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THE IMAGING PERFORMANCE OF A MULTIWIRE PROPORTIONAL-CHAMBER POSITRON caMEraCH?

Victor Per:z-Hende:“'z), Alberto Del merrn“"), Walter R. Nelson(”.snd Kwok <. Tam“)

(1) Lavrence Berkeley Laboratory, Berkeley, CA. 94720; (2) Department of Radiology, UCSF, San
Francisco, CA. 94143; (3) Stanford Linear Accelerator Center, Stanford, CA. 94305; (4) General

Electric Co., Schenectady, NY 12345.
ABSTRACT

A new design - fully three dimensional -
Positron Camera is presented, made of six
MultiWire Proportional Chamber modules
arcranged to form the lateral surface of a
hexagonal prism. A true coincidence rate of
56000 c¢/s is expected with an equal
accidental rate for a 400 uCl activity
uniformly diatributed in a ~ 32 water
phantom. A detailed Monte Carlo program has
been used to investigate the dependence of
the apatial reeolution on the geometrical and
physical parameters. A spacial resolution of
4.8 um FWHM has been obtained for a F
point-like wource in a 10 cm radius vater
phantom. The main properties of the limited
angle reconstructvion slgorithma are described
in relation to the proposed detector geometry.

1. Introductiocun

The techaique of tomographical fmaging with
x-rays{2:2) has now become an essential toal
of any wajor medical center. Although
tomographical imaging originated in practice in
early ouclear medicine laboratories'”:1%/  f{ts
application lagged behind, due to technological
difficulties. In fact, only after CT-scanners
came into operation has reeearch in this field
become appreciable and have the firat positron
tomography czmersa been developed in vsa(5-9)
and Buropean' laboratories. A number of
poaitron tomographs hkave been constructed and
are now uged for medical research. Moat of
these ave siagle ring scint{llator detectors,
using efther sodium lodizs(“' ar bismuth
germanate crystals 13,1 . More recentl;
ceslum fluoride cryetale have been used(l -17)
because of their fast time response. It ie
usually necesaary to measure more than one glfce
of the object: thia can be doae either by a
series of parallel strip images taken
sequentfally, or by making large area detectnrs
or multi-ring detectors {which are much more
expensive to build than single section
tomugraphs).

(*) On leave of absence from: Istituto di
Fisica dell’ Universita', Pisa, Italy.

(+) Thie work was supported by the Direcror,
Office of Energy Research, Office of Righ Energy
and Nuclear Phyeics, Division of High Eaoergy
Phyeics of .he U.S. Department of Energy under
Contract #DE-AC03-765F00098.
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In this paper we propose a new design for a
large area poaitron camera and discuss its
expected imaging performance, which has been
evaluated both by experimental measurements and
by Monte Carlo simulation. The proposed large
area concentric detector ia con:eived to measure
a8 sensitive volume of ~3 litera. The detector
is based on a MWPC with lead glass drifc space
converters.

In the next section a description of the
camera 16 given and a brief summary of the
experimental results is reported. Section 3
deals with the Monte Carlo similation of the
detector and the results are presented in
section 4. Llimited angle reconstruction
algorithma will be used to prodice tomographical
imaging of the real data. The nain featurea of
such algorithms, as applied to this detector,
are described in sectico 5. Finaliy, some
concluding remarks are given {n the last section.

2. The MWPC Pogftron Camera

A schematic drawing of the proposed camera
is ghown 1o Fig. 1. Six modules (each
50 = 50 :wz) are arranged to form the lareral
surface of 8 hexagonal prism. Following the
annih{lation of the positron within the carger,
two y-rays are produced, each wi:h an energy of
511 keV and oppoalite to the other within a
few mrad. A good eveat resulta when both
gammaa are detected "fo coincidence” in opposite
modules. Bach module conaiste of a standard
MWPC (45 = 45 co? active area), vith s 2 cm
thick lead glasas tube converter on each side
(Fig. 1).
2.1 Frinciple of Operation of s Dense Drifrt
Space HMWPC

The detection of 511 keV r-rays with a MWPC
requires the use of a high density, high Z
converter with large surface to wolume ratio.
We have deseloped a converter made of glasa
capillarizs (0.9 =m ioner diameter, 0.096 o
wall thickaeas) of high lead content (BOX PbO by
weight, glasa density of 6.2 g/cm’), fused to
form honeycoab matrices(18), "The lead glass
matrices are treated in a Hp reduction process
to form a uniform resistive layer on the inner
walle of each tube. The Compton- or
photo-electron produced by the photon
lateracting within the converter has a finite
range dependent upon its energy. If it reaches
the gas region within the tube, a number of
primary ionization electrons are produced. A
voltage difference applied betweer the ends of
the tubes then drifts these primary electrona
along the electric field lines within the tube
towards the cathode planea and intoc the
avalanche region of the chamber.
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Fig. 1 - Proposed Positron Camsra made of six
modules arranged to form a hexsgonal priem:
plan view of the camera (TOP), cross view of a
single module (BOTTOM).
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2.2 Experimental Results
We have bullt two 50 x 50 ca’ modules and

some experimental measurements have besen taken.
For convenience we have extensively tested a
maller module (15 * 15 cal active area)
equipped with one 1 cw thick converter. The
chanber itself is a standard gas ﬂ.ued MWPC
vith the two cathode planes at 90° o wsch other
in order to have both x and y localization.
Position readout is schieved by mesns of fast
delay lines (8 ns/cm) coupled to the cathode

Table 1

phnu(”)- The upe&::ntsl details have
already been raported Table 1 briefly
summarizes the results obtsined with a ndard
argon-methane (70-30) gas aixture st 2 ata for
511 kaV y=-rays incident perpendicular onto the
module plane. 1n order to extrapolate these
results to converters of different thicknoess ve
sssume that the efficiency is proportionsl to
the Y interaction probabilily, whereas the time
resolution is determined by the transit time of
the electrons within the converter tubes. For
the same electroo drift velocity in the gas
(1.e. the same value of the reduced electric
field), the transit time is then proportional to
converter thick The d perf
of the Positron Camers module is also presented
in Table 1. The gas pressure ¥ill be kept at 2
ata i{n order to tske advantage of the melf
quenching streamer regima(23,
2.3 Count Rates of the Tomograph

1t 1is well known that g a pure positron
emitting source and two opposite y-ray
detectors, both the single rate and the true
coincidence rate are proportional to the source
strength. 1f the solid angle fraction (fy)
subtended at the source is the same for both
decectors and 1f the efficiency (c) for 511
keV Yv-rays is the same and constant vithin the
solid angle, one gets

Hp =Ny = (2S)fge, (1a)
T=5 () c? (1b)
A=N K (2r) (1e)

where Nj and Ry are the single rate of the
detectors, S is the source strength, T and A on
the true and accidental coincidence rates
respectively, end T is the resolving time of
coincidence.

It is conventional to express the figure—of-
merit parsmeter of a positron camera by giviog
the ratio c2/r. Oze obtains the Following
relation, vh!ch applies to a module pair:

IA -cl/n (2)

Por a given set of detector paramerers T/A 1is

iaversely proportionsl to the source strength:
- 1

A5 & @yt (3
For a signal to noise ratio

T
!t “

Specification and Performance of the Teat Module and of the Positron Camera Module

MWPC active area (cnz)

Converter thickness (cm)

Gess pressure (ata)

Bfficiency (%)

Tine resolution (ns)

Spatial resolution FWHM
-along the coordinate
to the anode wires (am)

allel

-along the other coordinate (mm)

Test Module Positron Camera Module

15 x 15 45 x 45
1 2+2
2.0 2.0
4.5 15.0
130 200(**
1.3
2.0
2.0

(*%) Using a 208 faster gas ailxture accarding to ref. 20.



the value of the source strength is given by

S|psael = <)

1
4kg T
For our detector, one gets a value of
~400 uCi, which represents tha waximuy scurce
strenglh we can use for a signal to noise ratip
21. Using condition (4), equation (2) bacomss
/A=l = €5/ - (6)
which gives the maximum true coincidence rate
per module patr comoatible with condition (4).
The expected count rates (o air and vith a 10 ca
radius water phantom are listed in Table 2. The
effect of the absorbing medivm 1s equivalent to
decreasing the efficiency of esch detector (as
determined by using the Monte Carlo program
described in section 3). Rence, the net result
of the abmorption and scattering in the phantom
ia to decresse rhe stariscics, while keeping the
same signal to noise ratio.

3. Mounte Carlo Technique and Probles Madel

3.1 The EGS Code: General Considerations

To study the spatial resolution properties
aof the tomograph, a genersl electromagnetic
radiation transport code called EGS
(Electron-clm--_s_hnvzr) (25) yug fuplemenced
for the problem at haad. 3£35S is currently being
used to solve a variety of problems in
accelerator, high-energy, and medical
physice « In particular, EGS is capable of
treating electrons, powitrons and photons with
kinetic energy as lov as 10 keV (electroas and
positrons) and 1 keV (photons). The transport
can take place in sny of one hundred different
=2lenents or in any uizture or compound of these
elemeatrs. It is left to the user to construct
his own geometry and to score a particular
anewer.

Por the problem at hand, the hexagonal
3-dimensional geometry of the positron cemera
was simuleted. In wvhat foliows, we vill limit
ourselves to the results obtained for a
point~like source at the ceater of a 10 cm
radius vacer phantom. The simulation may be
subdivided into three main wodea of operation:

- generation, transport, and eunnihilstion of

the positrom,

- transport (iacluding iazeraction) of ihe

annihilatlion quanta withio the phanton
and the detector,

- gcoring of coincidence events snd
production of spstial resolution
histograms.

As many as 200 positrons per second are
generated and "followed™ up to the scoring puint
on the IBM-3081 (i.e. 5 ms/positron).

3.2 The Positron Mode

We have used s form for the theoreticsl beta

P givea by K ki and Roae .

The energy spectra of the radioisotopes were
generated using the Fermi functions tabulation
of Fano' s torrected for the screening
effect. The spectra were introduced into EGS
in the form of look~up Tablas.

Once the positron has been gunerated both in
ponition and in direction and its energy has
been ssmpled according to the above scheme, 1t
is followed within the phantom until it reaches
a lower kinetic energy cut-off (10 keV in our
case), vhen it 1s forced to annihilate at rest.
In addition to Bhabha scattering, multiple
scattering and continuous eaergy ioss, EGS also
considers annihilaticn in flight as a discrete
Monte Carlo process. Depending on the source,
between 1 and 5 per ceat of the positrons have
been found to_annihilate in flighe, consistent
with theary + Because of cthe thermal
motion of the orhital electrons two photon
annihilation at rest is not perfectly collinear
in the laboratory. This non-crollinearity is
sccounted for in the present Monte Carlo study
by uaiog a fit to the data by Colomblao et
al(32 » who weasured an angular distribution
of 8.5 x 1073 rad (FWHM) in water ar 22°C.

The in flight angle of the annihilation quanta,
on the other hand, is accouated for in EGS by
means of kinematice. The position, energy and
directirn information for the annihilation
quanta are used as input to the subaequent
two-gasma simulation phase. Other particles
{(e.g., bremastrahlung, and dalta rays) are
diacarded in the phantoa lamediately upon
production.

3.3 The Two-Gauma Hode

During the transzort of the annihilacion
quanta within the phancos, all charged particles
chat are generated are immediately discarded.
1f the photon emerges frow the phantom with aa
energy greater than the sut—off energy (100 kev),
it 1s further transported through the hexagon
detector geometry. Following an interactioc in
the lead coaverter, the Comptoa~ or
photo-electron is assumed to be detected by the
MWPC provided ite kinetic energy is grearer than

Table 2

Count Rates for the Proposed Tonograph for a Point-like Source of 400 uCi (T/A = 1)

Single rete per module {c/a)

True coincidence rate per module pair (c/s)

True zoincidence rate for the systea (c/s)

Total coincidence rate for the syscem: T4A (c/s)

In Alr 10 ¢m radius water phaatom(*)
375 x 107 250 x 103
56 x 10 18.5 = 10
168 x 103 56 x 103
336 x 103 112 = 103

(*) As calculated by the Monte Carlo described in section 3.



200 keV. This value has besn arbitrarily
chosen uicnzding to the ranga snergy
:-hlutn » for the wall thickness of the
glase tube. If more than one such elactron ie
produced then the one closest to the wire plane
is selected.

Eacb event can be displayed on s graphic
device apd the history of the two photons can -be
visuslized. An example fe presented in Figucre 2,

is the kinetic energy of the electron. 1D is
the distance of tha interartion posnt from thm
end of tbe tube. 1In the example prosented in
Pigure 2, the first photon (solid line and solid
box) interacts twice in sector 3: the firgt one
produces a Compton electron of 307 keV and
and the second & photoelectron of 116 keV.
This photon fs assumed to b detected at the
point whera the firet lntervaction occurred,
ie ie the coly one over the

shoving two ortbogonal views of the
The phozone are shown as solid and dottad

1ines. The scattering information rslated to
each of the two photons sre printed in the two
corresponding boxes, where the various
interactions are indicated. For eacit interaction
(#) various quantities are provided (8, D, T,
GEl, EKE, GE2, and TD). S is the sector where
the ilateraction took place (1~6); it assumes the
value of 0 1f the interaction took place in the
phantom itself. D indicates the converter

(first or eecond); T identifies the type of

1 toa (C for C P for

photoelectric). GEl and GE2 are the photon
energles before and after the interaction; EKE

#SDT GEl EKE GEZ TD(CM)
131C 511307 204 0008
2831 P 204 116 0.105

P blished d on 1d. The second
photon (dctted lfine and dotted box) also makes
tvo interactious: the first oce produces a
Compton electron of 209 keV in tha firsc
converter of sector 6; the secoud produces s
photoelactron of 215 keV in the second detector
of the same sector. In this case the two
electrons ere both above the threshold of 200
keV, but only the oesrest interaction point to
the wire plane (the second one) is retained as
detection position.

Subsequently the incriasic spatial
resolution of the MW?C module is introduced into
the overall siuulstion. The real detector is

THCMY +
1116 ¢
0.049 *

PP ]

GEl BKE G2
511 209 302

s 2en e

XBL 828-11168&

Pigure 2 ~ Tvpical Graphic display of a simulated event.
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able to distinguish in which converter the
interaction took place , but it is not able
to tell where along the glass tube it occurred,
generating a parallax error. This is accounted
for in our simulation, by translating the actual
detection point to the wmiddle of the converter.
Then the two coordinates on the wire plane are
sampled according to ga an discributions,
whore FWHM has becn 1 ally d ined
(see table 1). PFinally the mpatial cuts, which
take {nto account the missing angle between two
adjacent modules, are applled. (Only the events
inside the active area of the detector are kept.)
3. Spatial Regolution Hiatograms

To atudy the apatial resolution of che
Poaitron Camera a point-like positron source was
eipulated on the x-z plane (see Pigure 2) at the
origin. A coincidence event is defined when
both photone are detected in opposite modules.
Per each coincidence event the line which
connects the two detection points is computed.
The intersection of this line with the x-z plane
18 calculated and {ts distance from the source
position {5 accumulated in a two-dimensional
histogram. Finally, a profile along any
direction on the plsne across the origin gives
the spstial resolution distribution of the
Positron Camera.

4. Monte Carlc Results

4.1 Contributions to the Spatial Resclution
Several factors contribute to the spatial
regolution of the system: positron range,
two-gsmna non-collinearity, Compton scattering
in the phantom and intrinsic detector
resolution. With our Monte Carlo simulacion it
has been possible to study tbe absolute
contribution of each to the overall apatial
resolution; the results, which hsve obtained for
a 10 ¢m radius water phantom, are now discuseed
{n turn.
Positron Range - The rad{oisotopes studied are
listed in Table 3 together with their main
paraneters and the maximum path 1ensth(33).
The range dis:ributions are non-gaussian in
shape and have & very long tail, especially for
the high energy poaitron emitters. The effect
of the positron range is best described by
giving both the FWHM and the FW(0.1)M of the
apatial dietributions obtained in the
simulacion. Also included in Table 3 are the
radil of the apheres which contain 502 (rsp)
and 952 (rgs5) of the annihilation points.
These numbers have been found to be in

Table 3

good agreement with experimental

Esasurements + In general rys is found

to be ~1/2 of the maximum path lengeh.

Two-ganma non-collinearity = To a first
approximation, an anguler spread at the detector
plane (A5) will cause a positional deviation at
the image plane of -Rj§/2, where R is the
diatance batween the two planea. Proam the Monte
Carlo results ve have found a FWHM of 2.2 wm and
a FW(0.1)4 of 7.1 mm. The contribution from
annihilation in flight, which is isotope
dependent, iz negligible (< 1I for uc).
Compton scattering in the phantom - Contrary to
8 crystal=type detector, the effﬁlen:y of a
dense drift space MWPC diminishes with
decreasning energy of the iuncident
photon(35-36)- For thia reason, Coapton
scattering is much lesa impoztant here than for
scintillaticn cameras. For a 10 ca radius water
phantom both aingle and coiccidence rates are
reduced by a factor 1.5 and 3, respectively (see
Table 2). Furthermore, approximately one third
of the coincidence events are uniformly
distributed within the phantom, whereas the
smearing of the spatial resolution is pegligible
(< 0.1 o FUHM).

Detector response - To a first approximarion
parallax erzor has a triangular distribtuicn ac
the detector plane with a FWHM of t'\/A/R, where
t is the converter thickness, A is the area of
the module and R is the diatance from the
source. The positionpal deviation at the image
plane will then be -1.5 mm (t = 2 cm, A =

45 x 45 c®, R = S50\3/2 ca). From the Monte
Carlo simulation we obtain & FWHM of 2.4 om and
a FW{0.1)4 of 4.8 mm. The intrinsic apatial
resolution of the MWPC for both x~ and y-
conrdinates (Ax = Ay - 2.0 mm FWHM, see Table 1
introduces 17 additional contribution of -1/7/2
(ax? + ay?)1/2 2 2.0 wx FM.

Overall spatial resolution of the syateam -~ The
various contributions and the overall spatial
resolution of the aystem are given in Table 4
for a 11i¢ point-iike source at a center of a

10 ca radius water phantom. The overall spatial
resolution values, which are obtained by adding
the FWHM valuea in quadrature are smaller Chan
the calculated Monte Carlo values, aa expected
for the following reasoning: one canncr siaply
add nou-gaussian distributions in quadrature.
The Monte Carlo simulation, however, performs
the convolution integratiom correctiy

Siuilarly, for the other radiosotopes, the
overall spatial resolution ranges from 4.8 nm
(FWHH) for 1BF to 8.2 am (FWHM) for 82Rb.

Positron Emmitters Characteristics, Range and Contribution to the Spatial Resolution

Mean life (m}

End~point >f the @' spectrum EHeV)

Maxiomum path length in wacer 33) (umj:

Range concribution to the spatial resolution:
FWHM (am}
Fu(0.1)M (am)

r50 in vacer (mm)

rgs in wacer (mm)

1l¢ 159 38y B2py
20.38 2.03 7.61 1.25
0.635 0.961 1.723 2.630 3.335
2.40 4.09 8.14 12.93 16.57
0.4 0.7 1.2 2.0
1.6 3.3 6.0 8.5
0.60 1.47 2.76 3.91
1.72 3.75 6.50 8.86



Table 4
Contribution to the Positron Cawers Spatial
Penolution
FWHM (am)
Poaitron range 0.4
Two gamsa non—collinearity 2.2
Detector response:
- Parallax error 2.4
=~ Intrinsic spatial resolucion 2.4
Overall spatial resolution 5.5

5. Radioisotpe Distribution Resconstruction:
Limired Angle Data

The radioisotope distribution within the
object that we determine from the coincidencs
pair distributions measured in the camera is
obtained by a Fourier Inversion
technique « Additionally, in order to
achieve the best reconstruction with data
subject to scatiscical fluctuations, we use a
emoothing algorithm due to l’h!.ll!.p:r .

The Fourier Inversion method as such would
be satisfactory if the camera were truly a
six-sided box with no gaps in detection
efficiency at the junctions of the detector
sides. From a practical point of view, for
simplicity in coustruction we allow an estimated
gap of -5° at the vertices of the hexagonsl
detector zlots (Pigure 1) —- amounting to a
total niseing angle of ~30°,

It can be shown that the solid angle in
front and back perpendicular to the axis of the
hexagon contributes only to a loss of detection
efficiency, since annihilation Y-rays going in
those directions are mot recorded. It does nct
contribute to any artifacts irn the reconstruc=
tion so long as the object is smaller than the
length of the scneitive ares of the hexagon. On
the other hand, if no provision is made for
adequate treataent of the 30°P aziauthal angle
aiesing information, the quality of the
reconatruckion suffera and line artifacts will
be created.

We summarize below the limited angle Pourier
Inversion algoritha that wve have developed and
will uge in this camera.

Let ¢,(r) be the point response of the
detector system. In what follows we ensure that

9,(r) 1s space invariant - i.e. that every
point within the object has the same detection
efficiency = by restricting the cone of
directions which we accept for the
reconstruction.

Then we can write the following convolution

o(r) = fo(z'Wolr - ') a3’ 7)

where #(r) is the weasured distribution of

-counts, and ¢(r') is the unknown radioisotope

distribution withio the object. Froa the
Pourier Convolution theorea we can write:
o(p) = d(p)P,(P); ¢(P) = ¢(p)/2g(p) (8)

#(r) -f $(p) € ZTIPT g2p 8]

If we use the Phillips smoothing algoritha
equation (8)becomes

®(p)
YOl = S+ (B ) ao

The parameter Y is an adjustable parameter that
depeads oo the statistical noise level.
Increasing vy makes the solution amoother but
elimipates fine details of the iasge. In
practice we constrain y to be consistent with
the spatial resolution deteruined by the desired
pixel size on the reconstruction.

Rote that in equation (10) ¢(p) is not
defined for Fourizr components in the missing
angles, i{.e. the directions in the Fourier space
corresponding to those in which the camera has
gaps. Using the Phillips algorithm, Eq. (10),
leads to the result that ¢(p) = 0 for the
wissing angles in the Fourier plane. This
permits the integral in (9) to be calculated
unasbiguously; however, the result is a poor
approximation to the real discribucion and
creates a nuaber of line artifacta for each
point in the object ).

The method for approximating the miseing
Fourier components outlined below depends on the
fact that the object source diastxibutioo is in a
finite volime and haa a finite maximun. From
matheaatical pricciples it is well known that,
for such distributions, knowledge of the Fourier
compoaents in a limited region decermines their
values over all space, since the Fourier
distridbution in this case is a complete
function. The computative algorithm is based on
& wimilar slgorithm due ro Gen:hberg(l‘ ) and

Known Fourier components of
the object inside the allowed
cone; missing-cone components
set to zero inftially.

Estimated Fourier spectrum
of the object, corrected to
3 the known Fourier components —(_E

inside the allowed cone.

Figure 3 - The computer itarstion scheme.

Estimated abject density,
corretted to zero auts1de_+_ on the extent and
the known extent of the
object.

A priort information

lacation of the object,|

XBL 828-11171



applied to electrical nigoals by Plpnuul(u).
Figure (3) shows the computer iteration scheas
used for this purpose. On a test object
simulation in our csaera, for a circular phaatom
of 20 cm diameter reconstructed in 6x6x10 mm>
voxels, and using a count of 400 counis/voxel ve
obtained an appreciable reduction iu the arror
of the reconstruction compared withk the test
object simulation.

6. Concluding Remarks

The tomograph we propose has sn intrinsi:
multiglice capability: fields of view of 20-30
cm can be eapily dated. Furth the
80lid angle coverage (~50%) and the possibility
of detecting off-plane photon pairs allows for
leas activity, thus reducing the dose delivered
to the patient. 1In 3 mio as wany as 1 x 10
true coiacidence events may be collected per
slice, if a asource of 400 uCi is uniformly
diatributed in a typical head phantom (Table 5),
and as many as 10 simcltaneous alices may be
obtained for a total of 10 x 108 coincidence
events. Approximately the same number of events
are collected in the same time with the
three-plane NEUROGCAT Tonognph(“) with a
higher activity source. The sigoal to nolee
ratio for the MWPC solution {s worse than for
NEUROCAT, but a better spatial resolution (5-6
om FWHM) may be claimed, and systems with
resolution better than 7 ma FWHM are now
required for both brain aad heart iugins("”.

Table 5
True Coincidence Rates for an Activity of
0.1pci7n1 of IIC(T-A) in a 16 ca n-tH.u-l
10 co Long Water Phantom
Total True coincidence rate

Fumber of simultanecus slices
(1 cm thick) 10

56000 c/»

True coincidence rate per slice 5600 c/s
Spatial resolution (FWHM) 5.5 um
Number of voxels per slice
(0.6 x 0.6 x 1 ca”) ~870
True coipcidence rate per voxel 400 c/a
Compton distributed noise ~1/3
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