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Abstract

Different methods of phosphorous-32 (32P) radioisotope
production have been of great interest over the past few years
due to the wide range of 32P applications in agriculture, health,
and the environment. In this present study, using the PHITS
simulation, 32P radioisotope was theorefically produced by
bombarding a natural sulfur target with secondary neutrons
generated from 13, 18, and 30 MeV proton irradiation of Ti targets
with thicknesses of 0.7, 1.2, and 3.0 mm, respectively. The
calculated results showed that secondary neutron flux ranging
from 1.78x10'2 to 9.46x10'2 n/cm2s was generated from fitanium-
bombarded protons, which resulted in the 32P radioactivity yields
of 0.200, 0.840, and 3.167 MBg/uAh for proton energies of 13, 18,
and 30 MeV, respectively. For 13 MeV protons, no radioactive
impurity was generated during the bombardment, while
radioactive impurities such as 31Si, 30P, 28Al, and 3'S were
produced from 30 MeV profon bombardment. The 32P
radioactivity yield s and the radioactive impurity yields increase
further when the 32§ target is increased to 10 grams.
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1.0 INTRODUCTION

Over the past few decades, there has been a growing
interest in research on radioisotope production as well
as their applications in medicine, industry, agriculture,
etc. One of the radioisotopes widely studied due to its
various applications is phosphorus-32 (32P) which
decays by emitting beta particles with a maximum

energy of 1.71 MeV, an average energy of 0.7 MeV,
and a half-life of 14.3 days. In biological and medical
research, 32P is used for radiolabeling of DNA and RNA
[1],  for cancer cell treatment [2], for
radiosynovectomy therapy [3], for emerging keloids
therapy [4,5], as well as a murine melanoma
treatment [6]. In agriculture, 32P has been frequently
employed to study ferfilizer uptake by plants to
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increase crop vyields [7]. Radioisotope 32P has also
been applied in the field of soil and environment, such
as for adsorption-desorption of phosphorus by lake
sediments [8].

Due to its wide range of applications, effective
and alternative methods for 32P radioisotope
production have been conducted and proposed. One
of the methods for 32P radioisotope production is by fast
neutron irradiation of a sulfur or phosphorus target in a
nuclear reactor. Vimalnath and co-workers produced
32P radioisotope via 325(n,p)32P and 3'P(n,y)32P nuclear
reaction in a nuclear reactor with a neutron flux of up
10 92.02x 10" and 7.8 x 103 cm™sTirradiated to a 250 g
of 32§ and 0.35 g of 3'P targets respectively. Following
the fast neutron iradiation for 88 days for the sulfur
target and the thermal neutron irradiation for 63 days
for the phosphorus target, they obtained a 32P
radioactivity vyield of 1654 GBg and 788 GBq
respectively [?].

Researchers have recently proposed a novel
method for radioisotope production using secondary
neutron irradiation. The secondary neutrons which
spectrum from low to fast neutrons were generated
from a proton-bombarded primary target such as
titanium [10], beryllium-titanium [11], as well as directly
from enriched water target to theoretically [12] and
experimentally [13] produce 4Cu radioisotope. A vast
number of neutron flux resulted from the interaction
between proton beams and the primary targets
indicafing that radioisotopes could feasibly be
produced by secondary neutron irradiation.

A team of researchers recently reported the
possibility of 32P  radioisotope production using
secondary neutrons from the 8Zn(p,n)¢8Ga reaction in
a medical cyclotron [14]. The resulting radioactivity
yield of 32P was reportedly as much as 0.027 MBg/pAh
for a 1-gram 32§ target. Based on the previous studies,
the 32P radioactivity yield may be increased by
replacing the primary target with other targets to
increase the secondary neutron flux. In this present
study, we use the PHITS code to theoretically calculate
the 32P radioactivity yield by simulation of a 13, 18, and
30 MeV proton bombarded to a titanium target to
produce 3P radioisotope via 325(n,p)32P reaction.
Titanium is chosen as the primary target to generate
secondary neutrons since its neutron yield is presumably
high.

2.0 MATERIALS AND METHODS

In this present study, the PHITS 3.31 code [15] was used
to calculate the radioactivity yields of 32P as well as the
radionuclide impurities that might be present during the
bombardment. Three different proton energies, namely
13, 18, and 30 MeV were bombarded to a titanium (Ti)
target with a diameter of 5 mm. The fitanium target
thicknesses were determined from the SRIM 2013 [16]
calculations, which were 0.7, 1.2, and 3.0 mm for proton
energy of 13, 18, and 30 MeV, respectively. In the PHITS
simulatfion, a 40 pA proton beam current, which equals
2.5x1014 protons, was bombarded to the Ti foil for 1 hour.

The protons and titanium foil interactions resulted in a
vast number of secondary neutrons, which then the
secondary neutron would hit the 325 powder target
placed in a stainless steel 316 (SS-316) body of 5 mm in
inner diameter. The target geometry is shown in Figure
1.
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Figure 1 The target geometry employed in the PHITS code for
1-gram 32§ target

In the PHITS code, 1 gram of the 32§ target was
placed in front of the Ti target without a distance, and
the 325 target thickness was around 25.45 mm or 2.545
cm. The irradiation time was determined from 1 to 5
hours, while the proton current was constant at 40 yA.
The 32P radioisotope yield was also calculated while
the possible radioisotopic impurities were also
evaluated from the simulation.

In this present work, the 325 target mass was
increased to 10 grams fo study the influence of
increasing the 32§ target thickness on the secondary
neutron distribution, 32P radioactivity yields, and the
radioactive impurities. Therefore, the geometry of the
PHITS code is depicted in Figure 2.
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Figure 2 The target geometry employed in the PHITS
simulation for the 10-gram 325 target

The radioactive yields (Y) of 32P radioisotope as well
as all possible radioactive impurities during the
neutron bombardment of the 325 target were
calculated by the following Equation [12]:

_ mcNyord
AT

Y (1—e?) (1)

where m = the target mass (g)
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c = the isotope abundance

Na = Avogadro's number

or = total cross section (cm?)

@ = neutron flux (n/cm2sT)

At = atomic weight of the target material

A = decay constant of the produced isotope (/s)
t = the irradiation time (s)

3.0 RESULTS AND DISCUSSION

3.1 Neutrons Spatial Distribution and Flux from 13, 18,
and 30 MeV Proton-Bombarded Ti Target

Based on the PHITS simulation results of the 13-MeV
protons incident on Ti target, the secondary neutrons
distribute evenly along the y and z axes as shown in
Figure 3, in which the blue color indicates neutron flux
of 107 n/cm?2s while the red color depicts neutron flux
of 10 n/cm2s. Note that the spatial distance between
-1to 3 cmis the observed section in the simulation. The
secondary neutfrons scatter in all directions, though
the neutron flux is maximum around the Ti foil target,
and then it decreases with the increasing distance
relative to the Ti target position (0 cm). Since the 32§
target is only 2.545 cm long, it means that the 32§
target is entirely irradiated by neutrons, while a vast
number of neutrons also pass through the 325 target.
This condition occurs when 18 and 30 MeV protons
bombard the Ti target. In addition, the highest neutron
flux of 104 n/cm?3s scatter off the forward direction as
indicated by the red color in front of the Ti target for
all proton energies.
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Figure 3 Spatial distribution of secondary neutron flux along
the y and z axes when (a) 13 MeV, (b) 18 MeV, and (c) 30
MeV protons are bombarded to the Ti target, and the
generated secondary neutrons then hit a 1 gram 32§ target

The calculated results also indicate that the neutron
flux generated from the protons-bombarded Ti target
increases with increasing incident proton energy from
1.78x1012 n/cm?s for the 13 MeV incident protons to as
high as 9.46x10'2 n/cm?2s for the 30 MeV incident
protons as listed in Table 1.

Table 1 Total neutron flux at different incident proton energies

::I‘:r‘;’;l Total neutron flux
2,
(MeV) (n/cm?s)
13 1.78x1012
18 3.73x1012
30 9.46x1012

3.2 32P Radioactivity Yields

Based on the PHITS calculations, when 32P
radioisotope is produced by secondary neutron
iradiation as a result of a 13 MeV proton
bombardment to a titanium target, the resulting
radioisotope will only be 32P or 100% of the product is
32P radioisotope. However, the 32P radioisotope
product will slightly decrease to 99.85% when an 18
MeV proton beam is employed in the bombardment.
The 32P radioisotope product decreases dramatically
to 64.81% should a 30 MeV proton beam be directed
to the target as shown in Table 2. However, while the
32p percentage declines with the increasing incident
proton energy, the 32P radioactivity yield remains
higher since the total secondary neutron flux is higher.

For the 1 gram 325 sample, the 32P radioactivity
yields for 13 MeV proton-irradiated target is 0.207
MBg/pAh, and then it goes up to 0.832 MBg/pAh for
proton incident energy of 18 MeV. The radioactivity
yield rises further to 3.279 MBg/uAh as the proton
energy increases to 30 MeV.

Table 2 Radioactivity yields at different proton energies for 1-
gram 32§ target

Proton Radioisotope Radioactivity
Nuclear .
energy products reaction yield
(MeV) (percentage) (MBg/pAh)
13 32P (100%) 32§(n,p)32P 0.207
18 32P (99.85%) 32§(n,p)32P 0.832
30 32P (64.81%) 32§(n,p)32P 3.279

3.3 Radioactive Impurities

Radioactive impurities are generated from neutron
irradiation of the 325 target, and they vary for different
proton energies. Based on the PHITS calculations,
different incident proton energies result in different
radioisotope products as shown in Table 3. Surprisingly,
no radioactive impurities are predictedly generated
for the 13 MeV incident proton, whereas for the 18
MeV incident proton there are at least two significant
radioactive impurities, namely 31Si which originated
from (n,2p) nuclear reaction, and 3P which is due to
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(n.p2n) nuclear reaction. 31Si decays by emitting p-
radiation with a half-life of 157.24 minutes while %P is a
B* particle emitting radioisotfope with a half-life of 2.50
minutes. The radioactivity yields for both impurities are
1.914 and 0.032 Bg/uAh, respectively. These values are
obtained from the PHITS simulation which can also be
analytically calculated using Equation (1). Furthermore,
the nuclear data, such as the half-lives and decay
mode, can be found in previous publications [17].

Apart from 31Si and 3°P radioisotopic impurities, more
radioactive impurities could be present when the 30
MeV proton is used in the bombardment, including 28Al
which is presumably generated from (n,a) nuclear
reaction, and 3'S which is a result of (n,2n) nuclear
reaction. 28Al is a radioisotope emitting B- radiation with
a half-life of 2.24 minutes, while 31S is also B~ emitting
radioisotope with a half-life of 2.55 seconds. It should be
noted that for 30 MeV incident proton, the radioactivity
yield for each predicted impurity is relatively high,
which is up to 22.624 MBg/pAh for 31S. Thus, radiation
safety, separation, and purification should be taken
with utmost consideration. Besides, according to the
PHITS simulations, increasing the irradiation time to 5
hours would not change the types of radioactive
impurities and yields.

Table 3 Radioactivity yields of radioactive impurities at
different proton energies for 1-gram 325 target

work published by Saied et al. [18]. Again, neutron flux
greatly influences the 32P calculated radioactivity yield.

Table 4 Comparison of this present work with other previously
published works

Reference Proton Neutron- Neutron 325
Energy generated flux radioactivity
(MeV) target (n/cm?2s) yield
(MBg/pAh)
Saied, et 20 - 1x10'2 0.800
al. [17]
Tatari, et 10-11 331.39 5x108 0.027
al. [14] um €8Zn
This 13 T mmTi 1.78x10'2 0.207
present 18 3.73x1012 0.832
work 30 9.46x1012 3.279
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18 31Si 157.24 325(n,2p)3'Si 1.914
(0.15%) min
3op 2.50 325(n,p2n)3oP 0.032 R*
min
30 31Si 157.24 325(n,2p)3'Si 2.262x105 B
(33.02%) min
2A] 2.24 325(n,a)28Al 6.438x104 B
(9.4%) min
30p 2.50 325(n,p2n)30P  3.958x104 B*
(5.78%) min
31S 2.55s 325(n,2n)31S 3.818x104 B
(5.57%)

3.4 Comparison with Previous Published Work

Based on the PHITS calculation results, The 32P
calculated radioactivity yield is much higher than
previously published work by Tatari and co-workers [14]
as shown in Table 4.

This higher yield is primarily due to higher secondary
neutron flux generated from Ti foil than the 8Zn target
reported earlier [14]. This higher yield is largely due to
the higher neutron flux generated from Ti foil compared
to the ¢8Zn target.

Moreover, the 3P calculated radioactivity yield
reported in this present work is slightly higher than the

3.5 Increasing 32§ Target Mass to 10 Grams

The target geometry was also changed to study the
influence of 32§ target mass on the secondary neutron
distribution,  32P  radioactivity vyields, and the
radioactive impurities. For a 10-gram 325 target, the
length of the target becomes 25.45 cm, while the
observed section in the simulation is 250 cm. For the
10-gram 32§ target, the spatial distributions of the
secondary neutrons as aresult of the 13 MeV, 18 MeV,
and 30 MeV proton bombardment are shown in
Figures 4(a), 4(b), and 4(c), in which the blue color
represents the neutron flux of 107 n/cm?2s, whereas the
red color indicates the neutron flux of 102 n/cmXs.
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Figure 4 Spatial distribution of secondary neutron flux along
the y and z axes when a 13-MeV (a), 18-MeV (b), and 30-
MeV (c) protons are bombarded to the Ti targetf, and the
generated secondary neutrons then hit a 10-gram 325 target.
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As can be seen in Figure 4(a) - (c), the secondary
neutron distributions are significantly  different
compared to the 1-gram 32§ target (see also Figs. 3(a)
— (c)). The secondary neutrons generated from the 13-
MeV, 18-MeV, and 30-MeV iradiated titanium foil
cannot entirely pass through the 10-gram 325 target,
which is very different from the 1-gram 325 target,
where all neutrons can pass through the target.
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Since the mass of the 325 target increases to 10 grams,
the 32P radioactivity yield and radioactive impurity
yield are expected to rise as shown in Tables 5 and 6,
respectively. Increasing the 325 target from 1 gram to
10 grams can increase the 32P radioactivity yield by up
to 6.33% for 13-MeV protons, 7.66% for 18-MeV protons,
and 6.79%, respectively. The small increase in the 32P
radioactivity yields for all proton energies between 13
and 30 MeV is primarily due to the short range of the
secondary neutrons in the 10-gram 325 target. In other
words, the 10-gram 325 target blocks the neutrons to
entirely pass through it.

Table 5 Radioactivity yields at different proton energies for
10-gram 32§ target

Proton Radioisotope Radioactivity
Nuclear s
energy products reaction yield
(MeV) (percentage) (MBqg/uAh)
13 32P (100%) 325(n,p)32P 0.221
18 32P (99.85%) 325(n,p)32P 0.901
30 32P (64.81%) 32§(n,p)3P 3.518

While increasing the 325 target from 1 gram to 10
grams can raise the 32P radioactivity yield, however,
the radioactive impurity yield also rises, even though
no radioactive impurity remains observed for 13-MeV
protons (see Table 5). The 31Si radioactive impurity
yield increases significantly up to 12.77% for a 30-MeV
incident proton. Therefore, increasing the 32§ target to
produce 32P radioisofope might not be a good option
since radioactive impurity yields rise significantly.

Table é Radioactivity yields of radioactive impurities at
different proton energies for 10-gram 325 target

Py o ra Z‘E [J]
5. 292 o 5 < € 3
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18 313 157.24 325(n,2p)31Si 2.009 B
(0.15%) min
30p 2.50 325(n,p2n)30pP 0.034 B+
min
30 313 157.24 25(n,2p)31Si  2.593x105  PB-
(33.02%) min
284 2.24 325(n,a)BAl 7.302x104  PB-
(9.4%) min
30p 2.50 325(n,p2n)3°P  4.552x104 B*
(5.78%) min
31§ 2555 2§(n,2n)31S  4.419x104 B
(5.57%)

4.0 CONCLUSION

The production of a 32P radioisotope using secondary
neutrons emitted from proton bombardment on a
titanium target has been theoretically calculated
using the PHITS code. The secondary neutrons resulting

from the proton-bombarded Ti targets range from 1.78
x10'2 to 9.46x10'2 n/cm?2s for proton energy 13 to 30
MeV. The 32P radioactivity vyield increases with
increasing proton energy from 0.207 MBg/pAh for 13
MeV incident protons to 3.279 MBg/uAh for 30 MeV
incident protons. The radioactive impurities vary with
incident proton energies, in which no radioactive
impurity is produced for 13 MeV proton incident
energy. However, 31Si and 3P are predictably
generated during 18 and 30 MeV proton
bombardment, while other radioisotopic impurities
such as 28Al and 3'S are also present. Increasing the 325
target mass from 1 gram to 10 grams results in higher
32P radioactivity yield and radioactive impurity yields.
These findings highlight that secondary neutrons
generated from a proton-bombarded Ti foil can be
used to produce a 32P radioisotope. Further studies
need tfo be conducted to increase the 32P
radioactivity yield while at the same time lowering the
radioactive impurity yields.
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