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Abstract

Background: High-energy heavy ions and protons produced by accelerators are used in
industrial and medical applications. Recently, Helium (He), Argon (Ar), Krypton (Kr),
Carbon (C) and Neon (Ne) heavy ions have been used in the treatment of cancerous
tumors. High-energy protons are generally used either directly for the treatment of
cancerous tumors or indirectly by neutron production of Lithium (Li), Beryllium (Be)
and Thallium (Ta) targets by proton irradiation used for born neutron capture therapy
(BNCT) technique. Neutron beams that produced by proton spallation, will activate the
brain components before tumors.

Methods: In this study, the neutron brain activation has been investigated using Monte
Carlo N Particle X Version (MCNPX). Furthermore, in the direct use of high-energy ions
for the treatment of cancerous tumors, the production of radioactive elements by heavy
ions spallation process in healthy tissues around tumors was calculated by Monte Carlo
simulation.

Results: Proton beams, neutrons, and heavy ions are used to treat internal tumors.
Neutron source spallation of Li, Be, Ta, Lead (Pb) targets that were used in the BNCT
therapy process can produce radioactive elements in the brain tissue. The results
indicate that the Sodium-22 (22Na) ,24Na, Aluminium-28 (28Al), 29Al, Silicon-32 (32Si),
Chlorin-34 metastable(34mCl), Potasium-38 (38K), 49K radioactive elements were
produced in brain tissue for BNCT.

Conclusion: In this study, the neutron brain activation has been investigated using
MCNPX. Furthermore, in the direct use of high-energy ions for the treatment of
cancerous tumors, the production of radioactive elements by heavy ions spallation
process in healthy tissues around tumors was calculated by Monte Carlo simulation.
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1. Introduction

Abnormal and uncontrolled cell
growth can lead to cancer. In developed
countries, cancer is the second leading
cause of death and in our country the
third leading cause of death (after
cardiovascular disease and accidents).
For treatment of cancerous tumors,
various methods such as surgery, laser
radiation, brachytherapy, nuclear
radiation or radiation  therapy,
chemotherapy and etc. Method is used
[1-6] .Neutron and photon beams,
Electrons, protons and heavy ion
accelerators have many applications in
radiation therapy [7-10] . Neutron beam
was used in the treatment of brain
tumors using the BNCT technique[11].
Neutron in the BNCT method is produced
in different ways[12] Reactors and
neutron sources due to spallation are
more famous in this field[13]. Recently,
the possibility of using high-energy ions
that are accelerated by certain
techniques in the treatment of cancerous
tumors has been investigated in various
laboratories [14-19] The research
reactors were also used as neutron
sources[20, 21]. These neutrons can be
converted to thermal energy by passing
through different materials and used in
the BNCT method [22].The proton
spallation process in different targets
such as Li, Be and Ta can be produced the
neutron beam[23-27] . In the spallation
process with energetic charged particles,
due to the energy transfer to the target
nucleus, evaporation takes place and a
wide range of elements with a mass
number less than the target nucleus is
produced [28].

The energy of neutrons due to the
proton spallation process in different
targets can be reduced by the attenuation
process in brain BNCT process [22].
Recently it is possible to produce
different heavy ions such as He, Ar, Kr, Ne
and C up to 3.5 Tera electron Volt (TeV)

energy [26-30]. In direct application of
protons, the high-energy protons have
already been used to treat tumors in
various organs. High-energy protons and
ions, due to their Bragg peak, transfer
more energy to the tumor than to healthy
organs.

In this research by calculating the
spectrum of neutrons produced by
proton irradiation on Li, Be and Ta
targets and applying of them to healthy
brain tissues, the degree of activation of
brain is examined and the benefit of
producing radioisotopes produced in it,
is determined using the MCNPX code. The
MCNPX code is a nuclear code based on
Monte Carlo method. Also, due to the
direct use of heavy ions such as He, Ar,
Kr, Ne and C in the treatment of internal
tumors of the body, the amount of
spallation of these heavy ions and
radioactive elements produced in the soft
tissue of the body is investigated.

2. Material and Methods

The study of neutron activation,
protons and heavy ions spallation in
brain and soft tissues and neutron
production due to protons and heavy
ions spallation has been performed in
two stages. In the first stage, the neutron
spectrum energy production by proton
spallation of Li, Be, Ta, Lead (Pb) and
Tungsten (W) converters are obtained.
Then, by applying produced neutron
spectrum to healthy brain tissues in the
BNCT process, the neutron activation
rate and the elements produced in the
tissue are investigated. The input file of
MCNPX code written in the first step
includes geometry card, surface card and
data card are contained of the following
components. The geometry of the cells
used consist Li, Be, Ta, Pb and W in the
spallation mode and the brain tissue
sphere with 2 cm radius in the activation

mode. In the data «card section,
information  about the element’s
percentage of material, information

118|Page

Archive of SID.ir



Archive of SID.ir

Shahabadi et al.

Int. J. Adv. Biol. Biomed. Res. 2022,10(2):117-125

about proton and neutron sources, as
well as how to extract spallation data,
and the spectrum of neutrons produced

density that used in this study. Table 2
shows the information of proton sources
and high energy ions used in this project.

are given. Table 1 shows the materials

Table 1. Materials density of Tissue[31]

= =
s 2o B_ 5 §_ 85 8- 5 g _f
- 2E Sz £C ¢z 25 E£F BE £3 5§ %g
£ Es 3T 5% ET §° 3% g% F%ge:°
/A = o = =) 7} = =) no.
Brain 1.04 0.107 0.145 0.022 0.712 0.002 0.004 0.002 0.0030.003
Softtissue 1.05 0.102 0.143 0.034 0.708 0.002 0.003 0.003 0.0020.003
Table 2. Information of proton sources and high ions energy[32]
Atomic
E . Second Target Density Target Density
Ion Weight E(MeV) . 3 3
(MeV/u) Unit(u) particle 1 (g/cm3) 2 (g/cm3)
Helium soft
(He) 150 4 600 - - - tissue 1.05
Carbon soft
© 430 12 5160 - - - tissue 1.05
Neon soft
(Ne) 230 20.17 4639 - - - tissue 1.05
Argon 550 3994 21967 : : : soft 4 o5
(Ar) tissue
Kripton 49 83.8 33360 . . . 1.05
(Kr)
Hydrogen 1.91- : :

(H) 1.91-2.7 1 27 Neutron Li 0.51 brain 1.04
Hy‘};")ge“ 9-28 1 9-28  Neutron  Be 1.85 brain  1.04
Hyc}tl'_lo)gen 50 1 50 Neutron Ta 19.6 brain
Hydrogen 200- .

(H) 178.5 1 1200 Neutron Li 0.51 -
Hydrogen 200- 200-

(H) 1200 1 1200 Neutron Pb 11.34
Hydrogen 200- 200-

(H) 1200 1 1200 Neutron w 19.3
3. Results The neutron energy spectrum by the

spallation of the Li, Be and Ta targets by
proton irradiation was calculated.
Protons with energy 1.9-2.5 Mega
electron Volt (MeV) 9-28 MeV and 50
MeV hit the Li, Be and Ta targets
respectively. Also neutron flux or
neutron yield production by 50 MeV
proton irradiation on Li target was
calculated. The neutron yield of Li, Be

The results are also presented in 3
steps. In the first step, the neutron
energy spectrum by proton spallation of
the Li, Be and Ta targets was calculated.

In the second and third steps, the
proton spallation yield productions by
neutron and high-energy heavy ions in
soft tissue before internal tumors are
investigated.
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and Ta targets by proton irradiation was
calculated. Also, neutron flux or neutron
yield production by 50 MeV proton
irradiation on Li target was calculated. By
defining the flux of neutrons produced
due to the collision of energetic protons
with Li, Be, and Ta targets using Tally
FT8 in MCNPX code, the neutron
activation of brain in the treatment of

BNCT of tumors was calculated. By
applying the spectrum of neutrons
produced in the Ta, Be and Li targets, the
activation or spallation in brain is
calculated. The amount of radioactive
elements produced in the composition of
the brain is calculated and the results are
listed in Table 3.

Table 3. Radioactive elements produced by neutron activation in Brain Ta, Be and Li

targets
Neutron Proton Decay .
Target Element Number(N) Number(Z) mode Half life
7Be 4 3 € 53.12d
10Be 4 6 B~ 1.51E+6y
Ta 1C 6 5 e+p+ 20.39m
14C 6 8 B- 5730y
13N 7 6 e+p* 9.965 m
18F 9 9 e+B* 109.77 m
Be 14C 6 8 B~ 5730y
Li 150 8 7 e+HB+ 122.24 s
40K 19 21 Be+p* 1.277E+9y

The spallation yield of isotope
production in soft tissue before internal
tumors by high-energy heavy ions. In the
second step, the spallation yield of
isotope production in soft tissue before.

In the second step, the spallation yield
of isotope production in soft tissue
before internal tumors by high-energy
heavy ions is investigated. The
radioactive elements produced in healthy
soft tissue before tumor by the heavy
ions therapy process was shown in
Tables 4-6.

4. Discussion

Proton beams, neutrons, and heavy
ions are used to treat internal tumors[11,
14-19]. Neutron source spallation of Li,
Be, Ta, Pb targets that were used in the
BNCT therapy process can produce
radioactive elements in the brain
tissue[28]. These radioactive elements in
the brain tissue will create a radiation
dose and will produce more damage to it.
Cancerous tumors with abnormal growth

of cells increase in size over time.
Radiation methods are used to prevent
the growth of cancerous tumors in the
organs of the body. The BNCT method is
a nuclear method to kill cancer cells. In
this method, boron is injected into the
body and enters the circulatory system.
Due to the tendency of cancerous tissue
to absorb boron 10, this element
accumulates in cancerous tumors. Boron
10 is a neutron-absorbing element and
decays due to neutron absorption. It
emits an alpha particle. Due to its short
range, this particle leaves all its energy in
the cancerous tissue and tumor and
causes the destruction of tumor material
and its destruction. To do this, a neutron
beam is needed. Usually, neutron beams
are produced by reactors or nuclear
reactions. One of the methods of
production is spallation targets of Li, Ta
and .. which cause the production of
neutron beams. The produced neutrons
pass through healthy tissue until it
reaches the tumor and make its elements
radioactive. In this study, the production
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of radioactive elements in healthy tissues The radioactive elements produced by
before tumor was investigated by BNCT BNCT and ion therapy cause radiation
method. It is also possible to use direct hazards in human organs and its risks
ions where cancer ions are used to treat exist for a long time due to the long half-
cancerous tumors. The tumor is treated. life of the radioactive elements produced
Table 4. The radioactive elements produced in healthy soft tissue before the tumor by
Ar Spallation
- (- R | Q =) Q
§ £2- 52. R = 5 = o &’ =
£ SEZ ©EXN 8¢ = E £ B §g¢g =
%) = = —- = ) (=
= z Z = A E = = o E =
"Be 4 3 e 53.12d 3o0p 15 15 e+f3+ 2498 m
10Be 4 6 B- 151E+6y 3P 15 17 B- 14.262 d
1c 6 5 e+f+ 20.39m 33p 15 18 B- 25.34d
14C 6 8 B- 5730y %S 16 19 B- 87.32d
13N 7 6 e+B+ 9965m S 16 21 B- 5.05 m
18F 9 9 e+f+ 109.77 m 385 16 22 B- 170.3 m
24Ne 10 14 B- 3.38 m 34mCl 17 17 e+B+IT 32.00m
22Na 11 11 e+f+ 2.6019y 3¢Cl 17 19 pB-e+p+ 3.01E5y
24Na 11 13 B- 149590h 38C1 17 21 B- 37.24 m
27Mg" 12 15 B- 9.458 m 9C1 17 22 B- 55.6 m
28Mg 12 16 B- 2091h  4Cl 17 23 B- 1.35m
26A] 13 13 e+B+ 7.17E+5y ¥Ar 18 19 e 35.04d
28A] 13 15 B- 2.2414m 3¥Ar 18 21 B- 269y
29A1 13 16 B- 6.56 m 38K 19 19 e+f+ 7.636 m
s 14 17 B-  157.3m  4“K 19 21 p-e+B+ 1'227]39
325i 14 18 B- 150y

*Mg: Magnesium.

Table 5. The radioactive elements produced in healthy soft tissue before the tumor by
carbon and He Spallation

Spallation Proton Neutron .

P Target Element Number(Z) Number(N) Decay mode Half life
7Be 4 3 £ 53.12d
10Be 4 6 B- 1.51E+6y
1C 6 5 e+p+ 20.39m
14C 6 8 B~ 5730y
13N 7 6 e+p+ 9.965 m

Carbon 18F 9 9 e+B+ 109.77 m
24Ne 10 14 B- 3.38 m
30p 15 15 e+p+ 2.498 m
34m(] 17 17 e+B+, IT 32.00 m
37Ar 18 19 g 35.04d
38K 19 19 e+HB+ 7.636 m
7Be 4 3 € 53.12d
10Be 4 6 B- 1.51E+6y

Helium 1¢ 6 5 e+HB+ 20.39 m
14C 6 8 B- 5730y
13N 7 6 e+p+ 9.965 m
18F 9 9 e+p+ 109.77 m
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22Na 11 11 e+p+ 2.6019y
31§j 14 17 B- 157.3m
30p 15 15 e+p+ 2.498 m
32p 15 17 B~ 14.262d
36C] 17 19 Bre+p* 3.01E+5y
38K 19 19 e+p* 7.636 m

Table 6. The radioactive elements produced in healthy soft tissue before the tumor by
Ne Activation and spallation

Interaction Proton Neutron .
Process Element Number(Z) Number(N) Decay mode Half life
22Na 11 11 e+t 2.6019y
24Na 11 13 B~ 14.9590 h
28A] 13 15 B— 2.2414 m
- 2941 13 16 - 6.56 m
Activation 328 14 18 g_ 150y
34m(] 17 17 e+, IT 32.00 m
38K 19 19 e+p+ 7.636 m
40K 19 21 B—, e+p+ 1.277E+9y
"Be 4 3 € 53.12d
10Be 4 6 B~ 1.51E+6y
. 1c 6 5 e+p+ 20.39m
Spallation " 6 3 B 5730y
13N 7 6 ePp* 9.965m
Fluorine(18F) 9 9 ep* 109.77m

5. Conclusion

Increasing the energy of the proton
beam, the gain of the radioactive
elements production was increased. By
using directly high-energy ions to treat
internal tumors, healthy soft tissue is
considered as the most common tissue at
risk. The results show that when using
He, C and Ar ions, the radioactive
elements, are produced with high yields
respectively, where the results are shown
in the Tables 4-6. Therefore, in the
treatment of cancerous tumors with
high-energy heavy ions, because of
radioactive element production, the
healthy tissues are at high risks and the
tissue has high radiation hazards.
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