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Abstract—The goal of the Compton camera imaging is to
visualize the gamma-ray intensity map. Here, we focus on the case
where the gamma-ray sources are sufficiently far from the camera
and propose a new reconstruction method for the Compton
camera imaging. The method is called the bin-mode estimation
(BME). The assumption is valid for astronomy applications. The
method can be implemented easily, and numerical simulations
show the proposed method provides sharp reconstructions.
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I. INTRODUCTION

For visualization of the gamma-ray sources, the Compton
camera imaging is an important approach. The applications
of gamma-ray source visualization are widely spread, such
as nuclear medicine, visualization of radioactive substances
on the ground, and gamma-ray astronomy [1]-[5]. High-
resolution Compton cameras with silicon (Si) and cadmium
telluride (CdTe) semiconductor detectors have been developed
[6]-[8], and will be installed in the next-generation X-ray
observatory ASTRO-H [9], [10], which is scheduled for launch
in 2015.

The imaging of Compton camera is not straightforward
because 1) only a small portion of photons are absorbed after
the Compton scattering and 2) not their direction of arrival but
only the scattering angle is known from measurement. Some
computational method must be applied in order to reconstruct
the image.

In this paper, we introduce the bin-mode estimation (BME)
method for the reconstruction. The bin-mode itself has already
been introduced [1], [11]-[13], but has been only used in a
limited case, because the number of bins become large for
implementation [14], [15]. Here we focus on the astronomy
application, where the distances from the gamma-ray sources
are large, and show that the number of bins can be reduced to a
tractable size. Under the assumption, the BME is a promising
method for reconstruction. We propose the maximum like-
lihood estimation (MLE) with the expectation maximization
(EM) algorithm. The proposed BME method is tested with
simulation. The results show sharp images, which proves the
method is promising.

This work was supported by JSPS Grant-in-Aid for Scientific Research on
Innovative Areas, Number 25120008.

Japan Aerospace Exploration Agency
Kanagawa, 252-5210 Japan

Hiroshima University
Hiroshima, 739-8511 Japan

II. COMPTON CAMERA IMAGING

A. Compton camera system
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Fig. 1. Compton camera.

In figure 1, we show the Compton camera system with
a single pair of scatterer and absorber. When a number of
photons arrive, most of them are not absorbed by the absorber
and a small portion of them are detected after Compton
scattering. We assume the distance from the Compton camera
system to each gamma-ray source is sufficiently large, and
only consider the direction of arrival. This assumption is valid
for the astronomy application.

Suppose a photon from u = («, §) (in equatorial coordinate)
is detected. It is first scattered by the scatterer at & = (x1,x2)
and then is absorbed by the absorber at y = (y1,y2). Let
E; and E»> be the energies of the recoil electron and of the
scattered photon, respectively. The scattering angle 6 has the
following relation with F; and F»
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where m, and c are the mass of an electron and the speed of
light, respectively.
The goal of Compton camera imaging is to reconstruct
the gamma-ray intensity map on the celestial sphere from



collected information. The difficulty arises because not the
direction of arrival but only the angle of scattering is provided
by each measurement.

Under the assumption that the distances from the camera to
each source is large, not both of & and y, but only the relative
position w = x — y is important because each direction of
arrival corresponds to a single point on the celestial sphere.
The information of each detected photon is summarized into
v = (w, cosb).

B. Compton camera measurement process

In the following, we assume u = (¢, d) and v are quantified
into bins. Thus, « and v are bin indices.

When a gamma-ray photon from w is detected, it falls into
a bin v with some probability. We introduce the probabilistic
formulation. We first introduce a formulation of the measure-
ment process [14], [15]. Let A(u) be the intensity of the
gamma rays at pixel u of the celestial sphere and Y (v) be
the number of photons detected at bin v in a time interval.
The distribution of Y (v) follows a Poisson distribution, that
is,

Y (v) ~ Poisson <Z t(v,u) A(u) > ) (D
where a matrix ¢(v, u) gives the probability that a photon from
pixel w is absorbed at bin v.

We next modify the formulation in eq.(1). Let us re-
parameterize t(v,u) and A(u) as follows,

p(v|u) = tglé;z;) where s(u) = Zt(v,u),
plu) = )\(u)/\s(u) where A= Z Au)s(u)

where s(u) is the probability that a photon from pixel w is
absorbed by the camera. We further define g(v) as follows

= p(v|u)p(u)

From the definition, all of p(u), p(v|w), and g(v) are
non-negative and ), p(u) = 1, > p(v|u) = 1, and
>, q(v) =1. All of p(u), p(v | u), and ¢(v) are multinomial
distributions conditional to the event that a photon is absorbed
by the camera. More precisely, under the condition, p(u) is
the probability that a photon arrives from u, p(v|u) is the
probability that a photon from w is absorbed at v, and ¢(v)
is the probability that a photon is absorbed at v.

Although the distribution p(w) is different from (), the
intensity map is easily reconstructed as follows assuming s(u)
is known,

Here, we neglected the factor A because it is not important for
the image reconstruction.

The photons which are not absorbed by the absorber are
ignored in the modified formulation. The number of absorbed

photons in a time interval is a stochastic variable which follows
Poisson(\).

III. BME METHOD

Now, we discuss the estimation method of p(u) from
observed photon counts.

Consider the case where N photons are detected and ¢-th
photon is absorbed at v, (¢ = 1,---,N). Assuming each
photon arrives independently, the log likelihood function is

N N
p) = log q(v)) => log» p(vi|u) plu)

Le us assume p(v |u) is known and the EM algorithm [16]
can be used to estimate p(u). The distribution p(u) is updated
with the EM iteration as follows,
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where [ is the number of the iteration starting from 0 and
increasing by 1 at each iteration. The log-likelihood is non-
decreasing during the updates, that is, L(p(+1) > L(p®).
The maximum likelihood estimate (MLE) is obtained when
the EM algorithm converges. Let us denote it as pyLg(w).
The reconstructed image is proportional to pyvre(w)/s(w).
We note that a naive estimate of A is V.

Our formulation is based on bin-mode, that is, each of v and
w is quantified into bins. The key for the implementation of
eq. (2) is the conditional distribution matrix p(v | u). We have
assumed this distribution is known, but it has been pointed out
that the size of p(v | u) is so large for bin-mode that it cannot
be prepared in advance, and cannot be used for estimation
[14], [15].

If x, y, F1, and E» are quantified separately, the number
of bins becomes large and bin-mode is intractable. We have
made an assumption that the distances from the sources of
gamma rays are sufficiently large and the information of the
detection is summarized into (w, cos#). Under this assump-
tion, we quantify (w,cosf) instead of (x,y, E1, E2) so that
the number of bins decreases. The matrix p(v|u) becomes
tractable under this treatment.

Now, the problem is how to prepare p(v|w) and s(u).
In this work, we utilized a numerical method. A Compton
camera system is simulated and a lot of photons are randomly
drawn by numerical simulation. The results are accumulated to
compute p(v | u) and s(u). Modern computers are so fast that
sufficiently large number of samples can be collected easily by
running in parallel. This method is general and implementation
is easy.
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IV. NUMERICAL RESULTS
A. Simulated Compton camera

A simple Compton camera, which consists of a Si pixel
detector as the scatterer and a CdTe pixel detector as the ab-
sorber, is employed for numerical experiments. Each detector



is pixellated into 32x 32 channels, and has an energy resolution
of 2keV (full width at half maximum). The sizes of scatterer
and absorber are identical: 64 mm square and 2.0 mm thick.
They are located 20 mm apart. The physical parameters of
them are summarized in table I.

TABLE I
PHYSICAL PARAMETERS OF THE SIMULATED SEMI-CONDUCTOR.

density energy resolution
[gcm™3]  FWHM[keV]
scatterer Si 2.33 2.0
absorber | CdTe 5.86 2.0

A physical model of the Compton camera is constructed by
particle tracking simulations, in other words, by Monte Carlo
simulations. We used our Compton camera response generator
[17], which are implemented with the Geant4 toolkit (Version
9.6.p01) [18] on a desktop computer (Mac Pro 6-core Intel
Xeon 3.33 GHz). The simulations accurately treat the Doppler
broadening effect of Compton scattering [19], which is caused
by non-zero momentum of a target electron and degrades
angular resolutions of the Compton camera.

TABLE I
DESIGN OF BINS OF © AND v.

u v
w1 w2
« 1 cosf
Viw] o/ fwel
[degree] [mml/ 2]
min —30 —30 —8.2 —8.2 —.24
max 30 30 8.2 8.2 .96
# of bins 21 21 17 17 24

The designs of bins are summarized in table II. Angles «, d,
and cos 6 are quantified into equally spaced bins. For relative
positions w; and wa, equal space is not preferable because the
number of photons absorbed at the center is larger than at the
boundaries. In order to prevent such unbalanced situation, the
square roots of w; and wy are quantified into equally spaced
bins. The total numbers of bins of w and v are 21 x 21 = 441
and 17 x 17 x 24 = 6,936, respectively.

A large number, 6.4 x 10'© of photons are randomly
generated and recorded in order to compute p(v | u) and s(u).
The energy of gamma-ray photon is set to 661.7 keV (137Cs).
The number of detected photons is 9,774,163, that is, around
.0153 % of the photons are finally absorbed by the absorber.
The distributions p(v | u) and s(w) are computed with these
photon counts. One note is that the estimated p(v|w) has
some 0’s, which makes the EM algorithm unstable, and we
replace 0’s with a small constant, 1.0 x 107'°, We have only
considered 137Cs in the current simulation, but this can be
easily extended to other gamma-ray sources. It is also possible
to apply the method even if multiple gamma-ray sources are
mixed.
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(a) Source A: single point source. (b) Source B: distributed source on a
ring.

Fig. 2. Gamma-ray sources used for numerical simulations: (a) source A:
the circle indicates the position of a point source at (0°,0°), and (b) source
B: distributed source on a ring, whose inside and outside are 16° and 24°
apart from the center, respectively. The dash lines in the figures indicate the
direction of the Compton camera.

B. Image reconstruction

We prepared 2 types of gamma-ray sources for the numer-
ical simulations of image reconstruction. They are shown in
fig. 2. Source A is a single point source (fig.2a), and source
B is a distributed source on a ring-shaped region (fig. 2b).
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(a) MLE reconstruction.

Fig. 3. Reconstructed images for source A in fig. 2a. 45,866 photons are
absorbed. (a) the MLE reconstruction (all 441 pixels are positive), (b) image
reconstruction with the back projection. Each image is normalized to have 1
as its maximum.

(b) Back projection reconstruction.

From each of the source models, numbers of photons are
randomly generated, and images are reconstructed. We used
the BM-MLE. We also show the results of back-projection for
comparison.

Figure 3 shows the reconstructed images for source A. Each
figure has its maximum at the center where a single point
gamma-ray source is located. The BME gives sharp images
while the back-projection reconstruction results in a blurred
image.

The results for source B are shown in fig. 4. The difference
between the BME and the back-projection becomes clear, that
the inside of the ring s positive for the back projection, but
BME is sharp and the edge of ring-shaped is well-preserved.



All of BME are implemented on a desktop computer (Intel
Core 17-3770S, 3.10 GHz) with Matlab 2013a (Ubuntu Linux
13.04, x86-64). As the source becomes complicated, time for
convergence of the EM algorithm becomes longer. For source
A, the MLE is computed within 1 min, and that for source B,
which is the complicated, is computed within 6 min.
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(b) Back projection reconstruction.
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Fig. 4. Reconstructed images for source B in fig.2b. 1,830,643 photons
are absorbed. (a) the MLE reconstruction (441 pixels are positive), (b) image
reconstruction with the back projection.

V. CONCLUSION

We have proposed a BME method for the Compton camera
imaging. The method can be implemented easily, and the
reconstructed images are sharp. The method is a promising
candidate for astronomy applications.

It has been pointed out that the number of bins can become
so large that the BME is not tractable. We have made an
assumption that the distances from the gamma-ray sources are
large. Under the assumption, the direction of the arrival is
important, but the position where the photon hit the Compton
camera is not important. This fact makes it possible to reduce
the number of bins drastically, and the BME becomes possible.

Our goal is to apply the method to real systems. For real
applications, we have to reduce the computational cost. The
MLE is estimated with the EM algorithm, but it is known that
the EM algorithm is slow. A lot of ideas for acceleration have
been proposed for the EM algorithm [20], [21] and some of
them would be applied in order to have faster convergence.
Experiments with real data will be done in a near future.
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