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Abstract

Production cross sections of 133143Sm via alpha-particle-induced reactions on "*Nd were measured
up to 23 MeV. The stacked-foil activation technique and high-resolution gamma-ray spectrometry
were adopted for the measurement. The obtained cross sections were compared with the literature data
and the TENDL-2019 and TENDL-2021 values. Physical thick target yields of the two radionuclides

were derived from the measured cross sections.
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1. Introduction

Samarium radionuclides '3*Sm (T2 = 46.3 h) and '¥*Sm (T2 = 340 d) can be used for treatment
of bone metastases (Finlay et al., 2005) and for brachytherapy (Fairchild et al., 1987; Meigooni and
Nath, 1992), respectively. Among possible production reactions of the two medical radionuclides, we
have recently investigated alpha-particle-induced reactions on natural neodymium up to 50 MeV
(Sakaguchi et al., 2021). The isotopic composition of natural neodymium is '“’Nd: 27.153%, 43Nd:
12.173%, '“Nd: 23.798%, '“Nd: 8.293%, '“Nd: 17.189%, '¥Nd: 5.756%, and '"'Nd: 5.638%,
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respectively (Meija et al., 2016). It was found that our measured cross sections of the "Nd(c,x)'*3*Sm
reaction were, however, largely deviated from the experimental data published earlier (Qaim et al.,
2007). The peak amplitudes of the cross sections differ from each other by a factor of more than two.
In addition, for the "Nd(c,x)'**Sm reaction no experimental study other than our previous one was
found in the literature survey. Therefore, we decided to conduct additional independent experiments
up to 23 MeV to increase reliability of the production cross sections of '33!43Sm. The alpha-particle
energy of 23 MeV was selected to focus on the peak region of the excitation function of the
"Nd(o,x)"**Sm reaction at around 18 MeV and the ™Nd(c,x)'4*Sm reaction at around 20 MeV. The
incident beam energy of 29 MeV was reduced to 23 MeV through several Ti foils. The newly measured
cross sections were compared with the previous studies and the values in the TENDL-2019 and new
TENDL-2021 libraries (Koning et al., 2019). The physical thick target yields for production of

153.145Sm were derived using the fitted curve over the experimental cross sections.

2. Experimental

Two experiments (#1 and #2) were performed using 29-MeV alpha-particle beams at the RIKEN
AVF cyclotron. The stacked-foil activation technique and high-resolution gamma-ray spectrometry
were adopted for the experiments. Two targets for the experiments were composed of pure metallic
foils of ™Nd (99.0% purity, nominal 25-um thick, Goodfellow Co., Ltd., UK) and "*Ti (99.6% purity,
nominal 5-pum thick, Nilaco Corp., Japan). The "Ti foils were placed in the stacks to assess beam
parameters and energy degradation in the targets using the "'Ti(a.,x)>!Cr monitor reaction. The lateral
size and weight of the original foils were measured, and average thicknesses were derived for both
foils. To suppress the oxidation effect of the Nd foil, the weight of the foil was measured soon after
unsealing. The derived average thicknesses of the "Nd and "'Ti foils were 16.7 and 2.25 mg/cm?,
respectively. The original foils were then cut into a size of 10x10 mm to compose the stacked targets
that fit into Faraday-cup like target holders. Six "Nd and fourteen "Ti foils were stacked in both
targets in different orders. The configuration of the two stacked targets is listed in Table. 1. Both targets
were arranged in three groups of Ti, Nd and Ti foils. The aim of this arrangement was to be able to
check the beam intensity with the Ti group at the high energy, to check the energy loss calculations of
the alpha-particles in the stacks using the Ti group at the low energy and to have the cross section data
points for the selected reactions on Nd around the maximum of the excitation function.

Each target was irradiated for 33 min with an alpha-particle beam. The incident beam energy was
28.9+0.2 MeV identically in both irradiations. The beam energy was measured by the time-of-flight
method (Watanabe et al., 2014). The energy degradation of the beam in the stacked targets was
calculated using stopping powers obtained from the SRIM code (Ziegler et al., 2008). The average
beam intensities measured by the Faraday cups were 205 nA (#1) and 209 nA (#2), respectively. The

experimental parameters for easy comparison are summarized in Table 2.



Gamma rays emitted from the activated foils were measured without chemical separation using
high-purity germanium detectors (ORTEC GMX30P4-70). The efticiency of the detector was obtained
using a multiple gamma-ray point source with 37-%Co, #3Sr, 83Y, 19°Cd, ''3Sn, 137Cs, 13°Ce, 2%Hg, and
241 Am (Eckert & Ziegler Isotope Products). The measurement of the gamma rays was performed three
times for every foil as listed in Table 2. The last series of the measurement (Ser. 3) was adopted for
deduction of the cross sections. The other series (Ser. 1 and 2) were used to cross-check the cross
sections. Both targets consisted of two groups of Ti foils and one group of Nd foils. The spectra
measured for the first foil of each group were not used in data evaluation because of the recoil effect.
Spectra measured for the rest of the foils are considered to be recoil-compensated, as the recoil effect
has no strong energy dependence on adjacent foils in the same group. The nuclear reaction and decay
data used to deduce activation cross sections are listed in Table 3, retrieved from the online databases,
NuDat 3.0 (National Nuclear Data Center, 2021) and QCalc (Pritychenko and Sonzogni, 2003).

To derive the cross section o (cm?), the following equation was used,

A N,
nely gqey6.(1 — e *T0)e=ATe(1 — e=ATm)

o

where A is the decay constant of each radionuclide (s'), n; is the surface density of target atoms
(cm?), I, is the alpha-particle-beam intensity (s'), N, is the net count of the gamma-ray peak, &4
is the detector efficiency, €, is the gamma-ray intensity, &; is the dead time correction, Tj,, T, and
T,, are the irradiation, cooling and acquisition times (s), respectively.

Cross sections of the "Ti(a,x)*'Cr monitor reaction were derived for assessment of the beam
parameters and the target thicknesses. The measurement of gamma rays at 320.08 keV (I, = 9.91%)
was used to derive the cross sections. The obtained cross sections were compared with the IAEA
recommended values (Hermanne et al., 2018; Tarkéanyi et al., 2007). The deduced cross sections of the
Ti foils in the high energy group were used to check the beam intensities. For good agreement with
the recommended values the initial beam intensity of the second experiment (#2) measured by the
Faraday cup was corrected by +2%. Using the Ti foils in the low energy group the energy loss of the
beam was checked and for the good agreement with the recommended values the thickness of the ™Nd
foil was decreased by 2% and the initial bombarding energy measured by the time-of-flight method
was increased by 0.2 MeV. The beam intensity of the first experiment (#1) and the measured thickness
of the "'Tj foil were adopted without any correction. The deduced cross sections for the "Ti(a,x)!Cr
reaction using the corrected experimental parameters are compared with the JAEA recommended
values in Fig. 1 and found in good agreement with the values in 2007 (Tarkanyi et al., 2007) at the

high energy region. The corrected parameters listed in Table 2 were used in data evaluation.



3. Results and discussion

Activation cross sections of the ™Nd(c,x)!*3!43Sm reactions were determined. The derived cross
sections are summarized in Tables 4 and 5 and graphically shown in Figs. 2 and 3 with the literature
data and the theoretical prediction of the TENDL-2019 and TENDL-2021 libraries (Koning et al.,
2019). Physical thick target yields were deduced using the fit over the measured cross sections.

The median projectile energy and its uncertainty with the total energy loss in parentheses in each
foil are listed in Tables 4 and 5. The calculated energy loss in the Nd foils increases from 2.1 to 3.0
MeV. The total uncertainty of the energy increases from 0.3 MeV to 0.5 MeV in both cases (#1 and
#2). The total uncertainty of the cross sections (7.5-8.9%) were derived from the square root of the
quadratic sum of the partial uncertainties: beam intensity (5%), gamma-ray intensity (0.8%), detector

efficiency (5%), target thickness (2%), target purity (1%) and counting statistics (0.4-5.5%).

3.1 The "Nd(c.,x)'>*Sm reaction

Production cross sections of '33Sm (T2 = 46.3 h) via alpha-particle-induced reactions on natural
neodymium were determined. In a natural neodymium target only the (a.,p) reaction on '"'Nd (Ey, =
6.9 MeV) can contribute to direct formation of '*Sm. In the measurement also the indirect formation
via decay of >*Pm (T2 = 5.25 min), produced in the "*Nd(o.,p)!*3Pm reaction (Ep = 8.1 MeV), is
included. Accordingly the derived cross sections are cumulative cross sections. The cross sections
measured on natural neodymium can be normalized by the abundance to those on '3°Nd and vice versa.
The net counts of the gamma line at 103.18 keV (I, = 29.25%) emitted with the decay of '*Sm were
measured after cooling times of 6.0-19.5 h (#1) and 10.9-24.9 h (#2) when the precursor '*Pm had
completely decayed to '*Sm. The attenuation of the 103.18-keV low-energy gamma line was
calculated using the X-ray mass attenuation coefficients (Hubbel and Seltzer, 2004). The attenuation
of the 103.18-keV gamma line in the Nd foil was estimated to be 2.1%. The cumulative cross sections
were determined using the net counts corrected for attenuation.

The deduced cross sections are shown in Fig. 2 in comparison with the literature data (Qaim et al.,
2007; Sakaguchi et al., 2021) and the TENDL-2019 and TENDL-2021 values (Koning et al., 2019).
The present results agree with each other (#1 and #2) and also with our previous study (Sakaguchi et
al., 2021). However, the only other available literature data (Qaim et al., 2007) are too high. Based on
the newly obtained results, the smaller cross sections seem to be more reliable. The TENDL-2019
values are too low when comparing to our experimental data, however, data taken from the updated

TENDL-2021 library are higher and more consistent with our results.

3.2 The "Nd(c.,x)'**Sm reaction
The longer-lived '*3Sm (T2 = 340 d) can be produced below 23 MeV on two stable isotopes of
natural neodymium (*Nd: 27.153% and '®Nd: 12.173%) in the '#>Nd(o,n)'**Sm and



Nd(a,2n)!4Sm reactions. No contribution of the **Nd(a,3n)'4Sm reaction is expected, since its
threshold energy is 25.6 MeV. For data analysis the only intense gamma line at 61.23 keV (I, = 12.15%)
was used. The measured net counts were corrected by +8.4% taking into account the attenuation of
this low-energy gamma line in the Nd foil. The cross sections derived using the corrected counts are
listed in Tables 4 and 5 and graphically presented in Fig 3.

The newly determined cross sections are consistent with the experimental data published earlier
(Sakaguchi et al., 2021) and the TENDL-2019 and TENDL-2021 values (Koning et al., 2019). The
updated TENDL-2021 library provides the same predicted curve up to 30 MeV as the earlier one,
though at higher energies a slight difference is seen between the TENDL-2019 and TENDL-2021

values.

3.3 Physical thick target yields

Physical thick target yields (Otuka and Takacs, 2015) of !5314Sm via alpha-particle-induced
reactions on natural neodymium were deduced using fitted curves of the excitation functions measured
in the present study and in our previous work (Sakaguchi et al., 2021) and stopping powers calculated
using the SRIM code (Ziegler et al., 2008). The yield of '*3Sm via the reaction on 'S’Nd was also
deduced from those on ™Nd. The three deduced yields are shown in Fig. 4. The yields of '33143Sm on
"Nd and that of '>3Sm on '’'Nd can reach 6.39, 5.44 and 113 MBq/C (19.6, 2.30, and 408 kBq/pAh)
at 30 MeV, respectively.

4. Summary

We determined the excitation functions of alpha-particle-induced reactions on "™Nd for the
formation of '4313Sm radionuclides. The experiments were performed at the RIKEN AVF cyclotron
using the stacked-foil activation technique and high-resolution gamma-ray spectrometry. The
activation cross sections of '%>!53Sm were determined and compared with the literature data and
theoretical prediction in the TENDL-2019 and TENDL-2021 libraries. The newly obtained results in
this work are consistent with our previous study. The yields of 4>133Sm on "™Nd are 6.39 and 5.44
MBg/C (19.6 and 2.30 kBg/uAh) at 30 MeV, respectively. The yield of '3Sm using enriched *'Nd
targets can reach 113 MBgq/C (408 kBg/uAh) at 30 MeV. The deduced yield of '3*Sm indicates that
irradiation with a high intensity for a long period is required to obtain the commonly used dose (37

MBg/kg) of '*3Sm-EDTMP (Finlay et al., 2005).
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Tables

Table 1. Foil configuration of each stacked target.

No. Stack (#1) Stack (#2) No. Stack (#1) Stack (#2)
1 Ti Ti 11 Nd Nd
2 Ti Ti 12 Nd Nd
3 Ti Ti 13 Nd Nd
4 Ti Ti 14 Nd Nd
5 Ti Ti 15 Nd Nd
6 Ti Ti 16 Nd Ti
7 Ti Ti 17 Ti Ti
8 Ti Ti 18 Ti Ti
9 Ti Ti 19 Ti Ti
10 Ti Nd 20 Ti Ti

Table 2. Experimental parameters.
#1 #2

Target

Measured (corrected) thickness (mg/cm?)

Stack composition

naNd: 16.7 (16.3)
naTy: .25

10 Ti foils, 6 Nd foils and 4 Ti foils

mNd: 16.7 (16.3)
ATy 225
9 Ti foils, 6 Nd foils and 5 Ti foils

Beam
Measured (corrected) beam current (nA)
Primary energy (MeV)

Irradiation period (min)

205£10
28.9 (29.140.2)
33.0

209 (213+10)
28.9 (29.1+0.2)
33.0

Measurements

Series: Cooling time (distance, dead time)

Ser. 1: 2.9-3.6 h (5 cm, <0.3%)
Ser. 2: 3.8-5.0 h (3 cm, <0.3%)
Ser. 3: 6.0-19.5 h (3 cm, <0.1%)

Ser. 1: 1.5-2.2 h (5 cm, 0.1-0.7%)
Ser. 2: 2.4-3.6 h (3 cm, 0.1-0.6%)
Ser. 3: 10.9-24.9 h (3 cm, <0.2%)




Table 3. Nuclear reaction and decay data of reaction products in this experiment retrieved from the online

databases, NuDat 3.0 (National Nuclear Data Center, 2021) and QCalc (Pritychenko and Sonzogni, 2003).

Radionuclide ~ Decay Half-life Ey (keV) Iy (%) Contributing Q-value Threshold energy
mode reactions MeV) MeV)
13Sm B 46.284(4)h  103.18012(17) 29.25(22)  “°Nd(a,n) -6.8 6.9
100%
153Pm decay -7.9 8.1
14Sm €:100%  340(3)d 61.2265(17) 12.15(10)  '™Nd(a,3n) -24.9 25.6
$Nd(at,2n) -17.1 17.5
“2Nd(aL,n) -10.9 11.3
ICr €:100%  27.704(3)d  320.0824(4) 9.910(10)  *'Ti(a,y) 8.9 0.0
“Ti(a,n) 2.7 29
“Ti(a,2n) -10.8 11.7
9Ti(a,3n) -21.8 235

Table 4. Production cross sections derived in the first experiment (#1) in terms of
the median projectile energy with total uncertainty and energy loss in parentheses

in the unit of MeV.

Cross section (mb)

E (MeV) 153Sm 145Sm
22,6403 (2.1) 0.92 +0.07 169 +13
20.6 £0.3 (2.2) 0.96 £0.07 168 +13
183203 (2.4) 121 £0.09 94 +7
15.9 0.4 (2.6) 1.02 £0.08 19 42
13.320.5 3.0) 0.17 £0.01

Table 5. Production cross sections derived in the second experiment (#2) in terms
of the median projectile energy with total uncertainty and energy loss in

parentheses in the unit of MeV.

Cross section (mb)

E (MeV) 153Sm 145Sm
23.0 0.3 (2.1) 0.93 +0.07 168 +13
21.0+0.3 (2.2) 0.99 +0.07 171 +13
18.8+0.3 (2.4) 1.21 £0.09 102 +8
16.4+0.4 (2.6) 1.12 £0.08 2242

13.8 0.5 (3.0) 0.27 £0.02



Figure captions

Fig. 1. Excitation function of the "Ti(a,x)*!Cr monitor reaction in comparison with the IAEA

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

Fig. 2. Excitation function of the ™Nd(c.,x)'*3Sm reaction with the literature data (Qaim et al., 2007;
Sakaguchi et al., 2021) and the TENDL-2019 and TENDL-2021 values (Koning et al., 2019).

Fig. 3. Excitation function of the "Nd(a.,x)'4*Sm reaction with the literature data (Sakaguchi et al.,
2021) and the TENDL-2019 and TENDL-2021 values (Koning et al., 2019).

Fig. 4. Physical thick target yields of '33!43Sm via alpha-particle-induced reactions on "*Nd and
150N
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