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RESUME

Le réacteur de recherches MAPLE est une nouvelle Installation
souple qu'on peut adapter pour satisfaire les exigences de diverses applica-
tions liées aux réacteurs. Parmi l'ensemble particulier d'applications, 11
y a celle mettant en jeu des faisceaux de rayons extraits du coeur du réac-
teur par des tubes traversant le bouclier biologique et aboutissant dans le
réflecteur entourant le coeur chargé de combustible. On donne une évalua-
tion des champs de rayonnement neutronique et gamma pénétrant dans les
canaux expérimentaux a sortie de faisceau situés radialement ou tangentiel-
letnent par rapport au coeur.
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ABSTRACT

The MAPLE research reactor Is a versatile new research facility
that can be adapted to meet the requirements of a variety of reactor appli-
cations. A particular group of reactor applications Involves the use of
beams of radiation extracted from the reactor core via tubes that penetrate
through the biological shield and terminate in the reflector surrounding the
fuelled core. An assessment is given of the neutron and gamma radiation
fields entering beam tubes that are located radially or tangentlally with
respect to the core.
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INTRODUCTION

A major utilization of research reactors Involves beams of radia-
tion extracted from the reactor core to an experimental area outside of the
reactor shield. For example, beams of radiation are used in neutron
scattering studies for solid-state physics, in neutron radiography, in
prompt gamma-ray neutron activation analysis and in nuclear physics investi-
gations. Each application has different requirements for neutron and gamma
radiation fields.

The radiation beams are extracted from the core of a research
reactor via beam tubes that start in the reflector material surrounding the
core and penetrate through the biological shield. The composition of radia-
tion fields in a beam depends on many factors, such as the orientation,
tangential or radial, of the tube with respect to the core, and the type and
amount of scattering medium between the tube and the core. For example,
tubes that point radially towards the fuelled core region have a larger
component of gamma radiation than tubes that are tangential to the fuelled
core.

The first generation of multipurpose research reactors was
equipped with radial beam tubes and used D20, Be, C or H20 as reflectors.
Although the neutron beam performance of these tubes was adequate at the
time, a number of these reactors have been upgraded or are approaching up-
grade to achieve better performance. More recently, specialized reactors
have been equipped with tangential beam tubes and D20 reflectors for neutron
beam research. These specialized reactors provide high neutron flux inten-
sities (greater than 10*1* n/(cm2«s)) for neutron beam research (especially
for neutron scattering applications).

It is anticipated that users of a MAPLE research reactor will have
different beam tube requirements, depending upon specific applications. It
is desirable to have an understanding of the performance characteristics of
representative beam tubes to respond to the user requirements. For in-
stance, maay neutron scattering studies for solid-state physics have re-
quired high thermal-neutron content. However, contemporary research in
solid-state physics uses beams of "cold" neutrons with mean temperatures
less than 20 K. Many applications of neutron radiography also require high
thermal-neutron fluxes; however, epithermal neutron fluxes are needed to
radiograph objects that have significant amounts of thermal-neutron-
absorbing species such as boron.

Atomic Energy of Canada Limited (AECL) has developed a new multi-
purpose research reactor called the MAPLE (Multipurpose Applied Physics
Lattice Experimental) research reactor. This research reactor is being
designed to satisfy the neutron flux requirements of contemporary research
reactor applications. In addition, the MAPLE research reactor is being
designed to provide neutron flux intensities in its beam tubes that are
comparable to dedicated medium-flux neutron beam reactors such as ORPHEE
(3xlO14 n/(cm2»s) at 14 MW).

To evaluate the neutron beam performance of the MAPLE research
reactors, a study was conducted to estimate the neutron spectra and neutron
flux distributions of several beam tube geometries with different reflector
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configurations. Computer simulations were performed with a three-
dimensional Monte Carlo code, MCNP [1]. The computer model was based on a
MAPLE research reactor core configuration that consisted of 19 fuelled
lattice sites and 10 beryllium-filled sites. A reference reactor power
level of 10 MW was assumed.

NEUTRON BEAM REQUIREMENTS FOR TYPICAL APPLICATIONS

Before presenting and discussing the results of the computer simu-
lations, it is appropriate to examine the neutron beam requirements for some
typical beam tube applications.

Neutron Radiography

Most neutron radiography applications use thermal neutrons because
the applications involve the detection of elements with large thermal-
neutron cross-sections such as hydrogen and boron. Examples of the use of
neutron radiography can be found in reference [2].

In general the desirable features of a thermal-neutron beam for
radiography are

(a) high thermal-neutron intensity at the entrance to the collimator.
This is most easily accomplished by locating the collimator en-
trance at the beam tube nose and by making the collimator aperture
diameter as large possible.

(b) low gamma Intensity. A desirable ratio of the thermal-neutron
flux to gamma-ray dose is at least 105 n/(cm2«mR).

(c) low fast neutron intensity. For radial beam tubes, a cadmium
ratio of 2 to 5 is typically achieved [2]. For tangential beam
tubes, a cadmium ratio of 10 to 50 can typically be achieved [2]•
A cadmium ratio is essentially a rati<- of the total neutron inten-
sity of neutrons having an energy gre, ar than 0.5 eV.

(d) good resolution at the detector. The sharpness in the radio-
graphic image is inversely dependent on the collimator ratio, L/D,
where D is the diameter of the entrance aperture and L is the
distance from the collimator entrance aperture to the object.
Clearly some compromises are required because D must be small and
L must be large to maximize the sharpness. However, D must be
large and L must be small to maximize the thermal-neutron inten-
sity on the object.

Epithermal neutron beams are also used in some neutron radiography
applications. In general these applications involve examining objects that
contain large amounts of material that strongly absorb thermal neutrons
(e.g., irradiated fuel). The main requirements for epithermal neutron radi-
ography are high flux intensities and good resolution at the detector.
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Neutron Scattering

Neutron scattering experiments require high-intensity beams of
either thermal or sub-thermal neutrons. Sub-thermal (cold or ultra-cold)
neutrons are produced by placing a "cold source" in front of the beam tube
nose, or inside the beam tube, and as close to the nose as possible. The
"cold source" is basically a moderating medium (e.g., hydrogen, deuterium or
methane) maintained at very low temperatures (e.g., 4 K for liquid deuteri-
um). Thermal neutrons entering the "cold source" are brought to equilibrium
with the moderating medium and emerge as sub-thermal neutrons.

High epithermal or fast neutron intensities are undesirable
because they appear as background noise at the detectors in neutron scatter-
ing experiments. For "cold sources", the fast neutrons produce a high heat
load in the moderating material and contribute to irradiation damage of the
container. Minimizing gamma radiation in the beam tubes reduces the
shielding requirements at the sample location. Reducing the shielding re-
quirements in turn reduces the neutron source to object distance, and thus
increases the flux incident on the sample.

Nuclear Physics

Fundamental research in nuclear physics mainly involves cross-
section measurements of various isotopes, studies into nuclear structure and
investigations of the properties of the neutron. Depending on the experi-
ment, neutrons of different energies are required. High neutron fluxes in
all energies are desirable to reduce data collection times.

Prompt Gamma-Ray Neutron Activation Analysis

In prompt gamma-ray neutron activation analysis, a sample is
placed in the path of a beam of neutrons. Following a neutron absorption
event in the sample, gamma rays that are emitted immediately are detected.
This technique is useful for trace detection of certain elements such as
boron, carbon, gadolinium, samarium, chlorine and hydrogen. High thermal-
neutron fluxes with low fast neutron fluxes (cadmium ratio greater than 100)
are desirable. Low gamma-ray fields are also desirable.

Neutron Capture Therapy

The technique of boron neutron capture therapy for treating brain
tumors is an example of recent biomedical applications of research reactors.
The brain tumor is selectively loaded with a i0B-enriched compound and the
brain is irradiated in a low-energy neutron beam. A study performed at the
University of Tokyo [3] concluded that neutrons with energies between 10 eV
and 0.5 eV were optimally suited for this treatment, although thermal neu-
trons are also suitable. Fast neutrons were found to penetrate too far into
the brain and thus were not suitable. Because the patient must be placed
with his head in the path of the neutron beam, it is essential to minimize
the gamma-ray fields in the beam tube.
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DESCRIPTION OF THE MAPLE RESEARCH REACTOR

The MAPLE research reactor consists of an open-tank-type reactor
assembly located within a pool of light water as shown in Figure 1. The
reactor assembly consists of three parts: a lower support structure/inlet
plenum, the heavy-water reflector vessel and core region, and the chimney.
Light-water coolant enters the inlet plenum, flows upward through the core
region and exits from the chimney via outlet nozzles.

A horizontal view of a typical MAPLE research reactor heavy-water
vessel and core region is shown in Figure 2. The central core region con-
sists of 29 grid positions arranged in a hexagonal array. This region is
light-water cooled and moderated. Surrounding the core region are 14 verti-
cal flow tubes. These flow tubes can be fuelled and are light-water cooled.
The 14 vertical flow tubes penetrate through the heavy-water vessel. Out-
side of the ring of 14 flow tubes is a heavy-water reflector region. Beam
tubes penetrate the heavy-water vessel horizontally into this heavy-water
reflector region.

The heavy-water vessel is a cylindrical, annular, zirconium alloy
tank. The inner wall of the vessel is in the shape of an elongated hexagon
with fluted sides that are welded to the upper and lower tube sheets. The
central cavity bounded by this fluted wall is the central core region.

Further details about the MAPLE research reactors can be found in
reference [4], which presents a general description of the MAPLE research
reactor. Reference [5] gives a description of the MAPLE-X research reactor
under construction at Chalk River Nuclear Laboratories.

Two fuel options, U02 and 03Si-Al, are available for the MAPLE
research reactor. The U02 fuel is proposed for use in MAPLE research reac-
tors up to operating powers of about 6 MW. The U3Si-Al fuel is suggested
for higher power operation. Comparative reactor physics information on
these two fuel choices is given in reference [6].

The computer simulations for the beam tube studies, presented in
this work, are based upon the U^Si-Al fuel.

U3Si-Al Fuel Description

Two types of fuel assemblies are required for the MAPLE research
reactor, 36-element driver assemblies and 18-element shim assemblies [5].
The 36-element assemblies are installed in the hexagonal flow tubes, while
the 18-element assemblies are installed in cylindrical flow tubes in the
locations of the control and shutdown absorber rods and optionally in the
14 vertical flow tubes surrounding the central core. The two types of fuel
assemblies have similar central Zircaloy support shafts. The 36-element
assemblies have the elements arranged on a 12-mm pitch. Those of the
18-element assemblies are arranged in two concentric rings of 6 and 12
elements. Details are given in Table 1.
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FIGURE 1: Maple Research Reactor Structure (Elevation)
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TABLE 1

U,S1-A1 FUEL FOR THE MAPLE RESEARCH REACTOR

Fuel Element

Fuel Meat
Enrichment
Density
Diameter
Length
Mass of LEU*
Mass of U-235

Cladding
Thickness
Fins
Height
Width

Diameter over
Cladding

Diameter over Fins

61 wt% U3Si-39 wt% Al
20 wt% U-235 in U
5.43 Mg/m3

6.35 mm
600 mm
60.14 g
12.03 g

Al (co-extruded)
0.76 mm
8
1.02 mm
0.76 mm

7.88 mm
9.91 mm

18-Element Fuel Assembly

Shape

Flow Tube Diameter
Inner
Outer

Mass of LEU
Mass of U-235

Cylindrical

61*1 tnm
62.8 mm
1083 g
216.5 g

36-Element Fuel Assembly

Shape

'•••# Tube Diameter

(Flat to Flat)
Inner
Outer

Mass of LEU
Mass of U-235

Hexagonal

74 .4 mm
76.6 mm
2165 g
433.0 g

* LEU - low enriched uranium

COMPUTER MODEL OF THE REACTOR

The reactor core computer model was based on 19 fuelled sites,
thirteen 36-element driver fuel assemblies and six 18-element shim
assemblies. The absorber rods were not included in the model. Also, it was
assumed that the fuel was totally fresh, that is, fission products were not
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included in the core model. The fuelled core region, consisting of driver
fuel assemblies, shim fuel assemblies, flow tubes and light water, was re-
presented as a single homogeneous cell in the Monte Carlo calculations.

xhe remaining 10 lattice positions in the core region were filled
with beryllium assemblies. The beryllium-filled part of the core region was
represented by two homogeneous cells in the computer simulations. These
cells consisted of a uniform mixture of beryllium, light water and zirconium
flow tubes.

The heavy-water vessel was assumed to be 1.8 m in diameter and
1.2 m tall. Depending on the geometry of the beam tube, the heavy-water
vessel was divided into different numbers of cells for the computations.
Figures 3 and 4 show a typical geometry in the MAPLE research reactor and a
version of the simplified geometry employed in the computer simulations,
respectively. Figure 3 also shows a possible beam tube arrangement around
the core region.

The computer simulations were broken into two stages to reduce the
computation time for each beam tube case. In the first stage, the simula-
tions were run with no beam tubes present. During these simulations, the
particle track data representing neutrons and photons were recorded in a
file as each particle track crossed the surfaces separating the fuelled core
cell from the other cells. This file of particle track data was used in the
next stage of the computations as the neutron and photon source.

Each beam tube was modelled with an elliptical cross-section with-
in the heavy-water reflector and with a circular cross-section outside of
the heavy-water vessel. The beam tube was modelled as a zirconium tube
filled with air. A zirconium end plate separates the air-filled region from
the heavy water. The beam tube was centered vertically with respect to the
fuelled core. Only one beam tube was modelled in each computer run.

Calculations

The computer simulations were performed with the neutron-photon
Monte Carlo transport code MCNP [1]. The combined neutron-photon transport
mode was used to accumulate particle tracks in a "source" file for later use
in the beam tube simulations. In the computer simulations for the beam tube
geometries, the neutron transport cases were run separately from the photon
transport cases.

RESULTS

Figure 3 shows an example of the beam tube arrangement investi-
gated in this study. This figure shows four beam tubes, three tangential
and one radial. To keep the computer run times reasonably short, only one
beam tube was modelled in each computer case.

Table 2 summarizes the results obtained for a tangential beam tube
oriented as tube 1 in Figure 3. Calculations were performed with the verti-
cal irradiation hole in front of the beam tube alternately filled with
beryllium, graphite, light water and heavy water. Table 2 presents the
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FIGURE 3: Typical MAPLE Reactor Beam Tube Arrangement
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FIGURE 4: MCNP MAPLE Model
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TABLE 2

EFFECT OF DIFFERENT REFLECTOR MATERIALS IN

FRONT OF A TANGENTIAL BEAM TUBE

(1O12 n/(cm2«s))

ENERGY(MeV)

6.2
4
9
8
1

>5
.0
.0
.0
.0

X

X
X

X

X

10-7
io-b

10" 3

lO"1

10*

Reflector Material

Be

130 ± 12%
6 ± 11%

29 ± 7%
11 ± 9%
2 ± 16%

D20

130 ± 16%
6 ± 13%

27 ± 9%
13 ± 13%
5 ± 20%

L in Vertical

H20

124
5

19
10
5

+ 14%
± 15%
+ 8%
± 11%
+ 13%

140
7
27
13
6

Hole

C

+ 12%
± 13%
± 7
± 8
± 13%

neutron fluxes in five energy groups where the energy column gives the upper
limit of each group. The neutrons with energy up to 6.25x10"' eV are com-
monly referred to as thermal neutrons. The neutrons with energies between
6.25xlO~7 eV and 4xlO~6 eV are referred to as epithermal neutrons. The next
energy group from 4x10~6 eV to 9x10"3 MeV is known as the resonance region
because many elements have sharply increased absorption cross-sections in
this energy interval. The next two energy groups are known as the inter-
mediate and fast neutron groups, corresponding to neutrons with high veloci-
ties. Most irradiation damage is caused by neutrons in the intermediate and
fast energy groups. From Table 2, it is observed that the fast flux at the
nose of the beam tube is much smaller when beryllium is used as the reflec-
tor material in front of the beam tube. Also with light water as the
reflector material in front of the beam tube, the neutron fluxes in the
epithermal and resonance energy ranges are lower than the corresponding
fluxes with other reflector materials.

The variation of neutron fluxes at the nose of a tangential beam
tube as a function of the thickness of heavy water between the core and the
beam tube can be seen from the results presented in Table 3. For this case
study, a beam tube oriented as tube 2 in Figure 3 was placed at various
distances from the core.

The effect on the neutron fluxes at the nose of a radial beam tube
from varying the thickness of heavy water between the beam tube and the core
was also studied. The results of the calculations are presented in
Table 4.

The ratio of the thermal-neutron fluxes to the gamma radiation
doses for radial and tangential beam tubes was also investigated. The
results are presented in Table 5. The calculations were performed for each
of the four tubes shown in Figure 3.
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TABLE 3

EFFECT OF VARYING THE THICKNESS OF HEAVY

WATER BETWEEN THE CORE AND THE TANGENTIAL BEAM TUBE

( 1 0 1 2 n / ( c m 2 « s ) )

ENERGY

6-25
4.0
9.0
8.0
1.0

X
X

X
X

X

(MeV)

io-7

10~6

10" 3

10"1

101

HEAVY WATER THICKNESS (cm)

5.5

170 + 13%
9 + 16%

42 + 9%
34 + 17%
8 ± 17%

10.5

170 ± 22%
6 ± 27%

21 ± 18%
8 ± 30%
<7.0

i

15.5

150 ± 26%
4 ± 23%
15 ± 25%
4 + 36%
<3.5

20

120
1
6
<
<

.5

± 25%
± 35%
± 33%
1.5
1.1

TABLE 4

NEUTRON FLUXES IN A RADIAL BEAM TUBE AS A FUNCTION OF

THE THICKNESS OF HEAVY WATER BETWEEN THE BEAM TUBE AND THE CORE

(10 1 2 n/(cm2»s))

ENERGY

6.25
4.0
9.0
8.0
1.0

X
X

X
X

X

1

(MeV)

ID"7

10"6

io-*

10*
1

HEAVY WATER

10

158 ± 13%
9 ± 20%

29 ± 6%
15 + 8%
6 + 9 %

160
6

23
9
3

THICKNESS

17

±
+

+
+

+

5

18%
13%
11%
18%
21%

110
3

12
3
2

(cm)

25

± 20%
± 20%
± 22%
± 30%
± 29%

TABLE 5

RATIO OF THERMAL-NEUTRON FLUXES TO GAMMA DOSES

FOR RADIAL AND TANGENTIAL BEAM TUBES

TUBE

Radial tube
Tangential tube 1
Tangential tube 2
Tangential tube 3

<j> /D (n/(cm2»mR))
th

8.8 x 105

1.3 x 106

7.2 x 106

9.4 x 106
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DISCUSSION

The results presented here represent a series of calculations
performed to select beam tube placements for a typical MAPLE research reac-
tor such as the MAPLE-X research reactor under construction at the Chalk
River Nuclear Laboratories. These calculations were performed to identify
significant trends rather than to provide detailed investigations of the
beam tubes.

The fast neutron fluxes (8.0xl0~* to l.OxlO1 MeV group) for beryl-
lium filling the vertical hole in front of the beam tube are significantly
smaller. Also, when the hole is filled with light water, the epithermal and
resonance energy neutron fluxes (the three energy groups from 6.25xlO~7 to
8.0X10"1 MeV) are lowered. Overall, the placement of different reflector
materials directly in front of a tangential beam tube produces only small
changes in the neutron fluxes.

The small effect can be attributed to the fact that, in each case,
the neutrons escaping the core pass through about 10 cm of heavy water
before encountering the moderating material in the vertical hole. Also the
beam tube is completely surrounded by heavy water, so the moderating ratio
of the D20+Be, D20+H20 and D2O+C moderators is dominated by the D20.

The results of varying the thickness of heavy water between the
tangential beam tube and the core show that the beam tube can be located to
significantly reduce the non-thermal neutron fluxes without losing much of
the thermal flux intensities. This is of particular importance for experi-
ments where the non-thermal fluxes contribute to the background noise. It
is also very important when materials must be placed in the beam tubes and
are susceptible to fast neutron irradiation damage.

The ratio of the total neutron flux to the total non-thermal neu-
tron flux is similar to the cadmium ratio, and the higher the ratio, the
greater is the thermal-neutron component of the beam. The results shown in
Tables 2 to 4 do not give a true cadmium ratio because the thermal-neutron
cutoff was placed at 0.625 eV. Nevertheless, the results do indicate the
thermal-neutron component in the beam. Table 3 shows that the ratio of the
total neutron intensity to the non-thermal (greater than 0.625 eV) intensity
varies from about 3:1 to 14:1 when the heavy-water layer is varied from
5.5 cm to 20.5 cm. For the radial beam tube, the results from Table 4 give
ratios of 4:1 to 7:1 when the heavy-water thickness is varied from 10 to
25 cm. As expected, the ratio is much lower for radial beam tubes placed at
the same distance from the core.

The difference in the performance of radial and tangential beam
tubes can be seen by examining Tables 3, 4 and 5. For applications where
non-thermal neutron fluxes are undesirable, it is evident that tangential
tubes are preferred over radial tubes. It is also apparent from Table 5
that tangential tubes are superior to radial tubes for applications where
gamma radiation is not desired.



- 14 -

CONCLUSIONS

The results of the computer simulations have provided some in-
sights into the influence of beam tube orientation and reflector thickness
on the neutronic performance of the beam tube. More detailed simulations
would be required to choose appropriate beam tube placements for a specific
set of applications. Also, the influence that the beam tubes have on each
other needs to be investigated.

The MAPLE-X research reactor will be equipped with several tangen-
tial and radial beam tubes. Measurements of the radiation fields in those
beam tubes will be very useful for verifying these computer simulations.
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