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  Abstract– In order to fully realize the enhanced potential of 
the powerful neutron scattering technique provided by high 
intensity facilities like SNS, large area high rate detectors must 
be developed that do not depend upon the dwindling stock of 
3He.  We have developed a neutron detector that offers a large 
sensitive area (1 m2), 3D spatial resolution, high sensitivity and 
high count rate capability, and it is economical and practical to 
produce. The detector technology is based on 10B thin film 
conversion of neutrons in long straw-like gas detectors, as a novel 
and superior replacement of 3He detectors. Twenty-two detector 
modules, each consisting of 50 straws (1 m long, 4 mm in 
diameter, natural boron carbide coated), have been constructed 
and mounted into a robust housing to form a square meter panel 
detector. Readout electronics including preamplifiers, signal 
conditioning modules and digitization modules have been 
designed and tested to meet the required count rate in a 1 m2 
detector. We have successfully tested the panel detector, by 
imaging objects of different materials and different shapes. 
Additionally, one enriched detector module has been fabricated. 
The enriched module was integrated into the panel and produced 
a factor of four enhanced sensitivity in agreement with modeling 
predictions based on five fold higher 10B content. The neutron 
imaging detector has achieved the required performance for SNS 
applications and substantially increases performance compared 
with 3He while utilizing a cheap and inexhaustible conversion 
medium. 

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 for ~1400 m2 of large area detectors over 
the next 6 years [1].  

We have developed a large area neutron imaging 
technology that utilizes the cheap and inexhaustible 10B 
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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 detectors has 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 µsec, 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]-[4].  

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. 
 

As an important aspect of quality assurance, the tension of 
the anode wire in every straw detector was measured by 
applying a current ramp to the straw, which was placed in a 
strong magnetic field to deflect the anode wire. The immediate 
removal of the current caused the wire to vibrate in the 
magnetic field, and the vibration frequency was then captured 
using a filtered differential method on the induced current 
signal. Finally the tension was calculated as T = 4ρR2f2L2, 
where ρ is the line density of wire, R is the radius of wire, f is 
the vibration frequency, and L is the length of wire. The wire 
tension measurements from 4 representative detector modules, 
each with 50 straws, are shown in Fig. 3. 
 

 
Fig. 3. Tension measurements from 4 50-straw detectors. 

 
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. 
    

 
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. 

III. RESULTS 

A. Letter Image 
In one test, an acrylic (H areal density: 90 mg/cm2, 98.7% 

attenuation) letter target “PROPORTIONAL TECH” was 
attached to the front panel of detector housing, as shown in 
Fig. 5a. Letters were 9.5 mm thick and 55 mm tall. A non-
collimated 252Cf source was used. The source was inside a 
polyethylene cylinder (4 inch diameter), 1 meter above 
ground, and 2.2 meters away from the detector panel. Fig. 5b 
shows the image constructed with 20 million neutron events. 
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B. Random Objects Image 
In another test with the 22 non-enriched modules, random 

objects of different materials in various thicknesses were 
placed on the front panel of the detector housing, as shown in 
Fig. 6a. The same 252Cf source was used, at the same distance 
away from the detector panel. Fig. 6b shows the image 
constructed with 13 million neutron events. The reconstructed 
objects at the bottom of the image are not perfectly straight, 
due to the insufficient “module-to-module” calibration in the 
preliminary study. Another example is shown in Fig. 7. 

 

 

(a) 

 

(b) 
Fig. 6. Random objects image by non-enriched square-meter neutron

imaging panel. (a). test setup (numbers indicate thickness of materials); (b)
Image constructed with 13 million neutron events. The image was normalized
to a flood image. 
 

 
Fig. 7. Another example of random objects image. 
 

C. Enriched Module vs. Non-enriched Modules 
The module using enriched coating was integrated into the 

square meter panel detector, by arbitrarily replacing one non-

enriched module, located near the middle of the panel. The 22 
modules (i.e., 1 enriched module + 21 non-enriched modules) 
formed a new square meter panel and were connected to 
identical readout electronics (pre-amplifiers, shapers and 
digitizers). The Ar/CO2 gas flow rates, the applied bias, and 
the readout thresholds were set at the same levels for both the 
enriched and the non-enriched modules. A non-collimated 
252Cf source was used to get a flood image formed by all 22 
modules. The source was in the same configuration as 
previously (for Figs. 5-7). Fig. 8a shows the image constructed 
with 22 million neutron events. The bright region corresponds 
to the neutron image formed by the enriched module. The 
ratio of the neutron count rate in the enriched module to the 
average neutron count rate in the 21 non-enriched modules 
was 4.1-to-1, as shown more quantitatively in Fig. 8b. Monte 
Carlo simulations of the detection efficiency of a 50-straw 
module, with and without enriched boron, predict a ratio of 
4.1, matching the measurement exactly.   
 

(a) 
 

(b) 
Fig. 8. (a). Raw flood image of a square meter panel detector 

consisting of 22 modules (one enriched module + 21 non-enriched 
modules), showing significantly increased number of events collected by 
the enriched module; (b). Quantitative analysis of count rate by plotting 
the number of events projected to Y-axis, normalized to those from non-
enriched modules, showing increased sensitivity by a factor of 4.1 in the 
enriched module. 

 

D. Gamma Discrimination 
Photoelectrons and Compton electrons generated by gamma 

ray interactions in the straw walls deposit very little energy in 
the detector gas because of their long range compared to the 
inner diameter of the straw. Many factors affect the ability of 
the detector to reject counts from gamma ray interactions, 
including the wall material (aluminum), the applied potential, 
the shaping of signals by the electronic readout, and the 
intensity of gamma ray exposure. For instance, a large gamma 
ray flux will result in a great number of pulses that must be 
cleared before neutron signals can be successfully processed. 
The small diameter of the straw detectors, and selection of a 
fast gas mixture, allow for fast signals, and a rapid detector 
recovery. 

We measured the response of a straw detector array to 
incident gamma rays. The prototype used in this experiment 
was made with copper-walled straws, and thus had a ~3 times 
higher gamma ray sensitivity than the nominal aluminum 
straw material. A 243 μCi 137Cs source was placed 1 meter 
away. The gamma flux on the detector was 72 
gammas/(s·cm2), corresponding to a low exposure rate of 
0.080 mR/hr. Fig. 9 shows the corresponding gamma 

 

 

(a) (b) 

Fig. 5. Letter image by non-enriched square-meter neutron imaging 
panel. (a). test setup; (b). image constructed with 20 million neutron events. 
Image was normalized to flood image. 
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efficiency, plotted against the neutron detection efficiency. 
The pulse height discrimination level is implicit, and increases 
in the direction of the arrow. For a threshold setting that 
results in a 10% drop in neutron efficiency, the gamma ray 
efficiency is 10-7.  
 

 
Fig. 9. Neutron detection efficiency plotted as a function of the gamma ray 

efficiency. The pulse height threshold is implicit, and increases in the 
direction of the arrow. 

 

E. Measured and Predicted Performance 
Table 1 below summarizes the performance of a 1 m2 panel 

detector. 
 

TABLE I. MEASURED AND PREDICTED PERFORMANCE OF 1 SQUARE METER 
NEUTRON IMAGING PANEL 

 

IV. CONCLUSION AND FUTURE WORK 
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. 

The detector instrumentation team at the recently 
commissioned Spallation Neutron Source (Oak Ridge, TN) 
has expressed strong support for this development and has 
agreed to host testing of the prototype at their facilities. The 
panel detector will be placed in front of a collimated thermal 
neutron beam. The integral and differential count rate 
performance of the detector will be determined in experiments 
that measure spatial resolution as the available neutron and 
gamma fluxes increase. The issue of gamma randoms and how 

they affect the imaging capability of the detector will also be 
investigated. 

Currently, the production cost of straw detectors is largely 
attributed to the cost of vapor depositing 10B4C onto the 
aluminum foil substrate. We have proposed and were awarded 
funding from the DOE for the development of a new sputter 
deposition system, specifically tailored to the application of 
coating long ribbons of aluminum foil with 10B4C, that will 
significantly reduce the coating cost. The proposed system, 
illustrated in Fig. 10, features an innovative system of reels 
and pulleys that allows bare aluminum foil, initially loaded on 
a reel (supply reel), to be transported at a constant speed and 
through multiple passes, in front of the sputter target. The 
system guarantees that every square centimeter of the foil 
surface is equally exposed to the target surface, resulting in a 
perfectly uniform coating, for the whole length of the foil. The 
coated foil is collected in a convenient take-up reel at the other 
end of the machine. This transport mechanism is very compact 
minimizing the volume of the required vacuum system. 

 

 
 

Fig. 10. Proposed sputter deposition system for uniform coating of 
aluminum film with 10B4C, in a single batch. 

 
The sputtering process carried out by the proposed system is 

similar to that employed by other designs. The target material 
(10B4C) is bombarded by argon ions, accelerated by an applied 
electric field. When these ions hit the target, 10B4C molecules 
are sputtered off the surface of the target. Since these 
molecules are not electrically charged, they travel in straight 
paths, until they collide with the nearby substrate surface, 
where they adhere. As in typical designs, argon ions originate 
in the plasma generated around the target by a potential 
difference between the target (cathode) and an anode electrode 
framing the target. Since the target is negatively charged, it 
attracts the positively charged argon ions. Electrons produced 
in the plasma spiral in the magnetic field produced by 
permanent magnets attached to the back of the target. The 
increased path length of the electrons produces a substantial 
boost to the plasma density and hence coating rate. 

The proposed sputter deposition system offers distinct 
advantages over typical industrial sputtering machines, 
including uniform coating over the whole length of the 
substrate foil, continuous operation that can process a fully 
loaded reel in a single batch, and a much smaller vacuum 
chamber. The latter eliminates the need for large and 
expensive vacuum pumps, and dramatically reduces 
processing times. The ability to operate the machine 
continuously until all of the substrate is coated also avoids 
costly delays associated with batch processing. Finally, the 
capability of the proposed apparatus for coating uniformity is 
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highly desirable in neutron scattering science, where a uniform 
neutron converter is critical for accurate images. 

The boron-coated straw detector technology offers 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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