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RENDEMENT DU TUBE A FAISCEAU NEUTRONIQUE DU REACTEUR DE RECHERCHE MAPLE

par

A.G. Lee, R.F. Lidstone et G.E. Gillespie

RESUME

L'Energie atomique du Canada limitee (EACL) developpe le concept
de reacteur MAPLE (Multipurpose Applied Physics Lattice Experimental) comme
source de neutrons a flux moyen pour assurer des applications contempo-
raines de reacteur de recherche. Cette communication decrit brievement le
reacteur MAPLE et presente certains resultats de simulations sur ordinateur
pour analyser le rendement neutronique. On a execute les simulations sur
ordinateur pour identifier la facon d'adapter le reacteur MAPLE a des
applications de tube a faisceau telle que la radiographie neutronique.
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ABSTRACT

Atomic Energy of Canada Limited (AECL) has been developing the
MAPLE (Multipurpose Applied Ehysics Lattice Experimental) reactor concept
as a medium-flux neutron source to meet contemporary research reactor
applications. This paper gives a brief description of the MAPLE reactor
and presents some results of computer simulations used to analyze the
neutronic performance. The computer simulations were performed to identify
how the MAPLE reactor may be adapted to beam-tube applications such as
neutron radiography.
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1. INTRODUCTION

During the past several years, Atomic Energy of Canada Limited
(AECL) has been developing the MAPLE (Multipurpose Applied £hysics Lattice
Experimental) reactor concept [1,2,3] as a neutron source capable of
supplying thermal-neutron fluxes up to about 2 x 1018 n'm-^s-1 in its
heavy-water reflector at a thermal power level of about 10 MW. This
research reactor design has a compact low-enrichment-uranium (LEU) core and
a spacious D20 reflector tank, which allows it to satisfy the neutron flux
requirements of contemporary research reactor applications. AECL is
currently constructing the MAPLE-X10 facility at the Chalk River Nuclear
Laboratories to demonstrate MAPLE technology and to commercially produce
key short-lived radioisotopes such as "Mo, 125I and

One major use of the MAPLE Research Reactor is expected to involve
radiation beams extracted from the core by means of beam tubes that start
in the D20 reflector and penetrate through the biological shield. For
example, beams of neutrons are used in neutron radiography, neutron
scattering for condensed matter physics, prompt gamma-ray neutron
activation analysis, and boron neutron capture therapy. Each application
has different requirements for neutron and gamma-radiation fields. The
composition of the radiation fields depends on many factors, such as the
orientation (tangential or radial) of the beam tube with respect to the
core, and the amount of D20 between the core and the beam tube. The MAPLE
reactor design provides some flexibility for researchers who wish to adjust
the neutron and gamma-energy distributions in some beam tubes. The D20
reflector tank can have vertical penetrations, which are located directly
in front of the beam-tube noses. These vertical penetrations are designed
to hold different neutron scattering media, such as graphite, A12O3, or a
cold neutron source, to alter the energy spectrum of neutrons extracted
from the beam tubes [4].

2. NEUTRON RADIOGRAPHY REQUIREMENTS

For neutron radiography applications, the desirable
characteristics in a neutron beam are

1) low gamma-radiation component (~ 109 n'm-^mR-1),

2) low fast-neutron intensity,

3) good resolution at the detector, and

4) high thermal-neutron fluxes.

However, certain applications, such as radiographing fuel, require
intense sources of epithermal neutrons because thermal neutrons are unable
to be transmitted through the material.
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3. MAPLE REACTOR DESCRIPTION

The MAPLE reactor is a light-water-cooled and -moderated pool-type
reactor that offers strong neutron fluxes per unit power delivered to a
variety of irradiation facilities. It is designed to operate at thermal
power outputs ranging up to about 14 MW.

The MAPLE reactor incorporates a compact light-water-cooled and
-moderated core within a heavy-water primary reflector to generate strong
neutron flux levels for use in applied and basic research.

Figure 1 shows a typical horizontal layout for the MAPLE reactor.
Its major design features are as follows:

1) A compact (63-L), light-water-cooled and -moderated core that
generates peak unperturbed thermal neutron fluxes up to
4 x 1018 n'm-2's-1 in a central flux trap and up to
2 x 1018 n»m-2«s-i in the D20 reflector at 10 MW;

2) LEU fuel consisting of uranium-silicide particles dispersed within
finned aluminum rods;

3) A primary reflector of D20, which produces the most intense and
broadest flux peaks of any reflector material;

4) A beam-tube arrangement customized to meet the specifications and
requirements of the end-users; and

5) Diverse safety measures, such as more than one independent barrier
that must fail before coolant can be lost from the core region, two
physically separated and functionally isolated reactor protection
systems, and fuel changing without disabling the control or
protective systems, to assure protection of operating staff and
members of the public in the event of conceivable accidents.

4. METHODS FOR MODELLING THE MAPLE RESEARCH REACTOR

A variety of computer codes is used to investigate the behaviour
of the MAPLE Research Reactor and to analyze the performance of the
reactor. WIMS-CRNL [5] is a multigroup cell code used to prepare cell-
averaged parameters and to perform fuel burnup calculations. WIMS-CRNL
performs one- and two-dimensional neutron transport computations. Each
cell modelled with the WIMS-CRNL code corresponds to one of the cells in
the diffusion code model. All of the materials contained within the cell
and the representative reactor conditions for that cell are simulated in
the WIMS-CRNL models.
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FIGURE 1: Horizontal Layout of the MAPLE Reactor

The main reactor calculations are performed with the three-
dimensional neutron diffusion code 3DDT [6], which represents the MAPLE
Research Reactor as a series of rectangular cells in the XY-plane. The Z-
direction is represented by the superposition of a set of planes. The 3DDT
diffusion code uses cell-averaged parameters prepared with WIMS-CRNL to
solve the neutron diffusion equations in three dimensions and obtain
multigroup neutron flux values in each cell and plane.

<p? . MCNP [7] code is a generalized geometry Monte Carlo code used
to perform neutron and photon transport calculations. This code has been
used to investigate specialized aspects of the MAPLE Research Reactor that
are not well represented by the 3DDT diffusion code. An example of the use
of the MCNP code is the assessment of beam-tube performance. The MCNP code
is used to transport both neutrons and photons from the core region,
through the heavy-water reflector, and down the length of the beam tubes.

5. 3DDT NEUTRON FLUXES

Figure 2 presents the radial neutron flux distribution for a MAPLE
Research Reactor operating at 10 MV. The neutron fluxes are the cell-



averaged fluxes obtained from simulations vith the WIMS-3DDT code set for a
model of the MAPLE reactor vith no beam tubes represented in the D20 refle-
ctor. The thermal-neutron fluxes of Figure 2 include all neutrons with
energy less than 0.625 eV. Two other energy groups, 0.625 eV <, E < 5.9 keV
(group 1) and 5.9 keV i E < 10 MeV (group 2), are also shown. It maybe
observed that the non-thermal-neutron fluxes decrease very rapidly in the
he^vy-water reflector, whereas the thermal-neutron fluxes persist for a
long distance into the heavy-water reflector. Further details of the
reactor physics modelling methods can be found in reference 8. The heavy-
water tank is approximately 1600 mm in diameter for this model. Figure 2
shows a sharp change in the slopes of the flux plots at the transition from
the D20 reflector to the light-water pool.

6. BEAM-TUBE MODEL

The specific arrangement of beam tubes analyzed in this study is
shown in Figure 1. The beam tubes have rectangular cross sections within
the D20 reflector and circular cross sections in the pool and biological
shield. The rectangular cross sections have inner dimensions of 70-mm
width by 140-mm height with 8-mm-thick zirconium-alloy walls. The circular
parts have diameters of 155 mm in the pool and 200 mm in the biological
shield. The beam tubes are centred 50 mm below the core midplane to take
best advantage of the axial neutron flux peak.

Three tangential beam tubes and one radial beam tube were
investigated. Tangential beam tubes 1 and 2 in Figure 1 are located with
100 mm of D20 between the core and the tube wall. Tangential beam tube 3
is located with 200 mm of D20 between the core and the tube wall.

One radial beam tube is analyzed in the study. This beam tube was
placed with 30 mm of D20 separating the tube wall from the core in one case
and with 130 mm in another case. The effect of an Al203 filter, 350 mm
thick, was also studied for the case where the beam tube was 30 mm from the
core.

The neutron flux distributions and gamma dose rates at the
entrance to a divergent boral collimator were determined from coupled neut-
ron and photon transport calculations with the MCNP code. The collimator
was located in the circular part of the beam tubes. Placing the boral
collimator in the rectangular part of the beam tube would have introduced
severe flux perturbations and greatly depressed the neutron fluxes in the
D20 reflector. The collimator entrance was modelled as a 40-mm by 40-mm
opening. Initially, it was hoped that the MCNP code could be used to tran-
sport neutrons and photons along the entire length of the beam tube, but
the computation times became excessively long. For reasonable computation
times, the Monte Carlo particle statistics beyond the entrance aperture of
the collimator became extremely poor and the calculated neutron fluxes had
very large standard deviations.
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FIGURE 2: Neutron Fluxes Across the MAPLE Reactor at 10 MW

Since it was not feasible to compute the neutron fluxes at the
outside of the pool wall with the MCNP code, the thermal fluxes were
estimated with the following analytical relationship [9]. For a divergent
collimator, the thermal-neutron fluxes at the exit of the collimator are
related to the thermal-neutron fluxes at the entrance to the collimator by

(1)

where ^o is the flux at the exit,
jL is the flux at the entrance,
D is the collimator aperture diameter, and
L is the length of the collimator
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7. BEAM-TUBE RESULTS

Table 1 summarizes the neutron fluxes at the entrance to the
tangential beam tubes and at the entrance to the collimator for each
tangential beam tube. The results in Table 1 indicate that the tangential
beam tubes should be located between 100 and 200 mm from the core to
maximize the thermal-neutron flux entering the beam tube. The intensity of
non-thermal-neutron flux in the beam tube can be increased or decreased by
locating the beam tube closer or further from the core.

TABLE 1

NEUTRON FLUXES FOR TANGENTIAL BEAM TUBES

BEAM TUBE 1
Beam-tube
Entrance

Collimator
Entrance

BEAM TUBE 2
Beam-tube
Entrance

Collimator
Entrance

BEAM TUBE 3
Beam-tube
Entrance

Collimator
Entrance

<f) (x 10 1 6 n»m-2»s

THERMAL

160 ± 2%

8.5 ± 10%

130 ± 2%

6.8 ± 10%

140 ± 1%

8.5 ± 14%

GROUP 1

51 ± 3%

< 0.3

18 ± 4%

< 0.3

24 ± 6%

< 0.4

GROUP 2

35 ± 4%

< 0.2

6.4 ± 6%

< 0.1

8.1 ± 103:

< 0.8

The ratio of the thermal neutron flux to gamma-ray dose rate at
the collimator entrance for the tangential beam tubes are:

Beam tube 1 5.4 x 10i° n«m-2»mR-i
Beam tube 2 6.3 x 1010 n'm-^mR-1

Beam tube 3 5.0 x 1010 n»nr2«mR-i
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It is seen that the aforementioned criterion for the ratio of neutron flux
to gamma dose rate is exceeded by the tangential beam tubes.

Table 2 summarizes the neutron fluxes at the entrance to the
radial beam tube and at the entrance to the collimator for each of the
three situations studied. When the radial beam tube is located 100 mm
further from the core, the non-thermal-neutron fluxes are reduced by about
a factor of two while the thermal-neutron flux remains about the same.
Introducing the A12O3 filter reduces the thermal-neutron flux by about a
factor of ten and reduces the non-thermal-neutron fluxes by at least four
orders of magnitude. Hence the A12O3 filter is very effective at removing
the non-thermal-neutron flux with a small penalty in the thermal flux
intensity.

A comparison of the neutron fluxes for the radial beam-tube cases
to the tangential beam tubes indicates that comparable thermal-neutron
fluxes can be provided for both orientations. The non-thermal-neutron
fluxes in the radial beam tube can be made similar to the tangential beam
tube by increasing the amount of D20 between the beam tube and the core.

The ratio of the thermal-neutron flux to gamma-ray dose rate at
the collimator entrance for the three cases are

30 mm D20 4.1 x 10*° n«m-2*mRi
130 mm D20 3.8 x 10*° n»m-2«mR-i
Al203 filter 2.6 x 10*° n»m-2«mR-i

It is seen that the aforementioned criterion for the ratio of neutron flux
to gamma dose rate is exceeded by the radial beam tube for the three cases.
The gamma-ray dose rates are not affected by moving the radial beam tube
100 mm further from the core. The Al203 filter significantly alters the
neutron flux to gamma-ray dose rate ratio. The calculation with this
filter was intended to identify the potential gains that could be achieved.
Further analysis is necessary to optimize the effectiveness of the filter.

Equation (1) can be used to estimate the thermal-neutron fluxes at
the exit of each beam tube from the fluxes given in Tables 1 and for the
fluxes at the collimator entrance. The typical MAPLE reactor pool is
expected to have about 350 mm of light water between the D20 reflector tank
and the pool wall. The typical heavy concrete wall thickness is expected
to be about 2000 mm. Thus the collimator was assumed to be 2350 mm long.
From equation (1) the thermal-neutron flux at the exit of the collimator
would be

Tangential tube 1 2.0 x 1012

Tangential tube 2 1.6 x 1012

Tangential tube 3 2.0 x 10*2 n'm-2's1

Radial tube 2.5 x 10*2 n«m-2»s-i
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8. SUMMARY

A brief description of the MAPLE Research Reactor has been
presented, along with an indication of the neutronic performance of
tangential and radial-beam tubes. The modular design of the MAPLE Research
Reactor allows the beam-tube arrangement in the D20 reflector to be
customized.

TABLE 2

NEUTRON FLUXES FOR RADIAL BEAM-TUBE CASES

30-ffliB C&se
Beam-tube
Entrance

Collimator
Entrance

1 30~IIUB C&sfi
Beam-tube
Entrance

Collimator
Entrance

Ai2Q3_Caafi
Beam-tube
Entrance

Collimator
Entrance

I (x 10" n»m-2»s-i)

THERMAL

150 ± 2%

11 ± 102

140 t 2%

10 ± 13Z

150 t 2%

1.0 ± 24%

GROUP 1

61 ± 3%

< 1.

26 ± 6%

< 0.6

62 ± 3%

< 10-"

GROUP 2

64 ± 3%

< 2.

10 ± 8%

< 0.9

66 ± 3%

< 10-4

The peak unperturbed thermal-neutron flux in the D20 reflector is
about 2 x 1018 n'm-z^s-1 in Figure 2. This unperturbed thermal-neutron
flux is about 30% higher than the thermal-neutron fluxes at the entrances
to the beam tubes. Also, in the modelling of the beam tubes no other
penetrations of the D20 reflector were taken into account. Additional
vertical penetrations for neutron activation analysis and radioisotope
production will slightly reduce the available flux intensities for the beam
tubes.
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The results presented above indicate that the MAPLE Research
Reactor can provide an arrangement of beam tubes that satisfy the
requirements for neutron radiography. The thermal-neutron flux to gamma-
ray dose rate at the entrance to the collimator exceeds 109 n»m-2»mRl.
High thermal-neutron fluxes are calculated at the entrance to the
collimator. The non-thermal-neutron fluxes at the entrance to the
collimator are calculated to be much less than the thermal-neutron fluxes.
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