
 

Performance of 1 Meter Straw Detector  
for High Rate Neutron Imaging 

Jeffrey L. Lacy, Member, IEEE, Athanasios Athanasiades, Member, IEEE, Nader N. Shehad, Member, IEEE 
Christopher S. Martin and Liang Sun, Member, IEEE 

 Abstract– Instrument requirements at the newly 
commissioned Spallation Neutron Source call for large area 
detectors that can sustain rates up to 107 neutrons/s and 
millimeter-level spatial resolution. Although 3He pressurized area 
detectors can provide good spatial resolution, sensitivity and 
gamma ray discrimination, this technology cannot support the 
required rates without further development. We propose a 
detector technology based on thin-walled straws, lined with 
enriched boron carbide (10B4C). A panel detector consisting of 
several thousand close-packed individual straws, which are read 
out independently, can easily support high event rates. We 
present test results for a sub-scale 100×4 cm2 prototype detector, 
consisting of three 50-straw array modules. Each straw in the 
array has a diameter of 4 mm and a length of 1 m. Tests 
conducted in a thermal neutron beam focused on the count rate 
capability of the detector and the effect of high neutron rates and 
a high gamma ray flux on spatial resolution. Results showed that 
the detector can maintain a 7×4 mm2 resolution up to an integral 
rate of 40,000 cps, and a gamma ray flux of 1000 mrem/hr.  

I. INTRODUCTION 

HE recently commissioned Spallation Neutron Source 
(SNS) facility (Oak Ridge, TN) will push available thermal 

neutron flux at least an order of magnitude above that 
achievable at any other neutron science facility [1], offer a 
broad bandwidth of neutrons, and high wavelength resolution. 
Current neutron detector technologies cannot satisfy the 
requirements of SNS instruments. These requirements, listed 
in Table 1 for the Small Angle Neutron Scattering (SANS) 
instrument, include high sensitivity and spatial resolution, a 
very high count rate capability, a low gamma-ray efficiency, 
and no parallax errors. Scintillator detectors are efficient 
gamma ray converters, and thus fail the low gamma ray 
background requirement. Pressurized 3He tubes, widely used 
in neutron detection, can provide the needed spatial 
resolution, sensitivity and gamma ray discrimination, 
however, this technology cannot achieve high rate operation, 
without fundamental developments. Furthermore, large 
detection areas are costly, because of the complexity of the 
pressure vessels required, and parallax errors limit the time-
of-flight accuracy of the instrument. 

We propose a detector technology [2,3], based on thin-
walled straws, lined with a 1 µm-thick sputter coating of 
enriched boron carbide (10B4C). Neutrons converted with the 
10B(n,α)7Li reaction generate heavy charged particles that 
subsequently ionize the gas contained within each straw. 
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Because the 10B4C coating is very thin, efficient escape of the 
reaction products can be achieved. A square-meter panel 
detector consisting of several thousand, close-packed, 
independently read-out straws, as shown in Fig. 1, offers a 
large detection area, achieves a high detection efficiency, 
supports high event rates, discriminates effectively against 
gamma rays, and generates fully 3D position data (no parallax 
errors). 

 
TABLE 1.  DETECTOR REQUIREMENTS FOR THE SMALL ANGLE NEUTRON 

SCATTERING (SANS) INSTRUMENT AT THE SNS. 
  
dimensions 100×100 cm2 
neutron detection efficiency (80 meV) 50% 
position resolution 5×5 mm2 
count rate (overall) 2×107 cps 
pixel count rate 1500 cps/pixel 
gamma efficiency 10-7 

 
Straw detectors have become popular over the past decade 

in high energy physics applications where they are employed 
in dense arrays to track the complex trajectories of elementary 
particles.  One of the more significant examples is the 
Transition Radiation Tracker (TRT) straw system developed 
for the ATLAS experiment station at CERN [4].  Because of 
the density of the instruments in this experiment and the high 
radiation levels imposed by hadron colliding beams, the 
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Fig. 1.  Proposed neutron area detector composed of dense-packed 10B4C 

coated straws. 
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detectors in this station must operate for a full decade under 
extremely harsh conditions with minimal if any service.  As a 
result of such imposing requirements of reliability a 
tremendous body of research has gone into life time issues 
including maintenance of wire tension, mechanical stability, 
accumulated count degradation, and effects of materials of 
construction. 

II. METHODS 
A prototype detector based on the proposed technology was 

developed and evaluated in a thermal neutron beam at the 
Texas A&M University Nuclear Science Center (College 
Station, TX). The detector, described in some detail below, 
was used to assess the performance of the proposed 1 m2 panel 
detector.  

A. Prototype detector fabrication 
The prototype detector consisted of three identical modules. 

Each module contained 50 close-packed straws in a 5×10 
array, as shown in Fig. 2. Straws were made from aluminum 
foil ribbon, 9.5 mm wide, that was sputter coated by Bodycote 
(Greensboro, NC) with natural B4C to a desired thickness of 1 
µm (actual thickness was about 0.8 µm). Equal quantities of 
coated and uncoated ribbon were subsequently supplied to 
Lamina Dielectrics (Billingshurst, Sussex, UK). Following our 
specifications, base straw material of 4 mm ID was 
constructed in lengths of 110 cm.  Straws were inspected upon 
arrival for contaminants and dimensional irregularities. They 
were then cut to the required length of 100 cm and arranged in 
5 close-packed rows of ten. The full 5×10 straw array was 
assembled together with the use of specially designed printed 
circuit boards  that attached to either end of the array. The 
wires were anchored to the boards, as shown in the schematic 
of Fig. 3. The boards provided insulation between each wire 
(anodes) and the straw walls (cathode), and allowed for gas 
flow to the interior of each straw. All straws were threaded 
with resistive wires (43 Ω/cm), 20 µm in diameter. The 
sensitive face area in the orientation shown in Fig. 2 was 400 
cm2, and the depth in the direction of irradiation was 5.2 cm. 
Such close packing can be carried to as many modules as 
desired to produce a continuous detection volume within a 
secondary housing. 

B. Electronics Readout 
The detector readout was divided up into two stages: front-

end and digitization electronics.  Front-end electronics 
consisted of two printed-circuit boards, one on each end of a 
50-straw module, designed in-house and manufactured by 
Proto Circuits (Fort Lauderdale, FL). Each board incorporated 
three current amplifiers, one on each end of a delay line, 
where anode wires terminated, and a cathode amplifier used 
for triggering the digitization system. The delay line was used 
for straw decoding, as outlined in [2]. Anode signals were 
further conditioned by a 3-pole low-pass filter to remove high 
frequency noise outside the signal bandwidth, before being 
digitized. Fig. 4 shows a schematic of the setup. 

Anode and cathode signals were sent to a proprietary 
digitization system, manufactured by A&D Precision Co. 
(Newton, MA). The system included 12-bit charge-integrating 
ADCs to digitize anode signals, as well as a discriminator to 
trigger the system based on the cathode signal. Once digitized, 
data were formed into Ethernet packets and sent to a host 
computer via a gigabit switch. Control software written in 
C++ was used to acquire the data and store it into files for 
analysis with MATLAB. The completed prototype is shown in 
Fig. 5. 
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Fig. 2.  Schematic drawing of the three 5×10 straw modules, in the 
orientation used during testing. 
 

 
 

Fig. 3.  Schematic drawing of the end board assembly. 
 

 
Fig. 4.  Electronics setup for straw readout, showing circuitry connected to 

the two respective ends of each module. 
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Fig. 5.  Prototype neutron detector, consisting of three 50-straw modules, and 
associated electronics. 

 

C. Experimental Setup 
The three 50-straw, 100-cm long modules were tested at the 

1 MW research reactor of the Nuclear Science Center (NSC), 
Texas A&M University (College Station, TX). The modules 
were operated together as a single detector, placed in front of 
a collimated thermal neutron beam. Various experiments were 
performed using different collimators and reactor power 
levels. For all experiments, the detectors were biased to 1150 
V, and the gas mixture employed was argon/methane (90/10). 
Due to the limited size of the neutron beam, only part of the 
detector length (30 cm) could be irradiated at a time.  Thus, 
most experiments involved moving the detector to one of 
three positions, then repeating at the other positions.  Events 
detected outside the central portion of the beam were 
discarded, as beam quality was low in those regions.  

The neutron and gamma detection efficiencies were 
measured by recording the overall count rate above a specified 
energy threshold, and comparing against the available flux, 
measured with conventional calibrated neutron and gamma 
detectors.  The spatial resolution of each of the three modules 
was evaluated with a slit-collimator machined in-house from 
borated aluminum (material supplied by Eagle Picher, 
Quapaw, OK), and in imaging studies, using a multi-pattern 
phantom. Both longitudinal position and straw identity were 
decoded for each event so that the slit collimated resolution of 
each of the individual 150 straws was accurately determined. 
The count rate performance of the detector was determined in 
experiments that measured spatial resolution as the available 
neutron and gamma fluxes increased (with increasing reactor 
power).  

III. RESULTS 

A. Energy Resolution 
The prototype detector was operated in a mode of 

proportional amplification, whereby maximum signal levels 
were achieved while maintaining adequate energy resolution. 
The detector showed stable operation up to a bias level of 
1325 V, with a corresponding multiplication factor of 50,000, 
and without significant degradation in energy resolution. The 
breakdown point was at 1350 V. 

Fig. 6 shows the energy spectra collected with a moderated 
252Cf source at 1150 V.  Neutron and gamma events deposit 
markedly different amounts of energy in the detector, with 
most neutron events depositing energies significantly higher 
than those of gamma events, as indicated in the figure.  
Gamma discrimination is easily achieved by setting an energy 
threshold above the gamma tail, at 30 keV.  

B. Gamma ray detection efficiency 
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.  For example an electron capable 
of depositing 30 keV or more of energy has a minimum range 
of 5 cm in the detector gas (30 keV electron range).  Clearly 
an extremely small fraction of such electrons are going to 
deposit so much energy before encountering the straw wall.  
Such electrons take a very tortuous track due to scattering and 
must randomly scatter longitudinally down the straw to 
deposit such large amounts of signal.  The range of the alpha 
and Li fragments on the other hand are comparable to the 
straw dimension and hence almost always deposit a large 
fraction of their energy.  

The response of one module to incident gamma rays was 
recorded, as shown in Table 2. Assuming a gamma ray energy 
of 662 keV, the efficiency for a 30 keV threshold was 2×10-6. 
It dropped to 2×10-7 for an increase in threshold to 40 keV.   
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Fig. 6. Energy spectra collected in the three prototype detectors with a 
moderated 252Cf neutron source. In each detector, the cathode was biased to -
1150 V. The gas mixture was argon-methane (90/10). The detector was 
operated in a mode of maximum amplification, but maintaining energy 
resolution adequate for gamma discrimination. All gamma events deposited 
energies below the amplitude threshold indicated. For each curve, the y-scale 
was arbitrarily adjusted for visibility. 
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TABLE 2.  GAMMA RAY EFFICIENCY 

 
  30 keV threshold 40 keV threshold 
 
Reactor 
power, 
kW 

Gamma 
flux on  
module, 
(γ/s)/cm2 

Module 
count 
rate, 
cps/cm2 

Module 
gamma  
efficiency 

Module 
count 
rate, 
cps/cm2 

Module 
gamma  
efficiency 

      
8 0.31×106 0.21 0.68×10-6 0.021 0.68×10-7 
16 0.58×106 0.63 1.1×10-6 0.063 1.1×10-7 
32 1.1×106 2.2 2.0×10-6 0.22 2.0×10-7 
64 
 

2.0×106 3.9 2.0×10-6 0.39 2.0×10-7 
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Fig. 7. Predicted thermal neutron detection efficiency of a 5.2 cm deep 

array of non-enriched B4C-lined straws (4 mm in diameter), at various film 
thicknesses. 
 

C. Neutron Detection Efficiency 
The detection efficiency for thermal neutrons was measured 

with the three straw modules positioned in the neutron beam 
of the NSC reactor in the orientation shown in Fig. 2. The 
intensity of the beam was characterized with a commercially 
available BF3 neutron detector (LND, Oceanside, NY). In 
order to avoid counts from neutrons scattered from the beam 
cave walls, all sides of the detectors, except the one facing the 
beam, were shielded with borated aluminum.  The neutron 
count rate recorded at a flux level of 770 nv (100 W) without 
any collimation, and above a threshold of 30 keV, was 61 
cps/cm2 for the front module, and 165 cps/cm2 in the three 
modules combined.  The resulting thermal neutron (0.025 eV) 
detection efficiency was 7.9% and 21%, respectively. This 
agrees with the 21% efficiency predicted in Monte Carlo 
simulations, as shown Fig. 7, for straws lined with a 0.8 µm 
thick layer of non-enriched B4C. The optimal B4C thickness 
for this detector depth (5.2 cm, 3 modules) is 2 µm. 

If the straws were to be lined with 10B-enriched boron 
carbide, the 0.025 eV efficiency would be on the order of 70% 
and at a neutron energy of 0.080 eV a detection efficiency of 
50% is predicted, meeting the requirement of the Q-SANS 
experiment station. 

D. Position Resolution in z Direction 
The spatial resolution of the prototype detector in the 

direction parallel to the straw axis (z-direction) was 
investigated through the use of a slit collimator. Fig. 8 shows 
the spectrum of interaction positions in each of the three 
meter-long modules, with the reactor power set to 50 W. The 
modules were oriented as shown in Fig. 2, and placed behind a 
4.5 mm thick borated aluminum collimator (10B areal density 
of 45 mg/cm2, 99.9% attenuation) with nine 1 mm wide slits, 
10 cm apart from one another. 

The mean full-width-at-half-maximum (FWHM) of all 
peaks in module no. 3 (front) was 6.4 mm. The minimum 
value was measured in the center of the module and was 5.5 
mm.  The average resolution recorded in module nos. 2 and 1 
were 6.4 mm and 6.5 mm, respectively. 

A resolution degradation on the order of 35% was observed 
at the ends of all modules. This degradation results from 
decreased signal to noise level achieved at the ends of the 
detector produced by the resistive division method.  This 
performance may be improved in the future through 
improvement of the intrinsic noise level of the amplifier and 
better tuning of the bandpass filter. 

E. Count rate performance   
A two-slit collimator was assembled from three rectangular 

panels of borated aluminum (10B areal density of 45 mg/cm2, 
99.9% attenuation), each 5 cm wide and 4.5 mm thick. They 
were placed such that two 1 mm wide slits were formed in 
front of the detector. The rest of the detector face was exposed 
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Fig. 8. Position spectra in the direction along the straw axis (z 

direction), collected in the prototype detector, using a collimator, and at a 
reactor power level of 50 W. The full-width-at-half maximum (FWHM) is 
indicated above each peak, in millimeters. 
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to the beam. This collimator was specifically designed to 
investigate the effect of the integral count rate on spatial 
resolution. Since a large area of the detector was exposed to 
the beam, a high count rate was achieved easily. At the same 
time, the differential neutron rate and the gamma randoms rate 
were kept below critical levels, as shown later. 

Fig. 9 shows the resulting position spectra collected in the 
detector, at different reactor power levels. The corresponding 
integral count rates are plotted in Fig. 10 versus the resolution 
measured. Resolution remains below 7.6 mm for integral rates 
less than 50,000 cps, but degrades rapidly above that. 

In order to investigate the effect of gamma randoms on 
resolution, the neutron count rate was substantially reduced by 
blocking most of the neutrons, except for the two 1 mm wide 
slits. This guaranteed that the integral rate would be low 
enough (below 34,000 cps) to have an insignificant effect on 
resolution. At the same time, the reactor power was increased, 
thus increasing the gamma ray flux incident on the detector. 
The resulting z-axis position spectra are plotted in Fig. 11. 
The left column corresponds to a nominal measurement, with 
the two collimator slits fully exposed to the beam.  For the 
middle column of spectra, a ×4 attenuator (0.5 mm thick 
borated aluminum) was installed in front of the two slits, and 
for the right column of spectra a ×16 attenuator was installed. 
The aim was to vary the differential count rate over a wide 
range for each gamma flux level so that differential resolution 
limitations of the detector could be separated from gamma 
flux level limitations.  As a further measure in one run a 5 cm 
lead absorber was inserted in the beam port.  This absorber 
reduced neutron flux by 4 while gamma flux was reduced by a 
larger factor of 8 thus having the opposite effect of that 
produced by the slit attenuators that of decreasing the gamma 
flux at a given neutron flux level.  In Fig. 12, the detector 
resolution is plotted versus measured gamma ray flux level for 
each of these four runs.  Clearly over this very wide range of 
detector differential rates the detector resolution correlates 
strongly with only the gamma ray flux level.  It should be 
noted that the integral rate in the detector in all of these runs 
was kept well under 40,000 cps to ensure that changes in 
resolution were not produced by integral rate variations. 

It was concluded from this study that individual modules of 
50 straws can be read out with our parallel delay line 
technique at integral rates up to 40,000 cps with little 
degradation of resolution and that the method is immune to 
gamma flux levels up to 1000 mR/hr, producing in both 
instances resolution of about 7 mm FWHM at the upper 
extreme of integral count rate and gamma flux level. 

We were not able to establish the differential count 
limitation of the system under the very high gamma rate 
conditions at TAMU.  However we can set a lower limit for 
this differential rate capability from the runs with wide open 1 

mm slits and with the rest of the detector shielded.  In these 
runs a differential level of 11,200 cps per resolution element 
(4×7 mm2) was achieved while maintaining a detector 
longitudinal resolution < 7 mm FWHM.  This level we know 
was limited solely by the gamma ray level of 1000 mR/hr.   In 
a 3 layer stack of modules performance would be as much as 3 
fold higher than this, i.e., 33,600 cps/pixel, depending on the 
neutron wavelength which dictates the relative counting 
contribution of the detector layers. 
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Fig. 10. Longitudinal (z-axis) resolution as a function of the integral count 

rate, measured in each of the runs of Fig. 9.  
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Fig. 9.  Position spectra in the direction along the straw axis (z direction), 

collected in module #3, using a two-slit collimator, at the power level 
indicated. The full-width-at-half maximum (FWHM) is indicated above the 
peaks, in millimeters. 
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In a previous experiment studying a single 2 mm straw we 
reached levels of 1024 cps/mm of straw length, without 
significant degradation. Ion transit time is expected to dictate 
local saturation effects and transit time in a 4 mm straw is 
about 2 fold longer than in a 2 mm straw suggesting that a 
single 4 mm straw will sustain a rate of half or 512 cps per 
linear mm without incurring local saturation. This level 
translates to a differential rate limitation of 17,920 cps/pixel 
per 50-straw module, or 53,760 cps/pixels for a stack of three 
modules.  It is likely that this still is not the real differential 
limit because the 2 mm straw result was likely also limited by 
the very high gamma rates exceeding 45 R/hr. To find the real 
differential limit will require measurements in a much lower 
gamma environment. 

F. Straw Decoding 
 The ability of the detector to resolve the location of neutron 
interactions in the two directions normal to the straw axis is 
dictated by a decoding scheme that identifies the exact straw 
in which an event occurred. The decoding scheme 
differentiates signals based on their time of arrival, using 
delay lines. Thus, in the 5×10 straw module, a five-tap delay 
line identifies the row of the straw that fired, while a 10-tap 
delay line identifies the column.  

Straw decoding using this technique works well along most 
of the length of the straw module, but is limited at the very 
end of the detector due to cross-talk. Fig. 13 shows the flood 
histogram for the three modules. In all images, the left side 
shows dark areas, due to cross-talk. The discontinuity 
observed at z=25 cm was due to the fact that several positions 
of the extended detector had to be pieced together to produce 
a full flood image due to the small uniform extent of the 
neutron beam. A small number of straws in detector #2 appear 
to register an increased number of counts, showing as bright 

lines in the figure. This was found to be due to grounding 
problems caused by the intermittent contact of cable shields, 
and was subsequently corrected. 

G. Phantom images  
Two-dimensional images were reconstructed using the 

multipattern phantom of Fig. 14, machined from a 4.5 mm 
thick borated aluminum plate. The figure shows the generated 
image, at a power level of 500 W, adjusted for variations in 
straw sensitivity, using the flood image of Fig. 13. The image 
shows good linearity, and most features are well resolved. The 
4 mm holes are well resolved in the y-direction (vertical), but 
are less well resolved in the z-direction (horizontal). Recall 
that the y-axis resolution is dictated by the diameter of the 
straws (4 mm) while the z-axis resolution was measured to be 
on the order of 6 mm (see Fig. 8). 

H. Straw Lifetime Studies 
We estimate that the proposed detector can operate without 

significant ageing effects over a period of 5 years, assuming it 
counts nonstop at the SANS required differential rate of 1,500 
cps/pixel [1]. This value translates to 320 cps/cm along a 
single straw, assuming that the detector is 15 straws deep, and 
that the front straws experience twice the rate of the back 
straws. In laboratory measurements, we have established that a 
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Fig. 11.  Longitudinal (z-axis) position spectra measured in the prototype 
detector, with different collimators. The resolution of the peaks is indicated in 
millimeters (FWHM). The reactor power and gamma flux incident on the 
detector are indicated on the left. The small satellite peak visible in the 
middle and right columns is due to an inadvertent gap in the collimator. 
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Fig. 12. Longitudinal (z-axis) resolution as a function of the incident gamma 
flux, measured in the prototype detector for each of the runs of Fig. 11. 
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Fig. 13.  Two-dimensional image created with the detector face fully exposed 
(no collimator). The discontinuity observed at z=25 cm is an artifact generated 
from splicing data obtained at three different detector positions. This was 
necessary due to the limited extent of the neutron beam.  Image artifacts seen 
in detector #2 were due to grounding problems related to cable shields making 
intermittent contact.  When these shields were isolated, no image artifacts 
were observed. 
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single neutron interaction deposits on average 20 pC in the 
detector. The ionization current density is thus 0.020×320=6.4 
nA/cm. Published results on the Atlas straw detector report 
that ageing effects become significant when the accumulated 
charge reaches 1 C/cm. For the proposed detector, the time 
required to reach that value, assuming nonstop operation at the 
rate of 1,500 cps/pixel, would be 5 years. 

IV. CONCLUSION 
The spatial resolution of the square-meter panel will be 

dictated by the grouping of straws into modules. Assuming the 
current grouping of 50 straws is maintained, the panel will 
have a resolution in three dimensions of 7×4×4 mm3. The 
longitudinal (z-axis) resolution can be sustained for integral 
neutron rates up to approximately 40,000 cps per 50-straw 
module, and for gamma ray fluxes up to 1 R/hr. Since the 
square-meter panel will consist of sixty-six 50-straw modules, 
the corresponding integral rate in the square-meter panel is 
0.26×107 cps. These results are summarized in Table 3. The 
sustainable neutron rate and gamma flux can be improved by 
reducing the number of straws comprising a single module, 
thus increasing the total number of modules within the panel. 
However, the cost of the overall system is driven largely by 
the degree with which the many elements can be read out 
using parallel electronics. 

It was impossible to experimentally determine a limit to the 
sustainable differential count rate. The maximum rate tested 
was 40,000 cps/cm2, corresponding to 11,200 cps/pixel, with 
no apparent degradation in resolution. In a 3 layer stack of 
modules planned for the full instrument the stack performance 
would be as much as 3 fold higher, i.e., 33,600 cps/pixel. 
Based on previous experiments with single straws, we 
estimate that 54,000 cps/pixel is a more accurate limit. 

The neutron detection efficiency was measured to be 7.9% 
for the front module and 21% for the three modules combined, 
in the orientation shown in Fig. 2. This is in good agreement 
with the predicted efficiency plotted in Fig. 7. The 
corresponding thermal neutron efficiency for a panel that 
incorporates enriched B4C will be on the order of 70%. The 
efficiency for 0.080 eV neutrons will be 50%. 

The projected performance of the proposed square-meter 
panel satisfies well the requirements of the extended-Q small-
angle neutron-scattering (Q-SANS) instrument soon to be 
commissioned at the SNS facility in Oak Ridge. 

 
 

TABLE 3.  MEASURED AND PROJECTED PERFORMANCE 
 

 50-straw 
module 

Full design 
projections 

Dimensions (cm3) 100×4×1.73 100×100×5.2 
number of modules 1 66 
neutron efficiency (thermal) 7.9% 70% 
position resolution (mm3) 7×4×4 7×4×4 
integral count rate (cps) 40,000 0.26×107 
Pixel count rate, lower limit 
(cps/pixel) 

11,200 33,600 

Maximum gamma flux 1 R/hr 1 R/hr 
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Fig. 14.  (top panel) Multipattern phantom assembled from machined pieces 
of 4.5 mm thick borated aluminum (10B areal density of 45 mg/cm2, 99.9% 
attenuation). The diameters of the holes were 4, 6, 8, 10 and 12 mm, and the 
spacing between holes (center-to-center) was twice the diameter. The width 
of the vertical slits to the left of center was 10 mm. All other vertical slits 
were 5 mm wide. The width of the horizontal slits was 10 mm. The 
rectangular opening on the right had dimensions of 20×100 mm2. (lower three 
panels) Two-dimensional image created in the prototype detector, using the 
phantom in the top panel. The image was corrected for nonuniformities in the 
detectors, using the flood image of Fig. 13. The reactor was powered to 500 
W. The image artifacts seen in detector #2 were related to cable ground 
isolation problems.   
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