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Background: Isotopes of the projectile may be produced along the beam path during the irra-
diation of a target by a heavy ion due to inelastic interactions with the media. This study ana-
lyzed the production cross-section of carbon (C) and Helium (He) projectiles isotopes resulting
from the interactions of these beams with different materials along the beam path.

Materials and Methods: In this study, we transport C and He jon beams through different
materials. This transportation was made by the Monte Carlo simulation. Particle and Heavy Ion
Transport code System (PHITS) has been used for this calculation.

Results and Discussion: It has been found that °C, ""C, and "C from the *C ion beam and
He from the *He ion beam are significant projectile’s isotopes that have higher flux than other
isotopes of these projectiles. The *He ion beam has a higher projectiles isotope production cross-
section along the beam path, which adds more impurities to the beam than the C ion beam.
These projectile’s isotopes from both the *C and “He ion beams have higher production cross-
sections in hydrogenous materials like water or polyethylene.

Conclusion: It is important to distinguish these projectiles isotopes from the primary beam
particles to obtain a precise and accurate cross-section result by minimizing the error during
measurement with a nuclear track detector. This study will show the trend of the production
probability of projectiles isotopes for these ion beams.

Keywords: Projectiles Isotope, Isotope Production Cross-Section, Monte Carlo, Particle and
Heavy Ion Transport Code System

Introduction

Ton beam accelerators play a significant role in medical physics [1], radiation physics,
accelerator physics, ion implantation, material science, space radiation [2], and cancer
therapy [3]. Therefore, it is of paramount importance to understand the mechanism of
the interaction between ions and matter to effectively use the ion beams from an accel-
erator. The total reaction cross-section is one of the most fundamental quantities for
understanding the nucleus-nucleus interaction mechanism. However, the total reac-
tion cross-section is difficult to measure experimentally due to various reaction chan-
nels. On the other hand, since most reactions undergo a proton change, the total
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charge changing cross-section (o7cc) is an alternative and ef-
fective method to understand the reaction cross-section [4].
orcc measures the probability of changing the charge (pro-
ton) of a projectile. It is also important to understand the
structure and stability of the nucleus [5] and particle spec-
trum in a cosmic ray [6]. Many experiments have measured
orce in different interactions since 1970 [7-9]. However, neu-
tron changing cross-sections (**C to °C-'"°C isotopes) were
excluded from this orcc measurement.

To conduct this type of experiment, researchers use both
active detectors, such as the Cherenkov detector [10], Si de-
tector, different types of scintillators, position sensitive detec-
tors [7, 8, 11], and time projection chambers [12] and passive
detectors, essentially track detectors such as CR-39 [13-18]
and nuclear emulsion [19]. Track detectors have been used
for ion interaction experiments since 1960s [20-22]. Passive
detectors such as CR-39 have certain advantages over active
detectors in detecting fragments with a range in ‘um’ scale,
multiple fragments from a single interaction, etc. However,
the CR-39 detector has a limitation of low mass resolution
[23, 24]. As a result, these detectors cannot differentiate be-
tween projectiles and their respective isotopes, which is im-
portant for experiments such as orcc measurement. The in-
capability of these detectors to distinguish projectiles and
isotopes of the projectile is one of the main sources of error
in the experiment. Therefore, it is important to determine
the projectile isotopes that are produced before coming to
the target because of the interacting materials in the beam
line and those inside the target for beam purity.

We analyzed C and *He as the main ion beam for cancer
therapy in this study. Ion beam contamination due to pro-
jectile’s isotopes is one of the major and longstanding experi-
mental issues that must be considered [25], which hinders
the measurement. Kozma et al. [26] and Kaki [27] attempted
to measure the production cross-section of these projectile’s
isotopes for different interactions. This study estimated the
production cross-sections of projectile’s isotopes for '*C and
‘He ion beams in different media with the Monte Carlo cal-
culation by Particle and Heavy Ion Transport code System
(PHITS) [28]. Recently, the use of “He ion has renewed inter-
est for certain therapeutic conditions due to less lateral scat-
tering than the proton and lower impact of the fragmenta-
tion tail than in "C ion irradiation. A clinical trial of “‘He ion
at the Heidelberg Ion-Beam Therapy Center has just started
[29]. So, the production cross-section of isotopes from the
“He ion beam has also been analyzed in this study.
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There are very few experimental data on projectile’s iso-
tope production cross-sections (i) measured for different
interactions. Therefore, our calculated data and the analysis
of the trend of projectile’s isotope production in different tar-
get materials in this study could be useful for researchers in
this field.

Materials and Methods

In this study, JAERI Quantum Molecular Dynamics 2.0
(JQMD 2) [30] incorporated in PHITS version 3.22 was used
to simulate the transport of the ?C ion beam, and Liege In-
tranuclear Cascade model (INCL4.6) [31] has been used for
the transportation of ‘He ion beams inside materials such as
scatterer (Ta) with density of 16.6 g/cm? beam monitors (Al)
with density of 2.7 g/cm®, and range shifter (polymethyl meth-
acrylate [PMMA] (Cs0.Hs),) with density of 1.91 g/cm?® [32]
along the beam path in accelerator facilities such as Heavy
Ton Medical Accelerator in Chiba (HIMAC), Japan [33]. Oth-
er targets, Al, C with density of 2.26 g/cm®, CR-39 with density
of 1.31 g/cm?, water (H.O) with density of 1.0 g/cm?, and
polyethylene (CH.) with density of 0.89 g/cm® were also in-
vestigated to understand the tendency of projectile’s ;.. for
both the *C and “He ion beams. The target thickness was con-
sidered 0.5 mm. The simulation was performed for 1 million
particles in each energy for each interaction so that the sta-
tistical error of the calculated quantity remains less than 2%.
The following Fig. 1A shows the simulation setup for *C and
PMMA interaction at 135 MeV/n with a target thickness of
0.5 mm, and the beam radius was 5 cm during the simulation.
Due to the better visualization, the beam of a 2 cm radius has
been visualized in this figure. Fig. 1B shows the travelling of
the '*C ion beam through the PMMA.

1. Calculation of Projectile’s Isotope Production

Cross-Section

The track detection mechanism of track detectors, such as
CR-39 is based on the incident ion’s linear energy transfer
(LET) inside this detector. The LET threshold and LET reso-
lution of a CR-39 (TD-1 type) detector are approximately
5keV/pm and 1 keV/pm, respectively. Fig. 2A shows the LET
as a function of energy for ''C, '*C, and **C in CR-39. It can be
observed in the Fig. 2A that the difference in LET among
these isotopes is insignificant. As shown in Fig. 2B, the aver-
age difference in LET between C and "'C (LET¢12~LETc11)
and that between *C and **C (LETc.1o—LETc-13) is approxi-
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Fig. 1. (A) The simulation set up for the "2C and PMMA interaction at 135 MeV/n with the target thickness of 0.5 mm. For better visualization,
the beam of a 2-cm radius has been grabbed in this figure, whereas in real situations, it was 5 cm in diameter. (B) The travelling of the ">C ion

beam through the PMMA. PMMA, polymethyl methacrylate.

70

—"Te}
- 120
60 = 15C 25
44 I3
50 N, 20
= 43 \\
o s <
= e o
3 40 42 \.\_.. £ 15
41 \‘.' 8
5 30 Ne.,
40 - N, 10
20 39 L , N
\... 70 75 80 5
———
10 e -
1 1 1 Il o O e
500 1,000 1,500 2,000 -075 050 -0.25 0 0.25 0.50 0.75
E (MeV/n) Difference of LET (keV/um)

Fig. 2. (A) A comparison of the linear energy transfer (LET [keV/um]) of the three main isotopes of ">C projectiles in CR-39 as a function of en-
ergy (E [MeV/n]). We can observe that the LET value of each isotope at a specific energy is largely equal to that of "2C. (B) The distribution of
the differences in LET between "C and its isotopes ''C and "*C. The average difference in LET between "?C and "'C, (LETc-12~LETc-1) and
between "?C and "°C (LETc-12—LETc1g) is approximately —0.03 keV/pm.

mately 0.03 keV/pm. Hence, it is difficult to differentiate the
projectile **C ion from its isotopes by a CR-39 track detector.
The same is valid for the “He ion beam and its isotopes.
However, those estimated values can be effective for the real
experiment by simulating the production cross-section of
these projectile isotopes.

The production of C and He isotopes from their projectiles
can be assessed from the total neutron changing cross-sec-
tion of the projectile. It can be defined as the probability of
production of all the isotopes via the addition (removal) of
one or more neutrons to (from) a projectile nucleus [29]. The
equation for the projectile’s istotopes production cross-sec-
tions, gy is as follows [34]:
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where, N, is the Avogadro number, N, is the number of in-
coming particles, and N, is the number of interactions in

Oipe = — In (u)

N;

which an isotope has been produced by the change of
neutron(s). M, p, and x are the molar mass, density, and
thickness of the target, respectively. Thus, the production
cross-section of a specific isotope (e.g., 'C) is

My In (Nin - Nc—11)
pNyx N;

&)

where, Nc.11 is the total number of interactions in which the
mass of the projectile changed to that of "'C by the removal of
neutron. Thus, the total isotope production cross-section

Oc-11 = —

(0mpe) is the sum of the production cross-sections of all types
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of isotopes. That is,

®3)

15
OTipc = Z QJC—n
n=

where, n is the mass number, which defines the specific iso-
topes. We cannot distinguish the isotopes of a projectile by
experimental measurement using a track detector because
of the low mass resolution. Consequently, the total produc-
tion cross-section of projectile isotopes is likely to be mea-
sured simultaneously during the measurement of the charge
changing cross-section, and it is equivalent to the mass
changing cross-section.

Thus, we calculated the production cross-sections of iso-
topes of projectiles using PHITS by identifying the event-by-
event interactions of projectiles with the target while chang-

ing their neutron (N).
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Results and Discussion

1. Flux of Projectile’s Isotopes along Beam Path

The transport of ?C and “He ion beams of 135, 290, and 400
MeV/n having a diameter of 5 cm through the materials (Ta,
Al, and PMMA) of 0.5 mm thickness along the beam path
has been simulated. We applied PHITS for this simulation to
assess the beam contamination by the projectile’s isotopes
produced in the beam path. These energies are in the thera-
peutic region provided by the HIMAC. Fig. 3A and 3B show
the flux of isotopes as a function of energy in the PMMA for
"?C ion beams of 135 and 400 MeV/n, respectively. The fig-
ures reveal that °C, *C, "C, and "°C have significantly low en-
ergy with the least flux. Hence, these are too insignificant to
be considered because it is highly challenging to reach the
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Fig. 3. (A) The flux of isotopes as a function of energy in the PMMA along the beam path for the 2C ion beam of 135 MeV/n. (B) The same
for the "2C ion beam of 400 MeV/n. (C, D) The same for “He and PMMA interactions, from where it is seen that *He and ®He are the signifi-

cant isotopes for the “He ion beam. PMMA, polymethyl methacrylate.
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target. Only the '°C, ''C, and "C isotopes contribute signifi-
cantly through their higher flux and energy for the contami-
nation of the beam and results of cross-section measurements.
It can also be observed that the production of these C isotopes
is higher at lower energy. In Fig. 3, we can see that the produc-
tion of isotopes is higher at 135 MeV/n than 400 MeV/n in the
same target, PMMA. This may substantially influence the beam
purity before the target is reached. It is also found that *He and
SHe are the significant isotopes from the “He ion beam that
are produced along the beam path for the same interacting
materials at the same energies, as shown in Fig. 3C and 3D.

2. Projectile’s Isotope Production Cross-Sections
1) Carbon projectile isotopes

Each interaction of the projectile from which the projec-
tile’s isotopes (°C-"°C) can be produced was identified sepa-
rately using the [T-userdefined] tally of PHITS. Then, the
production cross-section of specific projectile’s isotopes was
calculated from the number of specific interactions using

Equation (2). Table 1 shows the g;. for specific projectile’s
isotopes (*C-"°C) for different energies in the materials along
the beam path of the accelerator system. It can be observed
that '°C and "'C have the maximum production probabilities
in each material. The value enclosed in parentheses shows
the uncertainty calculated according to the error propaga-
tion.

The production probabilities of different isotopes in cer-
tain target materials, such as Al, C, CR-39, H.O, and CH,,
were calculated in this study to understand the trend, and
these are shown in Fig. 4. '°C, ''C, and "C are the most pro-
ducible isotopes in all the target materials, as observed from
these figures and Table 1, which represent the isotopes of the
projectile in the materials along the beam path. It is observed
that '°C, "'C, and "*C have a significantly higher cross-section
in PMMA, H.O, and CH: than other targets. The production
cross-section of ''C was significantly higher than that of °C
and "Cin all the targets.

The calculated production cross-sections of °C and "'C

Table 1. Production Cross-Section (mb) of C Isotopes (°C-'°C) for Different Energies of ">C lon Beam in Different Materials along the Beam

Path
Energy (MeV/n)
Materials Ta Al PMMA
135 290 400 135 290 400 135 290 400
Production cross-section (mb)
0c-9 2.2 0.4 0.4 0.3 1.3 0.7 7.0 10.4 7.0
Oc-10 2.0 2.0 3.0 8.0 5.0 9.0 89.0 75.0 77.0
0c-11 45.0 39.0 35.0 70.0 59.0 64.0 949.0 763.0 841.0
0c-13 - 0.4 - 31.2 16.9 25.6 59.2 64.4 48.7
0c-14 - - - 3.0 4.3 2.3 13.9 13.9 12.2
oc-15 - - - - - - - - -
oo 492(1.1) 418(1.2)  384(1.1) 1045(3.1) 86522  101.6(31) 1181 (13.6) 926.7(12.6) 985.9(12.1)

We can observe that the maximum production probabilities are for '°C and ''C in each material. The value in parentheses indicates the uncertainty.

PMMA, polymethyl methacrylate; o7, total isotope production cross-section.
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Fig. 4. The production cross-sections of '°C, ''C, and "*C in different target materials are shown in (A, B, C), respectively. The descending or-
der of production cross-section of °C in different targets is H:O>CH.>C>Al>CR-39. The same for ''C is H:O>CH.>C>CR-39>Al. The
same for *C is H,O > Al>CR-39>C > CH,. Carbon-11 ("'C) has a higher production cross-section than '°C in all materials.
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were compared with the experimental results, as shown in
Fig. 5. The experimental results were collected from the ref-
erences [35-39]. In Fig. 5, the circles and squares indicate the
experimental production cross-sections of °C and "'C, re-
spectively, for '*C and C interaction. The blue and orange
colored dashed lines indicate the production cross-sections
calculated by PHITS for '°C and "'C, respectively, for the
same interaction. The calculation process and equation can
reproduce the trend of the experimental results within the
acceptable range, as observed in Fig. 5.

2) Helium projectile isotopes
In this study, the production cross-section of the projec-

B ''C, Yashima et al. (2003)
* 11C, Webber et al. (1990)
¢ °C, Webber et al. (1990)
® 'C, Kidd et al. (1988)
¥ °C, Kidd et al. (1988)

* "'C, Boillos et al. (2022)
# '°C, Boillos et al. (2022)
® '°C, Horst et al. (2019)
W "'C, Horst et al. (2019)
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Fig. 5. A comparison between the calculated and experimental pro-
duction cross-sections of '°C and ''C for the C and C interactions.
The experimental results have been collected [35-39]. The circles
and squares indicate the production cross-sections of '°C and "'C,
respectively. The blue and orange colored dashed lines denote the
calculated production cross-sections for '°C and ''C, respectively. It
is observed that the experimental results are in agreement with the
calculated results. PHITS, Particle and Heavy lon Transport code
System.
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tile’s isotopes for a *He ion beam has also been analyzed for
the aforementioned target materials as well as for the mate-
rial along the beam path. During the interaction with the tar-
get materials, the produced projectile isotopes from the ‘He
ion beam are *He and ®He. The following Table 2 shows the
production cross-sections of these He isotopes during the
interaction with material along the beam path at the nomi-
nal energies 135, 290, and 400 MeV/n through the materials
Ta, Al, and PMMA.

Fig. 6A shows the production cross-sections of He isotope
in other target materials. This figure shows the produced He
isotopes during the interaction of ‘He and C at 80 MeV/n. *He
is the most significant projectile isotope that is produced and
can play an important role during the measurement of
charge changing cross-section with track detectors. The pro-
duction cross-section of *He isotopes has been calculated
and compared for different targets, as shown in Fig. 6B. It is
found that for both H>O and CH,, *He has the highest pro-
duction cross-section.

Conclusion

Accelerator-based ion beam has an important role in
many branches of physics, including heavy ion cancer thera-
py, the study of heavy ion interaction, etc. When the beam of
a projectile is going through the material before reaching the
target, the projectile’s isotopes could be produced, which
may contaminate the beam due to the material along the
beam path like Ta, Al, range shifter (PMMA), etc. These pro-
jectile’s isotopes are one of the main sources of error during
the cross-section measurement by the nuclear track detector.
There are very few experimental data for the production cross-
section of the projectile’s isotope yet. Therefore, we tried to
observe the trend of the production cross-section of projec-
tile isotopes for the ?C and ‘He ion beams in the materials

Table 2. Production Cross-Section (mb) of He Projectile’s Isotopes from “He lon Beam in Different Materials along the Beam Path for Different

Energies
Energy (MeV/n)
Materials Ta Al PMMA
135 290 400 135 290 400 135 290 400

Production cross-section (mb)

Opes 71.3 170.9 263.4 67.2 97.3 126.8 673.3 680.2 762.1

Oies 7.0 22.0 32.0 2.0 3.0 4.0 9.0 12.0 12.0

OTipe 78.3(1.1) 1929 (4.2) 2954 (5.1) 69.2 (1.1) 100.3(2.2)  130.8(1.1) 682.3 (13.6) 692.2(12.6) 774.1(12.1)

The maximum production probability is for ®He in each material. The value in parentheses indicates the uncertainty.
PMMA, polymethyl methacrylate; o7, total projectile isotope production cross-section.
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Fig. 6. (A) The flux of the He isotopes produced during the interaction of “He and C at 80 MeV/n, where *Hg is significant only. (B) The pro-

duction cross-section of this He isotope in different target materials.

(Ta, Al, and PMMA) along the beam path for three nominal
beam energies, which are 135, 290, and 400 MeV/n, since
these energies are in the therapeutic range provided by the
HIMAC. The calculations were performed by the Monte Carlo
calculation code, PHITS. It is found that *He is the most pro-
ducible projectile’s isotope from the *‘He ion beam, whereas
19C, "'C, and "C are the most producible projectile’s isotope
from the "*C ion beam in these energies. Among the beam
materials, Al, Ta, and PMMA, along the beam path, *He have
higher production cross-sections in Al and Ta, whereas '°C,
1C, and "C have higher production cross-sections in PMMA.

Except for the materials along the beam path, other mate-
rials, C, H.O, CH,, and CR-39, were considered because of
their tissue-like properties to observe the tendency of the
projectile’s gy It is found that the projectile’s oy is higher in
hydrogenous materials like H.O and CH.. It can be conclud-
ed that the isotopes '°C, ''C, and **C from the ?C ion beam
and *He from the ‘He ion beam play an important role in
hindering the experimental measurement of the total charge
changing cross-section in the Al, C, CR-39, H20, and CHx tar-
gets. These isotopes were higher in flux at lower energies.
Carbon-11 ("'C) has a much higher production cross-section
among the three C projectile isotopes in all the target materi-
als mentioned above.

As determined in this study, the role of these projectile’s
isotopes may explain why the experimental result is higher
than the calculated result for the orcc, particularly in the low-
er energy region. Thus, this issue should be addressed effec-
tively to obtain a precise result with minimum uncertainties

210 www.jrpr.org

in an experiment involving an ion beam from an accelerator.
The observations of this analysis can be used to minimize
the error generated during experiments on heavy ion inter-
actions with track detectors.
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