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Abstract

Cross sections of o-induced reactions on natural zirconium were measured up to
50 MeV using the stacked-foil technique, activation method and high resolution y-ray
spectrometry. The production cross sections of 93m99Mo, 90,92m,95¢,95m,96Nb and 8889957y
were determined and compared with other experimental data measured earlier and
result of theoretical calculations. The integral thick target yield of 9°Mo was deduced

from the measured cross section data.

1. Introduction

There are several established and potential medical radioisotopes among Mo, Nb
and Zr elements, such as 9Mo, 93mMo (Sadeghi et al., 2010), 95eNb (Matthews and
Molinaro, 1962), 9¢Nb (Milad and Mahdi, 2011) and 8%Zr (see e.g. (Link et al., 2017) and
references therein). Investigations on reactions to produce such radioisotopes are still
insufficient and additional efforts are required (Capote et al., 2017). Based on known

cross sections of the reactions, it is possible to select a better route for production of a
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radioisotope with less byproducts and with higher cost effectiveness.

The most important radioisotopes among them at present are the 9mTc and its
parent isotope 9°Mo. Diagnosis using ?9mTc (T2 = 6.0067 h) covers about 80% of all
nuclear medicine procedures worldwide (NEA, 2017). The radioisotope can be created by
accelerators directly and also by the 9Mo/99mTc generator technology. The production of
99Mo (T2 = 65.976 h) is currently relying on nuclear reactors (NEA, 2017; Van Noorden,
2013). However, most of the reactors are aged and alternative routes to produce the
radioisotope currently attract much attention and are discussed (Van Noorden, 2013;
Wolterbeek et al., 2014). One of the reactions to create 9Mo is the 96Zr(o,x)9°Mo reaction
(Hagiwara et al., 2018; Pupillo et al., 2015, 2014). Three datasets of experimental cross
sections measured earlier (Chowdhury et al., 1995; Hagiwara et al., 2018; Pupillo et al.,
2014) were found. The three data sets, however, show quite different shapes from each
other. In addition, the TENDL-2017 data, which compiles calculations of the TALYS
code system (Koning and Rochman, 2012), are inconsistent with the experimental data.
Therefore, we were motivated to perform experiments to measure the cross sections of
the 96Zr(a,x)9*Mo reaction.

Two independent irradiations using different targets and a-beam energies were
performed. In the experiments, we could measure production cross sections of 93m.99Mo,

90g,92m,95¢,95m,96Nb and 88.89¢.95Zr and deduce the integral yield of 9°Mo.

2. Experimental detail and data analysis

The stacked-foil technique, activation method and high resolution y-ray
spectrometry were used to determine cross sections. Two experiments using different
targets and a-beam energies were performed at the AVF cyclotron of the RIKEN RI
Beam Factory. The two stacked targets composed of 10 X 10 mm?2 natural Zr foils
(99.2% purity) of different thicknesses (6.75 mg/cm2, Goodfellow Co. Ltd., UK and 13.22
mg/cm2, Nilaco Corp., Japan) and Ti foils for monitoring the beam parameters (99.6%
purity, 2.43 mg/cm? and 2.40 mg/cm?2, Nilaco Corp., Japan). The isotopic composition of
natZyr is shown in Table 1 and used to convert cross sections of natural elements to ones
of an isotopically pure case and vice versa. The thicknesses of the Zr and Ti foils were
derived by measuring weights and sizes of original larger area foils before cutting them
up. The composed stacked targets with Zr and Ti foils were irradiated with a-beams of
two different energies, 29 and 50 MeV, respectively. The incident energies of the beams
were determined by time-of-flight method using a plastic scintillator monitor (Watanabe

et al.,, 2014). The energy degradation of the a-particles in the stacked targets was



calculated using the SRIM code (Ziegler et al., 2008). The irradiation with intensity of
about 400 nA lasted for 2 hours in both cases. The intensity was measured by a Faraday
cup. Correctness of the intensity and energy calculation inside the targets was assessed
by the ratTi(a,x)5!Cr monitor reaction. The y-lines from the irradiated foils were
measured by a HPGe detector (ORTEC GEM35P4-70) and analyzed by Gamma Studio
(SEIKO EG&G). The detector calibrated by a multiple standard y-ray point source
consisting of 57.60Co, 88Y, 109Cd, 113Sn 137Cs, 139Ce and 241Am was used. The reaction and
decay data for the y-ray spectrometry taken from NuDat 2.7 (National Nuclear Data
Center, 2017) and QCalc (Pritychenko and Sonzogni, 2003) were summarized in Table 2.
The activation cross sections ¢ were deduced using the standard activation formula
o C A
£a€y NNy (1 — e~ Ato)e~Ate(1 — e~Atm)

(1

where C, is the measured net counts of the peak area, 1 is the decay constant (s1), &4
is the detector efficiency, ¢, is the gamma-ray abundance, ¢, is the measurement dead
time, N, is the surface density of target atoms (cm2), N, is the number of bombarding
particles per unit time (s1), t, is the bombarding time (s), t, is the cooling time (s),
and t,, is the acquisition time (s).

The cross sections of the natTi(a,x)51Cr monitor reaction were derived and
compared with the IAEA recommended values (Hermanne et al., 2018), which were an
update to the JAEA-TECDOC-1211 values (Tarkanyi et al., 2001), for assessment of
beam parameters. The cross sections were derived from measurement of the 320.08-keV
y—ray (I, = 9.91%) from the 5!Cr decay (Tiz = 27.7025 d). The results in the two
experiments are shown in Fig. 1. We could find almost good agreement with the
recommended values (Hermanne et al., 2018) after the beam intensity was decreased by
6% and 8% for the 29 and 50 MeV cases, respectively. Adjustment of the beam energy
was not required. Agreement with the recommended values indicates that the deduced
beam intensity and the energy degradation calculation in the targets are correct and

well reproduced.

3. Result and Discussion

The deduced production cross sections of 23m.99Mo, 90¢,92m,95¢,95m,96N] and 8889957y
1sotopes are presented in Table 3 and 4 and are shown in Figs. 2-11 in comparison with
experimental data studied earlier (Chowdhury et al., 1995; de la Vega Vedoya et al.,
1981; Hagiwara et al., 2018; Pupillo et al., 2014) and the TENDL-2017 data (Koning
and Rochman, 2012). The two sets of results using a-beam energies of 50 and 29 MeV



are described as #1 and #2 in the figures. They are consistent with each other at
overlapping energy regions in all cases. The integral yield of Mo was also derived from
the measured cross sections of the 29 MeV case and shown in Fig. 12.

The total uncertainty of the measured cross sections was estimated to be
7.8-13.8% in most cases (50.6% at worst due to low net counts) and including statistical
errors (0.3-10.8% in most cases and 49.8% at worst). It was estimated as the square root
of the quadratic summation of the components; the beam intensity (5%), target
thickness (1%), target purity (1%), y intensity (<1%), detector efficiency (5%) and peak
fitting (3%).

3.1 The 9%Zr(a,x)?°Mo reaction

The excitation function of the 9Zr(a,x)%Mo reaction was derived from
measurements of the y-line at 739.500 keV (I, = 12.20%). The spectra measured after
cooling times of 48 hours #1) and 91 hours #2) were used. The half-lives of the parent
nuclei of 99Mo, 9%¢Nb (T12 = 15 s) and 99mNb (T1/2 = 2.5 min), are very short and therefore
only cumulative cross sections could be measured. Only reactions on 9%Zr in natural
zirconium contributed to the 9Mo production. The cross sections of the 9%6Zr(a,x)99Mo
reaction were derived by taking into account the 96Zr isotopic ratio in natural zirconium
listed in Table 1. The results are shown in Fig. 2 with the experimental data of
(Chowdhury et al., 1995; Hagiwara et al.,, 2018; Pupillo et al.,, 2014) and the
TENDL-2017 data (Koning and Rochman, 2012). The data of the 29 MeV a-beam #2)
with statistical uncertainties better than those of the 50 MeV case #1) are interpolated
with the spline fitting up to 27.6 MeV. Our results show a smooth curve having a peak of
224.8 mb at around 14.6 MeV. The peak amplitude and position are very different from
the two earlier experiments (Chowdhury et al., 1995; Pupillo et al., 2014), which have
peaks of smaller amplitudes at higher energies. The peak of the TENDL-2017 data
(Koning and Rochman, 2012) is smaller in amplitude and located at the lower energy
side. On the contrary, our results are in complete agreement with the recent

experimental data (Hagiwara et al., 2018).

3.2 The ratZr(a,x)?3mMo reaction

The cross sections for the 98mMo (T2 = 6.85 h) production were derived from
measurements of the 684.693-keV y-line (I, = 99.9%) after cooling times longer than 16
hours. The excitation function of the ratZr(a,x)*mMo reaction is shown in Fig. 3 in
comparison with the experimental data (de la Vega Vedoya et al., 1981) and the
TENDL-2017 data (Koning and Rochman, 2012). The present results are slightly larger



than the previous data above 34 MeV. However, the data show a large discrepancy
below 30 MeV. The TENDL-2017 data are larger than ours between 22 and 38 MeV and
above 45 MeV.

3.3 The 2tZr(a,x)%6NDb reaction

Activity measurements selecting the 568.871-keV y-line (I, = 58.0%) after cooling
times longer than 48 hours were used for deducing the cross sections for the 9%Nb (T2 =
23.35 h) production. The results are shown in Fig. 4 with the earlier experimental data
of the literature (Chowdhury et al., 1995) and the TENDL-2017 data (Koning and
Rochman, 2012). The earlier experimental data are in agreement with ours. The

TENDL-2017 data underestimate the two experimental data.

3.4 The r2tZr(a,x)?95mNb reaction

The production cross sections of %mNb (T12 = 3.61 d) were derived from the y-line
at 235.690 keV (I, = 24.8%). The measurements were performed after cooling times
longer than 48 hours. The measured net counts of the y-line included the contribution
from the decay of the parent %Zr (T2 = 64.032 d). The contribution of %Zr was found to
be less than 0.2% because of the long half-life of 9Zr and small cross sections of the
natZy (o, x)95Zr reaction (see section 3.8) and was neglected.

Our results are shown in Fig. 5 with the experimental data (Chowdhury et al.,
1995) and the TENDL-2017 data (Koning and Rochman, 2012). The literature
numerical data (Chowdhury et al., 1995) were published as isotopic cross sections of the
927r(0,x)95mNb reaction and therefore they were multiplied by the 92Zr isotopic ratio in
Table 1. The earlier experimental data and the TENDL-2017 data are lower than our
results in the whole energy region up to 50 MeV.

3.5 The ratZr(a,x)?5eNb reaction

The production cross sections of 9%5eNb (T2 = 34.991 d) were derived from the
y-line at 765.803 keV (I, = 99.808%). We used the spectra recorded after cooling times
longer than 48 hours similarly as the natZr(a,x)9mNb reaction case. The net counts of
the y-line were affected by the decays of both 95Zr and 9mNb. The contributions from
decay of 9Zr and 9%mNb can be estimated knowing their cross sections (see section 3.4
and 3.8) and the corrected count rate can be obtained accordingly.

The results are shown in Fig. 6 with the experimental data (Chowdhury et al.,
1995) and the TENDL-2017 data (Koning and Rochman, 2012). The isotopic numerical

data of Chowdhury et al., 1995 were normalized by the 92Zr isotopic ratio. Our results



are higher than the normalized data due to the contribution of the reactions on 94Zr.

3.6 The m2tZr(a,x)?22mNDb reaction

The measurements of the 934.44 keV y-line (I, = 99.15%) from the 92nNb decay
(T2 = 10.15 d) were performed after cooling times of 50 hours. The results are shown in
Fig. 7 with the experimental data (Chowdhury et al., 1995) and the TENDL-2017 data
(Koning and Rochman, 2012). The cross sections of the 90Zr(o,x)92mNb reaction were
listed in the literature (Chowdhury et al., 1995) and multiplied by the 99Zr isotopic ratio
in the figure. Our results are in good agreement with the TENDL-2017 data. The earlier
experimental data (Chowdhury et al., 1995) are much larger than ours and the
TENDL-2017 data.

3.7 The ratZr(a,x)2eNb reaction

The excitation function of the natZr(o,x)9sNb reaction were derived from the
measurement of the y-line at 1129.224 keV (I, = 92.7%) from the %eNb decay (Tiz =
14.60 h). The measurements were performed after a cooling time of minimum 67 hours.
During the cooling time, %Mo (T12 = 5.56 h) and 9mNb (T2 = 18.81 s) were decayed to
90¢Nb. The derived cross sections are therefore cumulative ones.

The result is shown in Fig. 8 with earlier experimental data (de la Vega Vedoya
et al., 1981) and TENDL-2017 data (Koning and Rochman, 2012). Our result is much
smaller than the TENDIL-2017 data in all energy regions. The earlier experimental data

agree with our result below 46 MeV, however deviates above 46 MeV.

3.8 The natZr(o,x)%Zr reaction

The excitation function of the ratZr(a,x)%Zr reaction was derived from
measurements of the y-line at 756.725 keV (I, = 54.38%). The cross sections were
affected by the co-produced much shorter-lived %Y (T2 = 10.3 min). We could obtain
cumulative cross sections using the measurements after cooling times longer than 91
hours. The results are shown in Fig. 9 with the earlier experimental data (Chowdhury
et al., 1995) and TENDL-2017 data (Koning and Rochman, 2012). Another experimental
dataset (de la Vega Vedoya et al., 1981) was excluded because they are too large (larger
than 13 mb) and are inconsistent with the others. Our results are in good agreement
with the experimental data of the literature (Chowdhury et al., 1995) in the energy
region where their data exist. The TENDL-2017 data shows quite different behavior.

3.9 The ratZr(a,x)8%Zr reaction



The production cross sections of 89Zr (T12 = 78.41 h) were derived from the y-line
at 909.04 keV (I, = 99.04%) using measurements after cooling times longer than 48
hours. During the cooling times, three radioisotopes, 8%¢Nb (T2 = 2.03 h), 89mNb (T2 =
66 min) and 89mZr (T2 = 4.161 min) decayed completely to 89Zr.

The cumulative results are shown in Fig. 10 with experimental data of the
literature (Yu and Blann, 1968) and TENDL-2017 data (Koning and Rochman, 2012).
Our results are slightly lower than the earlier experimental data and the TENDL-2017
data below 40 MeV. Above 40 MeV, the TENDL-2017 data are lower than our result.

3.10 The ratZr(o,x)88Zr reaction

The production cross sections of 88Zr (T2 = 83.4 d) were derived from the y-line
at 392.87 keV (I, = 97.29%) using measurements after a cooling time of at least 67 hours.
The result is shown in Fig. 11 with experimental data of the literature (Yu and Blann,
1968) and TENDL-2017 data (Koning and Rochman, 2012). The two experimental
datasets are almost consistent with each other, however the TENDL-2017 data are

slightly larger than the experimental data.

3.11 Integral yield of 22Mo

The integral yield of 9Mo from the 9Zr(a,x)?°Mo reaction was deduced with the
stopping powers S(E) obtained by the SRIM code (Ziegler et al., 2008) and the measured
excitation function. End of bombardment activity (MBq/pA) (Otuka and Takéacs, 2015)
for 1 hour irradiation up to 27.6 MeV is shown in Fig. 12 together with the other
experimental data (Abe et al., 1984; Hagiwara et al., 2018; Pupillo et al., 2014). Our
result is almost consistent with data of Abe et al.,, 1984 and Hagiwara et al., 2018,
although larger than the one dataset (Pupillo et al., 2014).

4. Summary

The excitation functions for o-induced reactions on »atZyr to produce Mo, Nb and
Zr isotopes were measured up to 50 MeV using the stacked foil technique, activation
method and off-line y-ray spectrometric technique. The production cross sections of
93m,99Mo, 90g,92m,95¢,95m,96Nb and 88.898.95Zr were obtained. In accordance with a special
attention to the %Mo production, the integral yield of 9°Mo produced from the
967r(0,x)99Mo reaction was deduced up to 27 MeV.
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Figure captions

Fig. 1. Excitation function of the monitor »atTi(a,x)5!Cr reaction with the recommended

values (Hermanne et al., 2018).

Fig. 2. The excitation function of the 9Zr(o,x)%Mo reaction

literature values and the TENDL-2017 result.

Fig. 3. The excitation function of the natZr(o,x)9mMo reaction i

literature values and the TENDL-2017 result.

Fig. 4. The excitation function of the natZr(a,x)%Nb reaction

literature values and the TENDL-2017 result.

Fig. 5. The excitation function of the natZr(a,x)9%mNb reaction

literature values and the TENDL-2017 result.

Fig. 6. The excitation function of the natZr(o,x)95¢Nb reaction

literature values and the TENDL-2017 result.

Fig. 7. The excitation function of the natZr(a,x)92mNb reaction

literature values and the TENDL-2017 result.

Fig. 8. The excitation function of the natZr(o,x)9¢Nb reaction

literature values and the TENDL-2017 result.

Fig. 9. The excitation function of the natZr(o,x)%Zr reaction

literature values and the TENDL-2017 result.

Fig. 10. The excitation function of the natZr(o,x)89¢Zr reaction i

literature values and the TENDL-2017 result.

Fig. 11. The excitation function of the natZr(o,x)®8Zr reaction

literature values and the TENDL-2017 result.
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Fig. 12. The activity of 9°Mo at the end of bombardment for 1 hour irradiation up to 27.6



MeV.



Tables

Table 1: Isotopic composition of natural zirconium

907y
9%y
927y
947

9671

51.45%
11.22%
17.15%
17.38%

2.80%

Table 2: Reaction and decay data of reaction products

Nuclide Half-life Decay mode E, (keV) L, (%) Contributing Q-value
(%) reactions (MeV)
99Mo 65.976h B~ (100) 739.500 12.20 96Z(0L,n) -5.1
96Zr(c1,p)?**Nb(B") -8.0
93mMo 6.85h IT (99.88) 263.049 57.4(11) 94Zr(o,51) -38.4
B (0.12) 684.693 99.9(8) 927r(ct,3n) -23.4
1477.138  99.1(11) 91Zr(o,21) -14.8
90Zr(c1,n) -7.6
96Nb 23.35h g~ (100) 568.871 58.0(3) 96Zr(aL,tn) -20.4
778.224 96.45(22) 947 r(a,d) -12.4
1091.349  48.5(15)
95¢Nb 34.991d B (100 765.803 99.808(7) 96Zr(c1,t2n) -27.3
947r(a,t) -13.0
927r(ot,p) 6.5
96Zr(o,0n)95Zr(e) 7.9
947r(a,3He)%5Zr(e) -14.1
95mNh 3.61d IT (94.4) 235.690 24.8(8)
B~ (5.60)
92mNh 10.15d e+* (100) 934.44 99.15 91Zr(ot,t3n) -37.6
927r(cL,tn) -22.6
917Zr (oL, t) -14.0
90Zr(c1,d) -13.0
90gNb 14.60 h e+* (100) 141.178 66.8(7) 927r(c,t3n) -42.5
1129.224  92.7(5) 91Zr(a,t2n) -33.9
90Zr(c1,tn) -26.7
917r(a,5n)?°Mo(e) -45.7
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Table 3. Measured cross sections by using 50 MeV a-beam

Energy 96Zr(0,x)%Mo  natZr(o,x)93mMoratZy (o, x)%6Nb natZr(a,x)%5mNbratZy(o,x)25eNbnatZr (o, x)92mNbatZr (o, x)9°Nb natZr(o,x)9%Zr matZr(a,x)89Zr "2tZr(o,x)88Zr

(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)
49.4 £0.7 59.9+5.3 8.3 £0.7 1.5+0.2 24.8 +2.2 13.6 £1.2 146.5+12.7 4.2+0.4 61.6 +5.3 66.1 +5.8
48.2 £0.7 63.9 +5.6 8.3 £0.7 1.5+0.2 26.1 +2.3 13.4+£1.2 104.7 £9.1 3.9+0.4 60.6 +5.3 60.9 +5.3
47.1 £0.7 72.9+6.4 8.4 £0.7 1.6 £0.2 26.4 +2.3 13.56+1.2 68.7 +6.0 3.5 +£0.3 59.9 +5.2 54.2 +4.7
45.9 £0.7 82.0 £7.1 8.4 £0.7 1.5+0.2 26.9 +2.3 13.5+1.2 39.6 +3.4 3.4 £0.3 59.8 +5.2 46.5 +4.0
44.8 £0.7 91.7 £8.0 8.2 £0.7 1.7 £0.2 26.8 +2.3 13.5+1.2 20.0 £1.8 3.4 £0.3 60.3 +5.2 38.6 +3.4
43.6 £0.7 99.9 +8.7 8.4 £0.7 1.6 £0.2 26.5 +2.3 13.6 £1.2 8.7 +0.8 3.0 £0.3 61.4 +5.3 30.6 +2.7
42.3 £0.7 107.8+9.4 8.5 £0.7 1.7 £0.2 25.3 +2.2 13.9+1.2 3.6 £0.4 3.0 £0.3 62.2 +5.4 22.3 +2.0
41.1 £0.8 112.8 £9.8 8.6 £0.8 1.7 £0.2 24.3 £2.1 14.2 £1.2 1.7 +0.2 2.8 £0.3 62.1 +5.4 14.1 +1.3
37.9 £0.8 113.5+9.9 9.3 +0.8 1.5+0.2 18.3 £1.6 15.6 1.4 0.64 +£0.07 2.2 £0.2 55.1 +4.8 2.5 +£0.3
34.5 +0.8 11.7+5.9 109.2 £9.5 9.8 £0.9 1.0 £0.1 10.8 £1.0 18.8 +1.6 1.9+0.2 39.6 +3.4

30.9 +£0.9 24.9 +6.0 82.2 +7.2 8.8 £0.8 0.70 +0.09 5.8 £0.5 22.4 +1.9 1.5+0.2 22.3+1.9

26.9 £1.0 27.1 +4.6 59.4 +5.2 5.0 £0.4 0.53 +0.07 4.0 £0.4 18.2+1.6 0.58 £0.08 6.7 £0.6

22.5 £1.1 45.4 +4.8 67.4+5.9 1.03 £0.09 0.55 +0.06 5.0 £0.4 0.29 +0.03

20.0 £1.2 61.9 +6.6 55.1 +4.8 0.13 +£0.02 0.38 +0.05 0.61 +£0.06 0.11 £0.01

17.4£1.4 142.5+13.4 17.1+1.5 0.19 +0.03 0.13 +0.01

14.4 £1.5 223.9+£20.4 1.5+£0.1 0.060 +0.021 0.11 £0.01

10.9 £1.8 46.4 +4.2 0.009 +0.002 0.11 £0.01

6.4 £2.5 0.11 +0.01




Table 4. Measured cross sections by using 29 MeV a-beam

Energy 96Zr(0,x)%Mo  "atZr(o,x)93mMoratZr (o, x)%6Nb natZy(a,x)95mNbatZr(o, x)?5eNbnatZr (o, x)92m NbratZyr (o, x)%Zr "atZyr(o,x)89Zr

MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)

27.6 £0.5 18.2 £2.2 4.8 £0.4 0.56 +£0.05 3.9 £0.3 18.3 1.4 0.54 +£0.08 8.2 +£0.6
25.1+0.6 28.5+2.8 2.6 £0.2 0.56 +£0.05 3.7+0.3 12.9+1.0 0.27 +£0.06 2.0 £0.2
24.2+0.6 33.3+£2.9 60.0 £7.2 1.9+0.1 0.53 £0.05 3.7+0.3 9.9 £0.8 0.89 +£0.07
23.2+40.6 37.3+£3.1 56.9 £5.5 1.2 +0.1 0.52 +£0.05 3.5 +£0.3 6.7 £0.5 0.31 +£0.02
22.2+40.6 40.6+3.4 63.3 6.1 0.73 £0.06 0.53 £0.05 3.4 £0.3 3.9 £0.3 0.083 +0.007
21.2+40.6 48.7+4.0 62.4 £5.5 0.35 +0.03 0.49 +£0.04 3.1 +0.2 1.8 £0.1 0.017 £0.002
19.7 £0.7 57.8+5.3 0.33 £0.04 2.1 +0.2 0.28 +0.03

18.1£0.7 92.3£7.5 0.24 +0.02 1.2 +0.1

16.4 £0.8 151.9+12.4 0.12 +0.02 0.54 +0.05

14.6 £0.8  224.8 £18.3
12.6 £0.9  152.8 £12.4
10.4+1.0 13.9+£1.2
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