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Abstract This paper introduces the particle transport process in brain, which is simulated by general Monte Carlo code MCNP.

The absorbed dose rates from 'OB(n,a)7Li,“N(n,p)“C,’ H(n,Y)’D and fast neutron elastic scattering reaction are considered .

The major contribution o the tumor zone is from the neutron capture reaction of boron.The comparison of the ahsorhed dose rates

from thermal and epithermal neutron indicates that the epithermal neutron beam is more effective than thermal neutron beam in de-

stroying deep-seated tumors, on the contrary , the latter is valid for shallow tumor, . g. skin cancer.In comparison with deterministic

methed DOSE program, MCNP code is convenient in simulation of Boron Neutron Capture Therapy .
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1 Introduction

Boron Neutron Capture Therapy ( BNCT)is a tech-
nique , which is used in treating brain tumors by artificially
loading the tumor tissue with isotope B-enriched com-
pound and subsequently irradiation of brain by low energy
neutrons . The technique is based on the “B(n,a)" Li nu-
clear reaction emitting alpha particle and ” Li nuclei with
total kinetic energy of 2.79 MeV, which is high enough to
destroy the tumor cells '’ .

The main nuclear reactions which take place in the
brain are “B(n, o)’ Li," N(n, p)*C,'H(n, ¥)’D and
fast neutron elastic scattering reaction . The absorbed dose
rate is the summation of all the individual absorbed dose
rates resulting from all above-mentioned reactions . The ab-
sorbed dose rate strongly depends on the reaction cross-
section and the energy released in the reaction'’ .

For BNCT, an adequate thermal neutron field has to
be created in boron-labeled tumor cells within a pre-
scribed target volume. This means that for target volumes

well below the surface, epithermal beams will generally be

Received 28 January 2003, Revised 15 May 2003
1} E-mail: hyqiu 821 @ sohu . com

best, while for target volumes near the surface, thermal
beams will suffice . Thermal neutron irradiations have been
used for melanoma treatments in the skin,as well as with
open craniotomy for glioma treatments. In general , howev-
er,the current trend for treatment of patients with brain
tumor is to use epithermal neutron beams'® .

In order to study the superiority of epithermal neu-
tron in treating deep-seated tumor, also the importance of
boron concentration, the thermal and epithermal neutron
transport processes in brain are simulated by the general
Monte Carlo program MCNP-4B"*'for different cases of tu-
mor position. The neutron and gamma energy spectra and
the absorbed dose rate distribution in a head phantom are
calculated. The results show in good accordance in most
cases with the results of M. K. Marashi that were simulat-
ed by deterministic method''' . However, MCNP simulation
gives higher thermal neutron flux at deep sites, then the
absorbed dose rate is higher than that of multi-group de-
terministic method . We analyzed this reason. In final, the
absorbed dose rates comparison of different tumor depths

has been shown.
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2 Method

Monte Carlo method solves particle transport prob-
lems by simulating a great number of individual particles
and giving their average behavior. Monte Carlo particle
transport process essentially involves the continued track-
ing of particles through series of discrete event until them
either to be thermalized , escape , undergoing collision or to
reach neutron energy-limit, weight-limit or time-limit. It
has been extensively applied to trial nuclear physics,
atomic cnergy, solid physies, sociology and economices,
etc.

MCNP is a general purpose Monte Carlo N-Particle
code that can be used for neutron, photon, electron, or
coupled neutron/photon/electron transport, including the
capability to calculate eigenvalues for critical systems.
Point-wise cross-section data are used . Important standard
features that make MCNP very versatile and easy to use
include a powerful general source, criticality source, and
surface source, geometry and output tally plotters, a rich
collection of variance reduction techniques, a flexible tally
structure, and an extensive collection of cross-section
data” .

In calculating the total and individual absorbed dose
rates from the four reactions in the head, the head is simu-
lated by a one-dimension slab of 20cm depth,in Fig.1 an
[, thick tumor is loaded at a depth of [, . In our calcula-
tion, {, takes 1.5cm,3cm and Sem, and corresponding [,
takes 3cm,5em and 4. 5em, respectively. The correspond-
ing phantoms are called as shallow, medium and deep tu-
mor model .

The natural elements constituting both the normal ti-
ssue and the tumor tissue are supposed to be H,0,N, Na
and C with concentrations as listed in Table 1'-. The

concentrations of artificially loaded isotope B in the tumor

Table 1. Concentrations of the elements in the head phantom.

o Flement wi(% ) Atomic density x 10%
H 10.7 6.40x 1072
0 71.4 2.69%x10°°
C 12.1 6.02x 1072
Na 4.5 1.18x 10°?
N 1.3 5.60x 107
B-10(normal tissue ) 10ppm 5.57x 102
B-10{ tumor) 30ppm 1.67x107?
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and normal tissue are assumed to be 30 and 10 ppm, re-

spectively .
The energy of incident epithermal neutron beam is in

the range of 3.0354 — 15.034 keV" . For thermal beam

along the incident direction, it is in the range of 0.05 -
0.1eV,with an intensity normalized to 1 n*cm s

| ll-— incident
:1.nrma [ B eutron
issue | beam

normal
lissue

Fig.1. The phantom of BNCT.

3 Calculations of absorbed dose rate

Most of the absorbed dose rates come from the follow-
ing reactions: " B(n,a)'Li,"N(n,p)"C,'H(n, )’ D, and
the elastic scattering reaction. The energy released in
each of the reaction other than (n,y) reaction is deposit-
ed locally, whereas the gamma rays from reactions (n, Y)
deposit their energy throughout the medium by continuous
slowing down of electrons resulting from Compton scatter-
ing and photoelectric interaction. A part of the gammas
and electrons may escape from the medium, carrying with
The ahsorbed dose

rate ,due to each nuclear reaction.is considered individu-

them the corresponding energy''’ .

ally as following:
(a) "“B(n,a)’Li reaction:

"B has a very large thermal neutron capture cross
section of 3840 bams. Other than the energy of gamma
(0.48MeV) , the energy is deposited within 10pm of the
reaction site, potentially making the radiation highly cell-

selective™® .
‘He, +'Li,+2.79(MeV)(6%)

B +'n->'B 0
‘He,+'Li, +2.31(MeV) (94%)

’

"Li, +7+0.48(MeV)

(b) “N(n,p)"C reaction:

The total energy about 0.66MeV is released in this
reaction, where 0.62MeV is carmied by the proton and
0.04 MeV is carried by "“C nuclei. The Kerma rates of
the above Iwo reactions in Gy/h are calculated from the

following formulation :
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K(j) = j5.76 x 107$(E) x 6(E) x

NT(j) x E.dE, (2)
where K(j) is the Kerma rate at point j in medium in
Gy/h,$(E) is the neutron flux at point j in n*em™”
s ',NT(j) is the number of the specified nuclei/g at
point j,o( E) is the neutron cross section in cm’ ,and E;
is the energy released in the reaction in MeV. The con-
stant 5.76 x 10™" is the conversion coefficient, converting
MeV/g*s into Gy/h. The energy released in the reaction
is deposited locally . Thus with a good approximation it
can be equalized to the absorbed dose rate under Charged
Particle Equilibium (CPE) condition,i.e. D = K, where
D is the absorbed dose rate and K is the Kerma rate’'’ .
(¢) "H(n,¥)’D reaction:

This reaction is usually called hydrogen capture gam-
ma reaction. The produced gamma takes energy of 2.224
MeV, a fraction of which can escape from the medium. By
assuming the CPE condition the absorbed dose rate from
the above reaction can be received from the flux-to-dose
rate conversion factors. As a matter of fact, the gamma
flux multiplied by the flux-to-dose rate conversion factors
is the dose rate in rem/h, which is equal to 1000 Gy/h.
The conversion factors extracted from ANSI/ANS and
ICRP-21 are listed in appendix'> . The recently published
Kerma factor is in ICRU63"* . In this paper, the absorbed
dose rate from all (n,¥)reaction was calculated .

(d) Elastic scattering reaction :

The fast neutron dose is primarily due to elastic neu-
tron collisions with hydrogen,' H(n,n’)' H, and represents
90 % of the adult brain Kerma between energies of ~ 600
eV and ~ 3 MeV. Other neutron reaction, primarily with
“C.,"0,and "P generally contribute 4 % —8 % to the
brain Kerma between ~ 40 eV and ~ 5 MeV, but at certain
resonance energies may contribute more™* . By assuming
the CPE condition the absorbed dose rate from fast neu-

trons is calculated from the following equation :
.
D(j) =5.76 x 107 x SINT,(}) xﬂsé(E,j)a,,,
i=1

(E—E) x (E - E')dEdE’, (3)
where D () is the absorbed dose rate at point j in Gy/h,
¢(E,j) is the neutron flux at energy £ at point j in

neem *+s™' o, (E—E’) is the neutron elastic scatter-

ing cross section from energy E toE’ MeV in cm’ for nu-
clei i, NT, is the number of nuclei i,and AE = E - E’
is the energy lost in one scattering reaction.

Due to the continuous point-wise cross-section was
adopted in MCNP code, how 1o obtain o, ,(E—>E’) is a
key. As it is well known, the energy of the recoil neutron

approximately obeys the following distribution:

4 4 - dE, !
Sf(E—~ E')dE = O-OF a)E,aEs E < E,
(4)
o (E—E) = o,(E)f(E—~E), (5)
2
where a = (:—;}) , A is the mass of target nucleus,

0,(E) is the neutron total microscopic elastic scattering
cross section,and f( E—> E’) is scattering energy transfer
function. The energy spectrum of the recoil neutron is
uniform for specified larget nucleus and incident neutron

energy E.So we have
£

j/(zs—» EVE - EDAE = 0.5(1 + «)E. (6)

And then
N
D(j) =2.88 x 107 x D> NT,(j) x
=1

may

f 0. (E)$(E,NE(l + a)dE. (7)

0

4 Result and discussion

After an incident epithermal neutron beam radiated
the medium tumor model, an energy spectrum of neutrons
in the head phantom is produced. The neutron spectrum
at three different points in the head phantom is shown in
Table.2. Tt can be seen from the table that,at a distance
of 1cm from the scalp surface the epithermal neutron flux
is higher than the thermal flux, whereas, at distance 4cm

and 15cm it is lower.

Table 2. The flux of thermal and epi-thermal neutron
at three different depths.
o -Deplh/cm éﬁ/n' cm_' '2_;';_,7&;{/" _vm' X, &1
1 1.192688 2.37240
4 1.748584 0.86915
15 0.136651 0.01509

As soon as the epithermal neutrons enter into the
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head phantom, they are scattered into low energy neutron.

As it is expected in Fig.2,the thermal group neutrons en-

rich in tumor zone.

Neutron flux /(n-cm %5 ")

10

Fig.2.
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Distribution of neutron flux with energies of groups

8,13 and 17 along the head phantom horizontal axis.

In Fig.3,it can be seen that the absorbed dose rate

from "°B (n,a)’ Li reaction due to non-thermal neutrons is

Absorbed Dose Rate /(Gy-hr ')
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Fig.3. The comparison of Absorbed dose rate along the

head phantom due to °B(n,a)’ Li reaction with thermal
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Distribution of absorbed dose rate along the head

phantom due to all the neutron elastic scattering reaction.

negligible in comparison with that of thermal neutrons.
The same phenomenon appears in nitrogen capture reac-
tion. From the following result, it is seen that the ab-
sorbed dose rate in tumor mostly comes from '°B (n,a)’Li
reaction. That is why the thermal neutron should be en-
riched in tumor zone; also the concentration of boron in
tumor should be higher than that in normal tissue.

In Fig.4 the individual absorbed dose rate from the
recoil nuclei ( constituting the head phantom) in neutron

scattering process is shown. In Fig.5 the absorbed dose

10 L T T L T T | T T T b4 T b T
.l:" -— all(n,y) reaction
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O i
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Fig.5. The absorbed dose rate from all the (n,Y) reaction
along the head phantom.

rate from (n,Y) is shown. Compared with the result of
M. K. Marashi, the curve appears relatively flat. The
peak of curve is no more than 4 times of the valley,
whereas the peak of curve is 10 times more than the valley
in the result of M. K. Marashi.

The comparison of the major ahsorbed dose rates
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Fig.6. The comparison of absorbed dose rate due to all
possible neutron reaction along the depth of medium

model with epithermal incident neutron.
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from all the nuclear reactions is shown in Fig.6. M. K.
Marashi calculated the corresponding absorbed dose rate
Fig. 7 with the deterministic method code DOSE. The
curves in the two figures look almost the same as each
other. Some differences appear at near of the deep sites.
In comparison with Fig.7,the curves in Fig.6 descend sl-

owly along the depth.

T T T T T T
¥ H(n,y) D reaction
~ 10
T 2 —— recoil proton
= LN ./ T -~ +— B(n,ot) Li reaction
2 e Pee . —=— N(n,p) C reaction
I e e ===y
3 100 {7 N, .
-4 k. ~—, S
. 3 Y
4 . "
a . ~
o -
] -
g ] tumor - 1
S5cm g
<
e s e r- s
v 4 L 12 16 20
Depth/cm
Fig.7. The comparison of absorbed rate due to all possible

neutron reactions along the head phantom (calculated by

M. K. Marashi. with DOSE) .

In order to find the real reason, we tallied 100 source
neutrons specially. We found that when the neutron was
slowed down into thermal energy range, many up-scatter-
ing reactions appeared. A source neutron usually underg-
oes 200 to 300 collisions before it dies out, and most colli-
sions come from thermal ones. So the thermal neutron flux
at deep sites is still relatively high (see Fig.2). Further-
more, boron and nitrogen dose rates mostly come from the
reactions with thermal neutron. It can be seen that MCNP
has a detailed physics treatment for neutron thermaliza-
tion. However, for multigroup treatment, the further colli-
sion is not considered when neutron energy goes down to
thermal group. Mavbe it is the reason of the difference
between Fig.6 and Fig.7. This phenomenon has existed
in primary research.

42 photons were produced from the 100 source neu-
trons collisions , where 34 photons came from hydrogen ca-
pture gamma reaction (with mean free length 21 .6cm) ,6
photons came from boron capture reaction ( with mean free
length 10.19cm) . 10 photons escaped from medium with-
out any energy lost. After several collisions (less than

8),20 photons escaped from medium with relatively high

B %

energy. The remained 12 photons, after repeating colli-
sions, nearly deposited all their own energy in the medi-
um. Usually the photon flied from one end of the model to
the other end, and then flied back. After many Compton
scattering and photoelectric interactions, finally, the pho-
ton deposited all the energy. It is can be seen that the en-
ergy released in (n,?Y) reaction is not locally deposited,
but throughout the medium by continuous slowing down.
Much energy is deposited in deep sites of the model (see
Fig 5).

The three models were irradiated with thermal and
epithermal neutron beams, respectively. The results were
similar to Fig.6.

In order to show the significance and contribution of
the boron compound absorbed dose in the tumor with re-
spect to that of the total absorbed dose in the head,a pa-
rameter called“Absorbed Dose Ratio” ( ADR)is defined as
follows :

ADR = D'B(n,a)/(DB(n,a) + D(n,p) +

D(Y) + D(n)), (8)
where DB(n,a), D(n,p), D(Y)and D(n)are the ab-
sorbed dose rate from boron capture, nitrogen capture,
hydrogen capture and fast neutron elastic scattering reac-
tion in whole head, respectively. D’ B (n,a)is the ab-
sorbed dose rate from boron capture in tumor zone, the
detail is shown in Table 3

In order to furthest avoid damaging the normal tissue
while destroying the tumor; ADR would be better as high
as possible. ¥From Table3, it can be seen, for deep and
medium model, the ADR of epithermal neutron source is
greater than that of thermal neutron source, whereas, for

shallow tumor model,it’s on the contrary.

Table 3. The comparison of ADR.
Head phantom ADR ( epithermal ) ADR (thermal )
I, =1.5em,{; =3em 0.575 0.640
{, =3em,!l; =5cm 0.647 0.569
I, =5cm,l; =4 Scm 0.496 0.360

S Summary

As shown in Fig. 4, boron capture reaction mostly
comes from thermal neutrons, so ADR is strongly related
with the thermal meutron flux in tumor. The incident epi-

thermal neutron has a slowing down process,so the peak
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of thermal neutron flux is not at the zone near scalp but
tumor zone. If its peak appears in tumor zone, most dose
being deposited in the tumor, the scalp tissue is furthest
protected while destroying the tumor. So the energy of in-
cident epi-thermal neutron should be changed with the
depth of tumor to enrich thermal neutron in the tumor
zone .

Also, although the concentration of boron in tumor is
far lower than any other elements constituting tumor, the

absorbed dose rate from boron capture reaction is much
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Appendix
Table A1, Photon Flux-to-Dose Rate Conversion Factors.
ANSI/ANS-6.1.1-1977 ICRP-2 ANSI/ANS-6.1.1-1977 ICRP-2

E DF(E) E DF(E) E DF(E) E DF(E)
/MeV  /(vem/h)/(photons/cm? s} /MeV  /(rem/h)/{ photons/cm® +s) || /MeV  /(rem/h)/(photons/em®+s)  /MeV  /(rem/h)/( phatons/em® +=)
0.01 3.96x 10 ° 0.0 2.78x10°° 1.4 2.51x107°¢ 3.0 4.00“076.,
0.03 5.82x10°7 0.015 1.11x10°¢ 1.8 2.99%10°° 4.0 4.76x 10°°
0.05 2.90x 1077 0.02 5.88x 1077 2.2 3.42x10°° 5.0 5.56% 10°°
0.07 2.58x 107" 0.03 2.56%x 1077 2.6 3.82x10°° 6.0 6.25x10°°
0.1 2.83x 1077 0.04 1.56x 107 2.8 4.01x10°° 8.0 7.69x10°°
0.15 3.79% 1077 0.05 1.20x 10°7 3.25 4.41x10°° 10.0 9.09x10°¢
0.2 5.01x10°7 0.06 1.11x 1077 3.75 4.83x10°*

0.25 6.31x 1077 0.08 1.20x10°7 4.25 5.23x10°°¢

0.3 7.59x10°7 0.1 1.47x10 7 4.75 5.60x10°°

0.35 8.78x 1077 0.15 2.38x10°7 5.0 5.80x10°¢

0.4 9.85x 1077 0.2 3.45x 1077 5.25 6.01x10°°

0.45 1.08x10°° 0.3 5.56x 1077 5.75 6.37x10°°

0.5 1.17x10°° 0.4 7.69% 1077 6.25 6.74%x 1078

0.55 1.27x10°° 0.5 9.09x 1077 6.75 7.11x10°°

0.6 1.36x10"° 0.6 1.14x10-¢ 7.5 7.66x10°°

0.65 1.44x10°° 0.8 1.47x10"¢ 9.0 8.77x10°°

0.7 1.52x10°¢ 1.0 1.79x 10°¢ 10.0 1.03x10°%

0.8 1.68x10"° 1.5 2.44x10°¢ 13.0 1.18x10°°

1.0 1.98x10°° 2.0 3.03x10°° 15.0 1.33x 1073
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