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Abstract __ A novel  concept of a Compton camera for SPECT is
proposed.  The camera consists of two concentric cylindrical
detectors that operate in coincidence.  The camera is triggered by
Compton scatter events in the inner (scatter) detector.  The
scattered photons are then detected in the outer (absorption)
detector.  If  both detectors have excellent energy and three-
dimensional (3D) spatial resolutions,  such a camera could make
3D imaging possible with appropriate reconstruction algorithms.
In this paper, we estimate the potential performance of the
cylindrical Compton camera that is made up of  argon-gas or
silicon-based  scatter detector and a xenon-gas absorption
detector.

I. INTRODUCTION

   Mechanical collimation is the  primary factor that limits the
imaging potential of single-photon emission computed
tomography (SPECT). To overcome the limitations of
mechanical collimation Compton scatter imaging, which is
based on the Compton effect,  was   proposed  in 1974 [1].  In
the 1980’s, Singh and coworkers developed and investigated
the first Compton camera for imaging of 140-keV single
photon emitters with “electronic collimation” [2].  Later, a
Compton camera for industrial applications was built to image
high-energy (279-2750 keV) gamma-rays [4-6].  Recently, a
high-pressure xenon electroluminescence camera has been
experimentally demonstrated to operate in Compton  mode for
imaging  140 keV gamma-rays  [7].  Alternative designs of
Compton cameras based on solid state detectors have also
been considered in several theoretical papers [8-11]. Almost
all of these experimental and theoretical studies adopt a
Compton camera design with aperture limited by sizes and
configuration similar to the design of one-head Anger camera
[12].
    For clinical SPECT imaging, it is desirable to sample
emission projections from as many trans-axial directions as
possible. Detectors with limited aperture have be rotated
around the source being imaged in order to meet the sampling
requirement. Thus, the optimum configuration for SPECT
system should be cylindrical, which provides 2π-coverage of
gamma-ray emission from the source. Because cylindrical
systems usually are based on stationary detectors, they have
the additional advantages of stable performance and effective
cost compared to detector systems that require rotational
motion [13].
    In this paper, we present a novel concept for a  cylindrical
camera that should meet all the important requirements for
Compton SPECT imaging: optimized detection geometry,
excellent energy and spatial resolutions. We estimate the
proposed Compton camera’s potential performance on the
basis of recent developments in detector technology [14], as

well as on new understanding of the physical limitations of
Compton cameras, such as Doppler broadening  [15].

II. CONCEPT

The proposed Compton camera for SPECT  consists of two
concentric cylindrical detectors, as shown in Fig.1. The inner
cylinder is the scatter detector. The outer cylinder is the
absorption detector, which is in the back of and to both sides
of the scatter detector. This arrangement maximizes the
coverage of photons scattered from the inner detector. The
absorption detector needs to be  properly shielded from the
photon flux originating from other sites, as indicated by the
black regions in Fig. 1.
     Events of interest are pairs of interactions, Compton scatter
in the scatter detector and photoelectric absorption in the
absorption detector, that are detected in coincidence.  Both
detectors should be capable of accurately providing
information on  the energy depositions and 3D positions of the
photon interactions. The scatter interaction position defines
the apex of a cone, which backprojects the corresponding
Compton event  into the imaging volume. The line that
connects  the scatter  and absorption interaction positions
defines the axis of the cone. Because of the azimuthal
symmetry of Compton scattering, the source of the detected
photon can be localized to lie on the surface of this  cone.  The
accuracy of the determination of the cone axis is determined
by the spatial resolution performance of the two detectors. The
energy resolution of the both detectors translates to the
angular uncertainty ∆θ in defining the half angle θ of the
Compton cone [15].
     To enhance  the scatter fraction of Compton  events for the
low energy photons used  in SPECT, the scatter detector
should be made of low-Z material. It should have the proper
thickness in order to provide  adequate interaction efficiency,
but  not too thick as to cause significant amount of multiple
scatters. Potential scatter detectors are Si solid-state detector
and Ar-filled electroluminescence detector [7]. Historically,
Ge has been used for the scatter detector [2,4,6]. However, it
is not really a low-Z material, and so it does not satisfy the
Compton scatter-fraction criterion for low energy photons.
Moreover, we have shown that the additional energy
uncertainties  due to Doppler broadening (an effect that has
not been accounted before in the analyses of Compton
cameras) are more serious for Ge than for Si or Ar [15].
     The absorption detector is intended to totally absorb the
energy of a scattered photon, hopefully in a single
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Fig.1. Cross-section of a proposed cylindrical Compton camera for SPECT.

interaction. Thus, the absorption detector should be made of
relatively high-Z material. Its  thickness is determined by the
stopping power needed for the energy of interest. Although Ge
detectors meet the performance requirements for the
absorption detector, they are impractical because of  cryogenic
requirements and cost considerations. As an alternative, a
high-Z noble gas (xenon) detector, with adequate stopping
power, has the potential for use in the large cylindrical
geometry.
     In a separate paper, we have proposed a concept of a multi-
layer electro-luminescence camera (MELC) to be used for low
energy gamma-ray imaging [14]. One potential configuration
for our proposed Compton camera is a MELC scatter detector
filled with pressurized argon, and a MELC absorption detector
filled with pressurized xenon.

III. PERFORMANCE ESTIMATES

    In this section, we estimate the performance of four
potential cylindrical Compton cameras based on different
scatter- and absorption-detector combinations.  We will
consider pixelated Si detector and a MELC filled with 20 atm
argon for the  scatter detector, and a MELC filled with 20 atm
xenon, CdZnTe, and  NaI(Tl) for the absorption detectors.
     We assume the following dimensions for  the Compton
camera configuration shown in Fig.1. The inner diameter of
the camera is  60 cm. The axial length of the scatter detector is
40 cm. The latter dimension is comparable to the axial
coverage of most SPECT systems.

A.  System Spatial Resolution
     The system spatial resolution of image reconstruction
depends on the accuracy with which the Compton cone
parameters can be determined. The uncertainty ∆θ of  the cone
half-angle θ depends on the energy resolutions of the scatter
and absorption detectors and the Doppler broadening in the
scatter medium [15]. Our analysis of the energy uncertainties
in Compton cameras indicate that  the resolution of the scatter
detector is more important for smaller scatter angles. The
energy resolution of the absorption detector is  more important
in back-scatter events. At  the same time, back-scatter events
have relatively higher energy depositions in the scatter
detector. So, back-scatter events can be very useful if a
semiconductor scatter detector that has a relatively high
detection threshold is used. From the above  considerations,
we choose the angle range of {30o;100o} to be our angle range
of interest.
      The  finite position resolutions of the detectors introduce
uncertainties  in the orientation of the Compton cone, which
result in  an additional uncertainty in the scatter angle ∆θc

 
 [8].

Then, a total system angle resolution of the Compton camera
may be defined as a quadrature sum of

∆θSAR
2 = ∆θ 2 + ∆θc

2.                             (1)

The  total system resolution of the camera can then be
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SR  = ∆θSAR R,                             (2)

where R is  the  distance between the source and the point of
scatter.
      The four Compton cameras we have used for comparisons
are based on the following combinations of scatter/absorption
detector combinations: Ar/Xe, Si/Xe, Si/NaI(Tl), and
Si/CdZnTe. The energy and position resolution of Ar- and Xe-
filled MELC detectors were taken as predicted in [14]:
2%FWHM at 140 keV energy resolution and 1 mm intrinsic
position resolution.  For NaI(Tl),  the energy and position
resolutions for the best Anger cameras (3.5 mm and 9%
FWHM at 140 keV), respectively, were assumed. For CdZnTe
pad detectors, the energy resolution of 7% FWHM at 140 keV
was taken from [16] experimental work.  We have assumed
that Si pad detector can have more than 2 times better energy
resolution than that of Xe MELC detector. The 3D position
resolution of the pad semiconductor detectors was assumed  to
be 5 mm.  Results of our estimations are summarized in Table
I. Uncertainties in the estimated system resolutions of Ar/Xe
and Si/Xe Compton cameras are shown in the range between
most optimistic and most pessimistic expectations based on
uncertainties in definition of ∆θ [15].

B.  Reconstruction Efficiency

    One method of 3D image reconstruction of gamma-source
distributions from Compton scatter data is via  back-projection
of the conical surfaces defined by the detected events into the
imaging space.  This is a more complicated procedure than 2D
reconstruction of source distributions by  backprojection  of
narrow beams in mechanically collimated Anger cameras.
Solutions to the problem of the 3D reconstruction of Compton
scatter data have been shown only for some special  cases [17,
18, 19]. For example, Cree and Bones developed algorithms
that achieve useful reconstruction in the absence of
measurement uncertainties [18].
     An experimental comparison of the relative signal-to-noise
ratio (SNR) in projection imaging between electronically
collimated systems and mechanical pinhole system has shown
that the SNR of Compton cameras is reduced by factor of 3
due to noise introduced in an image by Compton cone back-
projections [20]. In an unpublished theoretical work [19],
Parra analyzed the SNR of ideal Compton camera and found
that for a uniformly distributed source, about 10 measured
Compton events yield information that is equivalent to that
from one perfectly measured mechanically-collimated event.
Recently, Gormley et al. concluded that a Ge/NaI(Tl)
Compton camera would require about 4 times the number of
events than a pinhole camera  in order to achieve comparable
performance  for the imaging of 279 keV gamma-rays [6].
    Therefore, we can introduce a “multiplicity” factor m,
which has a value between 3 and 10, that indicates how much
more  detected  useful Compton events are necessary in order
to achieve a SNR that is comparable to that of a mechanically
collimated gamma camera. This multiplicity factor is

dependent on the reconstruction algorithm and cannot be
exactly specified until  the reconstruction problem is solved.
However, these SNR considerations have shown that the  gains
in sensitivity by  Compton cameras will be effectively reduced
by the multiplicity factor.

C. Sensitivity Gain

   The total sensitivity gain of a Compton camera compared to
that of a mechanically collimated Anger camera can be
defined as

G = (εCC/εAC) kθ kE  / m                        (3)

where εCC and εAC are total detection efficiencies (including
geometrical efficiencies) of the Compton and Anger cameras,
respectively, and kθ ≈ 0.5 is the fraction of all  of Compton
events that scatter into the preferred angular range {30o;100o}.
The  factor kE shows the fraction  of events selected in the
same energy window. Typically, the total detection efficiency
of a single-head Anger camera is εAC ~ 10-4 at a distance of 10
cm from  the object.  A  three-head system with a radius of
rotation of 30 cm achieves the same order of efficiency. In
Table I, we compare the proposed Compton camera to a 3-
head SPECT system with 40x60 cm2 FOV of each head in
configuration with a 30 cm radius of rotation.

D. Energy Resolution

    The  total energy resolution of the Compton camera will be
dependent on the intrinsic energy resolutions of the scatter and
absorption detectors, and practically will not be affected by
Doppler broadening of the energy spectrum  measured  in each
detector separately. This is because of Doppler broadening of
the recoil electron and scattered γ-rays spectra are coherent
processes. The energy of the recoil electron deposited in the
scatter detector is increased (decreased) as the energy of the
scattered γ-ray deposited in the absorption detector is
decreased (increased).
     The MELC, if equipped with fiber readout, could achieve
excellent energy resolution (~1% FWHM at 140 keV) that is
only limited by the statistical fluctuations in the number of
primary ionization electrons for incoming γ-ray energies
down to 1 keV [14]. An energy resolution of 2.2% FWHM has
already been  measured in an electroluminescence camera at
122 keV [21].  And we expect that Ar/Xe Compton camera
based on MELC detectors can achieve about 2% FWHM
system energy resolution at 140 keV (Table I).
      For a silicon-based scatter detector, the system energy
resolution will be determined by the intrinsic energy
resolution of absorption detectors based on high-Z materials.
Recently, developments in silicon technology permitted the
fabrication of low-noise cooled silicon-diode arrays [22] that
appear to be suitable for this application.
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                                                                                                      TABLE I
                             Parameters of the Compton Camera in Comparison with Three-headed SPECT System with ROR = 30 cm

Configuration System
Position

Resolution,
mm FWHM

Sensitivity
Gain at
m=10

System
Energy

Resolution,
% FWHM

Total
Detection
Efficiency,

%

Allowed
Count Rate of

Accepted
Events,    MHz

Number of
Channels in
the Scatter
Detector

Number of
Channels in the

Absorption
Detector

3 head SPECT 10-15 1 9 0.01 0.3      -      200

5mmSi/
/1.3cmNaI(Tl)

26 50 9 14 <1 30,000 800

5mmSi/
/1cmCdZnTe

22 50 6 14 >100 30,000 20,000

10cm20atmAr /
/20cm20atmXe

10-20 10 2 4 10 300 1,000

5mmSi /
/20cm20atmXe

10-20 50 2 14 10 30,000 1,000

E. Count Rate

    The count rate of the Compton camera depends on the count
rate capability of the absorption detector, which detects useful
events    from   Compton-scattered   gamma-rays   as   well   as
gamma-rays that passed through the scatter detector without
interaction.  The  MELC  is predicted to be capable of  30 nsec
time resolution and 10 MHz count rate per layer [14].  The
suggested number of layers for the absorption detector is 10.
For such MELC, a maximal count rate of accepted useful
Compton events can reach 10 MHz. Semiconductor detectors
allow about 0.1 MHz count rate per pixel and a maximal count
rate at parallel readout from tens thousand pixels may be
higher than 100 MHz.

IV. DISCUSSION

   The system position resolution of  Compton camera will be
limited because of Doppler broadening and the intrinsic
energy resolution performance of both scatter and absorption
detectors [15]. Using data from [15] we can estimate an
average system resolution of a “one-head” Compton camera
design based on ideal Si-scatter and absorption detector with
perfect position and energy resolutions. At distance R = 10 cm
the average system position resolution is about R⋅∆θD(θ=45o)
≈ 4mm.  If a “one-head” Compton camera has a single layer of
silicon detectors, the sensitivity of this camera (as calculated
with (3))  can be shown to be only a few  times better than the
sensitivity of a typical  Anger camera. A “ring-type” Compton
camera [4,5] will have even lower sensitivity, as well as
inferior system position resolution. Thus, the  performance of
Compton cameras designed to have limited geometrical
aperture are expected to be close to those of existing SPECT
systems.  In contrast, the cylindrical Compton camera that we
are proposing will have the benefit of the higher geometrical
efficiency. The sensitivity of such a cylindrical Compton
camera can be about ten times higher than that of three-headed

SPECT systems with 30 cm ROR at comparable or even better
system position resolution (Table I).
     The cylindrical Compton camera can be built as a full-body
SPECT system.  The mature gas-detector technology allows
building cylindrical drift chambers which are several meters in
dimension, and with many thousands of readout channels for
time and amplitude measurement at tens MHz readout
frequency (see, for example, [23]).
     As far as the  Doppler broadening introduced in the spectra
of scattered gamma-rays and recoil electrons is concerned, an
argon-filled scatter detector is similar to a silicon-based scatter
detector. Further progress in the design and manufacture of
integrated readout electronics may lead to development of
low-cost Si-scatter detectors. If so,  the cylindrical Compton
camera proposed here can also be built with a silicon-based
scatter detector.
    For absorption detector, the cylindrical xenon-filled MELC
can provide both excellent  energy and 3D position resolutions
that are desirable for  optimum performance of a Compton
camera designed for SPECT imaging of 140 keV at a
reasonable cost. Absorption detectors based on CdZnTe or
CdTe semiconductor arrays should be considered also, but
only if the energy resolutions of such arrays can be improved
in 2-3 times from the currently achieved values of 7% FWHM
for CdZnTe [16]  and 5%FWHM for CdTe [24] at 140 keV.
     In addition to medical imaging, the cylindrical Compton
camera built of gas-filled electroluminescence detectors may
find industrial applications, as well as be considered for the
development of a low-cost, low-energy gamma-ray telescope
with a large aperture.

V. CONCLUSION

    Compared to conventional SPECT systems based on Anger
cameras, our proposed cylindrical Compton SPECT camera
can potentially have an order of magnitude higher sensitivity,
significantly better energy resolution, and higher count rate
capabilities at comparable system spatial resolution as existing

0-7803-4261-5/98/$10.00 (c) 1998 IEEE



state-of-the-art SPECT systems. The advanced performance of
the cylindrical Compton camera can be achieved with argon-
filled or silicon-based scatter detector and xenon-filled
electroluminescence absorption detector.
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