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ABSTRACT

Multiwire proportibnal chambers with delay-line readouts,
Currently used for particle trajectory measurements in high-energy
physics, are being adapted for a variety of biomedical applications

including x radidgraphy, neutron radlography, and radioisotope imaging.

‘This paper describes chamber-design featUreé and gives calculated and

 measuréd efficiency and fésolutionvdata. ‘Sample rgdiographic images

taken ﬁith prototype chambers are shown.,

* Also;'Departmeht of Nuclear Engineéring, University of»California,

* Berkeley.

T Also,'Department of Radiology, University of Ca;ifbrnia,'san Francisco.



1. Introduction i

Multiwire proportional chambers (MWPC) with the ability to detect
ionizing radiations as well as to record the.positionrwhere the ionizing
particles strike the chamber are a modern development based upon the
properties of the old proportional countersl)

In physics applications, these chambers arevused for detecting the.
' trajectories of charged particles to accuracies of a fraction of a
millimetre ). In the applications we discuss here, where fluxes of

gamna rajs’and neutrOns are of interest, detection is accomplished by

virtue of the secondary charged.particles produced either in the gas of

the chamber orvin'solidvconverters which enclose the gas volume of the
j , : chanbers,h Where the'interactions tahe.place in the gas, as in the case
l : o = of x;ray andilow-energyigamma?ray detection, we also make.use of the

| L proportional»feature of'these chambers in order to.discrininate'against
unwanted radiations. For such purposes we use gas mixtures such as
xenon‘or'argon with a‘quenching gas53) but exclude any of the

'electronegative gases which enhance the multiplication and produce

larger Signals at the cost of energy resolution ).

In the follow1ng sections we discuss the basic construction of the
'chambers that have beenfused-and are proposed for use in biomedical
applications. The digitiZing method in all of these cases employs
é‘:' | | o v ”_electromagnetic delay-line readoutS) The medical applications we
discuss'coyer the use of'these chamberscfor conventional x-ray and i
neutron imaging as well_as isotope eamera'applications in nuclear

medicine, where various-energy»gamma?ray-emitting]isotope“distributions,




oo
in body organs are studied. Other possible biophysics applicatiohs
inelude diffraction-pattern imaging in x-ray crystallographic studies
of complex organic crystals, where the intensity distributions are

difficult to measure by conventional means, and radioisotope chromato-

graphy.

- 2. Basic-Chamber Construction,vDigitized Readout, and Display
| Tn all of these applications we use a simiiar chamber construction.
This baSié‘chamber is shown schematically in fig. 1. It consists of
three gfids of parallél wires enclosed in a gas-tight envelope. The
spacing betWeén'grids varies from 3 - lO.millimetres, and that betweeﬁ
wires varieS'from 1 -.3 millimetres, depending on the size of the
chamber and tﬁé spatial'resolutiqn required. The center-grid, on which
the avaianché multiplic'a’tior_l océufs, consists of gbld-piatéd tungsten
wires typicall& 15 - 25 microns in diameter; this grid is held at a
high:positife.potentiél réiétiﬁe tovthé.two oﬁtside 6nes; which are
usually held at'groﬁﬁd pqténtiai{ ‘The Wirés-of'the central grid are
éonnectédito a common bus bar and pulse-height information can be
'obtaingd from it; |
The two éuter grids which aré used to obtain the spatial infor- -
mationvconsist of larger diameter.wires; typically SO_ﬁicrons or
larger. in order to proVidé a rectilinear system bf coordinaﬁes these
two gridé have their wire axés muiually orthogonal.
- Theicoordinaﬁes of an.ionizihg event are determined by the use of
 electromagnéfic‘delay iines éapacitatively coupled to each of the

'orthogonal planes of ground-grid wires. ‘In these grids'we make use

e,
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ofbthe prompt,vpositivé signals induced on themvby the avalanche
process after the electrons have been éollécfed on the dentral grid
‘wiresg);. In order‘to enable the induced signéls on the ground plane
wires to producé a Volﬁage'signal of the right shape, ﬁhese ground grid
Vires are decqupled frbm ééch other and ground through 200 ki isolating
résistofé; The cohstfuctionland characteristics of.the delay lines
have beén aescribed in detailvelséwheres). Fig. 2 shows the construction
of a delay line andvthe.pulse-éhape characteristics bf a signal coupling
into and out of the line. |

A signal that indicates:thé occurrence of an ionizing event is
obtained from the'centrél plane thrbugh an RC network‘with a time
constént of 500 nsec. This signal is processed by the technique bf
differentiation‘and zerbfcrossing, and is used to start two time-to-
height converters. .Similarly.proceééed signals thained.from each
delay linebarevuséd to‘stbp the éonvertefs, onevfrom the k-coordinate
line.and‘ohe from the yéqdordindté line.

Ahalog imége recbnstruction and diSplay is déne by using the
outputs from the timefté-height converters to drive the x-y deflection
plates of a:CRT, while'simglfaneously az unblank signal is applied,
as shown in fig. 3a. ’The resultant péftern'of dots may then be |
photographed with‘a Polaroid.camera.' Both Tektronix 536 and 602
oscilloécopes have been used for this type of image display. Rates up
to lOSvevents/sec.haﬁe been,reéorded when'é piie-ﬁp rejéctqr cifcuit
wéévuéed to eliminate ﬁulﬁiple evénts-oécﬁrring within the delay lines’

deiay interval and the dead timé of the electronics. Thils rate is
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presently limited by.the'recording electronics. The chambers and the
delay lines themselves have a dead time of less than 1 psec. |

: An alternative 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 MHz scalers, and then stéré the coordinates of

each event on magnetic tape, disc, or random-access core.

3. ' Special Chambers for Biomedical Applications

(a) X-radicgxaphy

 "Fdf the detection anduimaging'of.x;rays, xenon is used as the
principél constituent of the proportional gés. Used in this manner,
. : S
theéé chambers'offer the capability of fecofdiné.largé-area images with
very highiefficiency. Although the ultimate fesolution of these
_éhaﬁbers is inferior to ﬁhét 6f.fi1m, fhé comparison of picture.quality
,‘is n6tvt6§'unfav6rabie;‘since.factors other than film resolution
fréQﬁently limit the‘peffdfmanqe of ﬁére.cbnventional x?rayvsystemé
(i,é:,:fbcal—sﬁdt'size, geometry,:émall-angle scattering, Subject:move—
men#,'etc.), Since the chambérs operate in the préportional mode , fhey
'valsq'yieid'thé éﬁefgy of thevdetectéd photon with specfral‘discrimif
.-ﬁatibﬁ Qn»ﬁhe'qrder 6f'15%vFWHM. Thus; they can be used fof the
.imaging of éharaéteristic ra&iétion,‘or to éelect a narrow.band of
x4rayfenergie$ frbm}the widefrange_outpht of a.standérd tube. This
permits obtimizatipn dfvenérgy; and therefore contrast, for the study
Of.intéfést. _Fig; h'éhéws'energy sﬁectra obtained with various sources.
X;£ay imégingrétudiés‘were jérformed6) with a 20 X 20 cm® chamber,

with the multiplication plane made of 20 um wires with a pitch of
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16 wires/inch, at 45° to the oxits'ide.planeso By'using the volume
beﬁween fhese‘oﬁtside plénes and.thé wihdoﬁs as drift regibné, we
achiéﬁed a totai xénon.mass of 2.21 X lO-_2 g/cut.
| The chaﬁber efficieﬁcj and éénsitivityv(in events per cmg for
1 roentgen) were,éalculatedwand are shown in fig. 5. Measurements to
corroborafe these galculatiohs wére performed at 22 keV and 60 keV.
Ve détermihéd'fhé modulation transfer.funcﬁion (MTF) of the
chamber along the x and y'directioné by récérdingbthe dafa from three
resolution-grid patterns éonsiéﬁing of lead slats 4, 2, and 1 mm wide

spaced by h; 2, and 1 mm-distances respectively. The>objeCt contrast

'is‘takén_fo be 100%, so the value of the MTF is determined from the
measuréd image contrast. For these tests we used a 22 keV lO9Cd source

3 mm in diameter placed 12 cm sbove the grid pattern, which was

located on the face of the chamber. The MIF fitted to the data points
andvcoprected forvsouréé'sizévisv$hown_in fig.'é. Figs. T and 8 show
pidturés:Obtained-ﬁith ﬁhisvchambe?vby using 5.9 keV énd 22 keV sources
respectively; The deli?ergd radiétioh doses for thesé pictureé are

L 2

quite small; HoWever, they represent 2 to'5 X 10" events-cm

chrespondith‘at the present maximum data collection rate of the

 syétemj(~lO5 sec'l), to' exposure times on the ordér of 1/k - 1/2 sec-cm™2

of image.

Thereque, the systém as now_reaiized would'be useful chiéfly'for

is?ecialized“applications where either the subject of interest can be
'_imMObilizedior where résélutidn"is:not-of'péramount importance but

- dosage is. ’Prqlonged mediCal fluoroscdpy; présently requiring large
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radiation doses, is an obvious potential applicétion, particularly if
the data collection rate were increased beyond the limit presently
imposed.dnly byvthg imaging electronics.

(b) Neutron radiography

The bésic system is mddified for neutron imaging by coating the
ingide surfaces of the chamber windows with material that converts
neutroné to charged particles; Thérmal and epithermal sensitivity.may
be achieved»with a.lOB éoafing and faSt-neﬁtron'sensitivity with a
‘pdlyethelene'éoating. Becausé of the chamber's proportionai'response,
the heavy charged particles produced in these coﬁverting materials are
easiiy dis@inguished from gamma'and X~-ray background.

The fespbnée of an argon-fiiied Chamber_with a loB converter to'a
narrow beam of néutrons is illustrated in fig. 9. The figure shows the
ldéi of track endings;in the éhémber, of & particles originating in

~each of 25 eqﬁal—thickness'layers of the converter. In a beam of

10B “that 1s one Q-particle-range thick

0.0QSveV héﬁfrbns, a layer of :
(5 uﬁ) absérbs‘aboutZQO%,bf the incident beam and has an intrinsic
éffigiency of 5% for yielding d particles that reach the chamber gas.
The.numbers that a?peaf on alternate curves in fig. 9 give the percent
of this yield contributed by & particles sfopping on the curve. The
effigiency agd'resolution of vafioﬁs B-screen systems may be analyzed
;By meéns of'this set of curves. For example, reducing the B thickness
removés the confrib@tion'from the innefmost curves, and oVercdating
the'B with non-cdnverting material such as Al removes the contribution

. from the outermost curves. The effect of energy discrimination is
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illustrated by the two circular segments. They are curves of constant
energy and correspond to Q-energy depositions of 0.1 and 1.0 MeV
respectively. Varying the chamber thicknessfhas the effect of
flattening iongitﬁdihally allbéurves corresponding to an & range
gfeater than the chamber thickness. Sample analyses of converter
screen performance have been described in detail élsewhereT).

The performahce of a small.natu¥al—boron-lined prototype chamber,
3 X 4 em sensitive_area, has beén‘testéd for.thermal4negtron iméging.
With 2 mm wire spacihg and a'éingle neutron-Convérfing surface we have
achieved 0.5% detection efficiency'and 2'mm'lO-9C% resolﬁtion of a Cd
knife vedge or a Lucite step. v

An example of.image quality and information content is shown in
fig. 10. 'This prototype chamber‘haslalso been used to obtain’quanti-
tatiﬁe measufeﬁenté of Lucite-stép thicknesses. As With ény electronic
counter the precisién of suéhvmeasurements:is liﬁited only by counting.
sta£istics and background. | |

The modulation transfer function of the chamber was measured by

using periodic arrays of cadmium strips glued to a thin Al backing.

An MTF calculated from the data of fig. 11 is compared with the

measured points. The predicted sigﬁ of the contrasf ratio at the
5 em™t point has been confirmed experimentally.
-f EXtrapdlating the measured éfficiency of this single.screen

natural-bordn chamber to dne with twd optimum-thickness converting

surfaces of loB fbr'slow‘neutrons and a single surface of CH2 fér'fast

neutrons.(since for n-p sCattefing oﬁly an upétreamssurfaéevwould~yieldv
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protons to the chamber gas),.welmay predict the following efficiency

characteristics.

Approximate neutron dose at

Neutron =~ = Efficiency chamber for a 1 n-mm~2 image
spectrum (%) (n - cmfz) (mreq)
Thermal 7 1.h x 107 1.5 x 1073
1ev 1.2 ~ 8.0x10° . 8.0x1073
CFission | 0.1 1.0 X 10° 3.4
b 2.2

WMy 0.3 3.2 x 10

_:A'QSfx és'ém, fwo;éﬁrface, 10g chéﬁber with 1 mmuwire.spacing is
hnder COnStruétion. .ihe cbnverterQCOVered chamﬁer windows'afe easily
: iﬁfefcﬁéﬁge&blé ahd‘willlﬁermit'testihg'of'a fasféneutron converter
aso,

Althéugh'CQnsideréble reééarch has beén'dpne over thejpééﬁ_several
yééfé’£b investiga£e‘di@éﬁostié'épplicgtibhsvfor neutron radiograbhy8),
wé éfe:ﬁot familigf wifhvéhy in vivé-clihical usage. Récentl&,'howeyer,
neﬁtrbnifddiograﬁhy has beén succeszully,employed to determine the
adequACy:of bone margihé:iﬁ‘a surgically removed tumorcus jaw bone?).
..A.high-efficiency.imaéing_sysfemvaé'described above with fhe capabi-
lities for digital ppoce§sinév50uldvpermit quantitative in vitro

»diagnosticé; as;Well as extend’the rangé of in'vivo'experimehtation.

(¢) Radioisotope imaging
In fhis application the dévice is used to image the spatial
distribution,of»aﬁ interﬁally administered 7?emitting radioisotope{

For this purpose a parailel—holevcollimator is used to limit the

-



'images obtained With MWPC and a conventional sc1ntillation camera

photons reaching the MW?C to those which travel in a direction nearly
Perbehdicular to'it.v Three collimators”have been used: a Nuclear-
Chicago High Resolution Low Energy collimator with a useful area of

27 X 27 e (NCl);.a Nuclear-Chicago High Sensitiﬁity Low Energy colli-
mator:with the sameJarea (NCE);vand'a low-energy collimator assembled
fromvE,SH cm lengths of’O.b238-cm o.d., 0.0l5-cm wall, steel tubing,
in & hexagonal close;packed configuration, with an area of 10 x 12 em®
(STC) These collimators have a resolution of approx1mately 2 mm at
the surface. - :

The MWPC used herelo) had an active area of 30 5 X 30 5 cm2, a

center wire grid with a pitch of 12 Wires per inch, and‘was xenon filled

-2 -2

- with an effective mass of 2.21 X 10™ gm-cm - of xenon. Its efficiency

was the same as that shown in fig}'S.

Fig. 12 shows transmissiOn images of various bar patternslobtained.
With 22 keV and 60 keV photons._ As the energy increases, “the resolution,
which approaches l mm at 22 keV‘ degrades to about 2 m at 60 keV This
degradation is due to the range of the photoelectrons and can be reduced'
or eliminated by operating the chamber at higher- than-atmospheric -
pressure. The figure also shows the effect of LMClte absorbers-—
interposed between the chamber and the bar pattern--on the imaging
properties of 60 keV photons.. In fig. 13 we show a comparison between
.

The xenon—filled MWPC affords a very effiCient low-cost method for
imaging “the - distributions of internally administered radiOisotopes that

emit photons in the energy region below lOO keV. RadiOisotopes used in
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nuclear medicine that can be imaged with this system are 125I, l97Hg,
195Au, 133XeL and, as availability increases, 1231. The most commonly
used radioisotope, 99Tc, can be imaged but with lower efficiency and

poorer resolution than with a scintillation camers.

(d) External excitation laminographic imaging s .

This is a modification of ordinary radioisotope imaging; it will
permit'laﬁinbgraphic display of the thyroid without administration of
radiophafmaceuticals to the patient.. An external, collimated, line
soﬁrcé of x- or y—fays is used to excite the X x-ray lines of natural
iodine in a patient's thyrqid in such avway that excitation is limited
to well-defined planes ?arallel to the plane of'thevimaging.chamber
(fig. 14).

The preéeht irradiation-system déSignlz) employs a symmetrical'
arrangement of two line sources of 2hlppy (fig. 15). Its general
availability and long lifetime-—tbgether'with the uniformity of irra-
diation from its 60 keV 7-ray.invthis'symmetric arrangément--make 2l*lAm
an ideal choice for the excitétion source. The detector is a xenon-
filléd chamber of afea 11 x 13 em®. TIts detection efficiency is 18%
for the 28.6 keV Ko x.rgy From iod:l_nev.

Normaliy-incident x-rays are selected with a high-resolution
parallel—holg'collimator. The collimator has an area of 10 X 12 cm2
and.allows for a geometric resolution of 0.3 and 0.5 cm fof objects on .
the collimator surface:and 2.5 cm away respectively.

Radiation exposures (limited to the excited area) will be on the .

order of 1 rad/min, with a sensitivity of about 700 counts-cm'3—rad'l.
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These rates will make possible the acquisition of high-quality lamino-
graphs in a few minutes.

(e) Positron imaging

The lead collimator necessary for single-gamma-ray imaging systems
is by far the most inefficient, expénsive, and cumbersome element in
the éystem. The ensuing resolution--as discussed above--of the whole
systemvis in éeneral limited by the collimator characteristics.

In order to avoid the use of collimators, radioisotope scanning
- and imaging have been done by using a p@siﬁron emittér-as.the~iabelling
radioactive‘elementl3). The subseQuent annihilation of the positron
into two back-to-back’O.Sll MeV y-rays can pfovide the spétial-
distribution information on the tracer maﬁerial if these y-rays are
detected in coincidence in two separate detectors placed on either
side of the sdﬁfce'distribution. This allows one to determine a line
“on which the emitter ‘is located; by accumulation of a statistically
meaningful numbér of these lines, the positron éource distribution cén
be mapped.

Large-érea devices~-such as wire chambers--are well suited to this
applicétion,‘in spite of their low (1-2%) detection efficiency for
O.Sl MeV y-rays. Sdme initial work on a positron camera using'wire
spark chambers hés been donelu), and we plan to continue this work by
using the MWPC.

In this work we propose to use two»MWPC?s of dimensions 50 X 50 cm.
The'y conversion is done on two cdrrugated‘lead-plate converters which

will give a tota; detection efficiency of 1% for each chamber. For the
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coincidence-resolving time:of the ohambers-(50 nsec) and allowing a
maximm of 10% accidental coincidences, we estimate thatlne can use
source strengths on the order of 1 millicurie, nhich will give approxi-
. mateiy 5000 ooﬁntS/sec when the chambers are spaced at SOJCm.

v Altnough'such a SOurce strength is quite.high for‘general medical
imaglng, it is sultable for use with C (g*, Tl/2 = 20.5 min) and
15O (B > Tl/2 = 2 1 min),’whlch are blologlcally very interesting o
“elements and- do not have any other suitable isotopes for.imaging

puUrposes. |

(£) X-ray crystaliography detectors
Anotner application"of MWPC's on whicn we are working is tne use

of'alchamberiof this type as a detector for x-ray crystallography. In
organio cfystais of a complicated nature, the'intensities of - the
difffaotion spots are mapped;out carefully‘by_usdng a number of modifi-
,cations'of the crystai in order to Uniavel the crystal structure.
.Since.these crysta;s are often very'fragile and deteriorate rapidly .

| ﬁhile exposed to the primary x-ray’beam (usually the 8 keV Kd‘line of‘
‘_copper), it is obvious that a device that can map in parallel the
intensity of a. large number of the dlffractlon spots will present many

advantages over the standard mov1ngAdetector arrangements.

ke Conclusions-

| 'Prototype demonstrations have been made of radiographio imaging
capabilities of'multiwire prOportional chambers with delay-line readouts.
.Forvlow-energy radioisotope inaging they offer a sensitive,rhigh-

resolution, low-cost alternative to -the y-ray camera, They can produce -
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moderate resolution xeradiographs at.extremely low incident dosages
and, invconjunction with a conversion‘Screen, may beiadapted for
similar resolution,vhighfefficiency, neutron radiographic imsging.
Presently the main limitations on spatial resolution are due to

~wire spacing and track length. This resolution should be improvable
by reducing wire‘spacing and by reducing effective track length. The
latter may be accomplished by reducing grid spacing (1 e., the thickness
of the sensitive region) and/or by pressurizing the chambers. In the -
Xe-filled chamber, efficiency would increase also,in direct proportion
to pressurination. InaSmnch“as-the'time resolution‘of the chamber and
delay line system is'onbthe order of 1 usec;-an'order-of-magnitude
'1mprovement of the present deta handling rate ~105/sec) should be

'.readily achievable.
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Figure Captions

Schematlc diagram of basic chamber (a) as v1ewed normally
and (b) in a sectional s1de view. The multlpllcatlon wires

are oriented at U45° with réspect'to the ground-plane wires.

Electromegnetic delay line showing (a).a'3eview'engineering
drawing of the assembled line and (b) sketches of typical

inputéoutput wave'fofms.

ElectronicS"block diagrams for’(a)’an‘analog_system with

' scope display and (b) a digital system with storage .
' capability.‘ |

-'Energy spectra ‘obtained with the MWPC. (a) lo9Cd (b) 21*lAm

(c) Fluorescent spectrum from & lO%’I solution. The energy

‘resolution is on the order of 17% FWHM,

Efficiency and sensitivity (in collected events per cm2 for

eoch roentéen reaching‘the detector) for a MWPC of 4 cm
thickness, filled with a 90% Xe - 10% Co, gas mixture at

atmospherlc pressure.

. MTF for 22 keV x-rays.v The -data points . show.the
]measured contrast ratios for the centerpoints of the test
. patterns._ The dashed curve is the calculated fit to these
‘t points, and the solid curve is the corresponding modulatlon
‘transfer function. (The sign of the O 5 mm™+ datum p01nt is

.'inferred from the fit )




Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Fig, 11.

Fig. 12,
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X-ray transmission pictures of philodendron leaves taken

with a 0.03 mR exposure at 5.9 keV.

X-ray transmission pictures taken with exposures of:
(a) 0.015 mR, (b) 0.030 mR, (c¢) 0.045 mR, and (4) 0.038 mR

at 22 keV.

Locus plot showing O-particle track endings for 1.5 MeV

O particles originating at various depths in the converter.

Electronic images of 5/8-in. stencil letters cut in a 20-mil
Cd sheet. Images (b), (c), and (d) were all taken with the
same oscilloscope-intensity setting. Image (a) was taken

at a lower scope intensity. The horizontal lines are images
of the anode wires and are characteristic of magnified

images from these chambers (ref. 2).

Experimental and calculated contrast ratios vs. spatial
frequency, modulation transfer functions (MTF). The experi-

mental C-energy discrimination parameters were estimated to

" be 0.35 MeV (LLD) and 0.65 MeV (ULD). These are the values

used in the comparison calculation.

(a) L mm, (b) 2 mm, and (c) 4 mm bar patterns imaged with

22 keV photons; (d) 2 mm, (e) 4 mm, and (£) 10 mm bar

patterns imaged with 60 keV photons. Effect of Lucite
absorbers interposed between the MWPC and the bar pattern on
the imaging with 60 keV photons are shown for (g) none,

(h) 2.54 cm, and (i) 5.08 cm of Tucite.



FPig. 13.

Fig. 1k.

Fig. 15.
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. . 125 .
Rat labelled with 300 uCi of I. MWPC images are - shown
with (a) 4000 counts, (b) 20 GO0 counts, and (c) 80 000
counts. Scintillation camera image with 100 000 counts is
shown in (d). This picture was taken a day later and shows

radioiodine labelling of the thyroid gland. All pictures * .

were obtained with the NC 1 collimator.

Schematic diagram comparing laminographic imaging with more
conventional radioisotope imaging. In (a) radiation is
emitted from the entire organ, whereas in (b) only that ,
plane illuminated by the source emité fluorescence X-rays.

Schematic of the excitation camera system. The 60 keV

y-rays from the two collimated EulAm line sources excite

the characteristic x~rays of natural iodine in the thyroid.

The single-channel analyzer permits display only of those

photons within the energy band corrésponding to the 28.6 keV

iodine K, x-ray.
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Fig. 8
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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