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Abstract
The performance of a 15 x 15 c-z MultiWire Proportional

Chamber (MWPC) with lead giass tube converter is presented. A
standard Argon-Methane (70-30) gas mixture has been used at
various pressures between 1.0 and 2.0 stm. For 511 keV y-rays
incident almost perpendicular onto a 1.0 cm thick lead glass tube
converter, @ detection efficiency of 4.5%, a time resolution of
130 ns (FWHM) and a spatial resolution of 1.3 mm (FWHM) has been
obtained at 2 atm. Fast delay lines, capacitively coupled to the
cathodes, stapdard Integrated amplifiers and comparator
electronics have been adopted for the position read-out. The use
of fast delay lines (specific delay 8 ns/cm) ensures a high rate
capability. A multiplsnar positron camera is pro-osed, made of
six MWPC modules arranged to form the lateral surface of a
hexagonal prism. Each module (50 x 50 Clz) will have a 2 cm
thick converter on both sides of the chamber and will be operating
at 2 atn. The expected performance is presented and compared with
that of a recent multi-ring BGO camera, and is shown to be superior
in spatial resolution and comparable in event rate at a considerably
lower cost.
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1. INTRODUCTION

A well known figure of merit parameter of multiplanar posicron
cameras 1s ezlr , where ¢ 1s the efficiency of one module and ¢
1s the FWHM of the time resolution. 1In a previous paper 1 we
have presented the imaging performance of a two-plane MWPC positron
camera, consisting of two MWPC modules (48 x 48 cm2 active area)
equipped with converters made of lead corrugated banded strips(z)
In the case of a dense drift space MWPC positron camera T 1is the
transit time of the primary lonization electrons within the
converter. Since then we have developed lead glass tube
convet:ers(B) with a8 higher surface to volume ratio in order to
increase the efficiency of the chamber. Several gas mixtures have
also been investigated 4 in order to obtain a higher electron
drift velocity within the converter tube, thus improving the time
resolution.

In chis paper the performance of a 15 x 15 cm2 MWPC test
module with a 1 com thick lead glass tube converter is reported for a
standard Argon-Methane (70-30) gas mixture at various pressures,
ranging from 1.0 to 2.0 atm. Experimental results obtained at 1.2
atm have been partially presented in a previous paper (5). The
description of the chamber and of the converter is given in Section
2; the experimental measur-:sents of efficiency, time and spatial
resolution are presented in Section 3 and discussed in Section 4.
In the last section a new design - a six module MWPC positron
camera - ls proposed and its expected performance is discussed.
2. EXPERIMENTAL APPARATUS

We have built some 50 x 50 cmz MWPC modules, but, for

convenience, we have extensively tested a smaller module, consisting
of a MWPC (15 x 15 cm2 active area) and a 1 cm thick lead glass
converter, both contained in an aluminum box filled with the
Argon-Methane (70-30) mixture.
2.1 = The Chamber
The MWPC is of conventional construction (fig 1): the anode
plane 1s made of 20um stainless steel wires spaced 3 mm apart and

connected to a positive high voltage Va, through a load protection



resistor; the two cathode planes consist of 100 ym stainless steel
wires spaced 2 mm apart and coupled through 220 k? resistors to a
common bus bar. The anode cathode gap is 5 mm. The direction of
the wires in the cathode planmes are arranged at 90° relative to each
other in order to allow both x and y localization. The cathodes are
kept at a positive voltage Vc relative to ground in order to drift
the electrons out of the lead converter.

2.2 ~ The Converter

The detection of 511 keV gamma rays with a MWPC requires the use
of a high density, high Z converter with large surface to volume
ratio. Several designs have been implemented: insulated tungsten
wire meshes(b), corrugated lead banded strips 2 and perforated
metal plates (7’8). We have developed a converter made of glass
capillaries of high lead content (80% PbO by weight, glass density
6.2 g/cmz), fused to form honeycomb matrices. The converter has
been treated by an acidic leaching process and then by an H2
reduction process to provide uniform surface resistivity on the
inner walls of the glass tubes. Electric fields higher than 1000
V/cm can be applied with a constant gradient within the tubes.
Details of converter construction and treatment have been reported
elsewhere (3’9). A typical converter is shown in Fig. 2.

Following the gamma interaction within the converter, the
Compton~ or photo~electron has a finite range depending on its
energy. If it reaches the gas region within the tube, a number of
primary lonization eletrons are produced. A voltage difference,
Vconv’ applied between the ends of the tube then drifts the
electrons along the electric field limes towards the cathode and
into the avalanche region of the chamber.

2.3 - Delay” Line Read-Out

Position read-out is done by means of electromagnetic delay
lines, capacitively coupled to the cathode plane wires (10’11).
For each co-ordinate the signal from one end of the delay line is
used as the START and that from the other erd as the STOP of a Time

to Digital Converter. The time information is directly related to



the co-ordinate position. Because of the large dynamic
variation of the signals -~ both in amplitude and in rise time - Zero
Crossing and Constant Fraction Discriminators are not particularly
suitable for the delay line sipnals, especially if saturation of the
amplifiers is possible. The time resolution of a leading-edge
discriminator, on the other hand, may be severely impaired by time
jitter of the signal. We have chosen comparator electronics and

(12). No appreciable distortion

fast printed-circuit delay lines’

of the signal is measured along the line; any timing error

iniroduced by jitter will be the same at each end and will cancel.

The main properties of the delay line used are listed in Table 1.
Table 1

Main properties of the delay line

Type Printed circuit
Length 20.0 cm
Width 3.81 cm
Thickness 0.16 cm
Characteristics Impedance 145 2
DC-Resistance 18 @
Specific delay 8 ns

Rise time 8 ns

Total Delay/Rise Time 20:1

2.4 - Experimental Set-Up

Figure 3 shows the experimental set-up. A positron emitting
6865 source is placed between a Nal scintillator and the MWPC.
The position of the source relative to the Nal detector {s such zhat
a very small solld angle is subtended by the source at the converter
plane ( &4 ©~7°), thus avoiding any edge effects. A small mylar
window (100 um thick) allows the use of an external 55Fe source
(5.9 keV X~rays) for calibration purposes.

A schematic drawing of the electronics 15 shown in Fig. 4. The

efficiency of the MWPC is calculated from the coincidence of the Nal



signal with the MWPC anode signal. The acceptance energy window of
the Nal discriminator is set to a narrow band arsund the 511 keV
photopeak for background rejection. The output signal from the MWPC
anode is amplified 220 times by a fast amplifier (rise time 1.5 ns)
and fed to a diseriminator. For convenience a Constant Fraction
Discriminator was used in most of the measurements. A 260 ns NIM
pulse from the Nal discriminator and a 20 ns NIM pulse from the CFD
are then fed into a majority logic coincidence unit. The
efficiency of the MWPC is given by

acc

(1) E =

sNaI -~ SNaI) no source

where C is the coincidence rate between the Nal scintillator and the
MWPC, Cacc is the accidental coincidence rate, SNaI is the

single rate of the NaIszcintillator and SNaI)no source is the

single rate when the Ga source has been removed.

The output from the colncidence is used both as a coincidence
gate for the delay line signals and as the STOP of a Time to Digital
Converter (Lecroy 3001 gVt, in t-mode), the START of which is given
by the Nal discriminator. Fast integrated amplifiers ( + A733, Gain
= 10-400, rise time = 2.5 - 10.5 ns)} and comparator electronics (AM
685) are used to handle the delay line signals. Additional majority
logic coincidence units measure the relative efficiency of the delay
lines with respect to the anode. A TDC (Lecroy 3001 qVt, in t-mode)}
is used for spatial resolution measurements for the x- and y-
coordinates.

The experimental set—up 1s such that the three characteristic
parameters (efficiency, time, and spatial resolution) can be
measured simultaneou-y.

3. EXPERIMENTAL RESULTS

4
In a previous paper ( ), we have shown the results of

efficiency measurements and electron transit time studies for
varfous gas mixtures and converter tube diameters. The measurements

reported in this section always refer to a 1 cm thick converter



(inner diameter 0.91 mm, outer diameter 1.10 mm), and an
Argon-Methane (70-30) gas mixture at various pressures from 1.0 to
2.0 atm. Pre}@minary resul;g at 1.2 atm have been already
reported(s).

3.1 - Efficiency

The efficiency of the module has been measured as a function of
the anode CFD threshold at various pressures. The results have been
corrected for vy absorption in the aluminum cover.

The operational voltages and the typical anode response to 5.9
keV X-rays and the module efficlency at a CFD threshold of 30 mV are
listed in Table 2. The cathode and the convert: r voltage values in
Table 2 maximize the electron drift velocity for each E/p(13).

The anode voltage at each pressure is chosen to give the maximum
avalanche galn compatible with a very low single rate for the
chamber with no source. An upper limit of —~0.5 Hz/wire has been
chosen at a CFD threshold of 30 mV. This single rate is of the same
order of magnitude of the expected counting rate from cosmic rays
(-l/min/cm2/ster). The amplitude of the 5.9 keV X-rays, directly

measured into 507 termination, increases with pressurz from 4.0 to

20 mv.

Table 2
MWPC Operational Voltages and Anode Response at Various Pressures

Pressure (atm) 1.0 1.2 i.8 2.0
Vaff (3Va = V ¢) (V) 2850 3150 4000 4250
Ve (V) 330 400 600 670
Veony (V) -330 -400 -600 -670
5.9 keV X-ray amplitude into 50 4 10 18 20
Q termination (mV)

511 keV y 's efficiency x 10 2 3.0 4.0 4.4 4.5

(anode CFD threshold at 30 mV)

The efficiency results are shown in Fig. 5 (solid lines). The
pressures and the effective anode voltage (veff = Va - VC)
are also indicated. The dashed line represents the preliminary
efficiency results at 1.2 atm, obtained with a higher veff’ and
with a chamber background 10 times higher. Figure 6 shows the
module efficiency variation with the cathode (Fig. 6a) and converter

voltage (Fig. 6b). For both measurements the value of ve‘f was



kept constant at 3350 V, the gas pressure at 1.2 atm and the CFD
threshold at 30 mV. The arrows indicate the voltage settings which
give the maximum electron drift velocity. Both the measurements
were taken with the standard 280 us coincidence gate.

3.2 Tiwme Resolution

The transit time of the primary ionization electrons within the
glass tubes largely determines rhe time resolution of the system.
If the voltages are chosen to maximize the electron drift velocity,
a time resolution of 130 ns (FWHM) is obtained at all pressures. A
typical time spectrun is shown in Fig 7a. Fig. 7b shows the
dependence of the FWHM of the time resolution upon the converter
voltage, at 1.2 atm, veff = 3350 V and Vc = 400 V. The
experimental values obtained are in good agreement with predictions
from the electron drift velocity data of reference (13).

3.3 - Spatial ResoliLiion at 1.2 Atm

An extensive study has been done of the spatial resolution at
1.2 atm, with the foullowing voltage settings: veff = 3350 v,
vc = 400 V, vconv = ~400 V, and CFD threshold = 30 uV.

Typical spectra for uniform illumination of the converter are
shown in Fig. 8: che top spectrum refers to the x-delay line (i.e.
the one perpendicular to the a.zode plane wires); the anode wire
structure is clearly visible. The bottom spectrum applies to the
y-coordinate (the y-delay line is parallel to the annde plane wires)
and reveals the cathode wire structure, which spatially modulactes
the electrons drifted from the converter into the chamber. This
modulation increases with increasing cathode - converter voltage
difference and disappears when the cathode is grounded. The
presence of the anode (3 om spacing) and cathode (2 mm spacing) wire
structures in the spectra offers a precise method for calibrating
the specific delay of the delay lines. Similar spectra, taken under
different illumination conditicns of the converter, are shown in
Fig. 9a and 9b for the x- and y- coordinate, respectively.

The spatial resolution along thne y~direction has been measured

by collimating the 6HGa source with a 2" thick lead variable



slit. To enhance the signal to noise ratio, only the coincidence
(NaI-MWPC) events were accepted. The threshold chosen for the
comparators corresponds to an input threshold of =180 uV for the

u A733 amplifier. 1In this condition the relative efficiency of the
delay line was ~70%. The results ave shown in Fig. 10, as a
function of the slit opening. Typical specira are shown in Fig. 1lla
and 11b for wvarious slit widths.

The efficiency of the delay line depends on the threshold
applied to the comparators. To keep the maximum efficlency the
threshold must be set at a very low level, comparabla with the noise
of the system. As the comparator threshold is raised the efficiency
diminishes, but the spatial resolution improves. At a relative
efficiency of 100%, 2.8 mm (FWHM) has been measured and at 70%,
~2.3 mm. As the limit of the spatial resolution is reached (0.9 mm
FWHM, i.e. the tube diameter), the relative efficlency has dropped
to 3°%.

The measured spatial resolution along the x - coordinate is -3
mm (FWHM), due to che 3 mm spacing of the anode wire.

3 4 ~ Spatial Resolution at 2.0 Atm

The spatial resolution has been measured at the various
pressures as listed in Table 2. At high pressure the gain increases
(see Table 2) and a higher threshold may be applied Lo the
comparator without any efficlency loss, thus giving a better
signal/noise ratic and improving the spatial resolution.

A typical spatial distribution spectrum is shown in Fig. 12a for
the x-coordinate and a 2.0 wm slit. The two peaks correspond to the
anode wires 3 mm apart. A similar distribution for the y-coordinate
and for a 750 um slit is shown in Fig., 12b. The FWHM of the spatial
distribution spectrum is 1.6 mm. Note the considerable improvement
over the same spectrum taken at lower pressure (Fig. 1la). Once the
contribution due to the slit-opening has been accounted for, a
spatial resolution of 1.3 mm (FWHM) is obtained at 2 atm.

4., DISCUSSION
At atmospheric pressure 20-50 mV amplitude anode signals from a

SSFe source have been observed in proportional counters with



thick anode wires (40-100 ym) for various gas mix:ures(lb_zo). A
limited Geiger regime (or self-quenching streamer mode) has been
hypothesized. In pressurized chambers high amplitude pulses have
been also observed for thinner wires(ZI’zz). We think that the
amplitude increase observed in the 5f’l-'e signal in going from 1.0
to 2.0 atm is due to the same phenomena.

The amplitude spectrum of electrons produced by the 511 keV
interaction inside the converter is contiruous. Thus it is
conceivable that upon increasing the avalanche gain more and more
events will have an amplitude above the CFD threshold. Furthermore,
raising the pressure enhances the probability of primary ionization
electrons being produced within the converter. This combined effect
is evident in the efficlency curves presented in Fig. 5; for
instance, for a CFD threshold of 30 mV the module efficiency rises
from 3.0 x 1072
Similarly, increasing of V from 3150 to 3350 V at 1.2 atm

eff
produces an efficiency of 4.3 x 10-2. However, if the gain is

to 4.0 x 10—2, going from 1.0 to 1.2 atm.

high enough so that any small amount of primary ionization gives
rise to a signal well above threshold, any further pressure increase
will modify the efficiency only slightly. 1In fact, {n going from
1.8 to 2.0 atm, for the same 30 mV threshold, the efficiency changes
only from 4.4 to 4.5 x 10-2. An increase in the avalanche gain
and in the probability of primary ionization produces an overall
shift of the spectrum towards higher amplitudes. Then, even if the
absolute efficiency does not vary much, the longer efficiency
platesu obtained at higher pressure allows much more stable
operation (i.e. farther away from the electronic noise level) and a
much better spatial resolution. As described in section 3, in fact,
the spatial resolution (FWHM) along the y-coordinate improves from
2.7 om (1.2 atm), to 1.8 mm (1.8 atm), to 1.3 mm (2.0 atm).

From the efficiency curves shown in Fig. 5 it is also clear that
the maximum efficiency has been reached for this type of converter
and this gas mixture. Similar converters developed at CERN(S) and

made of perforated metal plates were shown to have basically the
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same performance (5). Any further improvement can only be
achieved by increasing the surface to volume ratio. New converters
with smaller diameter tubes are now being assembled.

The spatial resolution obtained at 2.0 atm (1.3 mm along the
y-coordirate) is more than adequate for a positron camera because of
the intrinsic position spread, which is caused by both the finite
range of the 8'S and the deviation from colinearity of the two
annitiilation quanta.

5. THE PROPOSED POSITRON CAMERA

A schematic drawing of the camera is shown in Fig. 15. Six

modules, 50 x 50 cm2 each, are arranged to form the lateral

surface of a hexagonal prism. Each module consists of a standard
MWPC chamber (2 mm spacing for both anode a»rd cathode planes), at 2
atm, with 2 cm thick converters on both sides (chambers pressurized
to 2 atm create no engineering problems, ror will they be serious
safety hazards in a hospital environment). Fast delay lines (8
ns/ca) will te used, as will a fast gas mixture, such as

59% Ar + 20%CH, +10% CF, +1% C,HS*). The expected

efficiency is 15%, with a time resolution of 200 ns (FWiM). Fronm

the relation (1
] PR 2
y 2 _  8(true coincidences)
(2) /1 2 el
accidentals

assuming the rate of true coincidences and accidentals to be equal,
we obtain a true coincidence rate of 14000 c/sec per module pair.
In table 3 the performance of the proposed camera 1s compared
with Lhat of the previous two=-plane positron camera(l) and with
that of the multi-ring NIH - Neuro PET 23?, the larter
specifically designed as a high spatial resolution camera for brain
imaging. While the efficiency and time resolution of the MWPC
solution are still less favorable than those of the BGO camera, the
spatial resolution is better. It has been shown (24 that the

spatial resolution compensates for poorer efficiency when
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Table 3
Positron Camera Specifications and Performance

Previous uorka) K1H-Reuro PET(Z” This paper
Type Denge drift space Multi-ring of BGO Dense drift space
MIPC (Coxiugated scintillator WIPC {lead glass
lead banded strip (= rings} tube converter)
converter)
Canmers inner 48 cn 38 = 85 co
diameter
Nurber of elements 2 4 x128 6
2 ? 2
Active area of 48 x 48 ca 8.5 x 20 om 45 » 45 e
each element
Time Resvlution (FWHM) 300 ns 20 os 200 ns
Efficlency of 0.058 0.70% 0.15
each element
cad
Paint response 7.0 mm 4.6 1.5 m=
functicn in air
Operating counting 500 c/s 144000 c/s 84000 c/s
rate (true coinci~
dences = accidentals)
Multislice capability YES YES YES
Nuaber of simultaneous 15 & 50
#lices for a 15x15x15 (=1 cm slice) ~1 cm slice) ~3 = slice)

cm” object

(+) 1ln high sensitivity mode

{++) Estimated usings 2 mm {FWHM) spacisl resolution along :he x-coordinate and 1.3 om
along the y-coordinate
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reconstructing an image. In addition, the MWPC has a
three~dimensional capability, with a voxel (volume element)
determined by the detector resolution. As many as fifty 3 mm slices
may be simultaneously produced for a 15 x 15 x 15 cm3 object.

6. CONCLUDING REMARKS

We have studied the performance of a demse drift space MWPC test
module for 511 keV y-rays. We have measured the three
characteristic parameters: efficlency (4.5%), time resolut®~n (130
ns FWHM) and spatial resolution (1.3 mm FWHM for the y-coordinate).

A six module MWPC positron camera has been proposed as a high
spatial resolution camera for medical imaging with positron
emlitters. Its expected performance has been compared with that of a
recent multiring BGO camera and is shown to be very competitive.

Further work is now in progress to simulate the performance of
such a camera for a point-like source embedded in a 20 cm diameter
water phantom. The EGS code(zs) will be used and the Monte Carlo
data will be reconstructed using limited angle algoti:hms(26).

The results of the simulation and the reconstructed images will be
presented in a forthcoming paper(27).

The progress in electronics technology and the increaszd
knowledge of gas praperties has now rendered the MWPC camera very
attractive, not only frr its low cost and simplicity of
construction, but also because of tho large solid angle coverage,
the high spatial resolution, and its intrinsic fully
three-dimensional (multislice) capability.
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FIGURE CAPTIONS

1.

Test chamber with the converter at the bottom separated from
the cathode plane by a 5 mm spacing (Lop). Plane view of the
chamber showing the orientation of the cathode planes with the
delay lines coupled to them; the anode wires are indicated by
dashed lines (bottom).

Typical lead glass tube converters. The right one has been
H2 reduced.

Schematic diagram of the experimental set-up (Figure not to
scale}.

Schematic diagram of pulse-processing electronics.

Efficiency of the wmodule as a function of the anode discrimi-
nator threshold at various pressures.

Efficiency of the moduls as a function of cathode voltage (a),
and converter voltage (b), with constant veff’ at 1.2

atm.

(a) Typical time distribution spectrum as obtained from

the coincidence with the Nal scintillator. The FWHM of

the distribution is 130 ns (Hor. scale=50 ns/div).

The START of the 280 ns coincidence gate is also shown.

(b) Time resolution (FWHM) as a function of the converter
voltage at 1.2 atm.

Typical spatial distributions for uniform {llumination of

the converter. The top spectrum refers to the x-delay

tine and the bottom one to the y-delay line. Events counted
are "MWPC single” events.

(a) Typical spatial distribution along the x-coordinate with
limited {llumination of the converter, showing the solid
angle subrtended by the convert r (note anode wire structure).

The horizontal scale is 5.0 ns/div. (b) Spatial distribu-
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11.

13.
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tion with a 750 um slit illumination of the converter

measured along the y-coordinate (Hor. scale=2.0 ns/div).

Events counted are "MWPC single” events.

Spatial resolution (FWHM) along the y-coordinate as a function
of the slit width at 1.2 atm.

Spatial distribution spectra along the y-coordinate at 1.2 atm
for various slit widths (Hor. scale = 5.0 ns/div): (a) 1500 um
slit; (b) 750 ym slit (left) and 250 pm slic (right),

separated by 1 cm. Events counted here are coincidence

events.

Spatial distribution spectra at 2.0 atm (Hor. scale= 5.0
ns/div): (a) x-coordinate, 2.0 mm slit (note anode wire struc-
ture); (b) y-coordinate, 750 um slit.

Proposed Pcsitron Camera made of six modules arranged to form a

hexsgonal prism.
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