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Abstract 

A multiplane Foeltron Camera la proposed, aade of 
•lx MWFC modules arranged to fora the lataral aurfaca 
of a hexagonal prism. Bach aodule (50x50 em 2) baa 
a 2 ca thick lead-glass tuba converter on both aldaa 
of a MHFC pressuriied to 2 atm. Experimental 
Kiiuicwnti are presented to ahow how to reduce the 
parallax arror by determining In which of tha two 
convertar layers tha photon has interacted* Tha 
results of a d«tailed Mont* Carlo calculation for the 
efficiency of thla type of converter ara abown to b* 
In excellent agreement with tha experimental 
measureatats. The expected performance of the 
Poaltron Camera la presented: a trua coincidence 
rata of 56000 count•/* (with an equal accidental 
coincidence rate and a 30X Coapton aeettar 
contaalnation) and a spatial resolution better than 
5*0 ma (FWHM) for a 400 Vd polnt-llkc source 
embedded In a 10 e« radius water phantom* 
1. IntroductlcJ 

Aa ai.'glnally proposed1, the Positron Omara 
consist* of six large area HWPC aodulea arranged to 
fora the lateral surface of a hexagonal prlea. Each 
50x50 en 2 aodule has ; HWPC (45x45 ca 2 active 
area) sandwiched by two lead-glass tube converters, 
2 ca thick each (fig 1)* Experimental results 
obtained with a 15x15 ca 2 teat aodule have already 
been reported1*2, as have been prcllalnary result* 
from the Monte Carlo study of the spatial resolution 
capability of such a camera^. 

I<i this paper lc is further shown how one can 
reduce the parallax arror by knowing In which of the 
two converters (top or bottoa) th* Interaction took 
place. We alao dlacuaa the results of the Monte 
Carlo aiaulation of tha photon Interaction within the 
lead-glass tube converter and we coapare the 
calculated efficiency with experimental data* 

Finally, the general performance of the Positron 
Camera la described and expected count rates are 
given for B + sources in air and in water phantoms. 
2. Experimental Results 

The 15x15 cm* teat Module chamber has been 
described elsewhere**2- Briefly, the 
cathode-cathode gap Is 1.0 ca; tha anode plane la 
aade of 20 y* wires (3 mm pitch); the cathode planes, 
consisting of lOOim wires (2 mm pitch), are arranged 
at 90° relative to each other to allow both s and y 
localization. The position read-out la done by means 
of feet delay linea (flna/ca), capacltlvely coupled to 
the cathode plane*• Converters with thicknesses up 
to 4 ca msy be accomodated underneath the bottoa 
cathode. The entire asseat<ly is fully contained 
within a sealed uluainua box which may be pressurised 
to 2 arm. 

2.1 - Efficiency 
The cooverter Is mad* of glass capillaries of 

high lead content, fused to form honeycomb matrlcea-

(*) On Leave from: Zstltuto dl Fislca, 
Torricelll 2, Pisa, Italy. 

Tha glasa matrix la leached in a bydr'jen atmosphere 
to produce a reeiatlv* layer, which allows for 
creation of a uniform voltage gradient. A voltage la 
applied between th* made of tha tubas and the 
converalon electrons froa th* 511 kaV T-raya are 
drifted along the electric field lines and out Into 
tha wire avalanche region- Tha details of th* 
converter construction end treatment procesaas have 
been given elsewhere^. Various converters of 
different diameters have besn ue*d*>. our highest 
efficiency so far haa bean obtained with tubes with 
Inner diameters of 0-91 aa and wall thickness of 
0.096 mm (80S PbO by weight, density 6.2 g/ca 3). 
Detection efficiencies for 511 kaVv-raya Incident at 
90° i 3.5* onto thl* type of converter (1 ras thick) 
are presented In Figure 2 aa a function of th* 
discriminator threshold, fed by the anode signal 
amplified 220 times. Meaeureaent* have been aade 
with F30 (Argon 70Z/Mathan* 30Z) at various 
pressures with an effective voltage setting 
(Voff-Vanode-Vcathod«) that produces a 
negligible background count rate. Very atable 
operation condition* and full reproducibility of the 
results have been observed over a period of several 
months- At 2 ata an efficiency of 4.5Z has been 
aeaaured with a plateau longer than 30 do. At this 
pressor* very large amplitude (up to 40 aV into 50 0) 
and partially saturated pulses ware detected with the 
chamber working close to the sclf-quenchlng streamer 
regime7* A spatial resolution of 1.3 mm (FWHM) and 
a time resolution of 130 n* (FWHH) have been aeaaured 
with a 1 ca thick converter2* The time resolution 
can be Improved by 30Z by adding Cti, gaa°. 

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 aodule at an angle as steep 
aa 30°(see fig. 1) may produce a aaxlaum parallax 
error of t eff x ten (30°), where t Cff la the 
interaction uncertainty along the nodule depth- If 
no electronic discrimination 1* provided, t^ff 
would correspond to the total thickness of the aodule 
(l.a.-fi ca). 

Borkowskl and Koppa suggested a method for 
half-gap discrimination in MWPC'e used In X-ray 
Imaging by looking at the differences In amplitude 
and ahape of the Induced signals on the two 
eathodea- It haa been shown that such a difference 
depends on the fact that the avalanche la localized 
on one aide of the anode wire 9"! 2. With counters 
operating in th"- proportional region, however, a 
characteristic tlae of several microseconds Is 
required In order to permit clear separation11. It 
has been suggested that If the counter la working In 
the seal-proportional region 1 0 or, better yet, In 
the self-quenching streamwr regime 1 3, this 
dlacrlaination la aore effective, because apace 
charge effects push the center of gravity of the 
avalanche further away from the an^de wire and the 
top/bottom aaymnetry Is enhanced-

In the following section we present aome 
experimental aeaaureaents thsC chow that dlscrlains-
tloo Is obtained in less than 50 ns In the self-
quenching streamer regime- This enable* us to dlecrl-
nate between the top and bottoa converter* under the 
high count rat* needed for the Poaltron Camera. 



2.2.1 » Measurements with 5 5Fe and 9°Sr 
Sources 

The messuremente hare been performed vith the 
15x15 cm 2 teat module chamber* To encure that the 
counter waa working In a self-quenching streamer 
regime7, a different anode plane waa used (75 urn 
vires, 4 as pitch) with a 2 cm cathode-cathode ftp 
(2 atm P30 gas). 

A schematic drawing of the measurement e*£-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, pieced perpendicular 
to the cathode wires* A thin mylar foil waa 
interspaced between each copper strip and the 
corresponding cathode plane* The signal was reed 
onto a load resistor (RL«1 to 100k fi) and fed into 
a Tektronix 475 oscilloscope (see fig* 4)* For a 
55?e source (5.9 keV X-ray) it ie expected that 
•oat of the detected photons interact In the top part 
of the chamber* The corresponding Induced signals 
are shown in fig. 4e. The overall top/bottom 
asymmetry Is clearly visible with signals of —50 na 
rise tin* Fig. 4b shows a similar picture when a 
9°Sr source (endpolnt of the (T spectrum - 0.546 
HeV) la used* The number of avalanches initiated la 
the top and bottom half-gaps la expected to be much 
the same, and this is qualitatively confirmed by the 
figure. Figure 5 shows the corresponding pulse 
height distribution for the 5 5 F e source* la this 
case a 1 k 0 load realator was uaed and the two 
signals were fed through a high input impedence 
amplifier. The two peaks correspond to avalanches 
being produced in the two separate half-ftaps, which 
Induce bigger pulses on the rearest cathode. As Is 
clearly eeea from the figure, most of the 
interactions occur in the top half-gap (the higher 
pulse height peek in fig. Sa) and these events 
correspondingly produce smaller eaplitude pulses on 
the bottom cathode (first peak in fig. 5b) (note that 
the two figures have a different vertical scale)* 

Zn the actual Positron Camera situation, 
electromagnetic delay line reed-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 plcked-up from 
the relative ground of the delay line* A schematic 
drawing of the experimental set-up it shown in 
fig. 6. The characteristic impedance (ZQ) of the 
fast delay lines la—15011. The load resistor must be 
small enough ao as not to excessively deereese the 
aaplitude of the slow signal necessary for tha 
position determination* A value of 500 was chosen* 
Differential Amplifiers are uaed both for position 
information (DA 1 through 4) and f?r the analysis of 
the prompt signal (DA 5). In the arrangement of 
fig. 6, DA 5 will give a positive output if the top 
cethode signal is grester than that from the bottom 
cathode, and e negative .signal in the opposite case. 
The results that we have obtained with a 

55r. 

source are presented In fig* 7. Integration of the 
* rea subtended by the curve shows that 89X of the 
detected events have a top cathode signal greater 
than the bottom. That la, 89% of the time the 
5.9 keV photon Interacts in the top half-gap, which 
Is in good agreement with the calculated value of 852 
obtained using the cross sections by Hubble1*. 

2*2.2 - Measurements with the 8* Source 
With the same arrangement (see fig* 6) we 

measured the tc^/bottom difference with an 
electronically colllaated1*^ *»*G* source* A 
1 cm thick converter was pieced underneath the bottom 
cathode. The converter was set at the appropriate 
voltage in order to drift the electrons 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 T-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 obtelned are shown 
in Table 1* The last column shows the net 
contribution of the converter, once the surface 
effects have been subtracted. 

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

A general electromagnetic radiation transport 
Monte Carlo code EGS*-5 hag been used in order to 
calculate the spatial resolution of the proposed 
Positron Camera and to determine the contamination 
due to Cocpton scattering in the phantom- A detailed 
description of how ECS waa Implemented (i.e., 
geometry, scoring, etc.) has been given elsevhere3 
and will not be repeated here. Suffice it to aay 
that the reel geometry for each lead-glasa tube 
converter, because of the complexity Introduced by 
the very large matrix of cylinders, was approximated 
by a solid converter whose density waa reduced by an 
appropriate area ratio. Following an interaction in 
this pseudo-converter, It remains to be decided 
whether the Compton- or photry electron will reech a 
hole and get detected. In a previous paper-3 we 
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", baaed on sampling 
techniques, la 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 SGS code with a epeclal geometry 
that corresponds co a "unit cell" (see inset to 
Fig. 8). Three combinations of inner and outer 

Table 1 
Top-Bottom Cathode Discrimination for 511 keV -y-raya 

Converter voltage 

Absolute Efficiency 4.6 x 10-2 
Relative contribution 

Bottoa y Top 88Z 
Top > Bottom 10X 
1 Bottoa-Top| < ftolme IX 

Converter voltage OFF 

0.5 1 10-2 

61Z 

111 

2BZ 

Het contribution due 
to the Converter 

4.1 * 10-2 

911 

91 

2 



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 par tic lea either ware 
transported inside the cell until they reached a 
cutoff (10 keV or 1 kaV forY or a", respectively), 
exited the top or bottom, or exited the aides. In 
the latter ease. 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 ant ion. When an 
electron entered the inner diameter of the cell* It 
waa considered to be detected Irrespective of Its 
energy at that point. 

The probability for an electron to reach a hole 
depends on It* energy, where It Is created, and Its 
direction of motion. By throwing photons over the 
unit cell and scoring the energy release into two 
histograms (detected events and total events), we are 
able to determine the probability that an electron 
with a given kinetic energy will reach a hole — 
averaged over the various positions and directions* 

Pig. 8 shows the average detection probability *a 
a function of energy for three different tube sizes* 
Tubes with inner/outer diameter of 1.33 mm/1.59 mm 
and 0.91 mm/1.10 mm, respectively, have already been 
used for converter prototypes5*6. The upper curve 
refers to a new type of converter with inner and 
outer diameter tubing of 0.48/0.60 as, which ia now 
being teated. A photon of 511 kaV 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. Bence, the efficiency of such 
a converter of any thickness for 511 keV photons must 
always be leas than —33Z. Fig. 8 shows that smaller 
diameter tubes (i.e. 0.48am/0.60mm) will Increase 
this limit to -501. 

The calculated efficiencies for these thrae 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 la seen. Fig. 9 also shows that the 
efficiency of a dense drift apace MWFC diminishes 
with decreasing energy of the Incident photon; this 
behavior is opposite to that of a cryataX-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 en thick each, with tubes of 
0.91mm/1.10 am. 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 fray a; 
if the tube dlsaetera 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 

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 aampling. 

Several factors contribute to the spatial 
resolution of the system: positron range, two-gamma 
non-colllnearlty, Compton scattering In 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 apatlal 
resolution. Table 2 shows the results, which have 
been obtained for a 10 cm radlua water phantom and a 
!lc point-like source at its center-

Table 2 
Contribution to the Positron Camera Spatial 

absolution for a • L XC Source 

Positron range 
Two gamma non-colllnearlty 
Detector response: 

- Parallax error 
- Intrinsic apatlal resolution 

Overall spatial resolution 

FWftM(mm) 
0.4 
2.2 

2.4 
2.4 
5.5 

Aa already mentioned In the previous section, the 
efficiency of the dense drift space MUPC 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 cameraa. Its 
net effect for a 10 cm radlua 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 (cO.i mm 
FHHH). 

In table 3 the calculated spatial resolution 
(FUHM) la preaented for various positron emitters 
together with some of their physical parameters. The 
difference In apatlal resolution among the various 
isotopes 1» almost entirely due to the different 
contributions of the positron range-*. 
4. Performance and Count Ratea of the Proposed 
Positron Camera 

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

£i - li 
2T A 

with the condition T-At where e is the efficiency of 
e single module, i 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 acaled 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 apatlal resolution better than 

Table 3 
Positron fitters Characteristics and Spatial Resolution 

18 F 11. 68. 

Hean Life (o) 

End-point of the S spectrum (MeV) 

Spatial Resolution (FWHK) <am) 

109.1 20.38 68.1 1.25 

0.635 0.961 1.899 3.335 

4 . 8 5 . 5 6 . 5 8 . ? 

3 



Table 4 
Performance and Count Rataa of the Proposed Camera 

Positron Camera Module Speclficatlona 
MWPC active area 
Converter thickness 
Gee pressure 
Efficiency 

Poaitron Camera Performance 
Coincidence Efficiency 
Coincidence Resolving time 
Spatial leeolution (for 18p) (FVHM) 

Count Batee for a 400 lid point-like eource (T/A«l) In Air 
Single Bate per module 
True coincidence rate per module pair 
True coincidence rate for the system 

Count Fatae for a Activity of 0.1 uCi/ml (r/A - 1) In a 10 ca 
Radiue, 10 cm long water phantom 

True coincidence rate for the ayetea 
Ifumber of simultaneous allcea (1 ca thick) 
True coincidence rata per ellce 
Number of voxels per slice (0.6x0.6x1.0 c* 3) 
True coincidence rate per voxel In one minute 
Coapton distributed noise 
Statistical uncertainty of tba signal 
(total-accidental) per voxel in one minute 

5.0 aa (FWHM) can be attained. Ten simultaneous 
slices (1 cm thick) may be obtained with 10* true 
coincidence counts for each alice In 3 alnutea and 
with a total sensitivity of 56000 counts for 0.1 UC1 
per ca3 of activity in a 10 ca radius phantom. 
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Induced cathode pulses into a 10 fc; load 
resistor showing top/bottom asymmetry: 
<a) 55Fe source, (b) 90sr source. 
(Hor. scale 100 ns/div.; vert, scale 50 
mv/div.). 



Typical pulse heigh:, si 
cathode signals for a 
cathode, full vertical 
(TOP); bottom cathode, 
2k counts (BOTTOM). 
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Schematic drawing of the delay line 
electronic set-up for both position 
read-out and cop/botto* converter 
discrimination. 
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Fig. 7 Pulse height spectra shoving the 
difference between the top end bottoni 
cathodes. A differential amplifier 
was used to obrain Che spectruaw The 
bottoa ) top part of the spectrum has 
been inverted for the figure. 
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Fig. B Calculated electron detection probability 
• • a function of Ita kinetic energy for 
three different (I.D./O.D.) converter tube* 
inset: unit c e l l uied for the Honte Carlo 
calculation. 
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Fig. 9 Calculated efficiency of the converter as a 
function of the photoa energy: 1 ca thick 
and three different I.D./O.D- converter 
tubes (solid lines) ;0-experiaental data 
froa ref. 6;#-this experlaent. The dotted 
line shows the calculated efficiency for one 
aodule of the proposed Positron Caaera. 
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