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 Abstract–US government plans to equip major seaports with 
large area neutron detectors, in an effort to intercept the 
smuggling of nuclear materials, have precipitated a critical 
shortage of 3He gas. This is strongly limiting the prospects of 
neutron science, whose annual demand of 3He is on the order of 
20 kiloliters. Clearly, alternate neutron detection technologies 
that can support large sensitive areas, and have low gamma 
sensitivity and low cost must be developed. 

We propose a technology based on close-packed arrays of long 
aluminum tubes (straws), 4 mm in diameter, coated on the inside 
with a thin layer of 10B-enriched boron carbide (10B4C). In 
addition to the high abundance of boron on Earth and low cost of 
10B enrichment, the boron-coated straw (BCS) detector offers 
significant advantages over conventional 3He tubes in neutron 
imaging applications, 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 has been 
developed and tested at ORNL’s High Flux Isotope Reactor 
(HFIR). The imager incorporates 22 detector modules (only 1 
with enriched B4C), each consisting of a 5x10 close-packed array 
of aluminum straws. Straws were 4 mm in diameter, and 100 cm 
long, and lined with a nominal 1 µm thick coating of B4C. The 
applied potential was 1150 V and the gas mixture was Ar/CO2 
(90%/10%, continuous flow).  

Initial testing focused on detection efficiency over the range of 
neutron wavelengths present in the beam. Neutron time-of-flight 
data were collected and used to identify the energy of incident 
neutrons. A 30% efficiency was measured in the enriched module 
for 1.8 Å neutrons.  

I. INTRODUCTION 
EUTRON scattering is a powerful technique that is critically 
important for materials science and structural biology 

applications. New facilities for neutron generation at much 
higher flux, such as the SNS at Oak Ridge, TN, will greatly 
enhance the capabilities of neutron scattering, with benefits 
that extend to many fields, such as development of improved 
drug therapies and materials that are stronger, longer-lasting, 
and more impact-resistant. 
      At the same time these powerful facilities are coming to 
fruition, a very serious and irrevocable shortage of 3He for 
such applications has emerged.Therefore, in order to fully reap 
some of the most important benefits of such facilities, it is 
now widely accepted that alternative media must be found for 
the vast majority of large area applications. A recent neutron 
science advisory group has concluded that alternative media 
must be found [1]. 
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We have developed a large area neutron imaging 
technology that utilizes the cheap and inexhaustible 10B 
isotope as a thin coating on straw detectors.In addition to 
solving the alternative detection medium problem the straw 
detectors can achieve far higher rate capabilities and image 
resolution as a result of the much smaller elemental cylinder 
geometry.Also much higher gas gain is achievable in these 
detectors providing a vast reduction in the number of readout 
channels required in high resolution detectors.Utilizing this 
new technology we have developed a 1 m2 detector that has a 
large sensitive area, offers 3D spatial resolution, high 
sensitivity and high count rate capability, and that is 
economical and practical to produce. A stack of many 
elemental boron coated straw detectorshas a stopping power 
that exceeds that of 3He gas, contained at practical pressure 
within an area detector. Since an array detector of such form 
consists of several thousand individual elements per square 
meter, count rates in a 1 m2 detector can reach 2×107 cps. 
Moreover, each individual event can be time-tagged with a 
time resolution of less than 0.1 µ sec, allowing accurate 
identification of neutron energy by time of flight satisfying all 
the needs of the emerging neutron science facility large 
detector needs. 

We have previously published reports on the basic 
performance of this new detection technology [2]-[5]. 

II. METHODS 
Straw material was constructed from aluminum foil that 

was physical-vapor-deposition(PVD)coated with non-enriched 
B4C (Fig. 1). Each detector module consisted of 50 straws, 
each 1 meter in length and 4 mm in diameter. A total number 
of 22 detector modules were constructed.  

 
Fig. 1. Straw detector design. 
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10B-enriched straw material was used in the construction of a 
single “enriched” module, identical in all other respects to the 
natural boron modules. 

The detector electronics are configured as three modular 
components – a current sensitive pre-amplifier module in the 
detector housing, a custom designed CAMAC unit containing 
a shaper, a summing amplifier, a delay line clipping circuit 
and discriminator circuits (post-amplifier module), and a 
digitizer module containing both time to digital (TDC) and 
analogue to digital (ADC) channels. On one end of a detector, 
each row of straws is tied together through termination 
resistors, and on the other end each column of straws is tied 
together in a similar manner. Each column or row of straws is 
then connected into a tap of a delay line, which is read on both 
ends by the current sensitive amplifier. The relative time 
difference between the signals on both ends of the delay line is 
then used to determine which row or column an event 
occurred in. By combining this information with the 
longitudinal position measured using charge division, a full 
3D position is obtained for each detected event. To 
accomplish this the analog timing signals are passed directly 
to a pair of time-to-digital converters (TDC) in the following 
digital module.In a parallel circuit the delay line signals are 
added, delay line clipped to reduce pileup, and shaped using a 
custom integrated circuit and passed to analogue channels of 
the digitizer module. The resulting 12 bit digital values are 
passed as a serial data stream adhering to the Fast Ethernet 
protocol. These streams from a large number of digitizers are 
then combined into a single stream using an Ethernet Hub and 
passed to a PC or PC cluster (Fig. 2). 
 

 
 

Fig. 2. Diagram of straw detector readout. 
 

A robust aluminum housing was developed to facilitate 
accurate close packing of the 22 straw detector modules with a 
precise 1 mm gap between adjacent units, required for a 
sensitive area of 1 m2. Fig. 4 shows the 1 square meter 
detector panel populated with 22 detector modules for testing. 
Ar/CO2 (90%/10%) gas mixture was used to achieve high gas 
gain and nearly indefinite detector lifetime. 

The prototype imager with a 1 m2 sensitive area has been 
tested at ORNL’s High Flux Isotope Reactor (HFIR). The 
applied potential was 1150 V. Experiments were conducted in 
a pulsed neutron beam delivering neutrons in the wavelength 
range from 1 Å to 20 Å, as shown in Fig. 5. 
 

 
 

Fig. 4.Shown (right) is the custom-designed housing populated with 22 
detector modules installed (bottom-right insert). The electronic readout of 
signals (bottom-left insert) provides all connections to power, high-voltage, 
signal data input, digitization, and computer output. A total of 22 modules can 
be installed, forming a sensitive area of 1 square meter. 

 

 
 
Fig. 5. 1 m2 detector panel was tested at HFIR (ORNL, TN). 
 

III. RESULTS 
A. Detection Efficiency.  
 Fig. 6 shows the instantaneous rate recorded in the panel 
during the course of a beam pulse (chopper frequency 40 Hz), 
and with the panel directly on the beam axis, at a distance of 
5.5 m. A 3He-based monitor was used to characterize the beam 
current, and its rate was used to determine the detection 
efficiency of the BCS panel, as a function of the neutron 
wavelength, as shown in Fig. 6. The efficiency measured in 
the non-enriched modules was 8.7% at 1.8 Å.   
 The efficiency of the enriched module was further 
determined by comparing the rates measured in the non-
enriched and enriched (red curve) modules, as shown in Fig. 7. 
The efficiency measured in the enriched module was 30% at 
1.8 Å, as shown in Fig. 8. 

1787



 

  
 

Fig. 7. (a). Comparison of instantaneous count rate from non-enriched and 
enriched modules; (b) Count rate ratio of enriched module to non-enriched 
module. 
 

 
Fig. 8.  Detection efficiency of enriched module.  
 
B. Count rates & dead time.  
 Count rates were recorded with the beam directly on the 
neutron imaging panel, for different chopper frequencies. In a 
specific experiment three (3) neighboring modules (all non-
enriched) were irradiated, with the middle module seeing 
about 63% of the flux. It was observed the rates were limited 
by the dead time of readout electronics, which is 1.3 µs. The 
observed rates, plotted in  Fig. 9 agree very well with the 
analytical values from the dead time model m=n/(1+nτ), 
wherein m is observed rate, n is true rate, and τ is dead time. It 
should be noted that the count rates and dead time discussed 
here are related to only one 50-straw module. The prototype 
1m2 detector panel contains 22 modules each of which can 
count with minimal dead time at 200,000 cps giving an 
integral rate of 4.4 MHz. A fully populated system will have 
2-3 layers of detectors for a total of 44-66 modules giving 
about 10 MHz integral rate.  
 
 

 
Fig. 9. Measured and predicted rates from the dead time module (one 50-straw 
module). 
 
C. SANS pattern image.  
 A "Do-Nut" SANS sample was placed right at the beam 
opening. A beam stopper was placed in front of detector panel. 
Beam aperture was 10mm, with 20 Hz chopper frequency. 
Some representative SANS pattern images at increasing 
neutron wavelengths, depicting a particular diffusion pattern,  
are shown in Fig. 10. 
 

  

  

  
Fig. 10. Representative "Do-Nut" SANS pattern images at different neutron 
wavelengths. 

0 2 4 6 8 10 12
0

10

20

30

40

50

60

70

80

90

100

Neutron wavelength (angstrom)

D
et

ec
tio

n 
ef

fic
ie

nc
y 

(%
)

Detection Efficiency

Unenriched module

Enriched module

30%
@1.8 A8.0%

@1.8 A

 
Fig. 6. (left) Instantaneous count rate recorded in the prototype neutron imager 
of Fig. 1, during testing at HFIR. (right) Measured detection efficiency as a 
function of neutron wavelength.  
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IV. CONCLUSION AND FUTURE WORK 
Alternative neutron detection technologies must be 
considered, to overcome limitations imposed by a depleting 
3He supply. We have developed a novel neutron imaging 
detector with high count rate capability and good image 
resolution. The detector uses the plentiful 10B isotope as 
detection medium in a practical coated form. Initial testing at 
HFIR showed promising results with significant advantages 
for neutron imaging. 
 The next-generation large area neutron imager consists of 7-
straw bundles. 7 straws are bundled in a 1.27 cm diameter, 1 
m long aluminum tube (Fig. 11). Each straw is 4 mm in 
diameter, 1 m long and coated with enriched 10B4C. Seven 
bundles in such configuration (with total number of 49 straws, 
Fig. 12) form the alternative and innovative design yielding at 
least the same sensitivity and resolution, compared to the 50-
straw module (arranged by 5×10 array). The sealed 7 straw 
bundle affords a quantum leap in capabilities in neutron 
science when contrasted with the 50 straw bundle formerly 
produced by our company by 1) achieving a very robust 
structure that can be mounted in any desired configuration 
without concern about damage to the thin straw wall; 2) 
providing a hermetic enclosure for the straw that allows 
sealing with long or indefinite lifetime; 3) allows ready 
compatibility with operation in vacuum that is required in 
most neutron science applications; and 4)affords convenient 
modular replacement of detector subcomponents. The lifetime 
test of a sealed 7-straw bundle shows negligible gas gain 
change over 90 days, as shown in Fig. 13. Other sealed straw 
units have shown years of stable operation in several different 
applications cutting across different fields of application.   
 

 
Fig. 11. 7-straw bundle utilized in large area neutron imaging application. 

 
Fig. 12. Two fabricated 1 m long, seven 7-straw bundles. 

 
Fig. 13. Life time test of a 7-straw bundle showing negligible gain change in 
every straw. 
 

The boron-coated straw detector technologyoffers large 
detection areas, good stopping power for neutrons, efficient 
gamma ray rejection, good position resolution without 
parallax, no need for pressure vessels, and fine detector 
segmentation with simple readout electronics. It can become 
an attractive solution to the 3He shortage issue that impedes 
large-area detector developments at neutron science facilities 
worldwide. 
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