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Abstract—The Compton camera can provide 3-D images of
radioactive material distribution based on a single measurement
at a fixed position. The Compton camera also can image sev-
eral different kinds of radioactive materials simultaneously, by
means of the “multitracing” capability. In the present study, this
multitracing capability was tested for a double-scattering-type
Compton camera, or Double-Scattering Compton Imager (DOCI),
which utilizes two double-sided silicon strip detectors (DSSDs)
and one NaI(Tl) scintillation detector. Our experimental result
shows that the ���Cs and ��Co gamma sources can be clearly
distinguished in 2-D and 3-D Compton images, and that there is
no significant interference between the two gamma sources. The
imaging resolutions were determined to be 6.2 and 4.7 mm FWHM
for the ���Cs (662 keV) and ��Co (1332 keV) point sources at 4
cm, respectively. The angular resolutions, determined from the
angular resolution measure (ARM) distributions, were 7.3 and
6.5 for the source energies of 662 and 1332 keV, respectively. The
DOCI remains under development; its imaging resolution will be
further improved with the incorporation of more sophisticated de-
tectors and the related electronics, including a faster scintillation
detector (LYSO) and higher-spatial-resolution position-sensitive
detectors.

Index Terms—Compton camera, double-scattering, multi-
tracing, NaI(Tl) scintillator.

I. INTRODUCTION

T HE “MULTITRACING” capability, which makes pos-
sible the simultaneous monitoring of different kinds

of radioactive materials, is one of the most advantageous
characteristics of the Compton camera. This capability was
first demonstrated using a Compton camera composed of
two segmented germanium detectors for the scatterer and ab-
sorber detectors by Yang et al. [1]. Recently, they replaced the
component detectors with two double-sided strip germanium
detectors, and, then, demonstrated the multitracing capability
for biological samples (soybean and mouse) [2], [3].
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Fig. 1. Principle of DOCI. The photon emitted from the source must have in-
teractions with these three component detectors in order to be recorded as an
effective event suitable for use in image reconstruction. The axis of a backpro-
jected cone is determined from the interaction positions in the scatterer detec-
tors, whereas the half-angle ��� of the cone is determined from the deposited
energy in the first scatterer detector. The intersections of three or more cones
will indicate the location of the source.

In the present study, the multitracing capability was tested
for a double-scattering-type Compton camera, or Double-Scat-
tering Compton Imager (DOCI). The DOCI, which was de-
veloped mainly for industrial applications [4] and security in-
spection [5], offers a very high imaging resolution. The DOCI
uses two scatterer detectors, instead of one as in the case of the
conventional single-scattering-type Compton camera, and de-
termines the trajectory of gamma-rays very accurately, maxi-
mizing the imaging resolution.

To test the multitracing capability of the Compton camera,
two pointlike gamma sources, Cs and Co, were placed
close to each other, the Compton image being obtained for that
source combination. The acquired 2-D and 3-D images were
then examined for imaging resolution and also for any possible
interference between the two gamma sources.

II. DOCI

A. Imaging Principle

The DOCI consists of three radiation detectors, two position-
sensitive scatterer detectors and one absorber detector (Fig. 1).
The scatterer detectors determine the trajectory of a scattered
photon between them, which trajectory becomes the axis of the
backprojected cone. The absorber detector is placed directly be-
hind the second scatterer detector to determine the energy of
the double-scattered photon, used for energy gating to reject
random-coincidence events. The scattering angle, which is the
half-angle of the cone, is calculated by Compton kinematics
from the energy deposited in the first scatterer detector. The 3-D
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Fig. 2. Prototype DOCI composed of two double-sided silicon strip detectors (DSSDs) as scatterer detectors and one NaI(Tl) scintillation detector as absorber
detector.

location of a gamma-ray source can be determined by the inter-
sections of three or more backprojected cones. The purpose of
the DOCI is to maximize the imaging resolution; this is achieved
by using high-spatial-resolution scatterer detectors to minimize
the uncertainty in the determination of the interaction positions
[6].

B. System Overview

In the prototype DOCI, two identical double-sided silicon
strip detectors (DSSDs) are used as the first and second scat-
terer detectors, and one NaI(Tl) scintillation detector is utilized
as the absorber detector (Fig. 2). NIM and CAMAC modules
are employed to handle the multichannel signals from the
component detectors. Triple-coincidence logic is applied to
the three component detectors in order to exclusively record
events with interaction times falling within a predefined coinci-
dence window (= 300 ns in the present study). The component
detectors are calibrated for time, with respect to the coinci-
dence unit, using a pulse generator. When the trigger signals
from all of the component detectors are within the 300 ns
coincidence window, a gate signal is generated and fed into
a 16-channel peak-sensing analog-to-digital converter (ADC)
(model: Phillips 7164) to open the gate. To provide enough
time to digitize analog signals in the ADC, a veto signal of
30 s duration is fed into the coincidence unit and a look-at-me
(LAM) signal, a signal that is sent to the CAMAC controller to
initiate the transfer of the digitized data to the PC, is delayed
by 30 s with respect to the gate signal. Finally, an in-house
ROOT-based program [7] is used to monitor and control the
data acquisition (DAQ) system.

To prevent electromagnetic interference, each DSSD is
placed in a light-tight aluminum box. An optical breadboard is
used to precisely align the detectors. The first scatterer detector
is mounted on a precision rail system so that its position can
be changed as necessary. The distance between the second
scatterer detector and the absorber detector is fixed at 1 cm.

C. Scatterer Detectors

Two identical DSSDs (model: W1(DS), Micron Semicon-
ductor, U.K.) determine the trajectory of the gamma-rays by

measuring the interaction positions and deposited energies of
the Compton scatterings. The DSSDs are 5 cm 5 cm 0.15
cm in dimension, with 16 strips on each side. The interaction
position resolution is, therefore, about 0.3 cm 0.3 cm 0.15
cm. The DSSDs are made of low-Z material (silicon), showing a
low degree of Doppler broadening and a high Compton-to-total
ratio in gamma-ray interaction. Note that because the Doppler
broadening in Compton scattering is considered to be the theo-
retical limit of the imaging resolution of a Compton camera [8],
[9], the atomic number of the scatterer detector material is one
of the most important decision parameters.

Four MUX-16s manufactured by mesytec GmbH & Co. (Ger-
many) handle the multichannel signals from the scatterer detec-
tors. In a MUX-16, the preamplified signal is split and fed into
the shaping amplifier and the leading-edge discriminator. The
same threshold level is applied to all of the 16 leading edge dis-
criminators. The DOCI receives the signals from only one strip,
even though a MUX-16 produces up to two output signals whose
amplitudes are above the threshold level and whose interaction
times are within 50 ns. The output signals from a MUX-16 are
the energy and position signals from an interaction, the ampli-
tude of a position signal being coded in 20 mV increments per
channel ( per strip).

Each of the strips in the DSSDs was energy-calibrated sep-
arately, because the gains slightly differed from one another
(difference: %). The energy resolutions of the strips in the
DSSDs were determined to be on the order of 5% for the photon
energies of interest (50–500 keV). The total leakage current,
which is the summed leakage current from the 16 strips, was
about 5 A at room temperature. The discrimination level was
set at keV to eliminate noise signals.

D. Absorber Detector

A 3 inch diameter 3 inch height NaI(Tl) scintillation de-
tector (model: 905-4, ORTEC, U.S.) was used as the absorber
detector in the DOCI to determine the energy of the double-scat-
tered photon. The absorber detector is used only for energy
gating, which imposes a gating condition such that, for an ef-
fective event, the sum of the deposited energies in the three
component detectors should match the source energy within a
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Fig. 3. Experimental setup.

given margin ( % of the source energies used in the present
study). The signal from the absorber was preamplified in a pho-
tomultiplier tube (PMT) base with a preamplifier (model: 276,
ORTEC, U.S.), and then split into two paths, i.e., for energy
and timing. To obtain the energy information, the preamplified
signal was fed into an amplifier (model: 572A, ORTEC, U.S.)
with 1 s shaping time, and then digitized in the ADC. To obtain
the timing information, the preamplified signal was fed into a
timing filter amplifier (model: 474, ORTEC, U.S.) with 20 ns of
integration and differentiation times, and subsequently fed into
a constant fraction discriminator (CFD, model: 935, ORTEC,
U.S.) to generate a trigger signal. The measured energy resolu-
tion of the absorber detector was 9 keV at the 59.5 keV peak of

Am, and 77 keV at the 1332 keV peak of Co. The discrim-
ination level of the absorber detector was keV.

III. MULTITRACING CAPABILITY

A. Experimental Setup

The three component detectors were placed in parallel as
shown in Fig. 2. The distance between the first and second scat-
terer detectors was 10 cm. Two pointlike gamma sources (diam-
eter: mm) Cs (662 keV) and Co (1173 and 1332 keV),
were placed 4 cm in front of the DOCI. The distance between
these two sources was 2.54 cm (Fig. 3). The activities of the
sources were 9.41 Ci and 9.98 Ci, respectively. The triple-co-
incidence data were collected for 12 h.

B. Cs and Co Imaging

A total of 71 985 events were recorded after applying the
triple-coincidence logic to the component detectors; the count
rate was 1.7 counts/s. The coincidence timing resolution was
about 170 ns, which was measured by using a time-to-digital
converter (TDC) for the time difference of interactions in the
component detectors. The sum-energy spectrum, which is the
sum of the photon energies measured by the three component
detectors, is shown in Fig. 4. Three peaks corresponding to the
source energies of 662, 1173, and 1332 keV, respectively, can
be seen. Two-dimensional energy gating was employed to effec-
tively reject random coincidence events. Fig. 5 shows the two-
dimensional energy spectrum and the energy gates employed.
The -axis represents the sum of the energies deposited in the
first and second scatterer detectors, whereas the -axis repre-
sents the energy deposited in the absorber detector. The sum-
energy gates were 662 keV, 1173 keV, and 1332

keV, representing % of the source energies. As shown
in Fig. 5, there are a number of random coincidence events
which is mainly due to the fact that the DSSDs are relatively

Fig. 4. Sum-energy spectrum of Compton camera measured in triple coinci-
dence with three component detectors for Cs (662 keV) and Co (1173 and
1332 keV) sources.

Fig. 5. Two-dimensional energy spectrum and energy gates used in present
study for Cs and Co sources. The three diagonals indicate that the sum of
the deposited energies in the component detectors is a value close to the source
energies of 662, 1173, and 1332 keV.

noisy and the timing resolution is poor. Due to the same reasons,
the horizontal lines are shown around the source energies, which
occur when the triple-coincidence requirement is satisfied with
the noise triggers of the DSSDs and the full-energy absorption
event in the absorber detector. The events below keV in
the absorber detector are mainly the backscattering peak and the
natural background events. If the random events are in the 2-D
energy gate by chance, it was used in the image reconstruction.
However, if the geometrical interpretation is used, the random
events in the 2-D energy gate could be further rejected by the
use of the limitation on the possible scattering angle.

Fig. 6 shows the energy spectra of (a) the first scatterer de-
tector, (b) the second scatterer detector, (c) the absorber detector,
and (d) the sum of a, b, and c for the source energies of (upper)
662 keV, (middle) 1173 keV, and (bottom) 1332 keV after the
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Fig. 6. Gated energy spectra for (a) first scatterer detector, (b) second scatterer detector, (c) absorber detector, and (d) sum of a, b, and c for source energies of
(upper) 662 keV, (middle) 1173 keV, and (bottom) 1332 keV. The energy resolutions of the sum-energy peak (d) for 662 keV, 1173 keV, and 1332 keV were
determined to be 65.4, 98.7, and 94.6 keV FWHM, respectively.

2-D energy gates were applied. The energy resolutions of the
sum-energy peaks [Fig. 6(d)] were determined to be 65.4, 98.7,
and 94.6 keV FWHM for 662, 1173, and 1332 keV, respec-
tively. The numbers of effective events were 2215, 3776, and
2605 for the 662 keV, 1173 keV, and 1332 keV gammas, respec-
tively. The imaging sensitivity, defined as the number of effec-
tive events divided by the number of gamma-rays emitted from
the source, was calculated as (662 keV),

(1173 keV), and (1332 keV). The measured
imaging sensitivity has a similar value with the result
of our previous Monte Carlo simulation study [10]. Compared
with a single-scattering-type Compton camera, the imaging sen-
sitivity of the DOCI is rather low ( % or less) due to the
requirement of the double-scattering within two thin-scatterer
detectors; however, we have focused on the improvement of the
imaging resolution by accurately determining the trajectory of
the scattered photon, which becomes an axis of the backpro-
jected cone (Fig. 1). The imaging sensitivity could be easily
improved by using a multiple number of scatterer detectors as
well as position-sensitive absorber detector. Fig. 7 shows the
distributions of the scattering angles for (a) the 662 keV, (b)
1173 keV, and (c) 1332 keV source energies. The scattering an-
gles were limited by the discrimination level of the first scat-
terer detector as well as the geometrical configuration of the
two scatterer detectors. The minimum values of the scattering
angles were 26.6 , 14.5 , and 12.7 for the 662 keV, 1173 keV,
and 1332 keV source energies, respectively.

Fig. 8 shows the reconstructed Compton images and the pro-
jections for (a) the 662 keV, (b) 1173 keV, (c) 1332 ke, and (d)
all of them. The images were reconstructed using the list-mode

Fig. 7. Distributions of scattering angles for source energies of (a) 662 keV,
(b) 1173, and (c) 1332 keV. The scattering angle is limited by the discrimination
level of the first scatterer detector as well as the geometrical configuration of the
scatterer detectors.

maximum likelihood expectation maximization (MLEM) algo-
rithm [11], [12] with five iterations. The MLEM algorithm is
widely used for reconstructing the Compton images and eval-
uating the performance of the imaging system. The list-mode
MLEM is considered to be more suitable for Compton imaging
reconstruction than the conventional EM method due to calcula-
tion efficiency; that is, the number of events is much smaller than
the number of possible detection bins. The distance between the
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Fig. 8. Reconstructed Compton images and their projections for (a) 662 keV, (b) 1173 keV, (c) 1332 keV, and (d) all of them. The imaging resolutions for 662,
1173, and 1332 keV were determined to be 6.2, 5.7, and 4.7 mm FWHM, respectively.

two sources evaluated by the peak positions in the projection
was 2.4 cm, which was very close to the true value ( cm).
There was no significant interference between the two sources.
Fig. 9 shows that the 3-D locations of multiple radioisotopes can
be simultaneously imaged by a single measurement at a fixed
position. The imaging resolution was determined to be 6.2, 5.7,
and 4.7 mm FWHM for the 662 keV, 1173 keV, and 1332 keV
source energies, respectively (see Fig. 8). It should be noted that
the artificially good imaging resolution might be obtained when
the MLEM algorithm is used to reconstruct a Compton image
for a point source without uniform background due to a nonneg-
ativity constraint [13]. Therefore, the angular resolution mea-
sure (ARM) [9], which is defined as the difference between the
Compton scattering angles determined from the Compton kine-
matics and the interaction positions with a known source loca-
tion, was also obtained. Because the ARM is calculated from
the deposited energy and the interaction positions, it is inde-
pendent of the reconstruction algorithm, appropriately showing
the performance of the Compton imaging system. As shown
in Fig. 10, the ARM distributions have non-Gaussian shapes;
hence, the Voigt function which is a convolution of the Gaussian
distribution and the Lorentzian distribution was used to fit the
ARM distributions and obtain the FWHM values [14], [15]. The
angular resolutions determined as the FWHM’s of the ARM dis-
tributions were 7.3 , 6.7 , and 6.5 for the source energies of
662, 1173, and 1332 keV, respectively. The asymmetry shown at
the tail of the ARM distributions mainly comes from the random
coincidence events and the off-axis source location.

Note that the imaging resolution as well as the angular resolu-
tion was improved with the source energy, which is due mainly
to the fact that the effect of Doppler broadening is reduced and
the energy resolution is improved with the increase of the source
energy. For a low-energy gamma source (e.g., 140 keV m Tc),
the Doppler broadening significantly affects the imaging reso-
lution of a Compton camera, whereas, for a high-energy gamma

Fig. 9. Three-dimensional Compton image of Cs and Co pointlike
sources. The image was taken from a single measurement at a fixed position.

source (e.g., keV), the improvement of the energy reso-
lution plays more important role on the imaging resolution. For
this reason, our result, which shows higher imaging resolution
for the higher energy source, mainly comes from the improve-
ment of the energy resolution.

IV. CONCLUSION

In the present study, the multitracing capability of a
double-scattering-type Compton camera, or Double-Scat-
tering Compton Imager), was tested. The result was very
promising: the Cs and Co pointlike gamma sources were
clearly distinguished in the 2-D and 3-D Compton images, and
there was no significant interference between the two gamma
sources. The imaging resolutions were determined to be 6.2 and
4.7 mm FWHM for the Cs (662 keV) and Co (1332 keV)
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Fig. 10. Angular resolution measure (ARM) distributions with fitted Voigt functions for source energies of (a) 662 keV, (b) 1173 keV, and (c) 1332 keV.

sources at 4 cm, respectively. The angular resolutions, deter-
mined from the ARM distributions, were 7.3 and 6.5 for
the source energies of 662 and 1332 keV, respectively. The
limiting factor of the current system on the imaging resolution
is the spatial resolution of the DSSDs [6]. Our simulation study
[16] shows that the imaging resolution could be improved by

% by improving the spatial resolution of the first scatterer
detector from 3 mm to 1 mm strip pitch for the source energy
of 511 keV.

The DOCI remains under development; its imaging reso-
lution and imaging sensitivity will be further improved with
the incorporation of more sophisticated detectors and data
acquisition electronics. First, the NaI(Tl) absorber detector
will be replaced with a much faster LYSO (Lu Y SiO )
scintillation detector. This upgrade will reduce random co-
incidences and thereby improve both the imaging resolution
and the imaging sensitivity. The count rate in the absorber
detector dramatically increases with the increase of the source
activity due to its high detection efficiency. The increase of
count rate increases random coincidence events, some of which
are not filtered out by the 2-D energy gate, and, consequently,
degrade the imaging resolution. Therefore, a faster absorber
detector is advantageous for a better imaging resolution as well
as an improved imaging sensitivity. The scatterer detectors
will be exchanged for very-high-spatial-resolution (760 m
strip pitch) silicon strip detectors. The NIM/CAMAC-based
data acquisition electronics will eventually be exchanged for a
low-noise ASIC/ADC, which is currently under development.
We believe that these improvements will significantly enhance
the imaging resolution and imaging sensitivity of the DOCI,
which undoubtedly will find many practical applications in
both the industrial and medical fields. For example, the DOCI
could be used to determine the 3-D distribution of radioactive
contamination in a concrete shield of a nuclear facility, which is
crucial information for decommissioning and radiation safety.
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