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Abstract

The 25 cm X 25 cm chamber described images
thermal and epicadmium neutron beams using two
boron-coated conversion screens, and fast neutrons
using a single polyethylene converter. Sample images
and quantitative attenuation and resolution data are
presented. Measurements of neutron attenuation in
lucite patterns give good agreement with expected
values for thermal, epicadmium, and fast (Pu-Be)
beams. The measured mean free paths were 0.30,
0.81, and 5.8 cm, respectively. Thermal neutron
resolution (0.2 cm) depends upon a-particle range,
but resolution for fast neutrons (0.4 cm) appears to
be limited by chamber thickness (to approximately
one -half of the chamber thickness). Measurements
involving digital image storage and manipulation are
also described and illustrated.

Introduction

Multiwire proportional chambers with delay-
line readouts have been demonstrated to have the
capability for moderate resolution, qu%rate cost,
high sensitivity radiographic imaging. Important
features of such detector systems are the ability to
image single interactions, and the ability to provide
position information over a large sensitive area in a
form that is easily digitized for computer storage
and manipulation. In an earlier paper” calculations
were made of the performance of such a chamber in
conjunction with a B converter, as a thermal-neu-~
tron, radiographic imaging device. (Some simple
pattern images were produced with a small proto-
type, 4 cm X 4,5 ¢cm, chamber). This work has now
been extended through the construction of a larger,
more efficient system that has been used for fast-
neutron as well as thermal-neutron imaging.

*Work done under the auspices of the United States

Atomic Energy Commission.

W‘Supported by U.S. Public Health Service Research

Career Award #70598-02 from the NIGMS.

Chémbe r Construction

An exploded drawing of the chamber is shown in
Fig. 1. The chamber has an active area of 25 cm
X 25 cm. The central anode plane is a parallel array
of 12.5-pm-diameter gold-plated tungsten wires with a
spacing of 1.5 mm and electrically terminated at both
ends to a common bus. The outer cathode grids con-

sist of 37-um-diameter wires with a spacing of 1.0 mm.

The dielectric frames which separate the wire planes
are made from Nema G-10 glass epoxy. In all there
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Fig. 1. Exploded view of wire chamber and delay
lines., Part of the x-coordinate delay
line is left out to show the signal coupling

strips more effectively.



are four such frames. The two central frames are
each 3 mm thick and provide the actual inter-planar
spacing while the outer frames are each 10 mm thick
and provide structural rigidity during assembly.
Outside frames also serve as mounting surfaces for
the coupling-strip PC boards and the converter plates.
The four-frame subassembly is sandwiched between
two 6-mm-thick steel plates and four corner bolts
clamp the unit together. The frames are all surface
ground to insure uniform plane spacing. The outer
flange of the interchangeable aluminum converter sub-
strate makes an air-tight seal on the outer epoxy
frame while positioning the converter surface 0.5 mm
from the cathode wire plane. This converter plate

is mechanically anchored and electrically grounded

to the outer steel plate.

The anode plane is biased typically at + 2000 V
and provides the "start" signal for two time-to-
height converters. The two cathode-grid planes
have their wire axes mutually orthogonal. At one
edge of the cathode plane the wires are terminated
in pairs through a 200 k2 resistor to a common bus.
At the other end each is terminated separately to a
flat strip on the circuit board. A delay line™ is
mounted in the space under the steel plate and capac-
itively coupled to these strips through a 0.5-mil
Mylar sheet. A pressure contact to the printed cir-
cuit board is maintained by foam-rubber strips com-
pressed into the space between the delay line and the

steel plate. Thedelay linesare 30 cm long, have a delay

of 6.8 nsec/mm, and give a signal attenuation of
about 0.1.db/cm. The common bus of the cathode
planes can be positively biased to provide a drift field
between the converter plane and the cathode. Pulses
obtained from the delay lines are used to stop the
time-to-height converters whose output-pulse ampli-
tudes are then proportional to the x-y coordinates of
the event.

Neutron Converters

The neutron converting material was fixed to
the inside surfaces of the converter substrates. For
thermal and epicadmium neutron detection, 92% en-
riched 19B was used as the converting material. The
upstream boron surface was an evaporated coating.
For the downstream- surface, since neither total at-
tenuation nor uniformity are considerations, a partic-
ularly simple and equally satisfactory converter sur-
face was made by simply dusting boron powder onto
double -sided pressure-sensitive tape that was at-
tached to the aluminum plate. The calculated char-
acteristics of such a converter surface in a progor-
tional chamber have been described previously.

For fast-neutron detection a recoil-proton con-
verter (polyethylene) is attached to the upstream con-
verter plate. (Because n-p scattering all occurs in
the forward hemisphere, only one converter plate can
be used). Detection requires that protons scatter
from the hydrogenous material into the active volume
of the chamber. A computer program was developed
to model the n-p collision process in a thin polyethy-
lene converter and the subsequent escape and detection
of the recoil proton.

The program determines the track end point
of a recoil proton as a function of three parameters:
incident neutron energy, scattering angle, and the
depth in the converter at which the scattering
interaction occurs. The point at which the chamber
will localize the event is taken as the center of ioniza-
tion in the gas volume. By performing an appropriate-
ly weighted sum over the above three parameters, the
spatial distribution of proton localization points due to
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a narrow, parallel beam of neutrons is determined.
Efficiency and resolution characteristics are then ex-
tracted from this distribution. There are also pro-
visions for setting upper and lower thresholds for
energy deposition in the chamber as well as for taking
account of finite chamber thickness. The principal
difference between this analysis method and that for
a@'s from a boron converter? is that the initial recoil
proton energy is a function both of incident neutron
energy and of scattering angle, whereas the initial
a-particle energy is a constant depending only on the
Q-value of the exothermic {n, @) reaction.

Each curve in Fig. 2 represents the locus of
residual range in proportional-chamber gas of a pro-
ton scattered at a particular depth in the converter.
That is, a line from the coordinate origin to its inter-
section with a curve is the residual range of a proton
produced at that particular depth and scattered in that
particular direction. Two families of such curves
are shown, corresponding to (a) 1-MeV and (b) 4-MeV
neutrons normally incident on the converter. In each
case, a converter thickness equal to the maximum
scattered proton range5 has been segmented into 25
layers.. The numbers on alternate curves give the per-
cent of the proton yield corresponding to a particular
curve.
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Fig. 2. Locus plots showing recoil proton track

endings for neutron beam energies of 1.0
and 4.0 MeV. Each locus corresponds to
proton emission from a different depth in

the converter.



For reference, two concentric circular seg-
ments are drawn whose radii are equal to the ranges
of 0.2- and 0.7-MeV protons in argon. When the en-
tire proton energy is deposited in the gas (i.e., the
vertical range of the proton is less than the chamber
thickness) these circular curves correspond to energy
discrimination levels which can be set on single-
channel analyzers.

Comparison of Fig. 2a with 2b shows that the
proton ranges increase rapidly with increasing neutron
energy. Fortunately the finite thickness of a practical
chamber effectively terminates the proton tracks and
leads to a resolution on the order of half the chamber
thickness. However, the ability to select the higher-
energy forward-scattered protons with energy thres-
holds is lost. Figure 3 shows the calculated efficien-
cy of a plane polyethylene converter screen as a func-
tion of incident neutron energy. Curves are shown
for the actual chamber for various minimum-energy-
deposition thresholds. Also shown are the response
characteristics of a chamber with an infinitely thick

gas volume, for example a highly pressurized chamber.
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Proton detection efficiency from a poly-
ethylene recoil-proton converter vs. inci-
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protons are not included. The effect of
finite chamber thickness on shifting the
proton energy spectrum toward lower ener-
gies is evident.

Fig. 3.

Chamber Performance

The "intrinsic" spatial resolution of the cham-
ber and electronics was measured by replacing one
converter plate with a thin Mylar window and deter-
mining the Modulation Transfer Function (MTF) using
the 5.9-keV x-ray from an 5Fe source. The MTF
was computed by Fourier transformation of the Line
Spread Function (LSF) obtained from measurements

with a 5“7t collimator and corrected for finite slit

width. The results of this measurement are
shown in Fig. 4. The MTF for the boron-plate sys-
tem used as a thermal-neutron detector was then
measured and the MTF of the 10B(n, o) conversion

was determined as a function of spatial frequency

(v) by the relationship

MTF, . . (v)
MTF (v) = total .

n, o -
' MTFintrinsic )

¢

A comparison. of this measured MTF and one calcu-
lated from estimated experimental parameters by the
computer program is also shown in Fig. 4.
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Experimental and calculated contrast ratios
vs:: spatial frequency (MTF). The thermal
neutron-simulation' MTF . is based on esti-
mates of the experimental parameters.

Fig. 4.

For the fast-neutron-detecting ‘system, resolu-.
tion was measured using a Pu-Be source and a thick
polyethylene "kiife edge." _The 10-90% resolution
was found to be about 4.0 mm after correction for
source size. .The 10-90% resolution calculated by
the computer program described above was 3.5 mm.

The maximum experimental efficiency achieved
for thermal neutrons has been consistently slightly
less than half of that expected from calculation.
Table 1 shows a comparison between measured and
calculated detection efficiencies. The two-converter

" efficiency that has been achieved is in good agree-

ment with the sum of the separately measured ef-
ficiencies after correction is made for beam atten-
uation in the first screen.

TABLE 1

Calculated and h{[sasured Efficiencies for
92% B Converters
Converter Efficiency (%)
Thickness Calculated Measured
2
(mg/cm®)  Maximum E_> 100 keV Maximum
» (Powder) 5.07 4,09 2.06
0.86 4.95 4.09 1.77
0.24 2.47 2,10 ' 1.00

The calculated and measured maximum detec-
tion efficiencies for the 0.146 g/cm? CHj converter
were in excellent a%reement, both giving 0.10% for
a Pu-Be spectrum,

Epicadmium neutron radiography was explored
briefly by placing a sheet of 0.020-in. cadmium over
the face of the chamber to filter out neutrons with
energies less than about 0.3 eV. Using the propor-
tional chamber in this mode of operation the neutron-
detection rate in our reactor beam was reduced by



about a factor of 30 and the n/background ratio de-
creased to 1.0. In spite of this low ratio epicad-
mium-image data can still be obtained because the
digital nature of the chamber allows for storage
and background subtraction.

Some Results of Chamber Measurements

Sample thermal-neutron images of an electric
drill, taken with the chamber are shown in Fig. 5.
The first three images show the effect of different
image statistics. The fourth image was made with a
3-mm cell, gadolinium-coated, honeycomb, anti-
scatter grid placed over the chamber. The pattern
superimposed on the drill image, therefore, is the
image of this 3-mm-cell grid. The above pictures
were obtained by using the time-to-height-converter
signals to produce analogue deflections on the face of
an oscilloscope. One intensified scope dot was ob-
tained for each event and the dots were recorded with
a Polaroid camera.

Fig. 5. Thermal neutron radiographs of an elec-
tric hand drill. Prominent features in-
clude grease in the gear case, steel arma-
ture, graphite brushes, plastic trigger,
and rubber power cord. (a), (b) and (c)
were taken at average neutron xfteractlon
densities of 5, 10, and 60 mm respect-
ively. (d) contains approximately 40 in-
teractions/mm<. The experimental MTF's
of Fig. 4 apply to these radiographs.

Some preliminary work has also been done on
digital storage and manipulation of chamber data. For
this work we had available only a 4096-channel pulse-
height analyzer with capabilities for two-dimensional
analysis. Digital neutron-image data were obtained
in a 128 X 128 matrix by biasing the time-to-height
signals and collecting the data in four single-quadrant
runs. This type of data collection, while neither ef-
ficient nor practical for actual operation, served to
demonstrate the capability of the wire chamber sys-
tem for such digital imaging applications. An ad-
vantage of this type of image storage lies in the abil-
ity to normalize out local variations in the beam in-
tensity or the detector sensitivity. This is achieved
by storing the system response to the beam alone and
performing channel-by-channel division on the image

0

Fig. 7.

matrix. Areas of the image matrix which corres-
pond to constant beam attenuation then contain approx-
imately the same number (although the image statis-
tics can vary). Digital images taken in this manner
are shown in Fig. 6.

Another example of digital imaging using
pulse-height-analyzer-stored data is shown in Fig. 7.

Fig. 6. Radiographs of drill collected as image
matrices with PHA. Each matrix element
corresponds to an image area approximate-
ly 2 mm square. After normalizing the
unattenuated background to 1.0 as described
in text, all image data lies between 0 and
1.0. In (a), 32 gray shades were evenly
distributed between 0 and 1.0. In (b), 32
shades were distributed between 0.1 and
0.9 and data lying outside this range was
imaged as black.
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a) Photograph of test object.
steel nut is 1-1/8 in.

b)

neutron converter. The image was
stored as a 64 X 64 matrix in a 4096-
channel analyzer. Readout was ac-
complished by incrementing the contour
level between 64 successive core scans
so the intensity of the dot representing
a channel is proportional to the numeri-
cal contents of the channel.

Same as (b) except the contour level was
held at a constant value in order to image
the steel nut more clearly.
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This was simply a pattern made from two-in. thick
pieces of polyethylene and a steel nut. This pattern
was detected and imaged using the Pu-Be source. By
adjusting contour thresholds as the core is scanned
during CRT display, various features of the pattern
can be intensified.

Digital images of various thicknesses of lucite
were obtained to measure the effective thermal and
epicadmium attenuation characteristics of this mate-
rial for the reactor neutron spectrum. The results
of these measurements together with results from a
Pu-Be source, with the chamber used as a fast-
neutron detector, are shown in Fig. 8. For such
quantitative measurements we correct for any non-
uniformity in the beam or in the chamber response by
using the method previously mentioned in connection
with an image matrix. In all three cases the results
could be fitted with a single exponential function of
the form,

«

v = ce*/* +(1-C) .

which allows for a constant background. The values
of X for thermal, epicadmium and fast (Pu-Be)
neutrons were found to be 0.30 cm, 0.81 cm, and

5.8 cm respectively, in good agreement with expected
collision-mean-free-path values for the average-ener-
gy neutron in each spectrum.
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Fig. 8. Lucite attenuation data for thermal, epicad-
mium, and fast neutron energy spectra.
The curves are legst-squares fits of the

function y = Ce™*/* + (1-C).

Figure 9 shows the results of imaging a test
pattern where the standard error in counting statistics
per resolution area was approximately equal to the
test-pattern attenuation. The test pattern was made
from 50 pm Mylar giving a measured mean reduction
in beam intensity of 2.5%. The standard error in
counting statistics per resolution area was +3%. For
Fig. 9c and d, at the cost of spatial resolution, the
statistics were improved by averaging matrix elements
in groups of four.

Discussion
The performance characteristics of the chamber

are in excellent agreement with calculations, with the
single exception of the low thermal-neutron detection

Fig. 9. a) A photograph of the test object -0.002-in. -
thick Mylar letters on a 0.046-in. -thick
aluminum backing.

b) Image produced by normalizing unat-

tenuated intensity to 1.0 and uniformely

distributing 32 gray shades between

0.945 and 1.030.

Matrix elements were averaged in groups

of four and those lying below 0.980 were

imaged as white.

A normal distribution (centered at 0.970

with a ¢ of 0.015) was divided into

equal-area segments which are shown in

32 shades of gray, with the lightest

shade at the center of the distribution.
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efficiency (about half that expected). Considering the
data in Table 1 it is quite unlikely to be a detection
threshold effect. Two possible sources of this dis-
crepancy are a shorter ao-particle range’ in boron
than that used in our calculation and losses due to
small coating irregularities. Efficiency loss factors
on the order of 30% due to this latter effect have been
reported.

While fast-neutron detection efficiencies are
rather low at present, they might be improved by the
application of layered honeycomb converters similar
to those recently developed for increasing y detection
efficiency. By substituting a hydrogenous material
for the lead, the effective area for recoil proton
emission can be increased.

For biological applications, or for radiation
safety, neutron dose is an important consideration.
At the present efficiencies achieved for thermal neu-
tron imaging, the neutron radiation dose at the detector
is already quite small. For example, for the drill
pictures in Fig. 5 the dose ranged from 20 prem to
240 prem. The fast-neutron image (Fig. 7) corres-
ponds tozan average detected neutron density of about
17 mm ™" and a detection efficiency of 0.03% (this re-
duced efficiency being due to a low high-energy thres-
hold setting made to improve resolution). For these
conditions the fast neutron dose was about 250 mrem.
The statistical precision of this image was, however,
not warranted by either contrast differences or spatial
resolution and a comparable quality image could have
been obtained at lower fluence. In addition, significant
dose reduction may be achievable by improving fast-
neutron-converter efficiency.
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