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ABSTRACT

A Boron Neutron Capture Therapy (BNCT)
experimental project was prepared with participation of
different research institutes. In frame of the project the
irradiation experiments on cell cultures and animal tumors
are planned in the research reactor at Strasbourg
University. As a first step of the project the feasibility to
obtain a suitable epithcrmal neutron beam in the HEl
beam tube facility of Strasbourg University Reactor is
investigated. The neutron fluence and spectra calculations
in the reactor were performed using the Monte Carlo code
TRIPOLI-3, and the SN code TWODANT. The
preliminary analysis of Al2O3 and Al-AI2O3 filters
configurations were carried out in an attempt to optimize
the flux characteristics in the beam tube facility.

I. INTRODUCTION

All conventional cancer treatments, surgery,
chemotherapy and radiation therapy, are faced with the
crucial problem to selectively preserve the healthy tissues
and to eradicate all malignant cells in order to prevent
recurrence or metastasis. In this aim. Boron Neutron
Capture Therapy (BNCT) seems to be a good challenge,
which could offer an approach to the treatment of tumours
previously out of any satisfactory therapy and/or with a
very bad prognosis. BNCT is a binary system based on
the interaction of low-energy neutrons generated by an
external beam with 10B selectively localised in tumour
cells.

In the frame of our BNCT experimental studies, it is
planned Co irradiate cells and animals in one of the pipes
of the Nuclear Research Reactor of Strasbourg University

(France). The work presented here describes the calculation
methodology used to determine the required neutron
spectrum and has been realised with the Shielding
Laboratory at CEA-Saclay. It is split into two steps :
calculation of flux and energy cartography of neutrons at
the entrance of the pipe and simulation of several
configurations of materials to obtain epithcrmal flux. The
three dimensional Monte-Carlo code TRIPOLI-3 and the
two dimensional SN code TWODANT will be briefly
described

II. BEAM CHARACTERISTICS FOR BNCT
APPLYING

A. BNCT Principles

Boron Neutron Capture Therapy (BNCT), first
proposed by G.Locker in 1936, consists of two steps : (i)
the selective injection of a high 10B concentration to
cancer ceils, and (U) the irradiation of the tumour with low
energy neutrons. With a very high neutron capture cross
section in the thermal energy range (3838 barns) which is
several orders of magnitude higher than the elements
present in the body, 10B undergoes the îollowing reaction

The light released particles a and Li carry a large
amount of energy and have a short range of S and 7 uxn
which is typically the cell diameter. They can therefore
induce extensive radiation damage solely within the
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pathogenic regions, which makes them ideal for the
selective destruction of cancer cells.

B. Neutron Beam Characteristics

One of the major problems raised by BNCT technique
is to obtain a suitable beam of neutrons in terms of
intensity and energy spectrum. The neutron flux must
meet several requirements simultaneously. A sufficient
number of neutrons must be delivered for the neutron
capture reaction, the ideal beam having a high neutron
flux about 5.1O9 n/cmSs to obtain a 1O12-1O13 n/cmS
thermal fluence in the tumour. The dose to normal cells
due to the presence of gamma rays and fast neutrons must
be minimised. The selection of the neutron spectrum
depends therefore on the type of tumour to be treated :

- thermal neutron (0.02S eV) are chosen for superficial
tumours, down to 3 cm deep (skin melanomas and in ira-
operative irradiation)

- for deeper tumours (down to 7-8 cm), epithcrmal
neutrons (0.5 eV-10 keV, ideally 2 keV) are preferred,
which are moderated in tissue before being captured by
•°B.

Nuclear reactors are actually the most suitable sources
of intense nculron flux but, as (heir energy range extends
from 0.025 e V to 14 MeV, use of moderators and filters is
indispensable. Moderators slow down neutrons by
successive collisions. Combinations of filters materials
arc used in such a way that intermediate neutrons will be
preferentially transmitted through an energy window,
while fast neutrons arc slowed down. Additional shielding
have to be used to suppress the contaminating dose
components.1-2^3-4

II. REACTOR TRANSPORT CALCULATIONS

Studies of the irradiation requirements were realised at
the University Reactor of Strasbourg (France), in
cooperation with the Shielding Laboratory at CEA-Saclay.

A. Reactor Description

The reactor of Strasbourg University (100 kW) is a
small Argonaut research reactor and it was principally
dedicated to biological and nuclear chemistry experiments
and to activation analysis. The core is composed of a ring
of fuel MTR-type elements with an average 2 3 5 U
enrichment of 92.5%. The cooling is made by light water
and the reactor is completed by two internal and external
graphite reflectors (see Figure 1). The BNCT interest
results from the existence of several facilities and from the

intensity of the neutron flux in them. Irradiations are
likely to be performed in two pipes :

• the HRS radial pipe,
- the HEl tube which runs into a biological cavity

and has been studied in this paper.

B. TRIPOLI3 and TWODANT Codes

The main objective of our first step was to establish
the energy and space neutron field in the reactor HEl
facility, which is likely to be used for small animal
irradiations. The neutron flux in the reactor was calculated
in two ways, using the code TRIPOLI-3 and the SN- code
TWODANT5.

TRIPOLI-3 code is a three dimensional Monte-Carlo
program which solves the Boltzmann equation for
neutrons and gamma rays by simulating the particles
histories. In order to solve deep penetration problems, the
TRIPOLI-3 Monte-Carlo code uses several variance
reduction techniques, whose the principle is to favour the
migration of particles toward the relevant region where
results are wanted with a good confidence. The kind of
acceleration techniques are the exponential transformation
and the collision biasing.6

TWODANT is a discrete ordinales, two-dimensional,
diffusion accelerated, nculron panicle transport code.

C. Reactor Models

The whole reactor geometry, including internal and
external graphite reflector and the beam tube HEl, was
modelled for this purpose.

In TRIPOLI-3 the beam tube facility was represented
exactly in three dimensions, with a fuel ring
homogenisation, and was therefore considered as a
reference solution. The cross sections were taken from the
a library, based on a 315-groups representation of the
ENDF/B4 evaluation between 19.6 and 10'" MeV.
Therefore the thcrmalization of neutrons was treated
exactly under S eV. In order to favour the fast neutron
response, an energetic biasing was applied with an
automatic definition of the spatial importance.

Some approximations were necessary to describe the
tube geometry in two dimensions for TWODANT. The
effect of different approaches was studied in consecutive
calculations in order to optimise the calculation^ model
(fuel ring homogenisation, R-Z, R-Q geometries). S8, P3

approximations were chosen and the cross sections were
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taken from the 47 energy group SAILOR7 and the 171-
group VITAMIN-C libraries.

D. Results

The small difference between the homogeneous and
unhomogeneous fuel ring results validates the TRIPOLI-3
reactor model.

The comparison between TRIPOLI-3 and TWODANT
neutron spectra at different locations (10 cm and 20 cm
from the core edge) in the empty beam tube shows very
good agreement (see Figures 2-3). The differences observed
in the energy group between 0.1 and 0.414 eV are due to
différencies into the cross section libraries, for the thermal
energy range TWODANT uses the VITAMIN-C library
which does not take into account the thermalizaiion of
neutrons. On the contrary this phenomena is treated in
TRIPOLI-3 and it should be closer to the reality. The
same results have been obtained with the SO cm Al2O3

filter (sec Figures 4-5) The experimental studies using
multielement activation method are actually in progress to
validate the results at the entrance of the beam lube HEl
in the core side.

III. FILTER CONFIGURATIONS

In the second step of our work, the influence of
different filter combinations on neutron spectrum were
examined by TWODANT code, considered more practical
than TRIPOLI due to large number of calculations required
for this purpose. The intention was to find an optimal
filler configuration which generates the spectrum with the
characteristics required for BNCT.

Three characteristic neutron energy ranges are of
interest for BNCT :

- E > IO keV : fast and intermediate energy neutrons
producing background dose by recoil proton,

- 10 kcV > E > 0.4 eV : suitable epithermal energy
neutrons for treatment of deep tumours,

- E < 0.4 eV : thermal neutrons adequate for
superficial tumours.
The choice of these predominant energy group results
from the healthy tissues tolerance to the radiation field.
Intermediate neutrons with an energy lower than 10 keV
produce by elastic collisions few recoil protons or with an
insufficient energy to cause radiolytic damages.

Some examples of the results obtained using few
filter combinations simulated in the beam tube HEl are

given in Table 1. The configurations studied are the
following :

- 50 cm of alumina (Al2O3, r=2.64g/cm3)
- 50 cm of alumina (Al2O3, r=3.965g/cm3)
-10 cm Al / 15cm Al2O3 / 10cm Al / 15cm Al2O3,

with (Al2O3 r=3.965g/cm3).

The presence of Al2O3 or AI-Al2O3 filters in the
beam tube decreases strongly but increase the thermal to
epithermal flux ratio.

Figure 6 represents the effects of the AI-AI2O3 filter
in the neutron beam at various distances from the core. In
an evident way, larger is the filter, lower is the fast
component, relatively greater is the intermediate part of
the spectrum and more important is the thermal range.
The 25 keV resonance of Al is well visible.

The radial distribution of the flux with and without
the Al-Al2O3 filter is given along the beam axe on the
figure 7. A weak difference appears inside the core in the
intermediate and thermal range, which confirms the need
for criticality calculations.

The thermal, cpithcrmal and fast flux components
were respectively about 3 1010,1 101 0 and 2 109 n/cm<s.
Those confirm a satisfying intensity could be obtained at
the end of the filtered beam.

IV. CONCLUSION

The results obtained here show a good agreement
between ihe two dimensional SN codeTWODANT and the
three dimensional Monte Carlo code TRIPOLI-3, except
in the thermal energy range. The experimental
measurments of the different neutron flux components are
needed to validate these results.

The first trials of epithermal filter were presented to
give an example of existing difficulties to satisfy
smultancously to ar; NCT requirements on the neutron
intensity, the neutrr r wctrum and the dose rates.

Al 2 O 3 seems to be a good moderator to obtain
epithermal beam, but new calculations have to evaluate
neutron and secondary gamma ray dose rates.

All these results confirm the envisaged use of the
Strasbourg Reactor as an intense thermal neutron source
for cells or small animals (mice) irradiations.
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Figure 3: Compariion of spectra in an empty beam lube 20 cm from
UK core edge, calculated by TRIPOLI and TWODANT Ia 171 group..
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Figure 6: Neutron spectrum in the beam tube using AI-AI2O3
filter, at various distancies from the core (TWODANT, 47groups).
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Figure 7: Distribution of the fast, intermediate energy and thermal neutron
flux in the reactor, without and with AI+AI2O3 filter in the beam tube.
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