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In this study, we evaluate the dose distributions of 4 He and 6 He ion beams under the same
irradiation settings by using the Monte Carlo method. For the simulations, we defined a water
phantom that which includes three normal regions and one target region for measuring the dose
deposition in various regions. In addition, we define the 4 He and the 6 He ion beams with specified
parameters. Then, we obtain the distributions of the doses and the tracks of 4 He and 6 He ion
beams and calculate the dose deposited in each region. The calculated results show that in the
proximal volume, lateral volume, distal volume, and target volume, the dose depositions of the
4

He ion beam are 73.77%, 31.44%, 73.5%, and 98.50% of that of 6 He ion beam. In conclusion, we

can say from the aspect of physical dose distribution, that the 4 He ion beam is more ideal than
the 6 He ion beam. To more objectively evaluate the therapatic effects of 4 He and 6 He ion beams,
in our need experiment-based study, we will consider the biological effects of 4 He and 6 He ion beams.
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I. INTRODUCTION

possible to be applied in the medical application [1–6].
Therefore, for evaluating the therapy effect of various

The proton therapy is widely used as the particle ther-

helium isotope ion beams, in this study, we compared

apy method due to the dose distribution curve of the

the 4 He ion beam and the 6 He ion beam in the aspect of

Bragg peak. In addition to proton, the charged parti-

physical dose distribution by using Monte Carlo method.

cles, such as alpha particle or other heavy ions, have the

As we know that the 6 He is unstable isotope of helium

similar dose distribution. As a result, the alpha parti-

that has a half-life of about 800 ms [7]. The decay chain

cle and other heavy ions are also can be considered as
the candidates of particle therapy. Currently, the alpha
particle therapy is suggested as the candidate of particle
therapy method again due to its better biological effects
comparing to proton therapy. Beside of alpha particle
(which will be denoted as 4 He ion in this study), there
are several other isotope of helium. Benefit from the
development of rare isotope accelerator facilities, such
as the Rare isotope Accelerator complex for ON-line experiments (RAON), Korea, the rare isotope ion beam is
∗ E-mail:

and decay equation are shown in Fig. 1. During the
decay process, the 6 He emits an electron with releasing
decay energy of about 3.5 MeV, and almost all of this
decay energy became the kinetic energy of the electron.
Then a very low energy of about 1.5 keV recoil 6Li nucleus is emitted. Therefore, the dose deposition from 6 He
should include two parts. One part is the dose from the
stopping process of 6 He ion beams. Another part is the
dose from the electron emitted from the 6 He decay.
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Table 1. The parameters of four regions (volumes).
Region
Shape
Radius
Length
Volume

Region 3
(Proximal Volume)
Cylinder
15 cm
15 cm
10,597.5 cm3

Region 5
(Lateral Volume)
Hollow Cylinder
15 cm/25 cm
5 cm
3,532 cm3

Fig. 1. (Color online) The beta-decay of 6 He ion. In
which, an electron with energy of 3.5 MeV is emitted.

Region 6
(Distal Volume)
Cylinder
15 cm
15 cm
6,280 cm3

Region 4
(Target Volume)
Cylinder
15 cm
5 cm
10,597.5 cm3

Fig. 2. (Color online) The illustration of geometries of
water phantom. The phantom includes proximal volume,
lateral volume, distal volume and the target volume for
measuring the dose individually.
Table 2. The parameters of 4 He and 6 He ion beams.

II. SIMULATION DETAILS
For calculation, the Particle and Heavy Ion Transport
code System (PHITS) program as a kind of general purpose Monte Carlo particle transport simulation code is
used. It can be used to simulate the transport of all
particles over wide energy ranges, using several nuclear
reaction models and nuclear data libraries.

Radiation
Energy
expected Range
Beam Shape

4
He
162.3 MeV/u

6
He
128.3 MeV/u

17.9 cm
5cm radius of cylinder beam

is defined as void. This means a particle does not have
any interactions in volume 1.
Moreover, the region 2 is defined as the ”Outer region”,
which indicates the outside region of volume 1 (that is
not shown in the Fig. 2). The volume 2 should be defined

1. Geometry Definition

for the simulation, as the ”background word” to contain
all of the geometries in the simulation. However, the

The water phantom used in simulation includes six
regions. The region 4 is defined as the target volume located in the center. The other three regions are volume 3,
5, and 6, which can be also called proximal volume, lateral volume, and distal volume. The materials of above
four volumes are assigned to water. These four volumes
are used to measure the dose deposition in various regions in simulation. The geometrical parameters of four
regions are shown in Fig. 2 and Table 1 [8,9].
In addition, the region 1 is the containing volume,
which contains the three interested volume and target
volume. It is a sphere that locates at the origin point
and has a radius of 140 cm. The material of volume 1

particles in the volume 2 are not taken into account in
the simulation.

2. Beam Parameters
The parameters of 4 He and 6 He ion beams are shown in
the Table 2. By using specified energy, the 4 He and 6 He
ion beams create the Bragg peaks at the same position
in region of target. For irradiation process, 4 He and 6 He
ion beams penetrate the proximal volume and toward
to the distal volume. The beam of incident particles is
1000000.
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(a) Track distribution in xy mesh

(c) Dose distribution in xz mesh

(b) Track distribution in xz mesh

(d) Dose distribution in xz mesh

Fig. 3. (Color online) The calculation results of the stopping process of 4 He ion beam.

III. RESULTS AND ANALYSIS
The calculation processes in this study include three
parts: the stopping process of 4 He ion beam, the stopping process of 6 He ion beam, and the decay process of
6

He ion after it getting rest in the materials. The ranges

of 6 He and 4 He beams are assigned to 17.9 cm, then the
6

He and 4 He ions may stop inside of the region 4.
The alculation results include the track distribution in

xy mesh, the track distribution in xz mesh, the dose distribution in xz mesh, the dose distribution in xz mesh,
and dose-depth distributions. In addition, the dose deposition values of 4 He and 6 He ion beams in each region
are also calculated and summarized.

1. Stopping Process of 4 He
The interaction process of 4 He only includes the stopping process. The calculation results about the track and
dose distribution of 4 He ion beam are shown in Fig. 3.
In which, the Fig. 4(a) shows the track distribution in
xy dimension of 4 He ion beam and its induced particles;
the Fig. 4(b) shows the track distribution in xz dimension of 4 He ion beam and its induced particles; the Fig.
4(c) shows the dose distribution in xy dimension of 4 He
ion beam and its induced particles; the Fig. 4(d) shows
the dose distribution in xz dimension of 4 He ion beam
and its induced particles.
The Table 3 summarized the dose value of 4 He ion
beam in four regions of water phantom. The dose depo-
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(b) Track distribution in xz mesh

(c) Dose distribution in xz mesh

(d) Dose distribution in xz mesh

Fig. 4. (Color online) The calculation results of the stopping process of 6 He ion beam.

Table 3. The dose deposition of 4 He ion beam in each
region.
Region
3
4
5
6

Dose deposition [Gy]
1.35 ± 0.0325
2.00 ± 0.0650
0.000915 ± 0.00001320
0.0440 ± 0.0014

sition of 2 Gy in the region 4 is assigned for comparison
of dose distribution with 6 He ion beam.

2. The Stopping Process of 6 He

The calculation result about the stopping process of
He ion beam is shown in the Fig. 4, which shows the
track distribution in xy mesh, track distribution in xz
mesh, dose distribution in xz mesh, and dose distribution
in xz mesh. The dose values deposited in four regions
are shown in Table 4. In which, the dose deposited in
target volume is also assigned to 2 Gy.
It can be found that the interaction process of 6 He
ion beam is very similar to that of 4 He ion beam. The
important difference is that the dose values deposited in
four volumes. Through compare the dose shown in Table
3 and Table4, it can be found that the dose deposited in
three normal volumes for 4 He ion beam is lower than that
of 6 He ion beam. The reason is that the small amount
of energy is delivered to the three normal volumes by
6
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Table 4. The dose deposition of 6 He ion beam.
Region
3
4
5
6

Dose deposition [Gy]
1.83 ± 0.0434
2.00 ± 0.0593
0.00291 ± 0.00001534
0.0599 ± 0.0017

Table 5. The dose deposition of the electrons from the
decay of 6 He ion.
Region
3
4
5
6

Dose deposition [Gy]
1.7760E-0.5 ± 2,709E-06
3.5656E-02 ± 9.826E-05
5.4006E-06 ± 7.504E-07
2.3804E-05 ± 3.430E-06

Table 6. The comparison of dose depositions [Gy] in each
volume for 4 He ion beam, 6 He ion beam without decay
contribution, and 6 He ion beam with decay contribution.

4He
6He
(without decay)
6He
(with decay)

Dose in
region 3
Proximal
1.35

Dose in
region 5
Lateral
0.000915

Dose in
region 6
Distal
0.0440

Dose in
region 4
Target
2.00

1.83

0.00291

0.0599

2.00

1.83002

0.00296

0.05992

2.03

summarized in the Table 6. In which, the dose from
6

He ion beam without decay and that with decay are

shown, separately. The total dose deposition of 6 He ion
the secondary particles of 4 He ion beam. In addition, for

beam with the contribution of decay is the sum of dose

the dose deposition in proximal and distal volume, the

deposition into four regions shown in Table 4 and 5.

difference of 4 He and 6 He ion beams are not very huge.

Through taking the comparison, it can be seen that the

However, the dose in lateral volume of 6 He ion beam is

dose of 6 He ion beam with decay is enhanced. However,

about 3.2 times (0.00291/0.000915) of that of 4 He ion

the enhanced rates of dose are very low. This means that

beam, which mainly due to the more production of long

the dose deposition induced by decay of 6 He ion beam

range secondary particles of 6 He ion beam.

has very low influence on the total dose deposition of
primary 6 He ion beam in each region. As a result, the
dose depositions of the primary 4 He and 6 He ion beams
should be mainly considered. Through taking calcula-

3. The Decay Process of 6 He

tions, it can be found that the dose ratio of 4 He beam and
The second process of 6 He ion beam is the decay pro-

6

He beam in the proximal volume, lateral volume, distal

cess of 6 He ions. Through analyzing the stopping process

volume, and target volume are 73.77% (1.35/1.83002),

of 6 He ion beam, it can be clearly found that the 6 He ion

31.44%(0.000915/0.00296), 73.5％ (0.0440/0.05992), and

mostly stopped in the region 4.

98.50% (2.00/2.03), respectively. Obviously, the 4 He ion

The Fig. 5 shows that the track distribution in xy
mesh, the track distribution in xz mesh, the dose distri-

beam appears a better dose distribution comparing to
6

He ion beam.

bution in xz mesh, and the dose distribution in xz mesh.

In addition, for evaluating the depth distribution of

The Fig. 5(b) and Fig. 5(d) clearly show that the decay

dose of 4 He and 6 He ion beam, the dose-depth distribu-

processes mainly take place in the region 4, and the dose

tion curves (Bragg peak) of 4 He and 6 He ion beam are

of the decay are mainly deposited in region 4.

shown in Fig. 6. It can be seen that the tail of Bragg

The Table 5 shows the dose value deposited in four

peak of 6 He ion beam is a little longer than that of 4 He

regions. It can be seen that the dose is mainly deposited

ion beam, which mainly due to the more production of

in region 4, and the doses in other region is much lower

secondary particles of 6 He ion beam. Another biggest

comparing to that of region 4.

different of 4 He and 6 He ion beam is the ratio of dose
in peak and in entrance. The ratio for 4 He (about 5.89)
is higher than that of 6 He (about 4.65). Then it can be
said that the 4 He ion beam may deposits less amount of

4. Comparison of 4 He and 6 He

dose in proximal and distal regions.
4

6

To compare the dose distribution of He and He ion

In summary, both the dose deposition value in four

beams, the values of dose deposition in four regions are

regions and the dose-depth distributions of 4 He ion beam
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(a) Track distribution in xy mesh

(c) Dose distribution in xy mesh
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(b) Track distribution in xz mesh

(d) Dose distribution in xz mesh

Fig. 5. (Color online) The calculation results for the decay process of 6 He ion beam.

Fig. 6. (Color online) The dose-depth distribution for the
4
He ion beam (left) and 6 He ion beam (right). Which are
normalized to 1Gy at the depth of 17.7 cm (the location
of showing the Bragg peak.

However, it should be note that only distribution of
physical dose is considered in this study. For medial
application, the evaluation of beam also includes other
two aspects: the Relatively Biological Effects (RBE) and
Oxygen Enhancement Ratio (OER). In principle, the
6
He ion beam may have better RBE and OER, and these
two concerns are measured based on the experimental
irradiation of 4 He and 6 He ion beams. Therefore, to fully
compare the therapy effect of 4 He and 6 He ion beams,
the experiment based study is necessary.
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