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CHAPTER I

INTRODUCTION

Since it is not easy to focus gamma ray as it is for visible light, historically,
gamma-ray imaging is performed by combining a mechanical collimator with a posi-
tion sensitive detector such as an Anger camera [Ang58|. One fundamental problem
with these mechanical collimator systems is the inverse coupling between the de-
tection sensitivity and the spatial resolution. Improved efficiency may be obtained
by using coded apertures [Mer61, Bar72]. In low energy gamma-ray imaging, it is
usually sufficient to construct the aperture from highly absorbing material such as
Pb or W. However, for high energy gamma-ray imaging, due to its high penetrating
power, the required thickness and size for the collimator is impractically high. A
Compton scattering (or electronically collimated) camera has the potential to pro-
vide high detection efficiency without sacrificing the spatial resolution, and can work
well in high energy applications.

1.1 Compton Camera Developments in Astrophysics, Nu-
clear Medicine, and Nuclear Industry

Compton scatter cameras have been extensively used in astronomy and astro-
physics as telescopes to localize the gamma-ray sources or map the gamma-ray sky.

Compton telescopes for astrophysical research originated in independent programs



at the University of California [Her75] and at the Max Plank Institute [Sch73] in the
early 1970’s. Since then, many Compton telescopes have been built for balloon borne
missions [Loc79, Ait90, Sch82]. The success of these missions and the improvement
in the technology over the following twenty years lead to the launch of COMPTEL
on board NASA’s Compton Gamma Ray Observatory (CGRO) in 1991. COMPTEL
consists of an upper array of 7 liquid scintillation detectors and a lower array of
14 Nal scintillation detectors [Sch93]. It covers the energy range from 0.75-30 MeV
with a field-of-view (FOV) of 60° FWHM. COMPTEL has yielded significant break-
throughs in the field of high energy gamma ray astrophysics [Kur98]. The Tracking
and Imaging Gamma Ray Experiment (TIGRE) on the INTErnational Gamma Ray
Astrophysics Laboratory (INTERGRAL) is planned to launch in 2002 [Tum95]. TI-
GRE uses multi-layer silicon strip detectors as the first detector and arrays of small
CsI(T1) photodiode detectors as the second detector. With the improved detector
energy resolution and the ability to track Compton recoil electrons, TIGRE is ex-
pected to be sensitive to gamma rays from 0.3 to 100 MeV with an energy resolution
of 3% FWHM and a 1 — o angular resolution of 120 arc minute at 2 MeV. The
absolute detection efficiency is about 8% over the full energy range.

Medical imaging faces markedly different challenges than those in astronomy.
The low energy of the commonly used radioactive isotope **™Tc is well-suited for
mechanically collimated systems. Although the Compton scattering method was
proposed for medical imaging by Todd et al. in 1974 [Tod74], the first working pro-
totype electronically collimated camera (ECC) was built by Singh and Doria in 1983
[Sin83a, Sin83b]. The ECC replaced the conventional collimator with a High Purity
Germanium (HPGe) detector in front of an Anger camera. The comparison between

an ECC and a mechanical cone beam collimated system was made by Brechner and



Singh [Bre88]. Their experimental results showed that their ECC achieved the same
counting sensitivity at 140 keV for a 25 cm diameter spherical object in less than
10% of the data collection time required by a cone beam mechanical collimated sys-
tem. The theoretical sensitivity was improved by a factor of 62 for a 32x32 array of
HPGe. Other Compton cameras have been suggested for nuclear medicine that use
either a silicon [Sol88] or a gas scintillation proportional counter [Fuj87] to replace
the HPGe array in the ECC. C-SPRINT, a prototype Compton scattering camera,
was intended to extend the work of Singh by using silicon pad detectors in place
of HPGe, exploiting a ring of Nal scintillation detectors to improve the resolution
and reduce the low angle count rates in the second detector [LeB98]. Despite these
efforts, a significant improvement in individual detector performance is required in
order for Compton cameras to match or exceed the sensitivity and resolution of the
currently commercially available mechanically collimated systems.

To image spatially extended sources and multi-energy gamma-ray field in the 0.5-
3 MeV range in the nuclear industry, a Ring Compton Camera (RCC) was designed
by Martin et al. [Mar93, Mar94]. In the RCC, the first detector is a 4x4 planar array
of HPGe and the second detector is a ring which holds a set of NaI(T1) scintillation
detectors. The ring geometry for the second detector was used to avoid the high
count rate from low angle scattering events. The angular resolution is improved at
the expense of efficiency in their design. The practical use of the RCC is limited by

its low detection efficiency and bulky size.
1.2 Objectives of This Work

Besides the applications in astrophysics, nuclear medicine and the nuclear indus-

try, Compton cameras have potential as radiation imagers in environmental reme-



diation and nuclear treaty verification. These applications are often best served by
portable devices. However, previous Compton cameras have used HPGe, or silicon
detectors combined with scintillation detectors. Their portability is limited by either
the requirement for cryogenic cooling of the semiconductor detectors, the relatively
large volume of the photo-multiplier tubes or the larger distance between the two
detectors in order to achieve a good angular resolution. In contrast, CdZnTe de-
tectors can be operated at room temperature, can achieve high energy and position
resolution compared to scintillation detectors, and can be made compact. 3-D po-
sition sensitive CZT detectors have recently demonstrated a 1.5% FWHM energy
resolution at 662 keV and a 1 mm position resolution [He99]. These are attractive
for portable Compton scattering cameras in the energy region of several hundred
keV to a few MeV.

The main objective of this dissertation was to design and build a prototype Comp-
ton scattering camera using two 1 cm?® cubic 3-D position sensitive CZT detectors.
We investigated the feasibility of using room temperature CZT detectors in a Comp-
ton scattering camera. The performance of the prototype camera was studied analyt-
ically and experimentally. Based on these studies, the operating system parameters,
such as the separation distance and the central scatter angle between the two de-
tectors, were chosen. Several image reconstruction algorithms were compared and
a List-Mode Maximum Likelihood iterative reconstruction algorithm was chosen for
the camera. The data acquisition problems associated with two 3-D detectors were
addressed and a specialized data acquisition system was designed to maintain the
intrinsic detector performance while avoiding the long dead time for individual de-

tectors. The primary experimental results from the camera are presented.



CHAPTER I1

THEORETICAL DESIGN CONSIDERATIONS
AND PERFORMANCE ESTIMATION

2.1 Compton Scattering

Compton scattering is the dominant interaction for middle energy gamma rays
(0.3 - 10 MeV). It is an elastic scattering between the incident photons and elec-
trons in the scatter medium. From the conservation of momentum and energy, the

scattered photon energy (assuming the electron is at rest and unbound) is given by

Eq

E =
1+ 72:(1 — cosf)’

(2.1)

where Ej is the incident photon energy, m, is the electron mass and @ is the scatter
angle. If the electron momentum can not be neglected, the scattered photon energy
also depends on the electron momentum. This effect is often referred as the Doppler
broadening and will be discussed later in Section 2.3.2.

Compton scattering is an interaction between an incident photon and an electron
in the detector material. The Compton scatter cross section increases linearly with
material atomic number Z. The scattered photon angular distribution is given by the
Klein-Nishina formula [Kno00]:

1 1 + cos?6 a?(1 — cos#)?

do
1+ a(1 — cosf) ( 2 )1+ (1 + cos?0)[1 + a(l — cosb))

E=Z7'§(

), (2.2)
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Figure 2.1: Illustration of Compton scatter imaging.

where a = Fy/m.c? and ry is the classical electron radius. This angular distribution

exhibits a strong forward tendency for gamma energies larger than 500 keV.
2.2 Compton Scatter Imaging

In Compton scatter imaging, when the incident photon Compton scatters in
the first detector and the scattered photon is detected by the second detector, as
illustrated in Figure 2.1, the source location can be backprojected to lie on the
surface of a cone. The cone’s axis is defined by the interaction positions in the two

detectors, and the cone angle, 8, is determined from the Compton equation as:

m.c*E,

Eg _ EoEe’ (2'3)

cos(f) =1-—

where E. is the energy transfered to the electron during the Compton scattering.

By collecting many such coincident events, these backprojected cones will in-



tersect at the true source position. After proper image reconstruction, the source

distribution can be reconstructed. In this way, electronic collimation is achieved.
2.3 Angular Resolution of Compton Scattering Camera

As illustrated in Figure 2.1 and from Equation 2.3, the backprojection angle 6
is determined by the initial energy and the energy transfered to the electron. Any
energy uncertainty, either due to the detectors’ energy resolution or the Doppler
broadening effect, will contribute to the uncertainty of 8. As the backprojection axis
is determined by the interaction positions in the two detectors, the detector position
resolution will contribute to the angular uncertainty of the source location as well. If
we assume each component is a Gaussian distribution and independent of each other,

the overall angular resolution is the quadratic summation of these three components

(Aaoverall)2 = (Aoenergy—resolution)2 + (AeDoppler)2 + (Aogeomerty)zy (24)

where ABfenergy—resotution is the detector energy resolution contribution, ABpoppier 1s
the Doppler broadening contribution and ABgeometry is the detector position resolu-

tion contribution.

2.3.1 Detector Energy Resolution Contribution

In two detector Compton scatter imaging, the photon must only undergo one
scatter in the first detector and the scattered photon must escape the first detector.
Under this condition, the measured energy in the first detector E; is equal to the
energy transfered to the electron E,. For general imaging applications, the incident
gamma-ray energy is unknown. We have to assume the measured energy in the

second detector E; is equal to the scattered photon energy E’. By replacing E’ with



E; and E, with E)| + E,, Equation 2.3 becomes

m,_c2E'1

—_———— 2.5
EZ + E.Es (2:3)

cos(@) =1 —

Applying error propagation to Equation 2.5, the energy uncertainty contribution to

the angular uncertainty is given by
(Abenergy)® = ( ) 2(AEy)? +( )2(1-\-’5 ). (2.6)

From Equation 2.5, we have
ag MeC? 1
dE1 - sinf (E1 +E2)2’

do mecz[ 1 _ _1_]
dE2 - sinf (E1 + E2)2 E% ’

(2.7)

(2.8)

In above derivation, we assume the scattered photon deposits its full energy in the
second detector by a photoelectric interaction. This assumption is not always true,
especially for high and middle energy gamma rays where the scattered photons have
high probability to undergo another Compton scatter and only deposit a part of
their energy in the second detector. In such a case, the energy deposited in the
second detector, E5, is not equal to the scattered photon energy, E’. Therefore, the
scatter angle obtained from Equation 2.5 is not related to the true scatter angle.
These events will only add background noise to the reconstructed image. In order to
eliminate this noise, a window is usually used in the summed spectrum to select full
energy deposition events. In this case, instead of using the summed energy for each
event to calculate the scatter angle, the centroid or the peak energy of the summed
window can be used, i.e. Ey = E,. Then Equation 2.3 becomes:

mec2E1

cos(f) =1— _—E2 —E.E.

(2.9)

(Mbeners)? = (G AEY + (G (BB, (2.10)



dé _ m.c? 1

dE; ~ sinf (B, — E,)2’
d _m.? E?—2EE,
dE,  sinf (B2~ E,E,)?’

(2.11)

(2.12)

Since the error for E; only comes from the systematic calibration bias, it is usually
much smaller than the individual detector energy resolution. The angular uncertainty
in Equation 2.10 is thus dominated by the first term.

For some special applications, such as Single Photon Emission Computed To-
mography (SPECT), where the incident gamma-ray energy is known, the angular
resolution is solely determined by the first detector energy resolution as given by

_ (14 a(l —cosb))?
ABenergy = Eyasind

AE;, (2.13)

where a = Ey/m.c2. In this dissertation, unless otherwise pointed out, the incident
gamma energy is assumed to be known.

For our 3-D position sensitive CZT detector, the energy resolution at 59.5 keV,
122 keV and 662 keV is shown in Figure 2.2. The electronic noise is around 3-
4 keV. By fitting the measured data points in Figure 2.2, the general relationship
between the energy resolution and the deposited energy is given by AE = 4.0 +
0.29V'E (keV). Using Equation 2.13, the predicted angular resolution due to the
first detector energy resolution for 140 keV gamma rays is shown in Figure 2.3.
Since Abfepergy—resolution iS larger than 15° for all scatter angles, our CZT detectors
with current energy resolution are not suitable as the first detector for low energy
Compton scatter imaging for many imaging applications. However, as shown in
Figure 2.4 (a), for 511 keV gamma rays, the ABcnergy—resoiution is only 2° - 3° for
scatter angles between 20° - 80°. The energy resolution contribution decreases as
the incident energy increases. As shown in Figure 2.4 (b), ABenergy—resotution is only

about 1° for 1 MeV gamma rays within the 20° - 80° scatter angles. Therefore, the
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Figure 2.2: Ernergy resolution of the first detector. The measured energy resolution
is for 59.5 keV, 122 keV, and 662 keV gamma rays irradiated from the
cathode side of the detector.
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Figure 2.3: Angular uncertainty due to detector energy resolution and Doppler
broadening (ref. Section 2.3.2) at 140 keV.
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Figure 2.4: Angular uncertainty estimation: (a) for 511 keV, and (b) for 1 MeV

detector energy resolution for our 3-D CZT detectors is good enough for Compton

scatter imaging for gamma-ray energies above 500 keV.

2.3.2 Doppler Broadening Contribution

The derivation of Equation 2.1 is based on the assumption that the electron is
free and at rest before the scattering interaction. But in reality, bound electrons have
finite momenta. As shown in Figure 2.5, if the electron momentum P and energy E

are included, from the conservation of the energy and momentum, we have

Ey+E=E,+E
. (2.14)

B+P=P. +P
The energy transfered to the electron by the incident photon is then given by [Cop77]

_ |APP2 | APeP
EC - + Me

2me

_ EX+E"-_2EoE'cosh

p:y/E3+E"?—2EQE’ cosé
2m.c? + mec ’
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Figure 2.5: Compton scatter from a real electron.

where the scatter vector AP is defined as P’ — ﬁo, the momentum difference between
the scattered and incident photons, and p. is the initial electron momentum along
the scatter vector direction. In Equation 2.15, the first term on the right side is the
usual term given by the Compton equation, and the second term is the Doppler shift,
which is linear with respect to p, and increases with incident energy Ey. Therefore,
the scattered photon energy is not only determined by scatter angle, 6, but also
depends on the coupling between the scatter vector AP and the initial electron
momentum, P. The energy distribution of the scattered photons is given by the

double differential cross section [Ces92]

d’c = lmerg(Ec2 + E”? — 2E.E'cosf) 1/2(5_)(
0

o E | E
dQdE ~ 2

20 _ in?0)J(p., Z), (2.16
E’o+E' sin“0)J(p., Z), (2.16)

where E_ is the scattered photon energy calculated by the normal Compton equation
at scatter angle 0, ry is the classical electron radius, and the Compton profile J(p,, Z)

is the initial electron momentum distribution in the scatter medium:

J(p:, Z) = / / A(pz, py, p:)dpdp,. (2.17)

At a fixed scatter angle 8, the scattered photon energy distribution is mainly deter-

mined by the Compton profile J(p,), because the other terms in Equation 2.16 are
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Figure 2.6: Energy uncertainty due to the Doppler broadening effect for: (a) 511keV,
and (b) 1 MeV.

relatively slowly varying with E’.

Neglecting the small chemical and lattice effects on the electron momentum dis-
tribution in crystals, the calculated FWHM energy spread due to Doppler broadening
from Equation 2.16 for silicon, germanium and CZT at 511 keV and 1 MeV are shown
in Figure 2.6. These results are based on the calculated Compton profiles in reference
[Big75]. For CdpgZng2Te, the average atomic Compton profile is derived from that
for Cd, Zn and Te. From Figure 2.6, it is obvious that the energy FWHM due to
Doppler broadening, & FEpeppier, increases with the incident photon energy and the
scatter medium atomic number. For Si and Ge, the AFEpyppier is much larger than
their intrinsic energy resolution, so the angular resolution due to the energy uncer-
tainty is dominated by the Doppler broadening effect for incident energies above 500
keV. Thus the excellent energy resolution of Si or HPGe detectors is not helpful for

Compton imaging at middle and high ~-ray energies.
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In Equation 2.13, Af.pergy is approximately proportional to AE,/EZ. The energy
uncertainty contribution to the angular resolution decreases with increasing incident
energy Eo. Even with the poorer available energy resolution and larger Doppler
broadening for CZT as comparing to Si and Ge, as shown in Figure 2.4 (a), the
overall angular uncertainty due to energy uncertainty at 511 keV is still around 3°

for scatter angles between 20° - 80°.

2.3.3 Geometry Contribution

Since the axis of the backprojection cone is determined by the interaction posi-
tions in the two detectors, any position uncertainty will contribute to the angular
uncertainty [Ord99]. These effects are illustrated in Figure 2.7. The two detector
elements are shown as the gray rectangular area. The central distance between them
is d. A point source is located at position S in front of the first element.

The contribution from the first detector lateral position resolution is illustrated in
Figure 2.7 (a). A gamma ray from the source first Compton scatters at point A (the
middle of the upper edge of the first element) by an angle of 6, then the scattered
photon is absorbed by the second element at point O,. In the backprojection, the
center position, O, of the first element must be used. The backprojected source
direction is O1S’. The angular error, Af,, between the true source direction and the
backprojected direction is £S0O,S’. From the geometry relation in Figure 2.7 (a), we
have

d-sin(0+ A6;) = Wy +d - cos(0 + A8, )tan(0 + D). (2.18)

Since the source to the first element distance SO; is much larger than the lateral

position resolution Wy, ® is small compared to 8 for useful scatter angles, i.e. §+® =
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Figure 2.7: Detector position resolution contribution to the angular uncertainty. The
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arrows illustrate the false backprojection direction.
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8. Then sin(@ + A8,) and cos(8 + A,) can be approximated as
sin(0 + Ab,) = sin(0) + cos(0) A6, (2.19)
cos(0 + AGy) = cos(8) — sin(0) 16, (2.20)
Equation 2.18 becomes
d - sin(0) + d - cos(0) A0, = W + d[cos(8) — sin(6) A0, ]tan(0). (2.21)

Finally, the first detector lateral position resolution contribution is given by

Wi 1 114}

d cos(0) + sin(f)tand ~ d cos(6). (2:22)

Agl =

Similarly, the first detector depth position resolution contribution is illustrated

in Figure 2.7 (b). From the geometry relation in the plot, we have
d- sin(8 + A62) = (d - cos(0 + A0, + Z))tan(6). (2.23)
Applying Equations 2.19 and 2.20 into this equation, it becomes
d- sin(f) +d - cos(0)A0, = (d - cos(0) — d - sin(0) A0, + Z))tan(h), (2.24)

d(cosf + sin®*(8) /cos(0) A, = Z tan(8). (2.25)

The first detector depth position resolution contribution is finally given by

Dby = %cos(G)tan(H) = %sz’nw). (2.26)

The second detector lateral position resolution contribution is illustrated in Figure

2.7 (c). It is straightforward from the plot that

tan(L6y) = %. (2.27)
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Since A#f; is small,
W,

tan(A()g) ~ A03 = T. (2.28)

The overall geometry contribution to the angular resolution is the quadratic sum-

mation of all these components:

ABgeometry)? = 2002 + NO2 + 2162

(Dbgeometry) 1 2 3 (2.29)
= 5 (2Wcos?0 + Z2sin%0 + 2W}).

The factor of 2 before the A#, and Af; accounts for the two lateral position contri-

butions for each element.

2.3.4 Overall Camera Angular Resolution

As indicated in Equation 2.29, the geometry contribution to the angular uncer-
tainty is approximately inversely proportional to the distance between the two de-
tectors. Since the Compton camera efficiency is inversely proportional to the square
of the distance, there is a trade-off between the efficiency and the angular resolution.

A reasonable choice will be choosing the distance d such that
Aoﬁeametry ~ Aogm:*r_qy—resolutitm + A0200;)pler° (230)

Thus, a good efficiency can be achieved while Afgyerqy is only /2 worse than that
determined by the energy uncertainty components. For our CZT detectors, the
lateral position resolution is around 1 mm and the depth position resolution is around
0.5 mm. When the separation distance between two voxels is 4 cm, the Abgeometry
is comparable to Afenergy—resotution aDd Abpgppier for 511 keV gamma rays as shown
in Figure 2.4 (a). We choose the center-to-center distance between the two CZT
detectors to be 5 cm so that the distance between the nearest voxels in the two

detectors is 4 cm.
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As shown in Figure 2.4, the overall angular uncertainty Afoyerqy is 3° —4° at 511
keV and reduces to 2° — 3° at 1 MeV for scatter angles 20° — 80°. So we choose the
offset angle 6. between the two detectors to be 50°. The field-of-view (FOV) will be
+30° around the axis of the first detector corresponding to 20° — 80° scatter angles.

The actual angular uncertainty for the reconstructed image will be the weighted
average of that shown in Figure 2.4 over all acceptable scattering angles. Referring
to Figure 2.4, note that the Af,yerqu is a slowly varying function of the scatter
angle 6 over the acceptable angle range 20° — 80°. As a result, the expected angular

uncertainty for the reconstructed image will be similar to that shown in Figure 2.4.

2.4 Efficiency of Compton Scattering Camera

2.4.1 Compton Aperture Efficiency (CAE)

Unless the position resolution for a large volume detector is good enough to get
a reasonably good angular resolution, Compton scatter imaging is achieved by a two
detector system. In this common mode, a photon must undergo only one Compton
scattering in the first detector and the scattered photon must escape the first detector.
The Compton Aperture Efficiency (CAE), F,, is defined as the probability that the
incident photon only undergoes one scatter in the first detector and the scattered

photon escapes the first detector within a pre-set solid angle:

Zmaz omaz 4 ’
P. = / dz / d0j1.( Eo)el=:(B0)?) p(g)l—m(EL) (2.31)
0

Omin
where p., g, are Compton scatter and total attenuation coefficient, z is the depth in
the first detector, fmin, Omaz are the minimum and maximum useful scatter angles,
P(0) is the scatter distribution function, and L' is the escape length the scattered

photon travels. In the following calculations, the scatter angle is from 20° to 80°.
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Figure 2.8: Compton aperture efficiency at 662 keV for a 1 mm x 1 mm CZT de-
tector.

For a very small detector, the probability that the scattered photons will be
attenuated in the detector itself is small. As shown in Figure 2.8 fora 1l mm x 1 mm
CZT detector, P, increases with the detector thickness. However, in order to get a
reasonable overall camera efficiency, many small detectors must be packed together
or a single large pixellated detector must be used. In such a case, the attenuation
from neighboring detectors or elements will affect P.. As is shown in Figure 2.9 for a
1 cm thick CZT detector at 662 keV, P, decreases from 18% to 10.5% as the detector
width increases from 1 mm to 6 cm. Since we are only interested in the escaped
photons from 20 to 80 degrees, when the detector width increases above 5 cm, the
attenuation from neighboring elements become less important, and the Compton
aperture efficiency becomes independent of the detector width. For a 20 cm x 20

cm area detector, the variation of P. with the detector thickness for Si, Ge and CZT
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Figure 2.9: Compton aperture efficiency at 662 keV for a 1 cm thick CZT detector.

at several energies from 114 keV to 3 MeV is shown in Figure 2.10. At 114 keV, the
maximum CAE for CZT and Ge are only 1% and 4% respectively. The maximum
P, for silicon is 12%. Even at the same thickness, silicon is more efficient than CZT
or Ge. When the gamma-ray energy increases to 300 keV, silicon still has the higher
maximum CAE than that for CZT and Ge. However Ge reaches its maximum, 11%,
at 1 cm thickness, while silicon needs to have a 3 cm thickness to reach its maximum,
14%. From 1 MeV to 3 MeV, Ge and CZT have nearly identical behavior. They
will get their maximum CAE around 2 cm. On the other hand, silicon has to have
around 6 cm thickness to get the similar efficiency. For a thin detector before the
CAE reach their maximum, at the same thickness, Ge and CZT are more efficient
than Si when the energy is higher than 300 keV.

Therefore, due to its higher Compton/total cross section ratio, the Si always has
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Figure 2.10: Compton aperture efficiency for Si, Ge and CZT detectors with a 20 cm
X 20 cm area. This is the calculated results from EGS4 for a collimated
source radiated perpendicularly at the the center of the detector surface.
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the higher maximum CAE than that for Ge or CZT. PIN Si detectors also have better
energy resolution and smaller Doppler broadening than CZT detectors. The currently
available PIN silicon detector thickness is usually smaller than 1 mm. In order to
have the same efficiency as 1 cm CZT detectors, multiple layers of Si detectors must
be stacked together for the first detector. Thus, the readout electronic channels will
proportionally increase. Although HPGe can be made thick, the simple depth sensing
technique used for CZT detectors can not be used since charge carrier electrons and
holes are both collected. For a thick detector without depth sensing capability, the
separation distance between the first and the second detectors must increase in order
to reduce the geometry contributions to the imaging angular uncertainty. This will
adversely affect the overall camera efficiency. Furthermore, the room temperature
operation of CZT detectors makes them convenient to use, especially for portable
devices. Therefore, a CZT detector with 3-D position sensitive capability is the
better choice for the first scatter detector for Compton scatter imaging in the middle

and high energy range.

2.4.2 Intrinsic Efficiency of the CZT Compton Camera (CCC)

The intrinsic Compton scattering camera efficiency, €;ce, is defined as the fraction
of photons entering the first detector that undergo only one Compton scattering in
the first detector and then the scattered photons are photoelectrically absorbed by

the second detector. &, for a point source can be expressed as

Eice =

1 do

- (—ue(Eo)L1) 29 (—ue(Er1)L12)

a [ @[ dvelQuu(Eoe o (612) Ae up(Ev),
(2.32)

where (2; is the solid angle subtended by the first detector, AQ; is the solid angle

for a differential volume element dV; in the first detector, L, is the attenuation
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Figure 2.11: Predicted intrinsic efficiency of the CZT Compton camera. The intrinsic
efficiency for the RCC is normalized to the same total detector volume
as that for the CCC.

length in the first detector between the source and dVi, u., u., and p, are the total,
Compton scatter, and photoelectric coefficients respectively, L,, is the attenuation
length between the two elements dV; and dV5.

Analytical calculation of £;,. requires numerical integration over two detector
volumes and the knowledge of interaction probabilities for the initial and scattered
v-rays. Instead of using an analytical approach, the Monte Carlo program EGS4
[Egs4] was used to calculate ¢, for a point source at 10 cm from the first detector
surface. The calculated intrinsic efficiency for our Compton camera from 500 keV to
3 MeV is shown in Figure 2.11. The predicted intrinsic efficiency is between 1.5 x10™*
to 8.8 x 10~® from 500 keV to 3 MeV. For comparison, the intrinsic efficiency for
the Ring Compton Camera (RCC) [Mar94]| normalized to the same total detector

volume as that for CCC is also shown in Figure 2.11. The first detector for the RCC
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is a 2x2x0.6 cm HPGe detector, and the second detector consists of sixteen 1.91 cm
diameter by 5.08 cm long NalI(Tl) detectors. The angular resolution of the RCC is
from 5.4° at 511 keV to 4.0° at 2.75 keV. Since the CCC has a larger atomic number
and reduced distance between the two detectors, its intrinsic efficiency is more than
one order of magnitude higher than the normalized €;. for the RCC. The advantage
of using 3-D CZT detectors in Compton scatter imaging is obvious.

In summary, the predicted angular resolution based on our measured detector
energy resolution is 3° — 4° at 511 keV and reduces to 2° — 3° at 1 MeV for scatter
angles 20° — 80°. The optimal offset angle #. between the two detectors should
be 50° and the center to center distance between the two detectors should be 5
cm. The field-of-view (FOV) will be +£30° around the axis of the first detector
corresponding to 20° — 80° scatter angles. The predicted intrinsic camera efficiency
for this prototype camera is 1.5x107* to 8.8 x 105 from 500 keV to 3 MeV. Although
the CZT detectors have larger Doppler broadening and worse energy resolution than
Si or Ge detectors, for gamma-ray energy above 500 keV, CZT has useful angular
resolution. Furthermore, the room temperature operation of CZT detectors makes

them convenient to use, especially for portable devices.



CHAPTER III

IMAGE RECONSTRUCTION

As illustrated in Figure 2.1, when a gamma ray first scatters in the first detector
and the scattered photon is detected by the second detector, the source location can
be only determined within a backprojection cone if there is no information on the
recoiled electron direction. For a pair of detector elements in two detectors located
at (zl,y1, z1) and (x2, y2, 22), the cone’s axis is determined by the positions of these
two elements. If the incident gamma-ray energy is known (or can be determined to
be the sum of the energies deposited in the two detectors), the cone angle  can be
determined by the energy deposited in the first detector E; from the Compton equa-
tion. Therefore, all the source activities located on this cone will contribute to the
coincident counts defined by Y (z1,y1, 21, 22, y2, 22, E1). Y (z1, yl, 21, 12,42, 22, E1)
is effectively a weighted integration of the source activity along the backprojection
cone. The weighting factor is dependent on the distance between the source and the
first detector element. For the same pair of detector elements, different deposited
energy, £y, represents the different backprojection angle, 8. In order to get the
true source distribution, multiple projections from different azimuthal angles must
be collected. As shown in Figure 3.1, for a point source located on the center of

the source plane, the backprojection lines from different azimuthal angles will inter-

25
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Figure 3.1: Illustration of the backprojection for a point source in Compton scatter
imaging. For many backprojections, the distribution falls off approxi-
mately as 1/r.

sect with each other at the source location. A proper reconstruction algorithm must
be used to reconstruct the original image. This is similar to the situation in par-
allel projection imaging, such as x-ray Computed Tomography(CT), where parallel
projections from different angles are collected. A backprojected image for a point
source from parallel projections is shown in Figure 3.2. It is very similar to the the
backprojection in Figure 3.1, except for two major differences between them. First,
the backprojection line in the source plane for Compton scatter imaging is a conic
section, while the backprojection line in parallel projection imaging is a straight line.
Second, in parallel projection imaging, the response is spatially invariant. In Comp-
ton scatter imaging, even for the same detector element pair, the response is spatially
variant since different source points will have different scatter angles related to them.
Despite these two differences, the similarity between Compton scatter imaging and

parallel projection imaging makes it possible to try to use the image reconstruction
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Figure 3.2: Illustration of the backprojection for a point object in parallel projection
imaging. The distribution falls off as 1/r.

algorithms in parallel projection imaging as an approximate method for Compton
scatter imaging. A brief review of the image reconstruction for parallel projection
imaging therefore is given below. Then a review of the iterative image reconstruc-
tion algorithms is presented and the implementation of the List-Mode Maximum

Likelihood algorithm is presented with the Monte Carlo simulation results.

3.1 Direct Image Reconstruction in Parallel Projection Imag-
ing
3.1.1 Fourier Slice Theorem (or Central Slice Theorem)
All the direct image reconstruction algorithms are based on the Fourier Slice
Theorem. As shown in Figure 3.3, the relation between the object and its parallel
projection is given by the line integral along the line at angle 6 counter-clockwise

from y axis and at a distance R from the origin:

go(R) = / fz,y)dl = /_: f(z,y)o(zcosh + ysind — R)dzdy. (3.1)

L(R.0)
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Figure 3.3: Geometry and coordinate system for parallel projection imaging.

The two-dimensional Fourier Transform (2-D FT) of the object is given by:

F(u,v) = //f(z, y)e " EUEr gy, (3.2)

Expressing this in polar coordinates F(u,v) = F(p, 3), where u = pcosB and v =

osing, gives
F(p.8) = [ [ f(z,y)ei2motaosttusing gy (3:3)

The one-dimensional Fourier Transform (1-D FT) of a projection go(R)
Go(p) = [ go(R)e™**"RdR. (34)

Substituting Equation 3.1 into the above equation, we have
Go(p) =[[2 f(z,y)6(zcosd + ysind — R)dzdye 2"*R4R
=f ff(-’l:, y)e—i21rp(zcosﬂ+ysinﬂ)d$dy (3.5)

= F(p, B).
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The 1-D Fourier transform of a projection of the object at angle @ equals to the slice
at angle 6 through the two-dimension Fourier transfer of that object. This theorem

is the mathematical basis for tomography.

3.1.2 Fourier-Slice (Gridding) Reconstruction

Since the relation between an object and its projection is given by the Fourier
Slice Theorem, intuitively, the object f(x,y) can be reconstructed from its projection

gs(R) by the following steps:
e Step 1: Take the 1-D FT of each go(R) to get G4(p) for each 6.
e Step 2: Fill up the 2-D FT of the object F(p,8) = Gg(p).
e Step 3: Take the inverse 2-D FT of F(u,v) to get the object f(x,y).

In practice, the step 2 can be complicated. The inverse 2-D FT routine used for
the step 3 requires the Fourier transform of the object in Cartesian coordinates
F(u,v), whereas the relation F(p,0) = Gy(p) is in polar coordinates. One must
interpolate between the two coordinates systems. This interpolation is sometimes
called gridding. Since the interpolation from polar coordinates to the Cartesian
coordinates is time consuming and can cause interpolation artifacts, and the two-
dimension inverse Fourier transform in step 3 is also time consuming, this intuitive

reconstruction method is rarely used in practice.

3.1.3 Backprojection Filtering (BPF) Reconstruction

The projections can be backprojected into the object space as

fo(z,y) = /(; i goa(zcosl + ysind)do, (3.6)
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where fy(z,y) is called a laminogram. The Fourier transform of f, is given by

Fy (p7 ¢) = f f fb (l‘, y)ei2x0(1w3¢+y8in¢)dfdy
= [ J(Jg ge(zcosh + ysinh)dh)ei>=r(zcosé+ysine) gz dy (3.7)

= Jo(J(S go(zcosh + ysin@)ei2r(zcosd+ysind) drdy)df.

Rotating the coordinates as ' = zcosf + ysinf,y’ = —zxsinf + ycosf, we have

Fi(p, ) = Jg(J([ go(z')ei2e(= cos@—¢)+y'sin(6-9)) 4o/ dy')df

(3.8)
=I5 (] Gollpeos(8 — §))emots @D dy')dp.
Since the delta function can be expressed as
0(x) = / > e U dy (3.9)
and
8(sin(¢p —z)) =) _6(z — ¢ — nm), (3.10)
Equation 3.7 becomes
Fy(p,¢) =[5 (J Ge(pcos(8 — @))5(psin(¢ — 6))d6.
= - Jo (S Gs(pcos(0 — ¢))d(sin(¢p — 6))db (3.11)
= L [T (S Go(peos(8 — ¢)) =" 6(sin(8 — ¢ —nr))dd
= 1Gy(p)-
Thus
1
Fy(0,6) = ~Go(p) = ZF(».0). (3.12)

Since 1/r and 1/p are a 2-D FT pair, the relationship of the laminogram and the
object is given by

Io(#,9) = f(z,3) < *, (3.13)
where *x represents the convolution operation. The laminogram is just the 1/r

blurred version of the original object f(x,y). From the above FT relationship in
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Equation 3.12, The FT of the object f(z,y) can be recovered by F(p, 8) = pFy(p,6).
The following backprojection filtering method can be used:

e Step 1: Backproject go(R)'s to get the laminogram fy(z,y).

e Step 2: Take the 2-D FT of f,(z,y) to get Fy(u,v).

e Step 3: Filter the F,(u,v) by a cone filter vu? + v2? to get F(u,v): F(u,v) =

Vu? + v2Fy(u,v).
e Step 4: Fix the DC value F(0,0) and scaling it if necessary.

e Step 5: Take the inverse 2-D FT of F(u,v) to get the object f(x,y).

Since the 2-D FT and the inverse FT are required for BPF image reconstruction,
for a large object, it takes a long time for the BPF algorithm to reconstruct the
image.

3.1.4 Filtered Backprojection (FBP) Reconstruction

The object f(x,y) can be represented in the Fourier domain as:
fxy) =[[F(u,v)e?™ =+ dudy
— J-o21r fooo F( P, 0) ei21rp(zc030+ysin0) pd pd0

(3.14)

The integrals are then rearranged as:
fxy) = [T [ F(p,0)e2mrlzcost+ysind) 5 nig
+ [T [ F(p, 0 + m)ei2mp(zcos@+m)+ysin(8+7)) g 59
= [T [ F(p, 0)ei2ro(zcosd+ysing) o g
+ JT 2 F(—p', 0 + m)ei2me (zeos(@)+ysin(0)) (_ 5\ d p/ df (3.15)
= [T [ F(p, §)ei2re(zcost+ysing) pq g
+ [T [°_ F(p, 0)ei2ne(zcos(@)+usin(®) | pld pdf)

—_ f: 3000 F( P, 0) ei21rp(xc030+ysin0) | pI d pdo
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Thus

flz,y) = /0 i gs(zcosb + ysind)do, (3.16)

which is just a backprojection operation, where

w(R) = %, F(p,0)e " |pldp
=[% Gs(p)e*™**|pldp (3.17)
=% Go(u)e®f|u|du.
gs is the 1-D inverse Fourier transfer of Gy(u)|u|, so it is a filtered version of projection
ge, where the filter is given by the ramp filter function |u|.
Thus, the object f(x,y) can be reconstructed by Filtered Backprojection by the

following steps:
e Step 1: Take the 1-D FT of each go(R) to get Go(u).
e Step 2: Filter the Gy(u) by a ramp filter function |u].
e Step 3: Take the inverse 1-D FT to get the filtered projection gg(R).
e Step 4: Backproject gg(R)’s to get f(x,y).
e Step 5: Fix DC components and scale factor if necessary.

Since only the 1-D FT and the inverse FT are needed, FBP is much faster than
BPF to reconstruct the image for a large object. FBP is the most commonly used

image reconstruction algorithm in CT.

3.2 Iterative Image Reconstruction

The direct image reconstruction algorithms described in the last section are based

on the mathematical idealization of the spatially invariant projection operation with
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complete sampling that satisfies band-limited digital sampling theory. The mea-
surement noise is not taken into account. By using a simple ramp filter, the high
frequency components get amplified, so there will be noise amplification. A window
function is usually applied in the filtering step to roll off high frequency noise. This
operation is equivalent to applying a spatially-invariant smoothing function to the re-
constructed image. This not only limits the spatial resolution but also induces some
artifacts to the image. For Compton scatter imaging, since the backprojection line
on the source plane is not a straight line as in CT, there is no exact simple mathemat-
ical relationship between the original image and its cone projections. Many iterative
image reconstruction algorithms, such as Algebra Reconstruction Technique (ART),
Maximum Likelihood Estimation and Penalized Weighted Least Square Estimation
(PWLS) have been applied to Compton scatter imaging.

In all these statistical iterative imaging reconstruction, the source plane is repre-
sented by discrete image vector F'. The coincident measurements Y is related to the

image by the following equation:
Y = WF, (3.18)

where W is the system response matrix. In this equation, no assumption is made
about the relationship between the cone projection Y and the original image F.
Each element of w;; is the probability that a gamma ray from source pixel f; will
contribute to a coincident count y;, which is determined by the geometric relations
and the cross section for related interactions. The system matrix can be calculated

from an analytical model or from Monte Carlo simulations.
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3.2.1 Algebra Reconstruction Technique (ART)

The Algebra Reconstruction Technique (ART) was first introduced by Gordon,
Bender and Herman in 1970 for solving the problem of three dimensional recon-
struction from projections in electron microscopy and radiology [Gor70]. The ART
algorithms have a very simple intuitive basis. An initial guess distribution is used at
the beginning of the reconstruction. Then forward projection operations are carried
out according to Equation 3.18 to generate projections y;’s. The original image F
is updated according to the difference between these forward projections and their
corresponding measured projections. This iterative updating continues until the
difference between two successively reconstructed images is smaller than a preset
condition. There are many implementations for ART.

Additive ART: If F is the estimated source distribution at the g** iteration,

then from Equation 3.18, the forward projection from the ¢** estimation is given by
u? =Y wyf. (3.19)

The difference between the measured projection y; and the estimated projection y!
is given by

a7

1

S— (3.20)

This difference then is applied to each source pixel f; according to the corresponding

weighting factor w;; to update the source distribution estimation:
1

Considering the fact that the source distribution f;’s are always equal or larger then

zero, a non-negative constraint can be applied to the update algorithm:

I+ = maz(0, ff +wiod/ Y wij)- (3.22)
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Multiplicative ART: In multiplicative ART, the source intensity is updated

according the ratio between the measured projection and the calculated projection:

1 =1 (3:28)

i
o S
In order for multiplicative ART to work, the initial guess distribution F° must be
positive. It has an advantage over the additive ART that once the intensity of a
pixel fJ‘-’ = 0, then it remains zero in subsequent iterations. As long as the initial
guess distribution F° > 0, the non-negative constraint is automatically satisfied in

the iterations.

3.2.2 Maximum Likelihood Estimation

Although the relationship between the source distribution and its projections can
be described by Equation 3.18, the measured count in each projection y; is a Poisson
distribution due to the random nature of the radioactive nuclear decay and the
physical process involved in the measurement. The mean value of this distribution
is given by Equation 3.18. Therefore, the image reconstruction problem can be
naturally treated as a statistical estimation problem: to estimate F from a given
measured projection set Y. The traditional statistical estimation techniques can be
used for image reconstruction, such as Maximum Likelihood Estimation.

Since each projection y; is a Poisson distribution with mean value > w;; f; and

given the source distribution F, the probability density function for projection y; is:

PiF) = Z 28l eap(— 3wy fy). (3.29)

Since each projection is independent and has the same distribution function, the

joint likelihood function for the whole measurement set Y is:

P7IF) = [LP(wlF) = I[Z WisJ;

| ey =—Llexp(— Y wi;f;) (3.25)
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The object of Maximum Likelihood Estimation is to determine the source distribu-
tion vector F > 0 that maximizes the likelihood function P(f}lf ), or equivalently
maximizes any monotonic function of P(Y|F)) such as the logarithm likelihood func-
tion InP(Y|F).

One iterative update algorithm to maximize the logarithm likelihood function
InP (?lﬁ ) is derived by Shepp and Vardi [She82] based on the Expectation Maximum
(EM) algorithm of Dempster et al [Dem77]. Starting from a uniform initial estimate,

the next estimation (g+1)** is computed from the current ¢** estimation as following:

’ 25’:1 wyj =7 Sy waff

3.2.3 Penalized Weighted Least Square Estimation

As pointed out in the last section, the ML-EM algorithm is based on the idealized
Poisson model for each measurement. But in PET or Compton scatter imaging, each
coincident count, y;, is the sum of the true coincident events, y;, and chance coin-
cident events, y;,, i.€. ¥; = ¥it — ¥ia- It is the true coincident event that carries the
imaging information. The measured coincident count, y;, needs to be precorrected
for the accident coincident count to get the true coincident count (Yie = ¥i — Yia) be-
fore any image reconstruction operations. Although the measured coincident count,
Yi, and the accident coincident count, y;,, themselves are Poisson distribution, as
pointed out in [Fes94], the precorrected data y;, is not a Poisson distribution. Thus
the pure Poisson-based likelihood methods necessarily involve some approximations.
As an improvement over the traditional Least Square Estimation, the Penalized
Weighted Least Squares Estimation was proposed by J.A. Fessler [Fes94] for PET
image reconstruction.

The traditional least square algorithm minimizes the error between the measured
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data Y and the expected data ¥ = WF in a least square sense in order to get an
estimation for F. Considering the relative information in each measurement y;, in

PWLS, a weighted least square similarity function is used:
%(17 —WEYSY(F - WF), (3.27)

the weighting matrix, £, is diagonal with the #** entry equal to o2, the variance of
the #** precorrected measurement ;. Any unregularized reconstruction method solely
based on this objective function produces increasingly noisy images with iterations.

To remedy this problem, a smoothness penalty term is added to Equation 3.27 as:
S(F) = %(? - WFYSY(¥ — WF) + BR(F). (3.28)

In this penalized weighted least squares objective function, the effect of the penalty
term R(F) is to discourage disparities between neighboring pixels. The first term
encourages agreement with the measured data. The smoothing parameter 8 con-
trols the trade-off between the spatial resolution and the estimation variance. One
commonly used penalty function R(f ) for image reconstruction is given by
R(F) = 3FRF =S5 5 rug(f; = fo% (3:29)
j keN;
where N; is the set of eight neighbors of the j** pixel. The weights r;; are equal to
1 for horizontal and vertical pixels, and 1/v/2 for diagonal pixels.
The image reconstruction goal is to estimate F' from measurement Y to minimize
Equation 3.28. A Successive Over-Relaxation (SOR) algorithm [Sau93, Mur88] is
used to iteratively minimize the objective function ¢(ﬁ). The PWLS+SOR proce-

dure is as follows:
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Initialization:
F® = Filtered backprojection of ¥
A=YV —WF°
(3.30)
s; = WIS™IW;, V)
dj = $; + B ¥ ken; Tjk-
then in the (g + 1)* iteration

Y, -1 . ., £9
frew — Wiz zyu.s,j;!ﬂx»ﬁ‘2‘&6ﬁ Tk fd
J - d; ’

f;’“ = maz0, (1 — ) f] +wfli], (3-31)

ATl = A9 W(F9 — Fatl),

The variable w is used to control the convergence rate.

3.3 List-Mode Maximum Likelihood Image Reconstruction

Maximum Likelihood (ML) or Penalized Weighted Least Square (PWLS) itera-
tive image reconstruction algorithms have been successfully used for Compton scat-
ter imaging. In order to use the ML or PWLS algorithms, the coincident energy
spectrum between two detectors must be accumulated during the data acquisition,
and the system response matrix is needed for image reconstruction. For the CCC
camera presented here, there are 11 x 11 x 20 voxels for each detector. Assigning
Just 256 channels for each detector voxel pair and only one byte for each channel,
the required memory for the coincident spectra will be around 1400 MB, too large
for any currently available PC. The impractical memory requirement for the system
response matrix prohibits the use of any iterative reconstruction algorithm that re-
quires a system response matrix. Therefore, list mode data acquisition and image
reconstruction is the only practical choice. The list-mode maximum likelihood image
reconstruction algorithm [Par98, Wil01] is implemented for our Compton camera for

image reconstruction.
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3.3.1 Algorithm

In the list-mode maximum likelihood reconstruction, the image reconstruction
problem is treated as an estimation of a discrete source distribution F from finite
measurement data sets {xi',-}. Denote the M unknown components of the discrete
source distribution F as fi,o+-, fise -+, fu, where f; is the expected source activity
in pixel 7. Let the sensitivity s; be the corresponding probability that an emitted
photon from pixel  is detected as an event. The probability, P(¢|F), for a detected

event to originate from pixel ¢ will be

P(i|F) = Mf*sfs (3.32)
n=l Jn°n

If we represent each measurement event with an attribution vector A, which
has seven components (interaction positions in two detectors z;, y1, z1, Z2, Y2, 22 and
energy deposited in the first detector E;), then the probability density of measuring

an event with attribution vector A under the given source distribution F is given by
— —p M e d —
p(AlF) = 3 p(Al5) P(i|F), (3.33)
i=1

where p(/-flz’) is the probability density that a detected event generated in pixel i
leads to a measurement A.

Given a set of measurement .»i}, x‘i‘g, o An during time T, each measurement is
independent and has the identical distribution given by Equation 3.33. The loga-

rithmic likelihood of the set of measurements is:
L("/Ily"'yfi.Nli) =lnp(“i‘l!""A'N|F4)
=y | Inp(4;|F) (3.34)

=5 In(TM, p(4;[0) fisi)) — NIn(SH, fis:).
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The maximum likelihood estimate of the source distribution F involves finding

the maximum of Equation (3.34) with respect to F under the positive constraint:

-~

F= argma:z:ﬁZOL(.»’Il, .-, An|F). (3.35)

To find the ML soluticn, an Expectation Maximization (EM) iterative updating

algorithm was derived in Ref. [Par98]:

Fo¥ 2 i p(z‘i‘jll)flq ) (3.36)
) St TS p(AjlD)siff

Beginning with any initial guess F©@ > 0, this algorithm converges to a global
maximum of the likelihood function in Equation (3.34), i.e. F(®) = F [Par98]. In
practical implementation, F©® can be simply set to a uniform distribution or the
BPF reconstructed image. The iteration time can be controlled by a preset criteria,
such as the mean squared difference between two successive iterations.

By Bayes’ rule, the probability density p(Ali) needed in Equation 3.36 can be
written as p(Ali) = p(A)P(i|A)/P(i), where P(i) = s;. The conditional probability
P(i|A) of an event having originated from pixel i given a measured attribution vector

A will be the true P(i|A") convolved with the measurement noise distribution function

p(A"|A). Therefore
p(Ali)s; = p(A) [ PGIAP(A|A)dA, (337)

where A’ is the unknown true attribution vector for a detected event. Assuming the
measurement noise distribution for each position component is an independent zero-
mean Gaussian function with FWHM given by the detectors’ position resolution, and
the noise distribution for E; is the convolution of a Gaussian function with the known
detector energy resolution with a Doppler broadened distribution, the multivariate

distribution p(A’|A) is simply the product of the distributions for each component.
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Given the true attribution vector A’, the probability P(i|A’) that the event is

originated from pixel i is given by:

1/r?ezp(—peLy) .. Y,
- = when i is on the cone defined by A
P@A) =4 2P . (338)

0 otherwise

where r; is the distance between source pixel i and the interaction location in the
first detector, L; is the attenuation length in the first detector between them, and
the p, is the total attenuation coefficient for incident photons.

For simplicity, the measurement noise will be neglected, i.e., p(A'|4) = §(A" — A),

so Equation 3.37 reduces to
p(Ali)s; = p(A) P(i| A'). (3.39)

The update algorithm becomes:

g+l _ i 1/rivexp(—peLi;) i £ /51 (3.40)
! ST Y 1/r8exp(—peLij)0ii ff

where 6;; = 1 when pixel i is on the cone defined by A;, and 4;; = 0 otherwise.
The sensitivity, s;, needed in Equation 3.40 can be calculated by numerical inte-
gration or by a Monte Carlo approach before the reconstruction. In our implemen-

tation, it is approximated as

1 do

§; o< 'RZE(oiH)“pv (3.41)

where R, is the distance from the pixel i to the center of the first detector, ;2 is
the central scatter angle for pixel i, do/d§2(6;;2) is the corresponding Klein-Nishina
Compton scattering angular cross section, and p, is the photoelectric coefficient for

the scattered photon coming from scatter angle 6;;,.
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Figure of Merit

1 2 3 4 5 [ 7
iterations

Figure 3.4: Figure of merit during reconstruction iterations for the point source at
the origin in Figure 3.5.

3.3.2 Monte Carlo Simulation Results

In order to verify the analytical angular resolution predictions given in Section
2.3 and test the implementation of the List-Mode Maximum Likelihood image recon-
struction described above, the EGS4 program was used to generate simulated data
for 662 keV point and spatially extended sources at a source plane 10 cm from the
first detector. Gaussian noise with a corresponding FWHM for each parameter was
added to the Monte Carlo generated interaction data to simulate measurement noise.

The generated data consisted of 6133 total events using 12 angular samplings
covering 2w, for five point sources located at (0,0),(0,+4),(+4,0). Beginning with a
uniform distribution, the point spread function (PSF) figure-of-merit, G!, improves

during iterations as shown in Figure 3.4 for the source at the origin. The figure-of-

IPSF figure-of-merit G is defined as G = m”[!(""nz)ll,]u/z) , where n,,n, are 2-D pixel

.. 2./ (nna)

indexes within the PSF. G incorporates the entire PSF in the resolution measure, unlike the FWHM
which only gives the resolution along a line. For an ideal delta function PSF, G=1.
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Figure 3.5: Reconstructed image for 5 point sources located 10 cm from the first
detector surface from Monte Carlo simulated data.

merit improves quickly during the first 3 iterations, then becomes constant after the
5" iteration. This shows that the list-mode likelihood algorithm is very efficient,
requiring only 6-7 iterations for reconstruction. The reconstructed image after six
iterations is shown in Figure 3.5. The correct source locations, source activity ratios
and small background in the reconstructed image all indicate that the reconstruction
procedure is very effective. The FWHM for the on-axis source is 3.2 mm, equivalent
to a 1.9° angular resolution. The average FWHM for the four off-axis sources is
4.7 mm, equivalent to 2.7°. Compared with the corresponding predicted angular
resolution of 2.8° (at 50° scattering angle) and 3.2° (at 70° scattering angle) for 662
keV, the simulation results are slightly better than the predictions. Considering that
the simulation does not including the Doppler broadening effects, the simulation and

analytical predictions agree well.
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Figure 3.6: Reconstructed image for two 1 cm long line sources from Monte Carlo
simulated data. Each line is 2 cm in length. The distance between them

is 2 cm.

Figure 3.6 is the reconstructed image for two 1 cm line sources using 7121 simu-
lated events. The average FWHM for the two lines along the y direction is 4.4 mm
(== 2.5°), which is similar to FWHM for the point sources in Figure 3.5. The signal-
to-noise ratio in the reconstructed image (SNR..) on the two lines is 3.37. Since
the interaction data were simulated by a Monte Carlo program, the source location
for each simulated event is known and the true signal-to-noise ratio (SN Ry..) is
15.28 for the corresponding data set. The encoding penalty is equal to the ratio
SNRyrye/SNR... = 4.5. Thus, in order to have the same signal-to-noise ratio as a
perfect mechanically collimated camera, the efficiency of the CCC must be 20 times

higher.



CHAPTER IV

ROOM TEMPERATURE SEMICONDUCTOR
DETECTORS AND 3-D POSITION SENSING

4.1 Introduction

As pointed out in Chapter 2, the angular resolution of Compton scatter imaging
is mainly determined by the detector energy resolution and position resolution. In
order to obtain a good angular resolution, detectors with high energy and position
resolution are needed for Compton scatter imaging. High energy resolution radiation
detectors are also needed in many other applications. Currently, the HPGe and Si
semiconductor detectors can achieve the best energy resolution. But HPGe detectors
need to be operated at liquid nitrogen temperature. For low noise applications, Si
PIN detectors are limited in detector thickness and Si(Li) detectors need to be cooled.
This is a major limitation for HPGe and Si detectors. This low temperature operation
makes them not only expensive and inconvenient to operate, but also unsuitable for
many applications, such as portable devices. Another undesired property of Ge
and Si is their relatively low atomic numbers, 32 and 14 respectively. Due to these
limitations, people have tried to find alternate semiconductor materials that can
operate at room temperature and can provide high efficiency.

For semiconductor detectors, the energy resolution is determined by three com-

45
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ponents: statistical noise, electronic noise, and the variations in charge collection
efficiency. The statistical noise is due to the charge carrier number fluctuation. The
larger the number of charge carriers that are generated, the smaller the statistical
noise is. So narrow band gap energy material is preferred to increase the the number
of charge carriers excited per ionizing radiation event. The electronic noise is mainly
determined by the detector leakage current and the detector capacitance. A wide
gap material is preferred to reduce the thermally generated charge carrier concen-
tration to reduce the leakage current. The third contribution to the detector energy
resolution is the incomplete charge collection due to the charge carrier trapping or
recombination. In order to ensure efficient charge carrier extraction, long charge car-
rier free drift time and large mobility are desired. For x-ray or gamma-ray detectors,
the preferred interaction is photoelectric effects. Since the photoelectric cross section
is proportional to Z3*, where Z is the material atomic number, in order to have high
detection efficiency and more photoelectric interactions, high Z material is wanted.
Many compound semiconductors such as CdTe, CdZnTe, Hgl, and Pbl have most
of the above desired properties. Their band gap is wide enough to ensure the room
temperature operation, while their band gap is narrow enough to ensure a good
intrinsic energy resolution. Furthermore, these compound semiconductor materials
have larger atomic number than that for Ge and Si. As pointed out earlier, a higher
atomic number implies a higher photoelectric cross section and higher detector effi-
ciency. However due to the high defect densities and impurity concentrations, the
charge carrier mobility (x) is low and the charge carrier lifetime (7) is very short,
especially for holes. The low mobility and short lifetime severely affect the charge
carrier collection. In order to produce high resolution detectors from these materials,

one would prefer to improve the material growth and purification process to produce
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good quality crystals that have large ur products. Despite decades of effort, the
progress in material processing is very slow. Given this reality, instead of waiting for
good material to appear sometime in the future, many techniques have been applied
to get good energy resolution from currently available material, such as electronic

pulse discrimination or compensation and single polarity charge sensing techniques.

4.2 Energy Resolution Enhancement Techniques

In semiconductor detectors, following the initial electron-hole pair generation
from the incident radiation, the electrons and holes drift in the electric field present
in the device. These charge carriers also undergo diffusion, recombination, trapping
and detrapping. Among these processes, under normal detector operating conditions,
the electric field within the device is high enough to sweep the charge carriers away
from each other so that recombination has little effect on the detector response.

While the charge carriers are drifting in the detector, charges will be induced on
the external electrodes. According to Remo-Schockley theorem [Ram39, Sho38], The

induced charge, Q, on electrode i is given by:
Qi = qVui, (4.1)

where q is the charge of the charge carriers, and V,; is the weighting potential for
electrode i (calculated by setting electrode i to unity potential, other electrodes to
zero potential, and ignoring any space charge in the detector volume). According to
Equation 4.1, when charge carrier q moves from point A to point B, the net induced

charge produced on electrode i is
AQi = qAVy;, (4.2)

where AV,; is the weighting potential difference between point A and point B. By
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Figure 4.1: Weighting potential for a planar detector

taking the time derivation for Equation 4.2, the instantaneous current produced by

charge carrier q’s motion is

;. =8
i =4

=q AVyi

a (4.3)
=q g x &
=qFEyiv,

where E,; is the weighting field for electrode i, and v is the charge carrier velocity
(the product of the carrier mobility and the actual operating electric field).

As shown in Figure 4.1, the weighting potential for a planar detector is a linear
distribution from 0 to 1. The electron and hole contributions to the anode and the
cathode depend on the charge carrier generation depth in the detector. But as long
as all the electrons and holes can be collected within the integration time of the

shaping amplifiers, the signal amplitude is independent of the interaction depth and

only determined by the number of the charge carriers, which is proportional to the
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incident radiation energy. This is the case for Ge and Si detectors.

However, for many compound semiconductor materials, a significant fraction of
the charge carriers can not be collected due to the low mobility and charge carrier
trapping. The induced charge becomes a function of the interaction position. Ne-
glecting the diffusion and detrapping effects, the interaction depth dependent induced
charge from the charge carrier transportation in a uniform electric field is given by

Hecht’s relation [Hec32, Aku69, Kno93]

VeTe -W

WR(L — eap(( ) + SE(1 ~ eap(( 5

Q =eNp- INE (4-4)

where 7 is the charge carrier lifetime, z is the radiation interaction location measured
from the cathode side, W is the detector thickness, and the e and h subscript represent
electrons and holes respectively. The induced charge is a function of carrier extraction
factor v7/W for both electrons and holes and a function of the interaction position.
The charge collection efficiency can approach 1 if the carrier extraction factor is
greater than about 50 [Kno00]. For CdZnTe, the ur is around 1.0 x 10~3¢m?2/V and
2.4x107°cm?/V for electrons and holes respectively [McG97]. For a normal operating
electric field of 1000 V/cm, the maximum mean free drift length is 0.1 ¢m and
2.4 x 1073 cm for electrons and holes respectively. In order to get a carrier extraction
factor of about 50, the maximum detector thickness is only about 4.8 x 10~° cm.
For other compound semiconductor materials, due to their even smaller ur products,
the maximum detector thickness to get a good energy resolution is even smaller. For
many gamma-ray applications, the detection efficiency for such a thin detector is too
small. In order to build a thick detector, some resolution enhancement techniques

must be applied to mitigate the severe charge trapping problems, especially for holes.
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Figure 4.2: Induced charge waveforms for interactions at different depths.

4.2.1 Electronic Signal Processing Techniques

For most compound semiconductor materials, the electrons have a much higher
mobility than that for holes, and the lifetime of electrons is also much longer than
that for holes. As shown in Figure 4.2, the induced signal on the anode has two
components: a fast electron contribution and a slow hole contribution. If the holes
can only drift a very short distance before they get trapped, the hole contribution
is very small. The signal amplitude is thus mainly determined by the electron con-
tribution. As shown in Figure 4.2, the signals from different depths not only have
different amplitudes, but also have different rise times and signal waveforms. The
detector energy resolution can be enhanced by electronic signal processing techniques
by exploiting the correlation between the signal amplitude loss with its rise time or
waveform shape.

Since the signal rise time is mainly determined by the electron drift time in the

detector, which in turn depends on the interaction depth, signals with the same
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rise time will have the same charge carrier collection efficiency. By selecting signals
with the same rise time, the Pulse Rise Time Discrimination (PRTD) approach can
effectively increase the energy resolution [Squ89, Jon75]. But by collecting signals
within a rise time discrimination window, only those interactions at the narrow
depth corresponding to the selected rise time are collected. Thus the detector energy
resolution is enhanced at the price of losing efficiency. This is not a practical approach
for most applications.

If the hole contribution to the signal amplitude can be neglected and the electron
trapping is small, the signal amplitude loss due to hole trapping is a linear function
of the rise time. Using this correlation, the analog rise time compensation method
adds an analog signal to the anode signal proportional to its rise time. A 7.5 keV
energy resolution for 662 keV gamma ray was obtained with a 5 mm x 5 mm x 2
mm CdTe detector [Ric92]. One problem with this analog rise time compensation
is that, due to finite hole contribution and electron trapping, the linear relationship
between the signal rise time and the amplitude loss is not accurate, especially for
interactions near the anode or the cathode side. A rise time window is still needed
to discriminate those events outside the linear range. This will cause some efficiency
loss.

By measuring the signal amplitude and rise time at the same time, the digital
rise time compensation can apply accurate compensation for the signal amplitude
loss according to its rise time. An energy resolution of 5 keV FWHM at 662 keV was
obtained for a 4 mm x 4 mm x 2 mm CdTe detector without rejecting any events
[Red96].

Another technique is the signal waveform analysis [Tak96]. This method first

digitizes the signal waveform for each event, then compares it with the precalculated
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waveforms from different depths to determine the signal interaction depth. Once the
interaction depth is determined, the signal amplitude loss is corrected according to
the charge collection efficiency from that depth.

All these energy enhancement techniques rely on the correlation between the sig-
nal amplitude loss with its rise time or waveform. For multiple interaction events,
the output signal is the superposition of signals from different depths. The corre-
lation between the signal amplitude loss with its rise time or waveform for single
interaction events is different from that for multiple interaction events. These am-
plitude compensation techniques will cause spectrum distortions in this case. As the
gamma-ray energy increases and the detector volume increases, the multiple inter-

action probability will increase, and this problem will become more severe.

4.2.2 Coplanar Grid Detectors

A similar problem with low ion mobility also exists for ionization gas detectors.
In ionization chamber detectors, this problem was successfully overcome by using a
Frisch grid very close to the anode. Due to the shielding effect of the Frisch grid,
when the electrons and ions drift in the detector volume between the cathode and
the Frisch grid, there is no induced signal on the anode. Only after the electrons pass
through the Frisch grid, an induced charge is generated on the anode. The anode
signal is mainly determined by the electrons collected by the anode.

For semiconductor detectors, it is not practical to fabricate a physical Frisch grid
inside the cfystal close to the anode surface. A novel detector design, the coplanar
grid detector, was introduced in 1994 by P. N. Luke [Luk94]. As shown in Figure 4.3,
there are two sets of interconnected anode electrodes. A small bias voltage is applied

between them. When the charge carriers drift through most of the detector volume,
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Figure 4.3: Geometry of a coplanar grid detector. Vj is the cathode bias and V is
the bias between the two anodes.

they will induce the same signal on both anodes. But when the electrons move
very close to the anode surface, due to the small bias between the two anodes, the
electrons will move towards the anode with the higher potential. This anode is
often referred to as the collecting anode, and the other anode as the non-collecting
anode. The weighting potential for the collecting and the non-collecting anode is
shown in Figure 4.4. The effective weighting potential for the difference signal is also
shown in Figure 4.4, which is identical to the weighting potential for a Frisch grid
detector. Due to the symmetry between the collecting and non-collecting anodes,
the weighing potential for the difference signal is zero until very close to the anode
surface, then quickly increases to 1. Thus, the difference signal is mainly determined
by the number of electrons collected by the collecting anode for interactions taking

place in most of the detector volume. This design thus effectively achieves single
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Figure 4.4: The schematic illustration of the weighting potential for a coplanar grid
detector.

polarity charge sensing. A 1.8% energy resolution at 662 keV has been achieved for
a lem? coplanar grid cubic CdZnTe detector [He97].

The single polarity charge sensing of the coplanar grid detector relies on the sym-
metry between the collecting and non-collecting anodes. This symmetry condition is
satisfied in the central region of the detector. But for interactions near the detector
edges, the asymmetry between the two anodes will degrade the detector energy res-
olution. In order to reduce the influence of this asymmetry to the energy resolution,
the anode grid pattern needs to be carefully designed to minimize the unbalance
between the anodes [He98].

The coplanar grid anode design effectively overcomes the hole trapping problem.
However for thick detectors, the electron trapping can not be neglected. For a 1
cm thick CdZnTe detector under a normal cathode to anode bias of 1500 V the

electron trapping can be 5-10%. Two techniques have been used to overcome electron
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Figure 4.5: The schematic illustration of the effective weighting potential for a copla-
nar grid detector with different gain, G, for the non-collecting anode.

trapping. The first method was introduced by P. Luke [Luk96]. Instead of using a
unity gain for subtraction between the collecting and non-collecting anodes, a gain
G (0 < G < 1) is applied to the non-collecting anode. As shown in Figure 4.5, the
effective weighting potential in the drift region has a small slope. Therefore, the
induced signal for interactions near the cathode side will have a larger amplitude.
On the other hand, due to electron trapping, there are fewer electrons that can
drift to the anode. Under proper conditions, if these two effects compensate for
each other, then the difference signal will have a depth independent amplitude. As
the weighting potential is determined by the anode grid pattern, once a detector
is fabricated, the effective weighting potential distribution for the difference signal
can only be changed by adjusting the gain, G, for the non-collecting anode. The

electron trapping behavior is mainly determined by the crystal properties and the



56

operating electric field inside the detector. For a specific detector, it is only possible
to change this behavior by changing the detector bias voltage, thus subjecting it to
other operational constraints such as the leakage current consideration. Therefore,
compensation of these two effects can not be achieved for all detectors. A more
flexible and accurate method is to use the depth sensing technique introduced by
Z. He [He96]. Knowing the interaction depth for each interaction, any arbitrary
correction for the electron trapping can be applied to the measured difference signal
amplitude.

The coplanar grid design has been very successful. Commercial CZT detectors
with up to lem?® volume are available with energy resolution around 2-3%, much bet-
ter than the commonly used Nal scintillation detectors. However for larger area de-
tectors, the leakage current and capacitance between the collecting and non-collecting
anodes will increase as the detector area increases. Thus the electronic noise will in-
crease. The material non-uniformity is also an energy resolution degradation factor.

Therefore, the coplanar grid can not be used for large volume detectors.

4.2.3 Pixellated Detectors

Single polarity charge sensing can also be achieved by the small pixel effect
[Bar95]. As shown in Figure 4.6, when the anode pixel dimension is small com-
pared with the detector thickness, the weighting potential for the anode pixel has
a small slope in the most of the detector thickness, then has a steeper slope near
the anode. When the charge carriers drift in the most of the detector volume, the
induced signal on the anode pixel is small. When the charge carriers drift near the
anode surface, where the weighting potential has a steep gradient, the majority of

the induced charge will be generated on the anode pixel. For interactions not very
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Figure 4.6: Weighting potential distribution for pixellated detectors with different
pixel size. This is the calculated results from COULOMB [Cou] with
boundary conditions that set the potential of the pixel of interest to
unity, and the potential of all other pixels and the cathode to zero.

close to the anode surface, the signal amplitude is mainly determined by the number
of electrons collected by the anode pixel. Thus, due to this small pixel effect, the
pixellated detector can effectively overcome hole trapping. As shown in Figure 4.6,
in order to have a strong small pixel effect, the ratio between the pixel size and
the detector thickness has to be small. The anode needs to be divided into many
small pixels. Each of these anode pixels has to have its own independent signal read-
out electronics. Implementation of such a readout system using discrete electronics
was too expensive and impractical several years ago. However as the technology
progressed in the semiconductor industry, the integrated ASIC chips with multiple
signal processing channels have become readily available, such as the VA1 series from

Integrated Detector & Electronics AS (IDE AS). The availability of these readout
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electronics makes the pixellated detector an effective, practical way to mitigate the
severe hole trapping problem. A 1.5% energy resolution at 662 keV has been obtained
with a lem® CdZnTe detector using this technique [He99].

Since the anode is divided into many pixels, the leakage current between the
cathode and the anode is shared by these small pixels. The leakage current for each
pixel is much smaller than that for a planar detector with the same area. The ca-
pacitance for each pixel is also much smaller. Therefore, theoretically the electronic
noise should be smaller for pixellated detectors than that for conventional planar or
coplanar grid detectors. However the electronic noise of the current available inte-
grated readout ASIC is higher than that for discrete readout systems. The potential
advantages for pixellated detectors have not been realized. Yet as the technology
in the integrated semiconductor industry progresses, the electronic noise for readout

ASIC chips should decrease over time.

4.2.4 Other Single Polarity Sensing Detectors

Other detector geometries such as coaxial, hemispherical [Zan77], drift detectors
[Pat96], and geometrically weighted trapezoidal detectors [McG99] can also partially
achieve single polarity charge sensing. For all these geometries, the weighting poten-
tial peaks towards to the anode. Thus the electron contribution to the anode is larger
than that for the holes for most events. Due to the geometrical effect for coaxial,
hemispherical, trapezoidal geometries, more detector volume is located in the region
near the cathode, so more interactions take place in the region where holes have
small contributions. These two effects make these detector geometries have better
energy resolution than conventional planar devices. However, due to the fabrication

difficulties and poorer resolution than that for coplanar grid or pixellated detectors,
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these geometries are not widely used.

4.3 3-D Position Sensing using Pixellated Detectors

Severe hole trapping is a major problem for CZT, CdTe and other compound
semiconductor materials. However, a novel use of this property by Z. He et al. [He96]
can provide very useful information: the interaction depth. As shown in Figure 4.1,
when neglecting the edge effect, the weighting potential for a planar electrode is a
linear function from the cathode to the anode surface. If the holes can only travel a
short distance, their contribution to the cathode can be neglected and the cathode
signal amplitude is mainly determined by the number of electrons and the interaction
depth, i.e.

Q. =eN.Z. (4.5)

From the analysis in the last section, the difference signal for coplanar grid detectors
or the anode pixel signal for the pixellated detectors is mainly determined by the

number of electrons being collected, i.e.
Qa =eN,. (4.6)
Therefore, the ratio between the cathode and the anode signals
C/A=Q:/Qa=2, (4.7)

which is independent of the interaction energy and a direct measurement of the
interaction depth.

For a detector with a pixellated anode and a planar cathode, this depth sensing
technique can be used together with the small pixel effect for pixellated detectors.

The energy information is given by the anode pixel's amplitude. The lateral position
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information is given by the pixels that have response. The depth information can be
obtained from the ratio of the cathode to the anode signal. This three dimensional
position sensitive capability is not only very useful for many imaging applications, but
also makes it possible to apply 3-D material non-uniformity and electron trapping
corrections [He99]. This material nonuniform correction capability can relax the
requirement for material uniformity in building large volume detectors.

As shown in Figure 2.10, the CZT needs to be more than 1 cm thick for maximum
Compton aperture efficiency (CAE) above 300 keV. For such a thick detector, without
the depth sensing capability, the distance between the two detectors has to increase
in order to reduce the detector thickness contribution to the angular uncertainty.
Thus the overall camera efficiency will be reduced. With the 3-D sensing capability,
the maximum CAE can be achieved without sacrificing the overall camera effiency.
The 3-D material non-uniformity and electron trapping correction capability is also
helpful to improve the overall angular resolution by improving the overall energy

resolution.



CHAPTER V

SYSTEM SETUP AND INDIVIDUAL
DETECTOR CHARACTERIZATION

5.1 System Setup

As shown in Figure 5.1, the prototype Compton scattering camera is composed
of two 1 cm® 3-D position sensitive CdZnTe detectors [He99]. According to the
performance estimation in Chapter 2, when the central distance between the two
detectors is 5 cm with a central scatter angle of 50° (corresponding to 20° to 80°
scatter angles) the system will have its best angular resolution. Therefore, the center
to center distance between the two detectors is fixed at 5 cm. The center of the field
of view (FOV) is located on the front surface of the instrument box, 50° relative
to the centers of the two detectors. Since there is only one second detector for this
prototype camera, the source plane needs to rotate around the center of the FOV
to get adequate azimuthal sampling. In order to reduce the pick up noise from the
ambient environment, the preamplifiers, detectors, and repeater cards are all housed
in an aluminum instrument box. By shielding the repeater cards, the electronic
noise on the anode grid signal is much smaller than that in the first generation
DAQ system. The improved signal-to-noise ratio enables us to reduce the anode grid

trigger threshold from above 100 keV to below 30 keV. This low threshold enables
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Figure 5.1: Picture of the CZT Compton scattering camera.
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us to get the energy spectra from low energy gamma rays, such as the Am-241 59.5
keV gamma ray or the Co-57 122 keV gamma ray, irradiated from either the anode
or the cathode side. This low threshold also enables us to collect coincident data
from even 20° scatter angles as desired.

There are 11 x 11 pixels on the anode surface. The 11 x 11 array covers an area
of 7.8 mm x 7.8 mm on the 10 mm x 10 mm CdZnTe anode surface. Each pixel has
a dimension of 0.7 mm x 0.7 mm, with an anode of 0.2 mm x 0.2 mm at the center.
A 0.1 mm width anode grid surrounds each of these anode pixels. Since a negative
bias is applied to the anode grid, it acts like a non-collecting anode in coplanar grid
detectors. The electrons will be collected by anode pixels. The anode pixels are
first wire-bonded to a fanout ceramic plate which is then wire-bonded to the VA1
inputs through an RC chip. There are 128 channels of resistors and capacitors in
one RC chip. Figure 5.2 shows a complete detector unit with a hybrid board. For
each interaction, the energy and lateral (x,y) position is read out by an integrated
ASIC VAL chip. The depth information is given by the ratio between the cathode

and anode pixel signals.

5.2 Data Acquisition Hardware

The overview of the data acquisition system for the camera is shown in Figure 5.3.
The anode pixels from each detector are AC coupled to a VA1 chip. The hybrid board
provides the physical support for the VA1 chip and fanout connections between the
VAL and the repeater card. The repeater card provides various biases and supplies
power to the VA1 chip. It also provides the signal level conversion and analog
output driver circuit. Working with the externally provided test level, the repeater

card can also generate a test pulse to test the VA1 chip. In conjunction with the
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Figure 5.2: Picture of a 3-D CZT detector.
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Figure 5.3: Data acquisition system block diagram.

Data Acquisition Board, PCI-6110, the periphery board generates all digital control
signals and coordinates the data acquisition of the two 3-D CdZnTe detectors. The
periphery circuit also performs the TTL to the differential TTL conversion for all
digital control signals sent to the repeater cards. Working in the differential TTL
mode helps to suppress common mode pickup interference. The cathode signal from
each detector is processed by a discrete preamplifier, a shaping amplifier, and a
peak-hold circuit, and is then read out by another analog input channel to get the

interaction depth. The anode grid signal is processed by a preamplifier, fast shaping
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Figure 5.4: The major control signals for the VA1 chip.

amplifier, and trigger circuit to generate the trigger signal. The coincidence control
circuit is controlled by the DAQ board, PCI-6110, to enable the system to work in
different modes.

There are 128 independent signal processing channels in one VA1l chip. Each
channel has its independent preamplifier, shaping amplifier and sample/hold circuit.
In order to reduce the number of output connections, the analog outputs from the
sample/hold circuits of the 128 channels are read out serially through a multiplexer
built on the chip. Although this design simplifies the connection for the data ac-
quisition system, for each interaction all 128 channels need to be serially read out.
This greatly increases the system dead time. The major control signals for the VA1
operation are shown in Figure 5.4. For each event, a trigger signal is needed to start

its operation. Then a sample/hold signal is needed for the sample/hold circuits to
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simultaneously capture the peaks of the shaping amplifier outputs. After that, a
shift_in signal is needed to enable the clock signal to switch the output multiplexer
from one channel to another. After all 128 channels have been serially read out, the
sample/hold signal needs to return to the high level to discharge the sample/hold
circuits, and a digital reset signal is needed to reset the VA1 for its next operation.

Since the VA1 does not have self-trigger capability, an external trigger signal is
needed to start its operation. From Figure 5.4, it is clear the delay time between the
trigger and the sample/hold signal is critical for the sample/hold circuit to correctly
capture the peak of the shaping amplifier output. A trigger signal that has a constant
timing relative to the shaping amplifier output is needed. This trigger ideally should
be generated from the anode pixel signals themselves. However the anode pixel
signals are not accessible to an outside circuit. It is not possible to generate the
trigger or the sample/hold signal from the anode pixel signals. The only choice is
to use the cathode signal or the anode grid signal. As analyzed in Section 4.3, the
anode pixel signal is mainly induced when the charge carriers move very close to
the anode pixel due to the small pixel effects. However the cathode electrode is a
conventional planar geometry. The cathode signal starts as soon as the electrons
start drifting. For interactions that take place at different depths, the delay time
between the cathode signal and the anode pixel signal is different. Therefore, the
cathode signal can not be used to generate the trigger signal unless most interactions
have similar depths, such as for low energy gamma rays since most interactions would
take place near the irradiation surface. Since a small negative bias is applied to the
anode grid, it acts like a non-collecting anode in coplanar grid detectors. As shown
in Figure 5.5, a transient signal is induced on the anode grid. When the electrons

drift towards the anode surface, the induced charge begins to generate a signal on
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the anode grid. When the electrons are being collected by anode pixels, the induced
charge on the anode grid quickly drops to zero. The falling edge of the anode grid
signal coincides with the electrons drifting near the anode and being collected by the
anode pixels. Therefore, the anode grid signal is used to generate the trigger signal
from its falling edge by a fast shaping and trigger circuit.

For multiple interaction events, if these interactions take place at different depths,
the electron drift times to the anode pixels are different. The trigger signal from the
anode grid coincides only with the electrons collected by the anode pixel with the
shortest drift time. So the sample/hold timing is only correct for this pixel. We
can only get the correct signal amplitude for this pixel, and will miss the correct
amplitudes for other pixels. Therefore, under the current VA1 working mode we can
only measure the correct signal amplitude for single pixel events.

For Compton scatter imaging, the two detectors need to work in coincidence

mode. For ordinary detectors, if two detectors work in coincidence mode, a natural



69

Trigger1 E
Shaping
Amp1

Trigger2

Shaping /E—\_
Amp2 :

Coincident
Trigger

Sample/ ' ——
Hold

Figure 5.6: Timing problem for coincident events. Even if we set the correct delay
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capture the correct signal amplitude from one detector.

choice is to use the coincidence signal between two detectors to control the data
acquisition. For the CZT detectors, the electron mobility is around 1000cm?/V's.
Under the normal bias between the cathode and the anode of 2000 V, the electron
drift time from the cathode to the anode is around 500 ns. The actual measured
drift time is even longer than this estimation. Even for true coincident events, if the
interactions in two detectors have different depths, the trigger signals from the two
detectors will have different timing. As shown in Figure 5.6, suppose the coincidence
signal is the overlapping signal between the two triggers from both detectors. Even
if we set the correct delay between the coincidence trigger and the peaking time of
the shaping amplifiers, at best we can only capture the correct signal amplitude for
one detector, and miss the peak for the other. So we can not use the coincidence
trigger to generate the sample/hold signal for both detectors. In order to measure

the correct signal amplitude for both detectors, each detector has to use its own



70

trigger signal to generate the sample/hold signal. For each event, the DAQ system
needs to serially read out all 128 channels from the VA1 chip. In the experiments,
we found the maximum readout clock frequency is around 3 x 10* Hz before outputs
interfere between neighboring channels occurs. Thus the total time to read out 128
channels is around 4.3 ms. Since the individual detector count rate is much higher
than the coincident count rate, if each detector has to hold the VA1 for such a long
dead time with or without coincident event, the system dead time will be dominated
by the single detector events. We will not be able to collect much coincident data
during imaging data acquisition. In order to reduce the dead time due to single
detector events, each detector should quickly reset itself for non-coincident event.
On the other hand, for coincident events, both detectors should hold the VA1 long
enough for all 128 channels from each detector to be serially read out.

Besides these timing and hold problems, the DAQ for the camera should enable
the system to work in three different modes: 1. Test mode to measure the electronic
noise and test the VAl response for each channel. 2. Single detector mode to
characterize and calibrate each detector. 3. Coincidence mode for Compton scatter
imaging data acquisition. For ease of operation, the switch between each mode should
be controlled from the DAQ software.

Considering all the above requirements, the design of the periphery control circuit
is shown in Figure 5.7. The coincidence trigger signal is the output from a specially
designed coincidence control circuit. Controlled by three digital I/O signals from the
PCI-6110 DAQ board, the coincidence control circuit can select trigger signals from
either individual detector, coincidence of both detectors, or no trigger signal output
for the test mode. The trigger signal for each detector generated from its anode grid

signal is used to control a general purpose counter on the PCI-6110. A delayed output
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Figure 5.7: The periphery control circuit.

from the counter is used as the sample/hold signal for each detector. The delay time
and hold time can be easily adjusted by software. The delay time for each detector
needs to set to coincide with the peaking time of its VA1 shaper. Since the delay and
hold time from the counters output is based on a 20 MHz clock on the DAQ board,
the maximum time uncertainty due to this timing clock itself is 50 ns. In coincidence
mode, as shown in Figure 5.8, both detectors use their own sample/hold signals to
correctly capture their signal amplitude. Each detector only needs to hold itself for
a very short time to wait for the other detector’s trigger and the coincidence trigger
signal to come. After that, the actual hold time is controlled by the J-K flip-flop, J1,
which is set to a low level by the coincidence trigger signal after both detectors have
been in the hold states. The falling edge of J1 is used to trigger the A/D conversion

of the DAQ board and to generate a shift_in signal by the monostable chip, M4, for
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Figure 5.8: Control signals for coincident events

both detectors. The SCANCLK signal from the PCI-6110 is used as the clock signal
to switch VA1 channels. Since the SCANCLK signal is generated by the PCI-6110
shortly after the sample is taken by the DAQ board, using it as the switch clock can
make sure each VA1 channel is correctly sampled by the DAQ board. The frequency
for SCANCLK can be easily controlled from the software by setting the sample rate
for the DAQ board. After all 128 channels have been read out, J1 is set to high
level by DIO_0 to discharge the VAls for both detectors. Digital reset signals are
generated by the monostable chips, M2 and M3, to reset both VAls. On the other
hand, if only one detector has a trigger signal, as shown in Figure 5.9, since J1
is in high level, gates G2 and G3 are open, the output from the general purpose
counter is directly used as the sample/hold signal. After holding for a short time,
the sample/hold signal returns to high level to discharge the VA1. The rising edge

from the sample/hold signal is also used to generate a digital reset signal to reset the
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VAl. Therefore, under this design, both detectors can capture their correct signal
amplitudes for coincident events while resetting quickly for single detector events to
avoid the single detector events that would dominate the system dead time.

In the individual detector mode, the counter for the other detector is turned
off by the software and the trigger signal for the detector itself is selected by the
coincidence control circuit to control the J1. Other signals work in the same fashion
as in the coincidence mode.

In the test mode, a test pulse from the pulse generator is connected to the trigger
1 input to generate a test pulse from the monostable chip, M1. The actual test
pulse injected into the preamplifiers on the VA1 is generated on the repeater card.
Its amplitude is controlled by the test level, which is the output from the digital to
analog converter output, DAC0_Out, and can be set by the software. In the test
mode, the DIO_2 is used to generate a shift_in signal and DIO_3 is used to generate
the CLK signal for the VAls. DIO_2 and DIO_3 work together to select the test

channel for the input and output multiplexers. Once a test channel is chosen, its



74

response to the test pulse can be read out by the DAQ board. By turning on or
off the sample/hold counter from the software, the VA1 output waveform before or
after the sample hold circuit for each chip can be checked. Its peaking time can
be measured in order to make sure the correct delay between the trigger and the

sample/hold signal is set.
5.3 Data Acquisition Software

As pointed out earlier, under the current working mode, the VA1s can not capture
correct signal amplitude for multiple pixel events. So in the data acquisition software,
we only record the information for single pixel events for both detectors. The major
data acquisition software was written in Borland C++. The flow chart of the program
is shown in Figure 5.10. In order to minimize the additional time associated with the
data processing, during the data acquisition only one overall spectrum from whole
detector is accumulated and displayed for visual inspection. The user can check this
spectrum to make sure it looks reasonable. For each event, the pixel channel number,
anode pixel signal, and cathode signal amplitude are written to a disk file for off-line
data processing.

All the off-line data processing codes were written in Matlab. During off-line
data processing, the anode signal amplitude is first corrected for non-uniform gains
of the VAl’s different channels. Then, three-dimensional spectra for 11 x 11 x 20
voxels for each detector can be accumulated based on the pixel number and the
cathode to anode signal ratio. After that, the voxel-based electron trapping and
material non-uniformities can be corrected. A spectrum for the whole detector can

be obtained.



75

Initialize DAQ board

v
* Get user input DAQ parameters and DAQ Mode |

\J
| Start coresponding S/H counters and select trigger signal

v

Output a negtive puise on DIO_0 to set J1 and reset VA1s

\
Starnt ADC (actual AD conversion is started by ADC_Trigger) .

' -

ADC finished ?

. discard v - corresponding spectrum

" Yes
Determine Npixel: How Many pixels have signal amplitude >
- lts baseline + Threshoid
v
Yes No
: v
v . Save the pixel#, anode amplitude, cathode i
- Multiple pixels events  amplitude to disk file. Register the event in ’

\j

-

User stop ?

Counts > preset count ? Yes. St
DAQ time > preset time ? %

Figure 5.10: Flow chart of the DAQ Software.
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5.4 The First Detector Characterization

5.4.1 Electronic Noise and Test Pulse Response

Under the first generation DAQ system, DC coupling between the anode pixels
and the VA1l chip was used. The estimated electronic noise from the base line
fluctuation was around 3 keV before applying bias voltages to the detectors. The
electronic noise increased to around 6-7 keV after applying the bias voltages [Li99]. In
order to reduce the leakage current contribution to the electronic noise, AC coupling
between the anode pixels and the VA1l chip was implemented for both detectors.
Figure 5.11 is the measured equivalent noise FWHM of the baseline fluctuation for
the first detector before applying the bias voltages and under two bias conditions.
Under the new AC coupling, it is clear in Figure 5.11 the electronic noise has a
similar value under different bias conditions. Since our detector only has 121 anode
pixels, the VA1l channels 1 - 5, 127 and 128 are left open. The electronic noise
for these open channels is only around 1.5 keV. For other channels connected to the
detector anode pixels, due to the increased capacitance from wire-bonding and anode
pixel capacities, the electronic noise increases to 2.5-3 keV for most channels. This 3
keV electronic noise approaches the manufacturer’s performance specification for the
VAL Figure 5.12 is the VAl output amplitude fluctuations for the test pulse when
the test level equals -4.1V, cathode bias V; =-2000V and anode grid bias V, =-50V.
The test results under other different bias conditions or different test level also have
similar fluctuations. Although the test level is controlled by the digital to analog
converter output, DAC_0, on the DAQ board, its noise is only 1 mV RMS. The
actual test pulse injected to the VA1 preamplifier inputs is generated on the repeater
card. The measured test pulse noise is the quadratic summation of the noise of the

VA1 chip and the test pulse noise. The measured noise in Figure 5.12 is an upper



Equivatent Noise FWHM (keV)

———  Without bias voltage
1+ —_ vc=—14oov, vg:-sov
- vc=_aooov,vg=-sov

0.5~ 1

1

L L L L L :
[+] 20 40 60 80 100 120 140
VA1 Channel Number

Figure 5.11: The baseline noise for the first detector.

limit for the VA1 noise. We can conclude from these results that the electronic noise
for the VAL is around 3-4 keV for most channels.

The average test signal amplitudes for the VAl chip at several test levels are
shown in Figure 5.13. Four channels (42, 67, 71, 111) have smaller amplitudes than
the rest of the channels. By examining the output waveforms for these bad chan-
nels, it is found the sample/hold circuits for these channels do not work properly. So
these four channels are excluded in the data acquisition. For the rest of the channels,
it is clear in Figure 5.13 that the gain for different channels is not uniform. Since
the depth information is derived from the signal amplitudes of the cathode and the
anode pixel, and all anode pixels share the same cathode signal, if different pixels
have different gains from the VA1l channels, then the same C/A ratio for different

pixels will represent different physical depths. A pixel by pixel depth normalization
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Figure 5.12: The test pulse noise for the first detector when the test level equals -4.1
V(Ve = —2000V, V, = —50V').
and calibration is required. This will make the depth calibration very complicated.
As shown in Figure 5.14, if we get the normalization factors for all 124 good chan-
nels according their responses at the test level of -4.1 V and correct the test pulse
amplitudes for other test levels, all channels have a very uniform response. If we
apply these normalization factors to the anode pixel signals, the C/A ratio for differ-
ent pixels will represent the same physical depth. This greatly simplifies the depth

normalization and calibration.
5.4.2 Energy Spectra
All the following spectra were taken with cathode bias V., = -2000V and anode

grid bias V;, = -50V. Figure 5.15 is the Cs-137 spectrum with a 10uC1 point source

irradiated from the cathode side. The FWHM is around 6.4%. A major contribution
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Figure 5.14: The normalized test pulse amplitude for the first detector.
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Figure 5.15: Cs-137 spectrum for the first detector before the electrons trapping and
material non-uniformity correction.

to the photopeak broadening is due to the electron trapping. Figure 5.16 is the
distribution of the 662 keV photopeak centroid for pixel #41 at different depth
indices. The depth index 1 is corresponding to the anode side, and the depth index
20 is corresponding to the cathode side. For events very close to the anode surface
(depth index 1-3), as shown in Figure 4.6, the weighting potential for the anode pixel
has a steep slope. The weighting potential difference between the original position
and the anode pixel becomes smaller than one. According to Equation 4.2, the
induced charge will be smaller. For those events not very close to the anode surface
(depth index 4 to 20), the weighting potential change from the interaction position to
the anode pixel is close to one due to the strong small pixel effect. So the photopeak
centroid decrease from depth index 4 to depth index 20 is mainly due to electron

trapping. As shown in Figure 5.16, the photopeak centroid decreases 6.75% from
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Figure 5.16: Photopeak centroid distribution for pixel #41 of the first detector. The
depth index 1 represents interactions near the anode side and depth
index 20 represents the cathode side.

depth index 4 to depth index 20. If we assume the operating electric field has an
uniform distribution in the detector, then the electric field is 2000 V/cm inside the

crystal. We assume the electron trapping follows the simple exponential function

N(z) = Noezp(— ), (5.1)

z
HeTeE
where N(z) is the number of free electrons after drifting a distance z. Since the 1 cm
detector thickness is divided into 20 depth indices, if we assume a simple linear rela-
tion between the depth index and its physical depth, each index represents a 0.5 mm
thickness. Using Equation 5.1, we can derive the y,7, for the crystal is 0.0061cm?2/V.
After applying the voxel-based electron trapping and material non-uniformity cor-
rections, the Cs-137 spectrum for the whole detector is shown in Figure 5.17. The
energy resolution for the 662 keV photopeak is improved to 1.7%. The unusually

high counts below 400 ADC channels is due to two reasons. First, low energy scatter-
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Figure 5.17: Cs-137 spectrum for the whole volume of the first detector.

ing photons from the surrounding material, including the instrument box and PVC
support for the detector. Second, due to the high probability of charge sharing, the
high energy gamma rays have a much lower single pixel efficiency than normal de-
tectors. This phenomenon will be discussed further later. A Monte Carlo simulation
in GEANTS3 [Gea3| that modeled the real detector environment and considering the
charge sharing effects yielded a similar spectrum for the detector.

Table 5.1 is the photoelectric coefficients for CdygZn¢Te calculated from soft-
ware PHOTOCOEF [Pho]. Based on these photoelectric coefficients, the photopeak
area distribution along a 1 cm thick CdZnTe for 59.5 keV, 122 keV and 662 keV
gamma rays is shown in Figure 5.18. For the Am-241 59.5 keV gamma rays, the
photoelectric effect is the dominant interaction. Due to the high photoelectric coeffi-

cient in CdZnTe, most interactions occur within 0.1 cm from the radiation entrance
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Energy (keV) | Photoelectric Coef (cm™!)

59.5 3.5636E+1
122 4.7499E+0
662 4.8157E-2

Table 5.1: Photoelectric Coefficients for CdygZng.Te.

surface. Figure 5.19 and Figure 5.20 are the spectra for Am-241 irradiated from the
anode and cathode sides respectively. It is clear from these plots that most interac-
tions occur very close to their incident surface. This confirms our depth sensing by
C/A ratio and directly verifies our normalization of the C/A ratio. After applying
the same voxel-based correction as that for Cs-137 spectrum, the spectrum for the
whole detector irradiated from cathode side is shown in Figure 5.21. The FWHM of
the 59.5 keV peak is about 6.1 keV.

The Co-57 spectrum for the whole detector irradiated from the cathode side is

shown in Figure 5.22. The FWHM for the 122 keV peak is about 6.7 keV.

5.4.3 Material Non-uniformity

Figure 5.23 is the distribution of the energy resolution FWHM for 662 keV pho-
topeak for the first detector. It is clear from Figure 5.23 that the energy resolution is
not uniform across the detector, ranging from 8 keV in some central pixels up to 30
keV for some bad pixels. Most of the peripheral pixels have worse energy resolution
than the central pixels. As a result, if we just include the spectrum from the 9 x 9
central pixels, the energy resolutions impro;re to 5.41 keV, 6.07 keV and 9.3 keV for
59.5 keV, 122 keV and 662 keV gamma rays respectively. As shown in Figure 5.11,

the electronic noise for all working VA1 channels have similar values around 3 keV.
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Figure 5.19: Am-241 spectrum along depth index when irradiated from the anode
side.
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Figure 5.20: Am-241 spectrum along depth index when irradiated from the cathode
side.

23
Sasp FWHM 6.09keV
o

¢} 20 40 60 80 100 120

Figure 5.21: Am-241 spectrum for the whole volume of the first detector.
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Figure 5.22: Co-57 spectrum for the whole volume of the first detector.

This non-uniform energy resolution is solely due to the material non-uniformity or
non-uniform charge collection. Since there is around a 1 mm gap between the anode
pixel pattern and the crystal edge, the electrons created under the peripheral pixels
need to drift a longer distance to be collected by ancde pixels, especially for the four
corner pixels. This may explain the wide FWHM for most periphery pixels. But as
shown in Figure 5.23, some peripheral pixels do have as good energy resolution as the
good central pixels, especially the corner pixel (11,11). Therefore, the non-uniform
resolution must be mainly due to the crystal material non-uniformity. As shown in
Figure 5.24, the photopeak efficiency for 662 keV gamma rays is also quite different
across the detector. According to the anode array geometry, the effective areas are
0.49 mm?, 1.05 mm? and 2.25 mm? for central pixels, pixels along the crystal edge,

and corner pixels respectively. But the efficiency ratio in Figure 5.24 does not reflect
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Figure 5.24: 662 keV photopeak area distribution of the first detector (normalized
by the photopeak area of the center pixel).
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these effective volume ratios. Even the efficiency for the central pixels are quite differ-
ent. This efficiency non-uniformity can only be due to the material non-uniformity.
As shown in Figure 5.18, the photoelectric interaction probability along the 1 cm
thick CdZnTe is a slowly varying linear distribution. For those interactions near the
cathode side, the electrons have to drift a longer time to the anode pixels. Due to
the electron diffusion, the charge sharing probability will be larger for interactions
near the cathode side. The multiple pixel rejection probability for interactions near
the cathode will be higher. Considering this effect, the efficiency should have a near
uniform distribution along the detector thickness. As was previously identified for
this crystal, the photopeak efficiency is quite different than the above predictions for
most pixels [He00].

As shown in Figure 5.25, there are four types of photopeak area distributions
along the depth index. Among the 114 properly working pixels, only 25 pixels belong
to group A (near uniform distribution), 54 pixels belong to group B (photopeak
efficiency dramatically decrease from the anode to the cathode side), 25 pixels belong
to group C (only half of the depth indices close to the anode side have photopeaks),
10 pixels belong to group D (low efficiency in the middle) and one pixel (#16) does
not have a photopeak for all depths. It is clear in Figure 5.25 there is a significant
photopeak efficiency loss for those pixels belonging to the last three groups. There

are three possible reasons why there is a significant efficiency loss for these pixels:

e 1. Due to material defects, the absorption efficiency is different through the

detector thickness.

e 2. Due to crystal defects such as grain boundaries, a significant fraction of

electrons have been trapped. The anode pixel signal is smaller than the normal
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Figure 5.25: Four representative types of photopeak area distribution along the
depth index for the first detector.

signal amplitude and can not be recorded in the photopeak window.

e 3. Due to the non-uniform charge sharing, the multi-pixel rejection probability

is different along the detector thickness.

Figure 5.26 is the Cs-137 662 keV spectra for pixel 20 at different depth indices.
From depth index 10 to 20, there are not only no photopeaks, but also no smaller
amplitude events between the Compton edge and the normal photopeak position.
This suggests the lost photopeak is not due to the second reason. When irradiated

from the cathode side with Co-57 source, the spectra for the same pixel are shown
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Figure 5.26: Cs-137 spectrum for pixel #20 of the first detector.

in Figure 5.27. The correct count rate along the depth indices and the good energy
resolution suggest neither the absorption is low near the cathode nor the electrons
experience any severe trapping along their way to the anode pixel. Other pixels
in group C also have good spectra near the cathode for Co-57 gamma rays. This
energy dependent behavior can only be explained by the third reason. According
to the Monte Carlo simulation, the average transportation distance for 662 keV
photoelectrons in CdZnTe is around 200 pm, and the diffusion length is 50 um
[Du98]. So for a 700 umx 700 um pixel, only those photoelectric events occurring in
the central 200 x 200 um? region can be recorded as single pixel events, that is only
about 8%. If, due to some crystal defects or channel effects, the photoelectrons have
an even longer transport distance, the charge sharing probability will be even larger

and strongly depends on photoelectron transport and electron carrier diffusion. Any
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Figure 5.27: Cs-57 spectrum for pixel #20 of the first detector when irradiated from
the cathode side.

non-uniformity for these effects will affect the single pixel photopeak efficiency. On
the other hand, the average transport distance for 122 keV photoelectrons is only
around 20 um. Using the same diffusion length, 80% events can be recorded as single
pixel events. That is why there is a good 122 keV photopeak for pixel 20 while there
is no 662 keV photopeak near the cathode side.

In order to verify the above explanations, the Cs-137 spectrum is measured with
all conditions remaining the same except for an increase in the single pixel event
select threshold from 10 ADC channels (6 keV) to 80 ADC Channels (55 keV). As
shown in Figure 5.28, all depth indices for pixel 20 have near uniform photopeak
counts. The similar situation occurs with many other pixels in group C. Under the
new high threshold, all working pixels have photopeaks for all depth indices. The

number of pixels in normal group A increased to 79. As shown in Figure 5.29, not
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Figure 5.28: Cs-137 spectrum for pixel # 20 of the first detector with increased select
threshold.

—— Threshoid=10
16000 —«—  Threshoid=80 | |

:

Photopeak Area (counts)
T

D g

L s s : . L s L :
0 2 4 8 8 10 12 14 16 18 20
Depth Index

Figure 5.29: The photopeak area distribution for the first detector under two select
thresholds.
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Figure 5.30: The baseline noise for the second detector.

only is the overall efficiency much high under the high threshold, but the distribution
over the depth indices becomes more uniform. As the single pixel select threshold
increases, the event will not be rejected as a multiple pixel event unless the charge
shared by other pixels is above the threshold. That is why the photopeak efficiency
increased in Figure 5.29. Therefore, we can conclude that the abnormal photopeak

effiency is mainly due to the strong, non-uniform charge sharing.

5.5 The Second Detector Characterization

5.5.1 Electronic Noise and Test Pulse Response

Figure 5.30 is the equivalent noise FWHM of the baseline fluctuation for the
second detector before and after applying the bias voltages. Similar to the first
detector, the baseline fluctuation does not have any significant changes in different

bias conditions. The first 5 and last 2 open VA1 channels have a noise level around
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Figure 5.31: Test pulse amplitude for the second detector (Test level = -4.0 V).

1.5 keV. About two thirds of the VA1 channels have the noise levels around 3 keV,
but about one third of the channels have abnormally high noise. Figure 5.31 is the
VALl output amplitude when the test level = -4.0 V, cathode bias V. =-2000 V and
anode grid bias V; =-50 V. Figure 5.32 is the VA1l output amplitude fluctuations.
The test results under different bias conditions or different test levels also have similar
fluctuations. It is clear in Figure 5.31 that those VA1 channels that have a high noise
do not have a normal response to the test pulse. Their output amplitude is smaller
than that of the normal channels. The gamma-ray spectra for these channels look
also unreasonable, so these pixels are excluded from the data acquisition. Only 83
pixels have normal response.

Similar to the situation for the first detector, in Figure 5.31, the VA1 test pulse

amplitudes for those normal channels have non-uniform gains. So the anode pixel
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Figure 5.32: Test pulse noise for the second detector.

signal amplitude is corrected for the non-uniform gain based on the normalization

factor from the test pulse amplitude at test level -4.1V.

5.5.2 Energy Spectra

All the following spectra were taken with V, = -2000V and V, = -50V, and the
gamma ray irradiated from the cathode side unless otherwise specified. Figure 5.33
is the 662 keV photopeak centroid distribution for pixel 15, from depth index 4 to
20, the photopeak centroid decreases from 998 ADC channels to 945 channels. So
the electron trapping from the cathode to near the anode is around 5.3%. From
Equation 5.1, the electrons p.7. = 0.0078 cm?/V, which is slightly better than that
for the first detector.

After applying the voxel-based electron trapping and material non-uniformity

corrections, the Cs-137 spectrum for the second detector is shown in Figure 5.34.



96

L

970+

Photopeak centrold (ADC Channel)
T

L L L L L 1 L 1 L
2 4 6 8 10 12 14 16 18 20
Depth index

Figure 5.33: 662 keV photopeak centroid distribution for pixel #1535 of the second
detector.

The energy resolution for the 662 keV photopeak is 1.98%. Figure 5.35 is the Am-
241 spectrum with a FWHM of around 5.56 keV. Figure 5.36 is Co-57 spectrum for
the whole detector. The FWHM for the 122 keV peak is about 6.7 keV. Therefore,
both detectors have similar energy resolutions for 662 keV, 122 keV and 59.5 keV

gamma, rays.

5.5.3 Material Non-uniformity

Figure 5.37 is the 662 keV photopeak FWHM distribution for the second detector.
Again, most of the periphery pixels have much worse resolution than the central
pixels. As a result, if we only combined the spectra for the central 9 x 9 pixels,
the FWHM would improve to 5 keV, 6.13 keV and 10 keV for 59.5 keV, 122 keV
and 662 keV gamma rays respectively. Figure 5.38 is the 662 keV photopeak area

distribution. Even for the pixels in the central region, the energy resolution and the
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Figure 5.35: Am-241 spectrum for the whole volume of the second detector.
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Figure 5.36: Co-57 spectrum for the whole volume of the second detector.

efficiency are not uniform. But compared with the distributions for the first detector
in Figure 5.23 and Figure 5.24, the second detector has a more uniform response. If
we classified the working pixels in the same fashion as for the first detector, only those
pixels along the right edge of the crystal belong to group C. Other pixels have group
A type normal photopeak area distributions along the depth indices. Therefore, the
crystal for the second detector has much more uniform charge sharing properties

than that for the first detector.

5.6 Detectors Energy Resolution Analysis

As presented in the last two sections, the electronic noise for both detectors is
only around 3 keV. However the energy resolution is only around 5 keV, 6 keV and
10 keV for 59.5 keV, 122 keV and 662 keV respectively, even for the central pixels.

Table 5.2 is the energy resolution for some good pixels in the first detector under
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Figure 5.38: 662 keV photopeak area distribution for the second detector (normalized
by the photopeak area of the center pixel).
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Source pixel # 22 | pixel #27 | pixel #28 | pixel #54 | pixel 55
baseline noise 29 2.2 2.3 2.8 2.5
test pulse noise 4.6 4.5 4.4 4.2 4.0
59.5 keV (anode) 5.5 5.5 6.2 6.2 6.2
59.5 keV (cathode) 5.3 6.0 6.0 5.2 6.0
122 keV (anode) 54 5.4 4.7 5.4 54
122 keV (cathode) 5.4 5.4 5.4 5.4 5.4
662 keV (anode) 8.1 8.1 8.1 8.8 8.1

Table 5.2: Energy resolution FWHM (keV) for some good pixels of the first detector.

various gamma-ray energies and radiation conditions. For these pixels, the baseline
fluctuation is less than 3 keV. So the electronic noise should be around this value.
As pointed out earlier, the test pulse noise is the quadratic summation of the true
electronic noise and the noise for the test pulse itself. As shown in Table 5.2, the
measured test pulse noise is only between 4.0 to 4.6 keV for these pixels, so the
electronic noise of the VA1l channels for these pixels can not be larger than these
test pulse noises. As a very conservative estimation, we can assume the electronic
noise for these pixels is 4.0 keV. The relative energy resolution due to charge carriers

number fluctuation is given by [Kno00]:

| F
Rstatistical =235 Na (5'2)

where F is the Fano factor, N = E/e is the charge carrier number generated by
incident radiation, and ¢ is the ionization energy. Considering the electron trapping
effects, not all electrons can be collected by the anode pixels. If we let 1 represent

the charge collecting efficiency, the statistical limit for the energy resolution FWHM
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is
FFEe

(FWHN[)statistical = RstatisticalE =2.35 7 - (5'3)
The overall energy resolution is
(FWHM)Z oo = (FWHM); pise + (FWHM)?, s sticar- (5.4)

As shown in the last section, the electron trapping from the cathode to the anode side
is 5%. So 7 = 0.95 and 1 = 1.0 is used for low energy gamma rays incident from the
cathode and the anode side respectively. The estimated energy resolution is listed in

Table 5.3 for F=0.1 and F=1. Comparing with the measured results in Table 5.2, the

Fano factor | 59.5(anode) | 59.5(cathode) | 122(anode) | 122(cathode) | 662

0.1 4.02 4.02 4.04 4.04 4.22

1.0 4.20 4.21 4.40 4.42 5.86

Table 5.3: A very conservative estimation of the detector energy resolution FWHM
(keV) (assume electronic noise =4.0 keV, ionization energy = 5.0 eV)

measured energy resolution is worse than the estimation, even with Fano factor equal
to 1. Therefore, there must exist other energy resolution degradation factors. For our
pixellated detectors, material non-uniformity, trigger signal timing variation, charge
sharing, and incomplete electron collection by the anode pixels can all contribute to

additional energy resolution degradation.
5.6.1 Material Non-uniformity
With the three-dimensional position sensing capability, the detector volume is vir-

tually divided into 11 x 11 x 20 voxels. For the central pixels, the effective volume for

each voxel is only 0.7 mm x 0.7 mm x 0.5 mm. With this position sensing capability,
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the voxel by voxel material non-uniformity and electron trapping are corrected. Only
the microscopic material non-uniformity within this small voxel affects the energy
resolution for each pixel. Due to the short transportation distance of photoelectrons
from low energy gamma rays, the microscopic material non-uniformity will affect
the low energy gamma-ray energy resolution, such as in 59.5 keV or 122 keV. But
for 662 keV, due to the large electron transportation distance, the microscopic ma-
terial non-uniformity will have little effect on the energy resolution. Furthermore,
for interactions near the cathode side, the electrons have to drift across the whole
detector thickness to the anode pixels to be collected. The effect of the non-uniform
trapping will be the most severe for these electrons. Thus the energy spectrum from
interactions near the cathode side should have worse resolution than the spectrum
for interactions near the anode side. However in Table 5.2, the Co-57 122 keV pho-
topeak has the same energy resolution when irradiated from the cathode and the
anode side. Thus the material non-uniformity is not a dominant factor, at least for

these good pixels.

5.6.2 Trigger Signal Timing variation

As shown in Figure 5.4, the delay time between the trigger and the sample/hold
signal is critical for the VAl to capture the correct output peak amplitudes. Any
timing variation for the trigger signal will degrade the detector energy resolution.
Figure 5.39 shows some measured delay time between the anode grid trigger signal
and the VA1 shaping amplifier output peak. For this set of measurements, the aver-
age delay time is 1 us, so we set the delay between the trigger and the sample/hold
signal to 1 ps in our data acquisitions. The standard deviation of these delays is

70.5 ns. If we assume the delay time is a Gaussian distribution, the FWHM of the
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Figure 5.39: Measured delay time between the trigger signal and the VA1 shaping
amplifier output peaking time.

delay distribution is 2.35 x 70.5ns = 165.7ns. As pointed out in Section 5.2, the
additional time walk due to the timer on the DAQ board is 50 ns. Therefore the
combined timing uncertainty FWHM is v/165.72 + 502ns = 173ns. The blue line in
Figure 5.40 is the measured waveform of the VA1 shaping amplifier output whereas
the red line is the CR-RC shaping output waveform [Kno00]

M(e—t/m _ e~t/re)

Ecr_rc(t) = (5.5)

b

cr rc

with 7cp = 600 ns and Trc = 4.8 us. Thus, the VA1 shaping output can be matched
very well by a CR-RC shaping output. Ecr_gc has the normalized amplitude of 1
at t=1428 ns. Ecp-rc(1428 — 88) = 0.9985 and Ecr—rc(1428 + 88) = 0.9988
corresponding to 173 ns FWHM around the peaking time. Therefore, maximum
energy uncertainty due to the trigger signal timing uncertainty is around 0.15%.

Comparing with the large difference between the measured energy resolution and
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Figure 5.40: Waveform of the VA1 shaping amplifier output signal.

our conservative estimation, it is clear that timing effects can be ignored.

5.6.3 Charge Sharing Effects

As was estimated in Section 5.4.3, for 662 keV photoelectric absorption events
near the cathode, 91% will have charge sharing between neighboring pixels. The
charge sharing effect has a strong influence on the photopeak efficiency. If the charge
sharing occurs, only when the energy shared by its neighboring pixels is larger than
the single pixel selection threshold will that event be registered as a multiple pixel
event and be rejected. Thus, if the energy shared is less than the threshold, this event
will still be incorrectly registered as a single pixel event, but with a smaller energy.
For 662 keV photoelectrons, depending on the interaction lateral position, the depth
position, and the electron cloud lateral extension, the charge sharing fraction will be

different. Charge sharing can contribute significantly to the photopeak broadening.
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Figure 5.41: Cs-137 spectrum at three single pixel selection thresholds for the first
detector.

Figure 5.41 is the measured single pixel events spectrum for the Cs-137 662 keV
gamma rays at three select thresholds: 10 ADC channels (6 keV), 30 ADC channels
(20 keV), and 80 ADC Channels (55 keV). When the threshold increases, more charge
sharing events will be registered as single pixel events. Thus, the low energy tail for
the photopeak becomes more obvious and the energy resolution FWHM increases
from 9.27 keV to 11.4 keV and 11.9 keV respectively. For low energy gamma rays,
such as 122 keV, the photoelectron travel distance is short. If the interaction occurs
near the anode side, the electrons will be collected by anode pixels very quickly
and the diffusion can also be neglected. The charge sharing probability of such
interactions is very small, so charge sharing effect will have a small effect on the
energy resolution. Figure 5.42 is the measured Co-57 single pixel spectrum when the

source was irradiated from the anode side. As shown in Figure 5.42, the photopeaks
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Figure 5.42: Co-57 spectrum at three single pixel selection thresholds for the first
detector when irradiated from the anode side.

themselves do not have any significant change with different thresholds. The FWHM
of the photopeak remains the same. The only change in Figure 5.42 is the increased
counts for the escape peak. Following the photoelectric interaction, if the x-ray
travels to other pixels and then deposits its energy there, this event is also rejected
as a multiple pixel event if the threshold is low. However with a high threshold, more
escape events are recorded.

From the above analysis and experimental results, we can conclude that charge
sharing is indeed a degradation factor to the detector energy resolution when the
charge sharing probability is high. Due to the limitation of the current readout
electronics, we can not measure the correct signal amplitude for multiple interaction
events, and have to reject them. The influence of charge sharing on the energy res-

olution is very severe for 662 keV gamma rays. In future readout electronics, such
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as the VAS-TAT system, if the ASIC has the self trigger capability and a peak-hold
circuit for each channel, then by summing the measured amplitude from multiple
channels for multiple pixel events, the charge sharing effect on the energy resolution
and the efficiency can be improved. However as long as each channel still has some
threshold to trigger its operation, this influence can not be eliminated. Further-
more, by summing multiple pixels’ signals together, the electronic noise will increase
quadratically. Charge sharing adds another limitation to the energy resolution of
pixellated detectors besides the electronic noise and the charge carrier statistics. In
order to reduce the charge sharing, the pixel dimensions have to increase. On the
other hand, by increasing the pixel size, the small pixel effect becomes less influen-
tial, so the contribution due to holes will begin to influence the energy resolution.
Therefore, in the design of pixellated detectors, these competing factors need to be

considered.

5.6.4 Incomplete Charge Collection

A small -50 V bias voltage is applied to the anode grid to help the electron
collection by the anode pixels. Relative to the -2000V bias voltage on the cathode,
this -50V bias is small. The operating electric field inside the detector crystal should
be ideally uniform for most of the region, then bend towards the anode pixels near the
anode surface. In this ideal situation, the anode grid acts like a non-collecting anode
for the coplanar grid detector. When the electrons drift towards to the anode, the
induced charge on the grid begins to increase. When the electrons move very close
to the anode surface and are collected by the anode pixels, the induced charge on the
grid quickly drops to zero. Figure 5.43 shows some measured waveforms for the anode

grid output. In Figure 5.43 (a), the anode grid signal acts as predicted. However
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Figure 5.43: Waveforms of the anode grid signals from the first detector.

other waveforms in Figure 5.43 are different from the ideal waveform. In Figure 5.43
(b), the output remains at a high level after increasing from zero. That indicates
all the electrons are collected by the anode grid. In Figure 5.43 (c), the grid signal
decreases to some middle level from its peak value. That indicates only a fraction of
the electrons are collected by the anode pixels. In Figure 5.43 (d), although the grid
signal drops to its baseline eventually, the slow slope there suggests the electrons
drift very slowly during that time, either due to low electric field or low electron

mobility near the anode. This unusual long drift time should lead to more electron

trapping.
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These three undesirable cases identified in Figure 5.43 lead to incomplete charge
collection and therefore degrade the detector energy resolution. As analyzed in the
last section, due to the small charge sharing probability, the charge sharing effect
has small effect on low energy gamma-ray resolution, especially when the source was
irradiated from the anode side. The large energy resolution FWHM in Table 5.43
for 59.5 keV and 122 keV are mainly due to incomplete charge collection since we
excluded other factors.

In order to improve the charge collection efficiency, a large bias on the anode
grid will be helpful. However increasing the anode grid bias is limited by leakage
current constraints. Unless the detector surface processing allows a high enough bias
for complete charge collection by the anode pixels, the incomplete charge collection

adds another limitation to the energy resolution for the pixellated detectors.



CHAPTER VI

IMAGING DATA ACQUISITION AND
ANALYSIS

6.1 Imaging Data Acquisition and Processing

With the 2000V bias between the cathode and the anode, the normal electron
drift time from the cathode to the anode is around 500 ns. However due to material
non-uniformities inside the crystal, either the electron mobility or the electric field in
some region is smaller than the normal value. It was observed that for some events,
the signal rise time was larger than the normal 500 ns. Therefore, the coincidence
resolution time was set to 1 us to make sure these events were collected in coincidence
mode. Asshown in Figure 5.17 and Figure 5.34, the Cs-137 spectra had a much higher
count rate in the low energy range due to the increased scattering of gamma rays from
the surrounding material. In order to reduce the chance coincidence count rate due to
these low energy gamma rays, the anode grid thresholds for both detectors were set
as high as possible while allowing the true coincident events from Compton scattering
to be collected. During the coincidence imaging data acquisition, the anode pixel
number, the anode pixel signal amplitude, and the cathode signal amplitude from
each detector are stored in a list mode by the DAQ software. Before the image

reconstruction, these raw data are first corrected for non-uniform gains of the VA1l
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channels. Then, the voxel-based electron trapping and material non-uniformity are
corrected. After that, the absolute energy for each event is calculated from each
detector’s own energy calibration and the 3-D position is calculated based on the
pixel position and the C/A ratio. These newly obtained energy and position data

are stored to another file in the list mode for image reconstruction.
6.2 Cs-137 Point Source Image

As we estimated in Section 2.3, the field-of-view for the camera is between 20°
and 80° scatter angle, which is £30° around the central scatter angle 50°. A 10 uCt
point Cs-137 source (Amersham, S/N AY642) is placed 50° relative to the center axis
of the two detectors, right on the front surface of the instrument box of the camera.
The distance between the point source to the center of the first detector is 8.45 cm.
Due to the symmetric condition for the point source relative to the two detectors,
the source does not need to rotate around the center of the field-of-view. Instead,
the measured coincidence data are divided into 12 groups with equal counts in each

group to simulate the azimuthal sampling between 0° and 360° of the source plane.
6.2.1 Coincident Energy Spectra

The coincident spectra for the two detectors and the summed spectrum are shown
in Figure 6.1, Figure 6.2 and Figure 6.3, respectively. The 200 keV peak in Figure 6.1
corresponds to the 50° scattering photons in the first detector. The broadening of the
peak is primarily due to the scatter angle spread. Although the scatter angle from
the point source to the centers of the two detectors is 50°, the actual scatter angles
can range from 35° to 65°. The 460 keV peak for the second detector corresponds to
the photoelectric absorption of the scattered photons. The events below this energy

are either due to Compton scattering interactions of the scattered photons or the
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Figure 6.1: Coincident energy spectrum for the first detector with the Cs-137 point
source located 50° relative to the centers of the two detectors. The total
data collection time is 4.0 x 10° seconds.
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Figure 6.2: Coincident energy spectrum for the second detector with the Cs-137 point
source.
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Figure 6.3: Summed energy spectrum for the Cs-137 point source.

accidental coincident events. In the summed spectrum in Figure 6.3, the FWHM for
the 662 keV peak is about 21.7 keV. According to the relation between the energy
resolution FWHM and the deposited energy for each detector, the FWHM for the
first detector around 200 keV is 8.1 keV, and the FWHM for the second detector
around 460 keV is 11.4 keV. Then the FWHM for the summed full energy peak
should be v/8.12 + 11.42 = 14.0 keV. The large measured FWHM for the summed
spectrum is mainly due to the detector energy calibration error and the gain shift
over the long data collection time. These effects will be discussed later. Those events
on the right side of the 662 keV peak are chance coincident events. In order to reduce
these events, an energy window around the 662 keV peak is applied to the summed
spectrum. Only those events whose sum energy is within this window are used for

image reconstruction.
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Figure 6.4: The backprojected image for the Cs-137 point source. The activities are
normalized by the maximum pixel value. The total 1971 events within the
full energy select window are equally divided into 12 groups to simulated
12 azimuthal sampling between 0° to 330° of the source plane.

6.2.2 Cs-137 Point Source Image

The backprojected image for the point source is shown in Figure 6.4. The line
profile along the x direction is shown in Figure 6.5 with a FWHM of 5.7 cm. Fig-
ure 6.6 is the list mode maximum likelihood reconstructed image. The line profile
along the x direction is shown in Figure 6.7. The FWHM for the reconstructed
image is 0.77 cm, equivalent to 5.0° angular resolution. Comparing with the analyt-
ically predicted angular resolution 2.8° around 30° scatter angle for 662 keV gamma
rays, the measured angular resolution is worse than our prediction. An analysis of

the camera resolution is provided later in Section 6.4.
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Figure 6.5: The line profile along the x direction for the backprojected image.

6.2.3 Point Source Efficiency

The total number of the events within the selection window is 1971, acquired
over a data collection time of 4.0 x 10° seconds. So, the count rate is 4.9 x 10-3
per second. Since the point Cs-137 source AY642 activity was 287 kBq, the absolute
efficiency (¢) for the camera is 1.71 x 10~8. The intrinsic efficiency then is g;, =
€/ = 1.71 x 1078 x 8.45% * 47 = 1.53 x 10~5. Compared with our Monte Carlo
calculated camera intrinsic efficiency €;ce .y = 1.03 x 10~* at 662 gamma rays, the
measured efficiency is only 0.1488 of the calculated value.

There are two major factors that contribute to this low measured efficiency. First,
due to wire-bonding problems and bad VA1l channels, only 114 pixels in the first
detector work properly, and only 83 pixels in the second detector work properly.

Second, due to the electron transport and charge carrier diffusion, according to our
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Figure 6.7: Line profile along the x direction for the reconstructed image in Fig-
ure 6.6.
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Monte Carlo simulation [Du98], only 50% of photoelectric events at 662 keV can
be recorded as single pixel events, and only 60% can be recorded as single pixel
events at 122 keV. Assuming the charge sharing for a 200 keV energy transfer in
the first detector is similar to that of the 122 keV gamma rays, and the situation
for the 460 keV scattered photon is similar to that for 662 keV, if we multiply these
efficiency loss factors together, we obtain 114/121 x 83/121 x 0.6 x 0.5 = 0.1936.
Compared with the measured to the calculated efficiency ratio 0.1488, the difference
between the measured efficiency and the simple estimation is only 5%. As presented
in Section 5.4.3, there is strong charge sharing in the first detector for some pixels
near the cathode side. This unusually strong charge sharing will further decrease the
single pixel event efficiency. Therefore, our measured effiency is consistent with the

Monte Carlo calculation.

6.3 Cs-137 Line Source Image

In order to test the imaging capabilities of the camera for spatially extended
sources, a 100 C7 5 cm long line Cs-137 source (Isotope Products Laboratories,
serial number SS-975) was imaged. For the spatially extended source, the source has
to physically rotate around the center of the FOV in order to get adequate azimuthal
sampling. For this line source, four sets of data are collected with the line source
located at 0°,90°,180° and 270° relative to the X axis of the source plane.

Figure 6.8 is the backprojected image for the Cs-137 line source with 26191 total
events. [t is a blurred line distribution. Figure 6.9 is the list mode maximum
likelihood reconstructed image. The effect of the image reconstruction is very obvious
in Figure 6.9, where most of the activity is concentrated on the line source location. A

vertical line profile across the center of the source plane is shown in Figure 6.10. The
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Figure 6.8: Backprojected image for the Cs-137 line source. The source activities are
normalized by the maximum pixel value. Four sets of data are collected
with the line source located at 0°,90°,180° and 270° relative to the X
axis of the source plane. The data collecting time at each angle is 12
hours. This is the image from 26191 total events.

F'WHM for the line source image is 0.976 cm. According to the source manufacturer

specification, the active diameter for the line source is 0.584 cm. Then the intrinsic

FWHM for the line image is v/0.9762 — 0.5842 = 0.782(cm). Compared with 0.77 cm
FWHM for the point source, the FWHM for the line source is consistent with that
for the point source. Figure 6.11 is the horizontal line profile for the line source.

The FWHM along the X direction is less than the 5 cm. The reason for this short

distribution is unclear at this time.
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Figure 6.10: Line profile along the y direction for the Cs-137 line source.
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Figure 6.11: Line profile along the x direction for the Cs-137 line source.
6.4 Angular Resolution Analysis

As presented in the last two sections, the measured 5° angular resolution for
both the point source and line source image is worse than our analytical predicted
angular resolution 2.8°. Besides the intrinsic angular resolution degradation factors
such as the detector energy resolution, detector position resolution, and the Doppler
broadening effects, any other system errors for the detectors, such as the energy
calibration error, non-linearity for the C/A ratio, and detector response shifting
over time, as well as contaminating events, like chance coincident events and the

wrong sequence of interaction events, will all contribute to the overall camera angular

broadening.



121

6.4.1 Energy Calibration Errors

In order to derive the backprojection angle for each event, the absolute energy
is needed for each event. The detector energy calibration is based on the measured
photopeak centroids for 59.5 keV, 122 keV, 136 keV and 662 keV gamma rays. For

example, the calibration data for the first detector are listed in Table 6.1. By a least

Source Energy | Photopeak centroid | Calculated Energy | Calibration Error
(keV) (ADC Channels) (keV) (keV)

59.5 85 56.4 -3.06

122 175 123.3 1.3

136 196 138.8 2.8

662 900 661.5 -0.5

Table 6.1: Energy calibration parameters for the first detector

squares fit, the energy and the photopeak centroid relation is given by
E =0.7424 x ch — 6.6669, (6.1)

where E is the energy in keV and ch is the ADC channel number. The calculated
energy according to this formula is listed in the 3rd column of Table 6.1. As shown
in the 4th column of Table 6.1, the calibration error is between -3 keV to 2.8 keV.
According to Equation 2.13, a 3 keV energy error will contribute to 0.6° angular
uncertainty. This contribution will be added in quadrature to the overall angular
resolution. Compared with the 1.8° detector energy resolution and 2° position reso-

lution contribution, the energy calibration error contribution can be neglected.
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6.4.2 Non-linear Relationship Between the C/A Ratio and Physical Depth

For our 3-D CdZnTe detectors, the depth position is derived from the cathode
to anode pixel ratio. For simplicity, a linear relationship between the C/A ratio and
the physical depth is used. The normalized C/A ratio is equally divided into 20
depth indexes, corresponding to 20 equally spaced 0.5 mm thick detector slices. This
simple linear relationship between the C/A ratio and interaction depth is only true

under following conditions:
e 1. The hole contribution can be neglected.

e 2. The anode pixel signal is independent of the depth and there is complete

electron collection by the anode pixels.

However in reality, due to finite hole drifting, especially near the cathode side where
holes can be collected by the cathode, the holes will contribute to the cathode signal.
Due to the electron trapping, and the rapid weighting potential change near the
anode, the anode pixel signal is also depth dependent. A simple model including
these effects indicated that this non-linearity could lead to 0.8 mm depth error [Li00],
which is larger than the 0.5 mm depth position resolution in our angular resolution
estimation. For the actual detectors, due to non-uniform electric field distribution
inside the crystal and the incomplete charge collection, the actual depth position error
should be larger than the 0.8 mm model prediction. If we assume the depth resolution
is 1 mm instead of 0.5 mm, then the depth position uncertainty contribution to
the angular resolution will increase from 1.01° to 2.03°. Then the overall angular

resolution will increase to 3.3°.
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6.4.3 System Instability Over the Long Data Acquisition Time

[t is observed that the photopeak centroid for both detectors have about 3% shift
over time. When we collect the spectrum for individual detectors, due to the high
count rate, the data collection time is usually less than 12 hours. System instability
over such a short time is not obvious. Furthermore, the existence of a clear photopeak
in the spectrum enables us to use the photopeak centroid to correct any shift. But in
coincidence image data collection, the count rate is very low. It took 4.0 x 105 second
(5.5 days) to collect the data for the Cs-137 point source. As shown in Figure 6.1,
since there is no clear photopeak in the coincident spectrum, we can not use the same
correction method to correct the detector response shift. These system shifts will
broaden the detector energy spectrum, and therefore contribute to a larger angular

resolution.

6.4.4 Chance Coincident Events

The Compton scatter Equation 2.1 is not valid for chance coincident events,
which will give false directional information and contribute to background artifacts
in the reconstructed image. As shown in Figure 6.3, those events in the summed
energy spectrum above the full energy peak are solely due to chance coincidence.
The total counts within the 400 ADC channels above 700 keV is 88. Assuming
the chance coincidence rate is same for energy spectrum below 700 keV, the chance
counts within our selection window is 22 counts, only 1.12% of the total counts.
Therefore, the influence of the chance coincident events can be neglected for the
point source image. The very low background artifacts in the reconstructed image
in Figure 6.6 also indicate this. For the Cs-137 line source, the source activity is

100 uC4i, about 10 times higher than the point source activity. Therefore, the true
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coincidence count rate should be 10 times of that for the point source. However since

the chance coincidence rate is given by
n = 2rnn,, (6.2)

where the 7 is the coincidence resolve time, n; and n, are the individual detector
counting rate, the chance coincidence rate should be 100 times higher than that for
the point source. Therefore, the chance count to the true coincidence count ratio
should be around 11%. The chance coincident events should have more influence to
the angular resolution for line source than for the point source. Thus, the increase
in background artifacts in Figure 6.9 for the line source image is mainly due to the

chance coincident events.

6.4.5 Wrong Interaction Sequence Events

With only two interaction positions and energy information, we can not identify
the interaction sequence in two detectors. For a coincident event, we always assume
the photon first Compton scatters in the first detector and then the scattered photon
is detected by the second detector. The backprojection is based on this assumption.
For those events that have the photons first scatter in the second detector, the
backprojection will give a false directional information, just like a chance coincident
event. From the geometrical relationship between the source and two detectors,
the backscatter angle from the second detector to the first detector is 150° for the
point source, and 140° to 160° for the 5 cm long line source when the source is in a
horizontal direction. From the Compton scatter energy distribution in Figure 6.12,
at 150°, the scattered photon energy is 193.8 keV. If this scattered photon is absorbed
by the first detector, the backprojection direction from the centers of two detectors

is 48°, 2° away from the true source position. For this false event, the interaction
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Figure 6.12: Compton scatter energy distribution for 662 keV gamma rays.

positions also lead to wrong backprojection direction, thus the actual error will larger
than 2°. When the point source is at the center of the FOV, the distance to the
center of the second detector is 12.3 cm. As shown in Figure 6.13, the relative
angular cross section are 0.3644 and 0.1481 at 50° and 150° respectively for 662
keV gamma rays. Then the ratio between correct sequence and wrong sequence is
8.45%/12.3% x 0.1481/0.3644 = 0.19. Due to the attenuation in the first detector,
the real ratio should be smaller than this simple estimation. These wrong sequence
events will have little effect on the point source imaging. However for the line source,
although the backscatter angle is from 140° to 160°, the scattered photon energy
only changes from 188.5 keV to 201.5 keV. The corresponding false backprojection
angle is from 47° to 49° from two detectors’ centers. Although the source activity is

distributed along the 5 cm long line (36 pixels in the reconstruction source plane), all
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Figure 6.13: Relative Compton scatter angular distribution at 662 keV.

the wrong sequence events will contribute to the similar backprojection angle from
47° to 49°. This is equivalent to a false source near the center of the field-of-view.
This is the major reason why there are bumps around the center for the line source
in Figure 6.11 and the poorer angular resolution for the line source than that for the
point source. In order to eliminate the influence of these wrong sequence events, a
collimator between the two detectors can be used.

In summary, the worse measured angular resolution is mainly due to the non-
linear relationship between the C/A ratio and the physical depth, system instability
over the long data collection time, chance coincidence, and wrong interaction se-

quence events.



CHAPTER VII

SUMMARY AND RECOMMENDATIONS FOR
THE FUTURE WORK

7.1 Summary

In this work, the development of a prototype Compton scattering camera us-
ing two lcm® cubic 3-D position sensitive CdZnTe detectors is presented. For each
gamma ray interaction in the 3-D CZT detectors, the energy and the lateral infor-
mation is given by the anode pixel signal and the depth information is derived from
the ratio between the cathode and the anode pixel signal.

The analytically predicted camera angular resolution based on our measured de-
tector energy resolution is 3° — 4° at 511 keV and reduces to 2° — 3° at 1 MeV for
scatter angles at 20° — 80°. The optimal offset angle 8. between the two detectors
should be 50° and the center to center distance between the two detectors should
be 5 cm. The field of view (FOV) will be £30° around the axis of the first detector
corresponding to 20° — 80° scatter angles. The predicted intrinsic camera efficiency
for this prototype camera is 1.5 x 10~ to 8.8 x 10~ from 500 keV to 3 MeV. As
shown in Figure 2.10, Si, Ge and CZT need to have more than 1 cm thickness to
get their maximum Compton Aperture Efficiency (CAE) for energy above 300 keV.

For such a thick detector, without the depth sensing capability, the distance between

127



128

two detectors has to be increased to reduce the detector thickness contribution to
the angular uncertainty. Thus the overall camera efficiency will be reduced. With
the 3-D sensing capability, the maximum CAE can be achieved without sacrificing
the overall camera effiency. The 3-D material non-uniformity and electron trapping
correction capability is also helpful in improving the overall angular resolution by
improving the overall energy resolution. Furthermore, the CZT detectors can op-
erate at room temperature. Therefore, CZT detectors with 3-D position sensitive
capability are a better choice than Si or Ge detectors for Compton scatter imaging
in the middle and high energy range.

The impractically large memory requirement for the system response matrix and
the coincident spectrum prohibits the use of any iterative reconstruction algorithm
that requires them. List mode data acquisition and image reconstruction is the only
practical choice. Although list mode backprojection filter (BPF) reconstruction is
simple and fast, in Compton scatter imaging the intersection of the backprojected
cone and the source plane is not a simple straight line as in Computerized Tomog-
raphy(CT). The simple ramp filter relationship between the original image and its
straight line backprojection is not accurate for Compton scatter imaging. As a re-
sult, the BPF reconstructed Compton scatter image exhibits artifacts. Therefore, list
mode maximum likelihood image reconstruction algorithm is chosen for our Compton
camera for image reconstruction. The test results from the Monte Carlo simulated
data verified the analytical angular resolution predictions.

The anode pixel signals from each detector are read out by an integrated ASIC
VA1 chip. There are 128 independent signal processing channels in one VA1 chip.
Each channel has its independent preamplifier, shaping amplifier and sample/hold

circuit. For each interaction, all 128 channels need to be serially read out. The falling
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edge of the transient signal from the anode grid is used to generate the trigger signal
for each detector. In order to read out signals in coincidence mode from the two
3-D detectors, a special control circuit was built to coordinate the two VA1 chips.
Both VA1 chips hold themselves long enough to allow the signals to be serially read
out in coincident events. Each VA1 chip can reset quickly in single detector events.
This implementation prevents the single detector events from dominating the system
dead time in coincidence data acqusition.

In order to reduce the leakage current contribution to the electronic noise, the
two CZT detectors were upgraded from DC coupling to AC coupling between the
anode pixels and VA1 inputs. Under the new AC coupling, the electronic noise for
both detectors is only around 3 keV. The energy resolution is around 6 keV, 7 keV
and 12 keV for 59.5 keV, 122 keV and 662 keV respectively for both detectors after
applying the three-dimensional corrections for material non-uniformities and elec-
tron trapping. Both detectors have non-uniform responses for the energy resolution
and the photopeak efficiency from different pixels. The abnormal photopeak area
distribution along the depth indexes, especially for some pixels in the first detector,
is primarily due to the strong, non-uniform charge sharing. The measured energy
resolution is worse than the conservative estimation that included the electronic noise
and charge carrier number fluctuations. Material non-uniformity, charge sharing, and
incomplete electron collection by the anode pixels are additional energy resolution
degradation factors.

The imaging capability of the system has been tested using both a point and a
line Cs-137 source. The measured spatial resolution FWHM for the reconstructed
image is 0.77 cm when the Cs-137 point source was located 8.45 cm from the center

of the first detector, at 50° relative to the centers of the two detectors. The equiv-
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alent angular resolution FWHM is 5.2°. The angular resolution for the line Cs-137
source is similar to that for the point source. These measured angular resolution
values are worse than the analytical predicted angular resolution 2.8° around 50°
scatter angle for 662 keV gamma rays. The non-linear relationship between the C/A
ratio and the physical depth, system instability over the long data collection time,
chance coincidence and wrong interaction sequence events can all contribute to the
angular resolution degradation. The intrinsic camera efficiency for the point Cs-137
source is 1.53 x 107°. Compared with our Monte Carlo calculated camera intrinsic
efficiency 1.03 x 10~* at 662 gamma rays, the measured efficiency is only 0.1488 of
the calculated value. The bad pixels and the charge sharing are the two major fac-
tors that contribute to this low measured efficiency. A simple estimation considering
these two factors indicates our measured effiency is consistent with the Monte Carlo
calculation.

In conclusion, the first prototype Compton scattering camera using two 3-D CZT
detectors has been built and tested. Its imaging capability has been demonstrated
both for a point source and a line source. Comparing with other previously built
Compton cameras, this system is very compact and can operate at room temperature.
The CZT detectors with 3-D position sensing capability under the current energy
resolution can be used effectively for Compton scatter imaging for gamma ray energy

above 500 keV, especially for portable imaging devices.

7.2 Recommendations for Future Work

Under the current VA1 working mode, we can not read out the correct signal am-
plitudes from multiple interaction events. We have to reject all multiple pixel events

in both the individual detector spectrum collection and the coincidence imaging data
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collections. This not only causes significant efficiency loss but also contributes to the
low energy tail for the photopeak. A new read out ASIC such as VAS-TAT with
self-triggering and peak-hold capability for each channel is highly recommended. If
the new ASIC can read out the correct signal amplitudes for multiple pixel events,
the detection efficiency will be increased significantly by including these events. Fur-
thermore, the centroid lateral position from multiple pixels can be used for single
interaction events. If the electronic noise from each channel is low enough, then the
detector lateral position resolution can be smaller than the physical pixel size. This
improved position resolution will allow a smaller distance between the two detectors
while maintaining the same angular resolution, thus increasing the overall camera
efficiency.

It will be helpful if the depth calibration can be carried out directly using a well
collimated source. Then the influence of the non-linearity between the C/A ratio

and the depth index can be eliminated.
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