

applying chemical separation.  
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Figure captions 

 

Fig. 1. The excitation function of the natTi(d,x)48V monitor reaction compared with the recommended values 

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

 

Fig. 2. The excitation function of the 45Sc(d,2n)45Ti reaction. 

 

Fig. 3. The excitation function of the 45Sc(d,3n)44Ti reaction. 

 

Fig. 4. The excitation function of the 45Sc(d,p)46Sc reaction.  

 

Fig. 5. The excitation function of the 45Sc(d,x)44mSc reaction.  

 

Fig. 6. The excitation function of the 45Sc(d,x)44gSc reaction.  

 

Fig. 7. The physical yield of 45Ti via the deuteron-induced reaction on 45Sc. 

 

  



 

 

Tables 

 

Table 1 

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

Nuclear Data Center, 2019; Pritychenko and Sonzongni, 2003). γ-lines in bold were used in our data evaluation. 

Nuclide Half-life Decay mode 

[%] 

Eγ 

[keV] 

Iγ 

[%] 

Contributing 

reaction 

Q-value 

[MeV] 

Reference 

        
45Ti 3.08 h ε+β+ (100) 719.6 

 

0.154(12) 

 

45Sc(d,2n) 

 
-5.07 

 

Burrows, 

2008 
44Ti 59.1 y ε (100) 67.8679  

78.3234 

93.0(2) 

96.4(17) 

45Sc(d,3n) 
 

-14.6 

 

Chen et al., 

2011 
        
46Sc 83.79 d  β− (100) 889.277 

1120.545 

 

99.984(1) 

99.987(1) 

 

45Sc(d,p) 

 

6.5 Wu, 2000 

        
44mSc 
 

58.61 h ε (1.2) 

IT (98.8) 

271.241 

1157.002 

 

86.7(3) 

1.20(7) 

 

45Sc(d,t) 
45Sc(d,dn) 
45Sc(d,p2n) 
44Ti decay 
 

-5.07 

-11.38 

-13.55 

 

Chen et al., 

2011 

        
44gSc 

 

3.97 h ε+β+ (100) 1157.02 

 

99.9(4) 

 

45Sc(d,t) 
45Sc(d,dn) 
45Sc(d,p2n) 
44mSc decay 
 

-5.07 

-11.38 

-13.55 

 

 

Chen et al., 

2011 

  
48V 15.97 d ε+β+ (100) 944.13 

983.52 

1312.11 

7.870(7) 

99.98(4) 

98.20(3) 

46Ti(d,γ) 

47Ti(d,n) 
48Ti(d,2n) 
49Ti(d,3n) 

13.5 

4.6 

-7.0 

-15.2 

Burrows, 

2006 

 

  



 

 

Table 2 

Cross sections of 44,45Ti and 44m,44g,46Sc measured in the deuteron bombardment on 45Sc. The midpoint projectile energy, 

energy thickness of each foil and the uncertainties propagated from those of the incident energy and target thicknesses 

are shown in the first column. 

 

Energy (MeV) 
Cross sections (mb) 

45Sc(d,2n)45Ti 45Sc(d,3n)44Ti  45Sc(d,p)46Sc 45Sc(d,x)44mSc 45Sc(d,x)44gSc 

23.3 ±1.0 ± 0.1 

20.6 ±1.1 ± 0.1 

18.7 ±0.1 ± 0.2 

17.5 ±0.1 ± 0.2 

16.3 ±0.1 ± 0.2 

14.9 ±0.1 ± 0.2 

13.5 ±0.2 ± 0.3 

11.9 ±0.2 ± 0.3 

10.2 ±0.2 ± 0.3 

8.2 ±0.2 ± 0.4 

5.8 ±0.3 ± 0.6 

237 ± 64 

251 ± 46 

272 ± 40 

279 ± 43 

297 ± 41 

296 ± 38 

291 ± 36 

261 ± 32 

201 ± 24 

96.5 ± 12.1 

3.14 ± 0.54 

7.44 ±0.71 

3.36 ±0.35 

81.6 ± 6.9 

104 ± 9 

102 ± 8 

109 ± 9 

127 ± 10 

143 ± 12 

163 ± 13 

199 ± 16 

253 ± 21 

316 ± 26 

311 ± 25 

107 ± 9 

40.7 ± 3.3 

12.3 ± 0.9 

5.55 ± 0.46 

3.16 ± 0.26 

2.11 ± 0.17 

1.68 ± 0.14 

1.20 ± 0.10 

0.539 ± 0.045 

0.104 ± 0.012 

0.074 ± 0.009 

113 ± 13 

49.7 ± 5.7 

17.6 ± 2.1 

9.74 ± 1.2 

6.57 ± 1.03 

4.44 ± 0.85 

3.14 ± 0.66 

1.96 ± 0.16 

0.892 ± 0.075 

0.194 ± 0.018 

0.130 ± 0.011  
 

 



 0

 50

 100

 150

 200

 250

 300

 350

 400

 0  5  10  15  20

natTi(d,x)48V

Cr
os

s 
se

ct
io

n 
(m

b)

Energy (MeV)

This work
Recommended-2017
Recommended-2007



 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 0  5  10  15  20  25

45Sc(d,2n)45Ti

Cr
os

s 
se

ct
io

n 
(m

b)

Energy (MeV)

This work
Hermanne 2012

TENDL-2019



 0

 5

 10

 15

 20

 25

 30

 16  18  20  22  24

45Sc(d,3n)44Ti

Cr
os

s 
se

ct
io

n 
(m

b)

Energy (MeV)

This work
Hermanne 2012

TENDL-2019



 0

 50

 100

 150

 200

 250

 300

 350

 400

 450

 0  5  10  15  20  25

45Sc(d,p)46Sc

Cr
os

s 
se

ct
io

n 
(m

b)

Energy (MeV)

This work
Hermanne 2012

Skobelev 2011
TENDL-2019



 0

 20

 40

 60

 80

 100

 120

 0  5  10  15  20  25

45Sc(d,x)44mSc
Cr

os
s 

se
ct

io
n 

(m
b)

Energy (MeV)

This work
Hermanne 2012

TENDL-2019

 0.01

 0.1

 1

 10

 100

 0  5  10  15  20



 0

 20

 40

 60

 80

 100

 120

 140

 0  5  10  15  20  25

45Sc(d,x)44gSc

Cr
os

s 
se

ct
io

n 
(m

b)

Energy (MeV)

This work
Hermanne 2012

Skobelev 2011
TENDL-2019

 0.1

 1

 10

 100

 5  10  15  20



 0

 500

 1000

 1500

 2000

 0  5  10  15  20

45Ti

Ph
ys

ic
al

 Y
ie

ld
 (

M
Bq

/µ
Ah

)

Energy (MeV)

This work (45Ti)
Dmitriev+(1982)


	Applied Radiation and Isotopes_168_2021
	fig1
	fig2
	fig3
	fig4
	fig5
	fig6
	fig7

