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Abstract -- Alternative neutron detection technologies must 
be considered, to overcome limitations imposed by a 
depleting 3He supply. We have developed a detector 
technology based on close-packed arrays of boron-coated 
straws (BeS) in two configurations: (1) each is 4 mm in 
diameter and 1 m long, and are packaged in groups of 7 that 
fit inside a single sealed aluminum tube (1.27 cm in diameter, 
1 m long); (2) each is 7.5 mm in diameter and 2 m long, and 
are packaged in groups of 7 that fit inside a single sealed 
aluminum tube (2.54 cm in diameter, 2 m long). It thus 
allows operation of the straw detectors in sealed mode, for 
indefinite periods of time, and in vacuum environments, as 
required in neutron scattering instruments. The sealed 
detector modules form a large area (e.g., lxl m2, 2xl m2) 
neutron imager. 

Initial testing of the sealed straw detector bundles showed 
promising results in straw decoding, detector life time, 
longitudinal resolution, and gas gain stability. The 3D 
resolution is expected to be 4 mm x 4 mm x 4 mm in 
configuration #1 and 2.5 cm x 2.5 cm x 2.5 cm in 
configuration #2, throughout the entire imaging area. 
Negligible gas gain change was seen over the long test 
period, in different sealed straw detectors. In addition to 
facilitating operation in vacuum , another advantageous 
aspects of the sealed straw detector bundle technique are 
high portability and structural versatility. Detector modules 
are easy to transport and detector arrays can be easily 
installed and tailored to a multitude of different scattering 
experimental setups. The depth of the detector array can be 
easily tailored to the desired neutron wavelength and the size 
and configuration of panels varied of a wide range while 
utilizing the same elemental modules. 

I. INTRODUCTION 

A
T the IEEE NSS 2010 3He workshop it was revealed that 
US and Russian stockpiles will soon be fully depleted and 

the world must then survive with its only source of 3He coming 
from steady state decay of the dwindling tritium stock. This 
supply is limited to 8,000 - 10,000 liters per year from US 
stocks and approximately the same from the Russian tritium 
stock. Clearly other detection media and instrumentation 
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techniques must be found to come close to taking full advantage 
of marvelous and very expensive facilities like the SNS in the 
US, the Institut Laue-Langevin (ILL) in France, the ISIS in the 
UK, as well as the newly announced European Spallation Source 
(ESS) to be built in Sweden. 

We have developed a technology based on two 
configurations: (1) close-packed arrays of 1 meter long straw 
detectors, 4 mm in diameter, coated on the inside with a thin 
layer of lOB-enriched boron carbide eOB4C), that fit inside a 
single sealed aluminum tube of 1.27 cm in diameter; and (2) 
close-packed arrays of 2 meter long straw detectors, 7.5 mm in 
diameter, coated with IOB4C, that fit inside a single sealed 
aluminum tube of 2.54 cm in diameter. A 20 um high resistance 
wire is tensioned in the center of either kind of straw detector 
facilitating high gas gain signals from neutrons interacting in the 
boron layer. The so bundled straw detectors are operated as 
sealed modules, for indefmite periods of time, as required in 
neutron scattering instruments which must operate in large 
vacuum chambers. 

We review the initial performance of the prototype sealed 
modules in both configurations as the basic element to form 1 
m2, 40 m2 or larger sensitive areas. 

II. METHODS 

The BCS detector is based on close-packed arrays of thin walled 
boron-coated copper or aluminum tubes. The "straw" tubes are 4 
mm or 7.5 mm in diameter, and coated on the inside with a thin 
layer of lOB-enriched boron carbide eOB4C). Thermal neutrons 
captured in lOB are converted into secondary particles, through 
the IOB(n,a) reaction: lOB + n -+ 7Li + a. The 7Li and a particles 
are emitted isotropically in opposite directions with kinetic 
energies of 1.47 MeV and 0.84 MeV, respectively. For a boron 
carbide layer that is 1 11m thick, one of the two charged particles 
will escape the wall 78% of the time, and ionize the gas 
contained within the straw. This means that the detection 
efficiency of a dense array of straws can approach this high level 
of efficiency (78%) at any desired wavelength, given sufficient 
layers of straws. 

In the design the straws are packaged in groups of 7 that fit 
inside a single sealed aluminum tube. In configuration #1 the 
external tube is 12.7 mm in diameter accommodating 1 m long, 
4 mm diameter straws, as illustrated in Fig. 1. In configuration 
#2 the straw detectors with bigger diameter and longer length are 
packaged in very similar way: the external tube is 25.4 mm in 
diameter accommodating 2 m long, 7.5 mm diameter straws. 
The tubes in both configurations can be easily sealed, using 



aluminum/ceramic end-caps. It thus allows operation of the 
straw detectors in sealed mode, for indefinite periods of time, 
and in vacuum environments. A gas port installed in one end-cap 
allows purging with the desired gas mixture, then sealing at an 
appropriate pressure below I atm. 
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Fig. I. Seven 4 mm diameter, I m long straw detectors sealed inside a 1.27 

cm diameter, I m long aluminum tube. 

In order to take advantage of the previously developed 
electronic architecture [I], the 7-straw tubes of configuration #1 
are in tum grouped together to form two or more layers, as 
illustrated in Fig. 2. Each module contains seven tubes, and 
many of these modules can be put together to form an imaging 
panel that is I m tall and as wide as desired. The 7-straw tubes of 
configuration #2 are in tum grouped together to form a five
layer module, as illustrated in Fig. 3. Each module contains 40 
tubes, and many of these modules can be put together to form an 
imaging panel that is 2 m tall and as wide as desired. 

Fig. 2. Neutron imaging panel formed by series of modules. Each module 

contains 7 sealed tubes, and each tube contains 7 straw detectors (4 mm in 

diameter, I m long). 

Fig. 3. Neutron imaging panel formed by series of modules. Each module 

contains 40 sealed tubes, and each tube contains 7 straw detectors (7.S mm 

in diameter, 2 m long). 
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The architecture of decoding scheme for the both configurations 
effectively mirrors that used to read out the 50 straw arrays 
previously reported to achieve very high rate imaging and 
unambiguous decoding of individual straws using time encoding 
along with accurate determination of longitudinal position using 
resistive readout. 
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Fig. 4. (a) Interface scheme to determine the specific straw (straw index) in a 

bundle that gets neutron event. (b) Interface scheme to determine the 

specific bundle (bundle index) that gets neutron event. 

The straw decoding scheme for configuration # I is shown in Fig. 
4. On one end of the 49-straw module, anode wires of same 
indexed straws from different bundles are tied together, through 
a termination resistor. Each tied 7 straws is then connected into a 
tap of a delay line, through a high voltage coupling capacitor. A 
I G ohm high voltage resistor is in series from high voltage 
supply to every 7-straw bundle to limit current in case there is a 
breakdown. The delay line is read on both ends by a current 
sensitive amplifier. The relative time difference between the 
signals on both ends of the delay line is then used to determine 
which straw index in a bundle has neutron interaction. On the 
other end of the 49-straw module, straws from the same bundle 
are tied together, through termination resistors, and connected to 
a high voltage capacitor subsequently fed into a tap of another 
delay line. The time differences from the 7-tap delay line are 
used to determine which 7-straw bundle has neutron interaction. 
The longitudinal position of neutron interaction is measured 
using a charge division method. The combination of straw 
decoding and longitudinal position measure gives 3-D location 



of every captured neutron event. A panel thus conslstmg of 
thousands of close-packed, independently read-out straws, offers 
a large detection area, achieves high detection efficiency, 
supports high event rates, discriminates effectively against 
gamma rays, and generates fully 3D position data (minimal 
parallax errors). 

For configuration #2, the 40-tube pack can be read out with only 
5 preamplifiers, rather than 80, as would be required if each tube 
was read out separately. On one end of the pack, each row of 
tubes is tied together, and on the other end each column of tubes 
is tied together in a similar manner. Each column or row of tubes 
is then connected into a tap of a delay line, which is read on both 
ends by a current sensitive amplifier. The relative time 

difference between the signals on both ends of the delay line is 
then used to determine which tube an event occurred in. 

A prototype 1.27 cm diameter, 1 m long tube containing 7 4-mm 
diameter, I m long straws (configuration #1) was fabricated. 
Two modules each containing 7 tubes were then constructed, 
shown in Fig. 5, to test individual straw decoding as well as 
detector life time. 

Fig. 5. Two fabricated I-m long module, eacb containing seven 7-straw 

bundles (49 straws). 

A prototype I" diameter, 2 m long tube containing 7 7.5-mm 
diameter, 2 m long straws (configuration #2) was fabricated, 
shown in Fig. 6, to quantitative evaluate longitudinal resolution 
and gas gain stability. To determine longitudinal resolution, the 
tube was placed behind a 7 mm thick borated aluminum 
collimator (108 areal density of 45 mg/cm2, 99.9% attenuation) 
with ten 5 mm wide slits, 20 cm apart from one another. The 
longitudinal position was measured using a charge division 
technique [2]. 
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Fig. 6. A prototype 7-straw tube (2.54 cm diameter, 2 m long). 

III. RESULTS 

Straw Decoding. One 49-straw module (seven 7-straw bundles) 
was connected to readout electronics and data were collected 
with uniform irradiation from a moderated Cf-252 source. Fig. 7 
shows the scatter plot of correlation between the time differences 
from delay line outputs to determine straw index (using the 
scheme shown in Fig. 4a) and the time differences from delay 
line outputs to determine bundle index (using the scheme shown 
in Fig. 4b), during a flood irradiation experiment using Cf-252. 
Clusters of events corresponding to each individual straw form a 
7x7 matrix, corresponding to the 49 straws in the module. 
Regions of Interest (ROIs) can be drawn (white contours in Fig. 
7) to determine which straw gets an event. The longitudinal 
position of the event is determined by charge division technique, 
and therefore the 3-D coordinate of every neutron event hitting 
the module can be accurately determined. 

Longitudinal position from 0.45m to 0.55m 
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Fig. 7. Scatter plot of time differences from delay line outputs to determine 

straw index and time differences from delay line outputs to determine 

bundle index. 



Detector Life Time. Life time test results for a 7-straw bundle 
(configuration #1) sealed on Aug. 19, 2010 are shown in Fig. 8. 
Negligible gas gain change was seen over the 255 day test 
period. 
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Fig. 8. Life time test of a sealed 7-straw bundle showing negligible gain 

change in every straw. 

Longitudinal Resolution. The prototype 7-straw tube 
(configuration #2, 2.54 cm diameter, 2 m long) was used to 
measure longitudinal resolution. Fig. 9a shows the spectrum of 
interaction positions in the prototype tube, over the full 2 m 
length. The mean full-width-at-half-maximum (FWHM) of all 
peaks in the tube was 1.57 ± 0.57 cm (mean ± std). The 
minimum value was measured in the center of the module and 
was 1.0 cm. Despite the resolution degradation observed at the 
ends, all the measured resolutions are less than 1" or 2.54 cm, 
throughout the entire length of detector. Agreement between 
measured position and actual position is plotted in Fig. 9b, 
which shows a very tight linear relationship. 
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Fig. 9. (a). Longitudinal resolution of the 2.54 cm diameter 2 m long tube 

using slit-collimated neutron source measured at 20 cm intervals along the 

length of the 2 m tube. The varying epithermal background produced by the 

Cf-252 source has been removed; (b). Correlation plot showing close 

agreement between position measured by charge division readout and 

actual position. 

Gas gain stability. The gas gain in every straw in the prototype 
1" diameter, 2 m long tube was tracked by placing an 24J Am 
source at four longitudinal locations (-90 cm, -45 cm, 45 cm, 90 
cm). The gas gain was determined by using the 8.0 KeV peak in 
the Am-241 spectrum, for every individual straw at every source 
location. Fig. 10 shows the normalized gain of individual straws 
at different longitudinal locations. The overall gain variation is 
within±4%. 
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Fig. 10. Normalized gain of every straw in a 2.54 cm diameter, 2 m long, 7-

straw tube , at different longitudinal locations. 



IV. CONCLUSION AND FUTURE WORK 

Alternative neutron detection technologies must be 
considered, to overcome limitations imposed by a depleting 3He 
supply. The boron-coated straw detector is a promising 
technology with significant advantages for neutron imaging. 

Initial testing of the sealed straw detector bundles showed 
promising results in 3-D decoding, detector life time, 
longitudinal resolution, and gas gain stability. In addition to 
facilitating operation in vacuum , another advantageous aspects 
of the sealed straw detector bundle technique are high portability 
and structural versatility. Detector modules are easy to transport 
and detector arrays can be easily installed and tailored to a 
multitude of different scattering experimental setups. The depth 
of the detector array can be easily tailored to the desired neutron 
wavelength and the size and configuration of panels varied of a 
wide range while utilizing the elemental 7 x 7 modules 
(configuration #1) or 8 x 5 modules (configuration #2). 

More straw detector bundles as well as readout electronics are 
being fabricated. All detectors and electronics will shortly be 
integrated into an appropriate housing to form a fully functional 
detector panel of area that will optimally accommodate 
operation in vacuum through suitable high voltage decoupling. 
The panel will be tested at one or more European or US neutron 
science facilities. Testing will include at a minimum installation 
in a large vacuum chamber, operation in a neutron beam, and an 
evaluation of stability over long periods of high beam intensity 
operation. 
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