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Abstract-Boron-coated straw (BeS) detectors can be easily 
and economically manufactured in large volumes, to replace 3He_ 
based detector modules in Radiation Portal Monitors (RPMs). A 
neutron detector module (NDM) design based on BeS detectors 
is presented, maintaining the outer dimensions of the 3He-based 
NDM in current installations. Multiple (up to 95) BeS detectors 
are distributed in an array, within a high-density polyethylene 
moderator block. Each BeS detector is 4.43 mm in diameter, 
200 cm long, and individually sealed inside an aluminum tube 
just large enough to contain the thin walled straw. Straws are 
organized into 5 rows at different depths within the moderator. 
The response of five production NDM units to a neutron and 
gamma source are presented, together with environmental testing 
aimed to simulate operating conditions encountered in typical 
RPM applications. The mean neutron absolute efficiency mea
sured at 2 m among 4 units was 3.55±0.06 cps/ng for a moderated 
252ef source, and 3.13±0.08 cps/ng for an unmoderated source. 
The mean gamma-ray efficiency measured was 1.2x 10-8 for 
an exposure rate of 20 mRlhr, and lAx 10-8 for 50 mRlhr. 
The background rate was 2.5 cps at sea level in Houston for 
all units. Environmental tests showed stable operation over 
the temperature range from -40oe to +49°e, and during an 
18 hour soak at 400e and 98% relative humidity. Advanced 
capabilities of the NDM include coincidence/multiplicity counting 
for characterization of spontaneous fission sources, and encoding 
of the location of neutron interactions along the depth of the 
NDM. 

I. INTRODUCTION 

R
ECENT increased demand for 3He neutron detectors by a 

host of applications, including Radiation Portal Monitors 

(RPM) for national security, neutron science instrumentation, 

nuclear safeguards, oillgas exploration, and others, has pre

cipitated a critical shortage of this rare gas, which has minute 

natural abundance on Earth. As a result, a need for 3He-free 

neutron detection technologies has been established, especially 

in homeland security applications, where large volume deploy

ments are required. 

We propose a neutron detection technology based on long 

tubes (straws), approximately 4 mm in diameter, coated on 

the inside with a thin layer of lOB-enriched boron carbide 

eOB4C). Boron-coated straw (BCS) detectors can be easily 

and economically manufactured in large volumes, to replace 
3He-based detector modules in RPMs. We have previously 

published on the BCS detection capabilities, fabrication, and 
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development of prototypes for various applications [1], [2], 

[3]. 

II. DETECTOR DESIGN & METHODS 

A neutron detector module (NDM) design based on BCS 

detectors is presented in Fig. 1, maintaining the outer dimen

sions of the 3He-based NDM in current RPM installations. 

Multiple (up to 95) BCS detectors are distributed in an array, 

within a high-density polyethylene (HDPE) moderator block. 

Each BCS detector is 4.4 mm in diameter, 200 cm long, 

and individually sealed inside an aluminum tube with a 5.56 

mm diameter. All BCS detectors are electrically connected 

together, and a single charge sensitive amplifier is used to 

read the whole array. The detectors are biased to 850 V. 
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Fig. I. RPM neutron module design based on BCS detectors. Dimensions 
are in inches. 

Several NDM units were built and tested with a 6.0 ng 252Cf 

source (",,14000 n/s), placed at 2 m from the NDM face; and 

with a 124 mCi 60Co source. The neutron source was used 

either bare (un-moderated), or inside a pig that surrounded 

it with 0.5 cm thick lead, and 2.5 cm thick polyethylene. 

Measured rates were background subtracted and scaled down 

to correspond to I ng 252Cf that emits 2300 n/s. The 60 Co 

source was positioned at two different distances, to achieve an 

average exposure rate of 20 mRlhr and 50 mRlhr, respectively, 

over the entire NDM face. Measurements were conducted in 

an outdoor location in Houston, TX, with the detector installed 

inside a 1700-lbs steel housing, part of the standard RPM 

installation used for all commercial systems, as pictured in 

Fig. 2. The detector center was positioned 1.16 m above 

ground in this setup. 

An additional test was designed to measure whether the 

NDM response to a neutron source is affected by a simultane

ous exposure to gamma rays. The 60Co source was positioned 

at a distance such that the average exposure rate over the 

detector surface was either 20 mRih or 50mRlh. A 139 ng 
252Cf source was positioned at 4.3 m, for a detected neutron 
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Fig. 2. NOM unit during testing outdoors. The detector (white box) is 
installed inside a standard RPM steel housing. A 252Cf source is supported 
on a stand 2 m in front of the detector face. 

rate close to 100 cps. The gamma absolute rejection ratio in 

the presence of neutrons (GARRn) was then calculated as 

GARRn = 

E,n 

En 
(1) 

where E,n is the measured detection efficiency with the gamma 

source present, and En is the measured efficiency without the 

gamma source. 
Environmental testing was conducted at DLi Labs (Austin, 

TX), inside a walk-in temperature and humidity-controlled 

chamber, and following the guidelines of ANSI N42.38 stan

dard for portal monitors. The NDM was powered-on during 

the entire course of each experiment, and its response to a 

nearby 252Cf source was measured at distinct points. At each 

test point, the count recorded was a mean over 10 one-minute

long measurements. 

III. RESULTS 

A. Radiological testing 
The neutron and gamma ray detection efficiencies measured 

are listed in Table I for all units tested. The mean neutron 

efficiency was 3.55 cps/ng for the moderated 252Cf source at 

2 m, and 3.13 cps/ng for the unmoderated source. The mean 

gamma-ray efficiency was 1.2x 10-8 for an exposure rate of 

20 mR/hr, and 1.4 x 10-8 for 50 mRlhr. The background rate 

measured was approximately 2.5 cps for all units. By com

parison, the response of 3He-based modules used in currently 

deployed RPMs is 3.0 cps/ng for the single-tube design [4], 

and 4.07 cps/ng for the 2-tube design [5]. These tubes are 

pressurized to 3 atm. 
The GARRn measured for the 4 NDM units is listed in 

Table II. In all units, the value is within ± 10% of 1.00, 

indicating successful rejection of gammas with minimal effect 

to the neutron count rate. 

I 
2 
3 
4 

TABLE I 
MEASURED NEUTRON AND GAMMA-RAY RESPONSE 

Neutron Gamma-ray 
detection efficiency detection efficiency 

(cps/ng) 
moderated 

source 
3.49 
3.54 
3.63 
3.52 

I 
2 
3 
4 

un-moderated @20 mRlhr 
source 

3.15 3.04x 10-" 
3.02 1.42x 10-9 

3.21 8.03x 10-9 

3.13 8.62x 10-9 

TABLE II 
GAMMA REJECTION RATIO 

GARRn 
@20 mRlhr @50 mRlhr 

1.03 
1.01 
1.00 
1.01 

1.05 
0.95 
1.01 
1.01 

@50 mRlhr 

2.68x 10 -" 
1.72 x 10-9 

8.20x 10-9 

1.73 x 10-8 

B. Environmental testing 

Fig. 3 (top panel) shows the temperature profile pro

grammed for the chamber, as a function of time, and the 

corresponding change in the NDM response (bottom panel), 

compared to the baseline. The change measured was less than 

±4%, over the 70-hour long test, significantly lower than the 

± 15% tolerance dictated by the ANSI N42.38 standard. A 

separate run, shown in Fig. 4, whereby the chamber humidity 

was varied from 65% to 98% showed similarly stable response 

(less than ±4% variation). 
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Fig. 3. (top panel) Environmental chamber temperature profile, and points 
where the NOM response was measured. (bottom panel) Change in NOM 
response to a neutron source during the temperature cycle, compared to initial 
(baseline) measurement. 

Another test exposed the detector to a spray of chilled 

water (0-3°C) over its entire surface area, leading to the 

formation of glaze ice on the portals external surfaces, as 

pictured in Fig. 5. The internal ambient temperature of the 

chamber was maintained at or below freezing: O°C during the 
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Fig. 4. (top panel) Environmental chamber humidity profile, and points 
where the NDM response was measured. (hol/om panel) Change in NDM 
response to a neutron source during the humidity cycle, compared to initial 
(baseline) measurement. 

spraying phase of the test, and -lOoC during the subsequent 

ice-hardening phase. An ice coating of 13-15 mm nominal 

thickness formed on all external surfaces of the portal housing. 

The observed change in the count rate of the detector during 

the course of the experiment was less the ±7% . 

Fig. 5. NDM shown covered in ice, following a freezing rain test. 

Additional environmental testing not presented here, but 

successfully passed, included a microphonics/impact test, re

sponse to electrostatic discharge, and temperate rain. 

IV. EXPANDED CAPABILITIES 

A. Coincidence counting 

The NDM can be operated as a coincidence/multiplicity 

counter for the detection and characterization of materials ex

hibiting spontaneous fission. Such sources, including all threat 

materials as well as 252Cf, emit neutrons with a characteristic 

multiplicity. The mean multiplicity for common isotopes of 

interest are 252Cf: 3.757; 238pu: 2.21; 240pU: 2.16; 238U: 2.01. 

Custom-designed electronics provide a digital time stamp with 

an accuracy of 40 nsec for each neutron event detected in 

any one of the straw detectors. The information is processed 

to deduce the measured neutron multiplicity distribution, i.e. 

the probability of detecting l/ multiples of neutrons within a 

specified time window, where l/ takes values 0, 1, 2, 3, 4, etc. 

The multiplicity distribution is used to calculate the singles, 

doubles and triples rates, which, in turn, are used to determine 

the amount of the isotope present in the sample tested. 
Fig. 6 shows the Rossi-a distribution generated in real 

time for a 5.9 ng 252Cf source placed on the face of the 

95-straw NDM, over a period of 26 min. In the absence of 

correlated events from spontaneous fission, the distribution 

would appear flat in time. The exponential decay observed here 

gives definitive detection of the presence of a source decaying 

by spontaneous fission. The exponential decay time constant 

gives a measure of the thermalization time within the NDM 

moderator, in this case 75 J.lS. 
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Fig. 6. Rossi-a distribution generated with the NDM and an un-moderated 
252Cf source. 

B. l)epth profiles 
Fig. 7 shows the count rate measured from individual rows 

of the NDM, with the neutron source surrounded by varying 

thicknesses of moderator, as indicated. The penetration depth 

of neutrons is highest for the unmoderated source and becomes 

continuously shallower as moderation thickness increases. 

This is a result of the substantially modified neutron energy 

spectrum in each case. Since the interaction depth depends 

on the incident neutron energy, the demonstrated capability 

can be used to develop signature profiles, that can potentially 

characterize the source isotope, or the degree of moderation 

surrounding the source. 

V. CONCLUSION 

It is imperative to address the imminent shortage of neutron 

detectors for national security and other applications. The 
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Fig. 7. Count rate measured in each row of straws of the NDM for a 252Cf 
source with various moderators. 

limited inventory of 3He gas, and uncertain future production, 

dictate the need for alternative neutron detection technologies. 

The proposed boron-coated straw detectors can readily satisfy 

the portal monitoring requirements for high sensitivity, large 

sensitive area, low cost and good gamma-ray discrimination. 

This work also demonstrates the stability and reproducibility 

of detectors produced in controlled manufacturing. 
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