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Purpose: Electronic portal imaging devices based on megavoltage (MV), active matrix, flat-panel
imagers (AMFPIs) are presently regarded as the gold standard in portal imaging for external beam
radiation therapy. These devices, employing indirect detection of incident radiation by means of a
metal plate plus phosphor screen combination, offer a quantum efficiency of only ~2% at 6 MV,
leading to a detective quantum efficiency (DQE) of only ~1%. In order to significantly improve the
DQE performance of MV AMFPIs, a strategy based on the development of direct detection imagers
incorporating thick films of polycrystalline mercuric iodide (Hgl,) photoconductor was undertaken
and is reported.

Methods: Two MV AMFPI prototypes, one incorporating an ~300 wm thick Hgl, layer created
through physical vapor deposition (PVD) and a second incorporating an ~460 wm thick Hgl, layer
created through screen-printing of particle-in-binder (PIB) material, were quantitatively evaluated
using a 6 MV photon beam. The reported measurements include empirical determination of x-ray
sensitivity, lag, modulation transfer function (MTF), noise power spectrum, and DQE.

Results: For both prototypes, MTF and DQE results were found to be consistent with theoretical
expectations and the MTFs were also found to be higher than that measured from a conventional
MV AMFPI. In addition, the DQE results exhibit input-quantum-limited behavior, even at ex-
tremely low doses. Compared to PV D, the PIB prototype exhibits much lower dark current, slightly
higher lag, and similar DQE. Finaly, the challenges associated with this approach, as well as
strategies for achieving considerably higher DQE through thicker Hgl, layers, are discussed.
Conclusions: The DQE of each of the prototypes is found to be comparable to that of conventional
MV AMFPIs, commensurate with the modest photoconductor thicknesses of these early samples. It
is anticipated that thicker layers of Hgl, based on PIB deposition can provide higher DQE while
maintaining good material properties. © 2010 American Association of Physicists in Medicine.
[DOI: 10.1118/1.3416924]
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[. INTRODUCTION

A central goal of external beam radiation therapy is to de-
liver maximum dose to the tumor while minimizing the dose
delivered to surrounding normal tissues. To assist in this
goal, portal imaging with film cassettes has long been em-
ployed for patient setup verification.* Recently, electronic
portal imaging devices (EPIDs) have become widely used
due to their significant advantages over film.>** Contempo-
rary EPID technology is primarily based on megavoltage
(MV), active matrix, flat-panel imagers (AMFPIs) employ-
ing indirect detection of incident radiation by means of a
metal plate and a phosphor screen combination of the type
used in portal film cassettes.*”’ These MV AMFPIs (referred
to as conventional MV AMFPIs in this article) offer numer-
ous advantages such as improved detective quantum effi-
ciency (DQE) and image quality, as well as digital image
format and instant image display,>*® and are presently re-
garded as the gold standard in portal imagi ng.“'8 An aterna-
tive form of MV AMFPI, employing an a-Se photoconductor
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for direct detection of incident radiation, has been investi-
gated but has not been clinically implemented.g‘12

Despite their advantages, conventional MV AMFPIs offer
only a very low quantum efficiency (QE) of ~2% at 6 MV.
This is a consequence of the limited x-ray attenuation of the
X-ray detector at megavoltage energies. Such detectors typi-
cally consist of an ~1 mm thick Cu plate and a Gd,0,S: Th
screen with a surface density of ~133 mg/cm2.*%* Such
low QE leads to a maximum DQE of only ~10p. 471314 By
comparison, AMFPIs designed for diagnostic applications
typically exhibit maximum DQE vaues in the range of
40%-80%.7 It is anticipated that improvements in DQE
for MV AMFPIs should lead to significantly improved imag-
ing performance, reduced dose, and soft-tissue visualization
by means of MV cone beam computed tomography per-
formed at clinically acceptable doses.#%

Since the performance of conventional MV AMFPIs is
already x-ray input-quantum-limited,”*** improving the
DQE of such systems requires an increase in the QE of the
x-ray detector. Unfortunately, increasing QE by simply em-
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ploying thicker phosphor screens diminishes spatia
resolution® and increases optical Swank noise®® both of
which degrade DQE performance. In order to achieve sig-
nificantly improved DQE performance from MV AMFPIs, as
well as from other forms of EPIDs, a variety of high QE
detectors have been investigated. For example, the use of
linear arrays of detectors scanned across the field of view has
been explored with detector configurations such as a 25 mm
thick segmented ZnWO, scintillator,”® a 25 mm thick seg-
mented Csl:Tl scintillator,® and a 2 mm thick CdTe
detector.?® Other linear detector array concepts include a seg-
mented BGO scintillator and a CdWO, scintillator for MV
computed tomography,®?” a xenon gas ionization chamber
for tomotherapy,?® and a 100 atm xenon gas detector incor-
porated in a kinestatic charge detection EPID.?** In addi-
tion, 2D detectors that have been investigated include a 12
mm thick Csl:TI scintillator coupled to a video camera® a
10 mm thick segmented Csl: Tl scintillator coupled to a lens
and CCD camera,*> a Cerenkov radiation detection EPID
incorporating an ~30 cm thick taper consisting of a matrix
of optical fi bers,* and a xenon gas detector with tungsten
walls consisting of microstructured plates packed together
and aligned with the incident x-ray beam.® Furthermore, 2D
scintillators integrated into MV AMFPIs include a 0.8 mm
thick Csl:Tl needle scintillator,®® a 2 mm thick segmented
phosphor  scintillator,?? and severa segmented Csl:Tl
and BGO scintillators with thicknesses ranging from
8 to 40 mm,181937.38

An dternative approach for improving DQE performance
involves the development of direct detection MV AMFPIs
incorporating thick films of polycrystalline mercuric iodide
(Hgl,) photoconductor. In direct detection AMFPIs, the
charge created by x-ray interactions within the photoconduc-
tor is collected by means of an externally applied electric
field, resulting in minimal lateral spread of the imaging sig-
nal. This characteristic means that, in principle, photocon-
ductor thickness (and QE) can be increased without serious
degradation of spatial resolution, other than that due to ob-
liquely incident radiation. Compared to detector materias
used in conventional diagnostic or MV AMFPIs (i.e,
Gd,O,S:Th, Cdl:Tl, and aSe), Hgl, exhibits a higher effec-
tive atomic number (Z,66) and a relatively high material
density (p,6.36 g/cm?®), which result in a high x-ray attenu-
ation. By comparison, for Gd,O,S:Th phosphor screens,
Csl:Tl and a-Se, Z; is 57 (ignoring binder material), 54, and
34, while p is ~3.7, 4.5, and 4.3 g/cm®, respectively. In
addition, relatively thick layers of Hgl, are conceivable, as
suggested by an early study of polycrystalline Hgl, samples
as thick as 1.8 mm.*® Finally, the electric field strength re-
quired to extract signal from polycrystalline Hgl, at high
levels of sensitivity is only on the order of ~0.5 to
1 V/,um,40_44 much lower than the ~10 V/um required for
aSe detectors.

In this article, an initial investigation of the signal and
noise properties of prototype MV AMFPIs incorporating
polycrystalline Hgl,, is reported. The results include empiri-
cal determination of sensitivity, lag, modulation transfer
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TaBLE |. Specifications for the PIB and PVD MV AMFPI prototypes exam-
ined in this study.

Prototype PIB PVD
Barrier layer thickness 3 um ~15 um
Photoconductor thickness 460 um 300 um

Packing density
Quantum efficiency (at 6 MV)

~50%
~2.1%

~90%
~2.5%

function (MTF), noise power spectrum (NPS), and DQE.
Sensitivity, MTF, and DQE results are compared to those
obtained from a conventiona MV AMFPI, as well as with
theoretical calculations based on Monte Carlo simulations.
While these early prototypes employ relatively thin layers of
Hgl, (providing QE only comparable to that of the
Gd,O,S: Th detectors used in conventiona MV AMFPIs),
the study was conducted in the spirit of acquiring the expe-
rience necessary to develop thicker, higher QE Hgl, detec-
tors in the future. Finally, the challenges inherent in this ap-
proach, strategies for meeting these challenges, and
prospects for further progress are discussed.

Il. METHODS AND MATERIALS
IILA. Prototype imagers

Two MV AMFPI prototypes were examined in this study.
Each prototype consists of a layer of polycrystalline Hgl,
photoconductor coated on an AMFPI array, using a screen-
printing technique with particle-in-binder (PIB) materia for
one prototype and a physica vapor deposition (PVD)
method for the other.*®* Specifications for the PIB and PVD
prototypes, referred to as PIB#1 and PVD#2 in a previous
publication,® are listed in Table I. The PIB layer is
~460 um thick and consists of Hgl, grains mixed with a
polymer binder (having a mass density of 1.05 g/cm®). The
packing density (defined as the mass density of the Hgl,
layer expressed as a percentage of the single crystal density
of thismaterial) is ~50%. The PVD layer is ~300 wm thick
with a packing density of ~90%. Figure 1 shows photomi-
crographs of the surface of the Hgl, layer for the two proto-
types, illustrating significant differences due to their respec-
tive compositions and fabrication techniques.

In the previous study involving these and 18 other PIB
and PVD prototyp&s,43 a variety of properties (i.e.,, charge
trapping, lag, pixel response, linearity, uniformity of pixel
response, x-ray sensitivity, effective work function, MTF
and, for one PVD prototype, NPS and DQE) were investi-
gated under diagnostic irradiation conditions (72 kVp, 20
mm Al filtration). However, neither the properties of any of
these 20 prototypes, nor of any other similarly coated arrays,
have been previously investigated under MV irradiation con-
ditions. Furthermore, the considerably different energy spec-
trum of aMV beam (resulting in a much more uniform depo-
sition of energy across the detector thickness), as well as the
very different temporal structure of the MV radiation beam
(~5 usbeam pulsesevery ~16.7 ms), make it unlikely that
properties determined under diagnostic conditions could be
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Fic. 1. Photomicrographs of the surface of the (a) PIB and (b) PVD polycrystalline Hgl, photoconductor prototypes used in this study.

used to reliably predict those under MV conditions. While it
has been previously suggested® that non-performance-
related considerations may favor the PIB form of the mate-
rial for MV imaging (namely, comparative ease of fabrica-
tion for thick detectors, as further detailed in Sec. IV of this
article), the above considerations make it interesting and sen-
sible to perform an objective examination of prototypes
based on both PIB and PVD. Also note that, while dark
current and signal current results obtained under MV condi-
tions from film detectors with barrier and polycrystalline
Hgl, layers similar to those of the present study have previ-
ously been reported,** the relatively simple construction of
those detectors precludes acquisition of the type of spatial
frequency-dependent information offered by arrays.

The AMFPI arrays used for the two prototypes are based
on a direct detection design referred to as ND10 (dpiX,
USA). ND10 has a pixel pitch of 127 um and a pixel format
of 768 768, providing an imaging area of ~9.8X 9.8 cm?.
Each pixel consists of an aSi:H thin-film-transistor (TFT)
and a storage capacitor. Figure 2 shows a schematic drawing
of across-sectional view of asingle array pixel. As shown in
the figure, Hgl, photoconductor was coated on top of a
polymer-based barrier layer, which was applied to the array
to prevent chemical damage by the Hgl,. The barrier layer
also provides adhesion between the photoconductor and the
array surface, while still allowing transport of x-ray induced
charge from the photoconductor to the underlying
electrodes.”* An ~1000 A thick palladium layer, serving as
a top electrode, was deposited directly on the photoconduc-
tor.

In addition, an ~1 mm thick Cu plate, wrapped in a sheet
of paper to avoid electrical contact with the top electrode,
was placed over the Hgl, to absorb scattered, low energy
electrons and photons, as well as to increase quantum effi-
ciency. The x-ray detector thus consists of the Hgl, photo-
conductor and the Cu plate. Note that the choice of an
~1 mm Cu plate in this study corresponds to that used in
conventional MV AMFPIs as well as that used in an inves-
tigational MV AMFPI incorporating a-Se.*> While adjust-
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ment of the physical parameters of the plate could result in
improvement in performance, this was beyond the scope of
the present investigation.

During image acquisition, the pixel TFTs are kept non-
conducting and imaging signal due to charge created in the
Hgl, material by interacting X rays is accumulated in the
pixel storage capacitors. This signa is read out, one row of
pixels at a time, by rendering the corresponding TFTs con-
ducting, and then amplified and digitized by externa
electronics.

I1.B. Measurement methods

The measurements were performed using a 6 MV photon
beam delivered by a Varian 21EX linear accelerator (linac).
Unless otherwise specified, the linac was operated at a dose
rate of 100 monitor units (MUs) per minute with afield size
of 10x 10 cm?. The linac is calibrated so that 1 MU corre-

Incident X rays

Cu plate

Encapsulation —
Top electrode -

Hgl, photoconductor ——>

Barrier layer
Bottom electrode ——>

O ral
Passivation — Y, r,z, Pll:"llmlli:!
}\Pixel storage

Back contact

/7
TFT
Glass substrate Ground plane capacitor

Fic. 2. Schematic, cross-sectional view of a portion of a prototype array
pixel. The region depicted in the drawing corresponds to a single array pixel
along with the various overlying layers associated with the x-ray detector.
The ellipses superimposed on the drawing indicate the general region of the
TFT and pixel storage capacitor. Note that the drawing is not to scale and, in
particular, the dimensions of various features in the vertical direction have
been exaggerated for clarity of presentation.
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sponds to a dose of ~0.8 cGy at a distance of 100 cm from
the radiation source at a depth of 10 cm in water with a
10x 10 cm? field. Each MU corresponds to the delivery of
~36 beam pulses. A custom-designed data acquisition sys-
tem, G3,® was employed to control array operation, includ-
ing signal readout, amplification, digitization, and data trans-
fer. In addition, a low noise ASIC chip, MASDA-R,*® was
used for signal preamplification. During acquisition, a data
frame is formed through readout of the entire array. Image
frames and dark frames correspond to data frames acquired
with and without radiation, respectively. Signal and noise
data, including sensitivity, lag, and NPS, were acquired in
fluoroscopic mode, while MTF data were acquired in radio-
graphic mode 0>

In fluoroscopic mode, a sequence of image frames was
acquired in synchronization with beam pulses (using the
“Target 1" signal provided by the linac), so that every image
frame was read out after delivery of a predetermined number
of pulses. Dark frames were acquired in synchronization
with pulses generated by a pulse generator (33250A, Agilent
Technologies, Inc., USA) operated at the same frequency as
the beam pulses. In radiographic mode, an image frame was
acquired after the delivery of preprogrammed MUs over a
timeinterval set by the G3 system. A dark frame in this mode
was acquired over the same time interval.

Dark and image frames were binned in a 4 X4 format
resulting in data frames with 192X 192 “pixels’ at a pixel
pitch of 508 wm, matching that of a conventional MV AM-
FPI, results from which are reported for purposes of com-
parison. This conventional MV AMFPI consists of an indi-
rect detection array with 512X 512 pixels, a Lanex FAST B
screen (360 um of Gd,0,S: Th with a packing density of
~50%), and an ~1 mm thick Cu plate’® The sensitivity,
MTF, and DQE results measured from the prototypes are
directly compared to those measured from the conventional
MV AMFPI.

[1.B.1. Selection of electric field strength

A negative bias voltage was applied to the top (palladium)
electrode to provide an electric field across the photoconduc-
tor for efficient charge collection during the measurements.
The strength of this electric field was selected through em-
pirica investigation of the dependence of pixel signa re-
sponse and dark current on the magnitude of this field, as
described in Sec. IlI.

[I.B.2. Measurement setup

In the signal and noise measurements, a source-to-
detector distance (SDD) of 350 cm was chosen, unless oth-
erwise indicated, to allow the investigation of prototype per-
formance at very low doses. In order to permit this extended
SDD, the gantry of the linac was positioned at 90° and the
plane of the MV AMFPI prototype was oriented perpendicu-
lar to the floor. In addition, the prototypes were located far
from walls to reduce contribution from backscatter radiation.
With this arrangement, the x-ray signal of the prototypes,
obtained from the average of dark-subtracted image frames,
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was kept below ~5% of pixel saturation, corresponding to
operational conditions under which pixel signal response is
highly linear. Given that the x-ray fluence (i.e., the number
of X rays per unit area) at an SDD of 350 cm is only
~13.8% of that at the typical distance that MV AMFPIs are
positioned (130 cm),*” an irradiation of 1 MU at 350 cm can
be considered approximately equivalent to an irradiation
0.138 MU at 130 cm. Therefore, to convey the signal and
noise performance to be expected at 130 cm, the doses for
the reported sensitivity, lag, and NPS measurements and re-
sults for sensitivity have been adjusted by a factor of 0.138.

I1.B.3. Sensitivity

In order to evaluate x-ray sensitivity, x-ray induced pixel
signal was measured as a function of dose in units of MU.
Several sequences of image frames were acquired with each
sequence comprising 2, 4, 6, 8, 14, or 20 beam pulses per
frame, corresponding to ~0.008, 0.015, 0.023, 0.031, 0.054,
and 0.077 MU, respectively. For each sequence, a set of 100
dark frames and a set of 100 image frames were acquired and
averaged to produce a single dark frame and a single image
frame, respectively — the difference of which yielded the
pixel signal response. Sensitivity, in units of MU, was de-
termined from the slope of a linear fit to the pixel signal
response data plotted as a function of radiation dose.

I1.B.4. Lag

Lag measurements were performed at a frame time Tg
(defined as the time period between the beginning of con-
secutive frames) of ~0.35 s. For each prototype, three se-
quences of data frames were acquired, each sequence con-
sisting of an initial 30 dark frames, followed by 220 image
frames (with a constant number of beam pulses per frame),
and a final 150 dark frames. These image frames were ac-
quired with 8, 12, or 20 beam pulses per frame, correspond-
ing to ~0.031, 0.046, and 0.077 MU, respectively. Further

details about the determination of lag appear
in Sec. Il C.
II.B.5. MTF

The MTF was measured using the angled dlit technique.52
The dlit consists of a pair of 20X 10X 5 cm?® steel blocks
separated by 0.01 cm thick shims, resulting in a 0.01 cm gap,
which is 5 cm long and 20 cm deep.? The linac gantry was
positioned at 0° and the dlit was mounted in the accessory
slot of the linac and positioned such that the exit surface of
the glit was almost in contact with the prototype, resulting in
a SDD of ~86 cm.

In these measurements, the dit gap was centered with
respect to the radiation source in order to maximize the ra
diation transmitted through the gap. In addition, the dlit gap
was oriented at a small angle (~1°) with respect to the data
lines of the array to allow oversampling of the line spread
function (LSF). For each prototype, five dit image frames
were acquired at a dose rate of 600 MU/min. Five “radiation
dark” frames were also acquired with the dlit laterally dis-
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placed ~0.6 cm from the centered position, using the same
amount of radiation as in the acquisition of the slit images so
as to provide a measure of the radiation penetrating through
the blocks. The dlit image frames and data radiation dark
frames were processed through application of gain and offset
corrections.>® Subsequently, the slit image frames were cor-
rected through subtraction of background radiation (using the
averaged radiation dark data) and correction for defective
pixels (using a 3 X 3 median filter). The processed dlit im-
ages were averaged to produce LSF data, the Fourier trans-
forms of which yielded presampled MTF results.

[1.B.6. NPS and DQE

For both prototypes, dark and image frames acquired for
the sensitivity study were also used to determine NPS. Gain
and offset corrections were applied to the image frames,
while only offset corrections were applied to the dark frames.
Correction for defective pixels using the 3 X 3 median filter
affected less than 0.2% of the total number of pixels per
frame. NPS results were obtained from these frames using
the synthesized dlit technique,™® with 100 independent, non-
overlapping “dits” formed from the image frames for each
prototype. Each dlit consisted of data from a block of
151X 72 pixels for the PIB prototype (144X 96 pixels for
the PVD prototype), with the longer dimension oriented
along the gate line direction. For each dlit, pixel data were
summed along the data line direction to form a 151 (144)
point realization for PIB (PVD). In addition, the low fre-
guency background trend was subtracted and a Hanning win-
dow function was applied to each realization. A Fourier
transform was then applied to each of the 100 realizations,
resulting in a series of 1D NPS. The final empirical NPS was
detelrsmi ned from the average of these 1D NPS, corrected for
lag.

The DQE performance of the prototype MV AMFPI im-
agers was empirically calculated using the following equa-
tion:

DQE=— , (1)

where A is the average pixel signal, MTF is the presampled
MTF, NPS is the empiricaly determined noise power
spectrum, and (¢, is the mean x-ray fluence
(~8.19x 10° photons/mm? for a dose of 1 MU at an SDD
of 130 cm).

II.C. Monte Carlo simulations

Empirical MTF and DQE results were compared to those
obtained from Monte Carlo simulations of radiation trans-
port, performed using the EGSnrc and DOSXYZnrc
codes.>** The methodology for these simulations, detailed
in previous publications,**#%% is briefly summarized as fol-
lows. The simulated photoconductive detector comprises a
layer of Hgl, (PVD or PIB) coupled with an overlying 1 mm
thick Cu plate. The energy absorbed in the Hgl, was scored
as imaging signal. The simulations employed a parallel pho-
ton beam with a spectrum corresponding to that of a 6 MV
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photon beam delivered by a Varian linac.*® The simulated
presampled MTF, MTFg,,,, was obtained by simulating en-
ergy deposition using a line source with a width of 4 um
and 1x 108 x-ray histories, with the X rays perpendicularly
incident on a detector having a surface area of
40% 40 cm?.?% The simulated NPS, NPSy,,, Was obtained
by using a square uniform source (30X 30 cm?), with the X
rays perpendicularly incident on a detector (consisting of
600 600 pixels with a 508 um pitch).*” A total of 100
image frames were simulated with 1x10° histories per
frame. The signa in the central 500X 500 pixels of each
frame was used to form ten nonoverlapping dlits, each dlit
consisting of 250X 100 pixels. For each dlit, after averaging
pixel data along the narrower direction, the resulting 250
point realization was detrended and further processed by ap-
plying a Hanning window function. The simulated NPS was
determined from the average of a series of 1D NPS, obtained
from applying Fourier transforms to each of 1000 realiza-
tions. The simulated DQE, DQEy,,, was determined by means
of Eq. (1), using MTFg,,, and NPSy,,,. Given that only radia-
tion transport was simulated (i.e., not accounting for second-
ary e-hole pairs created in the photoconductor), the results
for MTFg, and DQEy,,, correspond to theoretical upper lim-
its for the prototype imagers.

Ill. RESULTS
III.LA. Selection of electric field strength

Figure 3(a) shows pixel x-ray signa as a function of field
strength. Each data point in this figure corresponds to the
x-ray signal obtained at a fixed dose from the average of 16
image frames. For each prototype, the signal is seen to in-
crease with increasing field strength before asymptotically
approaching a plateau at a field strength of ~0.8 V/um.
Figure 3(b) shows dark current (normalized to unit photo-
conductor area and obtained using a previously described
method)® plotted as a function of field strength. For both
prototypes, the dark current is seen to increase as field
strength increases. However, the PIB prototype exhibits
much lower dark current than the PVD prototype. For ex-
ample, at a field strength of 1 V/um, the dark current for
the PIB prototype (~4 pA/mm?) is ~10 times lower than
that of the PVD prototype (~40 pA/mm?). While high dark
current consumes pixel signal capacity and leads to large
shot noise, the frame times used in the present study were
sufficiently short (a maximum of ~330 ms) that neither ef-
fect was a consideration in the present investigation. (This
differs considerably from the situation for the earlier study
conducted under diagnostic conditions where dark current
considerations did limit the choice of field strength, with the
result that pixel signal extraction for the 20 prototypes was
as low as 81%.)*® Unconstrained by concerns about dark
current, the PIB and PVD prototypes were operated at the
highest electric field strength that each array would support
(~1.3and ~1.0 V/um, respectively) without inducing tem-
poral spikes in the dark current. Maximization of the field
strengths helped to reduce the known effects of polarization
and charge trapping in PIB and PVD detectors™** while also
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Fic. 3. Measurements from the PIB prototype (open triangles) and the PVD prototype (shaded circles) of (a) x-ray signal response obtained at a fixed dose
of ~0.023 MU and (b) dark current. The results are plotted as a function of the electric field strength, calculated from the magnitude of the bias voltage

applied across the photoconductor divided by the thickness of the Hgl, layer.

serving, by virtue of high signal response, to reduce the rela-
tive contribution of noise from the acquisition electronics.
These field strengths were used for all measurements of sen-
sitivity, lag, MTF, and NPS.

[I1.B. Sensitivity

Figure 4 shows pixel x-ray signal as a function of dose
measured from the PVD and PIB prototypes, as well as from
the conventiona MV AMFPI. In al cases, pixel signa is
seen to increase linearly with increasing dose. The resulting
sensitivities (determined from the slopes of these signa
response curves) are 855x10°, 571x10°% and
310x 10° e/MU for the PVD, PIB, and conventional MV
AMFPI, respectively. The effective work function, W (de-
fined as the average amount of absorbed radiation energy
required to produce each collected charge), is a metric useful
for making valid comparisons of signal collection between
detectors. Although all three detectors have similar QE, the
conventional MV AMFPI exhibits the lowest sensitivity. For
the PVD and PIB prototypes, W was determined,” using
the measured sensitivity and the quantum efficiency given in
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Fic. 4. Pixel signa as a function of dose measured from the PVD and PIB
prototypes. For comparison, the signal measured from the conventional MV
AMFPI using a Lanex FAST B screen is also presented.
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Table I, to be 13.8 and 16.9 eV, respectively. These values
are lower than that of the FAST B screen (~20.9 €V) ob-
tained from the conventional MV AMFPI.

I.C. Lag

Figure 5 shows pixel signal for a sequence of data frames
acquired to determine charge release (i.e., lag) from the PVD
prototype. (Similar data, which are not shown, were acquired
for the PIB prototype.) Each data point corresponds to the
pixel signa relative to a baseline. The baseline is calculated
from the pixel signal averaged over the first 30 dark frames
(frames #1-30). Signal is seen to increase in an asymptotic
manner for the first ~10 image frames (frames #31-40) due
to a combination of charge trapping in the detector,*® as well
as the unstable linac output at the beginning of dose delivery.
The pixel signal reaches a plateau as the charge trapping and
release reach equilibrium and the output of the linac stabi-
lizes. The signal of the last five image frames (frames #246—
250) was averaged to provide an equilibrium signal, Qgq.
The signa from data frames following the last image frame
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Fic. 5. Pixel signal obtained from the PV D prototype as a function of frame
number, illustrating the signals used for lag determination. The data includes
30 dark frames, followed by 220 image frames, and a final 150 dark frames.
The dose for each image frame was ~0.031 MU.
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Fic. 6. Lag as afunction of frame number, obtained using Eq. (2), for the (a) PIB and (b) PVD prototypes. Results are shown for three different doses.

was used for determination of lag. The lag of the Nth frame
after termination of x-ray irradiation, Lagy, is defined as

Lagy=—— 2

Qeq’
where Qy is the signal of the Nth frame following the last
image frame. Figure 6 shows the lag results for the PIB and
PVD prototypes. For each prototype, the lag was found to
exhibit a weak dependence on dose, slightly decreasing with
increasing dose. In addition, the PIB prototype exhibited
higher first frame lag (Lag;~20%) than that of the PVD
prototype (~15%). Both values are much higher than that
exhibited by high quality conventional AMFPIs (typically
less than ~5%).>’ For subsequent frames, the lag for the PIB
prototype decreases faster than that of the PVD prototype.
For example, at 0.031 MU, Lags, (obtained ~10.5 s after
the last image frame) for the PIB prototype is ~0.6%
whereas that for the PVD prototype is ~1.3%.

.D. MTF

The presampled MTF results measured from the two pro-
totypes, as well as the corresponding MTF obtained from
simulations (MTFg,,,) are shown in Fig. 7. The measured and
simulated MTF for the PVD prototype are both superior to
those for the PIB prototype, due to relatively smaller mate-
ria thickness and higher material density, leading to reduced
lateral spread of radiation in the detector.?? For both proto-
types, the measured MTF is slightly lower than the simulated
MTF, MTFRg,,. The small difference between measured and
simulated MTF is likely due to lateral spreading of the sec-
ondary quanta (electrons and holes), an effect that is not
accounted for in the simulation. As shown in Fig. 7, the
measured MTF results for the PVD and PIB prototypes are
higher than that for the conventional MV AMFPI. Given that
the phosphor in the conventional MV AMFPI has a thickness
and density (i.e, ~360 um and 3.72 g/cm®) that should
result in a superior spatia resolution performance (based
solely on radiation transport) compared to that for the Hgl,
layer in the PIB prototype (having a thickness of ~460 um
and adensity of 3.2 g/cm?3), the observed inferior resolution
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is, most likely, largely due to more pronounced lateral
spreading of secondary quanta (optical photons) in the
phosphor.13

IIl.LE. NPS and DQE

Figure 8 shows the lag-corrected NPS results for the PIB
and PVD prototypes. For each prototype, the NPS is ob-
served to increase approximately in proportion to dose, indi-
cating a performance dominated by x-ray quantum noise. In
addition, the NPS results exhibit a modest fall off as a func-
tion of frequency, indicative of a small degree of pixel-to-
pixel noise correlation.

Figure 9 shows measured DQE results from the PIB and
PVD prototypes at doses of 0.008, 0.031, and 0.077 MU,
aong with the DQE results obtained from Monte Carlo
simulations. DQE results adapted from published data for the
conventional MV AMFPI are also plotted for comparison.™®
For both prototypes, the measured DQE results do not show
any obvious dependence on dose, indicating input-quantum-
limited behavior starting at the lowest dose of 0.008 MU. In
addition, for both prototypes, the measured DQE values are
seen to approach the simulation results. The small difference
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FiG. 7. Presampled MTF measured from the PVD and PIB prototypes. For
comparison, simulated MTF results for both prototypes as well as the mea-
sured MTF for the conventional MV AMFPI (adapted from data appearing
in Ref. 13) are also plotted.
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between these measured and simulated DQE results might be
due to the aforementioned limitations in the simulation.
Moreover, the measured DQE for the prototypes are found to
be comparable to, or slightly higher than, that of the conven-
tiona MV AMFPI.

IV. SUMMARY AND DISCUSSION

Direct detection, active matrix flat panel imagers based on
polycrystalline Hgl, detectors represent an interesting possi-
bility for significant enhancement in DQE beyond the perfor-
mance offered by present, conventional MV AMFPIs based
on phosphor screens. The attractiveness of polycrystaline
Hgl, approach derives from a combination of the high
atomic number and density of polycrystalline Hgl,, the lim-
ited spatial spreading of secondary quanta in the material
(leading to higher spatia resolution compared to phosphors),
and the modest electric field strength necessary for efficient
charge collection (~1 V/um as opposed to ~10 V/um for
aSe). While the detector thicknesses of the early PIB and
PVD MV AMFPI prototypes reported in this paper provide
reasonably high efficiency at diagnostic x-ray energies, they
are insufficient to increase x-ray quantum efficiency at radio-
therapy energies compared to that provided by conventional
MV AMFPIs. Rather, the reported results obtained under ra-
diotherapy conditions serve to provide insight as to the suit-
ability of the approach in general, and to the comparative
advantages of the two forms of the material in particular.
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In terms of basic pixel properties, the prototypes demon-
strated varying degrees of favorable performance. While the
PIB prototype exhibited a comparatively low dark current of
~4 pA/mm?, the PVD prototype showed a value an order
of magnitude higher, ~40 pA/mm? a an electric field
strength of 1 V/um. As the dominant source of dark signal
is believed to be leakage current arising from bulk effectsin
the photoconductor, it is possible that thicker layers will re-
sult in even higher dark current. However, although the limit
on dark current for acceptable performance for direct and
indirect detection AMFPIs is generally considered to be
~10 pA/mm?>’ the situation is more nuanced in the present
case. The relatively low Wy values exhibited by the PIB and
PVD prototypes imply that pixel saturation will occur at
lower x-ray doses than for conventional MV AMFPIs. (Note
that the light emitted from conventional MV AMFPI screens
is commonly attenuated through insertion of a neutra den-
sity filter so as to extend the range of operation. For a direct
detection MV AMFPI, this signa attenuation technique is
not available and, while signal could, in principle, be re-
duced by operating at a lower field strength, this would, in
practice, tend to increase undesirable polarization and trap-
ping effects.) Thus, for a given dose rate, MV AMFPIs based
on polycrystalline Hgl, would be operated over shorter pixel
integration times to avoid approaching or reaching satura-
tion. Moreover, thicker layers of PIB or PVD will stop a
greater fraction of the incident radiation, and perhaps gener-

DQE (%)
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Fic. 9. DQE measured from the (a) PIB and (b) PVD prototypes. For comparison, simulated results for the PIB and PVD prototypes, as well as measured
DQE from the conventional MV AMFPI at 1 MU (adapted from data appearing in Ref. 13) are also plotted.
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ate even larger pixel signals per beam pulse — further en-
couraging short integration times. Shorter integration times,
in turn, make the imaging system tolerant of high dark cur-
rents — with the present PVD prototype operating at a small
fraction of pixel saturation and exhibiting good DQE perfor-
mance in this study, despite its elevated dark current. In
brief, barring unexpectedly large (e.g., order of magnitude)
increases in dark current compared to the levels observed in
the present study, dark current considerations are not ex-
pected to favor either PIB or PVD for the MV application. In
the case of lag, both prototypes exhibited values of first
frame lag (20% and 15% for the PIB and PVD prototypes,
respectively) that are much higher than the values of less
than ~5% typically exhibited by conventional AMFPIs.>’
The presence of such high levels of lag is likely to intensify
undesirable image artifacts such as ghosting and memory
and thus degrade fluoroscopic image quality. Therefore, a
reduction in the amount of image lag (and in the correspond-
ing trapping of charge) in the photoconductor is required to
improve prospects for practical use of devices based on poly-
crystaline Hgl,. Given that the barrier layer used to protect
the surface of the uncoated AMFPI array from the highly
reactive Hgl, may play a significant role in causing charge
trapping (as suggested by previously observed polarization
effects),”® further development of promising combinations of
the choice of material, thickness, and conductivity of the
barrier layer may be key to reducing such effects.

MTF results obtained from the two Hgl, prototypes indi-
cate superior spatial resolution performance compared to that
from the conventional MV AMFPI. While such performance
is dightly lower than that expected from radiation transport
simulations (indicating the presence of some degree of spa
tial spreading of secondary quanta in the photoconductor), it
nevertheless suggests that thicker layers of Hgl, could be
manufactured without causing prohibitive degradation of
spatial resolution.

The effective work function values obtained from the pro-
totypes at 6 MV (~16.9 and 13.8 eV for PIB and PVD,
respectively) were found to be much higher than that ex-
pected from the single crystal form of Hgl, (4.2 eV). While
thisresult is parallel to that previously observed at diagnostic
X-ray energias,43 the 6 MV PIB and PVD values are, curi-
ously, also lower and higher than the corresponding diagnos-
tic values (~25 and 11 eV, respectively).*® The origin of this
unexpected behavior is not understood but certainly high-
lights that the very different composition of the PIB materia
compared to that of the PVD material (see Fig. 1) resultsin
strongly differing trends in signal collection at MV energies
compared to those at diagnostic energies. In any case, these
megavoltage Wy values, which are lower than that of the
phosphor screens used in conventional MV AMFPIs, pro-
vided sufficient signal that the DQE for both prototypes was
found to be independent of dose, even down to an extremely
low dose of ~0.008 MU corresponding to a single beam
pulse. This behavior is indicative of input-quantum-limited
operation, a highly desirable characteristic. Furthermore, the
DQE performance of the PIB and PVD prototypes (which
were similar to and dlightly higher than that of the conven-
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tional MV AMFPI, respectively) were found to be consistent
with predictions obtained from simulation of radiation trans-
port within the photoconductor. Thus, while the DQE from
these early prototypes is limited by the relatively modest
thickness of the photoconductive layer (providing an x-ray
quantum efficiency of ~2.1% and 2.5% for the PIB and
PVD prototypes, respectively), the consistency between the-
oretical expectations and empirical results encourages the
idea that considerably thicker detectors will significantly en-
hance DQE.

It is worthwhile to note that the relatively high signal
levels provided by polycrystalline material under MV condi-
tions allow for the possibility of sacrificing some degree of
sensitivity in order to improve some other property. For ex-
ample, early studies suggest that decreasing the grain size of
Hgl, used in the fabrication of the PIB material improves
spatial resolution, but at the cost of sensitivity.

While the current study does not identify a clear,
performance-related reason to choose between the two forms
of polycrystalline Hgl, examined for the MV application, a
non-performance-related consideration (suggested in an ear-
lier publication)43 possibly favoring the use of PIB over PVD
relates to their respective methods of fabrication. The cre-
ation of the PVD form of the material takes place in a
vacuum vessel and is a relatively slow process with a dura-
tion that is in direct proportion to the desired coating thick-
ness. In addition, following deposition, clean-up of the vessel
in preparation for further use is very time consuming. More-
over, alarge fraction of the relatively expensive Hgl, mate-
rial ends up on the vessel walls and is wasted. By compari-
son, preparation of PIB does not involve deposition in a
vessel, the time to fabricate a layer of material is shorter and
only weakly related to the thickness of the layer, and virtu-
aly al of the Hgl, material used in the process ends up
coated on the array. For that reason, only the PIB form of the
material is being pursued in our current research.

Significant improvement in the DQE of MV AMFPIs
through development of detectors based on polycrystalline
Hgl, will require further efforts to address the issue of lag
discussed above, and the issues of polarization and pixel-to-
pixel signal variations noted in a previous study,43 aswell as
to realize much thicker, high quality films. The incentive for
surmounting these challenges is strong and illustrative ex-
amples of the potential performance gains to be achieved
appear in Fig. 10. These examples were obtained using
Monte Carlo simulation of radiation transport for PIB thick-
nesses ranging from 2 to 6 mm. 2 mm approximately corre-
sponds to the largest polycrystalline thickness thus far
reported39 and it is anticipated that thicker layers could be
created through repeated deposition of PIB layers, allowing
each successive layer to fully cure prior to the fabrication of
the next layer. The MTFs shown in Fig. 10(a) suggest that
spatial resolution degrades dightly with increasing photo-
conductor thickness, but remains superior to that obtained
from the conventional MV AMFPI. Of course, further deg-
radation caused by spatial spreading of secondary quanta,
which is not accounted for in these simulations, may further
decrease spatial resolution, but is not expected to be signifi-
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Fic. 10. (a) MTF and (b) DQE for hypothetical direct detection MV AMFPIs with PIB Hgl, thicknesses of 2, 4, and 6 mm. The MTF and DQE values are
derived from results based on Monte Carlo simulations of radiation transport of the type described in Sec. |1 C, assuming an array pitch of 508 xm and a
packing density of 50% (similar to that achieved on the present PIB prototype). For comparison, the measured MTF and DQE from the conventional MV

AMFPI are also plotted in (a) and (b), respectively.

cant. The DQEs shown in Fig. 10(b) suggest a significant
increase with increasing photoconductor thickness, primarily
due to the increase in x-ray quantum efficiency. For example,
for a6 mm thick PIB photoconductor (with a QE of ~14%)),
DQE isas high as ~6.7% — about six times higher than that
of the conventional MV AMFPI. The realization of MV AM-
FPIs based on thick Hgl, photoconductors and exhibiting
such performance would greatly benefit portal imaging and
help improve dose efficiency for advanced MV imaging
techniques such as cone beam CT for soft-tissue visualiza-
tion.
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