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1. Introduction 

 
Proton boron fusion reaction has been investigated 

through the nuclear physics research since 1960. After 

the proton reacts with the boron (
11

B), the boron 

changes to carbon (
12

C) in an excited state. The excited 

carbon nucleus is split into alpha particle of 3.76 MeV 

and beryllium (
8
Be). 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. First, because three alpha particles can 

contribute 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 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 capture reaction. 

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. 

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 contribute 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.  

Second, the proton boron fusion reaction 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.  

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 

schematic diagram of the PBFT principle, which was 

described at previous part. 

 

 

Fig. 1. Conceptual diagram of proton boron fution therapy 

(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 boron uptake region (BUR). In addition, the 

prompt gamma ray emitted by the reaction can provide 

information about the therapy region. 

 
2. Methods and Results 

 

PBFT therapeutic conditions were simulated using 

the Monte Carlo n-particle extended (MCNPX, Ver. 

2.6.0, National Laboratory, Los Alamos NM, USA) 

simulation code. In this study, there are two 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 

simulation was performed to confirm the existence of 

the prompt gamma ray peak of 719 keV from energy 

spectrum simulation. 

 

2.1. Percentage depth dose (PDD) of the proton from 

the water phantom with variable conditions 

 

A water phantom with cylindrical geometry (density: 1 

g/cm
3
, diameter: 16 cm, and height: 6 cm) was used and 

an 80 MeV proton beam (flux: 40,000,000 

particles/cm
2
·s) was emitted at 50 cm distance from 

water surface. In order to induce the reaction effectively, 

we used a default dataset of reaction cross section in the 

MCNPX simulation without any changing of reaction 
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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 (
11

B): 100%, density: 

2.08 g/cm
3
) was inserted in the water phantom. The 

geometry of the BUR was cylindrical with a 6 cm 

diameter and 0.8 cm height. The boron concentration 

can be estimated by the density and size of the BUR. 

The concentration of the boron can influence 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. The two 

corresponding 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/cm
2
).  

 

The variation amount of area under fluence graph was 

considered to the proton’s PDD by the conversion of 

percentage. 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 perpendicular 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. 

 

 
Fig.  2. Percentage depth dose (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 percentage depth dose (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 is located within the 

boron uptake region (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 proton dose profile in the BUR.  

 

The simulation results show the basic application 

feasibility 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 without 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.  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.  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/cm
3
 density), 

although the proton boron fusion reaction occurred, the 

proton’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 maximum 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 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 
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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 

proton 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 anticipated 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 characteristics can be helpful to the 

therapy effect certainly. 
 

2.2. Energy spectrum of the prompt gamma ray by 

the proton boron fusion reaction 

 

When PBFT is applied to the clinical case, the 

monitoring of the treated region adds to the 

effectiveness of the therapy. 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. 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/cm
3
) according to their energy. This 

semiconductor material was the cylindrical-shell type 

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

 

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 3 

shows the energy spectrum 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. 

 

Fig. 3. Energy spectrum of the prompt gamma ray by the 

proton boron fusion reaction. The black line denotes the 

spectrum when the boron uptake region (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.  

 

3. Conclusions 

 

This study was performed to introduce a therapy 

method using the proton boron fusion reaction and 

verify the theoretical validity of PBFT using Monte 

Carlo simulations.  

In this study, there are two 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. The other simulation was 

performed to confirm the existence of the prompt 

gamma ray peak of 719 keV from energy spectrum 

simulation. 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 verified by our results.  
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