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Thick, segmented scintillating detectors, consisting of 2D matrices of scintillator crystals separated
by optically opaque septal walls, hold considerable potential for significantly improving the perfor-
mance of megavoltage (MV) active matrix, flat-panel imagers (AMFPIs). Initial simulation studies
of the radiation transport properties of segmented detectors have indicated the possibility of sig-
nificant improvement in DQE compared to conventional MV AMFPIs based on phosphor screen
detectors. It is therefore interesting to investigate how the generation and transport of secondary
optical photons affect the DQE performance of such segmented detectors. One effect that can
degrade DQE performance is optical Swank noise (quantified by the optical Swank factor I,y),
which is induced by depth-dependent variations in optical gain. In this study, Monte Carlo simu-
lations of radiation and optical transport have been used to examine I, and zero-frequency DQE
for segmented Csl:Tl and BGO detectors at different thicknesses and element-to-element pitches.
For these detectors, 14, and DQE were studied as a function of various optical parameters, includ-
ing absorption and scattering in the scintillator, absorption at the top reflector and septal walls, as
well as scattering at the side surfaces of the scintillator crystals. The results indicate that I, and
DQE are only weakly affected by absorption and scattering in the scintillator, as well as by absorp-
tion at the top reflector. However, in some cases, these metrics were found to be significantly
degraded by absorption at the septal walls and scattering at the scintillator side surfaces. Moreover,
such degradations are more significant for detectors with greater thickness or smaller element pitch.
At 1.016 mm pitch and with optimized optical properties, 40 mm thick segmented Csl: Tl and BGO
detectors are predicted to provide DQE values of ~29% and 42%, corresponding to improvement
by factors of ~29 and 42, respectively, compared to that of conventional MV AMFPIs. © 2009

American Association of Physicists in Medicine.
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[. INTRODUCTION

Megavoltage (MV) active matrix, flat-panel imagers (AMF-
Pls) are routinely used for verifying patient positioning in
radiation treatment rooms® and are being investigated for
cone-beam computed tomography (CBCT).? However,
the performance of conventional MV AMFPIs is severely
limited by the very low (~2%) quantum efficiency (QE) of
their x-ray detector, which consists of a copper plate and a
phosphor screen. As a result, the detective quantum effi-
ciency (DQE) for conventional MV AMFPIs is only ~1%,*
which is much lower than that for kilovoltage AMFPIs
(~40% to 80%).*™ In order to significantly improve portal
imaging performance,” as well as reduce the dose require-
ment for MV CBCT imaging,7"g it is necessary to substan-
tially increase the DQE of MV AMFPIs.

Toward achieving significantly increased DQE, various
forms of high-efficiency x-ray detectors have been theoreti-
cally and empirically examined by many research groups.
These detectors are based on concepts involving high pres-
sure gas (e.g., xenon) chambers employing tungsten
walls,*>*? thick optical fibers detecting Cerenkov radia-
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tion,*® thick Hgl, photoconductors,** segmented phosphors
based on photopolymer matrices,”® and segmented crystal-
line scintillators which consist of 2D matrices (or 1D arrays)
of scintillator crystals separated by optically opaque septal
walls."*1% Among these approaches, segmented crystalline
scintillators offer significantly improved QE, with only lim-
ited loss in spatial resolution, and possibly no substantial
increase in noise compared to conventional AMFPIs. In or-
der to examine this strategy, 1D segmented arrays incorpo-
rating zinc tungstate (ZnWO,) and cadmium tungstate
(CdWO,) scintillators,° as well as 2D segmented matrices
employing bismuth germanate (BGO), thallium-doped ce-
sium iodide (Csl:Tl) and CdWO, scintillators,"**** have
been investigated by different research groups. Recently, a
40 mm thick segmented Csl: Tl detector, with an element-to-
element pitch of 1.016 mm and an area of 16.25
X 16.25 cm?, has been developed and evaluated by our
group.16 A prototype MV AMFPI incorporating this detector
exhibited a DQE of ~22% for a 6 MV x-ray beam.™® How-
ever, the construction and performance of this initial proto-
type were far from optimal.
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TaBLE |. Glossary of the symbols and abbreviations used in this article.

Performance metrics

QE Quantum efficiency

| Swank factor

| rad Radiation Swank factor

lopt Optical Swank factor

DQE Detective quantum efficiency
DQE, g Radiation DQE
Distributions

AED Absorbed energy distribution
OPD Optical pulse distribution
PHD Pulse height distribution

M; The ith moment of a distribution

Detector geometric properties

Tei Thickness of scintillator crystals
Wi Width of scintillator crystals

b Aspect ratio of scintillator crystals
Pe Element-to-element pitch

Wean Width of septal walls

Functions

round Rounding to nearest integers

Poisson Generating Poisson integers
norm Normalizing vectors

Detector optical properties

A Material absorption coefficient
Masci Absorption coefficient: Scintillator
Ms Material scattering coefficient
Mssci Scattering coefficient: Scintillator
a Surface absorptivity

Qiop Absorptivity: Top reflector

Qpall Absorptivity: Septal walls

B User-selected scalar for roughness
fy Normal to a surface

fig Normal to a local microfacet

U Unit vector with random direction
[4 Angular tilt of g from iy

Ormax Surface roughness

Ormax-0.9 Roughness resistance

G Scintillator conversion gain

Gesiomi Conversion gain of Csl:Tl

E Energy deposition in scintillator

N No. of photons generated per E
Ea Absorbed energy per X ray

Ng No. of generated photons per X ray
Np No. of detected photons per X ray
Ng No. of detected photons per MeV
7 Optical detection efficiency

y Critical angle: Total internal reflection

The use of computational tools, such as Monte Carlo
simulation, to guide the design of these segmented detectors
can be of assistance in optimizing their DQE performance,
given the complexity of their structures. For example, previ-
ous Monte Carlo simulations of radiation transport have in-
dicated that MV AMFPIs employing 10 to 40 mm thick,
segmented Csl:Tl and BGO detectors could offer radiation
DQE (DQE,,) values ~10 to 50 times higher than the DQE
measured from conventional AMFPIs.’ Encouraged by these
early findings, it is interesting to next investigate how the
generation and transport of secondary optical photons could
affect the DQE performance of AMFPIs employing such seg-
mented detectors.

One optical effect that degrades DQE involves the optical
component of Swank noise. Swank noise arises from varia-
tions in the pulse height distribution (PHD) - the distribution
of the number of optical photons detected for each interact-
ing X ray.23 This noise has both radiation and optical com-
ponents. Radiation Swank noise represents the variation in
the absorbed energy distribution (AED) — the distribution of
the amount of energy absorbed in the scintillator for each
interacting X ray. (In this representation, the AED includes
any variations in the absorbed energy due to the use of a
polyenergetic radiation beam.) Optical Swank noise repre-
sents the variation in the optical pulse distribution (OPD) —
the distribution of the number of optical photons detected for
each unit of energy absorbed in the scintillator. Swank noise
and its components are quantified by Swank factors ranging
from 0 to 1, with larger values representing lower noise. The
total Swank factor (I) may be considered to consist of two
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main components, both of which degrade DQE: the radiation
Swank factor (I,,g) and the optical Swank factor (14y).%

In the absence of additive noise and noise power aliasing,
the zero-spatial-frequency DQE of an AMFPI may be ex-
pressed as follows:?*2

DQE = QE X I. (1)

In the absence of optical effects, the zero-frequency value of
DQE,,q is obtained from the product of QE and Irad.25 In
principle, an increase in scintillator thickness will lead to a
higher QE (due to greater radiation attenuation) and a larger
l\aq (due to more complete absorption of the x-ray energy),
resulting in a higher DQE,,q. However, when scintillator
thickness increases, optical photons have to traverse longer
pathways, on average, to reach the underlying flat-panel ar-
ray, which leads to more light loss and thus a smaller I —
resulting in smaller 1. It is anticipated that such decreases in
lopt Will, at least partially, offset the potential gains in DQE
obtained through increasing scintillator thickness.??

In this article, Monte Carlo simulations of radiation and
optical transport were performed to investigate Swank noise
and DQE for MV AMFPIs based on thick, segmented scin-
tillating detectors. This study was conducted as part of a
program of research to support the development of such so-
phisticated, high-efficiency detectors.

Il. METHODS

A glossary of the symbols and abbreviations used in this
article appears in Table I.
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Fic. 1. Three-dimensional schematic drawing, not to scale, of a representa-
tive portion of the megavoltage AMFPIs simulated in this study. Each simu-
lated detector consists of a 2D matrix of scintillator crystals, separated by
septal walls, with an overlying top copper plate. The detector is coupled to
a photodiode array, which is represented in the simulation by a thin layer of
silicon. See main text for further details.

IILA. Segmented scintillating detectors

Figure 1 shows a schematic view of a portion of the gen-
eral structure of the simulated AMFPIs, each of which con-
sists of a segmented scintillating detector coupled to a pho-
todiode array (represented in the simulation by a 0.001 mm
thick a:Si-H layer). The detector consists of a 1 mm thick
copper plate (serving as a radiation build-up layer and a top
optical reflector) coupled to the incident x-ray side of the
segmented scintillator. The scintillator consists of 81x81
scintillator crystals separated by polystyrene septal walls.
The width of the septal walls W, is 0.05 mm throughout
this study. Monte Carlo simulations were performed for a
variety of segmented BGO and Csl: Tl detector designs with
thicknesses Tg; of 10 to 40 mm and element-to-element
pitches Pg (the distance between the center of two adjacent
crystals) of 0.508 to 1.016 mm. Note that the pixel pitch of
the indirect-detection flat-panel array presently being used to
evaluate prototype segmented scintillating detectors by our
group is 0.508 mm.?® The aspect ratio of the scintillator crys-
tals, ¢, is defined by

Tsci Tsci

bsi= o T g ()
> Wsci PE_WwaII

where W is the width of the scintillator crystal.

II.B. Monte Carlo code

A recently implemented Monte Carlo code, MANTIS
(v2.0),%” was used to perform simulations for the determina-
tion of QE, I, and lo, for MV AMFPIs employing seg-
mented BGO and Csl: Tl detectors. DQE was calculated us-
ing Eq. (1) while DQE,,q was obtained from the product of
QE and I,,4. MANTIS is a combination of a radiation transport
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code (PENELOPE-2005)°® and an optical transport code
(DETECT-11).%° PENELOPE is employed to simulate the energy
deposition for each incident X ray. Once x-ray energy is
deposited in a scintillator material, DETECT-11 is triggered to
generate optical photons which are emitted isotropically. For
an energy E deposited in the scintillator crystal, N optical
photons are generated using the following expression:

N = Poisson[round[E X G]], 3)

where Poisson is a function to generate integers with a Pois-
son distribution, round is a rounding function, and G is the
average optical conversion gain of the scintillator material
(i.e., 54000 and 8500 photons/MeV for Csl:Tl and BGO,
respectively).®**! The optical code simulates the transport of
each of the N photons. The optical simulation of a photon is
terminated once the optical photon is absorbed in the seg-
mented detector or detected by the underlying photodiode
array. Each material involved in the simulation was assigned
a refractive index, an optical absorption coefficient w,, and
an optical scattering coefficient ug For simplicity, these and
other optical parameters used in the study are assumed to be
wavelength independent.

In DETECT-II simulations, optical surfaces can be defined
as partially or totally absorptive, with a user-defined surface
absorptivity «, which can range from 0 to 1. Optical photons
that are not absorbed will be either reflected back to the
original medium, or refracted into the next medium. For sur-
faces allowing light transmission, the code determines if a
light photon is reflected or refracted at the surface using
Fresnel’s law. For surfaces not allowing light transmission
(i.e., reflectors), all photons that are not absorbed will be
reflected back toward the original medium.

For a smooth surface, the direction of reflected photons is
determined using the normal to the surface, fiy, and the rule
for specular reflection. The direction of refracted photons is
calculated using ny and Snell’s law. As illustrated in Fig. 2,
for each optical reflection or refraction occurring at a rough
surface Sy, the code calculates a normal n to a local micro-
facet S having an angle 6 with respect to . The distribu-
tion of 6 is governed by a user-selected scalar B8, which can
range from 0 to 1. For each optical interaction, the code
generates a unit vector with random direction ¢ and calcu-
lates fig as follows:

fir = norm[f, + Bo1, (4)

where norm is the normalization function for vectors. In this
article, surface roughness is expressed in terms of the maxi-
mum value of 6, 6. The correspondence between the se-
lected value of B and 6, iS given by

Omax = arcsin(g). (5)

In this representation, 6, corresponds to the largest angle
between the plane of the local microfacets and the plane
determined by S,. Roughness can be measured by means of
extracting a profile of the surface topology from which a
distribution of 6 angles for local microfacets can be deter-
mined. 6. is related to the maximum value of that distri-
bution.
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Fic. 2. lllustration of the surface roughness model used by peTECT-II. §) IS
an interface plane adjoining media 1 and 2, and Sy is a local microfacet that
is tilted at an angle @ with respect to S,. The definitions of iy, B, U, and G«
are given in the main text. Note that v is equal to the vector sum of fiy and
Bo. Since ¢ is a unit vector with random direction, the end points of vy are
located at points along a dotted circle of radius 3, centered at point O. The
dashed line, originating from the point of optical interaction, is tangent to
the circle. Note that this model can generate nonphysical solutions for which
the vector representing the reflected or refracted photon points toward the
wrong medium. In such cases, the code will abandon the solution and repeat
the calculation by generating a new & until a physical solution is obtained.

II.C. Monte Carlo simulations

In this article, the phrase “detector design” will refer to a
collection of detector configurations that employ the same
scintillator material (i.e., BGO or Csl:Tl) and have the same
detector geometry (i.e., Tg;, Pg, and W,,,). For each detector
design, QE and 1,4 were obtained using a customized ver-
sion of MANTIS in which optical transport is disabled. For all
radiation simulations, the cut-off energies for electrons, pos-
itrons, and x-ray photons (the minimum energy below which
tracking of a quantum is terminated) were set to a common
value of 0.01 MeV. The radiation source was a parallel 6 MV
photon treatment beam* with an area of 10X 10 mm?. De-
pending on the element-to-element pitch, 1.016 or 0.508
mm, the beam covers ~10X 10 or 20 X 20 detector elements,
respectively. The beam area is large enough to accurately
simulate the effects occurring at the septal walls and small
enough compared to detector area to ensure containment of
lateral secondary radiation. The choice of a parallel beam
over a pencil beam provides better accuracy in the determi-
nation of QE and Swank factor. For a given detector design,
106 x-ray histories were used in the determination of QE and
| .g» Whereas, for a given detector configuration, 10° histories
were used in the determination of I,y (Simulations involv-
ing optical interactions were more computationally intensive
and thus necessitated fewer histories.) The simulations re-
ported in this article were performed using a 64-bit Linux
cluster with up to two hundred 1.8 GHz AMD Opteron pro-
cessors and consumed a total of ~350000 CPU hours.

The QE was determined directly from the fraction of the
incident X rays that deposit energy in the scintillator crystals
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(which is a standard output from MANTIS). In addition, a
customized output was used to record the energy deposited
in the scintillator crystals by each interacting X ray. This
information was used to generate the absorbed energy distri-
bution from which 1,4 is calculated. For selected detector
designs, lq, Was determined as a function of the various
detector optical properties, including absorption and scatter-
ing in the scintillator crystals, absorption at the top reflector
and at the septal walls, as well as scattering at the side sur-
faces of the crystals. For the determination of 1,,, MANTIS
was used to provide the number of optical photons detected
as well as the amount of energy absorbed in the scintillator
crystals for each interacting X ray. The ratio of these two
quantities yielded the number of light photons detected per
unit of absorbed energy for each interacting X ray. This num-
ber was used to generate the OPD from which 1., was de-
termined.

Each Swank factor (1, |4, and l,,) was calculated using
an expression of the form?

M

l=—2L 6
Mg X M, ®)

where M; is the ith order moment of a distribution P(x)
obtained from®

M, :fxi X P(x)dx. (7)

The refractive indices of BGO, Csl:Tl, and the a:Si-H
photodiode were assumed to be 2.15, 1.79, and 1.70,
respectively.*3* The absorption and scattering coefficients
for both BGO and Csl:Tl (ua.si and usi) Were assumed to
be 0.02 and 0 cm™, respectively,34 unless otherwise stated.
The assumption of us;=0 cm™ corresponds to a scintilla-
tor that is perfectly nonscattering. All surfaces were assumed
to be smooth, except for the side surfaces of the scintillator
crystals whose roughness was defined by the parameter 6,5«
(with 6,5 ranging from 0° to 30°). The top reflector and
septal walls were simulated as reflectors (prohibiting optical
transmission) with absorption characterized by absorptivities
of ay, and ey, respectively. The bottom surface of the
scintillator crystals was assumed to allow light transmission
with no optical absorption and all photons passing into the
photodiode layer are counted as detected signal. This corre-
sponds to the absence of any optical coupling medium.

The values for the optical parameters investigated in this
article correspond to ranges that encompass the estimated
values for existing and anticipated segmented scintillators.
For example, a recently developed Csl:Tl prototype
scintillator,*® with a thickness of 40 mm and a pitch of 1.016
mm, exhibits an estimated, combined scattering and absorp-
tion coefficient of less than 0.02 cm™. In addition, given a
reflectivity of more than ~94% for the septal walls and the
fact that the estimated |, for this prototype is ~0.8," it was
estimated that the absorptivity «,,, is only a few percentage
while 6. IS less than ~10°. While these are rough esti-
mates, they nevertheless provide a benchmark for future pro-
totype development.
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Fic. 3. Simulation results for (a) QE (b) radiation Swank factor (I,,4) and (c)
radiation DQE (DQE,,4). The results are plotted as a function of scintillator
thickness Tg; for segmented BGO and Csl: Tl detectors at pitches of 1.016
and 0.508 mm. In this and the remaining figures, lines are drawn between
the points to guide the eye, unless otherwise indicated.

[ll. RESULTS
I.LA. QE, l,.q, and DQE, 4

Figure 3 shows results for QE, I,,4, and DQE,,, as a func-
tion of scintillator thickness for AMFPIs employing 10 to 40
mm thick segmented BGO and Csl:TI detectors with element
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Fic. 4. Simulation results for optical Swank factor (I,y) plotted as a func-
tion of Tg;. The results were obtained using the nominal and a reduced
conversion gain, Ggg.1) and 0.1 X Geg).7y, respectively. Results are shown for
10 to 40 mm thick segmented Csl:TI detectors at pitches of 1.016 and 0.508
mm.

pitches of 1.016 and 0.508 mm. Detectors with greater T
and higher scintillator density (i.e., BGO) exhibit higher QE
due to increased x-ray attenuation and larger I,,4 due to more
efficient absorption of x-ray energy. Moreover, detectors
with larger Pg show slightly higher QE and I,,q due to their
larger scintillator fill factor (90% at 1.016 mm versus 81% at
0.508 mm). The trends for DQE,,q are similar to those for
QE and |4

I11.B. Validation of the use of reduced conversion
gain for Csl:Tl

The amount of computational time required for the in-
tended systematic examination of I,y for Csl:TI detectors
would exceed that available for this study if the nominal
conversion gain for that material, Ggg.1y (54000 photons/
MeV), were used. In order to overcome this limitation, a
reduced value for conversion gain, 0.1 X Ggg.q, Was used.
The conditions under which such a reduction will still lead to
a correct determination of I, are described in the Appendix.

In order to validate the use of this reduction, a comparison
of I for values determined through simulations of 10 to 40
mm thick Csl:TI detectors at pitches of 1.016 and 0.508 mm
was performed using both G¢g.1p and 0.1 X Geg.1y. In these
simulations, aop, dyan, aNd Gnay Were assumed to be 100%,
4%, and 0°, respectively. The results of the calculations,
shown in Fig. 4, demonstrate that the use of reduced gain
results in negligible underestimation of |, for the examined
detector designs. Moreover, given these results, it is reason-
able to expect that the use of reduced gain should also be
valid for Csl: Tl detectors at pitches between 0.508 and 1.016
mm. Reduced gain was therefore used for all remaining
Csl:TI detector simulations. In the case of the BGO detector
simulations, a reduction in conversion gain is not required
due to the more modest magnitude of that parameter (8500
photons/MeV).
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Fic. 5. Simulation results for I, as
a function of (a) scintillator absorp-
tion coefficient ua.; and (b) scintil-
lator scattering coefficient ug. Re-
sults are shown for 10 to 40 mm
thick segmented Csl: Tl detectors at
pitches of 1.016 and 0.508 mm.
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III.C. lop and DQE

In this section, simulation results for I,, and DQE are
reported as a function of various detector optical properties
for selected segmented detector designs. A summary of the
comparative behaviors of I, for the BGO and Csl:TI detec-
tors appears in Sec. I11 C 5.

[1l.C.1. Absorption and scattering in
scintillator crystals

Figures 5(a) and 5(b) show results for I,y as a function of
Masci (ASSUMING s is O cm™) and Mssci (aSSUMING pua i
is 0 cm™), respectively, for segmented Csl:Tl detectors at
various values of T and Pe. In these simulations, ayop, @y,
and 6, Were assumed to be 100%, 2%, and 0°, respectively.
The results indicate that 1, decreases with increasing wa i
and uggi. Moreover, the rate of decrease is seen to be
steeper for detectors with greater thickness but not obviously
different for detectors of different pitches. Furthermore, the
decline in I, with increasing ua is found to be approxi-
mately linear. [Note that, when both values of ua.; and
Mssci are concurrently nonzero, the resulting decrease in 1y
approximately corresponds to the combined decline observed
from the individual dependencies illustrated in Figs. 5(a) and
5(b)]. In addition, for the detector configurations illustrated
in Fig. 5, the effects of ua.si and wsg; on DQE (which are
not shown) are minimal for detectors thinner than 20 mm
(i.e., DQE changes by less than 0.008) and are still relatively
modest for detectors between 20 and 40 mm thick (i.e., DQE
changes by less than 0.03).

In the simulations reported in the remainder of this article,
Hase and use; are assumed to be fixed at 0.02 and 0 cm™,
respectively, for both BGO and Csl:TI. These values repre-
sent optical properties that are close to those of the Csl:Tl
material used in our present detector development efforts.®*
Although BGO is a more transparent material with negligible
levels of optical absorption and scattering, the use of the
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same ua.si and usgi values for both scintillators allows di-
rect comparison of the behavior of the corresponding I, as a
function of other optical properties. Slightly overestimating
the value of wa.; for BGO leads to a small underestimate of
lopt and DQE.

I11.C.2. Absorption at the top reflector

In Fig. 6, simulation results for I, are shown as a func-
tion of ay, for 20 and 40 mm thick segmented BGO and
Csl: Tl detectors at pitches of 1.016 and 0.508 mm. In these
simulations, ay,; and 6, were assumed to be 2% and 0°,
respectively. For all examined detector designs, I, decreases
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[Z\D\E‘\D
Eo08 | .
d\\\
L —O-—_ Y
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40 mm; 1.016 mm —%— —=—
40 mm; 0.508 mm ——&— —0O-

Fic. 6. Simulation results for 1, plotted as a function of top reflector ab-
sorptivity ¢y, Results are shown for 20 and 40 mm thick segmented BGO
and Csl:TI detectors at pitches of 1.016 and 0.508 mm.
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approximately linearly with increasing eiq,. This decline is
explained in the discussion of the results for Fig. 8. More-
over, o, for each BGO configuration is higher than that for
its Csl: Tl counterpart. The same trends were also found for
the 10 and 30 mm thick detectors, the results for which are
not shown. In addition, for the configurations illustrated in
Fig. 6, the effect of ay,, on DQE (which is not shown) is
relatively small (i.e., less than ~0.017).

[1I.C.3. Absorption at septal walls

Figure 7 illustrates simulation results for I, and DQE as
a function of a,, for 10 to 40 mm thick segmented BGO
and Csl:Tl detectors at pitches of 1.016 and 0.508 mm. In
these simulations, ayo, and 6, Were chosen to be 100% and
0°, respectively. The results shown in Figs. 7(a) and 7(c)
indicate that, for all examined detector designs, |, decreases
as ay, increases. Moreover, this decline is more significant
for detectors with greater Ty; and smaller Pg, the reason for
which is explained in the discussion of the Fig. 8 results
below. In addition, I, for each BGO configuration is higher
than that for its Csl:TI counterpart. Also, as shown in Figs.
7(b) and 7(d), DQE generally decreases with increasing
aywa- Moreover, this decrease is more pronounced for detec-
tors with greater Tg; and smaller Pg, diminishing the advan-
tage of increasing scintillator thickness. In addition, at
pitches of 1.016 and 0.508 mm, the DQE is not strongly
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affected by increasing a,,, for detectors thinner than ~20
and ~10 mm, respectively (at least up to an ay, value of
6%). Finally, at both pitches and at a given value of a,, the
20 mm thick BGO detector generally provides higher DQE
than Csl:TI detectors up to 40 mm thick.

The results shown in Figs. 7(a) and 7(c) demonstrate that
lopt decreases with higher e, greater Ty, and smaller Pg.
As indicated by Eq. (2), greater T; and smaller Pg both
result in greater ¢;. In order to examine the combined in-
fluence of ¢y and ayq ON 1oy, results for segmented BGO
and Csl:TI detectors configured with an absorptive and a
reflective top reflector are plotted as a function of ¢
X ayan N Fig. 8. The four sets of simulation results include
some of the results illustrated in Figs. 6 and 7. In addition,
the two sets of results for the reflective top reflector also
include results obtained from simulations performed at a
value of a,y equal to 4%. In all simulations, 6, was as-
sumed to be 0°. For a given set of results, the small differ-
ence in I, observed for simulation results that correspond to
the same value of ¢ X oy IS @ consequence of the com-
peting, nonlinear effects of ¢y and @y, 0N 14, When there is
optical absorption in the scintillator crystals (i.e., when wa g
is not equal to 0 cm™). For example, at a value of 1.75 for
bei X aans the detector configuration with a greater T, the
same Pg, but smaller a, shows slightly lower I,,. For the
smallest examined value of ¢ X ayq, ~0.1, 1oy is greater
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Fic. 8. Simulation results for I,
plotted as a function of the product
of the aspect ratio of the scintillator
crystals, ¢, and a,,. Results are
shown for AMFPIs employing seg-
mented BGO or Csl:Tl detectors

X BGO: ... =0% configured with a reflective (ay
0.6 . > lop equal to 0%) or an absorptive (e,
BGO; Cliop = 100% equal to 100%) top reflector. The
+ CsI:Tl: o, . = 0% solid and dashed lines correspond to
0.5 - o L top ~5 fits to the simulation results using
i CsLTI; at()p =100% ™ fourth order polynomial functions.
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than 0.99 for all four sets of simulations. As ¢ X @y in-
creases, lq, declines in all cases mainly due to increased
optical absorption at the septal walls. Specifically, greater
¢.i increases the number of optical interactions occurring at
the walls, whereas higher a,, increases the chance of ab-
sorption for each interaction event. For a given top reflector
absorptivity, BGO offers higher I, compared to Csl:Tl at
the same value of ¢ X ayyq. This difference initially in-
Creases as ¢y X ayy, iNcreases but remains approximately
constant beyond a ¢ X ay Value of ~1.9. For a given
scintillator material, the |, obtained with a reflective top
reflector is higher than that obtained with an absorptive top
reflector. Initially, this difference increases with increasing
eci X aan but does not further increase beyond ¢ X ayyan
values of ~1.9 and 1.1 for BGO and Csl:Tl, respectively.
For both BGO and Csl:Tl, this difference remains less than
~0.06 for ¢ X ayy Values up to ~3.5.

[1I.C.4. Scattering at the side surfaces of the
scintillator crystals

Figure 9 shows simulation results for 1., and DQE as a
function of 6,5 for 10 to 40 mm thick segmented BGO and
Csl:TI detectors at pitches of 1.016 and 0.508 mm. In these
simulations, a;o, and e, were assumed to be 100% and
2%, respectively. As shown in Figs. 9(a) and 9(c), oy de-
creases with increasing 6., except between 0° and 5°,
where a slight increase is observed for some of the 10 and 20
mm thick detectors. Moreover, those detectors with greater
Tsi and smaller P are more affected by increasing 6. In
addition, although each BGO detector offers higher I, than
its Csl: Tl counterpart at 6,5 equal to 0°, this difference is
reduced and, for thicker detectors, reversed as 6., increases.
In particular, the reversal of this difference occurs at progres-
sively smaller 6,,,, values for detectors with greater T and
smaller Pg. As shown in Figs. 9(b) and 9(d), DQE generally
decreases with increasing 6, and this decrease is more sig-
nificant for detectors with greater T, and smaller Pg, dimin-
ishing the DQE advantage of increasing scintillator thick-
ness. In addition, at pitches of 1.016 and 0.508 mm, the DQE
for detectors thinner than ~20 and ~10 mm, respectively, is
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not significantly affected by increasing 6. (at least up to
Omax Values of 20°). Finally, at both pitches and for a given
value of 6, the 20 mm thick BGO detectors provide higher
DQE than Csl:TI detectors up to 40 mm thick.

The results shown in Figs. 9(b) and 9(d) demonstrate that,
for all the detector designs examined, the decline of DQE
with increasing 6. is not steep at small values of 6,,,,. For
purposes of this study, the 6., Value at which DQE drops to
90% of its value at 6, equal to 0° is defined as the rough-
ness resistance of the scintillator crystal side surfaces,
Omax-0.9- IN Fig. 10, values for 6,409 are plotted as a func-
tion of Ty for BGO and Csl:TI detectors at pitches of 1.016
and 0.508 mm. In the figure, 609 IS Seen to decrease in an
asymptotic-like manner as Tg; increases. Moreover, at a
given Tgi, Omax—0.9 IS significantly higher for those detectors
with the larger pitch. In addition, at the larger pitch, each
BGO detector offers a higher value of -0 ¢ than its Csl: Tl
counterpart. By comparison, at the smaller pitch, BGO offers
higher Oa-0.9 ONly when Tg; is less than ~30 mm.

Figure 11 shows simulation results for I, as a function of
¢ Tor BGO and Csl:Tl detectors at 6,5 Values of 10° and
20°. The four sets of results shown in this figure were ob-
tained using detector thicknesses varying from 10 to 40 mm
and pitches of 0.508, 0.65, 0.8, and 1.016 mm, and include
some of the results shown in Fig. 9. In all simulations, ay,
and ay, Were assumed to be 100% and 2%, respectively.
For all four sets of simulations, |, is observed to decrease as
i increases. At a 6. value of 10°, BGO consistently of-
fers a higher I,y than Csl:TI. However, at a 6, value of
20°, Csl:Tl provides higher I, for values of ¢ greater than
~40. Note that, no general trends were found when the I
results for the BGO and Csl:Tl detectors shown in Figs. 9
and 11 were plotted as a function of ¢y X Opax-

l1.C.5. Comparison of Iy, for BGO and Csl:Tl
detectors

The simulation results reported in Secs. I11 C 2 through
I11 C 4 indicate that, at a 6, value of 0°, BGO detectors
offer higher 1, than their Csl:TI counterparts. However, as
Omax Increases, the difference in I, between the BGO and
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mm, were obtained from the |, results appearing in Fig. 9.
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Csl: Tl detectors is reduced and, for thicker detectors, is
eventually reversed. It is believed that this complex behavior
is the result of the higher refractive index of BGO, 2.15,
compared to that of Csl:Tl, 1.79. Since the refractive index
of the photodiode array, 1.70, is lower than that of both scin-
tillators, total internal reflection occurs at the bottom surface
of the scintillator crystals starting at critical angles y of 52°
and 72° for the BGO and Csl: Tl detectors, respectively. As a
result of these different y values, light photons incident at
angles between 52° and 72° can be detected for the Csl:TI
detectors but not for the BGO detectors. For the case of .
equal to 0°, these photons, compared to those incident at
angles smaller than 52°, have traveled through pathways that
are less perpendicular to the photodiode array. On average,
they have experienced more interactions at the partially ab-
sorptive septal walls. The detection of these additional pho-
tons results in widening of the optical pulse distribution, re-
ducing lo, for the CsLTI detectors. However, as 6y
increases, the aforementioned correlation between a photon’s
incident angle on the bottom surface of the scintillator crys-
tals and the number of interactions it incurs is weakened,
which reduces the difference in I, between the BGO and
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Fic. 11. Simulation results for I as
a function of ¢y; for BGO and
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Csl:TI detectors. In the case of larger 6, values, Csl: Tl has
the advantage of a higher mean value for the optical pulse
distribution, resulting in slightly higher 1, as observed in
Figs. 9 and 11.

V. DISCUSSION AND CONCLUSIONS

The theoretical investigation of optical Swank noise and
DQE reported in this article illustrates how Monte Carlo
techniques can be used to explore the numerous parameter
choices involved in the design of segmented scintillating de-
tectors so as to achieve optimized prototypes that provide
greatly improved DQE compared to conventional MV AM-
FPIs. Such techniques allow examination of Swank noise
contributions originating from both optical and radiation
transport. In the present study, the Swank noise due to the 6
MYV poly-energetic x-ray spectrum and the Swank noise re-
sulting from the absorbed energy distributions are combined
in the AEDs, resulting in the combined radiation Swank fac-
tor lg. As shown in Fig. 3(b), l,,q is on the order of 0.5,
causing the DQE to decrease by approximately a factor of 2.
Additional degradation can occur if the optical properties of
the scintillator crystals and the septal walls are not carefully
chosen. The effect of these properties on DQE is quantified
by the optical Swank factor I,,. The simulation results re-
ported in Sec. Il demonstrate that I, is larger for detectors
with smaller ¢ (i.e., smaller Ty; and larger Pg). Although
the use of larger P leads to higher DQE at zero spatial
frequency, it is also necessary to ensure that the element
pitch is sufficiently small to avoid significant loss of spatial
resolution and DQE at high spatial frequencies. At a given
value of ¢, lop generally decreases with increasing i,
Msscir Qopr Qwalls OF Omay. Among these five optical proper-
ties, only ayq and 6., significantly degrade DQE at ¢
values greater than ~20 — such as for 10 and 20 mm thick
detectors at Pg values of 0.508 and 1.016 mm, respectively.
In addition, the results shown in Figs. 7 and 9 can be used to
determine the value of ) and 6y, beyond which a thicker
detector does not provide a higher DQE. For example, for
BGO detectors at a pitch of 0.508 mm, DQE does not in-
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crease as T increases from 30 to 40 mm when ayy IS
greater than ~3% (when 6, is equal to 0°) or when 6,4 is
larger than ~8° (when a, is equal to 2%).

At 64 equal to 0°, the results shown in Fig. 8 (and the
corresponding fits) can be used to estimate I, for detectors
having values of Tg;, Pg, and ay,, that are not specifically
examined in this study. Note that such estimates may not be
valid beyond the parameter ranges examined in this study.
Moreover, since the results in Fig. 6 indicate that Iy, de-
creases approximately linearly with increasing «,, the Fig.
8 results can also be used to estimate oy for oy, values
between 0% and 100%. In addition, at 6, of 10° and 20°,
the results illustrated in Fig. 11 (and the corresponding fits)
can be used to estimate I, for detectors having values of Tg;
and Pg that are within the examined range of parameters but
not specifically investigated in this study. Finally, in the de-
velopment of future prototype detectors, the 609 Values
shown in Fig. 10 could provide guidance for avoiding sig-
nificant loss of DQE due to scattering at the side surfaces of
the scintillator crystals.

The examination of hypothetical detector designs reported
in Sec. Il assumes the use of polystyrene septal walls that
have radiation properties generally consistent with the type
of polymer walls used in recent prototype detectors.'** Al-
ternatively, septal walls could conceivably be made of metal
(e.g., silver foil or tungsten powder with reflective coating).
In radiation simulations carried out for BGO and Csl:Tl de-
tectors involving 0.05 mm thick tungsten septal walls, the
replacement of polymer walls with tungsten walls was found
to result in higher DQE,,q — by up to ~0.04 and 0.08 at Pg
values of 1.016 and 0.508 mm, respectively. However, metal
walls are typically more absorptive (e.g., ayqy iS greater than
10%) than polymer walls, resulting in lower I,y that may
mitigate the higher levels of DQE,,q. Were it possible to pro-
duce metal walls with low absorptivity, the I, behaviors
reported in Sec. Il should also be applicable to detectors
employing such walls.

It has also been suggested that metal walls having higher
than desired absorptivity could be used if these walls were
fabricated so as to exhibit graded absorptivity.®® Such walls
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would be made to provide less optical absorption near the
top of the detector (i.e., on the side near the x-ray source)
compared to the bottom (i.e., on the side next to the array) —
which could potentially improve Iy As an initial test of this
hypothesis, a 40 mm thick Csl: Tl detector was simulated
with dual-grade septal walls — such that the absorptivity of
the top half of the walls, ay,.1, was fixed at 10%, while that
of the bottom half, a0, Was fixed at a value ranging from
10% to 14%. The result of these simulations indicates that
lopt dECreases as ayq-, increases, showing no gain in I,y for
septal walls graded in this manner. However, it is conceiv-
able that, in order to achieve a gain in Iy, the walls need to
be divided into many more grades, with optimized absorp-
tivity applied to each grade, or varied in a continuous man-
ner. Simulations to guide the optimization of such graded
walls are of interest but are beyond the scope of the present
study.

In summary, results from this theoretical investigation
suggest that, with optical properties optimized with the help
of computer simulations, AMFPIs based on thick, segmented
Csl:TI and BGO detectors offering significantly improved
DQE [up to ~29% and 42%, corresponding to ~29 and 42
times higher than that of conventional MV AMFPIs, respec-
tively, as shown in Fig. 7(b)] can be achieved. It is antici-
pated that such greatly increased DQE will result in signifi-
cant enhancement of performance for electronic portal
imaging and facilitate acquisition of MV CBCT images with
soft-tissue visualization at clinically acceptable doses.’
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APPENDIX: JUSTIFICATION FOR REDUCED GAIN
IN Csl:TI SIMULATIONS

This appendix describes the conditions under which, in
the present study, a 90% reduction in the conversion gain for
Csl:TI detectors will still lead to a correct determination of
lopt- In the MANTIS simulations, an X ray deposits its energy
in the scintillator in multiple (k) steps. Each energy deposi-
tion, E,, generates N, optical photons, as determined by the
conversion gain and Eq. (3). For each interacting X ray, the
total energy absorbed in the scintillator, E,, is given by

Ep= §k‘, = (A1)

while the total number of optical photons generated, Ng, is
given by
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Ng = Ek Ni. (A2)
Due to light loss in the x-ray detector, only a fraction # of
the Ng optical photons are detected in the photodiode array.
(7 is referred to as the optical detection efficiency.) There-
fore, for each interacting X ray, the number of optical pho-
tons detected, Np, is given by

ND =n X NG! (A3)

so that the number of optical photons detected per unit of
energy absorbed in the scintillator, Ng, may be determined
from

NE = ND/EA' (A4)

As indicated in Sec. Il, the distribution of Ng, P(Ng), re-
ferred to as the optical pulse distribution, is used to deter-
mine o, by means of Egs. (6) and (7). By substituting Egs.
(3) and (A1) to (A3) into Eq. (A4), Ng may be expressed in
terms of 7, E,, and G as follows:

7 X >, (Poisson[round[E; X G]])
NE = K . (AS)

> E
K

Since MANTIS rounds the product E, X G to the nearest inte-
ger before generating light photons, the use of reduced con-
version gain for Csl:Tl (i.e., G=0.1 X G¢g.7)) may result in a
reduction in Ng greater than the intended 90%. This addi-
tional loss in Ng occurs when 0.5=(E, X G)<5. For this
range of E, X G values, while the nominal gain will result in
generation of a few optical photons (i.e., 1 to 5), the reduced
gain will lead to the generation of no light photons (since
E,X0.1XG is rounded to zero). Therefore, in order to
achieve the intended 90% reduction in Ng, the probability of
0.5=(E, X G) <5 must be negligible.

It is of interest to note that, when the nominal gain for the
Csl:TI detectors is used (i.e., when G=Ggg.7y), Ng is found
to be very large (~40 000 to 110 000), resulting in a very
small statistical uncertainty for % (~0.3% to 0.5%). This un-
certainty remains small (~1.0% to 1.6%) even when Ng is
reduced by 90%. Therefore, if Ng is reduced by the intended
90% when reduced gain is used, Ng will also be reduced by
~90% as intended (given that the value of 7 will remain
relatively unchanged). As a result of the reduction in Ng, the
first and second order moments of P(Ng), M, and M, will be
reduced to 10% and 1% of their original values, respectively.
As can be seen from Eq. (6), since the value of M, remains
unchanged, the effect of such reductions in M; and M, will
cancel out, leaving the value of I, unchanged.

In summary, in order to demonstrate the validity of using
reduced gain, it is necessary to show that the probability of
0.5=(E,X G)<5 is not high enough to affect the determi-
nation of I,,. For each Csl:Tl detector design (i.e., for a
collection of Csl:TI detector configurations offering the same
radiation transport properties and the same value of G), such
validation can be demonstrated by comparing |, values de-
termined from simulations using the nominal and reduced
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gains. This comparison only needs to be performed for one
configuration of each design, since the value of E, X G is the
same for all configurations of that design.
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