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Abstract

A hybrid method for neutron–ion transport has been developed and applied to modeling coated and perforated neutron

semiconductor detectors. The method couples the MCNP transport code developed by Los Alamos National Laboratory and a

specialized ion transport code. Output from MCNP is passed to the ion transport code to perform ion energy deposition calculations,

and in this manner the two codes are married. The process is controlled by a PERL script. Angle dependent efficiency calculation results

for perforated rod detectors are presented, and neutron absorption efficiencies are presented for channel and chevron type perforations

to show how problems with rod perforations may be overcome.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The development of high efficiency neutron detectors is
of great interest for application in material science, health
physics, radiation detection, and many other fields. In
many cases the size of detectors is a limiting factor in their
application. To meet such needs design and development of
semiconductor neutron detectors have become a research
field of high interest.

Development of semiconductor detectors is multifaceted
involving everything from modeling and design to produc-
tion methods and testing. In this article a method is
presented to estimate the efficiency of perforated semi-
conductor detectors whose perforations are filled with
neutron reactive material such as 10B or 6LiF. Previous
work has shown that perforations, can greatly improve
neutron detection efficiencies for normal incidence [1];
however, the angular dependence of these detectors was
not investigated in initial studies but is included herein. The
calculation method marries the MCNP transport code
developed by Los Alamos National Laboratory with a
e front matter r 2007 Elsevier B.V. All rights reserved.
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specialized ion-transport code developed by Shultis [2].
Output from MCNP’s PTRAC file is parsed and used as
input for the ion transport code.

2. Modeling and code marriage

The efficiency of a perforated detector is the product of
two quantities: (1) the probability � that a neutron causes
Rods of Sensitive Material

Fig. 1. Detector cross section.
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Fig. 2. Results matching coated diode analysis.
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Fig. 3. Experimental and calculated energy deposition spectra.
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Fig. 4. 10B, 30mm Deep �6mm diam
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an ion-producing reaction, and (2) the probability Z that
the ions deposit sufficient energy in the silicon semicon-
ductor to be detected. In this study, MCNP was used to
determine the neutron absorption probability � as well as
the locations in the perforated detector where ion-produ-
cing reactions occurred. These reaction locations were then
used as starting ion positions in an ion transport code to
determine Z.
Fig. 1 shows a cross section of the detector as modeled in

MCNP. The detector model has three components: the cap
of converter material, the perforations filled with converter
material, and the semiconductor material surrounding the
perforations. The detector was modeled by replicating a
unit cell using the MCNP lattice capability. The neutron
source was a monodirectional beam of thermal neutrons
(Maxwellian spectrum) which uniformly illuminated the
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Fig. 5. Neutron streaming through rod detectors.
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2.54-cm diameter detector. Multiple MCNP simulations
were performed in which the source beam was rotated
about the detector in the polar direction (coaxial with
detector) in increments of 51 and in the azimuthal direction
in increments of 31.

During the MCNP simulation the number of absorp-
tions in the detector and the absorption locations in the
neutron reactive material are written to an MCNP PTRAC
file. The absorption locations are subsequently read from
the PTRAC file and processed to become starting locations
in the unit cell used by the ion transport code.

The ion transport code estimates Z by using the tracking
and backtracking method, described in Ref. [1], by
determining the amount of energy deposited in the silicon
semiconductor by each ion-producing reaction. The back-
tracking method, based on straight-line ion trajectories and
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Fig. 6. 6LiF, 100mm Deep �30mm dia
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Fig. 7. 6LiF, 100mm Deep �25mm w
empirical equations for residual energies and ranges in
silicon and the converter material, determines the energy of
a particle entering a region composed of, for example,
material two and leaving a cell of material one. The
distance equivalent to the total distance the particle would
have traveled in material two is determined, and transport
continues as if the particle has traveled the equivalent range
in material two. Z is the ratio of the number of ion pairs
depositing at least 300 keV in the semiconductor to the
total number of ion-producing reactions.
Fig. 2 presents a comparison of coated diode (perfora-

tion depth equal to 0) analytical results and the hybrid
(numerical) method [3]. One will notice that numerical
result matches quite well to the analytical results in the case
of the finite detector; however, for the infinite detector
simulation a divergence, which is believed to be resulted
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from the fact that the numerical model was not truly
infinite but was adjusted using the relations from Ref. [3],
occurs. Nonetheless, the more realistic finite detector
simulation matches well. A comparison of the calculated
(insert) spectra and experimental spectra is shown in Fig. 3.
While a direct comparison is not shown, the features of
both spectra are the same with the exception that the
experimental spectra suffers pileup in the high energy tail.

3. Efficiency calculation results

Initial calculations considered circular holes etched into
the silicon which were filled with 10B. The angular
efficiency for this detector is shown in Fig. 4. The detector
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Fig. 8. 6LiF, 100mm Deep �25 sinð45Þmm
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Fig. 9. 6LiF, 100mm Deep �25 sinð45Þmm
efficiency �Z is normalized per unit fluence of the beam.
Therefore, as the polar angle increases, the cross-sectional
area of the detector seen by the neutron beam decreases
and the efficiency diminishes to essentially zero as the very
thin disk detector’s axis becomes almost perpendicular to
the beam.
The most interesting features presented by Fig. 4 are the

drops in neutron absorption efficiency at multiples of
451 along the azimuth with those at multiples of 901 being
more prominent. The reason for this is illustrated by Fig. 5.
At these angles neutrons are more likely to pass through
the detector without encountering any converter material.
The same effect is realized for 6LiF filled and coated
detectors as shown in Fig. 6.
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It is observed that the major drops in detection efficiency
are primarily dependent on neutron absorption and not ion
energy deposition; thus, alternate perforation designs
(channels and chevrons) were considered. Fig. 7 presents
the neutron detection efficiency for a detector composed of
channels. Note the azimuthal flatness of the curve except at
901 where there is a sharp drop in neutron absorption
efficiency because direct streaming paths in the silicon
parallel to the trench walls allow neutrons to pass through
the detector without encountering any converter material.

However, for a pattern of chevron—a ‘‘zigzag’’ of the
channel bending at 451—perforations (Fig. 8) there are no
direct streaming paths, but there are still, depending on the
chevron angle, paths where neutrons ‘‘see’’ a reduced
amount of converter material. The neutron absorption
efficiencies are much higher for channel and chevron
perforations, and can be increased to an even greater extent
by stacking two detectors together such that the silicon part
of one adjoins the converter part of the other (Fig. 9). Also
noteworthy is that azimuthal changes in efficiency have
been greatly reduced; however, the strong polar depen-
dence remains, but from 01 to 651 the efficiency drops by
only 25%.

4. Conclusions

The detection efficiencies of perforated neutron detectors
are a strong function of the incident neutron direction. For
a pattern of rod perforations, drops in efficiency are
expected at 451 and 901 azimuthal angles as a result of
neutrons passing through the detector without encounter-
ing converter material. Similar efficiency drops occur for
straight channel patterns where there are incident direc-
tions that allow neutrons to stream through approximately
50% of the detector unimpeded by converter material.

Chevron perforation patterns offer some correction to
the streaming problem. At the chevron angles neutrons still
have paths, albeit small ones, that allow them to stream for
short unobstructed distances. By extrapolation, one might
hypothesize that the best pattern for perforated planer
diode detectors would be a sinusoidal pattern of perfora-
tions. The constant curvature of such perforations would
eliminate even short streaming paths and increase neutron
absorption probabilities.
The drop in efficiencies for large polar angles is inherent

for a single planar device as it is always guaranteed to fade
out of the solid angle of the source. However, the use of
multiple planar devices oriented in a three-dimensional
configuration, say attached to the faces of a small cube, can
reduce the edge-on effect. Designs presented herein have
shown promise at extending the range of polar angles for
which planar detectors maintain a relatively constant
efficiency (� 0�–601). Alternative designs may extend this
range.
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