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With the recent advances in position sensing detectors, a compact, multiple layered, Compton scattering gamma ray imaging
camera has been investigated for technological feasiblity. Beginning from Kamea and Hanada’s recent work, the multiple Compton
scattering camera design has been investigated and refined over the energy range 150-1000 keV. Our Monte Carlo simulations
yielded reconstruction efficiencies of 7-14% for Si and 16-28% for Ge detectors. Including anticipated experimental errors, we
obtamned angular errors of ~ 2-5° n the reconstructed mcident gamma ray directions over the energy range of interest.

1. Introduction

Gamma ray cameras with good energy and position
resolution are needed to locate weak and diffuse radio-
active sources and characterize the gamma ray spectra.
The concept of Compton scatter imaging and its possi-
ble applications were first suggested by Everet [1]. An
electronically collimated gamma camera (ECC) was one
of the first working cameras based on this principle.
The ECC was introduced in 1974, and subsequent work,
primarily by Singh, led ultimately to a working proto-
type for medical imaging [2].

As an extension of the electronic collimation con-
cept, Kamea and Hanada [3,4] introduced a new method
called the multiple Compton method. As shown in fig.

1, a multiple Compton camera consists of a series of
large area thin silicon (or germanium) layers. Each layer
is an independent, two dimensional, position sensitive
detector. The layers are designed to be sufficiently thin
so the probability of multiple interactions in any layer is
small. If the stack is made sufficiently large, there is a
reasonable probability that an incoming gamma ray,
after a series of Compton scatterings, will be photoab-
sorbed in one of the layers. Alternately, the stack can be
surrounded with a high-efficiency annular detector (a
high-density scintillator) to intercept those photons that
escape the stack without photoabsorption. Thus, each
individual interaction position and energy deposition
from either a Compton scattering or photoelectric ab-
sorption in the stack 1s recorded. The energy and
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Fig. 1. Schematic drawing of the multiple Compton camera.
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Fig. 2 The probability P, for a single Compton scattering event within a layer and subsequent escape of the scattered gamma ray
without undergoing any further interaction in the layer.

azimuthal direction of the incoming photon can usually
be obtained from the interaction positions and energy
depositions along 1ts history, whether 1n the stack or in
the surrounding annular detector.

While the multiple Compton camera is substantially
more complex than the ECC, it offers the potential of
high efficiency measurements of the azimuthal direc-
tion, polanization, and energy of the incident gamma
rays. In this work, we explore the multiple Compton
camera concept using Monte Carlo simulations of both
Si and Ge layers.

2. Evaluation of layer material and thickness

In order to optimize the type and size of the detec-
tors, computations were performed to determine the
corresponding interaction probabilities. The interaction
probabilities were calculated for gamma ray photons
which are incident perpendicular to the central axis of
the stack. The probability of a single Compton scatter-
ing event within a layer followed by an escape of the
scattered gamma radiation from that layer was calcu-
lated from *

R(L) = [*[ e oirrixtonsm oy (p(g) d8)
¢ 0 Yo

X {p e mtr dx ), (1)

* We neglect the effect of the fimte radius of the layer and
consider escape only through the parallel faces. This ap-
proximation will not introduce a significant error in P, for
typical radu being considered.

where L is the thickness of a layer, p. and p, are the
Compton and photoelectric linear attenuation coeffi-
cient of the detector material at the incident gamma ray
energy, p, and p;, are the corresponding values for the
scattered gamma ray energies, x is the depth along the
central axis at which an interaction takes place, 6 is the
scattering angle for the first Compton interaction, and
P(0) is the probability of scattering between angles ¢
and 6+ df as obtamned from the Klein—Nishina for-
mula properly normalized to umty when integration
over all angles 1s carried out.

The values of p{ and p), are computed for each
scattering angle using their energy-dependent behavior
[5]. P. was computed by a numerical integration of eq.
(1) for Ge and Si detectors as a function of layer
thickness L. As seen in fig. 2, P, mtally increases
monotonically with layer thickness for both Si and Ge,
then levels off and decreases above a certain thickness.
This behavior s particularly evident at the lower en-
ergies for Ge.

In addition to maximizing P., we must also minimize
the undesirable possibility of multiple scattering with a
layer. We have therefore extended eq. (1) to calculate
P.., the probability of observing two consecutive Com-
pton scatterings in a layer for both Ge and S1 layers * *.
The contributions from more than two scatterings 1n a
given layer were assumed to be small and were ignored.

** This analysis does not include the probability of two
scattenings 1n a given layer which are separated by one or
more scatterings in other layers. Monte Carlo studies have
shown that including this introduces a negligible increase
in P_..
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Fig. 3 shows the ratio of P /P, as a function of
detector thickness for different gamma ray energies for
both Ge and Si. For a layer thickness of 5 mm, P, is at
least an order of magnitude smaller than P. for both Si
and Ge. We therefore conclude that multiple scatterings
within a layer will not complicate the image formation
provided layers are kept smaller than several millime-
ters.

3. Image formation from the interaction data

In order to illustrate the multiple Compton method,
consider a gamma ray emitted from P, in fig. 1 and
incident normally to the camera. Assuming the first
interaction occurs at P, the recoil electron will deposit
energy AE, a part of the incident energy E,, in the
vicinity of the interaction. The scattered gamma ray will
change direction by some angle #,, and will normally
undergo further interactions in the semiconductor stack.
In the energy range of interest and using silicon as the
detector material, a typical gamma ray will scatter 3-5
times in the camera before finally undergoing photoab-
sorption. In order to reconstruct the direction of the
incident photon, only the details of the first two interac-
tions are needed. If the gamma ray is totally absorbed
in the camera, one can show the incident direction is
given by:

[ E$ — Ey AE —myc® AE
EZ—E, AE

#=cos™ » (2)
where 8 is measured relative to the line defined by two
interaction points, and AFE is the energy deposition in
the first interaction. If the gamma ray is not totally
absorbed within the camera, the first three interactions
are sufficient to resolve the incident energy and direc-
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tion. In practice, the difficulty is to identify the correct
sequence of the interactions in the stack. Since interac-
tions are separated in time by less than a nanosecond,
direct timing information is not available to unambigu-
ously identify the specific sequence. However, the known
kinematics of Compton scattering can be used to re-
solve this ambiguity for most cases.

The sequence reconstruction process can be il-
lustrated by considering the case of a gamma ray which
undergoes N — 1 scatterings before being photoab-
sorbed in the stack. The incident energy E,, is calcu-
lated from the summed energy depositions AE, at all ¥
interaction points. One then randomly chooses one of
the N interaction points and assumes that it is the first.
There are (N — 1) remaining candidates to select as the
next interaction point. Each of these defines a specific
direction and energy deposition. For an assumed se-
quence, the energy and momentum of the nitial and
final gamma rays and deposited energy can be calcu-
lated for each Compton scattering. For the jth interac-
tion, energy and momentum conservation yields:

J—1
Ejmmal = Elotal - Z AE:’
=1

final _ ptial _
Efmal = p! AE,,

1
01=cosfl 1+m0c2 — —f]n] .
Ejlll Ejla

The calculated 6, is compared with the actual angle
between the two line segments P,_;P, and P, P, ; (within
an acceptance limit §) to determine the validity of the
assumed sequence. Most tests could be terminated
quickly because the necessary scattering angle is not
consistent with the measured energy deposition. Once
all possibilities have been eliminated for a specific ini-
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Fig. 3 Ratio of double Compton scattering to single Compton scattering in a Si layer.
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Fig 4 Reconstruction efficiency versus energy of the incident gamma ray for Si and Ge.

tial choice, that choice is discarded as a candidate and
another is made. The tests are repeated until only the
correct sequence survives. The sequence reconstruction
procedure yields a unique incident azimuthal angle, but
offers no information on the incident polar angle which
can vary from O to 2.

Therefore, the possible directions of the incident
photon define a cone. The point where the first Com-
pton scattering occurred serves as the apex of the cone,
while the direction of the scattered gamma ray lies on
the symmetry axis of the cone. The conical shape results
because any incident gamma ray travelling on the cone
surface may scatter through the same azimuthal angle
and yield identical energy depositions. For each se-
quence, we calculate the cone on which the incident
gamma ray lies and the thickness of the cone caused by
the assumed measurement error. Within the thickness of
the cone, a probability density is defined. The source
intensity distribution is then reconstructed by super-
position of these probability densities from multiple
incident gamma ray photons. A single point source will
be reconstructed as a broadened point superimposed on
a featureless background due to the polar ambiguity of
each direction determination.

4. Computer simulation results

The sample camera design shown in fig. 1 has been
tested using the Integrated Tiger Series (ITS) package of
Monte Carlo codes [6]. The three basic codes which
form the ITS package differ primanly in their dimen-
sionality and sophistication in geometric modelling. We
have used the two-dimensional CYLTRAN code which

simulates Compton scattering, Rayleigh scattering and
the photoelectric effect over the range from 1 keV to
several MeV. Each simulation used a batch of 10000
gamma rays incident normally to the camera and dis-
tributed over the energy range 150-1000 keV. The out-
put from each Monte Carlo run yielded the interaction
positions and energy depositions associated with each
incident gamma ray history. In addition, the sequence
of these interactions was also recorded for comparison
with the results of the sequence reconstruction al-
gorithm. We also introduced an uncertainty in position
measurement equal to one half the layer thickness,
consistent with experience using silicon strip detectors
[7,8]. No uncertainty was assumed for the energy mea-
surements. The output from the Monte Carlo simula-
tions was used as input to the reconstruction methodol-
ogy described in section 4.

Fig. 4 shows the reconstruction efficiency * of the
sample design for both Ge and Si detectors for a point
source located on the central axis of the semiconductor
detector 5 cm from the face and over the energy range
150-1000 keV. The proposed design yields reconstruc-
tion efficiencies 7-14% for Si and 16-28% for Ge
detectors. This high efficiency implies the camera will
have sufficient sensitivity to produce images of rela-
tively weak radioactive sources. Note that at higher
energies, choosing germanium detectors improves the

* The reconstruction efficiency 1s defined as the fraction of
incident photons whose incident direction and energy are
correctly reconstructed. For example, the incident energy
and direction of a photon having only one interaction 1n the
stack cannot be reconstructed.
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Fig. 5. Variation of reconstruction efficiency with extension of the side counter beyond the stack for 150 and 500 keV gamma rays in

performance dramatically, while below 200 keV silicon
offers comparable efficiency. Figs. 5 and 6 show the
changes in the reconstruction efficiencies with changes
in the length of the annular side counter and layer areas
for gamma ray energies of 140-500 keV. Fig. 5 indicates
the substantial gain in reconstruction efficiency by ex-
tending the side counter well beyond the length of the
stack. Since the side counter is relatively inexpensive
relative to the stack components, increasing its size
appears to be an efficient means of increasing the

camera sensitivity. Fig. 6 shows similar results for in-
creasing the radii of the layers.

5. Conclusions

The design and feasibility of a multiple Compton
camera using Si or Ge microstrip detectors and Csl as a
surrounding annular detector has been investigated in
the energy range 150-1000 keV. The results provide the
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Fig. 6. Variation of the reconstruction efficiency with layer radius for 150 and 500 keV gamma rays in Si.
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guidance for choosing the camera’s design parameters.
Choosing layer thicknesses of ~ S5 mm, 2.5 cm radii,
and an extended side counter results in a camera with a
high reconstruction efficiency for incident gamma rays
<1 MeV. Furthermore, these parameters are feasible
with the emerging developments in silicon strip detec-
tors and semiconductor drift detectors. We believe this
new camera concept will find a wide variety of applica-
tions in imaging gamma ray distributions. The relatively
small size of the camera will be an advantage particu-
larly in industrial settings where portability is required
and low intensities are common.
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