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ABSTRACT 

Boron Neutron Capture Therapy (BNCT). using intermediate 
energy neutrons to achieve the deep penetration essential for 
treating brain tumours, can be implemented with a fi ltered reac
tor neutron beam. This i s designed to minimise the mean energy of 
the neutrons to keep proton recoi l damage to the scalp within nor
mal t issue tolerance l imits whilst delivering the required thermal 
neutron fluence to the tumour over a reasonably short period. 
This can only be realised in conjunction with a high power density 
reactor. At the Joint Research Centre (JRC) Petten an optimized 
neutron f i l t e r i s currently being bui l t for instal lat ion into the 
HB11 beam tube of the High Flux Reactor HFR. Part of the develop
ment leading to this design, has been an extensive study of broad 
spectrum, f i l tered beam performance on the HB7 beam tube f a c i l i t y . 
First ly, a wide range of calculations was performed using the 
Monte Carlo code, MCNP. Secondly, these were supported by val ida
tion experiments in which several f i l t e r configurations incorpora
ting aluminium, sulphur, l iquid argon, titanium and cadmium were 
installed for low power measurements of the neutron fluence rate , 
neutron spectra, and beam gamma-ray contamination. 

The measurements were carried out within a successful Euro
pean collaboration. Evaluations were made of the reactor core edge 
and unfiltered beam spectra, for comparison with MCNP calcula
tions. Multi-foil activation methods and also gamma dose determi
nation in the f i l tered beam using thermoluminescent detectors 
(TLD's) were performed by the Netherlands Energy Research Founda
tion (ECN). The Harwell/Birmingham University collaborators under
took the neutron spectrum measurements in the f i l tered beam. Pro
ton recoil spectrometry was used above 30 keV, combined with a 
multi-sphere and BF, chamber response modification technique 
(based on differential absorption by " B discs of various thick
nesses for lower energies) . Subsequent spectrum adjustment was 
carried out with the SENSAK code. The agreement between the calcu
lated and measured spectra has given confidence in the reactor and 
f i l t er modelling methods used to design the HB11 therapy f a c i l i t y . 
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1. INTRODUCTION 

Boron Neutron Capture Therapy (BNCT) offers a possible method 
for treating tumours, particularly in the brain, which are r e s i s 
tant to conventional attack by surgery, chemotherapy and radiothe
rapy [ 1 ] . 

In particular the use of intermediate energy neutrons to 
achieve the deep penetration necessary for treating brain tumours 
looks very promising. A suitable f i l t e r combination which genera
tes a beam of neutrons of the required specif icat ion, i . e . of low 
mean neutron energy and acceptable gamma-ray dose, leads to a s ig 
nificant reduction of the neutron fluence rate. Hence reasonably 
short therapy periods can only be achieved using reactors with a 
high power density, such as the HFR at Petten, the Netherlands. 

Following the Bremen Conference on NCT [2] in 1988. a "Con
certed Action (CA) on BNCT was init iated at Petten at the begin
ning of 1989. The CA, sponsored by the CEC. coordinates the va
rious a c t i v i t i e s concerning BNCT in Western Europe and covers such 
diverse discipl ines as: neutron physics, radiation dosimetry, che
mistry, radiotherapy, pharmacology and c l in i ca l management. 

The f i r s t priority of the CA i s the real isat ion of a BNCT 
fac i l i ty in Petten. Later, other f a c i l i t i e s in Europe will be con
sidered . The experience gained elsewhere eg . at the DIDO reactor 
at Harwell [1] i s used in the CA. A self-imposed tight time sche
dule to implement BNCT at Petten by late 1991. requires a start of 
the necessary c e l l radiobiology and animal irradiations by late 
1990. A validation exercise, preliminary to designing and con
structing the therapy fac i l i ty in HB11, was considered essent ia l . 
Prior commitments for Nuclear Physics experiments up to August 
1990 precluded the use of HB11 i t s e l f , but the smaller HB"/ beam, 
which was available, offered several advantages. 

This paper gives a survey of the campaign of experiments to 
validate calculations of the neutron fluence rate and neutron 
spectrum with the Monte Carlo MCNP code in HB7 and the results of 
the comparison. 

The measurements at KB7, and their subsequent analysis, per
formed in the period July * November 1989f were a collaborative 
undertaking by the authors [ 3 ] . 

2 . HFR PETTEN 

The HFR is a 45 MW(t) Materials Testing Reactor (ORR Type), 
cooled and moderated by light water [4], The core of the reactor 
is a 9 x 9 rectangular array, consisting of 33 fuel assemblies of 
the MTR type (93% U-235 enriched), 6 control rods, 23 beryllium 
reflector elements along 3 sides of the core and 19 free positions 
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in which experimental f a c i l i t i e s may be placed, ( f i g . l ) . In addi
tion the reactor has the so-cal led ''Pool Side Facility" in which 
12 experiments can be placed. The reactor i s equipped with 12 ho
rizontal beam tubes of which HB11 and HB12 are foreseen to supply 
intermediate and thermal neutrons for BNCT, and of which, HB7 was 
used for the validation exercise . 

3 . THE HB7 FACILITY 

The HB7 beam tube, situated at the south-east side of the 
core. 100 ma above the core centre-line core has a diameter of l80 
mm. It i s currently occupied by an experiment incorporating a 
"neutron mirror system", comprising a number of tapered s l i t s de
lineated by 1 ma thick neutron mirrors of a CoFe alloy. The s l i t s 
are 50 *• high and taper from 2.5 u wide at the core end to 1.2 
mm at the far end and are 2 a in length. A change in direction at 
the mid-length closes each s l i t for fast neutrons and gamma-rays 
while allowing transmission of sub-thermal neutrons by to ta l re
f lect ion. For our measurements, the system was straightened to 
allow free passage of a l l neutrons, so operating as a geometrical 
attenuator rather than as an energy se lector . The mirror system 
focuses the neutrons to a point 9250 mm from the core box, af ter 
which the beam diverges again. A polyethylene collimator was used 
to l imit the beam diameter to 50 mm. 

Measurements took place along the beam axis at 7 posi t ions , 
(I-VII) up to 11.7 • downstreaa from the reactor vessel edge, 
( f ig . 3 ) . 

4. MCNP CALCULATIONS 

The neutron fluence rate and absorbed dose (neutrons and pho
tons) were calculated at Harwell [5] with the Monte Carlo MCNP 
code [6] for a position 5.0 • from the core edge. Additional ca l 
culations were made at ECN [ 7 ] for core 8 and positions I and II . 

The influence of different core configurations, different 
combinations of materials to be used as f i l t e r and/or spectrum 
shifters and different dimensions for the various materials were 
examined. For validation reasons, extra calculations of both 
fluence rates and activation responses were performed for pos i 
tions I and I I , in which mult i - foi l se ts were irradiated. Three 
cores were investigated, indicated as A, B and C in f i g . l . Some of 
the resul ts , for different core and f i l t e r configurations are g i 
ven in Table 1, including preliminary gamma-ray dose rates. 
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5. MEASUREMENTS 

Different measurement techniques were used to examine the 
neutron beam, for which the neutron fluence varies by more than 6 
decades in an energy range which extends fro» fission down to the 
cadmium cut-off at 0.5 eV. 

5.1 Activation and Fission Monitor Sets 

Multi-foil sets, mostly with a 1 mm Cd shield were irradiated 
in all positions. The composition of the sets varied from Multiple 
foils (up to 13). aostly of diluted Materials in position I, to a 
single pure gold foil (thickness: 0.1 mm) in position VII (see 
Table 2). Multi-foil sets, bare and Cd covered, used for neutron 
spectrum adjustment calculations were irradiated for core configu
rations A and B (positions I and II) and C (position II). The 
intermediate energy fluence rate distribution along the beam-axis 
was measured with diluted gold and/or pure gold foils covered by 1 
ma Cd, (fig. 4). Both foil materials were irradiated in position 
II, from which a self-shielding correction in the pure gold foils 
of 4.0 (s.d. * 5%) was derived. 

5.2. Proton Recoil Spectrometry [8] 

Above 30 keV, proton recoil proportional counters, diameter 
40 ma, were used. The counters are filled with hydrogen to pressu
res of 100, 300 and 1000 kPa which respond to the neutron spectrum 
in the overlapping energy ranges 10 - 200 keV, 100 - 500 keV and 
200 keV - 1.5 MeV respectively. Due to the narrowness of the beam 
and the limited time available, the counters were positioned one 
behind the other in positions V, VI and VII. The 300 and 1000 kPa 
counters in position VI and VII respectively, contained a trace of 
'He for calibration purposes and were covered with Cd (thickness 
1.0 mm) to minimise their response to thermal neutrons. Additional 
count rate measurements were made with the proton recoil counters 
in line in various orders to allow corrections to be made for 
intensity fall-off along the beam-line and attenuation by the pre
ceding counters. A reactor power of 500 kW and the attenuation of 
the mirror system were sufficient to keep the count rate below the 
required 300 s-1. 

Two measurements were performed, both for core A, but diffe
rent beam filter combinations, i.e. 0.5 mm Cd, 50 mm Al, 1000 mm 
Ar, with and without 10 am Ti. 
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5-3- Spectru» Modification Technique [ 1 ] . 

A range of l • B plates of various thicknesses and a Ti plate 
(see f i g . 2) were placed in the beam and the counting rates of two 
detectors s ituated in position VI, when thus modified, were meas-
ured. These two counters, (a BF, counter, diameter 40 mm, and a 
38-0 as radius aulti-sphere containing a 'He proportional counter 
[ 6 ] ) , have very different energy response functions. Due to the 
HB7 set-up, the response functions had to be modified due to the 
non-uniform beaa prof i le (see section 5**0» The measurements were 
carried out for two cores, A and B. and with f i l t e r s of 1000 mm 
argon, with in turn 300, 150 and 50 &• aluminium: the l a s t with, 
then without 100 ma of sulphur. Frequent checks on the reactor 
power were taken with a 127.0 mm radius multi-sphere located at 
the rear of posi t ion VII. This was otherwise covered with a bora-
ted polythene block to minimise the ef fect of the backscatter of 
low energy neutrons on the counting during the measurements. 

5 . 4 . Non-Uniform Beam Profile 

I t was real ized at an early stage that the combination of the 
mirror system and the collimator leads to a very non-uniform beam 
prof i l e . This was measured at the multi-sphere posit ion with a 12 
mm diameter BF, chamber covered with Cd, used in the end-on orien
tation to the beaa for maximum resolution. The resul ts of these 
measurements are shown in f ig . 5- To derive the modified response 
function for the aulti-sphere, HCNP calculations were performed 
for a range of d i scre te neutron energies in a paral le l beam with 
the aziauthal average distribution of f ig .4 . The upper curve in 
f ig . 2 shows t h i s response function, being the count rate in the 
'He counter per unit fluence rate of neutrons averaged over the 
projected area. This figure also shows the modified response func
t ions obtained, taking into account the shielding of the subsi
diary l*B absorbers. The same procedure was used for the results 
of the BF, counter. The profile of f i g . 5 has also been used to 
correct the multi-sphere and proton recoi l counters to the values 
they would have shown, had they been irradiated uniformly. Factors 
of 2.35 t 0.1 ( lo) and 1.1*1 i 0.02 respectively were obtained. 

6. ANALYSIS 

Neutron spectrum adjustment calculations were performed for 
positions I and II, using an ECN version of the SAND-11 code [9]' 
This code normalises the NCNP spectrum using the measured reaction 
rates and a cross-section library [10]. The count rates of the 
different counters were first normalised to the 5000 ma position 
on the HB7 axis taken for the NCNP calculations, using the results 
of the gold foils (figA). The spectrum unfolding code SENSAK [11] 
was used to adjust the calculated spectrum on the basis of the 
observed count rates and the response functions modified as above. 
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Errors in the response functions and the i n i t i a l spectrin, to 
gether with Measurement errors, and where appropriate covariance 
•a tr i ces . are a l l accounted for in the SENSAK calculation. 

For core configuration A. the total flux derived from the 
proton recoi l measurements was also used, assuming a cross section 
of zero below 30 keV and a constant value above. Figure 6 shows 
the spectrum adjustment factors for core B. The average ratios of 
calculated and measured reaction rates in positions 1 and II for 
the 3 cores are given in table 3- Table 4 gives a summary of the 
calculated to measured fluence rate ratios for the 2 cores and the 
4 f i l t e r combinations. More deta i l s are given in ref. [12] . 

7- DISCUSSIONS AND CONCLUSION 

I t i s evident from comparing Tables 3 and 4, that the agree
ment between calculations and experiments i s much closer for the 
beryllium reflected core (B) and configuration (C) with the fuel 
assembly, than for the aluminium reflected core (A). This i s pro
bably because the power distribution appropriate to core B used in 
each MCNP run i s unrealistic for the core when reflected by alumi
nium. Another shortcoming may be the recognized incorrect model
ling of the aluminium ref lector assemblies. In conclusion i t can 
be stated that the neutron fluence rate measurements in HB7 have 
shown reasonably good agreement with calculations, especially for 
the beryllium reflected core. 

A l e s s t ight time schedule for proton recoi l measurements, a 
more uniform beam in HB11 and the modification of the adjustment 
programs SAND-II and/or SENSAK for activation monitors wi l l con
tribute to more accurate characterization of neutron fluence rate 
and spectrum in HB11. In addition, information from alternative 
types of counters, including larger multi-spheres, a *Li spectro
meter and multi-layer gold f o i l s will be eaployed. 

8 . LOOKING AHEAD 

A f i l t e r combination of 1 ma Cd, 150 am Al, 50 ma S, 10 am Ti 
and 1500 am liquid Ar and an appropriate fast (aain) beam shutter 
with an emergency back-up system i s installed in the HB11 beam in 
the HFR in August 1990. After testing of the liquid argon f i l t e r 
system, a s tart will be aade with the characterisation of the 
neutron and gamma field using the experience gained at HB7. 
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TABLES 

Table 1: MCNP results for 2 cores and 3 filter combinations [4] 

Filter 
Core Configuration 
A B 

liquid Argon (aa) 
Cadaiua (aa) 
Aluainiua (aa) 
Sulphur (aa) 

1000 1000 1000 1000 1000 1000 
1 1 1 1 1 1 

300 150 300 150 
50 50 

fluence rate(10llB-*-s-1) 3-337 10.23 29.22 1.801 5591 16.20 
0 025 0.023 0.022 0.031 0.033 0.032 
11.80 12.32 20.01 10.30 10.96 18.93 
0.047 0.038 0.034 0.059 0.052 0.049 
34.5 109.8 264.9 36.5 H8.3 289-3 

error 
•ean energy (keV) 
error 
Photon Dose (rea/h) 
error 0.030 0.029 0.028 0.045 0.041 0.038 

Table 2: Reactions induced in aulti-foil sets placed in positions 
I. II and III. 

Material Reaction Position 90JS Response 
Region (MeV)# 

Al-U 
Al-Co 
Ni 
Ti 

Sc 
Al-Cu 
Al-W 
Al-Au 
Au 

(4.5 wt.* , , f U ) 2 , , U ( n . f 
(1 wt.Jf Co) »»Co(n.T 

"Ni(n.p 
**Ti(n.p 
*'Ti(n,p 
••Ti(n,p 
*'Sc(n.T 
•'Cufn.T 
"•«(n.T 

^'Autn.T 
l*;Au(n,T 

(10 
(1 

wt.% Cu) 
wt.* W) 

(0.1 wt.Jf Au) 

Al-La (5 
Fe 

wt.% La) 1MLa(n.Y 
«•Fe(n,T 
••Fefn.p 
'•Fe(n,p 

l l , In (n ,T 
»'Mn(n,T 
"Al{n.G 

Al-U (22.8 wt.Jt l , , U ) 1MU(n.T 

Al-In (0.2 wt.Jtln 
Al-Mn (1.0 wt.Jt Mn) 

II 

II 

I 
I 
I 
I 
I 
I 
1,11,111 
I.II.III 
I.II.III 
I,II,III 
III.IV.V. 

VI.VII 
I 
I.II.III 
I 
I.II.III 
I.II.III 
I . II 
I.II.III 
I . I I 

4.00*10-' 
4.50 -10-' 
1.60•10-' 
3-80*10-' 
1.50*10-« 
6.00*10-' 
4.00*10-1 

4.25*10-' 
6.60*10-' 
6.90*10-' 

6.90*10-' 
4.25*10-' 
4.25*10-' 
2.00*10-' 
5.50*10-' 
7.60*10-' 
4.25*10-' 
6.50'10-' 
3.20*10-' 

'-4.25*10-' 
»-l.35-10-* 
»-7.50*10*» 
,-9.50*l0+ t 

'-7.30*10*# 

•-1.26'IQ*1 

'-4.00*10-' 
»-5.75'l0-* 
'-2.00*10-* 
'-5.52*10-* 

•-5.52*10-* 
•-7.22*10-* 
»-2.30*10-* 
»-7.60*10*-
'-l.l6*10** 
»-1.60*10-* 
'-2.10*10-* 
'-1.22-10*1 

'-1.70*10-* 

* The indicated response is valid for a foil shielded with 
1 aa Cd. irradiated in HB7-position I. 
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Table 3: Ratio Measured to Calculated Reaction Rates in Positions 
I and II (based on activation monitors). 

Core Configuration 1) 

Position 

(n.T) - reactions with Cd-cover 
std deviation {%) 2) 

(n.p) - reactions 3) 
std deviation {%) 

all reactions 
std deviation {%) 

A 

I 

0-53 
11 

0.71 
10 

0-58 
18 

11 

0.65 
8 

0.90 
7 

0.71 
17 

B 

I 

0.78 
6 

0.98 
3 

0.85 
15 

II 

0.72 
3 

0.92 
5 

0.78 
13 

c 

II 

0.78 
15 

0.93 
3 

0.83 

1) A refers to an Aluminium ref lector , B to a Beryllium, reflector 
and C to a combination Al/Fuel/Al for the positions P9. G9, H9. 

2) Average rat io for a l l (n.T) reactions; the number of reactions 
varies per pos i t ion. 

3) Average rat io for a l l (n,p) reactions; the number o f reactions 
varies per pos i t ion. 

Table k: Ratio Measured to Calculated Reaction Rates in Position 
VI (based on spectrua aodification technique and proton 
recci l spectrometry). 

F i l ter combination core configuration 
1) 

Al S 
(u) («) 
50 0 
300 0 
50 100 
150 0 
average 
std deviation 

Cd 
(-») 

0.5 
0.5 
0.5 
0.5 

i i%) 

Ar 
(mm) 
1000 
1000 
1000 
1000 

A 

0.58 
0.65 
0.60 
0.59 
0.60 

5 

B 

0.86 
0.97 
0.88 
0.88 
0.90 

5 

1) A refers to an Aluainiua reflector, B to a Beryllium reflector. 
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Fig. 5. HB7 beam prof i le at p o s i t i o n VI. 
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