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ABSTRACT 
A design study of a medical reactor for Boron Neutron Capture 
Therapy has made progress. Main specifications of the reactor are 
as follows; thermal power of 2 MW, water cooling by natural 
convection, semitight core of hexagonal lattice, U0 2 fuel rod of 
9.5 mm diameter and no refueling in the reactor-life. Three 
horizontal and one vertical neutron beam holes are to be provided 
for simultaneous treatments by thermal and epithermal neutrons and 
for further biomedical research. The design objectives for the 
beam holes are to deliver the therapeutic doses in a modest time 
(30 to 60 min) with minimal fast neutron and gamma contaminants. 
The n-y coupling Sn transport calculations have been carried out 
using n-21 and 7-9 group cross sections on 2-dim. practical 
models. The calculated results indicate that the design objectives 
will be achievable even if the thermal power of the reactor is 
reduced to 1 MW. 

INTRODUCTION 

A design Study of a medical reactor has been carried out since July, 
1988, with the cooperation of Kobe Univ., Kyoto Univ., Mitsubishi Heavy 
Industries, Ltd., Mitsubishi Atomic Power Industries, Inc. and others. It 
is intended in this study to survey and investigate the reactor concepts 
suitable for Boron Neutron Capture Therapy (BNCT) and to set up the main 
specifications of the reactor which is to be used exclusively for the 
treatment of cancers as well as for the further biomedical research. 

At present, the clinical treatment by BNCT is being carried cul only in 
Japan and many patients want the treatment including those in Europe, U.S.A. 
and Australia. The treatment by BNCT is applied to brain tumors and 
malignant melanomas, and good clinical results are achieved by a single 
radiation regimen. Brain tumor treatment was initiated in 1968 by Prof. H. 
Hatanaka of Teikyo Univ. and the number of treatments reaches 120 cases. 
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Recently Kyoto Univ. and other hospitals have started treatment. Malignant 
melanoma treatment was initiated in 1987 by Prof. Y. Mishima and Assist. 
Prof. M. Ichihashi (at that time) of Kobe Univ.. The total number of these 
treatments by BNCT reaches 150 cases.. 

It is generally accepted that the optimum neutron source for BNCT is a 
small reactor. However, currently available research reactors such as 
Musashi Reactor, KUR and JRR-2 are not constructed exclusively for medical 
use, but rather as multi-purpose reactors. Since the thermal neutron flux 
available at the beam port is not so high, the time needed for the treatment 
is usually rather long. Further, the time available for medical use is 
limited because the research reactor is used for different purposes and the 
schedule is tight. 

Studies of BNCT by epithermal neutrons are in progress in Europe, 
U.S.A. and Australia. Thermal neutron flux decays rapidly in the human 
tissue. If epithermal neutrons are utilized, it may be possible to treat 
various deep-seated cancers without surgery. It is important and necessary, 
however, to sufficiently suppress the fast neutron contamination in the 
therapeutic neutron beam. 

In FY 1978-79, a design study of a neutron irradiation facility for 
BNCT was carried out" under the support of the Ministry of Education, 
Science and Culture. In the study, the configulation of the neutron filter 
which delivers thermal or epithermal neutrons from a TRIGA reactor was 
investigated. A neutronics design of a medical therapy reactor-'1 was 
presented from INEL at the 1988 Int. Reactor Physics Conf.. It addresses 
the feasibility of utilizing existing reactor technologies to deliver 
therapeutic doses by epithermal neutrons. The two primary fuel candidates 
are a 10 wt% 2 : i 5 U enriched U0 2 fuel and a 20 wtZ 2 3 5 U enriched UZrH fuel. 

CORE CONFIGURATION AND ANALYSIS 

Principal requirements for the design of the medical reactor in this 
study are as follows: 

(1) The reactor is to be used exclusively for medical purposes. 
(2) 50,000 patients are able to be treated or diagnosed in the reactor-

life without refueling. 
(3) The thermal power is less than 2 MW. 
(4) The core is cooled by natural convection. 
(5) Thermal and epithermal neutron beam holes are provided separately. 
(6) No heavy water is used in the core. 
(7) listing proven reactor technologies are to be utilized. 

A survey of characteristics of research reactors and small reactors in 
the world was carried out. In reference to the principal requirements, light 
water cooled and moderated PWR-type (oxide fueled) and TRIGA-type (hydride 
fueled) reactors seemed suitable for the medical reactor. Analyses of the 
core characteristics of these two reactors indicated that the oxide fueled 
core would be more feasible to the medical reactir because of the higher 
epithermal neutron flux availability and the less excess reactivity 
requirement. Furthermore, it will be possible to fabricate and reprocess the 
oxide fuel in Japan which is different from the case of the hydride fuel. 

A harder neutron spectrum of the core is preferable in view of the 
availability of epithermal neutrons. A too tight core, however, results in 
an excessive increase of the fuel enrichment and a decrease of the control 
rod worth. Therefore, a semitight core is preferable. The average linear 
heat rate in the core is selected to be 20 W/cm. The characteristics of the 
core were examined for the optimization of the core parameters such as the 
volume ratio of moderator to fuel pellet (Vm/Vp), ratio of core height to 
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diameter and fuel enrichment. 
The control rod worth was calculated and it was confirmed that seven 

control rods of cluster-type would be able to shut down the reactor safely 
under the condition of one rod stuck. It was also confirmed that the local 
boiling would not occur in the core even if the reactor power was raised 
ramp-wise from zero to the normal power in 5 min. 

The main specifications of the core and fuel are given in Table 1 and 
the horizontal cross section of the core is shown in Fig.l. 

58.0cm—I 
Table 1. Main specifications of 

the core and fuel 
Thermal power 2 MW 
Avg./max. L.H.R. 20/50 W/cm 
Active core height 62 cm 
Equiv. core radius 25.5 cm 
Vm/Vp 1.0 
Fuel 00 2 (~0.5 t) 
2 3 5 U enrichment 4 wtX 
Cladding outer dia. 9.5 mm 
Assembly pitch 112 mm 
Pin pitch 11.4 mm 
Lattice geometry Hexagonal 
No. of fuel rod 91/ass'y 
No. of fuel ass'y 19 

Core 

Neutron 
filter 

Flow path 

Fig.l. Horizontal cross section 
of the core 
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(a) Horizontal thermal neutron beam hole 

217.0 237.0 
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(b) Horizontal epithermal neutron beam hole 
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(c) Vertical thermal neutron beam hole 

194.0 214.0 
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*l I I Al 
H.O 

LiF 
A1{85X)+D,0(15X)| Bi Air 

Rossi 
liquid 

70.4 120.0 135.0 194.0 214.0 

(d) Vertical epithermal neutron beam hole 

Fig.2. Reference slab models of the neutron bean holes (in unit of cm) 
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NEUTRON FILTER CONFIGURATION AND ANALYSIS 
Three horizontal neutron beam ports are to be provided for simultaneous 

treatments and advanced research. Therapeutic doses of thermal or epithermal 
neutrons are also available at a vertical neutron beam port by using a 
rotating plug. In order to examine the neutron filter composition and to 
optimize the neutron filter configuration, 1-dim. n-7 coupling Sn transport 
calculations were carried out using JSSTDL-IOON/^OG-JS-1- . The reference slab 
models of the neutron beam holes are shown in Fig.2. 

The neutron filter for epithermal neutrons which consists of aluminum 
and heavy water was first proposed by Y. Oka, et al">. Aluminum is an unique 
material whose cross sections for fast neutrons are larger than those for 
epithermal neutrons. Bi is used for the gamma shielding. LiF or Cd is used 
to cut off thermal neutrons. The effect of the (7 ,n) reaction of heavy 
water is taken into account by Aoki's method5' . The fast neutron and gamma 
dose due to the fast neutron and gamma contaminant are calculated using thp 
conversion coef f icientsn)i 7> . In this study, the thermal, epithermal, and 
fast neutrons are denoted as the neutrons less than 1 eV, between 1 eV and 
1 KeV, and more than 1 KeV, respectively. 

The Sn transport calculations of the neutron flux (n/cm^-s), neutron 
dose rate (Gy/h) and gamma dose rate (Gy/h) were carried out on several I-
dim. models which were different from the reference model. The effect of the 
(7 ,n) reaction of heavy water can be estimated from the decrease of the 
fast neutron dose rate by the neglect of the reaction. The gamma dose rate 
due to the gamma contaminant is equal to the dose rate obtained on the model 
without the Rossi liquid for tissue simulation. The calculations indicate 
that the (n,7 ) reaction in the tissue contributes to more than 90 % of the 
gamma dose rate. 

As for the horizontal thermal and epithermal neutron beam hole, the 
calculated results indicate that the reference model is almost the best 

choice for each. As for 
the vertical thermal and 
epithermal neutron beam hole, 
the existence of the cooling 
water region tends to decrease 
the neutron flux available at 
the beam port. Since the total 
length of the beam hole is 
designed to be shorter than 
that of the horizontal beam 
hole as seen in Fig. 2, the 
neutron flux available at the 
beam port is almost equal to 
that available at the 
horizontal beam hole. However, 
the fast neutron and gamma 
dose rate tend to be larger 
than those at the horizontal 
beam port. The horizontal and 
vertical beam hole provided 
around the core ore shown in 
Fig.3. A rotating beam shutter 
is. provided for each beam hole 
to shut the neutron beam in 
emergency. Each irradiation 
room is U m wide to facilitate 
the neutron irradiation of the 
patient. 

Core 

Irradiation room 

Fig.3 Conceptual drawing of the beam holes 
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EVALUATION OF CHARACTERISTICS OF THE NEUTRON BEAM HOLE 
The design objectives for the neutron beam hole are given as the values 

at the beam port as follows: 
(1) Thermal neutron flux; 1.2 x 10' 3 n/cm2 in 30 to 60 min. 
(2) Epithermal neutron flux; 0.6 x 10' 3 n/cm2 in 30 to 60 min. 
(3) Fast neutron dose during the treatment; less than 2 Gy. 
(4) Gamma contaminant dose during the treatment; less than 1 Gy. 

Rossi 
liquid £ 

0I» ' 0 l30' &&$ 
Fig.U. Contour map of the thermal neutron flux in the horizontal 

thermal neutron beam hole (in unit of n/cm2-s) 

* S0S(50Z)+H,O(50Z)_ = o - o 

v 
Fig.5. Contour map of the epithermal neutron flux in the vertical 

epithermal neutron beam hole (in unit of n/cm 2-s) 
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EVALUATION OF CHARACTERISTICS OF THE NEUTRON BEAM HOLE 

The design objectives for the neutron beam hole are given as the values 
at the beam port as follows: 

(1) Ther開alneutron fluK; 1.2 X 1013 n/cm2 in 30 to 60 min. 
(2) Epithermal neutron flux; 0.6 x 1013 n/cm2 in 30 to 60 min. 
(3) Fast neutron dose during the treatment; less than 2 Gy. 
(4) Gamma contaminant dose during the treatment; less than I Gy. 

-し u

g"'g"JI~ 

Fig.4. Contour map of the thermal neutron flux in the horizontal 
thermal neutron beam hole (in unit of n/cm2.s) 

司
同
副
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Fig.5. Contour map of the epithermal neutron flux in the vertical 

epithermal neutron beam hole (in unit of n/cm2・s)
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In order to evaluate the thermal and epithermal neutron flux, fast 
neutron dose rate and gamma dose rate in the horizontal and vertical beam 
holes, 2-dim. n-7 coupling Sn transport calculations have been carried out 
using n-21 and 7 -9 group cross sections and neglecting the (7 ,n) reaction 
of heavy water. Fig.h and 5 show the contour map of the thermal neutron flux 
in the horizontal thermal neutron beam hole and the epithermal neutron flux 
in the vertical epithermal neutron beam hole. Fig.6 and 7 show the neutroa 
spectra in the horizontal thermal and vertical epithermal neutron beam hole. 

Table 2 summarizes the characteristics at the horizontal and vertical 
neutron beam ports. In this table, the effects of the (7 ,n) reaction of 
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ln order to evaluate the thermal and epithermal neutron flUK， fast 
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Fig.7. Neutron spectra in the vertical epithermal neutron br.um hole 
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heavy water and the (n,7 ) reaction of Rossi liquid are taken into account 
by using the 1-dim. results. 

Table 2. Summary of the characteristics at the neutron beam ports 
Horizontal beam hole Vertical beam hole 
Thermal Epi thermal Thermal Epi*~herma.l 

Neutron flux(10 1 0 n/cm'-s) 1.3 0.8 1.6 0.6 
Treatment time(min) 16 13 13 18 
Fast neutron dose (Gy) Q.i* 1.2 1.2 1.7 
Gamma contaminant dose(Gy) 0.2 0.1 0.2 0.2 

The table shows the progress, made since the previous presentations8^"'; 
the characteristics of the horizontal thermal neutron beam hole have boon 
improved and the design objectives have been achieved for t he vertical 
neutron beam hole. There will be large enough margin for the addition of a 
shield or collimator to the patient, or for the further reduction of the 
fast neutron contaminant, because the time needed for the treatment is much 
shorter than the design objective. It may be possible to achieve the design 
objectives even if the reactor power is reduced from 2 MW to 1 MW. 

LAYOUT INSIDE OF THE REACTOR BUILDING 

Fig.8 shows the first floor layout inside of the reactor building. 
There are three irradiation rooms and one neutron guide tube room provided 
for in vivo measurement of the l n B concentration in tumor cells. A patient 
on the bed is sent from the preparation room to the irradiation room. In the 

Fig.8. First floor layout inside of the reactor building 
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measurement room, measurements of gold foil and TLDs irradiated with the 
patient are carried out to monitor the neutron and gamma flux. 

CONCLUSION 

The design study of the medical reactor for BNCT has made progress. 
This reactor concept utilizes only existing proven reactor technologies, and 
the refueling will be unnecessary for the medical use of 30 years. The 
special features of the medical reactor are the availability of epithermal 
neutrons and provision of the vertical neutron beam hole. The 2-dim. n- y 
coupling Sn transport calculations indicate that the reactor will be able to 
deliver the therapeutic doses in about 15 min with the fast neutron dose 
less than 2 Gy and gamma contaminant dose less than 1 Gy. The design 
objectives for the neutron beam hole may be achievable even if the thermal 
power of the reactor is reduced from 2 MW to 1 MW. 
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