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Abstract

A multiplane Positron Cemers ie propossd, made of
#ix MWPC moduiss arrangad to form tha lateral surface
of a hexagonal prism. Ruch module (50x50 ca?) hes
& 2 ca thick lead-glass tuba converter ou both sides
of a MWPC pressurized to 2 atm. BExperimental
suresents are presented to show how to reduce the
parallax error by detsraining in which of the two
convertar laysrs the photon has interacted. The
results of a detailed Monte Carlo calculation for the
afficiency of this type of convertor are shown to be
in excellent ag! with the axp 1

+ The exp d perf of the
Positron Casera is presantad: a trus coincidence
rate of 56000 counts/s (with an equsl accidental
coincidence Tate and a 30 Compton ecetter
contaminstion) and a spatisl resolution better than
5.0 mm (FWHM) for s 400 HC! point-like source
embedded in a 10 cw radiue water phantom.
1. Iotroductica

As ot ginelly pnpondl, the Positron Cxmera
consists of six large area MWPC modules arranged to
form the lateral surface of a hexsgonal prism. Each
50x50.ca2 module has £ MWPC (45x45 ca? active
ares) sandwiched by two lesd-glass tube converters,

2 cw thick each (fig 1). TFxperimental results
obtained with a 15x15 ca? test module have already
been reportndlaz, as have been preliminary results
from the Monte Carlo study of the spstial resolution
capadbility of such a camera’.

In this paper ir is further shown hovw one cam
reduce the perallax error by koowing in which of the
tuo coaverters (top or botrom) the fnteraction took
place. We also diacusa the results of tha Monte
Carlo simulation of ths photon intersction within the
lead-glass tuba converter and we compare tha
calculated efficiency with exparimental data.

Pinally, the general performance of tha Positron
Camers is described and expected count rstes are
given for gt sources in air and in wvater phantoms.

2. Experimental Results
The 15x15 cu‘ test wodule chamber hes baan

demcribed elsevherel»2. Briefly, the
cathode—cathode gap is 1.0 cm; tha anode plane is
=zade of 20 um wires (3 mm pitch); the cathode planes,
consisting of 100um wires (2 mm pitch), are arrangsd
at 90° relative to esch other to allow both x and y
localization. The position read-aut is dons by mseann
of fast delay lines (8os/cm), capacitively coupled to
the cathode plane®. Convirters with thicknesses up
to 4 cm may be sccomodated underneath the bottom
cathode. The entire sssembly is fully contained
within a sealed sluminum box which may be prassurized
to 2 ata.

2.1 - Efficiency

The converter is made of glass capillsriea of
high leed coatent, fused to forwm hoaneycomb matrices.

(*) On Leave from: Istituto di Fisica, Plazza
Torricelli 2, Pisa, Italy. .
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The glass matrix is leached in a hydr-Jen atmospbers :
to produce & resietiva lsysr, which allows for ‘
creation of a uniform voltage gradient. A voltage is
applied between the unde of ths tubes sand tbe
conversion elactrons frow the 511 keV y-rays are
drifted along the slectric fiald lines and out imto
the wire avalanche region. The details of the

ion &nd hsve
basn given eleevhared. Varicue couverters of
different dismeters have been usedS. oOur highest
efficiency g0 far bas besp cbtained with tubes with
inner diametars of 0.91 wa eod wall thickness of
0,096 mm (80X PbO Dy weight, density 6.2 g/cad).
Detection afficiencies for 511 keV y-rays focident at
90° = 3.5° onto this type of converter (1 ra thick)
sre pressated in Figure 2 ss a function of the
discriminstor thrushold, fed br the anode signal
smplified 220 tiwes. Measurements have begn made
vith P3g (Argon 70%/Mathane 30%) at various
pressures with an ¢tfective voltage setting
(Voff*Vanode~Veathode) that produces a
cegligible background count rate. Very stable
operation conditions and full reproducibility of the
results hsve been observed over a period of several
monthe. At 2 atm an efficlancy of 4.5% has been
messured vith & plsteau longer than 30 8. At this
pressurs very large amplitude (up to 40 mV into 50 0)
and partislly saturdted pulses wars detected with the
chamnber working close to the gelf-quenching streamer
n|m7- A spatial resolution of 1.3 sm (FWEM) apd
a time resolution of 130 us (FWHM) have besn measured
with a 1 ¢m thick converter2. The time resolutlon
can be improved by 30X by adding CFy gasb.

2.2 - Top/Bottow Converter Discrimination

Due to the large solid angle subtended by two
opposite modulea the parallex error may be fairly
large for the propoaed camera. Aonihilarior gamma
rays which traverase the module at an angle as steep
as 30°(wee fig. 1) may produce & maxisum parallsx
error of tess x tan (30°), where tegs is the
inceraction uncertainty along the module depth. If
no electronic discriminstion is provided, tofs
would correspond to the total thickness of the module
{(1.0. ~6 cam).

Borkowski and Xopp? auggested a wethod for
half-gap discrimination in MWPC's used in X-rey
imaging by looking at the differencea in amplitude
and shape of the induced signals on the two
cathodes. It hsa besn ahown that wuch a difference
depends on the fact that the avalacche is localized
on ore side of the anode vire9-12, With counters
operating in th-~ proportional region, however, a
charecteristic time of several wicroseconds is
required in order to perwit clear separationll. It
has been suggested that if the counter is working in
the semi-proportionsl regionl® or, better yet, in
the self-quenching streamcr regimel3d, this
discrinination is more effective, becausa space
charge effects push the center of gravity of the
avalsnche further avay frow the snode wire and the
top/bottom aaymaetry is enhanced.

In the following section we present eome

peri al that chow thet discrimipna-
tion ia sbtsined in less than 50 ne in the self-
quenching streaver regime. This enables us to discri-
nste between the top and bottom convarters under the
high count rat: needed for the Positron Camera-




2.21 - Hessurements with 557e and $05r
Source
The measurements have besn performed with the
15x15 cu? test module chamber. To ensure that the
counter was working in a self-quanching straamer
regime’, a different anode plane vas used (75 um
wires, 4 mm pitch) with a 2 cm cethoda-cathode gep

(2 atm P3p gas).

A schematic drawing of the messuremant sez-up is
shown in fig. 3. The induced signals on the two
cathodes ware collectad by mesus of copper strips,
which simulate the delay lines, placed perpandicular
to the cathode wire: A thin mylar foil wvas
interspaced betwesn esch copper strip and the
corresponding carhode plane. The signal was read
onto a load reststor (Ryel to 100k ) and fed into
8 Tektronix 475 oscilloscope (see fig. 4). For a
55Fe eourca (5.9 keV X-ray) it is expected that
moat of the d d ph 1 in ths top part
of the + The correspond induced signale
sre shown in fig. 4a. The overall top/bottom
asymmetry is clearly visible with signals of ~50 na
rise tive. FPig. 4b shows s similar picture vhen a
90Sr source (endpoint of the £~ spactrum = 0.546
MeV) 1z used. The gumber of avalanches initisted 1a
the top and bottom half-gaps axpected to be much
the same, and this io quelitatively confirmed by the
figure. Figure 5 shows the corrssponding pulse
height distridution for tbe 75Ps source. In this
case 8 1 k 1 load resistor was used and the two
signals vere fed through a high input impecance
anplifier. The tuwo peaks correspond to avalanches
being produced in the two separate half-gaps, which
induce bigger pulses on the rearest cathod=. As is
clearly seeu from the figure, most of the
interactions occur 1o the top half-gap (the higher
pulse height peak in fig. 5a) and these events
correspondingly produce smsller amplitude pulses on
the bottam cathode (first pesk {n fig. 5b) (note that
the two figures have a different verticsl scale).

In the sctual Positron Camera situstion,
electromagnetic delay line resd-out will ba used for
x and y localization. In order to discriminate
between tap and bottom converter, it is necessary to
x1s0 have a prompt signal which can be picked-up from
the velative gronnd of the delsy line. A schesatic
draving of the experimental set-up ir shown 1
fig. 6. The charscteristic {mpedance (Z,) of the
fest delay lines ia ~1506. The load resiator must be
suall enough so ae nat to excessivaly decreass the
amplitude of the slow signal necessary for tho
position determination. A value of 500 was chossn.
Differential Amplifiers are used both for position
information (DA 1 through 4) and for the analysis of
the prompt signal (DA 5). In the arrangemeat of
fig. 6, DA 5 will give & positive output if the top
cathode signal is ater than that from the botrom
cathode, and s pegative sigaal in che opposite caee.
The results that wve have ohtained witb a 35Fe

source are presented in fig. 7. Integration of the
4Tga gubtended by the curve shows that 89Z of the
detected avents have a top cathode signal greater
than the bottom. That is, 89% of the time the

5.9 keV photon interacts in the top half-gsp, which
1s in good agreement with the calculated value of 85%
obtained using the cross sections by Bubbleld.

2.2.2 = Heasurementa with the 8% Source

With the same arrangement (nse fig. 6) we
messurad the tcp/bottom difference with an
electronically collimatedl,2 68Ge source. A
1 cm thick converter was placed underneath the bortom
cathode. The converter was et the appropriaste
voltege in order to drift the electrons out of the
convarter and into the avalanche region of the
chamber. When no voltage is applied to the
converter, the detection of 511 keV v-rays derivas
from tha interaction of the photon with the inner
surface of the alumimm box and with the surface of
the converter itself. The resulta obtained are shown
in Tabla 1. The last column shows the net
contribution of the convertsr, once the surface
effects have been subtracted.

In the actual Positron Camara situation we sxpect
to be able to tell whather the interection occurred
in the top or bottom converter with s confidence
level of at least 90, and this reduces the parallax
error by almost & factor of three ({.s., thickness of
the module/thicimess of single convertsr).

3. Monte Carlo Results

A general slectromagnetic radiation transport
Monte Carlo code EGS15 has been used in order to
calculete the spatisl resolution of the proposed
Positron Camers and to d the nation
due to Cocpton scattering in the phantom. A detailed
devcription of how EGS vas implemeuted (i.e.,
geovetry, scoring, etc.) has hesn given elsevhers3
and #ill not be repested here. Suffice it to say
that the real geometry for sach lead-glass tubs
converter, because of the complexity introduced by
the very large matrix of cyiinders, was approximated
by a solid converter vhose deneity was teduced by sn
appropriate area ratio. Folloving an interaction im
this pseudo-converter, it remsins to be decided
vhetber the Compton= or photr~slectron will reach a
hole and get detected. In & previous paperd we
sssumed, based on rang '8y table s that
the event vas dztected 1f the kinetic energy exceeded
200 keV. A better method of deteruining this
“intrineic converter sfficiency”, based on ssapling
techaiques, is described in the next section.

3.1 Totrinsic Detection Efficiency of the
Converter

In order to determina the probability that an
alectron of a givan kinstic snergy will actuslly get
traneported fnto one of tha holes of the converter,
vs heve used the 2GS code with s specisl geowerry
that corresponde to & “unit cell” (see inset to
Fig. 8). Three combinations of imner and outer

ble 1
nation for 511 keV 2

Ta )
Top-Bottom Cathode Discri Y-Tays

Converter voltage ON

Absolute Bfficiency 4.6 x 10°2
Relative contribution
Bottoa ) Top 881
Top > Bottow 10%

Bortoa~Top| { Koise 2z

Converter voltage OFF

Net concribution due
to the Convarter

0.5 x 1002 4.1 x 102
612 91z
11% 92
282 =-



dismeters vere chosen with the length of the cell
fixed at 1 cm and p = §,2 g/ca’,

To simulate the experimental conditionm, photons
yandomly irradisted the top face of the cell at an
angle of 90°% 3.5° and sll particles either ware
vransported inside the cell untfl they reached a
cutoff (10 kaV or 1 kaV foryor a~, respectively),
exited the top or bottom, or exited the sides. In
the latter cass, in order to fully realize the actual
convertsr with a multitude of contiguous holes, the
particles were re-transported back into the unic cell
by making the appropriate coordinste trauslation
while maintaining the direction of motion. When an
electron enctered the inver dismeter of the cell, it
was considered to be detected irrespective of its
energy at that point.

The probability for an alectron tao Tesch & hole
depends on 1ts energy, vhere it is crested, snd its
direction of wotion. By throwing photons over the
unit cell and scoring the snergy release into two
histograms (detected events and total events), we gre
able to determine the probability that an electron
with a given kinetic energy will resch a hole —
averaged over the various positione and directions.

Fig. 8 shovws the average detection probablliity aa
s function of energy for three diffarsnt tube sizes.
Tubes with inner/outer diameter of 1,33 mm/1.59 wa
and 0.91 un/1.10 mm, respectively, have alrsady been
used for converter prototypes>»6. The upper curve
refera to a nev type of converter with innar and
outer diameter tubing of 0.48/0.60 wm, which is nov
being tested. A photon of 511 kaV produces s
photoelectron in the lead-glass with a kinetic snergy
of 425 keV. For the 0.91 wa/1.10 sm cube this
interaction has (on the avera a probabiliry of
~1/3 to be detected. Bence, the efficiency of suchk
a converter of any thickness for 511 keV photons must
always be less than ~33Z. Pig. 8 shows that smaller
dianeter tubes (i.e. 0.48mm/0.60mm) will incre
this limit to ~50%.

The calculated efficienciea for these thras types
of converters sTe presented io fig. 9 as a function
of the photon energy and are compared with
experimental daca at 511 keV, where excellant '
agreemant is seen. Fig. 9 aleo showa that the
efficiency of a dense drift space MWPC diminfshen
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 ct: thick esch, with tubes of
0.91mm/1.10 mm+« A correction to account for the
increase in coaverter thickness, due to the angle of
incidence ( = 30°) (see fig. 1), has been included.
An efficiency of 15X is expected for 511 keV y-rays;
{f the tube dtsmeters were O.48am and 0.60 mm the
efficiency would be a factar 1.5 higher.

3.2 - Spatisl Resolution and Compton Scatter
Contanination

The EGS code has slgo been used to study both the
spatial resclution and the Compton scatter

contanination in the of water p .« Am
stazed previ ly, & p ter of red d
density vas euployed and the probebility of
detection, bawed on curves provided in the previous
section, was included by means of sampling.

Saveral factors contribute to the spatial

on of the sy positron range, two-gamma

nono-collineariry, P ing in the ph
and intrinsic detector resolution. With cur Monte
Carlo simularion it has besn possible to atudy the
absolute contribution of each to tha overall spatisl
resolution. Table 2 shows the resulcs, which have
besn obtained for a 10 ca radius water phantom and a
11¢ point-11ke eource at its center.

Table 2
Contribution to the Positron Camera Spatisl
Resolution for a “*C Source
FWHH (wm)
Positron range 0.4
Tuo gamma non-collinearity 2.2
Detector response:
- Parallasx error 2.4
= Intrinaic spetial resolution 2.4
Overall spatisl rasolution 5.5

As already mentioned in the previous section, the
efficiency of the dense drift space MWPC diminishes
with decreasing photon energy, and it ia almoat rero
for photon energies less than 100 kaV (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 radius vater phantom is to
Teduce both the singla and coincidence rate by a
factor 1.5 and 3, respectively.

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

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
isotopes 1s almost entirely due to the different
contributions of the positron ranged.

4. Performance and Count Rates of the Proposed
Positron Camers

The expectec performance sod count rates of the
proposed Positton Camers are summsrized in Table 4.
The count_rates in air have been calculated using the
relation

27 A
with the conditiagn T=A, where € 1s the efficlency of
s single module, 1 its time resclution, T and A the
true and sccidental coincidence rate, respectively.
The count rates in the presence of a water phantoa
have been scsled down using the Monte Carlo results.

In conclusion, the tomograph we propose has an
intrinsic %hree-dimensional capability with fields of
view of 20-30 cm. A spatial resolution hatter then

Table 3
Positron Emitters Characteristics and Spatial Resolution

18p

Mean Life (a)
End~point of cthe B+ apectrum (MeV)

Spatial Resolution (FWHM) (um)

109.9
0.635

4.8

llc GBGH BZRb
20.38 68.1 1.25
0.961 1.899 3.335
5.5 6.5 8.2



Table 4

Performance and Count Hutes of the Proposed Camera

Poa.tron Camera Module Specifications

MWPC active area
Convarter thickness
Gas prassure
Efficiency
Posicron Camera Performance
Coincidence Eﬂ.cl-m:y
Coincidence Egsolving time
Spatial Rasolution (for 18F) (PwmM)

Count Bates for a 400 uCi point-like source (T/Awl) inm Afr

Single Rate per module
True coincidence rste per module pair
True coincidence rate for the systea

45 x 45 cu?

2+ 2)cm
2 et
152

‘ =
200 ns
4oBam

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

Count Rates for a Activity of O.1 uCi/ml (T/A =1) 4n 8 10 ¢n

Radius, 10 ca long water phantom

True coincidence e for the system

Wumber of simultaneous slices (1 cm thick)
True coincidence rate per slice

Nuaber of voxels per slice (0.6x0.6x1.0 cad)
True coincidence rate per voxel in ome minute
Compton distributed ooisa

Statistical uncertainty of the signal
(rotal-accidental) par voxel in one minute

5.0 om (FWHM) can be atctsined. Ten simulransous
slices (1 c» thick) may be obtained with 106 crue
coincidence ccunts for sach slice in 3 miputes snd
with g_total sensitivity of 56000 counts for 0.1 UCi
per cw? of sctivity in s 10 cm radins phantom.
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Fig. 1 Tie proposed Positron Camera, made of six
modules arranged to form & hexagonal prism:
plan view of tha camers (TOP); cross view of
a single module (BOTTOM).
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Fig. 3 Schematfc drawing of the experimental set-up
to measure top/bottom cathode asymmetry.



Fig. 4

Tnduced cathode pulses into a 10 k2 load
resistor showing top/bottom asymmetry:
(a) 55Fe source, (b) 90Sr eource.

(Hor. scale 100 os/div,; vert. scale 50
mv/div.).



Fig.

Tvpical pulse hefght spectra of the tnduced
cathode signals for a 29Fe source: top
cathode, full vertical scale 512 counts
(TOP); bottom cathode, full vertical scale
2% counts (BOTTQM).
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Fig. 6 Schematic drawving of the delay line
electronte set-up for both position
read—out and top/bottom converter
discrimination.
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Fig. 7 Pulse height spectrus showing the
difference between the top and bottom
cathodes. A differential amplifter
was used to obrain the spectrum. The
bottom > top part of the spectrum has
been fuverted for the figure.
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Prig. B Calculated electron detection probability
as & fuoction of ita kinetic wnergy for
three different (1.D./0.D.) converter tubes
Inset: unit cell used for the Monte Carlo
calculation.
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Calculated efficiency of the converter as a
function of the photoa energy: 1 cm thick
and three different 1.D./0.D. converter
tubes (solid lines); O-experimental data
from ref. 6;@-this experiment. The dotted
lipne shows the calculated efficiency for one
module of the proposed Positron Canmera.
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