
Application of proton boron fusion reaction to radiation therapy: A Monte Carlo
simulation study
Do-Kun Yoon, Joo-Young Jung, and Tae Suk Suh 
 
Citation: Applied Physics Letters 105, 223507 (2014); doi: 10.1063/1.4903345 
View online: http://dx.doi.org/10.1063/1.4903345 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/22?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Tomographic image of prompt gamma ray from boron neutron capture therapy: A Monte Carlo simulation study 
Appl. Phys. Lett. 104, 083521 (2014); 10.1063/1.4867338 
 
Nuclear magnetic resonance study of Gd-based nanoparticles to tag boron compounds in boron neutron capture
therapy 
J. Appl. Phys. 109, 07B302 (2011); 10.1063/1.3556951 
 
Thermal neutron irradiation field design for boron neutron capture therapy of human explanted liver 
Med. Phys. 34, 4700 (2007); 10.1118/1.2795831 
 
Application of adjoint Monte Carlo to accelerate simulations of mono-directional beams in treatment planning for
Boron Neutron Capture Therapy 
Med. Phys. 34, 1321 (2007); 10.1118/1.2712573 
 
Dose point kernel for boron-11 decay and the cellular S values in boron neutron capture therapy 
Med. Phys. 33, 4739 (2006); 10.1118/1.2358849 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.237.29.138 On: Tue, 11 Aug 2015 05:07:17

Downloaded from https://iranpaper.ir
https://www.tarjomano.com/order

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1613261058/x01/AIP-PT/APL_ArticleDL_0815/AIP-APL_Photonics_Launch_1640x440_general_PDF_ad.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Do-Kun+Yoon&option1=author
http://scitation.aip.org/search?value1=Joo-Young+Jung&option1=author
http://scitation.aip.org/search?value1=Tae+Suk+Suh&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4903345
http://scitation.aip.org/content/aip/journal/apl/105/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/8/10.1063/1.4867338?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/7/10.1063/1.3556951?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/7/10.1063/1.3556951?ver=pdfcov
http://scitation.aip.org/content/aapm/journal/medphys/34/12/10.1118/1.2795831?ver=pdfcov
http://scitation.aip.org/content/aapm/journal/medphys/34/4/10.1118/1.2712573?ver=pdfcov
http://scitation.aip.org/content/aapm/journal/medphys/34/4/10.1118/1.2712573?ver=pdfcov
http://scitation.aip.org/content/aapm/journal/medphys/33/12/10.1118/1.2358849?ver=pdfcov


Application of proton boron fusion reaction to radiation therapy: A Monte
Carlo simulation study

Do-Kun Yoon, Joo-Young Jung, and Tae Suk Suha)

Department of Biomedical Engineering and Research Institute of Biomedical Engineering,
College of Medicine, Catholic University of Korea, Seoul 505, South Korea

(Received 30 July 2014; accepted 20 November 2014; published online 2 December 2014)

Three alpha particles are emitted from the point of reaction between a proton and boron. The alpha

particles are effective in inducing the death of a tumor cell. After boron is accumulated in the

tumor region, the emitted from outside the body proton can react with the boron in the tumor

region. An increase of the proton’s maximum dose level is caused by the boron and only the tumor

cell is damaged more critically. In addition, a prompt gamma ray is emitted from the proton boron

reaction point. Here, we show that the effectiveness of the proton boron fusion therapy was verified

using Monte Carlo simulations. We found that a dramatic increase by more than half of the

proton’s maximum dose level was induced by the boron in the tumor region. This increase

occurred only when the proton’s maximum dose point was located within the boron uptake region.

In addition, the 719 keV prompt gamma ray peak produced by the proton boron fusion reaction was

positively detected. This therapy method features the advantages such as the application of

Bragg-peak to the therapy, the accurate targeting of tumor, improved therapy effects, and the

monitoring of the therapy region during treatment. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903345]

Proton boron fusion reaction has been investigated

through the nuclear physics research since 1960. After the

proton reacts with the boron (11B), the boron changes to car-

bon (12C) in an excited state. The excited carbon nucleus is

split into alpha particle of 3.76 MeV and beryllium (8Be).

Subsequently, the beryllium is divided into the two alpha

particles of 2.74 MeV each.1–4 The principle of the proton

boron fusion therapy (PBFT) is based on this reaction as the

radiation therapy technique. In the case of boron neutron

capture therapy (BNCT), after the thermal neutron was

captured by the labeled boron in the tumor region, an alpha

particle is emitted from the capture reaction point.5 An alpha

particle induces the death of the tumor cell by the one cap-

ture reaction.6 However, three alpha particles are emitted

from the point of the proton boron fusion reaction. If this

reaction is applied to the radiation therapy, the therapy

results could be more effective in inducing the death of

tumor cells using a smaller flux. In addition, the proton’s

energy loss during its propagation through matter is

described by the Bragg-peak.7–10 After the boron-labeled

compound is accumulated in the tumor region, if the portion

of the proton’s maximum dose (Bragg-peak) is included at

the tumor region, which is the boron uptake region (BUR), a

dramatic therapy effect with less damage to normal tissue

can be expected. First, because three alpha particles can con-

tribute to the death of the tumor cell by the use of one proton,

high therapy efficiency can be achieved by using smaller

flux than conventional proton therapy or the BNCT.

Naturally, the proton’s maximum dose level point should be

included in the BUR.11 Second, the proton boron fusion reac-

tion induces a prompt gamma ray from the reaction point.

When this single prompt photon is detected using a gamma

camera or a single photon emission computed tomography

(SPECT), the therapy region can be monitored during

PBFT.12,13 In this study, we present the introduction of a

therapy method using the proton boron fusion reaction. The

purpose of this study is to verify the theoretical validity of

PBFT using Monte Carlo simulations. Figure 1 is a

FIG. 1. Conceptual diagram of PBFT. The proton reacts with the boron in

the tumor region. After the reaction, three alpha particles kill the tumor cell,

and the maximum point of the Bragg-peak is increased by the boron at the

BUR. In addition, the prompt gamma ray emitted by the reaction can pro-

vide information about the therapy region.
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schematic diagram of the PBFT principle, which was

described at previous part.

To verify the theoretical validity of PBFT, the Monte

Carlo n-particle extended (MCNPX, Ver.2.6.0, LANL, New

Mexico, USA) simulation code was used. In this study, there

are three parts of the simulation to confirm the validity of

PBFT. First, the variation of the Bragg-peak of the proton

depending on the location of the BUR was examined.

Second, when the proton’s maximum dose level point is

involved at the BUR, the variation of the maximum dose

level according to the proton energy was evaluated. The last

simulation was performed to confirm the existence of the

prompt gamma ray peak of 719 keV from energy spectrum

simulation.

For the first simulation study, a water phantom with cy-

lindrical geometry (density: 1 g/cm3, diameter: 16 cm, and

height: 6 cm) was used and an 80 MeV proton beam (flux:

40 000 000 particles/cm2�s) was emitted at 50 cm distance

from water surface.14 In order to induce the reaction effec-

tively, we used a default dataset of reaction cross section in

the MCNPX simulation without any changing of reaction

cross section. After the acquisition of the percentage depth

dose (PDD) of the proton in the water phantom without the

BUR using the F6 tally (absorbed dose tally), the BUR

(purity of Boron (11B): 100%, density: 2.08 g/cm3) was

inserted in the water phantom. The geometry of the BUR

was cylindrical with a 6 cm diameter and 0.8 cm height.15

The boron concentration can be estimated by the density and

size of the BUR. The concentration of the boron can influ-

ence to the reaction rate significantly. Two BURs were used,

with centers located at 0.8 cm and 5.2 cm below the water

surface. Because the Bragg-peak of the 80 MeV proton beam

was located between 4.8 cm and 5.4 cm below the water

surface, the BUR agreed with that range.8,13 The two corre-

sponding PDDs were compared with the general proton’s

PDD from the water phantom without the BUR. When the

location of the BUR was fixed, the PDDs of the 80 MeV and

90 MeV proton beam were acquired to set as the testing

group. For the dose calculation at each depth, the water

phantom was divided into 30 segments of 0.2 cm thickness.

Basically, all results of PDD were acquired using the F6 tally

(absorbed dose tally, unit: MeV/g). However, the counting of

additional proton by the alpha particle is based on the results

by using F4 tally (flux tally, unit: particles/cm2). The varia-

tion amount of area under fluence graph was considered to

the proton’s PDD by the conversion of percentage.7 Also, in

order to observe the amplification of the proton’s maximum

dose level at the axial view, dose profiles from the water and

BUR were acquired. The proton dose was measured at a per-

pendicular line to the proton’s maximum dose level point in

the PDD. Basically, the dose profile of the proton with the

natural conditions was normalized using same method which

is used for a conventional proton therapy. The amplification

degree of the proton’s maximum dose level at the BUR was

demonstrated with the normalization based on the proton

dose in the water without the BUR.

In the second simulation, in order to confirm the

increase of the maximum point of the Bragg-peak depending

on the energy, proton sources of three different energies

(80 MeV, 90 MeV, and 100 MeV) were used.10 Because the

increase of the proton energy causes the increase of the

Bragg-peak range, water phantom greater heights were

required to deduce the PDD without the cut-off. The height

of the water phantom was extended up to 10 cm with the

same diameter, and each location of the BUR was adjusted

to include the proton’s maximum dose level point according

to the three different energies. The centers of the three differ-

ent BURs were located at 5.2 cm, 6.4 cm, and 7.8 cm, respec-

tively, below the water surface.

When PBFT is applied to the clinical case, the monitor-

ing of the treated region adds to the effectiveness of the ther-

apy. In order to find the effective prompt gamma ray peak

for the imaging, the energy spectra were acquired using the

F8 tally (energy deposition tally) in MCNPX.12,16–19 When

the proton beam passed through the water phantom, with and

without the BUR, the induced prompt gamma rays were

counted by the external high purity germanium detector

(HPGe, density: 5.32 g/cm3) according to their energy.20

This semiconductor material was the cylindrical-shell type

with a 150 cm inner diameter and a 10 cm thickness.21

The simulation results show the basic application feasi-

bility of PBFT. Figure 2(a) shows the variation of PDD

depending on the location of the BUR. The black line is the

PDD of the 80 MeV proton beam in the water phantom with-

out the BUR. The maximum dose level point appeared at

approximately 5.2 cm, and this dose level was assigned as

100% value for the calibration of the other simulation

results.7 The blue line denotes the PDD of the proton in the

water phantom including the BUR, which was displaced

from the proton’s maximum dose level point. Although the

BUR was included in the water, the maximum dose level of

the proton did not exceed 100%. In addition, the dose level

of the proton was increased by the reaction with the boron at

the BUR, and the increased range is similar to the range of

the BUR. The red line shows the proton’s PDD when the

proton’s maximum dose level point is located within the

BUR. Basically, the proton’s maximum dose level point is

not increased under any circumstance.14 However, the result

definitely shows the increase of the maximum dose level.

This indicates the possibility of more effective delivery of

the critical dose to the tumor, as well as a dramatic reduction

of the proton flux used for therapy by the boron. This impact

is based on the reaction cross section between the proton and

boron. Naturally, when the boron concentration is below the

particular value (same size with below 1 g/cm3 density),

although the proton boron fusion reaction occurred, the pro-

ton’s maximum dose level could be below natural maximum

level (relative dose: 100%). There is one more outcome

regarding the effectiveness of the method, the agreement

between the BUR and proton’s maximum dose level point

(Figure 2(b)). When the center of the location of the BUR

was fixed at 5.2 cm below the water surface, the PDDs of the

proton (80 MeV and 90 MeV) were acquired. Because the

location of the BUR was adjusted to the maximum dose level

point of the 80 MeV proton beam, an increase of the maxi-

mum dose level of the 80 MeV proton beam was observed.

However, the maximum dose level of the 90 MeV proton

beam exceeded the BUR by 0.8 cm. In the case of the PDD

of the 90 MeV proton beam, although the BUR was located

at the nearby maximum dose level point, no increase of the

223507-2 Yoon, Jung, and Suh Appl. Phys. Lett. 105, 223507 (2014)
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maximum dose level appeared in the Bragg-peak curve.

From these results, when the treatment planning is performed

for the PBFT, the physicist should consider the impact of

proton range degradation from 0.1 cm to 0.3 cm. There are

two characteristic in the dose profile of the proton (Figure

2(c)). The red line is the normalized dose profile of the pro-

ton in the water without the BUR, and the black line shows

the amplified relative dose profile of the proton at the BUR.

First, there is an increase of the proton dose as we had antici-

pated clearly. Another characteristic is the variation of the

dose at the area of penumbra. The impact by the penumbra

was decreased by using PBFT method. These two character-

istics can be helpful to the therapy effect certainly.

Figure 3 shows the PDDs of the three energies ((a):

80 MeV, (b): 90 MeV, and (c): 100 MeV). The PDD in the

water without the BUR was used as the reference. The incre-

ments of the maximum dose level were 50.5%, 50.9%, and

79.5%, respectively. An increase by more than a half was

reported for all three cases. Moreover, the resulting

FIG. 2. PDD of the proton from the water phantom with variable conditions.

(a) PDD for the three examined cases of the 80 MeV proton; the black line is

the normalized PDD from the water phantom without the BUR, the blue line

shows the PDD from the water phantom when the BUR is displaced from

the proton’s maximum dose level point, and the red line is the PDD from the

water phantom when the proton’s maximum dose level point is located

within the BUR. (b) PDD of the proton according to the energy, using the

water phantom including the fixed BUR (red line: 80 MeV proton, blue line:

90 MeV proton). (c) Dose profiles of the proton; the red line is a proton dose

profile in the water without the BUR, the black line shows the amplified pro-

ton dose profile in the BUR.

FIG. 3. PDDs with relation to the energy deposited in the water phantom.

The center of the BUR was adapted to each proton’s maximum dose level

point. The PDD which shows increased dose level in the BUR (red line) was

superposed on the normalized PDD (black line). The proton energies were

80 (a), 90 (b), and 100 MeV (c).

223507-3 Yoon, Jung, and Suh Appl. Phys. Lett. 105, 223507 (2014)
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maximum dose level points were almost the same as the

original points. This dramatic increase of the maximum dose

level can induce more effective damage to the tumor cell. In

addition, although the location of the BUR was changed, the

increased maximum dose level could be maintained during a

change of the proton energy. However, because the effec-

tiveness of this method ultimately depends on the reaction

cross section, in order to apply to the clinical effectiveness,

the increase of the reaction cross section is critical. From all

results, the falling off of dose at the boundary between the

BUR and water was shown. It means that when the incident

proton is captured at the 11B, the number of counted proton

at each slab (geometry in simulation) is relatively small at

the boundary because of the fusion reaction. Also, there is no

additional proton by the generation of the alpha particle from

the water portion. In this simulation study, because the code

setting includes the proton source with the proton tally, this

setting makes it difficult to distinguish the reason of an

increase of the proton dose by the generation of the alpha

particle. If the boron neutron capture reaction is simulated

with the neutron source and the proton tally, the variation of

the proton dose by the alpha particle can be observed clearly.

Also, actually the MCNPX code can simulate the proton bo-

ron fusion reaction with the basic reaction cross section data.

The reason of the increase in the peak-to-plateau is not just a

result of an increase in density.

In order to confirm the existence of the prompt gamma

ray induced by the proton boron reaction, the simulations of

two cases were performed. Figure 4 shows the energy spec-

trum of the prompt gamma ray obtained by the simulations.

The black line is the spectrum of the prompt gamma ray

from the water phantom without the BUR, which contains no

characteristic peak. However, when the BUR was included

in the water phantom, a distinct prompt gamma ray peak

appears in the spectrum by the simulation using identical

conditions as in the previous simulation. The number of

counts in the 719 keV prompt gamma ray peak was

sufficiently high for identification. If an event from the

prompt gamma ray is detected during the irradiation of the

proton beam, the therapy site can be observed during PBFT.

Because the PBFT method is still at the conceptual stage,

the verification of its effectiveness is required for the use of a

physical approach. Naturally, although further verification

must be obtained for the clinical application of the method,

its fundamental effectiveness and advantages have been veri-

fied by our results. In the future study, an experiment based

on the current phantom study will be conducted as the next

step toward the application of PBFT in the clinical field.
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FIG. 4. Energy spectrum of the prompt gamma ray by the proton boron

fusion reaction. The black line denotes the spectrum when the BUR was

excluded from the water phantom. The red line shows the spectrum when

the water phantom includes the BUR. The prompt gamma ray peak of

719 keV undeniably appears in the spectrum.
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