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Abstract: In this paper, the distribution of absorbed dose components in a polyethylene phantom for
BNCT application at Dalat Nuclear Research Reactor (DNRR) were calculated using the MCNP5
code. The configuration of horizontal neutron channel No.2 of the DNRR, which contains a
cylindrical collimator with neutron filters of 20-cm Si and 3-cm Bi, was simulated. The results show
that the gamma dose along the central axis of the phantom has the maximum value of 1.82x10° Gy at
the 0.5-cm depth, and reduces to 9.05x107 Gy at the 3-cm depth. The main contribution to gamma
dose is due to the interaction of thermal neutron with hydrogen in the phantom via the *H(n,y)’H
reaction, and its value is much smaller than thermal neutron dose. The total absorbed dose along the
central axis of the phantom has the maximum value of 7.87x10° Gy at the 0.5-cm depth, and
decreases rapidly to 1.52x10" Gy at the 3-cm position, and mainly depends on the boron and thermal
neutron doses caused by the °B(n, a)’Li and **N(n, p)*“C reactions, respectively.
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I. INTRODUCTION As it is seen, in 94% of the events the
released energy of 2.31 MeV of two above
particles is deposited within about a cell
diameter (~ 10 um) and the rest i.e. 0.48 MeV
is deposited by the emitted gamma ray
throughout the medium. Because the high LET
of two particles (*He ~ 150 keV/um and "Li ~
175 keV/um) have limited path lengths in
tissue (5 + 9 um) [1, 3], therefore, it can
selectively destroy tumor cells and spare
normal cells [4].

Boron neutron capture therapy (BNCT)
is an effective cancer treatment method for
several types of brain tumors such as
Glioblastoma Multiforme (GBM),
Astrocytomas, etc. This method is based on the
nuclear reaction that occurs when a stable
isotope, 1°B, is irradiated with thermal neutrons
(with the energy < 0.05 eV) to produce high
linear transfer (LET) “He nuclei (a-particles)
and "Li recoiling nuclei [1, 2].

Up to now, the best neutron source for

BNCT is a thermal nuclear research reactor [3].

"B+ HME‘<: ) In some reactors, such as HANARO in the
“He + Li" +2.31 MeV (94%)

Republic of Korea [5] and MURR in the USA

[6], the single crystal filters of Si and Bi are

used to produce thermal neutrons for BNCT

research. The in-phantom depth absorbed dose

“He + "Li +2.79 MeV (6%)

Li + y + 0.48 MeV
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distribution for BNCT application has been
computed using the MCNP5 code [7-9]. In
case of the TRR and MNSR reactors in Iran,
the absorbed doses distribution in phantoms
were computed based on the thermal column of
the reactor, however gamma-rays dose that
include gamma rays from reactor and captured
gamma rays in material of the phantom were
not estimated [8-9]. Two types of materials,
which are usually used for designing a
phantom for BNCT research, are water and
polyethylene because their densities are similar
to that of a tissue. Polyethylene phantoms have
been used for experimental trial at the LVR-15
reactor in Czech Republic, the KUR reactor in
Japan, and the BMRR reactor in USA [10].
Water  phantoms  have  been used
experimentally at the JRR No. 4 in Japan [11],
the TRIGA Puspati reactor in Malaysia [12]
and the TRR reactor in Iran [13]. The
prototype water phantom was also developed
for the design simulation of thermal neutron
collimators for neutron capture studies at the
DNRR [14]. The purpose of this study is to
simulate the distribution of absorbed dose
components in the polyethylene phantom for
BNCT research. The recent configuration of
the horizontal neutron channel No.2 of the
DNRR were simulated using the MCNP5 code.

The absorbed doses distribution in the
polyethylene phantom at the horizontal channel
No.2 was then calculated.

Il. MATERIALS AND METHODS

The DNRR is a 500-kW pool-type
research reactor, which was reconstructed and
upgraded from the former 250-kW TRIGA Mark
Il reactor. Light water is used as both moderator
and coolant, and the beryllium and graphite
materials surrounding the reactor core are used as
a neutron reflector. The operation of the DNRR
is mainly for the purposes of radioisotope
production, neutron activation analysis, basic and
applied research, and training [15].

The reactor has four horizontal neutron
channels that penetrate the concrete shield and
the aluminum tank and pass through the pool
water to the graphite reflector. Three of the
neutron channels (No.1, No.2 and No.4) are
oriented radially with respect to the center of
the reactor core, and the channel No.3 is
tangential to the outer edge of the reactor core.
The radial channel No.2 terminates at the outer
edge of the graphite reflector that can produce
a relatively high thermal neutron flux. This is
the reason that the neutron channel No.2 was
chosen in this study. The configuration of the
horizontal channel No.2 of the DNRR is
presented in Fig. 1.

Reactor

core

Sample irradiation
position

Fig. 1. The configuration of the horizontal channel No.2 of the DNRR



PHAM DANG QUYET et al.

As seen in Fig. 1, after traversing the
filters including Si and Bi single crystal
layers, with the thicknesses of 20 and 3 cm,
respectively, thermal neutron beam will be
produced for different applications, including
nuclear data measurement, prompt gamma
neutron activation analysis (PGNNA) and
BNCT study [16]. The simulated and

measured thermal neutron fluxes and gamma
dose rates at 1-cm depth in the water phantom
at the channel No.2 are shown in Table | [14].
Then, the simulated results have been
normalized according to the experimental
values to calculate thermal neutron flux and
gamma dose rate distributions in the
polyethylene phantom.

Table I. Simulated and measured results of the thermal neutron flux and gamma dose rate in the water
phantom at the channel No.2

Parameters Simulation Experimental
Thermal neL;tron flux 2 275107 (2.13 + 0.04)x107
(nfcm?/s)
Gamma dose rate 3.33x10° (3.01 + 0.90)x10°
(Gy/h) ' o
In this study, the polyethylene respectively, was used and located at 40 cm

phantom (p = 0,92 g/cm®) with its length,
width and depth of 25, 16 and 16 cm,

far from the beam port of the channel No.2
(Fig. 2).

- F
‘Bisingle crystal:

Water

Graphite

Reactor
core

Entrance of phantom

,,,,,,, Polyethylene
********* phantom

k——40 c——

Fig. 2. The real phantom position at the channel No.2 of the DNRR

In BNCT, there are four components of
interested absorbed dose: the boron dose, the
thermal neutron dose, the gamma dose, and the
fast neutron dose. However, for the current
configuration of channel No.2, the fast neutron
dose is very low and can be eliminated [14], so
the total absorbed dose in BNCT is calculated
by equation [8]:

D=Dg+Dy+D, (1)

Where, D is the total absorbed dose, Dy
is the boron dose, Dy, is the thermal neutron

dose, and Dy is the gamma dose that includes
gamma from the reactor core and gamma due
to interaction of thermal neutron with the
hydrogen of phantom by the !H(n,y)*H
reaction. The Dg and Dy doses are determined
as [17]:

Dg =7.43Cy x10™ x D, )
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and
D, =6.78Cy x1071 x D,, 3

In which, Cg is the B concentration

(the value in this calculation was chosen of 30
ppm [1, 7]), C is the N concentration (it
was chosen of 2 % [17]), and Dw is the
thermal neutron fluence (n/cm?). In BNCT,
when calculating the dose, the concept of
thermal neutron fluence (®w) is used instead
of the thermal neutron flux (¢w). The
relationship between these two quantities is
calculated as follows:

Oy, =0y, x t (4)

Where, ¢w is the thermal neutron flux
(n/cm?/s), and t is time (s).

The thermal neutron flux and gamma
dose rate in the polyethylene phantom were
calculated using tally F4 with DE4/DF4 cards
of MCNP5, the gamma dose was determined

using the fluence-to-KERMA conversion
factors reported in ICRU 63 [18]. With these
MCNP cards we can calculate the following
values of thermal neutron flux and the gamma
dose rate [8, 9]:

E,
b = | 0n (E)E ©)

E

D, = [0, (E)R(E)E (6)

Where, ¢w is the thermal neutron flux,
on(E) is the neutron flux, E; and E, are the
lower and upper limit of the energy range,
respectively, DY is the gamma dose rate and

R(E) is the flux to dose conversion factor.
I1l. RESULTS AND DISCUSSION

The thermal neutron flux and gamma
dose distributions along the central axis of the
polyethylene phantom at the neutron horizontal
channel No.2 were calculated and the results
are shown in Tables Il and I, respectively.

Table I1. The thermal neutron flux along central axis of the polyethylene phantom

Position (cm) & (n/cm?/s) Position (cm) di (n/cm?/s)
N z Mean Err. (%) N z Mean Err. (%)
1 0 2.91x107 1.0 7 5 1.89x10° 4.3
2 0.5 3.33x10’ 12 8 6 1.18x10° 51
3 1 2.43x107 14 9 7 7.12x10° 7.2
4 2 1.24x10’ 2.0 10 8 4.65x10° 8.0
5 3 6.41x10° 2.6 11 9 2.88x10° 8.5
6 4 3.60x10° 34 12 10 1.78x10° 12.5

Table Il and Fig. 3 show that the
thermal neutron flux has the maximum value
of 3.33x107 n/cm?/s at 0.5-cm depth and then

decreases to 6.41x10° n/cm?/s at 3-cm depth
in the polyethylene phantom.
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Table I11. The gamma dose along central axis of the polyethylene phantom

Position (cm) D, (&) D, (&)
No. 7 Mean Err. (%) Mean Err. (%)
from reactor with phantom from reactor without phantom

1 0 1.18x10° 4.5 4.06x10° 17.2

2 0.5 1.82x10° 4.6 5.28x10° 25.7

3 1 1.69x10° 5.0 4.24x10° 17.1

4 2 1.18x10° 5.3 4.16x10° 17.1

5 3 9.05x107 6.0 4.94x10° 18.1

6 4 5.61x107 7.1 4.14x10° 17.4

7 5 3.87x107 7.2 4.82x10° 17.8

8 6 2.93x107 9.0 5.29x10° 18.9

9 7 2.26x107 7.9 4.62x10° 17.6
10 8 2.15x107 20.0 4.36x10° 20.2
11 9 1.43x1077 9.3 3.87x10° 17.8
12 10 9.52x10® 11.0 3.33x10° 18.1

As can be seen in Table Ill and Fig. 4,
the gamma dose in the polyethylene phantom
is dominated by gamma rays produced by the
thermal neutron capture reactions. At the
surface of the phantom, gamma dose increases

3.5x10" .
3.0x107 A/ \
2.5x107

2.0x107

1.5x107 4

1.0x107 4

Thermal neutron flux (n/cm?s)

5.0x10°

o\,\‘“. R
T T T y
0 2 4 6 8 10
Depth in phantom (cm)

0.0

Fig. 3. Thermal neutron flux distribution according
to the phantom depth
Figs. 3 and 4 show that the thermal

neutron flux and the gamma dose curves have
the same shape. The reason is that the gamma
dose mixed in the incident neutron beam from
the reactor core is relatively low. It means that
the gamma dose is mainly dominated by the
thermal  neutron  capture reaction as

'H(n,y)?H.

from 4.06x10° Gy (without the phantom) to
1.18x10% Gy (with the phantom). The gamma
dose in the phantom arises due to the thermal

neutron capture reaction as *H(n,y)*H .

1.8x10°° 4
1.6x10°°
1.4x10°° 4
1.2x10°° §
1.0x10°° 4
8.0x107
6.0x107
4.0x107 A
2.0x107

Gamma dose from reactor with phantom
—— Gamma dose from reactor without phantom

Dose (Gy)

6.0x10°

5.0x10° 4
4.0x10°° 7
3.0x10°
2.0x10°

T T T T T
2 4 6 8 10
Depth in phantom (cm)

Fig. 4. Gamma doses distribution according to the
phantom depth

MCNP5 calculations have shown that
the thermal neutron dose is much higher
than the gamma dose (Fig. 5), which is the
difference of BNCT applications that are
based on the horizontal neutron channel in
comparison to the thermal column of a
nuclear reactor. In Fig. 6, the absorbed
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doses along the central axis of the
polyethylene phantom are presented. The
total absorbed dose mainly due to the
contribution of the boron and thermal

5.0x10° 4

—=— Thermal neutron dose
n Gamma dose from reactor with phantom
4.0x10°
L}
= 3.0x10°4
28
!
j=3
O 2.0x10°
l:
1.0x10° 4 e
& Cy=2%
L2
0.0 ; ; e
0 2 4 6 8 10

Depth in phantom (cm)

Fig. 5. Gamma and thermal neutron dose distribution
according to the phantom depth

IV. CONCLUSIONS

Calculations of thermal neutron flux and
gamma dose rate in the polyethylene phantom
were performed to evaluate the absorbed dose
components in BNCT application. Calculated
absorbed dose distribution along the central
axis of the polyethylene phantom shows that
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