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ABSTRACT

The factors influencing carbon ion therapy can be predicted from accurate knowledge about the production of secondary
particles from the interaction of carbon ions in water/tissue-like materials, and subsequently the interaction of the secondary
particles in the same materials. The secondary particles may have linear energy transfer (LET) values that potentially increase
the relative biological effectiveness of the beam. Our primary objective in this study was to classify and quantify the secondary
particles produced, their dose averaged LETs, and their dose contributions in the absorbing material. A 1 mm diameter carbon
ion pencil beam with energies per nucleon of 155, 262, and 369 MeV was used in a geometry and tracking 4 Monte Carlo
simulation to interact in a 27 L water phantom containing 3000 rectangular detector voxels. The dose-averaged LET and the
dose contributions of primary and secondary particles were calculated from the simulation. The results of the simulations show
that the secondary particles that contributed a major dose component had LETs <100 keV/um. The secondary particles with

LETs >600 keV/um contributed only <0.3% of the dose.
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Introduction

lon beam radiotherapy has the potential to achieve
dose conformity indices higher than those of traditional
photon therapy. Carbon ion therapy may be one of the
most promising forms of light-ion therapy, and studies
regarding the production of secondary particles from the
interaction of carbon ions in water-like absorber materials,
and subsequently the interactions of secondary particles in
the same materials, predict the importance of this therapy
for clinical use. Coupled with a greater relative biological
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etfectiveness (RBE), the potentially higher therapeutic ratio
implies an increase in the tumor control probability, and a
reduction of the normal tissue complication probability.!!

Dose conformity in ion beam therapy is enhanced
through the properties of the Bragg peak. Increased linear
energy transfer (LET) along the beam path implies a
greater ionization density, and thus an enhanced RBE. It
is generally accepted that the RBE is dependent upon the
dose, dose fractionation, tissue type, biological endpoint,
and the local particle energy spectrum, which is usually
referred as radiation quality and can be characterized
by the LET. LET definitions are based on the stopping
power values used to describe the gradual loss of energy
of the incoming ion per unit path length as it penetrates
an absorbing material; it is the sum of the electronic
and nuclear collision stopping power and the radioactive
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stopping power. The contributions of nuclear interactions
are crucial for light-ion beam therapy, as the production of
secondary particles having significant LET values can cause
a potential increase in the RBE of the beam.

For a secondary particle with specific charge and velocity,
the term LET is determined by the energy transferred from
a large number of particles of the same type to a localized
region, on average, per unit path length. The dose-averaged
LET used in this study is defined as

[Ta.@s ()
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where @, is the particle fluence in energy L, at the depth
d, and S (E) is the stopping power of a specific particle type
of energy E.
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Accelerators may produce a variety of ion beams, of
which proton and carbon ion beams are the most common
in clinical use. With the comparable dose conformity
of protons and carbon ions, they differ most in their
RBE, because of their different LET.’) Due to a greater
distribution of dose beyond the Bragg peak, carbon beams
are not generally considered to be dosimetrically superior to
protons; the correlations between LET, RBE, and an ion’s
charge and mass are not as yet well-established.!®!

Brahme determined values, based on biological
parameters, that place an optimum LET for cell killing at
25-75 keV/um, while urging minimization of the LET to
normal tissues.'®’ Studying a number of potential light-ion
beams, Kempe et al. concluded the optimum hadronic
therapy to be that with lithium pencil beams (followed
by beryllium and boron), possessing a localized
high-LET (>20 keV/um) component at the end of its range
while maintaining low (<10 keV/um) LET values in normal
tissues.! In view of the beam path of the carbon beam is
littered with a variety of secondary particles possessing a
wide range of LET values, more reliable model parameters
and clinical trials are needed for exploration of the advantage
of carbon ion radiation therapy.®”!

With the increasing popularity of clinical heavy particle
radiotherapy, proton LET simulations are of increasing
relevancy.'”! The logical progression in the technology of
particle therapy may be the eventual adoption of clinical
carbon ion beams. Classifying as well as quantifying the
secondary particles produced, their dose averaged LETs, and
their dose contributions in the absorbing material are the
primary focus of the current carbon ion beam simulation.

Materials and Methods

A simulation program was constructed with the Monte
Carlo code geometry and tracking 4 (GEANT4) provided by

Conseil Européen pour la Recherche Nucléaire. GEANT# is
an open-source code that offers an abundant set of physics
processes incorporating various particle interactions that
occur during beam transport. As an object-oriented toolkit,
GEANT#4 (version 9.2) provides high flexibility to users
constructing user-defined lists of physics processes. Within
the GEANT4 environment, pristine Bragg peaks resulting
from carbon ion interactions were simulated in this study
with use of processes arising out of eclectromagnetic
interactions (EMIs) and hadronic interactions (HIs). The
EMI governs a particle’s energy loss and straggling with
atomic electrons and multiple scattering with atomic nuclei.
The HI defines an ion’s clastic and inclastic scattering and
nuclear interactions with atomic nuclei in the medium.

The code offers wide flexibility for choosing different
physics models for cach interaction process. The EMI
energy loss processes of hadrons were modeled through the
low energy physics implementation to improve the Bragg
peak position accuracy. The HIs of protons and neutrons
were simulated through the low-energy elastic interactions,
whereas a binary cascade model simulated inelastic
scattering processes. The choice for the physies list came
from previous experience at our institution. "4

A quantum molecular dynamics model simulated
additional inelastic light-ion interactions. These processes
have been established in the medical physics community!>1€l
in order to optimize calculations from simulations that agree
well with available experimental data. Standard EMIs were
used for gamma rays, clectrons, and positrons. The range cut
used in the simulation was 0.1 mm for gammas, clectrons,
and positrons in the water phantom which represents the
energy cutout of 1.1134 keV for gamma, 85.1138 keV for
electron, and 83.8172 keV for positron.

A Gaussian pencil beam with a full-width-half-maximum
value of 1 mm composed of 1 million incident carbon
ions was used in all simulations. A 1% uncertainty of the
simulation is assigned to the primary particle count only in
cach detector voxel. Repeated simulations, cach having a
unique random-number seeding, were utilized to determine
the total number of incident particles required to yield a
maximum standard deviation that is <1% for all detector
voxels, while simultancously optimizing the duration
of the calculation. The incident energies per nucleon
of the carbon ion beams were 155, 262, and 369 MeV/u.
The ecnergies used also had a Gaussian distribution
of 1% full-width-half-maximum. A 27 L cubic water
phantom (30 ecm X 30 cm X 30 cm) was used as a target
to mimic a human body, which consisted of 3000 packed
rectangular detector voxels (30 cm X 30 cm X 0.1 mm). The
beam was situated to strike the broad face of the detector
voxels at 90° to a centralized position. A schematic drawing
is shown in Iigure 1. The simulated energy depositions
within cach detector voxel were used for determination of
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Figure 1: Simulated water phantom is a cube of 30 cm per side. The cube
is comprised of 0.1 mm detector “voxels” oriented perpendicular to the
incident carbon ion beam

the pristine Bragg peaks for the three carbon ion beams of
different energies. The dose averaged LET for a specific
particle in the detector at depth d was calculated by the
following equation in order to be used in the Monte Carlo
simulation:

v _ JaE@x ()
[dEd)

where dE is the energy deposit and the dE/dX is the
corresponding stopping power.

L,(d) (2)

The energy deposition, total kinetic energy, fluence, and
dose-averaged LETs of each produced secondary particle
within each detector voxel were determined for the study
of their variations with depth. The secondary particles
investigated in this study were gamma rays, neutrons,
electrons, positrons, protons, deuterons, tritons, alpha
particles, *He, °Li, "Li, "Be, ?Be, 1"Be, “B, !'B, 'C, 12C, ®C,
H4C, BN, "N, PN, and '°O. One-dimensional distributions of
the dose-averaged LET were calculated for all primary and
secondary particles resulting from the simulations.

Results and Discussion

Region “A” covers the beam path from the phantom
surface at the beam entrance up to the 90% distal edge of
the Bragg peak and region “B” covers the beam path from
the 90% distal edge of the Bragg peak up to 5 cm past the
Bragg peak. The percentage of the total dose deposited
in regions “A” and “B” of the phantom contributed by the
primary and the secondary particles is shown in Tables 1
and 2, respectively, for three beam energies. The percentage
dose contribution from the primary beam (*C) in regions
“A” and “B” dropped as the incident energy increased: about
93.54%, 85.61%, and 76.60% in region “A” [Table 1] and
28.97%, 17.77%, and 13.08% in region “B” [Table 2], with

Table 1: Percentage of the total dose deposited
in a region of the phantom that extends from the
phantom surface at the beam entrance up to the
90% distal edge of the Bragg peak, contributed
by the primary and the secondary particles for
three beam energies

Particle Incident carbon ion energy per nucleon
155 MeV/u 262 MeV/u 369 MeV,/u

2G 93.54 85.61 76.60
Proton 1.36 3.75 6.90
"C 1.12 2.27 3.34
Alpha 1.08 212 3.42
"B 0.75 1.52 2.28
8 0.61 1.12 1.55
’Be 0.32 0.58 0.82
Deuteron 0.30 0.61 0.88
*He 0.22 0.41 0.60
oLi 0.17 0.33 0.50
Electron 0.02 0.76 1.78
All others* 0.52 0.92 1.33

*Total contributions from ®0, ®N, “N, ®N, *C, “C, "Li, °Be, "°Be, triton,
positron, gamma

Table 2: Percentage of the total dose deposited

in a region of the phantom that extends from the
90% distal edge of the Bragg peak up to 5 cm past
the Bragg peak, contributed by the primary and
the secondary particles for three beam energies

Particle

Incident carbon ion energy per nucleon

155 MeV/u 262 MeV/u 369 MeV/u
2C 28.97 17.77 13.08
Alpha 27.65 25.16 23.93
Proton 14.97 18.92 21.73
"B 6.47 10.98 12.37
Deuteron 4.36 4.12 3.90
“Li 3.35 3.13 2.60
oLi 2.93 3.37 3.06
3He 2.60 3.48 3.68
B 2.30 4.62 6.53
°Be 1.60 2.28 2.07
Triton 1.54 1.20 1.09
’Be 1.50 2.92 3.84
°Be 1.41 1.59 1.34
Electron 0.17 0.23 0.51
All others* 0.18 0.23 0.25

*Total contributions from 0, ®N, *N, ®N, "'C, ®C, “C, positron, gamma

carbon ion beam energies per nucleon of 155, 262, and 369
MeV, respectively. The top four identified secondary particle
dose contributors were protons, ""C, alpha particles, and
"B [Table 1]. These four secondary particles contributed
together 4.17%, 9.26%, and 15.21% of the integrated
dose in region “A” and 49.10%, 55.13%, and 58.07% of the
integrated dose in region “B” for carbon ion beam energies
per nucleon of 155, 262, and 369 MeV, respectively.

Journal of Medical Physics, Vol. 40, No. 4, 2015



Johnson, et al.: Dose and linear energy transfer distributions of particles in carbon ion radiation therapy 217

The relative dose contribution of the primary and the
above four secondary particles as a function of phantom
depth (from 5 cm prior to up to 5 cm distal to the Bragg
peak) for carbon ion beam energies per nucleon of 155, 262,
and 369 MeV is shown in Figures 2a, 3a, and 4a, respectively.
These figures clearly show large dose contributions from
protons, alpha particles, and "B in the tail area (Bragg
peak to 5 em distal to the Bragg peak) with an indication
of continuing large dose contributions beyond that depth.

The dose-averaged LET of the primary and the secondary
particles in regions “A” and “B” for the three beam energies
are shown in Tables 3 and 4, respectively. The average
LET for region “A” was <10 keV/um for the positrons,
electrons, gammas, tritons, deuterons, and protons; and
between 10 and 100 keV/um for the primary particle (*C)
and the secondary particles *He, °Li, "Li, "Be, “Be, Be, "B,
1B, 1'C, and alpha; and between 600 and 1000 keV/um for

the secondary particles of ®C, "C, BN, "N, "N, and '°O,
independent of the carbon ion energy per nucleon.

The secondary particles in region “A” with a dose-averaged
LET <10 keV/um were also found to have the same
dosc-averaged LET in region “B”. The dosec-averaged LET
lay between 10 keV/um and 100 keV/um for alphas, *He,
°Li, 7Li, “Be, and '"Be, and between 600 and 1000 keV/um
for primary ("?C), and secondary particles of ''C, *C "C,
BN, "N, PN, and O, irrespective of carbon ion energy
per nucleon for region “B.” The dose-averaged LET of
the primary (12C), as well as the four secondary particles
of protons, ''C, alphas, and B as a function of phantom
depth (from 5 cm prior to up to 5 em distal to the Bragg
peak) for carbon ion beam energies per nucleon of 155,
262, and 369 MecV are shown in Figures 2b, 3b, and 4b,
respectively. The integrated dose contributions from
all secondary particles that had higher average LET
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Figure 2: Plots of relative dose (a) and dose-averaged linear energy transfer (b) as they vary with depth for the primary 155 MeV/u carbon ion beam and
most prominent secondary beam products. Displayed is a range of the phantom that includes 5 cm of depth preceding and succeeding the Bragg peak
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Figure 3: Plots of relative dose (a) and dose averaged linear energy transfer (b) as they vary with depth for the primary 262 MeV/u carbon ion beam and
most prominent secondary beam products. Displayed is a range of the phantom that includes 5 cm of depth preceding and following the Bragg peak
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Figure 4: Plots of relative dose (a) and dose-averaged linear energy transfer (b) as they vary with depth for the primary 369 MeV/u carbon ion beam and
most prominent secondary beam products. Displayed is a range of the phantom that includes 5 cm of depth preceding and following the Bragg peak
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Table 3: Average LET (keV/um) in a region of the
phantom that extends from the phantom surface
at the beam entrance up to the 90% distal edge
of the Bragg peak, contributed by the primary
and secondary particles for three beam energies

Particle Incident carbon ion energy per nucleon
155 MeV/u 262 MeV/u 369 MeV/u

Positron 0.27 0.28 0.28
Electron 0.36 0.48 0.47
Gamma 1.70 1.73 0.51
Proton 5.08 3.80 3.19
Deuteron 6.76 5.32 4.67
Triton 8.67 7.49 6.70
3He 20.38 15.10 12.42
Alpha 21.10 15.76 13.17
oLi 30.26 20.06 16.16
“Li 33.34 21.51 17.24
2G 33.59 23.19 18.60
"B 43.53 26.07 19.48
’Be 43.63 27.69 21.85
°Be 44.37 29.06 22.84
8 51.38 32.95 25.64
°Be 58.45 36.03 28.81
"C 74.86 48.08 37.03
BC 685.3 769.9 800.3
“C 723.6 787.1 815.4
BN 865.2 949.9 983.3
“N 906.1 969.0 994.9
N 9341 979.9 989.9
Q0 1004.0 958.3 941.8

LET: Linear energy transfer

Table 4: Average LET (keV/pm) in a region of the
phantom that extends from the 90% distal edge
of the Bragg peak up to 5 cm past the Bragg

peak, contributed by the primary and secondary
particles for three beam energies

Particle Incident carbon ion energy per nucleon
155 MeV/u 262 MeV/u 369 MeV/u
Positron 0.28 0.28 0.29
Electron 0.36 0.42 0.46
Gamma 1.17 1.16 1.04
Triton 3.69 2.83 2.45
Deuteron 3.75 2.83 2.39
Proton 411 3.10 2.62
Alpha 12.94 8.414 6.584
3He 15.17 9.646 7.163
“Li 30.26 18.06 14.17
oLi 34.06 19.84 14.86
°Be 70.53 34.56 26.54
°Be 84.67 38.60 28.21
’Be 169.4 57.79 41.20
"B 416.0 103.0 54.84
B 456.9 184.7 80.61
"C 716.0 666.8 652.4
Contd...

Table 4: Continued...

Particle Incident carbon ion energy per nucleon
155 MeV,/u 262 MeV,/u 369 MeV,/u

“C 756.0 800.2 814.6
BC 802.3 796.5 806.1
2C 804.5 789.4 780.0
0 852.2 903.5 924.9
BN 932.0 974.6 989.2
BN 952.2 9521 960.0
“N 970.4 981.0 984.4

LET: Linear energy transfer

values (>600 keV/um) were <0.1% and <0.3%, in regions
‘A" and “B,” respectively, for all three beam energies. The
dose contributions from secondary particles predominantly
occurred when dose-average LETs were <100 keV/um.

The simulation thus revealed that those secondary
particles  that  contributed  considerable  dose
components had dose-averaged LETs most commonly
of <100 keV/um. The secondary particles in region
“A” that possess dose-averaged LET values within the
range of 10-100 keV/um, known to be of the greatest
biological significance, contributed little relative dose.
The primary particle beam dominated the relative dose
contribution in this region, and maintained an optimal
dose-averaged LET between 19 and 34 keV/um. In region
“B,” it is scen that the dose from the primary particles
dropped substantially, whereas its dose-averaged LET
increased by more than 20-fold. The secondary particles
possessing both an adequate dose deposition (>10%)
and a dose-averaged LET within the ideal range were
found to be !'B and alpha.

Conclusions

The present simulation revealed that those secondary
particles that contributed major dose components in
carbon 1on therapy were those whose LETs were most
commonly <100 keV/um. The dose contributions
from secondary particles that had higher averaged LET
values of >600 keV/um are almost negligible (<0.3%),
independent of the dose regions and beam energies used
in this study.
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