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ABSTRACT - The paper considers peculiarities of fast neutron radiography with a two-
dimensional detector. Effects produced by scattered neutrons was simulated for various neutron
sources. Contribution of y-rays generated in the sample was estimated for a fission spectrum of
fast neutrons. Feasibility of fast neutrons collimating by a honeycomb collimator was
considered.
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1. Introduction

Application of a two-dimensional detector in fast neutron radiography makes it much
more productive. However in this case an image can be effected by scattered neutrons and
accompanying y-rays emitted from the source or produced due to fast neutrons interaction
with the sample and surroundings.

One of the tasks of this work was to get a quantitative estimation of the effects produced
by scattered neutrons and y-rays induced in the sample taking into account salient features of
fast neutron sources which are available at present. The other task was to investigate a
feasibility of effective screening of fast neutrons scattered in the sample by a honeycomb
collimator.

The following neutron sources were considered: the converter facility of the reactor
FRM-1 (Munich Technical University), a neutron generator based on an accelerating tube
ING-07 (VNIIA) [1] and a neutron generator with a plasma focus tube (VNIIA).

The following simulation were carried out:

1) Spatial distributions of the detector response to neutrons of different origin:

* non-collided (primary) beam.
* beam collided in the sample,
* beam collided in the walls of the experimental room,
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* beam collided in the source.

2) Distribution of mean energy in the detector plane for the above defined neutrons.

To analyse the problem of fast neutrons beam collimation, the effects produced by
samples, collimators and theirs consequent assemblies were considered. The angular
distribution of the neutrons going forward out from the sample and collimator were evaluated
in the performed calculations. It was assumed that both the sample and the collimator were
unlimited in the plane perpendicular to the primary beam direction.

Effect of y-rays on the radiographic image in the case of the FRM-l source was estimated
too. y-rays of inelastic scattering and radiation capture y-rays generated in the sample were
considered.

2. Calculation Procedure and Input parameters for Simulations

The calculations - in the case of the FRM-l - were carried out for the real experimental
conditions of radiographic measurements described in [2]. The neutron beam of fission
spectrum was filtered by a combined filter consisting of lead (12.5 cm) and polyethylene
(2 cm). A source-to-detector distance L was 5.9 m and a so called L/D (where D is the source
dimension) ratio was about 80.

In the case of neutron generators, the calculations were performed for mono-energetic
(14 MeV) neutrons and a point source. The detector, the generator and the sample were placed
in a room (4 m height and 2 m in diameter) along the room axis. It was assumed that the room
walls were of a 0.5 m thickness and made from concrete. The detector position was fixed at a
distance of 0.5 m above the room flour. The calculations were carried out for two source-to-
detector distances (15 and 150 cm).

The test sample used in simulations was a cylinder made of polymethylmethacrylate
(CH 802) of 4 cm in diameter and 10 cm at height. A sample-to-detector distance in all the
cases was 5 mm. Due to the cylinder symmetry a linear detector was used for simulating a
sample image.

Neutrons scattered both in the sample and in some parts of experimental installations of
different kind were differentiated.

It was assumed that sample imaging was carried out by a luminescent detector based on
recoil protons [3]. The screen of this detector is made of a composite material consisting of an
organic polymer and a pownder luminophor Gd2 0 2 S:Tb.

Simulation of the spatial distributions was carried out in the following way. First, spatial
distributions of fast neutrons of different energy groups in the detector plane was calculated
using the MCNP-3b code (F5 detector). Second, a response of the screen lx was calculated as
l.=ZN.(Ei)a(Ei), where x is the detector co-ordinate, i is energy group, N(Ei) is flux of fast
neutrons of energy Es and a(Ei) is cross section of the emitting recoil proton.

A mean energy was calculated as a ratio of energy flux (*F5 detector) to total particles
flux defined as YN,(Ej). To estimate a y-rays contribution to the detector signal energy
depositions in the screen material of the detector coursed by fast neutrons and 7-rays were
compared.
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3. Results of simulations

3.1. Neutron generator

The results of simulations for a custom made portable neutron generator ING-07 are
presented in Figs. l and 2.

As the neutron beam is a divergent beam the image of the sample edge is not sharp. The
region of the edge smearing depends on L. It is about 2 mm for L=150 cm and -25 mm for
L=15 cm. It can be seen that at a distance of L=15 cm a major contribution of scattered
neutrons is concerned with the sample. At a distance of l =50 cm neutrons scattered in the
room walls prevail. Their contribution in the sample shadow exceeds even the contribution of
non-collided neutrons.

Spatial distributions of neutrons scattered in the sample and the room walls are rather
smooth. At the same time it can be seen that neutron scattered in the generator influence the
image too without, noticeably, spoiling it.

An image contrast of the sample determined as (Imax-rnin)/(Imax+Imin) in the both cases is
the same (about 0.25). A contrast in the absence of scattered neutrons could be considerably
higher: about 0.5 for L=150 cm and :0.43 for L=15 cm.

In Fig. 4 a spatial distribution of a mean energy of neutrons scattered in the sample is
presented. It can be seen that a mean energy of scattered neutrons outside the sample is lower
than inside the sample. The reason is that outside the sample there are neutrons which are
scattered at comparatively larger angles and which loose at a collision more energy. Due to
that mean energy of neutrons decreases with an increase of the distance from the sample axis.
Comparing a mean energy at the sample edge and its axis one can see that the mean energy at
the edge is higher than at the axis. This is a result of transformation of neutrons spectrum in
the sample due to two processes: 1) scattering in the sample and 2) escaping the sample. One
has to take into account that the probability to escape the sample is higher for neutrons
scattered at larger angles and nearby the sample edge.

The results for the neutron generator with a plasma focus tube are analogous to those for
the ING-07 despite of a different design. Due to that they are not presented in the paper.

3.2. Nuclear Reactor

The results of the calculations show that the contribution of neutrons scattered in the
filter, biological shielding and experimental room is negligible small. Spatial distributions of
the detector response in this case are presented in Fig. 3. It is very similar to that in the case of
the ING-07 and L=150 cm. The difference is in the contrast value and in the edge width. The
contrast of the sample image is about 0.81. It could be 0.87 in the absence of scattered
neutrons. The edge width was found to be tl mm.

The mean energy distribution presented in Fig. 4 demonstrates effect of neutron spectrum
hardening behind the sample due to reverse dependence of scattering cross-section on neutron
energy.

3.3. y-rays Contribution

Contributions of radiation capture and inelastic scattering gamma rays concerned with the
sample in the case of the FRM-l source were estimated. Energies of y-rays were 2.3 MeV
(radiation capture by hydrogen), 4.4 MeV (inelastic scattering by carbon) and 4.7 MeV
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(inelastic scattering by oxygen). These V-rays generate in the screen Compton electrons and
electron-positron pairs. An energy deposition of Compton electrons and pairs was compared
with an energy deposition of recoil protons generated by fast neutrons. Calculation gave the
following values of mean energies for the particles: -0.96 Mev and rz2.62 Mev for Compton
electrons, 1.3 MeV and ,3.4 MeV for pairs, respectively. A mean energy of a recoil proton is
1.67 MeV (half of a neutron mean energy, see Fig. 4). The results of calculations shows that
contribution of radiation capture y-rays to the detector signal can amount to about 20% of the
total neutron signal. It was found to be about 1,5% for y-rays of inelastic scattering.

3.4. Feasibility of Fast Neutrons Collimating by a Honeycomb Collimator

Evaluated tallies in the performed calculations were angular distribution of the neutrons
going forward out from:

* a sample unlimited in the plane perpendicular to the primary beam direction,
* a honeycomb collimator of reasonable opening made of densely packed tubes,
* a sample and collimator placed in consequence along the beam direction.

Table 1. Parameters of honeycomb collimators.

Wall thickness,

Material Length, mm Tube opening, mm
mm Type A Type B

Polyethylene 300 2 1 5

Iron 300 2 1 5

PE & Fe collimators 150 (PE) + 150 (Fe) 2 1 5
in succession

Simulations of angular distributions were carried out for samples made of iron and
polyethylene of thickness in the range frorn 5 to 15 cm and collimators listed in the Table 1. It
was assumed that samples were illuminated by a non-divergent beam of fission neutrons.

The obtained results are very similar for any combinations of a sample and a collimator.
They are demonstrated in Fig. 4 for a polyethylene sample of 10 cm thickness and a
honeycomb collimator of B type made of iron. It is seen that the angle distribution of neutrons
scattered in the sample is very wide. At the same time a thickness of the collimator walls
along a scattering angle direction is too small to screen these neutrons.

4. Conclusions

The following general conclusions have been drawn out from the obtained results:

* Scattered neutrons influence a contrast and practically do not spoil a spatial resolution of
the image.

* A contribution of a particular source of scattered neutrons depends on experimental
conditions.

* A honeycomb collimator of any reasonable opening has too thin walls for effective
screening of neutrons scattered in the sample.
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* A primary beam in the case of a two-dimensional detector can be effectively collimated
only due to a larger collimator-to-detector distance and a smaller angle aperture of the
beam intercepted by the detector.

* All potential sources of scattered neutrons should be taken into account when planning
radiography measurements with fast neutrons or interpreting an image.

* Evaluated y-rays contribution is noticeable. The measurements of intensity of y-rays
emitted by the sample are necessary to qualify the value of this contribution.
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Figure 3. Spatial distribution 1(x) of various components of the sample image in the detector
plane for the FRM-1. Contributions of neutrons collided in the sample, non-collided neutrons
and sum of collided and non-collided neutrons are presented.

4.0 

3.8 -.3' - . . . .. _ : ,,

> L~~~~~~~~ L150 cm ~,
3.26- t e Add

3.0 - -

2.8 (-0

2.6-

2.4- 9 \5

2.2- -A-Total

2.0 ' Non-coil. ?.0

1.8 I Coll.
0 1 2 3 4 5 6 7 8

x, cm

Figure 4. Spatial distribution of mean energy E(x) for neutrons of different origin in the
detector plane. Left axis - mean energy of neutrons collided in the sample, non-collided
neutrons and their sum for the FRM-1. Right axis - mean energy of neutrons collided in the
sample for the ING-07.
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Figure 5. Angular distribution of fast neutron beam behind a 10 cm thick PE sample and an
assembly consisting of this sample and a honeycomb collimator.
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