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Calculation results of an epitheimal neutron source which can be created at the 
Kyiv Research Reactor (KRR) by means of placing o f specially selected 
moderators, filters, collimators, and shielding into the 10-th horizontal 
experimental tube (so-called thermal column) are presented. The general Monte-
Carlo radiation transport code MCNP4C [1], the Oak Ridge isotope generation 
code ORIGEN2 [2] and the NJOY99 [3] nuclear data processing system have 
been used for these calculations. 
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INTRODUCTION 

Today neutron capture therapy (NCT) is a promising form o f radiation therapy. It 
includes two interconnected features - the infbsion or delivery of a capture compound, which 
preferentially concentrates in the tumor, followed by the irradiation of the tumor site with 
neutrons. As the isotope B-10 is often used as the neutron capture agent in the compound, in 
this case NCT is called boron neutron capture therapy (BNCT). 

The large cross section of thermal neutron interactions with B-10 isotope causes high 
probability of a slitting o f boron nucleus onto He and Li. As ionization capability of He and 
Li ions is high, and their runs are short, then the cells, preferably enriched by boron, are killed 
and the healthy cells are damaged much less. However, as the penetrating capability of 
thermal neutrons is low, then to reach the cancerous tumors, localized into several centimeter 
depths, the epithermal neutrons are more suitable. In addition, the use o f thermal neutrons 
carries attendant problems due to the magnitude of Hie skin dose. Skin and near-surface dose 
can be decreased by surgically dissecting the skin and shallow tissues to expose the tumor 
area. However, this intraoperative form of BNCT is associated with higer cost, complexity, 
and risk to the patient. Epithermal neutrons have the lower neutron capture rate in hydrogen 
and it would result in reduction of a skin dose, and moderation o f epithermal neutrons within 
the head would give rise to thermal neutron peak at the cancerous tumor site. The most 
suitable neutrons for BNCT are neutrons with energy in region from 1 eV to 10 keV, because 
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their KERMA factor and hence, the direct tissue damage, is smaller than for thermal or fast 
neutrons. 

Such epithermal neutron beams may be formed at nuclear research reactors. The 
concept of the source consists in transformation of the reactor radiation into epithermal 
radiation. Modifications of research reactors may be relatively straightforward and not 
prohibitive cost, especially in comparison with construction of new reactors specialized for 
BNCT. But any reactor modification should be forestalled the careful calculations which are 
taking into account all peculiarities of the specific reactor system. 

MATERIALS AND METHODS 

The WWR-M Kyiv Research Reactor (KRR) is a light water moderated and cooled 
tank-type reactor with a beryllium reflector. The reactor currently uses 36% enriched 
uranium-235 WWR-M2 fuel assemblies, each of which consists of an outer hexagonal tube 
and two inner cylindrical tubes. The nominal thermal power is 10 MW. 

Today the KRR is used for various purposes: neutron physics (horizontal tubes 2 , 3 , 8 , 
9 ,10) , solid state and material structure study (tubes 1 ,4 ,5 ) , radioisotope production (vertical 
channels), and other applications. The tenth horizontal tube, which is currently used for 
fundamental investigations as a thermal column (TC), can be demounted rather easily due to 
its construction as two graphite blocks rolling on rails (see A and B in Fig. 1-1). We plan to 
transform this channel into an epithermal neutron source with parameters that meet the 
requirements of BNCT. 

In accordance with preliminary calculations [4-9] this tenth horizontal channel could be 
transformed into an epithermal neutron source with parameters that meet the requirements of 
BNCT by replacing the graphite blocks with new moderators, filters, collimators, and 
shielding. The addition of a uranium converter can improve the parameters of the neutron 
beam. 

The main goal of our Monte-Carlo calculations was: 
1) to analyze the influence of material composition and spatial configuration of 

moderators, filters, collimators aBd shielding on the characteristics of the neutron beam; 
2) to analyze the influence of transformation of the reactor thermal column into an 

epithermal one on the level of reactor safety. 

For simulation of the radiation transport from the core through the TC to the detectors, 
a simplified geometry of zones including the TC (without graphite) and the part of core close 
to it was used. The MCNP model used here is shown in Fig. 1-13-

The reactor core was simulated as an aluminium cylinder with die size of the actual 
core. A neutron source was located at the inner side of die core beryllium reflector. The inner 
radius of the reflector is 29.45 cm. The surface source was 50 cm high and a 57.14 cm-arc in 
width. The center of the source was positioned at die TC axis. 

The energy spectrum of emitted neutrons was described in three intervals: Maxwellian 
thermal spectrum (10-5 eV to 0.125 eV, kT=0.028 eV), "l/E" slowing-down spectrum (0.125 
eV to 820.8 keV) and fission spectrum (820.8 keV to 20 MeV, G - 1.273 MeV). The source 
was assumed to be isotropic and uniformly distributed on the emitting surface. 

Validation of this Monte Carlo model was carried out by comparison of neutron fluxes 
calculated using the MCNP4C code for the TC (with graphite) at detector location D2 (Fig. 1-
I) and experimental gold foil activation measurements at this location [6]. 
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Fig. 1. KRR thermal column (dimensions in cm). I - TC (until reconstruction): A - the 
first block, B - the second block. 1-water, 2-core, 3-concrete, 4-paraffin, 5-beryIlium 
reflector, 6-graphite. D l , D2, D3 - detector positions in the MCNP calculations. II -
Geometry for MCNP calculations (vertical cross section through the core center): 1-
water, 2- corc, 3- beryllium reflector (source), 4- moderator, 5-reflector (natural nickel), 
6- air, 7- borated polyethylene, 8- natural nickel layer. 
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Our preliminary calculations have shown that the best neutron beam parameters which 
can be obtained at the KRR without installation of additional converter may be reached if we 
use for our tenth horizontal channel the following configuration and material components: 

1) a Fluental or AI+CF2 moderator, 50 - 60 cm long in the beam direction, arranged 
abutting the thermal column bottom with each side confined by a divergent natural nickel 
conical rellector, 

2) a 274 cm long convergent conical berated polyethylene collimator, coated on the 
inside with a 3,152 cm layer of natural nickel, which constricts the beam from 108 cm in 
diameter (at the moderator surface) to an outlet diameter of 4 cm (at the position of a potential 
patient); and 

3) a 4-6 cm long nickel-60 filter located close to the beam outlet. Use of the s<>Ni filter 
may increase the epithermal-to-fast flux ratio more than 2 times without a substantial decrease 
in the magnitude of the epithermal neutron flux. 

To improve the parameters of the epithermal neutron beam, that is, to increase its 
intensity at the patient position, a fission converter, placing it nearby the reactor core, may be 
used. The idea of using of a uranium converter was proposed in [10], and it was successfully 
realized at MITR [II] . 

We considered four main types of uranium converters, which can be mounted at the 
KRR from the point of view of the existing construction detail of the TC [9], 

The Monte-Carlo calculation model of the reactor took into account almost all of the 
KRR details, including the reactor tank, the hexagonal core geometry (about 220 WWR-M2 
fuel assemblies, eight control- and safety-rods, a regulating rod, and peripheral beryllium 
assemblies), vertical irradiation channels, the thermal/epithermal column, reflectors, etc. (see 
Fig. 2), but to reduce the necessary computing time to a reasonable value, the calculations of 
neutron beam characteristics depending on different types of uranium converters were carried 
out using a simplified model, i.e., the neutron source was simulated as a surface source at the 
inner side of the beryllium core reflector with a neutron energy spectrum divided into three 
intervals (see above). 

1 2 3 4 5 fi 7 H 9 1 11 12 

Fig. 2. G e o m e t r y f o r t h e M C N P c a l c u l a t i o n s ( h o r i z o n t a l c r o s s sec t ion t h r o u g h t h e c o r e 
cen t e r ) . 1 - w a t e r , 2 - c o r e , 3 - b e r y l l i u m r e f l e c t o r , 4 - v e r t i c a l c h a n n e l , 5 - c o n v e r t e r , 6 -

m o d e r a t o r , 7 - r e f l e c t o r ( n a t u r a l n i cke l ) , 8 - n a t u r a l n i c k e l l a y e r , 9 - a i r , 10 - b o r a t e d 
p o l y e t h y l e n e , 11 - n i cke l -60 f i l t e r , 12 - d e t e c t o r ( t h e p a t i e n t pos i t i on ) . 
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As it is shown in [9], insertion of a uranium converter allows an increase in the 
epithermal neutron flux intensity of seven times for the three-rowed converter with 67 fuel 
assemblies. In this case the epithermal neutron flux intensity becomes (1.44 ± 0.03)10'° 
n/cm2s with a ratio of epithermal to fast neutron flux of 70 ± 5. Also it was shown that using 
D2O as a converter coolant improves the epithermal neutron beam parameters rather 
inconsequentially - the epithermal flux increases only 7% compared to H2O; therefore H2O is 
more preferable in our case, since light water is the core coolant at the KRR. 

It is obvious, however, that being placed close to the reactor core, the converter may 
influence the safety of the reactor. To check how the converter affects the effective 
multiplication factor, kejj, we have carried out two sets of calculations with MCNP to simulate 
cases with and without a converter installed. In our calculations we have used the actual core 
load which reflects the level of fuel burnup for each fuel assembly. The core load used for 
calculations is presented in Fig. 3. In this figure numbers give the mass loss of 235U in percent. 
The content of isotopes produced has been estimated using the ORIGEN2 code. 

To estimate the maximum possible changes in reactivity, we performed calculations for 
two different positions of the regulating rod and the five shim rods, that is, for a working 
regime and for the case of both regulating and shim rods at the top, The working regime of 
the reactor corresponds to the regulating rod being 31 cm withdrawn, four shim rods at the 
bottom and one 30 cm withdrawn. 

Fig . 3 . M C N P c a l c u l a t i o n a l m o d e l f o r t h e K R R u s i n g t h e a c t u a l c o r e f u e l l o a d . 
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Results obtained in the two sets of calculations described above showed that the 
increase in k ^ a s the converter is installed is quite small (A r̂ was equal to 1.0387 and 1.0367 
with and without converter, respectively) and does not destroy the safety of the reactor. 

As we noted in [9] the values of k,g obtained were different from the value of 1.001 
given by regulatory procedure codes used in the technical support at the KRR. We surmised 
that this deviation appeared due to the fact that our results did not take into account the actual 
U 5 U density distribution along the non-fresh fuel assembly, as in our ^calculat ions we have 
assumed uniform distribution while the actual one should give a smaller density of ^ U at the 
central part of the assembly with an increase in density toward the periphery. Now this guess 
is confirmed by our new calculations - when we divide the non-fresh fuel assemblies along 
their length onto 5 layers, each of them was characterized by own density, the calculated 
value of Kff became 1.0013. 

We would like to note another interesting result of our calculations. To improve the 
parameters of the epithermal neutron beam, part of the beryllium reflector in the TC area has 
to be changed by aluminium. In this case the epithennal flux intensity may be increased by a 
factor of eleven. Of course such changing demands detailed and careful computer calculations 
to estimate the level of reactor safety. However, it is necessary to emphasize that this way to 
raise the epithermal flux intensity of neutron beam may be more effective and cheaper in 
comparison with the use of uranium converter. 
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