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ABSTRACT

In this paper we review various applications of Multiwire Proportional
Chambera (MWPC) to problems in Medical Imaging of X-Rays and y-rays, tech-
nical Neutron Radiography, X-Ray Cryatallography and X-Ray Astronomy. :
Various types of drift spaces, gas £lllings and solid (Boron, Plastic,
Lead) converters Eor enhancing the detection eFFiclency of the MWIC to
gamma and neutron redlations are discussed,
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INTRODUCTION

Multi-wire proportional chambers (MWPC) were developed at CERN (1)
starting in 1968 as position sensiiive detectors for particle physics
research as successors to the Spark Chamber detectors which had been in
uge for the previous 10 years. Since all of these gas filled devices are
capable of detecting low emergy y rays and Thermsl neutrons when filled
with the appropriate gases, Xenon and JHe respectively, their potential
use in gamma and neutron imaging was soon recognized. Spark Chamber
cameras for Nuclear Medicine were developed at Saclay(2) at Michigan (3)
and by our group at Berkeley(4). The two main limitations of Spark
Chamber y imaging cameras were the low detection efficiency for y ray
energies normally used in Nuclear Medicine (60~360keV) and the event
rate which is limited to less than 103 events/sec by the recovery time
of the chamber. Since MWPC are capable of event rates which are
limited primarily by the capacity of the readout electronics and which
can readily be in excess of 105 events/sec as well as being inherently
simpler in their operation, it is not surprising that they have superseded
Spark Chamber in these imaging applications.

Another approach to vy imaging using the ionization mechanism 1s to
uge liquid Xenon as the detection medium, Research into liquid Xenon
MWPC is underway at Berkeley(5) and at Saclay(6). At this point useful
imaging devices uszing liquid Xenon have not yet been constructed due to
the technical difficultiea in maintaining the extremely high pux‘lcy of
the Xenon needed for eatiafactory oparation with reamonable (>103)
avalanche gain.

The non physics uses of MWPC that we will discuss below in Technical,
Medical and Biophyaice investigations, involve the iwaging applications
of vy rays ranging in energy from 8-500keV and Neutrons from thermal
energies up to a few MeV(7), Since both of these are uncharged and
their detection is accompllished by a secondary charged particle produced
either in the gas volume of the detector or from suitable avlid converters,
good efficiency is obtained only if both the X and Y coordinates of an
event are determined from a single avalanche process within a MWEC.

With suitgble chamber construction these coordinates can be read out
electronically by the Delay line method (8), the Pulse Rise time method
(9) or by various forms of the Pulse division, Pulse center of gravity
methods (10).

The Drift Chamber principle which is now in use in various physics
applications (11,12), is not suitable for these techuical and Biomedical
spplications since in general the determination of the X,Y coordinates
of the charged particle require timing measurements on two or more
avalanches. However, as seen below, the electron drift mechanism is
used in many of the medical and biophysical applications to displace



the electrons from one region of the chamber where they are produced to
another one where an avalanche ig formed and its coordinates read out by
any of the methods mentioned previously. The coordinates of the
ionizing event - where the y ray or neutron interacted within the chamber
- can be subsequently determined by suitable analogue or digital
electronics from the known configuration of electric fields within the
chamber. From the various Technical and Biomedical applicatfons in which
MWPC have been applied we will discuss the following:

(a) Radiography - X-rays

(b) Radiography - Thermal Neutrons

(¢) Nuclear Medicine Imaging ~ Single Yy rays

(d) Nuclear Medicine Imaging - Annihilation vy from Positrons

(e) X-ray Crystallography

(f) X-ray Astronomy

IXI. Basic Chamber Construction, Digitized Readout and Bisplay

In all of these applications, there will be some differences in the

chamber construction depending on whether the ionizing event occurs im
" the chamber gas or in some golid converter. The readout section of the
chamber 1s fairly similar and is shown schematically in Fig. 1. It
consists of three grids of parallel wiresg: the spacing between grids
varies from 3-10 m.m. and that between the anode wires varies from

1-5 a.m. depending on the size of the chamber and the spatial resolution
required.’

The center grid on which the avalanche multiplication occurs,
consists of gold plated tunmgsten or Stainless Steel wires typically 12-25
wicrons in diameter. This grid is held at a high positive potential
relative to the two outside ones. Inm order to increase the sensitive
region of the chamber for y or neutron detection, drift regions on one
or both sldes of the cathode planes are often provided with suitable
electric fields. In Fig. 2 we show examples of such drift repions. The
simplest (Fig. 2a) is a parallel drift space between the cathode plane
ana the outer meial wallan of the chambher container (13,14). Fig. 2b
shows a drift epace suftahle for use with a pinhole collimator (15) and
Fig. 2c shows a spherical - planar drift space for use in X-ray
crystallography where the detected radfation originates from a point-
1like source (16). The X,Y cvordinates of on ionizing event can he
determined from any two grids of the MWPC, F¥For simpliclty, in the
chamber configuratioi shown 1n Fig, 2y and using & delay line readout,
the chamber could he used with all the wirea of the central grid
connected to a common bus bar from which pulse height information would
be obtained. The two outer grids typically consisting of 50-200 micron
diameter wires would form an orthogonal X,Y system.

In these grids we make use of the prompt, positive signals induced
on them by the avalanche process after the electrons have beer collected
on the central grid wires. In ocder to enable the induced signals on
the ground plane wires to produce a voltage signal of the right shape
for delay line readout these ground grid wires are decoupled from each
other and ground through 200 kQ isolating resistors. The construction
and characteristics of the delay lines have been dascribed in detail
alaevhere(8), .
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A aignal that indicates the occurrence of an ionizing event is
obtained from the central plane through an RC network with a time
constant of 500 nsec. This signal is processed by the technique of
differentiation and zero-crossing, and is used to start two time-to-
height converters., Simlilarly processed signals obtained from each
delay line are used to stop the converters, one from the x-coordinate
line and one from the y-coordinate line.

Analog image reconstruction and display is done by using the outputs
from the time-to-height converters to drive the x-y deflection plates of
a CRT, while simultaneously a z unblank signal is applied, as shown in
Fig. 3a. The resultant pattern.of dots may then be photographed from
the CRT screen. Rates up to 10 events/sec have been recorded when a
pile-up rejector circuit was used to eliminate multiple events occurring
within the delay lines' delay inrerval and the dead time of the
electronics. This rate is presently limited by the recording electronics.
The chambers and the delay line themselves have a dead time of less than
1 psec.

An alterative method of recording the images (shown schematically
in Fig. 3b) is to digitize the time-delay signals from the chamber by
use of a clock and 200-400 MHz scalers, and then store the coordinates
of esach event on magnetic tape, disc, or random-access core.

IIT. Special Chambers for X-ray and Neutron Radiography
{a) X-radiography

For the detection znd imaging of x-rays, xenon is used as the ,
principal constituent of the proportional gas. Although the ultimate
resolution of these chambere is inferfor to that of film, the comparison
of picture quality 1s not too unfavorable, since factors other than film
resolution frequantly limit the performance of more conveitional x-rays
aystems (i.e,, focal-gput, geometry, amall-angle scattering, subfect
movement, etc,). Since the chambers vperate in the proportional mode,
they also yield the energy of the detected photon with spectral discrimi-
natinn on the order of 15% FWHM, Thus, they can be used for the Imaging
of characteristic radiation, or to select a narrow bnnd of x-ray
energies from the wide-range output of a standard tube, This permits
optimization of energy, und therefore contrast, for the study of interest.

X-ray imaging studies were performed with a 20 x 20 em2 chanber,
with drift regions on both sides of the wire planes {See Fig. 2a) giving
a total xenon mass of 2.2 x 10~2 g/cm2, This corresponds to a total
conversion thickness of 4 cma at 1 atmospliere.

We determined the modulation transfer fumction (MIF) of the chamber
along the x and y directions by recording the data from three resolution-
grid pattems consisting of lead slats 4, 2, and 1 mm wide spaced by
4, 2, and 1 wm distances respectively. The object contrast is taken
to be 100%, so the value of the MIF is determined from the measured
image contrast, For there tesats we used a 22 keV Cd-109 source 3mm in
diameter placed 12 cm above the grid pattern, which was located on the
face of the chamber. The MIF fitted to the data points and corrected
for source size is shown in Fig. 4. Fig. 5 shows tranamission pictures




obtained with this chamber by using 22 keV sources. The delivered
radiation doses for these pictures are quite small. However, they
represent 2 to 5§ x 104 events-cm? corresponding, at the present maximum
data collection rate of the system (~105 sec~l), to exposure times on
the order of 1/4 - 1/2 sec-cm? of image. .

Therefore, the system as now realized would be useful’ chiefly for
specialized applications where either the subject of interect can be
immobilized or where resolution is not of paramount importance but
dosage is. Prolonged medical fluoroscopy, presently raguiring large
radiation doses, is an obvious potential application, pavticularly if
the data coliection rate was increased beyond the limit presently
imposed only by the imaging electronics.

(b) Neutron Radiography

The basic system is modified for neutron imaging by coating the
inside surfaces of the chamber windows with material that converts
neutrons to charged particles. Thermal and epithermal sensitivity may
be achie=d with a B-10 coating and fast-neutron sensitivity with a
polyethylene coating. Because of the chamber's proportional response,
the heavy charged particles produced in these converting materials are
easily distinguished from gamma and x~ray background.

We have calcualted that with two optimum~thickness converting
surfaces of B-10 for thermal and epithermal neutrons and a single surface
of CH2 for fast neutrons such a chamber can have the efficiency
characteristics showm in Table 1.

Table 1. Calculated neutron detection efficiency
of wire chamber

Approximate neutron dose at

Neutron Effi{ciency chamber for a 1 n-um~2 image
spectrum X n_~ cm—2) {mrem)
Thermal 7 1.4 x 103 L.5 x 10-3
1ev 1.2 - 8.0 x 103 8.0 x 10-3
Fiesion 0.1 1.0 x 105 3.4

14 MeV 0.3 3,2 x 104 2.2

The image in Fig. 6 was obtalned usinz Xenon filled (95% Xe; 5 CH4)
chanber at atmospheric pressure., This chamber had two Boron conversion
screens which are made by sprinkling finely divided 10B powder mixed
with adhesive on the inner surfaces of the flat container windows of the
chamber (17). 'The measured detection efficiency for Therumal neutrons
was 5% - somewhat lower than our calculated efficiency {Tsble 1I). Higher
efficiencies can be obtained using & pressurized He-3 filled chamber (14)
or by use of the converter techniques described below.

IV. Nuclear Medicine Imaging

(a) Single Photon Detection
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In this application Xenon filled chambers are used to image the
spatial distribution of an internally administered gamma emitting
radioisotope (18). The optics of the imaging is accomplished by usingaa
pinhole collimator placed between the object and the chamber or a
parallel hole collimator placed immediately in front of the chamber
(Fig. 6). In order to increase the detection efficiency, large drift
regions, pressurized chambers or both can be used. The pinhole focused
electric field drift arrangement shown in Fig. 2b is especially efficient
for this purpose.

In our work we have used a number of chambers with parallel drift
regions as shown in Fig. 2a, ranging in size from, 20 x 20 cms to 50 x 50
cms detection area operated at 1-4 s .mospheres. Fig.(8) shows the image
of a rabbit taken with the 44 keV y ray emitted by Dysprosium-159,
complexed to a radiopharmaceutical) which 1s preferentially absorbed in
the bones. For imaging with the 140 keV gamma from Tc~99m - a radioisotope
which 1s used extensively in Nuclear Medicine because of its convenient
half life, energy and dosage characteristics - we built a pressurized
chamber (4 atmospheres), 6cm parallel plane drift space and with a
sensitive area of 20 x 20 ems (19). Figure 9 shows the detection
efficiency as a function of gamma ray energy and Figure 10 shows pléture
of bar patterns taken with 60 keV and 140 keV gamma rays. Larger
chambers (30x30cm) to be used at 10 atmospheres pressure are under
construction. Figure 11 shows images of a Picker Thyroid Phantom filled
with Tc-99m. and of a rat skeleton and liver/spleen labeled with Tc-99m,
Polyphosphate and Sulfur-colloid respectively.

(b) Positron Annihilation Detection

Imaging of gamma rays with energies above 140 keV can be accomplished
by use of lead or other high Z converters placed near the cathode wires.
The 511 keV anuthilatlon photons Erom Positron emitters -~ detected singly
or in two coincident detectors are of great interest to Huclear Mediclue
since there are many positron emltting Isotopes of hiological interest
including the fact that the only y emitting ilsotopes of carbon, oxygen
and nitrogen that are usable are positron emitters.

Planar lead converters have low detection efficlency for 511 KeV
gamna rays (0.26%) since the effective range for the photo and compton
electrona 1s leuws than 100 mtcrons - and hence the useful detection
volume of the lead is conflned to a thin surface layer. A feasible
way to increase the detection efficiency of such lead converters is to
increase the surface area from which conversion electrons can emerge
into the sensitlve gas region of the MWPC. The technique we have
adopted (20) is to v - honeycomb shaped lead converters made of lead
layers plated on to copper clad mylar(Fig. 12), By applying suitable
voltages on to the honeycomb strips, electric fields are produced which
drift the conversion electroms into the avalanche region of the MWFPC.

A gection of such a lead converter is shown in Fig. 12b. The detection
efficiency of such a lead converter depends on the size of the celil,
the height and the probability for drifting out the electronms.

The spatial resolution of the chamber also depends on the cell aize.
Table 2 below shows our detection efficiency for converters of different
sizes (21),

.




Table 2

Converter cell surface area €cal CSexp. €exp. extraction
- g efficiency

cross sket. area. plane

Pb(511 keV gamme) AgfAg 4 4

Piane converter 1 0.26 0.26 1.0 1.00

Smmc3moe x 12mm 16 4,16 3.20 12.3 0.76

2.2mm x 2.20m x 12um 22 5.72 4,20 16.2 0.73

2mm x 2mm x 4om 8 2.08 1.55 5.4 0.74

Neutron converter

Polwvethylene

( Pu238. Be neutron fission spectrum)

Plane converter 1 0.11 0.11 1.¢ 1.00

3.6mm Dia.x 12m 8 0.18 0.15 1.4 0.83

Alternative approaches to this conversion efficfency were done by
the CERN group (22) who drifted the electrons out of a close packed array
of lead glass tubes and from a stack of lead and plostic layers with holes
of 1-2m.m. aize atchad into them as shown in Fig. 13, and who ohtained
a comparable efficiency ta onr 2.2m.m. honey comb converters.

A positron camera cousiating of two detector boxes 48 x 48cm area,
50cm apacing between boxen with MWPC and honeycomb lead converters has
been built at LBL and ia now in experimental clinicel use at the Nuclear
Medicine Lab of U.C. San Francisco (23). As shown schematically in Fig.
14 imaging with the two S1i keV annihilation y rays is accomplished by
detecting them in time coincidence with a remolving time of 300 nanosec.
Thie long resolving time is due to the time spread which hae to be
alloved for in the drifting of electrona originating from different depths
within the converter. In order to minimize this time spread we used e
gas filling 70Z Ar. - 30X Chg which has a maximum drift velocity for
electeons of ilcarusec. With two houey~comb lead converters in each
detector box, cell size 3.5n.m., height 1,2cm we measure an overall
epatial resolutiou of 6m.m. and an overall sensitivity of 700 counts/
ainfu curie of positron anltting objecte located in the center of the
camera. This very high imaging efficleucy .is one of the main advantages
of this camera since no collimators are used, Fig. 14b shows images of
Cu-64 wire loops in the mid plene of the camera, Fig. 15 skows an image
of a dog labeled with F-18, a positron enitter which is a bone seeking



chemical. The simple reconstruction program that we have used in
obtaining this image projects the lines joining the coordinates of eaoh
annihilation pair detected by the camera on to a series of planes within
the chject. Thus structures of the object lying on any given plane will
appear to be in focus on it; the contribution of the rest of the object

is blurred background. More pnwerful reconstruction methods which provide
3 dimensional reconstruction by eliminating the blurred background are
now being developed for future clinical use.

V. Biophysical Applications
(a) X-ray Crvstallography

In organic crystals of large molecular weight, measurement of the
intensities of the diffraction spots with conventional techniques
encounters difficulty due to the large number of reflections needed and
to the low diffracted intensities. Furthemore, many of these crystals
are quite fragile and deteriorate rapidly while exposed to the x-ray
bean.

Hence a large area dstector with the ability to digitize the
intensity of the diffracted spors over a large dynamic range provides
a useful complement to standard techniques for diffraction intensity
measurements.

In collaboration with the University of California, San Diego group
(24), we have built a 30 x 30cm sensftive area MWPC with a thin froat
vindow for use in x-ray crystallography using the B keV K line of copper.
The front window Ls made of Beryllium foil for low attenuation of the
incident 8 keV x-rays. The chamber is filled with a Xenon CH4; mixture
at a pressure of 1 atwosphere which is closely regulated to the ambient
external pressure by a differential manometer, This chamber has a
planar configuration nim{lar to that in Fig, {Za). There is no front
drift apace; the Reryllium window serves as the frout cathode, the
wnode plans and rear cathode plane are made of wirea with dlameters of
25 and 100 microns respectively. The Beryllium - Anode space (lcm) is
the interaction volume for 8 KeV x~rays and has an efficiency larger than
80Z. X,Y coordinats readout Ls sccomplished by two delay lines; onve
coupled to the anode plane and one to the cathode plane., Z2ivo time, when
the avalanche I8 produced, is determlued Erom the ground plane of one
delay line which I8 counected to ground through a low (<20 ohm) impedance
amplifiar.

Since in otganic crystel atructure determinations it is the intensity
distribution of the diffraction spote which has to be measured accurately,
the rasponse senaltivity of the chamber over all of ita surface area is
mapped by recording on a computer the response to an 8 keV y source
placed in the position of the crystal. Initial regults on the structure
of the protein Subtilisin have been reported elsewhare(24).

An alternative approach to x~ray crystallography has been proposed by
the CERN group. (16). Thay hava built a chamber with a sphericsl drift
space (Sea Fig. (2c) backed by a planar chwmber from which ti.. V.Y
coordinate readout is accomplished.
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(b} Chromatography and Electrophoresis with Radioisotopes

Paper Chromatography and Electrophoresis are techniques by which
organic compounds can be separated by their different spatial depositiom
on some suitable planar substrate. When labelled with radioactive
isotopes this distribution can be mapped using a MWPC with the configur-
ation shown in Fig. 2a.

For example very efficient electrophoresis separation of proteins
labeled with I-125 can be done using the Raymond apparatus (25). Eight
lcn square wells of purified thyroid binding a globulin were molded into
the bottom of the well. After electrophoresis, the gel was placed on
a chamber with a parallel hole collimator of the type used in Nucl zar
Medicine imaging. With sample activities as used normally good images
of the varlous compouents were obtained with 104 counts accumulated im
periods of 3-5 minutes.

VI. X-ray Astronomy

Very little work has been done so far im x-ray astronomy using MWPC
(26), since most of the present generation expcriments have used individwa
ual proportional counters surveying different directions in space by the
rotation of the satellite.-

The large area position sensitivity of a MWPC an be bonverted into
an angular direction determination by use of a pinhole as the photon
imaging device. Here again a compromise has to be made between angular
accuracy and detectjon efficiency for photons transmitted through the
pinhole.

An elagant method, propcsed many years ago for use with x-ray fiim
a9 the detector is to use a section of a lead Fresnel Zone plate as the
imaging device (27). The advantage of using such an imaging aperture
in place of the pinhole is that the considerably larger open area of
this aperture glves a detection afflciency correapandingly higher than
that of the plulinle by the ratio of thelr respective tvansmission areas,
The resulting distribution of dots can be decoded by appropriate Fresnel
- Fourier transformations and the orientation of the point source will be
determined. Alternative Coded Apertures using Random Pinhole arrays
have been proposed for use ln X-ray astronomy (28)., We have made a
nusber of mensurements on the Imaging capahilities of such coded apertures
using Fresnel Zone plates, Rondom and Non-Radundant pinhole arrays (29);
in thepe applications we used large area (56 x 50cm) Xenon filled MWPC
with planar drift regions., At present various groups including one at
Chicago, Propose to use some cf thecse coded apertures and MWPC
detectors in x-rey astronomy (30).

VIE. Summary and Conclusions

Multiwire proportional chambers with appropriately shaped drift
spaces are excellent detectors for imaging x-~ray, gamma ray and neutron
distributions. Their main deficiency in this respect has been the low
conversion efficiency for producing detectable secondary charged particles.
This deficiency can be minimized by the use of high pressure gas fillings
together with the various types of drift regions discussed above for
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chambers which do not have a very large sensitive area. For higher
energy radiations and larger chambers, the use of solid converters with
built in drift spaces 1is more efficient.

The applications discussed here indicate that the use of MWPC in
various other scientific and technical fields will prove to be of great

value.
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FIGURE CAPTIONS

Schematic diagram of Xenon-filled chamber (a) side view, (b)

top view showing wire planes and delay lines.

Side view of MWPC showing varlous forms of drift regions

(a) Planar drift regions between cathode planes and container
walls.

(b) Chamber with large drift space between one cathode and
pinhole collimator. A suitable electric gradient is
provided by the guard rings.

(c) Chamber with spherical conversion space coupled to a planar
wire grids for low energy x-ray detection.

Electronics block diagrams for (a) analog system with scope

display and (b) digital system with storage capabilities.

MIF for 22 KeV x~rays. The data points show the measured

contrast ratios for the centerpoints of the test patterns. The

dashed curve is the calculated fit to these points, and the
solid curve is the corresponding modulation transfer function.

(The sign of the 0.5 mm-1 datum point is inferred from the Fit.)}

X-ray transmission pictures taken with exposures of (a) 0.015 mR,

(b) 0.03 nR, (c} 0,045 aR, and (1) 0,038 mk ac 22 keV.

Neutron #enaltive wire chamber Image of an aluminum-cased electric

drill. The background pattern is produced by a Gadolinium anti-

scatter grid of 2 mm aperture, The opgque area between the
chuck and the motor s due to the grease in the gear box., The
image correaponds to 20 detected netrons/mm?.

Relation of chamber, object and collimator for imaging with

internally adminlstered radivisotopes (a) Parallel Hole Collimator

(b) Pinhole Colllmator.

Image of rabbit labelled with Dy~159 HEDTA and Dy-159 polyphos-

phate. The vertebrre of the rabbit are seen clearly.

Detection efficlency of 4 atmosphere Xenon-filled chamber versus

gamma energy. Thickness of chamber indluding drift regions is

6.4cms.

10 Transmission bar patterns taken with 4 atmosphere chamber:

(a) 10 mm, (b) 4 mm,; (c¢) 2 mm, (d) lmm -~ taken at 60 keV.
(e) 10 mm, (£f) 4 mm, (g) 2 mm,— taken at 140 keV.

11 Top image is cf Picker Thyroid Phantom filled with Te-99 solution

(400) k counts). Lower images of rat skeleton and liver/spleen
Labeled with Tc-99 polyphosphate (300 k counts) and Te-9%m
Sulfur Colloid (100 k counts).
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Tig. 12 Honeycomb lead converters for 511 keV y imaging:

(a) Side view of chambers showing relative positions of the
converters to the MWPC wire planes.

(b} Photograph of a section of lead converter.

(e) Schematic diagram of honeycomb converter showing drift fields.
Detection efficiency depends on fraction of electric lines
that drift electrons to the wire planes. .

Fig. 13 Alternative type of converters proposed by CERN group.
(a) Stack of lead glass tubes.
(b) Top view of lead-plastic stack with etched holes
Fig. 14 (a) Schematic drawing of positron camera showing object placed
between MWPC detector boxes.

(b) Photographs of Cu-64 wire sources in mid-plane of camera
showing the detail obtainable with present resolution. The
loop is l.2cm diameter and the parallel wires lcm apart.

Fig. 15 1Image of dog labeled with F-18, abbone seeking positron emitter.

The images were reconstructed at different planes within the

dog: Thus any portion of the skeleton lying oa a given plane

is shown in focus for that plane.
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