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  Abstract– The disappearing inventory and minute natural 
abundance of 3He gas necessitate the adoption of new 
technologies for the detection of neutrons. The exclusive source of 
3He on Earth is derived from the tritium stockpile, which decays 
to 3He at a rate of 5.5% per year. Despite the low 3He supply, and 
uncertain production rate in the future, this medium remains by 
far the most attractive for many applications. The DHS and DOD 
plan to equip major ports of entry with large area monitors, in an 
effort to intercept the smuggling of nuclear materials. The 
desired world deployment of such monitors alone could consume 
the entire 3He supply, limiting the prospects of nuclear science 
and other applications that rely very heavily on 3He-based 
detectors as well. Clearly, alternate neutron detection 
technologies must be developed. We propose a technology based 
on close-packed arrays of long aluminum or copper tubes 
(straws), 4 mm in diameter, coated on the inside with a thin layer 
of 10B-enriched boron carbide (10B4C). A close-packed array of 
straw detectors offers a stopping power for neutrons equivalent 
to that of 2.68 atm of 3He gas. In addition to the high abundance 
of boron on Earth and low cost of 10B enrichment, the boron-
coated straw (BCS) detector offers distinct advantages over 
conventional 3He-based detectors, including faster signals, short 
recovery time (ion drift), low weight, safety for portable use (no 
pressurization), and low production cost. The above are all 
critical for large detector deployments, as in portal monitoring, 
and for active interrogation applications, where fast signals can 
significantly improve performance.  Furthermore, in imaging 
applications, the BCS high level of segmentation supports high 
count rates and parallax-free position encoding, both difficult to 
achieve in conventional 3He pressure vessels. We review the use 
of the BCS detector in a variety of applications, pointing out its 
distinct advantages over conventional 3He tubes.  

I. INTRODUCTION 

HE diminishing inventory and minute natural 
abundance of 3He gas necessitate the adoption of 

new technologies for the detection of neutrons, 
especially in homeland security applications, where 
large volume deployments requiring many 
kilograms of 3He are required.  

The only practical source of 3He on Earth is the 
radioactive decay of tritium (3H). Tritium decays to 
3He at a rate of 5.5% per year. Tritium was 
produced over the time frame from 1955 to 1988 for 
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use as a critical ingredient of nuclear weapons. 
Production ceased in the US in 1988 and likely will 
not resume, as there is currently an adequate supply 
to sustain the diminishing nuclear weapons 
inventory. Restoration of production through a DOE 
plan to utilize commercial power reactors is both 
very expensive and carries substantial risks [1]. The 
current worldwide supply of 3He is estimated at 20 
kliters per year [2].  

Despite the low and dwindling 3He supply, no 
attractive alternate neutron detector has been 
successfully identified for large detectors that must 
have very low gamma sensitivity and low cost. The 
US Department of Homeland Security (DHS) and 
Customs and Border Protection (CBP) plan to equip 
major US ports of entry with large area neutron 
detectors, in an effort to intercept the smuggling of 
nuclear materials, potentially used in terrorist 
attacks. It is estimated that the annual demand of 
3He for US security applications alone is 22 kliters, 
more than the worldwide supply [3]. 

This would strongly impact science applications 
of 3He at neutron scattering facilities, where 
planned 3He detector installations require as many 
as 20 kliters per year worldwide [2]. Safeguards 
applications, including treaty verification and 
nuclear waste characterization, demand an 
additional 20 kliters yearly [3]. All in all, we 
estimate that the projected total 3He deficit is 50 
kliters annually. Clearly, alternate neutron detection 
technologies must be adopted in order to 
accommodate the rising demand for detectors in the 
setting of dwindling supply of 3He. 

II. BORON-COATED STRAW DETECTORS 
The boron-coated straw (BCS) detector is based 

on close-packed arrays of thin walled boron-coated 
aluminum or copper tubes. The elemental 
component of this detector is a long aluminum or 
copper tube (“straw”), 4 mm in diameter, coated on 
the inside with a thin layer of 10B-enriched boron 
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carbide (10B4C). Thermal neutrons captured in 10B 
are converted into secondary particles, through the 
10B(n,α) reaction: 

 

10B + n → 7Li + α               (1) 
 

The 7Li and α particles are emitted isotropically in 
opposite directions with kinetic energies of 1.47 
MeV and 0.84 MeV, respectively (dictated by the 
conservation of energy and momentum). For a 
boron carbide layer that is only 1 μm thick, one of 
the two charged particles will escape the wall 78% 
of the time, and ionize the gas contained within the 
straw. A detector consisting of a continuum of 
close-packed straws, as shown in Fig. 1, offers a 
stopping power for neutrons equivalent to that of 
2.68 atm of 3He gas. 
 

 
Fig. 1. Stopping power equivalence between straw detectors (4 mm diameter) 
lined with 1 μm of 10B4C, and 3He gas.  

 
Each BCS detector is operated as a proportional 

counter, with its wall acting as the cathode, and a 
thin wire tensioned through its center serving as the 
anode electrode, operated at a high positive 
potential. Primary electrons liberated in the gas drift 
to the anode, and in the high electric field close to 
the anode, avalanche multiplication occurs, 
delivering a very much amplified charge on the 
anode wire. Standard charge-sensitive preamplifier 
and shaping circuitry are used to produce a low 
noise pulse for each neutron event. Gamma 
interactions in the wall produce near minimum 
ionizing electrons that deposit a small fraction of 
the energy of the heavily ionizing alpha and Li 
products. Gamma signals are effectively 
discriminated with a simple pulse height threshold. 

We have previously published on the BCS 
detection capabilities [4-6], fabrication [7], and 
development of prototypes for various applications 
[8-9], as reviewed in the following paragraphs along 

with a new novel straw array structure incorporating 
continuous moderator.    

III. PERFORMANCE COMPARISON 
In addition to high abundance and very low cost of 

boron, the boron-coated straw detector offers 
distinct advantages over conventional 3He-based 
neutron detectors, including faster signals, short 
recovery time (ion drift), low weight, safety for 
portable use (no pressurization), and low cost.  

A. Pulse Height Spectra & Gamma Rejection 
Fig. 2 shows the pulse height spectra collected in 

an array of BCS detectors, operated with a gas 
mixture of Ar/CO2 (90/10) at 800 V, and with a 
252Cf neutron source. The abscissa is scaled for the 
amplitude of the multiplied charge arriving at the 
preamp (top panel), or the amount of energy 
deposited in the gas.  Due to the small diameter of 
the BCS, only a fraction of the available particle 
energy is deposited, however, the energy is 
sufficient to successfully reject gamma rays, which 
deposit less than 40 keV. The charge delivered to 
the preamp is significant, and can reach up to 0.7 
pC at this bias level, with a corresponding gas 
multiplication factor of 160. 

 
Fig. 2. Pulse height spectra measured in a close-packed array of BCS 

detectors, with a moderated 252Cf source. The same spectrum is calibrated for 
charge generated in the detectors (top) and for the energy deposited (bottom). 

 
A typical pulse height spectrum collected in a 3He 

tube, pressurized to 2.6 atm, is shown Fig. 3. The 
tube had a diameter of 5 cm, active length of 35.6 
cm, and was biased to 1100 V. The full energy peak 
at 764 keV corresponds to a detector charge of 80 
fC, significantly lower than the level achieved with 
the straw detector at voltages as low as 800 V. This 
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is in part due to the lower kinetic energy imparted to 
the reaction products, but also due to the larger 
energy required to liberate ion pairs in He (42 keV 
in He, versus 26 keV in Ar). 
 

 
Fig. 3. Pulse height spectrum collected in a 3He tube, with a moderated 

252Cf source. The tube had a 5 cm diameter, and contained 3He at 2.6 atm. 
 

The gamma discrimination factor was found to be 
107 in the BCS detector. Fig. 4 shows the fraction of 
both neutron and gamma events detected 
(efficiency) as a function of the discriminator level 
(threshold). When counting neutrons, the threshold 
is set to 30 keV (2.9 V), as indicated in the figure. 
At this level, the gamma ray efficiency is 10-7. 

B. Counting gas 
Since neutrons are converted inside the wall of the 

BCS detector, the counting gas mixture can be 
selected to satisfy the requirements of a particular 
application. A wide range of mixtures can be used, 
including Ar/CO2, He/CO2, Ar/CH4, Xe/CO2. No 
pressurization is necessary, and the gas can be 
replaced as needed, at minimal cost.  

 

 
Fig. 4. Gamma and neutron counts recorded in a close-packed array of 

BCS detectors, as a function of the discrimination level. Counts are 
normalized to the maximum recorded counts.  

C. Rise time 
Fig. 5 shows the time profile of typical signals 

generated in the straw detector. The fast component 
associated with the drift of electrons to the anode 
wire has a rise time of 45 ns. Since all ionizing 
tracks start at the wall, signals exhibit similar 
profiles. 

 
Fig. 5. Time profiles of typical signals collected in the prototype BCS 

detectors (left), and a 5 cm diameter 3He tube, pressurized to 2.6 atm (right). 
 
By comparison, typical signals generated in the 

3He tube exhibit rise times that are as much as 150 
times slower, varying between 900 and 7000 ns, as 
shown in the figure. Signals were collected with a 
Canberra preamplifier (model 2006), configured 
with a 6.8 pF feedback capacitor and 100 MΩ 
resistor. The variation is attributed to the random 
location of neutron interactions within the gas 
volume, illustrated in Fig. 6 and the orientation of 
the ionizing tracks in relation to the tube axis [10]. 
Since 3He tube diameters are typically large (5 cm 
in this case), electron drift times are long, resulting 
in slow signal formation.  

 
Fig. 6. Cross-sectional diagrams of 5 cm (2 inch) diameter 3He detector, 

and 4 mm diameter BCS detector. The solid arrows point to neutron 
interactions. The dashed arrows indicate the ionization track following a 
neutron event. 

 
D. Ion drift 

Common 3He tube designs exhibit long recovery 
times, on the order of 2 ms, due to the slow drift of 
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ions inside the pressurized 3He gas. The ion 
collection time can be calculated using the relation 
(Ravazzani, et al., 2006):  
 

            (2) 

 
where a and b are the anode and cathode radii, 
respectively, P is the gas pressure, V is the applied 
potential and μion is the ion mobility. Even though 
the mobility of ions in pure 3He is good, at 26 
cm2⋅atm⋅V-1⋅s-1, the large diameter of the tube, and 
high pressure result in a long overall drift time. 
Using the above formula, a 5 cm diameter 3He tube, 
pressurized to just 2 atm, and operated at 1100 V, 
will have a 1.5 ms collection time.

 In a separate experiment with a similar 3He tube 
we were able to capture the time profile of signals 
and measured a collection time of 1.6 ms, as shown 
in Fig. 7. 

 
Fig. 7.  Time profile of a neutron signal generated inside a 5 cm diameter 

3He tube.  
 
Since neutrons are converted inside the wall of 

the BCS detector, the counting gas mixture can be 
selected to achieve fast ion drift times. Using (2), 
we obtain an ion collection time in the 4 mm straw 
detectors of 77 μs, when operated with a gas 
mixture of Ar/CO2, at 1 atm, and with an applied 
potential of 800 V. This value is about 20 times 
faster than the corresponding collection time in the 
3He tube presented earlier. The ion mobility of CO2 
ions in argon is 1.72 cm2⋅atm⋅V-1⋅s-1 (Sauli, 1977), 
significantly lower than that for 3He ions, however, 
the small straw diameter and low pressure result in 
a much faster response.  

The time profile of neutron signals was captured 
in a straw detector operated with Ar/CO2 and 
He/CO2 gas mixtures, as shown in Fig. 8. The 
helium mixture offers an even faster collection time 
of 20 μs, 80 times faster than the 3He tube.  

 

 
Fig. 8. Time profiles of neutron signals generated inside a 4 mm diameter 

boron-coated straw detector, and a 5 cm diameter 3He tube. The straw detector 
was operated with two different gas mixtures, as indicated. 

IV. APPLICATIONS 
A. Portal Monitoring  

The BCS can be manufactured in large volumes to 
support widespread deployment of portal monitors, 
for the screening of cargo at ports of entry. 3He 
tubes enclosed in moderator boxes, as shown in Fig. 
9, have been developed for portal monitor 
applications. In these designs, the detector is 
surrounded by hydrogen-containing material 
(typically polyethylene), that moderates high energy 
neutrons emitted by fissile materials. Due to its 
small diameter and high segmentation, the BCS can 
be distributed throughout the moderating material to 
maximize sensitivity.  

We have measured the performance of the BCS 
detectors inside a moderator assembly with outer 
dimensions typical of an Advanced Spectroscopy 
Portal design. Fig. 10 shows 100 10B4C-coated 
copper straw detectors, each 100 cm long and 4 mm 
in diameter, embedded inside a 100 cm × 20 cm × 
17 cm block of high-density polyethylene (HDPE). 
We assembled the block easily, by packing together 
11 slabs of HDPE. Rectangular grooves were 
previously machined in ten of the slabs, to 
accommodate the BCS detectors. 
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Fig. 9. Typical configuration of 3He tubes used in portal monitors (left), and 
proposed configuration of the BCS detectors (right), achieving identical 
detection efficiency.  
 

A sealed 252Cf source, emitting 474,000 
neutrons/s, was positioned 1 m above the concrete 
ground, and 2 m away from the front face of the 
HDPE block. No moderator or other shielding / 
thermalizing material was placed immediately 
around the source, or between the source and HDPE 
block, however, laboratory benches and equipment 
were nearby. Only one BCS detector was wired and 
active at a time, and it was moved to different 
locations (grooves) inside the HPDE as required. 
The active BCS was operated with a continuous 
flow of Ar-CO2 (90/10) and was biased to 1000 V. 
The readout electronics consisted of a charge 
sensitive amplifier, shaper, and multi-channel 
analyzer.  

 
Fig. 10.  Photograph of a HDPE/BCS detector assembly (left) used in 

laboratory measurements, and measured and simulated count rates (right). A 
252Cf source emitting 474,000 neutrons/s was positioned 2 m from the front 
face of the moderator.  

 
Measured count rates are plotted in Fig. 10. 

Depending on the location of the active straw, rates 
varied from 5.2 cps down to 0.83 cps. The highest 
rates were recorded about 5 cm behind the front of 
the moderator. The average rate, over all locations 
measured, was 2.82 cps. The predicted count rates 
for all 100 straw locations are also plotted in the 
figure. The estimates were obtained in MCNP5, 
with the detectors set up as described earlier. The 

predicted mean is 2.4 cps, 14% lower than the 
measured mean.  

We estimate that the response to a standard 
source emitting 20,000 neutrons/s, and assuming a 
180 cm detector length, would be 21 cps, close to 
the performance requirement of commercial ASP 
monitors.  

B. Active Interrogation 
Active interrogation methods for the detection and 

characterization of fissile materials have been 
developed and used for some time (see references in 
[11]). They employ pulsed sources that direct an 
interrogating beam of neutrons or gammas to the 
suspect material, which in response emits secondary 
radiations, typically neutrons from fission. 
Appropriate detectors are then used to count the 
delayed fission neutrons.  

A possible setup uses a linear accelerator (linac) to 
produce bremsstrahlung photons irradiating cargo 
containers. The photons will induce fission in any 
fissile material present inside the container, and a 
detector positioned nearby will detect fission 
neutrons emitted by the sample.  

The recovery time of 3He tubes is more than 1 ms, 
as shown earlier, preventing effective counting of 
the most dominant prompt component of photo 
fission neutrons generated with fast linac pulses. 
The BCS detector may enable the counting of 
prompt neutrons starting within 20 μs or less 
following each gamma ray pulse. Although the 
prompt component of the photofission neutrons are 
emitted within picoseconds of the fission event, 
typical thick moderators delay many of them by as 
much as 100 μs before detection.  

If detection of the prompt component can be 
achieved, up to 150 times more neutrons can be 
detected in each pulse and pulse rate can be 
increased by more than 10 fold, giving a net 
sensitivity gain of 1500 while using the same 
detection array and linac.  In standoff applications, 
such an increase can provide a quantum leap in 
detection range. 

C. Standoff Detection/Localization  
The BCS detector has been additionally proposed 

for standoff detection and localization of hidden 
neutron sources, in homeland security applications 
[9]. Straw detectors are stacked to form a large area 
(1 m2 or higher), thin panel that can be rotated in a 
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manner that significantly improves performance. 
The panel, which is lightweight and safe to 
transport, can screen a large region and obtain an 
accurate direction pointing to the detected source. 
 Fig. 11 shows several prototype 50-straw modules 
during assembly, each 1 m in length, and a cross-
sectional drawing, depicting the BCS array.   
 

  
Fig. 11. Prototype 50-straw detector modules during assembly (left), and 
cross-sectional drawing (right) of a module, showing the 5×10 array of BCS 
detectors.  

 
The neutron sensitivity of a single 50-straw 

module was measured with a moderated 252Cf 
source, placed up to 60 meters away. The results 
were scaled to reflect the sensitivity of a square 
meter panel detector (22 modules) to a source 
emitting 20,000 neutrons/s (ANSI standard), and 
appear in Fig. 12. The figure also plots Monte Carlo 
predictions and the analytical 1/R2 dependence. A 
final curve shows the response of a common 3He 
based portal monitor design.  

D. Neutron Imaging 
The proposed BCS technology can offer 

significant advantages over conventional 3He tubes 
in neutron imaging application, including higher 
counting rate capability, parallax-free position 
decoding, lower cost, safer operation and a wide 
array of geometry configurations. A prototype 
imager with a 1 m2 sensitive area, shown in Fig. 13, 
has been developed and tested. The figure shows a 
2D transmission image obtained in the laboratory, 
with a moderated 252Cf source, and an acrylic letter 
target (H areal density: 90 mg/cm2, 98.7% 
attenuation) attached to the front panel of the 
detector housing.  

 

 
Fig. 12.  Count rates measured in a BCS-based standoff monitor, as a 

function of distance from a moderated 252Cf source, emitting 20,000 
neutrons/s. The rates were adjusted to reflect the response of a square meter 
area panel. The lower curve (ORNL monitor) is the response of a 3He-based 
design. 
 

  
Fig. 13. Prototype neutron imaging 1 m2 detector, and phantom study using 
acrylic letters. The letters (9.5 mm thick, 55 mm tall) were attached directly 
onto the front face of the detector. Neutrons originated from a moderated 252Cf 
neutron source 2.2 meters away. 
 

E. Hand-held Monitors  
Due to their light weight, high sensitivity and safe 
operation, BCS detectors can be used effectively in 
hand-held monitors. Here the BCS wall material is 
pure copper, to eliminate unwanted background 
counts from naturally occurring radiation in 
aluminum alloys. A 136-straw prototype, funded by 
the DTRA, is currently under evaluation. The 
monitor, pictured in Fig. 14, has a sensitive volume 
of 40 cm × 5 cm × 5 cm, and incorporates a 
lightweight thermal neutron collimator for 
directional capability, as shown in the diagram of 
the figure. All other sides are shielded for thermal 
neutrons.  
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Fig. 14. Portable neutron/gamma monitor using BCS detectors. A cross-
sectional diagram of the monitor is shown on the right.  

V. CONCLUSION 
Alternative neutron detection technologies must be 
considered, to overcome limitations imposed by a 
depleting 3He supply and sharply rising neutron 
detection demand. The boron-coated straw detector 
is a promising technology with significant 
advantages for many applications while at the same 
time providing an inexhaustible supply of basic 
detection medium. This can make possible the 
extensive deployment of neutron detectors across 
the world for detection of terrorist nuclear threats, 
and for other large-scale applications such as large-
area neutron science detectors.  
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