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ABSTRACT

A 3D CdznTe detector can provide 3D position information as well as energy information of each individua interaction
when a gamma ray is scattered or absorbed in the detector. This unique feature provides the 3D CdZnTe detector the
capability to do Compton imaging with a single detector. After detector calibration, real-time data acquisition and
imaging are implemented with a single detector system. Because the detector has a finite size and any point in the
detector can be the first scattering position, 3D gammarray imaging in near field is possible. In this work we will show
the result of the 4r Compton imaging with a single 15mm x 15mm x 10mm CdZnTe detector. Different algorithms for
sequence and imaging reconstruction will be addressed and compared. The angular uncertainty is estimated and the
most recent results from measurements are presented.
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I. INTRODUCTION

Compton camera takes advantage of the scattering kinematics if an incident photon interacts two or more times with
detectors. The interaction positions will determine the direction of the photon after the first scattering, and the energy
depositions will decide the first scatter angle. Therefore the source position can be limited on a cone with the vertex
located at the first scattering position. For a photon without any prior knowledge about its polarization information,
there is no preference for the photon to be at different positions on the cone, thus a uniform coneis reconstructed. Once
many cones are obtained, various algorithms can be applied to reconstruct the true source image. Because thisimaging
technique eliminates the requirement of a mechanical collimator, it is sometimes also referred to as eectronic
collimation technique'. Electronic collimation using Compton scattering usually has a much larger event number than
mechanical collimation; however, each event obtained with e ectronic collimation contains less information, because the
source can locate on any position on the projection cone. Furthermore, the angular resolution of mechanica collimation
is mainly determined by the characteristics of the collimator; while in electronic collimation, the angular resolution can
be affected by both the position and energy resolution of the detector system, and can vary from event to event. Various
algorithms have been devel oped to overcome those difficulties. Singh proposed several reconstruction methods such as
ML, EM, and ART, etc.>*. However, those algorithms usually require binning of the data which becomes impractical
when the precision of the system increases. Barrett, Parra and Wilderman®® developed list-mode maximum likelihood
estimation agorithm to avoid the data binning requirement. Although maximum likelihood estimation agorithms
usually can provide better results, they need excessively computing resources because of their iterative characteristics.
In traditional computer tomography, filtered back-projection (FBP) is a well-understood and effective algorithm in
image reconstruction. However, due to the lack of fast algorithmsin Fourier transform on spherical coordinates, filtered
back-projection agorithm was not very successfully applied to Compton cameras until recent years'. In this paper,
both maximum likelihood estimation a gorithm and filtered back-projection agorithm will be examined and compared.

Traditionally, Compton cameras consst of two position sensitive detectors or detector array. The front detector actsasa
scatter material and the back/side detector captures the scattered photon. From the position and energy information
recorded by the detector system, the cone of possible source locationsis generated. This design requires the photon to be
scattered in the first detector followed by an absorption in the second detector, which results very low efficiency.
Furthermore, the geometry of the detector system limits the imaging solid angle. With a single 3D position sensitive
detector, because the separation distance between the first and second scatter positions is small, it can achieve higher
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efficiency than two detector system by 1~2 orders of magnitude due to much larger solid angle the detector covers from
the first scattering position™.
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Figure 1. Cone projection of a Compton scattering event. Thetwo interaction positions determine Q, which is the direction of the
cone axis. The energy deposited at the first scattering position and the total energy of the photon determine the half angle of the cone.

In this work, we will show the most recent progress of using a single 3-D position sensitive CdZnTe detector to do
Compton imaging. The detector is 15mmx15mmx10mm in dimension and its anode is pixellated into an 11x11 array.
The depth information is obtained by measuring the eectron drift time from the interaction positions to the anodes.
Currently, the position resolution is about 1.2mm in each direction, and energy resolution at 662keV is 1.1% and 1.6%
for single and double pixel events, respectively*.

Compton imaging is usually performed off-line, because it requires intensive computation, especialy for iterative
algorithms such as list-mode maximum likelihood method. However, smple back-projection and filtered back-
projection do not need iterations and can reconstruct the image event by event. Along with the advances in computing
power of personal computers, real time Compton imaging with asingle 3D CdZnTe detector was achieved in this work.
Furthermore, virtually any computer connected to the data acquisition computer via the internet can perform rea time
imaging. Thiswill provide the possibility that a fast central computer can process data from multiple detectors placed at
different locations.

Since the detector has a finite size, it is possible to do 3D imaging in near field, which will be discussed in section Il.
The angular uncertainty of each event must be estimated for both sequence and image reconstruction. Based on error
propagation, a new method to estimate the angular uncertainty caused by detector position resolution is described in
section 111, By applying a single detector as the Compton imager, the sequence information which is guaranteed in two
detector systemsis not available. Therefore, sequence recongtruction agorithms must be developed to decide the correct
order of interactions in the detector. In this paper, different algorithms of sequence reconstruction will be reviewed and
compared in section 1V. Finaly, we will discuss different image reconstruction agorithms and their performance in
section V.

I1.3D COMPTON IMAGING

The principle of Compton scattering imaging is well known. Once the positions of the first and second interactions are
measured, the direction of the cone axisis determined. The half angle of the cone is decided by the energy deposited at
the firgt scattering position and the total energy of the photon.
2 2
cosf=1+TC __MC (1)
E,-E

In a two-detector Compton imaging system, the scatter angle 0 is limited to a certain range; while in a sngle detector
Compton imaging system, the scatter angle can be any value. For simple back-projection reconstruction method, those
cones are projected onto a sphere around the detector. If the radius of the sphere is large comparing with the size of the
detector, the vertexes of all cones can be placed on the center of the sphere. This approximation is aso referred as “far
field imaging”. When the source is close enough to the detector, the size of the detector is no longer negligible. For
different events, since their vertex positions are different, specia consideration must be taken to correct the
displacement of the vertex from the origin. Thistechniqueisalso referred as “near field imaging”.
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Figure 2. Near field imaging at focus distancer.

In near field imaging, the vertex of the back-projection cone should be placed at the position of the first interaction
rather than at the center of the detector. Asillustrated in Figure 2, point C is on the focal spherewith radiusr, point Ais
the position of the firgt interaction, and the angle o between line CA and the axis of the cone is calculated and compared
with the half angle of the cone to determine the val ue of that point.

With this simple near field imaging correction, the radius of the focal sphere must be preset. If the source is not located
on the focal sphere, the image of the source is blurred. Thisis analogous to any optical system: the image is dways the
clearest on the focal plane. Figure 3 shows the images got at different focus distances for the same measurement, and
Figure 4 shows the influence of focus distance on the image resolution. It is evident that when the focus distance is
37mm, which isthe true source to detector distance, the reconstructed image has the best resol ution.
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Figure 3. Reconstructed images at different focus distances. The measurement was taken with a *’Cs point source placed 37mm
above the detector. The reconstruction agorithm was MLEM and stopped at 6" interation.
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Figure 4. Image resolution versus focus distance.
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Since any point in the detector can act as the vertex of a back-projection cone, it is possible to back project the cone into
3-dimensional space instead of a sphere. Therefore, 3D imaging is possible with near field imaging, although projecting
the cone into 3D space need much more storage space and computing resource. The same measurement was
reconstructed with 3D imaging technique, and the result is shown in Figure 5. The image indicates that a sngle 3D
CdZnTe detector can not only do 2D imaging, it can aso provide the source to detector distance. The resolution in
radial direction ismostly limited by the size of the detector, which is ill very small at the current stage. If the detectors
can be fabricated into arrays, more powerful 3D imaging capability will be achieved.
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Figure 5. A vertical dlice through the center of the detector in 3-D Compton imaging. The measurement was taken with a**’Cs point
source placed 37mm above the detector. The reconstruction al gorithm was MLEM and stopped at 24™ interation.

I11. ANGULAR UNCERTAINTY

For each event, the angular uncertainty is affected by both energy and position resolution of the detector system. The
detector position uncertainty will cause the uncertainty of the cone axis; and the detector energy resolution will decide
the uncertainty of the half angle. The angular uncertainty is important in both sequence and image reconstruction.
Doppler broadening of the scatter angle is ignored because this effect is relatively small comparing with the angular
resol ution achievable with the current system.

The contribution from energy resolution can be calculated by means of error propagation based on Eq. 1°. Suppose
thereare N interactionsin asingle event, the angular uncertainty caused by energy resolution is

2 N
ng V¢ (Eo—E)'(0E) +[Ef+26,(E -E)] Y a7

e — i=2 ) (2)
[meczj Ey (B, ~E,)'sin’ 8
in which mg? is the rest mass energy of an dectron, E, is the total energy of the incident photon, E; is the energy
deposited at i" interaction, and 0 isthe first scatter angle.
The position uncertainty contribution to the angular uncertainty of the back-projection cone is more complex. The
position uncertainty is about 1.2mm in the lateral coordinates due to the pixellation on the detector anode surface, and
1.0mm in depth due to the uncertainty of the electron drift time measurement. In previous study, the angular uncertainty
due to position resolution is calculated by simulations. The detector depth was separated into 20 bins. Therefore the
whole detector volume was divided into over 2000 small voxels. For each pair of voxels, two points were randomly
sampled within the two voxels and a vector was drawn between the two points. The angle between this vector and the
line connecting the centers of the two voxels was then calculated™. Many vectors were sampled for each pair of voxels
and the angular uncertainty of the axis between these two voxels was then estimated.
This method is simple and straightforward. However, this method assumes that for each pair of voxels, the angular
uncertainties due to position resolution are the same at al directions. Thisisnot awaystrue in redlity, especialy for two
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neighboring pixels. Here we will derive the uncertainty of the cone axis in azimuthal and polar angles from error
propagation, and the uncertainty at any other angle can be approximated by these two uncertainties. Suppose the firgt
two interaction positions are Py(x1, Y1, z1) and Px(Xp, Y2, ), and the cone axis connected by these two pointsis at the
direction of (4, ¢). It is easy to know:

$= tan™t Yo=Y, (3)
%=X
and,
g — -1 ZZ — z:L (4)

=tan
JO% = %) +(y, - y,)?

From error propagation, we can get:
2

o= ®
(e =%) +(y.-v)" 6
and,
0% = ! 7| (% -2)° E% +2[ (% =%)* +(y, —y)* (L2 |- ©

(06 =%)* +(y, ~%,) +(z, ~2)’ ]
Here, pisthe pixel size of the detector, and Az isthe depth uncertainty.
However, g, and o, are not orthogonal on the unit sphere. We define another angular uncertainty o,’, which is shown in
Figure 6 to be the angular uncertainty of the axisin azimuthal direction beforeit’s projected onto the x-y plane.

, .. O
o, =2arcsin(s né" cosé) (7

Pi(x, y1. z1)

Py, y2, 22)

Figure 6. Angular uncertainty due to position uncertainty of the detector. In theright figure, the cone in bold lines is the back-
projection cone. The axis has uncertainties in both azimutha and polar angles, so that the back-projection coneis spread around into
the shadowed ring shape area.

Since the cone axis has difference uncertainty at different directions, the cone spread will differ with angle p between
line AB and plane OAC, which represents different positions on the back-projection cone. The spread of the back-
projection cone at any angle B is approximated in the following way:

0,(B) =0, cos* f+0,sin* 3 8
Combined with the angular uncertainty contributed by energy resolution, the overall angular uncertainty is
0(B) = 0% +(0,c08’ B +0,sin* B)? 9)
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We compared this angular uncertainty estimation algorithm with simulations, and found this method is a good
approximation when the uncertainty of the cone axis differs at different angles. This helpsto improve the overall image
resolution. There is some distortion because of the rough approximation in Eqg. (8), but it is only noticeable when the
two interaction points are very close to each other or the scatter angleis very small. In redlity, those events usually have
poor angular resolution and are not very helpful to image reconstruction. The drawback of this algorithm isthat it needs
to calculate p for each pixel in one event, therefore costs more computation time.

V. SEQUENCE RECONSTRUCTION

In a two-detector Compton imaging system, the interaction sequence is known as a prior. However, in a single 3D
CdzZnTe detector, the timing resolution is much larger than the flight time of a photon between interactions. The
sequence of interactions must be reconstructed from the energy or position information of the event.

1. Two Interactions

For two interactions, previous study used a smple method by comparing the two energy depositions. Geant4
simulations indicate that in a 15mmx15mmx10mm CdZnTe detector, when the incident photon energy is greater than
400keV, the interaction with higher energy deposition has more chance to be the firgt interaction, and vice versa. So the
sequence reconstruction agorithm for two pixe events is simply to choose the higher energy deposition to be the first
interaction for gamma rays with energy higher than 400keV, and for gamma rays with energy lower than 400keV, the
algorithm chooses the lower energy deposition to be the first interaction.

However, for gamma rays with energy greater than 400keV, this algorithm will sometimes give a sequence which is
physically impossible. For example, a photon can deposit very small amount of energy during the first scattering, and
the energy of the scattered photon is beyond the Compton edge. If the scattered photon is absorbed by the detector by
photoelectric absorption, the sequence reconstruction algorithm by simple comparison will give the wrong sequence,
which is physically impossible. This situation can be avoided by doing a Compton edge test first. If one of the two
energy depositions is beyond the Compton edge, the other interaction will be chosen as the first interaction.

From Geant4 simulations, this simple comparison algorithm for sequence reconstruction can correctly identify 58% of
sequences at 662keV with full energy depositions. Consdering at this energy, about 20% events will deposit more than
1 interaction under a same pixel, and those events are regarded as “unreconstructable” events, 58% is a reasonable
percentage. Studies also show that for those events with 2 or more interactions under the same pixel, the sequence got
by the simple comparison algorithm can still contribute to image the correct source location.

Another sequence reconstruction algorithm is deterministic algorithm based on Klein-Nishina formula

do, { 1 T [1+ cos? 9] {% a*(1-cosf)? } ’ (10)
dQ | 1+a(1-cos6) 2 (1+cos’ 8)[1+a (1 —cosb)]
in which a=hv/m?. The probability density function of a photon to be scattered at angle 6 then is:
x@of" 99 $n Gdg 277{ 1 T [“ o’ gj %1 o’ (1-cos6)" }sin 6 (11)
dQ 1+ a(1-cosb) 2 (1+cos’ §)[1+a(1 —cosb)]
For atwo-pixel event, there are two possi ble sequences, which correspond to two different scatter angles.
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Figure 7. Two possible sequences in atwo-pixel event. 6; and 6, are the two possible scatter angles.

To decide which sequence has more probability, we assume there is a small energy perturbation dE in the first
interaction. Since thetota energy E, is constant, the changein E; then is—dE. From Eq. (1),
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2

2
dg = dE, ="t
singE, sngE,
So, the probability for a photon with energy E, to leave an energy deposition between E; and E;+dE in the first
interaction is 2(6,)d6;. Therefore, in the deterministic sequence reconstruction algorithm for two-pixel events, the figure
of merit is defined as

FoM, =—=@)_ o 1 BEEC-STAIN a’(L-cosg)’ 1 (13)
singE? 1+ a(1-cosb) 2 (1+cos’ §)[1+a(l—cosh)| |EZ

The deterministic sequence reconstruction algorithm has close performance comparing with the simple comparison
method, except that determinigtic algorithm is about 15% better at medium energy around 500keV .
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Figure 8. Fraction of simulated correctly reconstructed sequences by simple comparison and deterministic sequence reconstruction
algorithms.

2. Threelnteractions
»13

Sequence reconstruction for three-pixel events is more complicated. Current techniques include “backtracking”~,
deterministic method™, and “chi-squared” or “minimum squared difference’” (MSD) method™ *> . Here we will only
discuss the last two algorithms.

Figure 9. Three interactions. The second scatter angle can be cal culated from both energy and position information.

MSD method compares the cosines of the second scatter angle calculated from energy and position information, and
defines the figure of merit by dividing the square of their difference by the uncertainty in that difference:

_ (cos8), —cosb,)® _ (cos@, —cos b, )’ _ (14)
"2 g?(cos,, - cosf,) sin®§,0%(8,)+sin’ §, 7(8,)
From error propagation, the uncertainty in 0, and 0, can be calculated as:
2\2 22
0_2(326) = (mezc ) O 1 - 0-22 +(2E3 + EZZ E42 aés ) (15)
sin’6,, | (E,+E,) (E, +E)°E]

FOM
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and

20°[ 13 +15 +1,0,c086, | (16)
ror2
In Eg. (16), we made an assumption of 2 = g§ =g? =g* tosmplify the expression.

The deterministic agorithm for three-pixel eventsis similar to the algorithm for two-pixel events. The figure of meritis
defined as:

02 (HZr ) =

1 1
FOM... . =5 |E +E, +E)B—— (34, |E, +E,) B——— (17)
osnnae =206, | B +E, 4E) Bro e KO B +E) B
where 2(6|E) stands for the cross section of a photon with energy E to be scattered at angle 0.

The performances of the two algorithms are very close.

Table 1. Fraction of correctly reconstructed sequences at 662keV by M SD and deterministic sequence reconstruction agorithms.
Events with multiple interactions under a same pixel are aways regarded as incorrectly reconstructed, although they still contribute to

theimaging.
All Events Full Energy Deposit
MSD 44.2% 52.1%
Deterministic 43.9% 51.8%

However, the firg scatter angle distribution of correctly reconstructed events shows that MSD algorithm tends to
correctly identify those events with smaller scatter angles, which have better angular resolution. Therefore, athough the
fraction of correctly reconstructed events by deterministic algorithm is very close to MSD algorithm, MSD algorithm is
used in thiswork.

V. IMAGE RECONSTRUCTION

The simplest way to reconstructed a Compton image is to back project the cones to the imaging plane or sphere. Thisis
sometimes called “event circle’ method. Here we will refer it as “simple back-projection” agorithm, to correspond to
the “filtered back-projection” algorithm which is aso studied in this paper. Another popular agorithm in Compton
image reconstruction is maximum likelihood estimation via the expectation maximum algorithm (MLEM).

1. Simple back-projection
Simple back-projection method is the most straight forward algorithm. Since each event provides the information of the
possible source locations which are uniformly distributed on a cone, those cones are simply summed up together.

Because theoretically every cone will pass the true source location, the source can then be enhanced and be
distinguished from the background.

Figure 10. Simple back-projection a gorithm sums all cones on the imaging sphere to form the image.

The image reconstructed by simple back-projection algorithm is usually blurred because the cones overlap with each
other. Currently the angular resolution achieved by simple back-projection algorithm is about 50 degrees. However,
since this method is smple and fast, it might be useful in some applications that require fast response rather than good
angular resolution, such as source probing.
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2. Filtered back-projection

Even with perfect detector performance, i.e., perfect energy and position resolution, and correct sequence, the simple
back-projection still suffers from the random distribution of cone axis directions. Parra® proposed FBP algorithm to
deconvol ute the blurring in spherical harmonics domain. With perfect detector performance, a point source will generate
a simple back-projection image as:

1 Imz% 4o @ (18)

hy(cosa) =——=— [,
,ll—cosz% 2 ,Icosz%—zz

in which «y is the angle between the image pixel direction and the source direction, and h(z) is defined by Klein-Nishina
formula

1+ 0032 W+M

_ _ 1+ y(1-cosw) 19
h(cosw) = h.(cos ) L+ yl-c0s )’ (19)

Surprisingly the above integral has a closed form:

h (cosa) = T [2y4(1/2—2y—2)k4 + p(—4 P +17 F+18 pe)k® +2( ) ( Y2 -3 ﬁ)] .
P - 2 E
yz\ll_k 2|:(1+ y)Z _y2k2:|2

where k = cos

I (20

%  andyistheratio of theinitial gammaray energy and rest mass of an eectron.
2

Eqg. (18) or (20) is the point spread function (PSF) of the system. Suppose the simple back-projection generates an
image of g'(€2), then FBP agorithm will deconvolute the PSF out of g'(Q2) to form the filtered image of g(€2). The
deconvol ution can actually be performed through a convolution:

9(Q) = j dQ'g (9 )h™(cosw) » (21)
in which:
a4 _v(2n+l z P,(cosw) (22)
h™(cosw) HZ:(;[ i ] 7“'“

In the above equations, o isthe angle between © and Q', and H, are the coefficients of hy,(cosm) expanded on Legendre
polynomials.

2n2+1_|.d(cosw)mp(cosw)Pn(cos @ (23)
Fortunately, H,, converge to a constant value rather than zero when n islarge, thus avoid the instability problem usually
faced by deconvolution process. If PSF other than Eg. (20) will be used, and H, vanish to zero when n is large, the
image must be low pass filtered before deconvolution.

Convolution of Eg. (21) can be performed either in angular space or by transforming into spherical harmonics space,
filtering, and then transforming back into angular space. Parra also suggested an “event response function” method to
combine the back-projection and filtering into a single filtered back-projection step. However, due to recent progresses
in fast algorithms of Fourier transform on spherical coordinates'’™, it is possible to perform the convolution of Eq. (21)
directly. Since FBP algorithm can also be performed event by event, it is easy to implement this algorithm in real time
imaging. The computation cost of FBP is only dightly more than simple back-projection agorithm, but it can achieve
much better angular resolution. Currently, detector errors are not taken into consideration. If detector errors are
considered, there is till room for further improvement.

H, =

3. List-mode MLEM

MLEM is an iterative algorithm that will converge to a source distribution having the maximum likelihood for the
measured data set to be observed. The convergence is assured if the total number of events is greater than the pixel
number in theimage. Theiteration is performed by the following equation® %
AN 't (24)
) ’

n+tl _ 77
TR YA
S 4

Yt
Ztik/]kn
K
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in which 4" is the estimated value of pixel j a n" iteration, § is the probability of an emission from pixel j to be
detected, Y; is the number of times that measurement i is observed, i={1,2,...i,...,1-1,1} includes al possible
measurement outputs, and tj; is the probability of an emission from pixe j to be observed as measurement i. The matrix
t;; is also called the system model or matrix. Iterations can be terminated by some preset stopping criterion. However, in
practice, computation time usually sets the limit to terminate the iterations early.
The system matrix can be modeled analytically:

9% exp(-a,(E,) (25)

t; = exp(—a, (Ey)ry,) o)

where o(E) is the total absorption cross section for a photon at energy E, Ep and E’ are the initial and scattered photon
energies, respectively, ro; is the attenuation distance between the source pixel and the first interaction, ry, is the
attenuation distance between the firgt and second interactions, and do./ds2 is differential Compton cross section, which
is approximated by the Klein-Nishina cross section (10) divided by ri,%. Therefore, the system matrix is the product of
the probabilities for theinitial gammaray to reach the firgt interaction point, be scattered at angle 0, and for the scattered
photon to reach the second interaction location.

The number of the possible measurement outputs can be very large. For an N-pixel event, the measurement output is a
4N dimensional vector, including 3N dimensionsin positions and N dimensonsin energy. Therefore, the system matrix
could be extremely large to keep the information loss low. List mode maximum likelihood was introduced to overcome
this difficulty by setting Y;=1 for all measured events and zero for all unmeasured events. This assumption is usually
valid because the chance for two measurements to be exactly the same is extremely low. Therefore, the summation over
all possible measurement outputsin Eg. (24) becomes a summation over all measured events. By this way the system
matrix t;; can be cal culated on the fly and thus eliminates the requirement to pre-calculate and store the system matrix.
When reconstructing an event, the system matrix is only calculated on the back projection cone and set to zero
elsewhere, because if the source pixel isnot on that cone, it is obvious that there is no chance for a photon with energy
E, to be detected as the measured event. We aso found that the last two terms in the system matrix model of Eq. (25),
do./dQ and exp(-o,(E)r,), ae independent on the locations of source pixels. Noticing that in Eq. (24), there are

system matrixes on both numerator and denominator, these two terms will eventually cancel with each other. The first
term, exp(-a, (E,)r,,) » iS the source pixel position determined, because ro; depends on the source pixel position, and is

a quite complicated function. However, for small detector system such as a 15mmx15mmx10mm 3D CdZnTe detector,
we found the ratio of the maximum value of thisterm to its minimum value is very close to 1, which indicates thisterm
in the system matrix model can also be considered as congtant.

Therefore, as long as the detector is small enough, t; is amost constant for all the pixels on the back-projection cone. In
Eq. (24), t; will eventually be normalized, so it is equivalent to replace all t;; with 1. By this way, the calculation of the
system matrix can be skipped, and great amount of computation cost isthen saved. After this approximation, the MLEM
algorithm in one iteration cycle amost has the same speed as the simple back-projection algorithm, while the image
almost has no noticeabl e difference from the image reconstructed with the original system matrix.

4. Performance

Due to the asymmetry in the detector system, the angular resolutions are different in azimuthal and lateral directions.
Currently, the angular resolutions achieved by different reconstruction agorithms are listed in Table 2.

Table 2. Angular resolution (FWHM) achieved by different image reconstruction a gorithms.

Simple back-projection FBP MLEM (24 iterations)
FWHM in azimuthal
direction (degrees) ar.7 19.1 10.1
FWHM in lateral 614 0.6 "
direction (degrees)

Only full energy events were imaged by those reconstructions. To verify the above resolution, two point **'Cs sources of
nearly equal activity were placed 15 degrees apart at the sde of the detector. Surprisingly, the two sources are till
resolvable even with 19.1 degrees angular resolution in FBP. Since FBP a gorithm does not need iterations and its speed
is comparable with simple back-projection algorithm, it can be used as a start point of MLEM algorithm thus decreases
the iteration times. Currently, FBP algorithm is equivalent to MLEM at about 5" iteration.
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(1) Simple back-projection; (2) FBP (3) MLEM (24 iterations)

Figure 11. A point **Cs source images reconstructed by simple back-projection, FPB and MLEM, respectively.

(1) FBP (2) MLEM (24 iterations)

Figure 12. Images of two point **'Cs sources placed 15° apart by FBP and MLEM separately

VI. CONCLUSIONS

A single 3D CdznTe detector is proven to be capable of doing 4 Compton imaging. When the detector size increases,
it isalso able to do 3D imaging. Real-time data acquisition and imaging were implemented with simple back-projection
and FBP reconstruction algorithms. With a single 15mmx15mmx10mm 3D CdZnTe detector and currently available
ASICs, an angular resolution of 10° at 662keV was achieved by list-mode MLEM reconstruction algorithm after 24
iterations. Filtered back-projection isa promising algorithm since it is fast and does not need iteration. Current achieved
angular resolution by FBP is about 19° at 662keV, and there is till room for further improvement if detector error is
taken into consideration.
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