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Abstract
—•lira.— .

In a previous study [1], it was demonstrated that the creation of a thermal neutron
facility for clinical BNCT in the LFR is feasible. Monte Carlo calculations had
shown that the neutron fluence rates and gamma dose rates at the detector position
of a model representing a first outline of a clinical facility met all requirements
that are necessary for clinical BNCT. In order to gain more information about the
neutron fluence rates at several positions, a second step is required. Calculations
have been performed for the free beam and for a tumour bearing phantom at 5 cm
and 10 cm distance from the irradiation window. Due to thermalization and back
scattering, the thermal fluence rates in the tumour at 5 and 10 cm distance from the
bismuth shield appeared to be approximately twice as high as the thermal fluence
rates in the free beam at the corresponding positions of 5 to 6 cm and 10 to 11 cm
from the irradiation window.
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1. INTRODUCTION

The primary objective of the Petten BNCT project is focused on the treatment
of brain tumours, not curable by conventional therapy but accessible by the two
components, a tumour specific boron compound and epithermal neutrons, com-
bined in the binary cancer therapy BNCT. It is expected that clinical trials on
glioma-patients by BNCT will start within a few months. The aim of the clinical
trials is to verify that BNCT is safe for healthy tissue and efficient in selective
destruction of malignant tissue.

There is a strong confidence about a positive demonstration of these unique
features of BNCT through the clinical trials. Therefore various investigators
worldwide search for further application of BNCT to other tumours than brain
tumours. As the therapy reaction 10B(n, a)7Li almost exclusively results from
capture of thermal neutrons it is evident that a beam of thermal neutrons can be
applied with advantage to the treatment of superficial tumours.

In anticipation of increasing demand for additional neutron sources for extended
future clinical application of BNCT a feasibility study on a thermal neutron
facility at the Argonaut Reactor of ECN, the Low Flux Reactor LFR, has started.
A previous investigation [1] has demonstrated that the LFR can provide a neutron
beam for clinical application. In this study, a part of the present thermal column
was replaced by a moderator, consisting of 0.5 mol % H2O and 99.5 mol %
D2O. The thickness of this material was 23 cm. The moderator was enclosed by
an aluminium tank, its wall thickness being 0.5 cm. A Bismuth slab of 12 cm
thickness was placed between the aluminium tank and the irradiation position to
shield the gamma rays. Except for a window of 20 x 20 cm2, the outward surface
of this slab was covered by an 0.2 cm thick 100 % enriched 6LiF sheet in order to
reduce the unwanted thermal neutron fluence rate outside the irradiation window.
Monte Carlo calculations using this model showed that for the neutron fluence
rates and gamma dose rates at the detector position (see [ 1 ]) all three requirements
for clinical BNCT were met:

1. 0ttiM = 1700 > 1000
2. </>th / DY - 1.5E+13 > 1.4E+13 [cm-2/Gy]
3. </>[h = 1.6E + 0 9 > 1.2E + 09[cm-2s-1]

In order to get more information on the distribution of the neutron field, three
more calculations are required: [2]

1. Calculation of neutron fluence rates for the free beam for 4 energy groups:
E < 0.5 eV, 0.5 eV < E < 10 keV, 10 keV < E < lMeV and E > lMeV.

2. Calculation of neutron fluence rates for the tumour bearing phantom at 5 cm
distance from the irradiation window.

3. Calculation of neutron fluence rates for the tumour bearing phantom at 10 cm
distance from the irradiation window.
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Calculation of fluence rate distributions in a pre design clinical facility for BNCT at the LFR

Furthermore,

• The dimensions of the models for the free beam and for the tumour bearing
phantom should be large enough to show a decrease of the thermal fluence rate
(E < 0.5 eV) by a factor of 20 at least.

• All calculations are to be performed with the Monte Carlo code MCNP4A [4],
using JEF2.2 cross sections [3].

This report first shows the models that were used for the calculations of the neutron
fluence rates in the free beam and in the tumour bearing phantom. Next, for a
number of relevant positions in the free beam and the tumour bearing phantom,
calculated neutron fluence rates are given.
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2. MCNP4A MODEL

2.1 Free beam
The neutron current in the free beam at the centre of the irradiation window is
peaked forward, as may be seen in fig. 3.1 of [1]. As there will be relatively few
collisions of neutrons in the air behind the bismuth slab, it is assumed that most
neutrons will move from the slab in a cone, the top of the cone being located at the
centre of the irradiation window and its centerline perpendicular to the bismuth
slab. The angle between the surface of the cone and the centre line of the cone
roughly amounts to 45 degrees.

Assuming azimuthal symmetry, the cone is discretized into cilinders and each
cilinder is divided into rings of equal radial thickness. Fig. 2.1 gives the cells of
this MCNP4A model in the direct vicinity of the irradiation window. The total
cell structure of the free beam model, together with the bismuth shield, the D2O
moderator slab and part of the reactor is given in fig. 2.2.
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Figure 2.1 Detailed view of cells in the MCNP4A model of the free beam in the direct
vicinity of the irradiation window.

2.2 Tumour bearing phantom

The composition of the tissue [5] that was taken for the phantom and the tumour
is given in table 2.1

The tumour bearing phantom was given [5] as a 50 x 50 x 20 cm3 box, filled
with tissue material as specified in table 2.1. The tumour is located as a "blister"
between a spherical surface of a sphere with a 3.625 cm radius, its origin being
located 2.625 cm at the phantom center line inside the phantom, and the surface
of the phantom. Compared to the phantom composition, the composition of the
tumour contains 30 ppm 10B. The surface of the healthy tissue of the phantom
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Figure 2.2 Overview of the MCNP4A model of the free beam, the bismuth slab, the D2O
moderator and the reactor.

Table 2.1 Composition of the phantom and the tumour

nuclide

H
N
C
0

i o B

phantom tumour
weight fraction (p = 1.0 gem"3)
0.10095
0.03690
0.18571
0.67644

0.10095
0.03690
0.18571
0.67642
0.00003

heading towards the irradiation window is covered by an 0.2 cm thick 100 %
enriched 6LiF tile.

The diffusion length L in both mixtures for thermal neutrons will approximate
the diffusion length of water which is 2.8 cm. In case of an infinite medium,
over a distance of 3L from the neutron source point the thermal neutron fluence
rate will decrease by a factor 20 at least. Based on this consideration, a model is
constructed to calculate neutron fluence rates from the top of the tumour until 7.5
cm inside the phantom.

Like in the case of the free beam, for the construction of the cells of the model,
azimuthal symmetry was asssumed.

Fig. 2.3 shows in detail the MCNP4A model and the cells, where fluence rates
are calculated. Fig. 2.4 gives the positions of the cells for the tumour bearing
phantom when the distance between the top of the tumour and the bismuth slab is
5 cm, the position of the bismuth slab, the D2O moderator slab and the reactor.
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MCNP4A model
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Figure 2.3 Detailed view of cells used in the MCNP4A model of the tumour bearing
phantom at 5 cm from the bismuth shield.
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Figure 2.4 Overview of the positions of MCNP4A cells for the tumour bearing phantom,
the distance between the top of the tumour and the bismuth slab being 5 cm,
the bismuth slab, the D2O moderator slab and the reactor.
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3. RESULTS OF CALCULATIONS

3.1 Free beam
The thermal fluence rates (E < 0.5 eV) in the free beam are given in fig. 3.1. The
results for the fluence rates of the two epithermal groups and the fast group in the
free beam are given in the first appendix in fig. A. 1 (0.5 eV < E < 10 keV), fig. A.2
(10 keV < E < lMeV) and fig. A.3 (E > lMeV), respectively.
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Figure 3.1 Thermal fluence rates (E < 0.5 eV) in the free beam [1.0E + 09 cm~2s~']-
From the left to the right, the standard deviations due to the Monte Carlo
process are within 5 % in the first three cilinders, within 10 % in the next two
and within 20 % in the last cilinder.

A histogram plot of the thermal fluence rates for the free beam is given in fig. 3.2.
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Results of calculations

2 . 5

1.5

0 . 5

r / cm

Figure 3.2 Thermal fluence rates (E < 0.5 eV) in the free beam in [1.0E + 09 cm"2s~1];
d denotes the distance from the Bi shield, r is the radial distance from the
centre line of the model.

3.2 Tumour bearing phantom

The thermal fluence rates (E < 0.5 eV) in the tumour bearing phantom are given in
fig. 3.3 and fig. 3.4 for a distance between the top of the tumour and the bismuth
slab of 5 cm and 10 cm, respectively.

Histogram plots of the thermal fluence rates in the tumour bearing phantom for a
distance between the top of the tumour and the bismuth shield of 5 cm and 10 cm
are given in fig. 3.5.

The results for the fluence rates of the two epithermal groups and the fast group in
the case of 5 cm distance between the top of the tumour and the LiF cover of the
bismuth shield are given in the second appendix in fig. B. 1 (0.5 eV < E < 10 keV),
fig. B.2, (10 keV < E < lMeV) and fig. B.3 (E > lMeV), respectively. In case of
10 cm distance between the top of the tumour and the bismuth shield, results for
the fluence rates of the two epithermal groups and the fast group are given in the
third appendix in fig. C.I (0.5 eV < E < 10 keV), fig. C.2, (10 keV < E < lMeV)
and fig. C.3 (E > lMeV), respectively.
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Figure 3.3 Thermal fluence rates (E < 0.5 eV) in the tumour bearing phantom for a
distance between the top of the tumour and the bismuth shield of
5 cm [1.0E + 09 cm~2s~']. All standard deviations due to the Monte Carlo
process are within 5 %.
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Results of calculations
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Figure 3.4 Thermal fluence rates (E < 0.5 eV) in the tumour bearing phantom for a distance
between the top of the tumour and the bismuth shield of 10 cm [1.0E + 09cm~2s~'].
All standard deviations due to the Monte Carlo process are within 5 %.
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Figure 3.5 Thermal fluence rates (E < 0.5 eV) in the tumour bearing phantom in
[1.0E + 09 cm~2s~1] for a distance between the top of the tumour and the
bismuth shield of 5 cm (left) and 10 cm (right); d denotes the distance from
the Bi shield, r is the radial distance from the centre line of the model.

14 ECN-I-95-046



4. CONCLUSIONS

Due to thermalization and back scattering the thermal fluence rate in the super-
ficial tumour at 5 and 10 cm distance from the bismuth shield is approximately
twice as high as the thermal fluence rate in the free beam at the corresponding
positions of 5 to 6 cm and 10 to 11 cm distance from the bismuth slab.
Because the LiF cover of the bismuth only shields thermal neutrons, the fast
fluence rates in the phantom are approximately constant at planes parallel to
the bismuth shield.
Due to thermalization and diffusion from the uncovered part of the phantom,
the thermal fluence rate increases slightly behind the LiF cover of the healthy
tissue of the phantom.
The present study indicates the potential of the LFR as a neutron source for
BNCT applied to superficial tumours, for instance of the type melanoma: The
fluence rate of thermal neutrons at the surface of a tumour-phantom irradiated
in the proposed clinical facility at the LFR amounts to 2.5 109 cm~2s~'. This
is a factor of 2.5 higher than the corresponding value for the first successful
clinical trial on a surface melanoma in Japan [6].
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APPENDIX A. 0, E > 0.5 eV, free beam

1.94

2.44

2.02

3.37
2.62

2.08

2.21

1.35

1.70

1.61

1.61

-40 -20 0 20 40

Figure A. 1 Epithermal fluence rates (0.5 eV < E < 10 keV) in the free beam [1 .OE + 06 cm~2s~' ]•
All standard deviations due to the Monte Carlo process are within 10 %.
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-20 0 20 40

Figure A.2 Epithermal fiuence rates (10 keV < E < 1 MeV) in the free beam
[ 1.0E+06 cm~2s~' ]. All standard deviations due to the Monte Carlo process
are within 10 % except for the central cell of the fifth cilinder left from the
bismuth shield. In this case the standard deviation amounted 25 %
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4>, E > 0.5 eV, free beam

20
Figure A.3 Fast fluence rates (E > 1 MeV) in the free beam [l.OE + 05 cm"2s"'].

All standard deviations due to the Monte Carlo process are within 10 %.
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APPENDIX B. 0, E > 0.5 eV, tumour at 5 cm from
irradiation window
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Figure B. 1 Epithermal fluence rates (0.5 eV < E < 10 keV) in the tumour bearing phantom,
5 cm between top of tumour and bismuth shield [1.0E + 07 cra"2s"'].
From the left to the right, the standard deviations due to the Monte Carlo
process are within 20 % in the tumour, within 15 % in the first cilinder, within
10 % in the next six and within 20 % in the last cilinder.
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<p, E > 0.5 eV, tumour at 5 cm from irradiation window
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Figure B.2 Epithermal fluence rates (10 keV < E < lMeV) in the tumour bearing phantom, 5 cm between
top of tumour and bismuth shield [1.0E + 06 cm~2s~'].
From the left to the right, the standard deviations due to the Monte Carlo process are within 10 %
in the tumour and the first cilinder, and within 5 % in the other seven cilinders.
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Figure B.3 Fast fluence rates (E > lMeV) in the tumour bearing phantom, 5 cm between
top of tumour and bismuth shield [1 .OE 4- 05 cm~2s~']. From the left to the
right, the standard deviations due to the Monte Carlo process are within 20
% in the tumour, within 10 % in the next seven cilinders and within 5 % in
the last cilinder.
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APPENDIX C. 0, E > 0.5 eV, tumour at 10 cm
from irradiation window

4.29 i 3.04

Figure C. 1 Epithermal fluence rates (0.5 eV < E < 10 keV) in the tumour bearing phantom, 10 cm between
top of tumour and bismuth shield [ 1.0E + 06 cm~2s~' ].

From the left to the right, the standard deviations due to the Monte Carlo process are within 20 % in the tumour,
within 10 % in the next seven cilinders and within 15 % in the last cilinder.
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i

T .

Figure C.2 Epithermal fluence rates (10 keV < E < 1 Me V) in the tumour bearing phantom,
10 cm between top of tumour and bismuth shield [1.0E + 06 cm' 2s" ' ] .
From the left to the right, the standard deviations due to the Monte Carlo
process are within 15 % in the tumour and within 5 % in the other cilinders.
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<t>, E > 0.5 eV, tumour at 10 cm from irradiation window
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Figure C.3 Fast fluence rates (E > lMeV) in the tumour bearing phantom, 10 cm between
top of tumour and bismuth shield [1.0E + 05 cm~2s~']-
From the left to the right, the standard deviations due to the Monte Carlo process are
within 20 % in the tumour and within 10 % in the other cilinders.

ECN-I-95-046 25


