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Abstract

Activation cross sections of alpha-particle-induced reactions on natural vanadium were measured. The
production cross sections of 3% 32¢Mn, >'Cr, *V, and %" eS¢ were determined up to 50 MeV. The
stacked-foil activation technique and high-resolution gamma-ray spectrometry were used. The
experimental results were compared with previous experimental data and theoretical calculations in
the TENDL-2019 library. The physical yield of the medical radionuclide ?¢Mn was derived from the

measured cross sections.
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1. Introduction

The radioisotope 5?Mn has the ground state %¢Mn with a half-life of T1, = 5.6 d, which decays
via electron capture (70.6%) and positron emission (29.4%, <Eg.> = 242 keV) processes. It has also
a metastable state >™Mn (T2 = 21.1 min) that decays to the ground state 52Mn by isomeric transition
(IT) (1.8%) and to °2Cr by electron capture (1.6%) and positron emission (96.6%, <Ez+> = 1172 keV)
processes according to NuDat 3.0 (National Nuclear Data Center, 2021). 52Mn can be used in Positron
Emission Tomography (PET) imaging to study biological and physiological processes with a time

scale similar to its decay (Bianchi et al., 2020).
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The promising routes of 2Mn production are proton- and deuteron-induced reactions on natural
chromium or enriched 5%Cr targets (Tarkanyi et al., 2019). Another possible production route is alpha-
particle-induced reactions on natural vanadium ("*V) targets. "V is a monoisotopic element, although
it has two isotopes of 51V (stable, 99.75%) and 5V (T, = 2.1x10%"y, 0.25%) according to NuDat 3.0
(National Nuclear Data Center, 2021). There are many previous measurements of alpha-particle-
induced reactions on "™V (Ali et al., 2018; Bindu et al., 1998; Bowman & Blann, 1969; Chowdhury et
al., 1995; Dmitriev et al., 1969; Hansper et al., 1993; Iguchi et al., 1960; Ismail, 1993; Levkovski,
1991; Michel et al., 1983; Neuzil & Lindsay, 1963; Peng et al., 1999; Rama et al., 1987; Singh et al.,
1993, 1995; Sonzogni et al., 1993; Vlieks et al., 1974; Vonach et al., 1983). However, their data show
large uncertainties and discrepancies.

In this paper, we present results of measurement of the excitation functions of the alpha-particle-
induced reactions on "V up to 50 MeV, with a particular focus on the 52Mn production. Activation
cross sections of several co-produced radioisotopes were also determined. The experimental results
were compared with earlier studies and theoretical calculations in the TENDL-2019 library (Koning
etal., 2019). The physical yield of 529Mn was derived from the measured cross sections.

2. Experimental

The experiment was performed at the AVF cyclotron of the RIKEN RI Beam Factory. The
stacked-foil activation technique and high-resolution gamma-ray spectrometry were used.

The target for the experiment consisted of metallic foils of "V (25-um thick, 99% purity, Nilaco
Corp., Japan), "3'Ti (5-um thick, 99.6% purity, Nilaco Corp., Japan), and 2’Al (5-um thick, >99% purity,
Nilaco Corp., Japan). The ?’Al foils were used to catch recoiled reaction products from the "'V and
ntTy foils, while the "Ti foils were to assess beam parameters and target thicknesses by the
"atTj(a,x)>!Cr monitor reactions. The target thicknesses were derived using measured sizes and weights
of the foils. The derived thicknesses of the "V, "Tj and ?’Al foils were 20.4, 2.24 and 1.22 mg/cm?,
respectively. The foils were then cut into 8x8 mm? to fit a target holder served as a Faraday cup. Eleven
sets of V-Al-Ti-Ti-Al foils were stacked in the target holder.

The stacked target was irradiated for 30 minutes with a 50.6+0.2 MeV alpha-particle beam. The
primary beam 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., 2010). The
average beam intensity measured by the Faraday cup was 194 nA.

The gamma-ray spectra of each irradiated foil were measured without chemical separation by a
high-resolution HPGe detector (ORTEC GEM-25185-P). The gamma-ray spectra were analyzed by
the dedicated software (SEIKO EG&G Gamma Studio). The detector was calibrated by a multiple
gamma-ray emitting point source consisting of 3"-%°Co, 38y, 199Cd, ''3Sn 137Cs, 13°Ce, and ?*! Am. Each

"ty foil was measured together with the next 2’Al catcher foil of recoiled products. Each foil was



measured three times in 17 days to follow the decay of the produced radioisotopes with different half-
lives. The distance between the detector and the foils was arranged to keep the dead time less than 3%.

The nuclear reaction and decay data for the gamma-ray spectrometry were taken from NuDat 3.0
(National Nuclear Data Center, 2021) and QCalc (Sonzogni & Pritychenko, 2003). Reaction and decay
data for the radionuclides of interest are listed in Table 1.

Cross sections of the "Ti(a,x)*'Cr monitor reaction were derived to assess the beam parameters
and target thicknesses. The gamma line at 320.08 keV (I, = 9.91%) from the decay of 3!Cr (Ti» =
27.7025 d) was measured. Only the low energy Ti foil of each Ti-Ti foil pairs in the stack was assessed,
as it was considered to be compensated for the recoiled >'Cr reaction products. The dead time during
the measurements was kept at less than 1% after a cooling time of 3 days. The derived cross sections
were compared with the IAEA recommended values (Hermanne et al., 2018; Tarkanyi et al., 2007) as
shown in Fig. 1. Our result is consistent with the recommended values published in 2007. The
measured thicknesses and beam parameters were used without any correction to derive production

cross sections.

3. Result and discussion

The activation cross sections of >* 32¢Mn, 3!Cr, ¥V, and 47 4¢S¢ were determined for the alpha-
particle-induced reactions on "V, The numerical data of the measured cross sections are listed in Table
2. The results are displayed in Figs. 2-7 together with the previous experimental studies and the
TENDL-2019 data. The production yield of 32®Mn deduced from the measured cross sections is shown
in Fig. 8. The yield was compared with the previous experimental data (Dmitriev et al., 1969).

The median projectile energy at each foil is listed in Table 2 with the total uncertainty and energy
loss in parathesis. The total energy uncertainties of 0.2-1.3 MeV were propagated from the
uncertainties of the primary beam energy (0.2 MeV) and target thickness (1%). The estimated energy
loss in the "'V foils was 1.0-5.3 MeV. The total uncertainty of the cross sections was estimated to be
7.2-29.5%. It was derived from the square root of the quadratic summation of each component; beam
intensity (5%), gamma-line intensity (<13%), detector efficiency (5%), target thickness (1%), target
purity (1%), and counting statistics (0.2-28.6%).

3.1 The "V (a,x)>*Mn reaction

The cross sections of the "™V(a,x)**Mn reaction were derived from the gamma line at 834.848
keV (I, = 99.976%) emitted with the decay of *Mn (T2 = 312.20 d). The gamma line was measured
after an average cooling time of 17 days. The result is compared with the previous studies (Ali et al.,
2018; Bindu et al., 1998; Bowman & Blann, 1969; Chowdhury et al., 1995; Hansper et al., 1993;
Iguchi et al., 1960; Ismail, 1993; Levkovski, 1991; Michel et al., 1983; Peng et al., 1999; Rama et al.,
1987; Singh et al., 1993, 1995; Sonzogni et al., 1993; Vlieks et al., 1974; Vonach et al., 1983) and the



TENDL-2019 data (Koning et al., 2019) as shown in Fig. 2. Our data point at the lowest energy is
shifted to the lower energy region because the beam was fully stopped at the corresponding foil.

The present data are consistent with the data of Ali et al. (2018), Bindu et al. (1998), Bowman &
Blann (1969), Iguchi et al. (1960), Levkovski (1991), Michel et al. (1983), Peng et al. (1999), and
Sonzogni et al. (1993). The partial agreement is found with the data of Chowdhury et al. (1995), Ismail
(1993), Rama et al. (1987), and Singh et al. (1993, 1995) in the higher energy region. The data below
11 MeV by Hansper et al. (1993), Vlieks et al. (1974), and Vonach et al. (1983) are smaller than ours
while the previous data are consistent with each other except for part of the data by Vlieks et al. (1974)
at around the peak. The TENDL-2019 data show the same trend as the experimental excitation function

while they underestimate above the peak.

3.2 The "V (a,x)52¢Mn reaction

The cross sections of the "V (0, x)*2¢Mn reaction were derived. The radionuclide 3>Mn has a short-
lived metastable state (T12 = 21.1 min), which decays partially to the ground state >?¢Mn (T, = 5.591
d) and the stable *>Cr soon after the end of the bombardment. The gamma line at 935.544 keV (I, =
94.5%) from the decay of 3*2Mn was measured after a cooling time of 17 days. The cumulative cross
sections were obtained from the net counts of the gamma peak. The derived cross sections are shown
in Fig. 3 and compared with the previous studies (Bindu et al., 1998; Bowman & Blann, 1969;
Chowdhury et al., 1995; Dmitriev et al., 1969; Ismail, 1993; Levkovski, 1991; Michel et al., 1983;
Rama et al., 1987; Singh et al., 1993, 1995; Sonzogni et al., 1993) and the TENDL-2019 data (Koning
etal., 2019).

The present cross-section data show a smooth curve and are consistent with part of the previous
experimental data. The data reported by Levkovski (1991) agree with our data. The experimental data
of Bindu et al. (1998), Bowman & Blann (1969), Ismail (1993), Michel et al. (1983), and Singh et al.
(1995) are in partial agreement with our data. The data of Chowdhury et al. (1995), Dmitriev et al.
(1969), Rama et al. (1987), Singh et al. (1993), and Sonzogni et al. (1993) are lower than ours. The
peak position and amplitude of the TENDL-2019 data are different from the experimental data.

3.3 The "*V(a,x)°'Cr reaction

Measurements of the 320.08 keV gamma line (I, = 9.91%) after a cooling time longer than 17
days were used to derive the production cross sections of >'Cr (T, = 27.7025 d). Its parent >'Mn (T
=46.2 min) decayed completely during the cooling time. The cumulative cross sections are shown in
Fig. 4 together with the previous experimental data (Bowman & Blann, 1969; Chowdhury et al., 1995;
Ismail, 1993; Levkovski, 1991; Michel et al., 1983; Singh et al., 1993, 1995; Sonzogni et al., 1993)
and the TENDL-2019 data (Koning et al., 2019).

The present cross sections are consistent with the data reported by Bindu et al. (1998), Ismail



(1993), Levkovski (1991), and Singh et al. (1993, 1995). Both datasets of Bowman & Blann (1969),
and Sonzogni et al. (1993) are slightly lower than ours in the higher energy region. The data reported
by Michel et al. (1982) is higher than the other experimental data. The TENDL-2019 data are larger
than all the experimental data above 35 MeV.

3.4 The "V (a,x)*¥V reaction

The excitation function of the "V(a,x)*V reaction was derived from measurements of the
gamma line at 983.525 keV (I, = 99.98%) from the **V decay (T2 = 15.9735 d). The measurements
were performed after an average cooling time of 17 days. During the cooling time, the parent nucleus
BCr (T12 = 21.56 h) decayed to “*V. The possible contribution of S¢ (T12 = 43.67 h) to the gamma
line was negligible because another gamma line at 1037.522 keV (I, = 97.6%) from the *Sc decay
could not be found in the spectra. The cumulative cross sections are shown in Fig. 5 together with the
experimental data studied earlier (Bindu et al., 1998; Ismail, 1993; Michel et al., 1983; Singh et al.,
1993, 1995; Sonzogni et al., 1993) and the TENDL-2019 data (Koning et al., 2019).

The present data are consistent with the data of Singh et al. (1993), Sonzogni et al. (1993), and
Bindu et al. (1998) within the uncertainty. The data of Ismail (1993), and Singh et al. (1995) are lower
than ours while the data reported by Michel et al. (1983) are higher than the other experimental data.

The TENDL-2019 data overestimate the experimental cross sections.

3.5 The "*V(a,x)*’Sc reaction

The production cross sections of 4’Sc (T, = 3.3492 d) were derived from the gamma line at
159.381 keV (I, = 68.3%). We used the gamma spectra recorded after a cooling time of 1 day. The
formation of ’Ca (T2 = 4.536 d) was energetically possible but negligible because the gamma line at
1297.09 keV (I, = 67%) from #’Ca decay could not be found in the spectra. The cross sections are
shown in Fig. 6 together with the previous experimental data (Bindu et al., 1998; Bowman & Blann,
1969; Ismail, 1993; Levkovski, 1991; Michel et al., 1983; Neuzil & Lindsay, 1963; Singh et al., 1993,
1995; Sonzogni et al., 1993) and the TENDL-2019 data (Koning et al., 2019).

Our result is consistent with the data of Levkovski (1991). The experimental data of Ismail (1993),
and Michel et al. (1983) are in partial agreement with ours. The data of Bindu et al. (1998), Bowman
& Blann (1969), Neuzil & Lindsay (1963), Singh et al. (1993, 1995), and Sonzogni et al. (1993) are
lower than our data. The TENDL-2019 data underestimate the experimental values except for the data

of Singh (1995).

3.6 The "*V(a,x)*%¢Sc reaction
The cross sections for the 4°¢Sc production were derived by measuring the 889.277 keV gamma

line (I, = 99.984%) from the decay (T, = 83.79 d). The metastable state 4°™Sc has a short half-life



(T12=18.75 s, IT: 100%) and decayed to “°2Sc during the irradiation. The measurements of the gamma
line were performed after an average cooling time of 17 days. The cumulative cross sections are shown
in Fig. 7 together with the previous experimental data (Bindu et al., 1998; Bowman & Blann, 1969;
Ismail, 1993; Levkovski, 1991; Michel et al., 1983; Neuzil & Lindsay, 1963; Singh et al., 1995;
Sonzogni et al., 1993) and the TENDL-2019 data (Koning et al., 2019).

The data of Ismail (1993), Levkovski (1991), and Neuzil & Lindsay (1963) are nearly consistent
with our data. The previous experimental data of Bindu et al. (1998), Michel et al. (1983), and Singh
etal. (1993) are higher than our result. The data of Bowman & Blann (1969) and Sonzogni et al. (1993)
are lower than ours. The TENDL-2019 data underestimate the experimental data other than part data
of Bowman & Blann (1969).

3.7 The physical yield of 32Mn

Physical thick target yield (Otuka & Takécs, 2015) of 2#Mn was deduced up to 49.6 MeV from
the spline fitted curve of the measured excitation function of the "V (a,x)3?¢Mn reaction in section 3.2
and stopping powers calculated using the SRIM code (Ziegler et al., 2010). The physical yield is
displayed in Fig. 8 together with the previously published experimental data (Dmitriev et al., 1969).
Our result is higher than the previous data, which can be expected from the difference of the cross

sections shown in Fig. 3.

4. Conclusion

We measured excitation functions of the alpha-particle-induced reactions on ™V up to 50 MeV
at the RIKEN AVF cyclotron. The production cross sections of 322Mn and co-produced *Mn, 3'Cr, 4V,
and 7> 46¢Sc were determined. The stacked-foil activation technique and the high-resolution gamma-
ray spectrometry were used for the cross-section measurements. The measured data are compared with
previous experimental data and the theoretical calculations in the TENDL-2019 library. The derived
excitation function of the "'V(a,x)3*¢Mn reaction is consistent with the earlier published data of
Levkovski (1991). The physical yield of Mn deduced from the measured cross sections is larger

than the experimental data of Dmitriev et al. (1969).
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Tables

Table 1. Reactions and decay data of reaction products.

Nuclide  Half-life Decay mode (%) Ey(keV) 1y (%) Contributing reactions Q-value (MeV)
%4Mn 312.20d £ (100) 834.848  99.976(10) 5V(a, y)**Mn 8.8
51V (0, n)>*Mn -2.3
S29Mn  5.591d &+ B* (100) 744233 90(12) 50V(q, 2n)%2Mn -12.2
935544  94.5(13) 51V (q, 3n)%2Mn 233
1434.092  100(14)
SICr 27.7025d £ (100) 320.0824  9.91(10) 0V (a, t)ICr -10.3
51V (q, tn)®!Cr 213
5IMn 46.2m ¢+ B* (100) 511.0 194.18(6)  V(a, 3n)5!Mn -22.8
749.07 0.265 51V (0, 4n)5*Mn -33.8
48\/ 15.9735d ¢+ p* (100) 983.525  99.98(4) 50V (a, a2n)*8V -20.9
1312.106  98.2(3) 51V (0, 03n)*8V -31.9
483¢ 43.67h B-(100) 983.526  100.1(6) 50V (0, 0:2p)*8Sc -19.3
1037.522  97.6(7) 51V (0, 03He)*8Sc 226
1312.12  100.1(7)
48Cy 2156 h £ (100) 112.31 96(20) 50V/(q,, t3N)*8Cr -43.1
308.24 100
43¢ 3.3492d B-(100) 159.381  68.3(4) 50V/(q, 0He)*7Sc -10.3
51V (q, 2a)7ScC -19.8
41Cq 4.536d B (100) 807.86 5.9(12) 50V (a, a3p)*’Ca -28.7
1297.09 67 51V (a, ap3He)*’Ca -32.1
4683 83.79d B (100) 889.277  99.984(10) V(a, 20)*Sc 9.9
1120.545  99.987(10)  5V(0, 2an)*Sc -20.1
SICr 27.7025d € (100) 320.0824 9.91(10) "ATi(a, X)*LCr




Table 2. Measured production cross sections (mb)

Energy (MeV) 34Mn 52¢Mn(cum) SICr(cum) 48V (cum) 41Sc 46gSc(cum)
49.6+0.2 (£1.0) 6.09+0.59 145+10 296122 9.69+0.70 3.89+0.31 12.1+0.9

46.8+0.2 (£1.1) 6.99+1.13 190+14 194+14 2.144+0.20 4.17+0.35 7.23+0.63
43.84+0.2 (£1.1) 8.89+1.31 230+£17 95.5+7.1 0.507+0.108 4.80+0.39 3.18+0.40
40.7+0.3 (£1.2) 11.9+1.5 259+19 33.84£2.8 4.494+0.37

37.4+0.3 (+1.2) 13.0£1.5 239+17 9.68+1.38 2.66+0.26

33.9+0.3 (¢1.3) 16.6+1.6 172+12 4.73£1.06 1.45+0.20

30.1£0.4 (+1.5) 25.5+£2.0 59.24+4.3 2.11+0.62 0.433+0.102

25.840.5 (£1.6) 47.0£3.5 2.03+0.16 0.0267+0.0027

21.0+0.6 (£1.9) 150+11 0.889+0.081

15.1£0.8 (x2.4) 554440 0.187+0.030

6.5+1.8 (24.1) 1118




Figure captions

Fig. 1. Excitation function of the "*Ti(a,x)’'Cr monitor reaction with the recommended values

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

Fig. 2. Excitation function of the "V (a,x)**Mn reaction.

Fig. 3. Excitation function of the "V(a,x)**®Mn cumulative reaction.

Fig. 4. Excitation function of the "V (a,x)*'Cr cumulative reaction.

Fig. 5. Excitation function of the "V (a,x)**V cumulative reaction.

Fig. 6. Excitation function of the "V (a,x)*’Sc reaction.

Fig. 7. Excitation function of the "V (a,x)*%¢Sc cumulative reaction.

Fig. 8. Physical yield of 2#Mn in the alpha-particle-induced reaction on "V,
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