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Fig. 1. Packaging design of proposed monitor and collimator, featuring borated
aluminum shielding, Rohacell foam for shock absorption, and carbon fiber panels
for addition reinforcement.

Fig. 2. Top view of the proposed 100 cm x 100 cm x 1.8 cm detector panel. The
panel is 100 cm long in the y-direction and rotates around the y-axis. It is
shielded on all sides for thermal neutrons, except for the front face which
incorporates a 100 cm x 100 cm thermal neutron collimator.

recorded at 1 second intervals. Operating in this mode, a large
circular region can be screened for both neutron and gamma
point sources, and an accurate direction pointing to the detected
source can be obtained.
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except the front, and e) a sturdy but lightweight housing made
from structural foam and carbon fiber composite sheets that
provides a hermetic seal, and is robust enough for portable
operation in the field.

The proposed design presents several challenges in fabrication,
materials and packaging. Fig. 1 shows a cross section of the
proposed monitor, revealing the following components: a) straw
detectors in the middle, requiring precise and uniform coating of
high purity copper film with expensive, lOB-enriched boron
carbide, b) a high purity copper foil forming a gas seal around
the straw detectors, c) a lightweight thermal neutron collimator
on the front face, d) thermal neutron shielding on all faces,

This work was funded by the Defense Threat Reduction Agency, DTRA
Contract No. 19183KR.

All authors are with Proportional Technologies, Inc., Houston, TX 77054
USA (telephone: 713-747-7324, e-mail: jlacy@proportionaltech.com).

I. INTRODUCTION

WE propose a new radiation detection technology that offers
high sensitivity to both gammas and neutrons, and can be

applied, cost effectively, to survey monitoring. The detector
consists of a close-packed array of many small thin-walled
copper straws, as shown in Fig. 1, each 1 m in length, and lined
with a very thin (1-2 flm) coating of enriched boron carbide
(

IOB4C). Gammas are converted in Cu, while neutrons are
converted in lOB. Electrons from gamma interactions and atomic
fragments from neutron interactions that escape the straw wall,
ionize the counting gas contained inside each straw. The detector
design draws upon low-cost technology developed by the high
energy physics community for large particle detectors such as
ATLAS, currently being commissioned at CERN.

The feasibility of the detection method has been demonstrated
previously [1]-[4], along with a unique application, whereby a
rotating panel is used to significantly improve performance [5].
In particular, a 1OOx 1OOx 1.8 cm3 panel enclosing the straw array
is rotated around its vertical axis, as illustrated in Fig. 2. The
panel, which is lightweight and safe to transport, rotates at one
revolution per minute and neutron and gamma counts are

Abstract- We have previously introduced the development of a
large panel monitor that can be used in the detection and
localization of remote, hidden nuclear materials. The monitor
employs a lightweight array of specially designed detectors that are
sensitive to both neutron and gamma radiation, are safe to operate
in the field, and can be manufactured in large quantities, as
required for remote sensing of weak sources. The detectors are
straw-like copper tubes, each 4 mm in diameter and 1 m in length,
and lined with a very thin (1-2 JIm) coating of enriched boron
carbide eOB4C). Gammas are converted in Cu, while neutrons are
converted in lOB. The feasibility of the detection method has been
demonstrated previously, along with a unique application, whereby
a 100xtOOxl.8 cm3 panel is rotated around its vertical axis. The
signals generated by the rotating monitor are processed by an
algorithm that can effectively identify the characteristic signature of
a point source, within an unknown but uniform background. The
proposed operating mode presents several challenges in fabrication,
materials and packaging, including the precise and uniform coating
of copper film with expensive, lOB-enriched boron carbide; use of
high purity materials for the minimization of background radiation;
the fabrication of an effective but lightweight neutron collimator
and shield; and the fabrication of lightweight detector packaging
that provides a hermetic seal, and is robust enough for portable
operation in the field. We present the development of fabrication
methods and some initial results.
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Fig. 7. Bonding of carbon fiber
plates to Rohacell foam. A
vacuum bag is used to ensure good
adhesion. The resulting panel is
used in the construction of a
housing for the detector module.

Fig. 6. Energy loss of alpha particles
as they travel inside a thin layer of
boron carbide, and chromium.
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III. PROTOTYPE MONITOR

The 5 cm x 100 cm neutron collimator is pictured in Fig. 8.
Preliminary tests showed an angular resolution of 26 degrees
(full-width-at-half-maximum). The collimator weight is 520 g.
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C. Thermal neutron collimator

A quantity of enriched boron carbide powder equal to 1.2 kg was
purchased from Boron Products, LLC. The powder specification
was> 96% enrichment, 100% of particles size under 22 Jlm, with
mean particle size equal to 3.8 Jlm. Approximately 100 grams
have been used in an epoxy mixture, spray-coated onto
aluminum film. The film is subsequently used in the production
of 4000 short tubes, 4 mm in diameter each, arranged to form a
collimator, according to the proposed design.

D. Carbon fiber housing

Panels for a lightweight but extremely strong housing have been
fabricated to safely house the detector module. The core material
was made by bonding 0.38 mm (0.015 inch) thick carbon fiber
sheets to both sides of a 6.4 mm (0.250 inch) thick Rohacell
foam. The three components were glued together and held firmly
in place on a precision granite surface by using a vacuum bag
technique, as shown in Fig. 7. Once cured, an extremely
lightweight and rigid structure is produced. The panels were cut
and machined into sections which form the housing shell.

Fig. 5. Energy distribution of alphas
and Li ions escaping a IOB4C-coated
copper foil sample. Multiple lines
correspond different samples.
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assembly into functional detectors has been described in a
previous publication [3].

If)

§1500
o
U

1000'

Fig. 3. Enriched 1~4C hot pressed tiles, used as a target in a sputtering chamber.

II. MATERIALS & METHODS

A mandrel, carefully loaded with a continuous strip of high
purity copper film, is loaded in the sputtering machine, as
pictured in Fig. 4. The machine operates in vacuum, and under
strict timing procedures, in order to achieve the desired
thickness.

Fig. 4. An aluminum mandrel is loaded with a continuous strip of copper foil
(left), then installed inside the sputter coating chamber (right).

The resulting coating thickness is measured using neutron
depth profiling (NDP) [6]. A thermal neutron beam is used to
bombard the coating, while a precisely positioned detector
measures the energy of the reaction products that escape, as
shown in

Fig. 5. The residual energy ofthe emerging alphas is a known
function of the concentration and thickness of the coating, shown
in

Fig. 6.

B. Straw detectors

The lOB4C-coated film is used in the production of straw material
at Lamina Dielectric Ltd. The fabrication of straw material and

A. Enriched boron carbide (lOB4C) coating

Enriched lOB4C hot pressed target tiles (Boron Products, LLC),
are used to fully populate a sputtering chamber, as required for
the production of straw detector material. Each target tile has
dimensions of 8.89 cm x 50.482 cm x 0.635 cm, and was
manufactured in two separate sections for structural stability and
handling purposes, as shown in Fig. 3. The enriched targets are
bonded (soldered) to backing plates which are attached to
magnetron assemblies inside the sputtering machine.

We present fabrication methods and materials, and
comprehensive simulations that predict the response of the
proposed monitor to neutron and gamma sources. In particular,
we present the detection limits that the proposed technology
otTers.
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Fig. 8. cm x 100 cm collimator constructed of approximately 3500 1 cm long
4 mm diameter aluminum tubes, sprayed with a IOB4C-Ioaded epoxy.

The detector module, consisting of a 5x 10 straw detector
array, is shown in Fig. 9. The module has dimensions 4x 1.8x 100
cm3

, and weighs 353 g. The front-end amplifier is installed inside
a box, attached to the module end, as shown in the figure.

Fig. 9. Prototype 5x 10 straw detector module. An amplifier and other electronics
are installed inside a box attached to the end of the module.

Fig. 11. Prototype small-scale monitor, incorporating the detector, collimator and
electronics into a singe sturdy but lightweight package.

Gamma rays. As an indication of the amount of gamma-ray
converter material present in the straw array, consider the
following formula for the effective material density of the array:

Pe = P . (7t . T) / (0.866 . D),

where T is the thickness of the converter in the straw wall (50 Jlm
for Cu), D is the straw diameter (4 mm), and P is the converter
density (8.92 g/cm3 for Cu). Thus, the effective density of copper
in the array is 4.5% the Cu density, or 0.40 g/cm3
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The mass thickness of a 1.78 cm deep array is 0.702 g/cm2
,

and the corresponding attenuation (photoelectric plus Compton)
for 662 keV gamma rays is 5°;b, as shown in Fig. 12. The
detection efficiency for the same array depth obtained from a
comprehensive MCNP5 modeling study is close to 2%, and
remains approximately constant out to 10 MeV. A roughly 2 fold
dip is seen around the energy of the nuisance sources, 99mTc and
20l TI.

2 4 6 8
Incident Gamma Energy (MeV)

Fig. 12. Gamma ray interaction probability and detection efficiency of a 1.78 em
deep array of straw detectors (5-straw deep).

A. Detection efficiency

The detection efficiency of the proposed technology has been
investigated in detail, in Monte Carlo simulations [3]. It depends
both on the stopping power of the radiation converting material,
and the efficiency of secondary particles to escape the straw wall.

IV. SIMULATED PERFORMANCE

Fig. 11 shows the complete prototype monitor, incorporating the
detector, electronics and neutron collimator inside the fiber
composite housing. The monitor weighs 1990 g.

Fig. 10. Prototype detector housing, made from carbon fiber composite material.
The photograph on the left shows the end of the housing, with the collimator
occupying the top face, and the detector installed under the collimator.
Polyurethane foam cushions the detector on two sides. Borated aluminum sheets
on 3 sides of the detector serve as thennal neutron shields.

The completed carbon fiber housing is shown in Fig. 10. It
weighs 424 g.
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Neutrons. Thermal neutrons captured in lOB are converted into
secondary particles, through the lOB(n,alpha) reaction:

Fig. 13. top, Predicted detection efficiency for room-temperature neutrons (0.025
eV) of a single straw module (5 straws deep), and of multiple modules stacked
together, at various 1~4C film thicknesses. bottom, Detection efficiency as a
function of neutron energy for a IOB4C thickness of 1 flm. The vertical line
indicates the energy at room temperature.
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Gamma rays. The attenuation of gamma rays in air is
represented by the half value layer (thickness of air that
attenuates 50% of incident gammas), listed in Table I, for
different energies. For instance, 50% of 1 MeV gammas are
transmitted unscattered through 90 m of air. This attenuation
level is used in simulations discussed later.

Neutrons. The mean free path of room temperature neutrons
(0.025 eV) for absorption in dry air is 130 meters, but only 22
meters for elastic scattering. Nevertheless, detector development
programs at the Pacific Northwest National Laboratory (PNNL),
and the Brookhaven National Laboratory (BNL) have
demonstrated that detection and imaging of thermal neutrons are
possible from great distances, despite significant elastic
scattering in air. A PNNL technical report [7] describes a field
experiment whereby a thermalized 252Cf source (3.36 x l05 n1s)
produced a detectable flux, over a square meter detector, at
distances up to 70 meters. Another BNL article [8] reports on
thermal neutron imaging detectors that can locate sources at
distances up to 65 meters.

The reason for this somewhat surprising result is that thermal
neutrons are not effectively absorbed in the environment but
rather interact elastically in air and common ground materials
such as soil and concrete. Therefore, many survive to great
distances. The other important effect at great distances is that
energetic neutrons always accompany the thermalized
component coming from a source and these neutrons can be
effectively thermalized in intervening ground or water. These
environmentally thermalized neutrons present to a collimated
detector with directional information indicating the direction of
the source.

We have investigated environmental neutron attenuation and
present Monte Carlo and analytical results of the thermal neutron
«0.5 eV) flux incident on a square meter detector at various
distances, and for different neutron collimation angles. The
simulations assumed that neutrons were emitted by a 252Cf
neutron source. A thickness of 6 cm of thermalizing material
(polyethylene) containing 2.7% H surrounded the source.
Approximately 20% of all neutrons leaving the polyethylene are
thermal, and about 13% of the neutrons emitted by the source are

TABLE I
GAMMA AITENUATlON IN DRY AIR (20°C)

dependence of detection efficiency upon neutron energy is
plotted in
Fig. 13 as well.

B. Attenuation over long ranges

The attenuation (absorption and scattering) of thermal energy
neutrons in air must be taken into account when designing for
long-range detection, and especially when identification of the
source direction is desired.
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The efficiency ofa single module (5 straws deep) for room
temperature neutrons (0.025 eV) is 37%, at the lOB4C coating
thickness of 1 J-lm, as shown in
Fig. 13. The corresponding efficiencies for a stack of 2, 3 and 4
modules deep are 57%,67% and 72%, respectively. The

The energy released by the reaction is 2.31 MeV in 94% of all
reactions (2.79 MeV in the remaining 6%), and equals the energy
imparted to the two reaction products (the energy of the captured
neutron is negligible by comparison). The reaction products,
namely an alpha particle and a lithium nucleus eLi) are emitted
isotropically from the point of neutron capture in exactly
opposite directions and, in the case of the dominant excited state,
with kinetic energies of 1.47 MeV and 0.84 MeV, respectively
(dictated by conservation of energy and momentum). Since the
boron carbide layer is only 1 J-lm thick, one of the two charged
particles will escape and ionize the gas contained within the
straw. Using a reasonably deep stack of straws, neutron detection
efficiencies up to 75% can be achieved on the I-loA neutron
wavelength range, as determined in Monte Carlo simulations.

This flat energy response is a significant advantage over
spectroscopic technologies that require full energy deposition
and appearance in a narrow peale Photopeak sensitivity falls off
very rapidly with energy. For instance, a CZT crystal (p=5.78
g/cm3

) with a 2% detection efficiency at 662 keV, would have 10
times lower efficiency at 2 MeV when operated in photopeak
mode.
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absorbed in polyethylene. Both high energy and thermal neutrons
leaving the vicinity of the source were propagated in air over a
concrete ground surface (1.7% H), as illustrated in Fig. 14.
Concrete was chosen as a very common surface material. The
effects of the ground surface material relate primarily to its
hydrogen content. Typical soil contains similar hydrogen levels,
from 1.4% to 2.5%. Water is a very special case that will have
strongly enhanced thermalization effect based on its 10 fold
higher hydrogen level of 11%.

.... fast neutrons 100)(100 cm2

.... thermal neutrons detector with

A. collimator
N' If (

Fig. 14. Simulation geometry for the calculation of the thermal flux arriving at a
collimated detector a certain distance away from the source. The simulation
accounts for attenuation/thennalization in air and concrete.

concrete. All curves are relative to the flux that would arrive at the detector under
vacuum.

The simulations clearly show that thermalization and
reflections from the ground result in substantially increased flux
incident on the detector at distance, assuming 180° collimation.
The flux is significantly reduced due to a tight 23° collimation
but is still higher than the flux obtained in air only. For the
collimator proposed here successful detection can be expected
for distances up to 70 m.

C. Minimum detectable amount

In one of several possible operating modes, the proposed
monitor can be pointed towards a suspect source direction, then
allowed to count neutron and gamma events, until a positive
identification is declared. The minimum detectable amounts
plotted in

Fig. 16 have been determined in Monte Carlo simulations,
implemented in MCNP5. The following parameters have been
used in the simulations: sensitive area = 1 m2

, natural
background count rate = 0.3 cps for neutrons, and 600 cps for
gammas; false alarm probability (FAP) = 1 false alarm every 100
hours for gammas, and 1 every 1000 hours for neutrons; true
positive probability = 99%; attenuation in air for both neutrons
and gammas taken into account, as discussed previously; finally,
17% of neutrons emitted by the source are thermalized at the
source, and neutrons thermalize in air and concrete between the
source and the detector, as illustrated in Fig. 14.
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Fig. 16. Predicted minimum detectable activity of a source emitting 1 MeV
gamma rays (top), and of a 252Cf source (bottom), versus distance, for the
proposed I m2 monitor (fixed orientation pointing at source), and for variable
measurement times. The 252Cf source was embedded in a polyethylene sphere, 6
cm radius. Neutron and gamma attenuation in air was accounted for. Neutron
attenuation/thennalization in a concrete ground (1.7% H) was also assumed.
Other simulation parameters are discussed in the text.

Results show that for a measurement time of 10 min, a 1 mCi
gamma source can be confidently detected up to a distance of 83
m in air, while 100 ng of 252Cf can be detected up to at a distance
of 44 m. Lower detection limits can be achieved for longer
measurements, thus a 30 min long measurement can detect 1 mCi
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Fig. 15. Thennal neutron «0.5 eV) flux arriving on a detector located at the
distances shown, and for different neutron collimation angles. The curves
quantify the effect of attenuation and thermalization of neutrons in air and
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The curve marked by the red circles in Fig. 15 shows the flux
incident on a 1 m2 detector having a 180° collimator, while the
yellow squares curve shows the flux with a much tighter 23°
collimator (simulating the collimator discussed above, and shown
in Fig. 8). The red curve is an analytical prediction assuming
propagation of thermal neutrons in air, ignoring thermalization of
high energy neutrons in ground material. It assumes that all
scattered thermals are lost with a 20 m absorption mean free
path. All curves are relative to the flux that would arrive at the
detector under vacuum, thus the geometrical l/r2 dependence has
been removed.
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The detection limits of the rotating monitor plotted in Fig. 17
are higher than those obtained with a fixed orientation, plotted in

Fig. 16, but keep in mind that operation in the rotating mode
can scan a much larger area and does not require knowledge of
the source (suspected) location. Moreover, detection limits for
neutrons are closer for the two modes, due to scattering and
thermalization ofneutrons in the environment.
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up to 104 m away, and a 100 min long measurement can detect
100 ng of 252Cfup to 64 m away.

As an alternative mode of operation, the proposed monitor can
be rotated around its vertical axis, or modules can be arranged in
a helical pattern, such that the neuron collimator in front of each
module points at different directions. We have developed a
unique algorithm [5] for passive, long-range detection and
localization of gamma and neutron emitting sources, based on the
signature profile of a point source, that differentiates it from
background noise. Hidden nuclear materials have limited extent,
and can be approximated by point sources in a uniform natural
background. The method assumes only that the neutron or
gamma environmental background is uniform in pointing angle
and that the source is small in extent, approximating a point
source. The technique requires the use of large panel detectors
that are inexpensive to manufacture, sensitive to both neutrons
and gammas, lightweight, ruggedized for field application, and
safe for portable operation. A similar gamma source detection
technique has been applied in stationary portal monitors, where
potential sources travel past the detector [9].

The minimum detectable amounts for the rotating monitor are
plotted in Fig. 17. Simulation parameters are identical to the case
of fixed detector orientation, discussed above.

Fig. 17. Predicted minimum detectable activity of a point source emitting 1 MeV
gamma rays (top), and of a 252Cf point source (bottom), versus distance, for the
proposed 1 m2 monitor (continuous rotation), and for variable measurement
times. The 252Cf source was embedded in a polyethylene sphere, 6 cm radius.
Attenuation in air was accounted for (neutrons and gammas). Neutron
attenuation! thermalization in a concrete ground (1.7% H) was also included.
Other simulation parameters are discussed in the text.

Results show that for a measurement time of 10 min, a 1 mCi
gamma point source can be confidently detected, and its location
identified, within an area of radius up to 37 m, while 100 ng of
252Cf can be detected and localized within an area of radius up to
39 m. As before, lower detection limits can be achieved for
longer measurements, thus a 30 min long measurement can
localize 1 mCi within a radius of 47 m, and a 100 min long
measurement can detect 100 ng of 252Cfwithin a radius of 58 m.
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