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Design Considerations for a High Spatial

Resolution Positron Camera with Dense Drift Space MWPC's

A. Del Guerra (*), V. Perez-Mendez, G. Schwartz
Lavrence Berkeley Laboratory, Berkeley, California 94720

and

W.R. Nelson
Stanford Linear Accelerator Center, Stanford, Califormia 94305

Abstract

A multiplane Positron Camera is proposed, made of
six MWPC modules arranged to form the lateral surface
of a hexagonal prism. Each module (50x50 cm2) has
a 2 cm thick lead-glass tube converter on both sides
of a MWPC pressurized to 2 atm. Experimental
meagurements are presented to show how to reduce the
parallax error by determining in which of the two
converter layers the photon has interacted. The
results of a detailed Monte Carlo calculation for the
efficiency of this type of converter are shown to be
in excellent agreement with the experimental
measurements. The expected performance of the
Positron Camera is presented: a true coincidence
rate of 56000 counts/s (with an equal accidental
coincidence rate and a 302 Compton scatter
contamination) and a spatial resolution better than
5.0 mm (FWHM) for a 400 UCi point-like source
embedded in a 10 cm radius water phantom.

1. Introduction

As originally proposedl, the Positron Camera
consists of six large area MWPC modules arranged to
form the lateral surface of a hexagonal prism. Each
50x50 cm? module has a MWPC (45x45 cm? active
area) sandwiched by two lead-glass tube converters,

2 cm thick each (fig 1). Experimental results
obtained with a 15x15 cm? test module have already
been reportedl»z, as have been preliminary results
from the Monte Carlo study of the spatial resolution
capability of such a camera”.

In this paper it i1s further shown how one can
reduce the parallax error by knowing in which of the
two converters (top or bottom) the interaction took
place. We also discuss the results of the Monte
Carlo simulation of the photon interaction within the
lead-glass tube converter and we compare the
calculated efficiency with experimental data.

Finally, the general performance of the Positron
Camera 1s described and expected count rates are
given for gt sources 1in air and in water phantoms.

2. Experimental Results

The 15x15 cm‘ test module chamber has been
described elsewherel:2. Briefly, the
cathode~cathode gap 1s 1.0 cm; the anode plane is
made of 20 ym wires (3 mm pitch); the cathode planes,
consisting of 100um wires (2 mm pitch), are arranged
at 90° relative to each other to allow both x and y
localization. The position read-out 18 done by means
of fast delay lines (8ms/cm), capacitively coupled to
the cathode plane‘- Converters with thicknesses up
to 4 cm may be accomodated underneath the bottom
cathode. The entire assembly is fully contained
within a sealed aluminum box which may be pressurized
to 2 atm.

2.1 - Efficiency

The converter is made of glass capillaries of
high lead content, fused to form honeycomb matrices.

(*) On Leave from: Istituto di Pisica, Plazza
Torricelll 2, Pisa, Italy. ’

The glass matrix is leached in a hydrogen atmosphere
to produce a resistive layer, which allows for
creation of a uniform voltage gradient. A voltage is
applied between the ends of the tubes and the
conversion electrons from the 511 keV y-rays are -
drifted along the electric field lines and out into
the wire avalanche region. The details of the
converter construction and treatment processes have
been given elsewhere3. Various converters of
different diameters have been used6. Our highest
efficiency so far has been obtained with tubes with
inner diameters of 0.91 mm and wall thickness of
0.096 um (80% PbO by weight, .density 6.2 g/cm3).
Detection efficiencies for 511 keV y-rays incident at
90° = 3.5° onto this type of converter (1 cm thick)
are presented in Figure 2 as a function of the
discrimipator threshold, fed by the anode signal
amplified 220 t{mes. Measurements have been made
with P3g (Argon 70Z/Methane 30X) at various

pressures with an effective voltage setting
(Veff=Vanode=Vcathode) that produces a

negligible background count rate. Very stable-
operation conditions and full reproducibility of the
results have been observed over a period of several
months. At 2 atm an efficiency of 4.5% has been
measured with a plateau longer than 30 dB. At this
pressure very large amplitude (up to 40 mV into 50 Q)
and partially saturated pulses were detected with the
chamber working close to the self-quenching streamer
regime7. A spatial resolution of 1.3 mm (FWHM) and.
a time resolution of 130 ns (FWHM) have been measured
with a 1 em thick converter?. The time resolution
can be- improved by 30Z by adding CF; gasS.

2.2 -~ Top/Bottom Converter Discrimination

Due to the large solid angle subtended by two
opposite modules the parallax error may be fairly
large for the proposed camera. Annihilation gamma
rays. which traverse the module at an angle as steep
as 30°(see fig. 1) way produce a maximum parallax
error of teff x tan (30°), where teff 18 the
interaction uncertainty along the module depth. If
no electronic discrimination is provided, tgfg
would correspond to the total thickness of the module
(L.e.~6 cm).

Borkowski and Kopp8 suggested a method for
half-gap discrimination in MWPC's used in X-ray
imaging by looking at the differences in amplitude
and shape of the induced signals on the two
cathodes.. It has been shown that such a difference
depends on the fact that the avalanche is localized
on one side of the anode wire?~12, With counters
operating in the proportional region, however, a
characteristic time of several microseconds is
required in order to permit clear separationll- It
has been suggested that if the counter is working in
the gemi-proportional regionlo or, better yet, in
the self-quenching streamer regimel3, this
discrimination is more effective, because space
charge effects push the center of gravity of the
avalanche further away from the anode wire and the
top/bottom asymmetry is enhanced.

In the following section we present some
experimental measurements that show that discrimina-
tion is obtained in less than 50 ns in the self-
quenching streamer regime. This enables us to discri-
nate between the top and bottom converters under the
high count rate needed for the Positron Camera.




2.2.1 - Measurements with 55Fe and 90sr
Sources

The measurements have been performed with the
15x15 cm? test module chamber. To ensure that the
counter was working in a gself-quenching streamer
regime7, a different anode plane was used (75 um
wires, 4 mm pitch) with a 2 cm cathode~cathode gap
(2 atm P30 gas).

A schematic drawing of the measurement get-up is
shown in fig. 3. The induced signals on the two
cathodes were collected by means of copper strips,
which simulate the delay lines, placed perpendicular
to the cathode wires. A thin mylar foil was
interspaced between each copper strip and the
corresponding cathode plane. The signal was read
onto a load resistor (Rp=l to 100k Q) and fed into
a Tektronix 475 oscilloscope (see fig. 4). For a
55Fe source (5.9 keV X-ray) it is expected that
most of the detected photons interact in the top part
of the chamber. The corresponding induced signals
are shown in fig. 4a. The overall top/bottom
asymmetry is clearly visible with signals of ~50 ns
rise time. Fig. 4b gshows a similar picture when a

Osr gource (endpoint of the £ spectrum = 0.546
MeV) 18 used. The number of avalanches initiated in
the top and bottom half-gaps is expected to be much
the same, and this is qualitatively confirmed by the
figure. Figure 5 shows the corresponding pulse
height distribution for the 35Fe source. 1In this
case a 1 k 2 load resistor was used and the two
signals were fed through a high input impedance
amplifier. The two peaks correspond to avalanches
being produced in the two separate half-gaps, which
induce bigger pulses on the nearest cathode. As is
clearly seen from the figure, most of the
interactions occur in the top half-gap (the higher
pulse height peak in fig. Sa) and these events
correspondingly produce smaller amplitude pulses on
the bottom cathode (first peak in fig. 5b) (note that
the two figures have a different vertical scale).

In the actual Positron Camera situation,
electromagnetic delay line read-out will be used for
x and y localization. In order to discriminate
between top and bottom converter, it is necessary to
also have a prompt signal which can be picked-up from
the relative ground of the delay line. A schematic
drawing of the experimental set-up is shown in
fig. 6. The characteristic impedance (Z,) of the
fast delay lines is ~1500. The load resistor must be
small enough 8o as not to excessively decrease the
amplitude of the slow signal necessary for the
position determination. A value of 502 was chosen.
Differential Amplifiers are used both for position
information (DA 1 through 4) and for the analysis of
the prompt signal (DA 5). In the arrangement of
fig. 6, DA 5 will give a positive output if the top
cathode signal is greater than that from the bottom
cathode, and a negative ,signal in the opposite case.
The results that we have obtained with a 55Fe

gource are presented in fig. 7. Integration of the
8Tea gybtended by the curve shows that 892 of the
detected events have a top cathode signal greater
than the bottom. That 18, 89X of the time the

5.9 keV photon interacts in the top half-gap, which
is in good agreement with the calculated value of 85%
obtained using the cross sections by Hubblel4.

2.2.2 - Measurements with the B Source

With the same arrangement (see fig. 6) we
measured the top/bottom difference with an
electronically collimatedl, Ge source. A
1 cm thick converter was placed underneath the bottom
cathode. The converter was set at the appropriate -
voltage in order to drift the electromns out of the
converter and into the avalanche region of the
chamber. When no voltage is applied to the ¥
converter, the detection of 511 keV y-rays derives
from the interaction of the photon with the inner
surface of the aluminum box and with the surface of
the converter itself. The results obtained are shown
in Table 1. The last column shows the net
contribution of the converter, once the surface
effects have been subtracted.

In the actual Positron Camera situation we expect
to be able to tell whether the interaction occurred
in the top or bottom converter with a confidence
level of at least 90%, and this reduces the parallax
error by almost a factor of three (i.e., thickness of
the module/thickness of single converter).

3. Monte Carlo Results

A general electromagnetic radiation transport.
Monte Carlo code EGS15 has been used in order to
calculate the spatial resolution of the proposed
Positron Camera and to determine the contamination
due to Compton scattering in the phantom. A detailed
description of how EGS was implemented (1i.e.,
geometry, scoring, etc.) has been given elsewhere3
and will not be repeated here. Suffice it to say
that the real geometry for each lead-glass tube
converter, because of the complexity introduced by
the very large matrix of cylinders, was approximated
by a solid converter whose density was reduced by an
appropriate area ratio. Following an interaction in
this pseudo-converter, it remains to be decided
whether the Compton~ or photo—electron will reach a
hole and get detected. In a previous paper3 wve
assumed, based on range-energy table arguments, that
the event was detected if the kinetic energy exceeded
200 keV. A better method of determining this
“intrinsic converter efficiency”, based on sampling
techniques, is described in the next section.

3.1 Intrinsic Detection Efficiency of the
Converter

In order to determine the probability that an
electron of a given kinetic energy will actually get
transported into one of the holes of the converter,
we have used the EGS code with a special geometry
that corresponds to a "unit cell™ (see inset to
Fig. 8). Three combinations of inner and outer

I

Table 1

Top-Bottom Cathode Discrimination for 511 keV y-rays

Converter voltage ON

Absolute Efficiency 4.6 x 10~2
Relative contribution
Bottom ) Top 882
Top > Bottom 10%

IBottom-Top| ¢ Noise 22

Converter voltage OFF

Net contribution due
to the Converter

0.5 x 10-2 4.1 x 10~2
61% 91%
11% 9%
282 -



diameters were chosen with the length of the cell
fixed at 1 cm and p = 6.2 g/cm3. '

To simulate the experimental conditions, photons
randomly irradiated the top face of the cell at an
angle of 90°+ 3.5° and all particles either were
transported inside the cell until they reached a
cutoff (10 keV or 1 keV for y or e~, respectively),
exited the top or bottom, or exited the sides. In
the latter case, in order to fully realize the actual
converter with a multitude of contiguous holes, the
particles were re-~transported back into the unit cell
by making the appropriate coordinate translation
while maintaining the direction of motion. When an
electron eantered the inner diameter of the cell, it
was considered to be detected irrespective of its
energy at that point.

The probability for an electron to reach a hole
depends on its energy, where it is created, and its
direction of motion. By throwing photons over the

contamination in the presence of water phantoms. As
stated previously, a pseudo-converter of reduced
density was employed and the probability of
detection, based on curves provided in the previous
section, was included by means of sampling.

Several factors contribute to the spatial
regsolution of the system: positron range, two-gamma
non-collinearity, Compton scattering ion the phantom,
and intrinsic detector resolution. With our Monte
Carlo simulation it has been possible to study the
absolute contribution of each to the overall spatial
resolution. Table 2 shows the results, which have
been obtained for a 10 cm radius water phantom and a
11¢ point-like source at its center.

Table 2
Contribution to the Positron Camera Spatial
Regolution for a 1iC Source

unit cell and scoring the energy release into two FWHM (mm )

histograms (detected events and total events), we are Positron range 0.4

able to determine the probability that an electron Two gamma non-collinearity 2.2

with a given kinetic enmergy will reach a hole —— Detector response:

averaged over the various positions and directions. - Parallax error 2.4
Fig. 8 shows the average detection probability as = Intrinsic spatial resolution 2.4

a function of energy for three different tube sizes. Overall spatial resolution .5

Tubes with inner/outer diameter of 1.33 mm/1.59 mm
and 0.91 mm/1.10 mm, respectively, have already been
ugsed for converter prototypes »6, The upper curve
refers to a new type of converter with inner and
outer diameter tubing of 0.48/0.60 mm, which is now
being tested. ‘A photon of 511 keV produces a
photoelectron in the lead-glass with a kinetic energy
of 425 keV. For the 0.91 mm/1.10 mm tube this
interaction has (on the average) a probability of
~1/3 to be detected. Hence, the efficiency of such
a converter of any thickness for 511 keV photons must
always be less than ~33%. Fig. 8 shows that smaller
diameter tubes (i.e. 0.48mm/0.60mm) will increase
this limit to ~50%.

The calculated efficifencies for these three types
of converters are presented in fig. 9 as a function
of the photon energy and are compared with
experimental data at 511 keV, where excellent
agreement is seen. Fig. 9 also shows that. the
efficiency of a dense drift space MWPC diminishes
with decreasing energy of the incident photon; this
behavior is opposite to that of a crystal-type
detector.

The dotted curve in fig. 9 shows the calculated
efficiency for one module of the proposed Positron
Camera. In this case there are two layers of
converter, 2 cm thick each, with tubes of
0.91mm/1.10 mm. A correction to account for the
increase in converter thickness, due to the angle of
incidence ( %= 30°) (see fig. 1), has been included.
An efficiency of 152 is expected for 511 keV y-rays;
if the tube diameters were 0.48mm and 0.60 mm the
efficiency would be a factor 1.5 higher.

3.2 - Spatial Resolution and Compton Scatter
Contamination

The EGS code has also been used to study both the
spatial resolution and the Compton scatter

As already mentioned in the previous section, the
efficiency of the dense drift space MWPC diminishes
with decreasing photon energy, and it is almost zero
for photon energies less than 100 keV (i.e. fig. 9).
For such a reason, Compton scattering is much less
important here than for scintillation cameras. Its
net effect for a 10 cm radius water phantom is to
reduce both the single and coincidence rate by a
factor 1.5 and 3, respectively.

Furthermore, approximately one third of the
coincidence events are found to be uniformly
distributed within the phantom, whereas the smearing
of the spatial resolution is negligible (<0.1 mm
FWHEM) .

In table 3 the calculated spatial resolution
(FWHM) is. presented for various positron emitters
together with some of their physical parameters. The
difference in spatial resolution among the various
igotopes 1s almost entirely due to the different
contributions of the positron range3.

4. Performance and Count Rates of the Proposed

Positron Camera

The expected performance and count rates of the
proposed Positron Camera are summarized in Table 4.
The count rates in air have been calculated using the
relation 3

2 =1
) 2T A
with the condition T=A, where € is the efficiency of
a single module, T its time resolution, T and A the
true and accidental coincidence rate, respectively.
The count rates in the presence of a water phantom
have been scaled down using the Monte Carlo results.

In conclusion, the tomograph we propose has an
intrinsic three-dimensional capability with fields of
view of 20-30 cm. A spatial resolution better than

Table 3
Positron Pmitters Characteristics and Spatial Resolution
18p 11, 68Ga 82p,
Mean Life (m) 109.8 20.38 68.1 1.25
End-point of the 8% spectrum (MeV) 0.635  0.961 1.899 3.335
Spatial Resolution (FWHM) (mm) 4.8 5.5 6.5 8.2

3 i



Table 4

Performance and Count Rates of the Proposed Camera

Positron Camera Module Specifications
MWPC active area
Converter thickness
Gas pressure
Efficiency
Positron Camera Performance
Coincidence Efficiency
Coincidence Resolving time
Spatial Resolution (for 18F) (FWHM)

45 x 45 cm?

2+ 2)em
2 atm
152

12
200 ns
4. 8mm

Count Rates for a 400 uCi point-like source (T/A=1) in Air

Single Rate per module
True coincidence rate per module pair
True coincidence rate for the system

375 x 103 counts/s
56 x 103 counts/s
168 x 103 counts/s

Count Rates for a Activity of 0.1 uCi/ml (T/A = 1) in a 10 cm

Radius, 10 cm long water phantom
True coincidence rate for the system
Number of simultaneous slices (1 cm thick)
True coincidence rate per slice
Number of voxels per slice (0.6x0.6x1.0 cm3)

True coincidence rate per voxel in one minute

Compton distributed noise
Statistical uncertainty of the signal
(total-accidental) per voxel in one minute

5.0 mm (FWHM) can be attained. Ten simultaneous
slices (1 cm thick) may be obtained with 106 true
coincidence counts for each slice in 3 minutes and
with a total sensitivity of 56000 counts for 0.1 uCi
per cm3 of activity in a 10 cm radius phantom.
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Pig. 1 The proposed Positron Camera, made of six
modules arranged to form a hexagonal prism:
plan view of the camera (TOP); cross view of
a single module (BOTTOM).
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Fig. 4 Induced cathode pulses into a 10 kQ load
resistor showing top/bottom asymmetry:
(a) 55Fe source, (b) 90Sr source.
(Hor. scale 100 ns/div.; vert. scale 50
mv/div.).



Fig. 5

Typical pulse height spectra of the induced
cathode signals for a 5Fe source: top
cathode, full vertical scale 512 counts
(TOP); bottom cathode, full vertical scale
2k counts (BOTTOM).
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