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ABSTRACT

A gas=filled proportional counter camera that images
photon emitting sources was built and tested. This camera mea=
sures and displays the impact location of individual photons in
an energy range betwe:2n 1 and 150 keV and permits pulse
shape and energy discrimination. for background reduction,
Possible fields of applications for Hits camera include nuclear
medicine, nuclear physu:s, x-ray diffieéfion, and related
areas. The signal processing of the camera is based on further
improvements and simplifications of the risetime method s ap-
plied to multiwire positicn=sensitive counters. Materials in~
side the counter were selected so that the camera can be used
over long periods of time without purification of the counter
gas.

The sensitive area of the camera is 200 x 200 mm?, and
the size of each picture element is 1 x 1 mm?; thus 40, 000 pic~
ture elements are resolved. Counfing rates of up to 20,000
photons/s do not appreciably affect the spatiai resolution. The
camera has been tested only with low energy photons (<30 kaV)
to determine the propertias and applicability of the camera;
however, by use of high pressure (>10 atm} Xe counter gas, a
useful detection efficiency (>30%) and good spatial resolution
are expected for 150-keV photons.

INTRODUCTION

A new type of photon camera was built and iested that
images low energy photens (<150 keV) with a gas~filled, position=
sensitive proporfional multiwire counter as the photon detector.
This camera has possible applications in the fields of nuclear
medicine, nuclear physies, and x-ray diffraction.

The proportional counter photon camera has several ad-
vantages for imaging low energy ghotons: the pulse shape and
enerjgy of individual detected photons are measurad to allow
pulse shape and energy discrimination for background reduction;
the electronic signul processing and image siorage permit image
enhancement and background subtraction; the dimensions of the
sensitive area of the camera can be adapted to image large sub=-
jects, since the length of the multiwire electrodes and the num=-
ber or spacing of the wires are practically unlimited; and the
counter gas mixtures and pressures can be seiected to detect a
wide range of photon energies with adequate detection effici-
ency and good spatial resolution. Obviausly, the camera can
be adapted to detect and image other types of ionizing radia=
tion, as, for example, electrons in chromatography experiments
or neutrons in neutron diffraction experiments.

This work was limited to a camera of reduced size (200 x
200 mm? semsitive area) operating at low gas pressures (<150 cm
‘Hg). It was tested only with low energy photons (<30 keV) to ,
showithe principle of operation and the ehumcfenshcs of thls !
type of camer
; Research sponsored by the U. S. Afomlc Eneargy .
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The objectives of this work were to |l|us|'m|'e the cdapt=
ability and advantages of the risetime method!s 2 in a photon
camera, to investigate the improvements and simplifications in
construction and signol processing that are possible with this
method, and to corstruct and test a camera that has the re-
quired characteristics and, in addition, permits long=term opera-
tion without purification of the counter gas.

DESCRIPTION OF CAMERA

The camera has four main parts: coilimator, gas-filled
propor’ional counter, signal processing system, and display sys-
tam (Fig. 1). The collimator, which is interposed between the
subject to be imaged and the proportional counter, transmits
only those photons that have a perpendicular frajectory with re~
spect to the multiwire planes of the proportional counter and ab=-
sorbs all other photons. The proportional counter detects a por=
tion of the transmitted photons and produces electrical output
signals proportional to the x~y coordinates and the energy of
each deiected photon. The signal processing and display sys=
tems transform the electrical signals and reproduce the image.

A detailed description of the function, dimansions, and con=
structior: of the four parls of the camera follcws.

Collimator

The channet collimator has a 120~ x 160=mm? open area,
an~l=mm chonnel diameter, and a 25~mm height. The channel
walls are 0. 1=mme=thick copper. The collimator was assembled
by stacking altemate flat and corrugated copper strips, 25 mm
wide and 120 mm long, in a 25-mm=high frame with a 120= x
160=-mm? opening.

The geometric efficiency of this collimator, i.e., the

mho of photons transmitted to photons emitted by the subject, is

~10%,  For a 100-mm spacing between the subject and the anode
plane of the multiwire counter, the spatial rosolul'lon, i.e., the
image diameter of one point of the subject, is 4 mm if all trans-
mitted photons are detected at the anode plane. However,
since part of the distunce between the subject and the anode .
plane is in the counter gas, the effective distance between the
points of photorl emission and detéction is reduced; and, there-
fore, the overall spuhul resolution of the camera, when used
with this collimtor, is ~2 mm for a subjent 100 mm above the
anode plane. In this case, the colllmator limits the resolution
of the camera.

Pmportionul Counter

The poslhon-sensihve proporfionol counter is housed in
a JIOO-mm-diameter cylinder, which contains the counter gas,
the mulhwsre asiode and cathode frames, -and a linear electron
drift region (Figs. 2 and 3). The cylinder is glesed at one end
with a 20-mmethick mounting plate that supporis (1) the multi=

" wite frames and the drift fleld electrodes on the inside of the

counter, (2) the preamplifiers and high voitage filters on the ,
oulside, ‘and () the: feaithrough seals that conhect the inside
electrodes to the sutside electronic circuils. . The other end of
the/cylindar is cloud wlth the. photon enmmce wmdow.
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The window is interchangeable and can be selected to
permit the peneiration of a wide range of photon energies and
to contain a wide range of counter gas pressures. For most of
the tests, which were performed with gas pressures <2 atm, the
window was 0. 7Z5=mm~thick aluminum.

The length of the cylinder can be varied to chonge the
depth of the linear electron drift region, which therefore
changes the defection efficiency of the camera for ¢ given pho=-
ton energy and counter gas compasition or oressure. For all the |
tests, the cylinder was 100 mm fong.

The linear electron drift region increases the detection
efficiency, becawse it increases the amount of counter gas in
the path of the transmitted photons and, therefore, the probabii-
ity of infercction between photons and counter gas. The linsar
drift field causes the electrens produced by an interaction to
drift toward the anode on a perpendicular path with respect to
the anode wire plane, thus preserving the original coordinates
of the interaction. The lateral boundaries of the linear drift
field are defined by 200~ x 200-mm? openings in a stack cf par-
allel plates, or eiectrodes, spaced 12 mm.

The potentials of the electrodes are adjusted fo create a
constant voltage gradient perpendicular te the multiwire planes
of the counter. The intersity of the pofential field is adjusted
for each counter gas mixture and pressure to obtoin the maximum
drift velocity of the electrons in the drift region,

The most negative elecirode, which is closest to the en~
trance window, is covered with a 25— =thick aluminum mem=
brane. This membrane transmits most photons and defines the
upper boundary of the drift field, therefore [imiting the active
counting volume of the proporticnal counter. The least distance
between the window and upper drift field electrode is 6 mm.

The drift field plates are mounted on the multiwire frame assem=
bly.

Three frames support the anode and cathode multiwire
grids, with the anode plane centered between the two cathode
planes. The space between the anode and cathode planes is 3
mm. The sensitive area of the grids is 200 x 200 mm?. The upper
cathode wires are orthogonal to the anode and lower cathode
wires. The space between adjocent wires on all multiwire grids
is 2 mm,

The comstruction of the multiwire grids was simplified
crnsiderably by the following methed. Each grid was made with
a singls, continuous wire strung around o set of reference pins so
that an interconnected set of 100 parullel, coplanar wires was.
formed, The cathode wires (75-.~diameter Nichrome) were
cemerted tc pretensioned springs with fow outgasing epoxy-
without making any electrical connection batween the wires and
springs (Fig. 4). Similarly, the anode wires {12-u.~diameter
stainless steel) wera soft soldered to the pretensioned springs.
The pretensioning rig and reference pins (not shown) were re~
moved, and the wires remained supported under tension by the
flat springs.

The main advantages of this construction method are: (1)
the assembly time is short; (2) the wire spacing and coplanar as=-
sembly can be determined accurately by the refarence pins; (3)
only small amounts of outgasing insulating materials are present, -
since there are no electrical connections between individual wires
and circuits outside the frames; and (4) the sets of 100 inter-
connected flat springs are fabricated in one operation by pholo=
etching 99 parallel strips, edch 15 mm lorg and 0.2 mm wide,.
into 25-mm wide, 0.25=-mm thick, and 20G-mm long strips of

 processing circuit are described in a previous paper.

phosphor bronze,

Only one electrical connection fo the anode grid anu
two electrical connections to each cathode grid are required
when this method of construction and risetime signal processing
are used. The counter gas mixture and pressurs are sefected to
obtain adequate detection efficiency for the photon energy of
the source to be imaged. We have used Ar, Kr, or Xe mixed
with CH, at total prassures <2 atm,

Signal Processing Circuits

In the multiwire proportional counter and signal process=
ing circuits (Fig. 5), the total resistance of each cathode be=
tween outpuls is 6 K, and the total copacitance betwean each
cathode and the anade is 100 pF. For the signal flow, the cath-
odes can be considered as two orthogonal, lumped-element RC
lines with 60 Q resistance and 1 pF capacitance per wire seg-
ment with respect to the anode which is practically ot signal
ground for the frequency band of interest. The RC=line termina=-
tion impedances Z;_ are ratianal fraction approximations to the
characteristic impedance of the cathode RC lines.3 Methods for
measuring the characteristic impadance of the cathodes and cal~
culating the termination nefworks are given in the Appendix.

The functions and characteristics of the rest of the signol
The volt=
age sensitive pmamplifiers4 are included in Fig. 5 in the fune-
tional block labeled "Filter and Cressover Detector. "

in the following discussion the positionwsignal flow is de~
scribed for a single photon defected at a point with coordinates
xand y. In the detection process a loealized electron avalanche
is produced in the vicinity of the ancde wire closest to y. The
positive ions produced in the avalanche movs toward the cathode
pianes and induce a displacement current in each cathode. These

. displacement currents are independent of the coordinates of the

avalanche lecation; the sum of their magnitudes is proportional
to the total charge Qj, of the avalanche ond, thersfore, pro-
portional to the total energy loss of the detected nheton. In
addition, each type of ionizing event in the counter gas proe
duces characteristically shaped displacement currents, This in=
formation can be used to reject unwanted backgrourd counts by
energy and pulse~shape discrimination.

In sach cathode the displacement currents divide into
two equal parts and flow threugh portions of the cahode RC
lines and through the termination networks to ground, The
shapes of the currents in the términation networks and, therefore,
the shapes of the voltages Vi1, V2, Vy|, and V, 2 are function
of the length of RC iine between the point of induction and cath-
ode output. Therefore, if L is the total lengih of the cathode
RC lines, the shapes of V.1 and V.2 are proportional to x and
L = x, respectively; arnd the shapes of Vy] and V,, are propor-
tional to y and L = y, respectively. Tie shapas of these volt=
ages are measured by crossover timing as described in a previous

paper. 2

The amplitudes of the time analyzer output signals in re-
sponse fo a detected photon are piactically linear functions of
the coordinates x and y. The position-sensitivity S, defined as
the change in time analyzer output {AN) per unit length (AL) of
the counter, was determined empirically as

M

S = aN/AL = 2 K(Rocc./“’o)%



where K is the gain of the time analyzer, R, and C, ara the re-
sistance and capacifance per unit length of the cathode RC
lines, and wg, is the center frequency of the filter network.

. The energy loss of a detected photon in the counter gas,
proportional to the total current in the anode, can be measured
in two ways: (1) by adding the four voltages Vi, V2, Vyi,
and Vy2 ot the oulput of the preamplifiers or (2) by measuring
directry the current that flows from the anode to ground with a
low input impedance current= or charge=sensitive preamplifier.

Signal Display Systems

: Images fuken with the photon camera were stored and
disployed by several data display and storage devices other than
a two=paramefer analyzer,

The simplest system is an oscilloscope with o photo=
graphic camera that takes time exposed pictures of the sscillo~
scope traces. The horizontal and vertical deflection eiectrodes
are connected, respectively, to x and y cutputs of the time an-
alyzers. A short unblanking pulse (~1 us) is applied to the con-

~ trol grid of the cathode ray tube after the deflection transients.
Thus, dscilloscope traces with coordinates proportional to x and
y are displayed on the oscilloscope and integrated on the cam~
era film. Most of the images shown in this paper under "Experi~
mental Results” were obtained this way. The advantages of such
a system are low cost, good gray-scale capability, and continu-
ous resolution. However, image monitoring and image process~
ing for background subtraction or noise rejection are not practi=
cal. .

A bistable storage scope wos evuluated a: an image moni=
for, connected and blanked in the same way as a standard oscill=
oscope. The advantage of this type of monitor is that it combines
continuous resolution with real=time observation of the image.
The lackt of gray=scale and image=processing capabilities and
the long deflection transient (~90us for 200-mm, full=scale de=
flection) are disadvantages.

Another device, a lithicon storage tube with TV moniter
dispiay, offers the greatest number of advantages: good gray=
scale capability; short deflection transient (10 us full scale);
1200~TV-line resolution; contrast, intensity, and magnification
control of the stored image; and choice of image display on the
TV moniter er single~frame transfer to video fape for dynamic
imaging, e.g., function studies of organs.

The input cornections and unblanking of this lithicon
system are identical to those of the first two devices; a!! three

have baan wed simultaneously.

EXPERIMENTAL RESULTS

The camera was fested in a series of imaging experiments
to measure linearity and spatial resolution, to illustrate contrast
and uniformity, and to suggest some areas of application for the
camera. Over a 4=month test with the same counter gas, nc
change in spatial resolution occurred.

The linearity of the phaton camera is illwtrated in Fig. 6,
which shows two images of a perforated plate having 4=mm--

* diameter holes spaced 12 mm apart. in the right~hand Image,
the plate was rotated 90° with respact to the left-hand image fo
illustrate horizontal and vertical linearity and distortion=free
reproduction. The perforated plate covered the entire sensitive

3.

area of the cumera. The images were obtained with the channel
collimator removed and the perforated plate placed directly on
the window of the proportional counter. A point source of 22~
keV x rays from '¥Cd was centered 150 cm above the window.
The image was recorded on Polaroid film, with the time exposure
display method described in the preceding section. The integral
nonlinearity in both diractions, x and y, is less than 1% of the
sensitive area. (The dark spots in the upper left corner of Figs.
6, 9, and 10 are caused by the partial absorption of x rays in ¢
gold film evaporated purposely on a small area of the inside face
of the window.)

The spatial resolution of the camera without a collimator
was measured with a perforated absorber plate (Fig. 7a). The
plate was directly on the window, and the source configuration
was the same as in the linearity test. The perforations in the
plate were one row of 4=mm-diameter holes, four rows of 2=mm-
diameter holes, and four rows of 1=mm=diameter holes. The spac=-
ings between holes in each row were twice the hole diometers.
The rows of smaller diameter holes (1 and 2 mm) were grouped in
orthogenal sets of two paraliel rows each. The displacement of
these rows along their main axes was 1 mm with respect %o the
corresponding parallel rows.

Figures 7b and 7c show the image of the abscrber plate
reproduced with the photon camera. Figure 7b was obtained by
the time exposure method used for the linearity tests, and Fig. 7¢
is a pkotograph of the screen of the TV monitor connected to the
lithicon storage system, The difference in these two reproductions
shows clearly the image enhancement capability of the lithicon
system. :

The resolution test shows that the spatial uncertainty of
the comera (without collimator) is approximately 1 mm in all
directions, which is less thon the anode wire spacing. Since
the 1-mm displacement of the parallei rows of perforations is
reproduced in the image of the absorber plate, and since the
images of Figs. 8 through 11 do not show the characteristic
structure of images from multiwire detectors along the anode di=
rection, we assume that the resolution of this camera is sssenti~
ally continuous. This suggests that due fo the finite track length
of the 22-keV photoelectrons and the subsaquent diffusion of the
electrons in the drift region, electron clouds are produced which
extend over sevoral anode wires, resulting in simultaneous signals
on these wires. Since the camera measures the pesition of the
centroid of the charge distributien, 1 displacements smalfer than
one wire spacing in the direction across the anode wires can be
detected,

The fidelity of reproduction of the hole pattern in the
Image of the absorber plate can be obsarved by comparing the
small irregularities of the 1=mm-diameter hole spacing in the ab=
sorber with comesponding irregularities in the images.

The possible application of this camera in nuciear medi-

cine is illustrated by the image of a standard Picker thyroid phan=

on the TV monitor (Fig. 1). The image was produced with
the channel collimatar placed on the window and a 125 mm dis-
tance between the phantom and the anode. The phantom was
filled with a 200-4C solution of '5] which emits 29-keV x roys.
The intensity of the x~ray emission from the phanfom was modu=
lated by several plastic absorbers incorporated in the phantom to
simulate "hot" and "cold" nodules. The left iobe and the §1=mm-
diameter "hot" nodule in the right lobe of the phantem had about
twice the infensity of the left lobe. The dlameters of the "cold"
nodules, which did not emit i rays, were 4, 8, and 11 mm. All

nodules were reselved in the image, and the difference in inten~
sity is cleatly shown. Zame contrast was lost by x=ray scaftering

-



in the plastic of the phantom. A total of 2 x 10° detected pho-
tons was accumulated to preduce this image (including back=
ground).

Figures 8, 9, 10, and 11 illustrate the applicability of
the camera to x=ray imaging problems where o iow radiation
dose is essential and the high resolution of x=nay film is rot re=
quired. Shown are x=my images of electric switches, scissors,
the author's hand, and an etched pattern in the copper layer of
a printed circvit board. The images were made using the time
exposure display method, Each subject was placed on ths win=
dow of the counter wnfhout the collimater, and a point source
of 22-keV x rays from '®Cd was centered 150 cm above the
window. The images show the uniformity of response of the
camera and the linear relation between sub|ecr and image. The
radiation dcse absorbed in producing the image of Fig. 11 was
less than 104 rad!

OPERATING CHARACTERISTICS

The following is a brief summary of some of the operating
conditions and chavacteristics of the photon cameru.

Sensitive area: 200 x 200 mm?,

Active counter gas volume: 3 liters.

Depth of counter gas volume: 75 mm.

Counter gas mixture: 10% CHy + 90% Ar, Kr, or Xe.
Counter gas pressure: 73-150 em Hg.

Spatial resolution:

u) Proportional courter: T run in any direction (40, 000 pic-
ture elements, fested with 22=keV
photens in Kr=CH; at 150 cm Hg
pressure).

~2 mm for a 125-mm disfance bstwesn sub~
iect and anode plane.

Inkegral noniinearity: <2mm.
Counter detection efficiency:

b) Coliimator:

65% for 30-keV photons in Kr=
CHgy at 150 cm Hg pressure.
Coliimator geometric efficiancy: ~10~
Energy resofution (for 22<keV photors): 11% (fwhm) for a colli=
mated point source; 35% (fwhm) for
a sourse Iradlating the entire sensi=-
tive voluma of the detector.
Count rate capacity {without pile-up rejection circuits):
20, 000 counts/s; limited generally by the display system.
Background count rate: 20 counts/s in Xe=CH; at 150 cm Hg
prassure witheut additional shielding.
Positian signal processing time: <5 ps/photon.
8las (for 30-keV photons) :
Anode=cathode: 2.1 kV in Ar-CHg ut 150 cm Hg pressure;
3.5 kV in Xe=CH; at 150 cm Hg pressure.
Drift field: 40-60 V/mm,
Electron drift velocity: ~40 mm/iss in Kr=CHy ot 150 cm Hg
pressure,
Pasition sensitivity: 2.7 x 1072 V/mm.
Time cwalyzer goin: 5x 10°V/s,
Fliter center frequency: 2 x 10° radjans/s.
Position nolse: <0.5 mm (rms).
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APPENDIX

RC Line Characterization and Termination Nefwork Colculufiorﬁ

The cathode RC-line characteristics are mecsured by the
following procadure: (1) a conductance-capacifance bridge is
connected to one cathode ferminal, and (2) the other termiral
of the sume cathode is first short= and then cpen~circuited to-
measure the short= and ths open=circuit impedances of the cath=
ode. The characterisiic impedance Z,, of the RC line is the geo~
mefric mean of the short- and open-curcuuf impedances measured .
with the bridge

C . w )211'%

Z| = P R l' 1+
1z | 01+ R, C oI+ R C »
where is the measured open circuit resistance inQl, Cayis’
the measured open ciscuit capacitance in F, R is the measured
short circuit resistance inQ, C,. is the measured shott circuit ca=
pacifance in F, and wy is the measurement frequency of the ca=
pacitance bridge in radians/s. With the assumption that the -
cu;hodo is approximately the distributed RC line, its lmpedance
is » :

= RAC, @
where Ro is the resistance in Q/unit length, C,, 1s the capuc:fance f
in F/unit length, and s =0 + ju is the Lupla.e hunsform varlable.

The resistance R, con eusily be measured; and Co can be
calculated fram Eqs. (2 and (3). The frequency chiaracteristics
of the RC-iine impedancs £, has a slope of 3 d8/octave, _The
function of the terminaticn network is to match this frequency=
impedance charasteristic over a range necessary to exiract the
position information and, thereby, linearize H'.o relaﬁon be- e
tween subject and image dimensians, ‘ e

One possible terminotion network rcsulting from a mhonul'
fraction approximation of Zo® and its frequency characteristic .
are shown In Fig. 12, The network impedance has been normol= -
ized to 1 O at the centar frequency w, of 1 radian/s. - The slops. -
of the curve is approximately 3 dB/octave, which nearly matches
the frequency characteristic of a distributed RC line (Z, =10
when @ = 1 radian/s) over five octaves. The. compamnr vuluea
of Z) can suslly be scaled to any news value of Z) at @ given
new center frequency wg by making

@
)

where Rj, Ry, C3, C4 and Cg are the component vuluos of the
scaled network; ), rp, c3, ¢4, and c; are the component values
of the nomalizad termination network (Fig. 12); k; is the new

(mpedance ov the jermination network at the new ..en?er froquencvi '
InG, and ky, is the new canter frequency in mdluns/s. ‘

(n=3,4,9),
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LIST OF FIGURES

Fig. 1. Basic components and signal-flow diagram of a
proportional counter photors camera. Shown are a Picker thy=-
roid phantom (subjec?) and its image taken with the photon cam=
era using channel collimator and lithicon storage tube=TV moni-
tor display method.

Fig. 2. Drift field electrode and multiwire frame as=
sembly of the position=sensitive proportienal counter.

Fig. 3. Sectional view of the position=sensitive propor=
tional counter,

Fig. 4. Multiwire frame with continvous wire grid
assembly.

Fig. 5. Simplified diagram of the multiwire proportional
counter and signal prozessing circuifs.

Fig. 6. Two images of a perforated plate taken with the
photon camera to illustrate linearity and lack of distertion.

Fig. 7. Spatial resciution test taken with the photon
camara: {g) the hole pattern in the absorber plate; and its
image as reproducerd with the photon camera using (b) the time
exposure method, and {c) the lithicon storage tube=TV monitor
display method. .

Fig. 8. X-ray image of a group of assorted eleciric
switches faken with the photon camera with 22-keV 1% Cd
x rays and time exposure display.

Fig. 9. X=ray image cf sciss~ws token with the photon
comera; the entire sensitive area is displayed to iflustrate the
uniformity in response of the camera. Radiation and display in
Fig. 8.

Fig. 10. X~ray image of the author’s hand taken with
the photon camera. Tofal radiation dose is <16 rad.  Radia=-
tion and display «s in Flg. 8.

Fig. 11. X-ray image of an etched pattern in the copper
layer of a printed cireuit board taken with the photon camesa.
The imoge covers the entire sensitive area of the camera. FRadia-
tion and displey as in Fig. 8,

Fig. 12. Termination network with an impadance Z|
that is a rational fraction appraximation of the charasteristic
impedance of an RC line (Zy), and e groph of the impadances
Zy and Z, s functions of frequency.
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