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HIGHLIGHTS

® Emission of Cherenkov photons in boron neutron capture therapy (BNCT) was explored.
® Cherenkov photons are generated from secondary charged particles of gamma in BNCT.
® Linear relation between boron concentration and Cherenkov photons was investigated.
o It presented the fundamental basis for applications of Cherenkov radiation in BNCT.
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This paper was aimed to explore the physics of Cherenkov radiation and its potential application in boron
neutron capture therapy (BNCT). The Monte Carlo toolkit Geant4 was used to simulate the interaction between
the epithermal neutron beam and the phantom containing boron-10. Results showed that Cherenkov photons can
only be generated from secondary charged particles of gamma rays in BNCT, in which the 2.223 MeV prompt
gamma rays are the main contributor. The number of Cherenkov photons per unit mass generated in the

measurement region decreases linearly with the increase of boron concentration in both water and tissue
phantom. The work presented the fundamental basis for applications of Cherenkov radiation in BNCT.

1. Introduction

Boron neutron capture therapy (BNCT) is a binary targeted radio-
therapy based on thermal neutron capture reaction with '°B (Chadha
et al., 1998; Miyatake et al., 2005). This treatment modality is possible
to release a significant dose to neoplastic cells during a single fraction of
neutron exposure, with producing little harm to surrounding normal
cells (Coderre et al., 2003; Hopewell et al., 2011). The development of
accelerator-based boron neutron capture therapy (AB-BNCT) have
made this technique available for hospital (Kreiner et al., 2007, 2013;
Elshahat et al., 2007; Ceballos and Esposito, 2009; Suzuki et al., 2009).
However, there is still technology lacking for the boron concentration
measurement, which is used for quality assurance and control of BNCT
to ensure that the boron concentration meets the treatment require-
ment.

Cherenkov radiation is a kind of optical light emitted when a
charged particle travels at a speed greater than the phase velocity of
light in the medium (Cherenkov, 1934). More recently, Cherenkov ra-
diation has been explored as a tool of quality assurance in conventional

x-ray radiotherapy (Glaser et al., 2014; Helo et al., 2014a). Researchers
have demonstrated that the Cherenkov emission imaging may able to
be used for radiotherapy dosimetry (Glaser et al., 2015; Shu et al.,
2016a). Moreover, Cherenkov radiation imaging for surface dose vi-
sualization during breast radiation therapy and rapid optimization of
clinical treatment geometry in total skin electron beam therapy were
explored (Jarvis et al., 2014; Andreozzi et al., 2016). Jang et al. ana-
lyzed the physics of Cherenkov radiation generation during proton
therapy to explore the potential application (Jang et al., 2012; Helo
et al., 2014b). However, there is no research on the underlining physics
and characteristics of Cherenkov radiation in BNCT for potential ap-
plications, e.g. boron concentration measurement.

In this paper, the physics of Cherenkov radiation during BNCT was
discussed, by means of simulations. Based on the water phantom, we
investigated the relationship between boron concentration and the
number of Cherenkov photons per unit mass under different conditions
of measurement region. For the possible practical application, we
analyzed the relationship between boron concentration and the number
of Cherenkov photons per unit mass in biological tissue.
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Table 1
Cherenkov threshold energies of electron and proton in water and tissue.

Material Cherenkov threshold energy (MeV)
Electron Proton

Water (Refractive index = 1.33) 0.2635 483.87

Tissue (Refractive index = 1.41) 0.2134 391.83

2. Materials and methods
2.1. Generation of Cherenkov radiation in BNCT

According to the theory of Cherenkov radiation, only charged par-
ticle can directly generate Cherenkov radiation. Therefore, Cherenkov
radiation cannot be generated from primary neutrons in BNCT; how-
ever, it can be originated from the secondary charged particles.
Secondary charged particles in BNCT include recoil nuclei generated by
neutron elastic and inelastic scatter process, secondary electrons gen-
erated by interactions between recoil nuclei and medium, secondary
electrons and positrons generated by secondary gamma rays from
neutron capture reaction. Most of the recoil nuclei are protons, whereas
others are heavy ions. Threshold energies of generating Cherenkov ra-
diation from electron and proton in different materials are shown in
Table 1. The energies of recoil nuclei are far lower than the Cherenkov
threshold energy attributing to the usage of neutron beam (< 1 MeV) in
BNCT. Considering that the secondary electrons of recoil nuclei do not
have sufficient energy to emit Cherenkov photons (Shu et al., 2016b),
the contributors for emitting Cherenkov photons are secondary charged
particles from gamma rays generated by neutron capture reaction
during BNCT. The general generation process of Cherenkov photons
during BNCT is shown in Fig. 1.

2.2. Monte Carlo simulation

Geant4 Monte Carlo toolkit in version 4.10.01.p01 was employed to
simulate the particle-transportation process. The prepackaged
QGSP_BIC_HP combined with optical physics list was invoked in Geant4
to perform a coupled simulation for neutrons, charged particles, pho-
tons, and Cherenkov photons (Agostinelli et al., 2003; Allison et al.,
2006). The QGSP_BIC_HP package includes standard EM physics list,
high-precision neutron model for neutrons below 20 MeV, quark gluon
string model, binary cascade model, pre-computed and various de-ex-
citation models. The neutron cross-section library in Geant4 comes
from the ENDF/B-VII database. The generation and optical transport of
Cherenkov photons depends on the optical physics list.

The geometric and beam setup in Geant4 are illustrated in Fig. 2. A

Epithermal
neutron beam y \\
// """"""""""" Cherenkov photon
v kY
Secondary charged particle ’
Optical absorption

Fig. 1. Schematic of the generation of Cherenkov photons during BNCT.
Different particles are plotted by different color, i.e. orange (neutron), blue
(gamma), red (charged particle), green (Cherenkov photon) (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Fig. 2. Schematic of the geometry and beam setup in Geant4. The '°B-con-
taining sphere represents the measurement region. Lines of different colors
present the generation process of Cherenkov photons.

20cm X 20 cm X 20 cm water phantom was used in the simulation. A
sphere containing '°B was established in the center of the X-Y plane of
the phantom. The '°B-containing sphere was used to represent the
measurement region. Measurement regions of different radii and depths
were set to explore the relationship between boron concentration and
Cherenkov photons under different conditions. It was set as a detector
to score the quantities of interest. In this paper, the change rate of
Cherenkov photons is defined as the variation of the number of Cher-
enkov photons per unit mass caused by the boron concentration change
of 1 pg/g.

As a preliminary exploration, the setting of boron concentration
distribution in the water phantom is an ideal situation. The boron
concentrations in the sphere and the rest of the water phantom were
assumed as 0-50 pug/g and 0 pug/g, respectively. To study the effect on
biological tissues, the material of phantom replaced with soft tissue.
The elemental composition of soft tissue is shown in Table 2. And the
boron concentration distribution will be closer to the distribution in
clinical trial case. The boron concentration of tumor/normal tissue ratio
(T/N ratio) was set as 3.5. The boron concentrations in the sphere were
assumed as 14-49 ug/g.

Epithermal neutron beam with a radius of 3 cm was employed to
perpendicularly irradiate the phantom. The energy spectrum of the
neutron beam was obtained from AB-BNCT, which is under construc-
tion by Neuboron Medtech Ltd. in China, as shown in Fig. 3 (Lee et al.,
2014). All simulations were performed with 1.20 x 10° primary par-
ticles to keep the statistical uncertainty below 2% for the results in the
measurement region.

3. Results and discussion
3.1. Water phantom

3.1.1. Dose and Cherenkov photons characteristics of epithermal neutron
beam

The sphere with a radius of 1 cm was located at different depths to
obtain the dose deposition by different particles and the generation of
Cherenkov photons in the sphere. The boron concentration in !°B-
containing sphere was set as 30 ug/g to explore the characteristics of
epithermal neutron beam. The results are shown in Fig. 4.

Boron dose and gamma dose reached the maximum values at depths

Table 2
Elemental composition of soft tissue.

Element H C N o Na P S Cl K

Mass fraction (%) 10.5 256 27 602 01 02 03 02 02
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Fig. 3. Energy spectrum of neutron beam used in simulation (Lee et al., 2014).

It was obtained from the source item of AB-BNCT in China.
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Fig. 4. Dose deposition and Cherenkov photons in the '°B-containing sphere of
different depths. Blue arrow represents that blue curve corresponds to the or-
dinate on the right. Normalization results are present in the scaled figure (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.).

of 2.0 and 2.5 cm, respectively. The fast neutron dose rapidly decreases
with the increase of depth. The depth distribution trend of Cherenkov
photons was similar to the trend of gamma dose, which also reached the
maximum value at the depth of 2.5 cm, as shown in the scaled panel in
Fig. 4. This result showed that the generation of Cherenkov photons is
closely related to gamma rays, indicating that using Cherenkov photons
for gamma dose measurement may be one potential application in a
neutron exposure situation.

3.1.2. Processes of Cherenkov photons generation in the '°B-containing
sphere

We further investigated the types of gamma rays and proportion of
Cherenkov photons generated by secondary charged particles of gamma
rays with different channels. The total number of Cherenkov photons
generated by all particles was also recorded. In this simulation, °B-
containing sphere with a radius of 1 cm was set at a depth of 2.5 cm.

The energy spectrum of gamma rays passing through the sphere is
shown in Fig. 5. Gamma rays with energies of 0.478, 0.511, 0.871,
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Fig. 5. Energy spectrum of gamma rays passing through the sphere. All the data
is normalized by the value of 2.223 MeV gamma rays.

1.088, 2.184, 2.223 and 3.272MeV were mainly observed. The
0.511 MeV gamma rays are from the process of positron annihilation.
Cherenkov photon also can be generated by positron. In the following,
secondary electrons of 0.511 MeV gamma rays and positrons are con-
sidered as the secondary charged particles of the corresponding high-
energy gamma rays. Gamma rays with other energies are generated
through neutron capture reaction with hydrogen and oxygen atoms.
Fig. 6 depicts the number and proportion of Cherenkov photons
generated by secondary charged particles of gamma rays with different
energies. The total number of Cherenkov photons per unit mass and the
number of Cherenkov photons per unit mass generated by secondary
charged particles of gamma rays are equal, indicating that the inter-
action between secondary charged particles of gamma rays and the
medium is the only way to emit Cherenkov photons during BNCT. The
contribution of Cherenkov photons generated by secondary charged
particles of gamma rays with energy of 2.223 MeV is about 99.893%,
whereas the contributions of other gamma rays are very small. If the
medium is a biological tissue, the types of gamma ray will be more than
that of water. Considering the large atomic fraction (about 60%) and
relatively high capture cross section (about 0.333 barns for thermal
neutron) of hydrogen atom in human tissue, the secondary charged

100 ¢
E 100%  99.893%
- 10F
= E
g 3
e 3
N L
2
£ 3
- E
‘o0 o
= C
-’
g 0.1 3
=3 E
2 E
1= L
£ - 0.0346%
g 001E 0.0156%
= 3 0.00949%
= £ 0.0061%
) L
3
S 1E3L
o 3 3272
N MeV
1E-4 gamma

Fig. 6. Number and proportion of Cherenkov photons per unit mass generated
by secondary charged particles of gamma rays with different energies.
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Fig. 7. Number of Cherenkov photons per unit mass generated by secondary
charged particles of (a) gamma rays, 2.223 MeV gamma rays, and (b) gamma
rays with other energies under different boron concentrations.

particles of gamma rays with energy of 2.223 MeV should also be the
main contribution.

3.1.3. Variation of Cherenkov photons with boron concentration

To explore the potential application of Cherenkov photons in BNCT,
the relationship between Cherenkov photons and boron concentration
was investigated. The '°B-containing sphere with a radius of 1 cm was
set at a depth of 2.5 cm, and the number of Cherenkov photons per unit
mass generated in the sphere was obtained when the boron con-
centration ranged from Opg/g to 50 pg/g. The number of Cherenkov
photons per unit mass generated by secondary charged particles of
gamma rays with different energies was also studied.

As shown in Fig. 7(a), the total number of Cherenkov photons per
unit mass decreases linearly with the increase of boron concentration.
The number of Cherenkov photons per unit mass generated by sec-
ondary charged particles of 2.223 MeV gamma rays shows the same
trend. Fig. 7(b) shows that the number of Cherenkov photons per unit
mass generated by secondary charged particles of 0.478 MeV gamma
rays increases linearly with boron concentration, whereas the number
of Cherenkov photons per unit mass generated by secondary charged
particles of gamma rays with other energies is almost constant. The
change rates of Cherenkov photons generated by secondary charged

222
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Fig. 8. Changes of Cherenkov photons with boron concentration under dif-
ferent radii of '°B-containing sphere.

particles of all gamma rays, 2.223 MeV gamma rays and 0.478 MeV
gamma rays are 0.006, 0.0062 and 0.0002 kg_l/neutron/(ug/g), re-
spectively. The changes of Cherenkov photons generated by secondary
charged particles of 2.223 MeV gamma rays are much larger than the
changes of Cherenkov photons generated by secondary charged parti-
cles of 0.478 MeV gamma rays. The overall changes of Cherenkov
photons may have the potential to determine the boron concentration,
although that the change rate of Cherenkov photons with boron con-
centration is relatively small. A high sensitivity optical detector may be
required in practical application.

3.1.4. Relationship between boron concentration and Cherenkov photons
under different radii of '°B-containing sphere

The relationship between boron concentration and Cherenkov
photons was explored with different sizes of '°B-containing region. The
19B.containing sphere with a radius from 1.25 cm to 2 cm was set at a
depth of 2.5 cm. Fig. 8 shows the changes of Cherenkov photons with
boron concentration under different radii of '°B-containing sphere.

The linear relationship between boron concentration and Cherenkov
photons also exists under different radii of the sphere. Under the same
boron concentration, the number of Cherenkov photons per unit mass
decreases with the increase of radius. This is because thermal neutron
flux and spectrum are different at different depths, leading to the dif-
ference in the number of Cherenkov photons per unit mass. The change
rate of Cherenkov photons with boron concentration is higher under the
19B_containing sphere with bigger radius. This is due to that the °B-
containing sphere with bigger radius will cause greater attenuation of
the neutron flux when the change in boron concentration is the same.

3.1.5. Relationship between boron concentration and Cherenkov photons
under different depths of '°B-containing sphere

The depth of °B-containing sphere may influence the relationship
between boron concentration and Cherenkov photons. The depth of
10B.containing sphere with a radius of 1.5 cm was set from 1.5cm to
3cm. The changes of Cherenkov photons with boron concentration
under different depths of '°B-containing sphere are shown in Fig. 9.

As shown in Fig. 9, the number of Cherenkov photons per unit mass
also decreases linearly with the increase of boron concentration. The
number of Cherenkov photons per unit mass reaches the maximum
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reader is referred to the web version of this article.).

value at the depth of 2.5cm, which is consistent with the results in
Fig. 4. The minimum change rate is at the depth of 1.5cm. The de-
creasing rate of the number of Cherenkov photons per unit mass with
the increased boron concentration is similar for each depth.

3.2. Tissue phantom

We also studied the relationship between Cherenkov photons and
boron concentration in tissue phantom, which has the same geometry

Applied Radiation and Isotopes 137 (2018) 219-224

setting with the water phantom. The °B-containing sphere with a ra-
dius of 1 cm was set at a depth of 2.5 cm. The boron concentrations in
the sphere were ranged from 14ug/g to 49ug/g. Total number of
Cherenkov photons per unit mass and the number of Cherenkov pho-
tons per unit mass generated by secondary charged particles of gamma
rays with different energies in the sphere was obtained.

As shown in Fig. 10, the total number of Cherenkov photons per unit
mass follows a linear relationship with boron concentration in tissue
phantom. Due to the lower Cherenkov threshold energy in tissue, it will
generate more Cherenkov photons comparing to that in water. The
change rate of Cherenkov photons with boron concentration in tissue is
larger than that in water, which is favorable for practical application.
As the boron concentration increases, the number of Cherenkov pho-
tons per unit mass generated by secondary charged particles of
0.478 MeV gamma rays increases linearly because of the linear increase
of boron atomic fraction. The number of Cherenkov photons per unit
mass generated by secondary charged particles of 2.223 MeV gamma
rays and other gamma rays decreases linearly with boron concentra-
tion. Table 3 shows the proportions of Cherenkov photons generated by
secondary charged particles of gamma rays with different energies
under different boron concentrations. The contribution of Cherenkov
photons generated by secondary charged particles of 2.223 MeV gamma
rays is about 74.6% in tissue phantom. The contribution of 0.478 MeV
gamma rays is less than 0.2%, whereas the contribution of other gamma
rays is about 25.3%.

4. Conclusions

Firstly, we discussed the physics of Cherenkov radiation during
BNCT in a water phantom. Results showed that the only physics process
to emit Cherenkov photons is through the interaction of secondary
charged particles of gamma rays. Among all kinds of gamma rays,
secondary charged particles of 2.223 MeV gamma rays are the largest
contributors (99.893%) to the generation of Cerenkov photons in the
water phantom. The linear relationship between boron concentration
and the number of Cherenkov photons per unit mass has been in-
vestigated in the water phantom. Furthermore, when the radius or
depth of '°B-containing region is different, the linear relationship be-
tween boron concentration and Cherenkov photons also exists, except
for the variations in change rate. We also found that the number of
Cherenkov photons per unit mass also decreases linearly with boron
concentration in tissue phantom, and it has a larger change rate than
that in water phantom.

The linear relationship between Cherenkov photons and boron
concentration can be determined when the size and position of mea-
surement region and the condition of neutron source are certain.
However, the sensitivity of boron concentration measurement based on
Cherenkov radiation can be low, although the change rate of Cherenkov
photons in tissue is larger than that in water. Given known situation, it
is expected to be feasible for in vitro applications using Cherenkov ra-
diation in BNCT with a highly sensitive optical detector and collection
system. However, the in vitro measurement system of this method
should be designed in the future, and the conversion relation between
Cherenkov photons and boron concentration needs to be determined.

Table 3

Proportions of Cherenkov photons generated by secondary charged particles of gamma rays with different energies under different boron concentrations.
Boron concentration (ug/g) 14 21 28 35 42 49
Proportion (2.223 MeV gamma rays) 74.59% 74.64% 74.72% 74.58% 74.90% 74.68%
Proportion (0.478 MeV gamma rays) 0.04% 0.06% 0.08% 0.11% 0.13% 0.15%
Proportion (other gamma rays) 25.37% 25.30% 25.20% 25.31% 24.97% 25.17%

223
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Furthermore, to experimentally test this method in BNCT is still chal-
lenging and will be further discussed.

For the in vivo application of boron concentration measurement, the
linear relationship can be influenced by the neutron flux, neutron en-
ergy spectrum, and boron concentration condition of the surrounding
regions. The diversity between different tissues is another important
influencing factor. Considering the lower tissue penetration ability of
Cherenkov photons, currently it is still very challenging to detect
Cherenkov photons for in vivo application (Zhang et al., 2014). Never-
theless, many researchers are developing some technologies to improve
the penetration of Cherenkov photon and imaging quality in the area of
Cherenkov luminescence imaging (Wang et al., 2013). Even though, an
application of the presented method in BNCT requires further research
at this time, it still shows potential to be used for the determination of
the '°B concentation in BNCT.
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