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Abstract: MNSR with HEU core is mainly used for the neutron activation analysis(NAA), some short-live
isotopes production and as training and teaching tool. In order to enlarge the usage of MNSR, such as, medical
treatment, physics experiment and prompt gamma neutron activation analysis (PGNAA), the thermal and
epithermal neutron beams on the horizontal direction are designed on the both sides of the reactor core, which
will be used for boron neutron capture therapy (BNCT) and neutron radiography.

Improved MNSR with thermal power 30kW is an undermoderated reactor of pool-tank type, UO2 with
enrichment of 13.0% as fuel, light water as coolant and moderator, and metal beryllium as reflector. There are
totally 346 fuel pins and 4 support pins in the core arranged in 10 concentric circles. The diameter of the core is
231 cm and its height is 258 cm. There is only 1 control rod located in the center which can fulfill the operation
of startup, power operation and shutdown. The excess reactivity is 3.5~4mk, and the reactivity temperature
coefficient is minus, so it is safe and has good inherent safety.

MCNP code is employed to perform the calculations of the frame design of the thermal neutron beam and the
epithermal neutron beam(0.4eV~10keV), the epithermal neutron beam is mainly composed of neutron
moderation layer, thermal neutron absorption layer, gamma ray shielding layer, neutron collimator parts. The
moderator materials used probably for the design of the epithermal neutron beam, such as, water, graphite,
aluminum, Al2O3, Fluental and other material, are selected according to neutron absorption cross section and
scattering cross section of the different nuclides, Fluental with thickness of 50cm is selected as the final
moderator material according to the calculating values of the epithermal neutron flux density, gamma and fast
neutron contamination at the exit of the epithermal neutron beam for the different moderator materials. For
thermal neutron beam facility, the graphite moderator is adopted as moderator. The bismuth, lead and poly-pb
are selected as gamma shielding materials, Poly-boron and poly-lithium are as the neutron shielding.
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1. Introduction

China Institute of Atomic Energy(CIAE) designed, built and operated the prototype Miniature
Neutron Source Reactor (MNSR) in Beijing in 1980s. After that, there are 3 Comercial
MNSRs built in China and 5 MNSRs in Syria, Pakistan,Iran, Nigeria and Ghana
recommended by IAEA as a safe and economical type of research reactor ). All of these
MNSRs ( in service and decommissioning ) use high enrichment Uranium( HEU, 235U over
90%) as fuel and mainly used for the neutron activation analysis(NAA), some short-live
isotopes production and as training and teaching tool[1].

As Reduced Enrichment for Research and Test Reactors programme carried out, the new
research reactor designed should use low enrichment Uranium (LEU) as fuel, as well as the
convertion of civilian facilities using HEU to LEU. In order to enlarge the usage of MNSR,
such as, medical treatment, physics experiment and prompt gamma neutron activation
analysis (PGNAA), the thermal and epithermal neutron beams on the horizontal direction are
designed on the both sides of the reactor core, which will be used for boron neutron capture
therapy (BNCT) and neutron radiography.



2 CN-231

2. Improved MNSR

2.1. The design goals

For BNCT purpose, the epithermal neutron (0.5eV~10keV) should meet the requirements as
following [2]:

A. The desirable beam intensity would be 109 epithermal neutrons cm-2s-1 and beams of
5x108 n·cm-2s-1 are useable with long irradiation times;

B. The fast neutron(>10keV) intensity should be as low as possible and the fast neutron
dose should be less than 2x10-10 Gy·cm-2 per epithermal neutrons;

C. The gamma ray should be less than 2x10-10 Gy·cm-2 per epithermal neutrons;

D. The ratio between the thermal(<0.5eV) flux and epithermal flux less than 0.05;

E. The circular apertures would be 12~14 cm diameter.

2.2. The fuel assembly

Improved MNSR with thermal power 30kW is an undermoderated reactor of pool-tank type,
UO2 with enrichment of 13.0% as fuel, light water as coolant and moderator, and metal
beryllium as reflector. There are totally 346 fuel pins and 4 support pins in the core arranged
in 10 concentric circles. The diameter of the core is 231 cm and its height is 258 cm. There is
only 1 control rod located in the center which can fulfill the operation of startup, power
operation and shutdown. The excess reactivity is 3.5~4mk, and the reactivity temperature
coefficient is minus, so it is safe and has good inherent safety. The fuel arrangement and the
beryllium reflector is shown in Fig.1.

FIG.1 the fuel pins arrangement and the Be reflector around

2.3. The moderator layer and collimator

The neutron beam is mainly composed of neutron moderation layer[3], thermal neutron
absorption layer, gamma ray shielding layer, neutron collimator parts. The construction of
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beam is shown in FIG 2. The differnet color shows for different material. The optimization of
material would be discussed later.

FIG.2 the overview of the moderators and collimators

2.4. The calculation code

The MCNP code was employed to perform the calculations of the frame design. For the
balance of statistical error and running time, there are 2000 cycles and 50000 particles for
each cycle.

3. The optimization

The optimization is from the reflector, the feedback material and the material in moderator.

3.1. The reflector

There are 2 ways to reduce the side Be reflector, which could decrease excess reactivity but
increase the epithermal neutrons released from the core to the moderator part. One way is to
cut the reflector in a cone shape and the other is to cut it in a cylinder shape, shown in FIG.3.

FIG.3 Two ways of reducing Be reflector
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The calculation result shows that the bigger the angle of the cone, the more epithermal
neutrons released from the core; the bigger the diameter of the cylinder, the more epithermal
neutrons released from the core. But both of the way will decrease the excess reactivity.

3.2. Feedback material

To maintain the structure of the reflector and maintain the flow path, the reduced Be should
be feedback. Compared with the aluminum and helium, the results are shown in Table 1. In this
way, the neutron flux would be higher but not enough to 1x109 n·cm-2·s-1

TABLE1. THE RESULTS OF DIFFERENT REFLECTOR AND FEEDBACK MATERIAL

reflector Feedback
material

Max angle
or diameter

Max epithermal neutron
/n·cm-2·s-1

Normal Be -- 3.49×108

CONE Al 45° 5.13×108

He 35° 6.07×108

Cylinder Al 11 cm 5.00×108

He 9 cm 5.64×108

3.3. The moderator layer

As moderator lay could moderate the fast neutron to epithermal neutron, so, it could reduce
the fast neutron flux and increase the epithermal neutron flux at the same time. The material
should have a large scattering cross-section for the fast neutrons and small absorption cross
section for epithermal neutrons. So nuclides such as Al, F, Mg is suitable. The neutron
reaction cross section of Al and F is shown in FIG.4 and FIG.5.

FIG.4. Neutron Cross section of 19F
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FIG.5. Neutron Cross section of 27Al

So, the moderator layer should use these nuclides and its compound and mixture. The results
of different moderator are shown in TABLE 2.

TABLE 2. THE RESULTS OF MODERATORS

Moderator
Epithermal

neutron
/n·cm-2·s-1

Fast neutron
/n·cm-2·s-1 nfast/nepi

Air 6.41×109 5.34×109 1.2
water 1.49×106 5.52×105 2.7

graphite 1.66×108 4.74×107 3.5
Al 3.11×109 8.22×108 3.8

Al2O3 2.73×108 1.09×107 25.0
Fluental 1.32×109 2.71×107 48.7

AlF3

(ρ=3.0g·cm-3) 1.51×109 1.46×107 102.8

AlF3

(ρ=1.5g·cm-3) 3.58×109 6.62×108 5.4

Al2O3,Fluental and high density AlF3 could meet the requirements of the design goal.

4. Results and conclusion

From the results discussed above, the final design is that: the reflector should be cut a cone
and feedback by Helium; the moderator layer adopts Fluental material. In this case, the
epithermal neutron flux and its quality is shown in Table 3. The design meets the
requirements of BNCT.
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TABLE 3. THE RESULTS OF FINAL DESIGN

Parameters Calculation Requirements
Thermal neutron /n·cm-2·s-1 1.88×107（±12.7%）

Epithermal neutron/n·cm-2·s-1 1.58×109（±6.8%） >1×109

Fast neutron/n·cm-2·s-1 5.45×107（±16.9%）
nepi/nfast 29 >20

nepi/nthermal 84 >20
γ dose rate/mSv·h-1（/Gy·s-1） 124(3.45×10-5)
nthermal dose equivalent rate/Gy·s-1 3.27×10-4

nepi dose equivalent rate /Gy·s-1 3.09×10-2

nfast dose equivalent rate /Gy·s-1 4.55×10-2

nfastdose/ Gy·cm2·n-1 2.88×10-11 <1.0×10-10

γ dose / Gy·cm2·n-1 2.18×10-14 <2.0×10-11

nthermaldose/ Gy·cm2·n-1 2.06×10-13
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