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Current electronic portal imaging devicessEPIDsd based on active matrix flat panel imager
sAMFPId technology use a metal plate+phosphor screen combination for x-ray conversion. As a
result, these devices face a severe trade-off between x-ray quantum efficiencysQEd and spatial
resolution, thus, significantly limiting their imaging performance. In this work, we present a novel
detector design for indirect detection-based AMFPI EPIDs that aims to circumvent this trade-off.
The detectors were developed using micro-electro-mechanical systemsMEMSd-based fabrication
techniques and consist of a grid of up to,2 mm tall, optically isolated cells of a photoresist
material, SU-8. The cells are dimensionally matched to the pixels of the AMFPI array, and packed
with a scintillating phosphor. In this paper, various design considerations for such detectors are
examined. An empirical evaluation of three small-areas,737 cm2d prototype detectors is per-
formed in order to study the effects of two design parameters—cell height and phosphor packing
density, both of which are important determinants of the imaging performance. Measurements of
the x-ray sensitivity, modulation transfer functionsMTFd and noise power spectrumsNPSd were
performed under radiotherapy conditionss6 MVd, and the detective quantum efficiencysDQEd was
determined for each prototype SU-8 detector. In addition, theoretical calculations using Monte
Carlo simulations were performed to determine the QE of each detector, as well as the inherent
spatial resolution due to the spread of absorbed energy. The results of the present studies were
compared with corresponding measurements published in an earlier study using a Lanex Fast-B
phosphor screen coupled to an indirect detection array of the same design. The SU-8 detectors
exhibit up to 3 times higher QE, while achieving spatial resolution comparable or superior to Lanex
Fast-B. However, the DQE performance of these early prototypes is significantly lower than ex-
pected due to high levels of optical Swank noise. Consequently, the SU-8 detectors presently
exhibit DQE values comparable to Lanex Fast-B at zero spatial frequency and significantly lower
than Fast-B at higher frequencies. Finally, strategies for reducing Swank noise are discussed and
theoretical calculations, based on the cascaded systems model, are presented in order to estimate the
performance improvement that can be achieved through such noise reduction. ©2005 American
Association of Physicists in Medicine. fDOI: 10.1118/1.1854774g
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I. INTRODUCTION

Precise patient positioning and accurate dose delivery
critical aspects of external beam radiotherapy. Presently
most common technique for achieving these objective
portal imaging, which involves using the megavoltage x
beam to acquire projection imagessoften through the trea
ment window or portaldbefore and, optionally, during do
delivery. Following over 15 years of extensive research
development, indirect detection active-matrix flat-panel
ager sAMFPId-based electronic portal imaging devic
sEPIDsdhave become the current gold standard in porta
aging, providing imaging performance superior to tha
conventional portal film as well as earlier, commercial E

1,2
technologies. Currently, all commercially-available
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AMFPI-based portal imaging systems are based on ind
detection, i.e., using a scintillator coupled to a photod
array.3 While there have been several studies examining
feasibility of direct detection AMFPIs based on amorph
selenium sa-Sed and other converters for portal imagin
these approaches are still under investigation.4–8

The success of AMFPIs in portal imaging can be lar
attributed to the fact that they are x-ray quantum limited,
the imaging performance of these systems is ultimately
ited by the statistical noise of the x-ray quanta detecte
the converter.9,10 Nonetheless, there exists considera
scope for improving the performance of AMFPI-based po
imagers due to the fact that these devices utilize
,1% –2% of the incident radiation to form an image.3 This

low x-ray quantum efficiencysQEd is due to the fact that
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current AMFPI systems use a metal plate+phosphor sc
combination as the x-ray converter.3 The use of a phosph
screen introduces a severe trade-off between x-ray dete
efficiencyswhich increaseswith increasing screen thicknesd
and spatial resolutionswhich decreaseswith increasing
screen thicknessd.11–13 Consequently, the imaging perfo
mance of AMFPI EPIDs, as quantified by the frequen
dependent detective quantum efficiencyfDQEsfdg, is rela-
tively modest when compared to AMFPIs designed
diagnostic energies.fFor example, the DQEs0d for megavolt-
age AMFPI systems is,1%9,10,13,14while that for diagnosti
AMFPIs ranges from 50% to 75%.15–18g

A variety of strategies to significantly improve EPID p
formance by using high QE detectors have been exam
These include modifications to TV-camera-based system
volving the replacement of the conventional phosphor sc
with a thick, grooved phosphor screen,19 with a segmente
2D array of CsIsTld elements20,21 or, with a large-are
CsIsTld crystal in a novel geometrical arrangement;22 and
using high-pressure gas chamber-based detector
scanning23,24 and area detection25–27 EPID systems. Studie
involving segmented scintillator crystals in a 1D configu
tion coupled to a photodiode array28 and in a 2D configura
tion coupled to an indirect detection active matrix arra29

have also been reported for megavoltage computed tom
phy. In addition, high QE detectors for direct detection-ba
AMFPI EPIDs are currently under investigation.30 sCompre-
hensive reviews on these and other performance enh
ment strategies, as well as early EPID designs, may be f
elsewhere.3,31,32d

In this paper, we present an empirical study of a n
high QE detector design based on micro-electro-mecha
system sMEMSd fabrication techniques, for indire
detection-based AMFPI EPIDs. In principle, such a de
enables the use of a thick layer of scintillating phosp
without the accompanying trade-off in spatial resolution
the following sections, the general concept and various
sign considerations are described, followed by measurem
performed on early prototype detectors to determine x
sensitivity, modulation transfer functionsMTFd, noise powe
spectrasNPSd, and DQE. Finally, we examine strategie
further enhance the imaging performance of these dete
and present theoretical calculations in order to predic
upper limits of performance that can be achieved.

II. TECHNICAL BACKGROUND

A. High QE detectors using segmented phosphors

In order to circumvent the trade-off between QE and
tial resolution for phosphor-based MV detectors, we are
vestigating a detector design that incorporates a two di
sional matrix of cells which are dimensionally matched
registered to the pixels of the underlying indirect detec
array sas shown in Fig. 1d. The inner walls of the cells
designed to be opaque, to achieve optical isolation bet
adjacent cells, and reflective, in order to increase the nu
of light photons impinging on the underlying pixels. Un

ideal conditions, when such a matrix is packed with a scin-

Medical Physics, Vol. 32, No. 2, February 2005
n

n

.
-
n

in

-

e-
d

l

-
ts

s

-

n
r

tillating phosphor, the light generated within a cell due
x-ray interactions is confined to that cell and can only
detected by the underlying pixel. In principle, such an
rangement enables the use of a thick layer of phosphor
out the accompanying loss of spatial resolution due to
spread of optical photons. The implementation of this
cept requires careful optimization with respect to severa
tector parameters such as cell height, the optical propert
the cell walls, the phosphor material, the packing densi
the phosphor grains, etc. In the design approach adopte
this work, these parameters have been examined in the
text of optimizing the DQEsfdof the imaging system.

B. Design considerations: The DQE approach to
detector design

The spatial frequency-dependent detective quantum
ciency DQEsfdis a widely accepted metric of x-ray imagi
performance.33 DQE is a measure of the efficiency of inf
mation transfer from the input to the output of an imag
system, and is related to spatial resolutionsi.e., the MTFd
the gain and the noise transfer propertiessi.e., the NPSdof a
system as follows:34

DQE =
q0 3 gain2 3 MTF2

NPS
, s1d

whereq0 is the total number of incident quanta per unit a
The DQE can also be expressed as the ratio of the sq
output signal to noise ratiosSNRd to the squared input SN
An x-ray imaging system can be considered to be comp
of a cascade of linearly coupled stages.35,36 In such a view
the input signal and noise are transferred through each
via a combination of amplifying and/or scattering proces
with the output of each stage serving as input to the su
quent stage. From the above description it is clear tha
order to maximize the squared SNR transfer efficiencysi.e.,
the DQEd of the entire imaging system, it is necessary
optimize SNR transfer in the detector. In the context of
paper, we shall refer to the squared SNR transfer effici

FIG. 1. Schematic illustration of the segmented phosphor concept. Th
tector consists of a 2D matrix of optically isolated cells that are dimen
ally matched to the pixels of the underlying indirect detection flat p
array. The matrix is filled with a scintillating phosphor and coupled to
array such that the detector cells are accurately registered to the array
of the detector as the “detector DQE” and that of the entire
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system as the “system DQE.” From Eq.s1d it is clear that, in
order to achieve good DQE performance, a detector sh
exhibit high gain and spatial resolution, while maintain
low noise levels. In the remainder of this section, we ex
ine the various design considerations in the context of t
requirements.

1. Optimizing detector gain

The gain of a scintillator-based detector is the produc
three components—the x-ray quantum efficiencysQEd of the
detector, the conversion gainsi.e., the average number
light quanta produced per x-ray interactiond, and the escap
efficiency si.e., the average probability that a light pho
exits from the array side of the scintillatord. For x-ray quan
tum limited systemsssuch as AMFPI EPIDsd, the gain co
ponent that serves to improve DQE is the quantum effici
of the detector.9,36 The QE can be improved through a co
bination of any or all of the following strategies:sad using a
high-electron-density phosphor material,sbd increasing th
thickness of the phosphor layer by fabricating taller cellsscd
increasing the “fill factor” of the cell by making the c
walls as thin as mechanically feasible, andsdd increasing th
packing density of the phosphor grains in the cells.
implementation of strategysdd has to be based on a trade-
between quantum efficiency, which increases with hig
packing density, and the escape efficiency of the optical
tons, which decreases with higher packing density. In a m
densely packed phosphor, optical photons undergo
scattering and absorption events, leading to two effects.
the overall light output of the converter is reduced. Howe
reduced light output in itself does not constitute a signifi
problem as long as the system remains x-ray quantum
ited. More importantly, high levels of scattering and abs
tion give rise to a strongly depth-dependent optical gain
explained in Sec. B 3, a depth-dependent gain is highly
desirable as it serves to increase the noise and thereb
duce the DQE.

2. Optimizing spatial resolution „MTF…

The structured scintillator design constrains the light g
erated due to x-ray interactions within a cell, thus limit
the loss in spatial resolution due to the spread of the op
photons. As the thickness of the phosphor layer increas
to a few centimeters, other resolution-loss mechanisms,
as the spreading of the absorbed energy and parallax e
due to the obliquely incident off-axis x rays, become sig
cant. However, for the detector thicknesses discussed
present worksup to ,2 mmd, these effects contribute min
mally and the overall loss in spatial resolution is domina
by optical spreading. In order to limit the spread of opt
photons, it is essential to maintain good optical isolationsi.e.,
minimize optical cross-talkd between adjacent cells. It is al
important to achieve good optical coupling between the
tector and the array, as well as accurate registration bet

the scintillator cells and the underlying array pixels.
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3. Optimizing noise properties „NPS…

A phosphor-based detector exhibits variation in the n
ber of optical quanta emitted per interacting x-ray. The n
originating from this variation is termed as Swank noise,
is quantified by the Swank factorswhich ranges between
and 1d.37 Swank noise degrades DQE performance acros
spatial frequencies. The major factors that contribut
Swank noise aresad the x-ray energy distributionsXEDd, sbd
the absorbed energy distributionsAEDd, and scd the optica
pulse distributionsOPDd. For screen thicknesses compar
to those used in conventional radiotherapy AMF
f,360 mm of Gd2O2S:Tb at 50% densitysRefs. 3 and 10d
the Swank noise is dominated by the XED and the AE10

However, as the thickness of the phosphor layer and
packing density of the phosphor grains increase, the co
bution of the OPD becomes more significant. For thic
screens, there is a large variation in the amount of scatte
absorption sand therefore, the escape efficiencyd of light
quanta generated at various depths within the phosphor
variation increases the Swank noise due to widening o
OPD. Thus, in order to reduce Swank noise, it is necessa
optimize the packing density as well as the optical prope
of the phosphor so as to make the number of light qu
escaping the detector minimally dependent on the dep
which they are generated.38

Another effect caused by the depth-dependent natu
the optical transport is the Lubberts effect.39 This effect per
tains to the variation in the shape of the point spread fun
sPSFdobserved at the output, for optical quanta generat
various depths within the phosphor. According to Lubber
thick phosphor detector can be considered to be compos
multiple layers of phosphor which are sufficiently thin s
that, within a layer, there is no significant depth-depen
variation of the optical PSF. In such a view, the optical c
ponent of the MTF of the entire detector is proportiona
the sweighteddsum of the optical MTFs of the individua
layers

Toptsud ~
oi=1

N Tisud
N

, s2d

whereToptsud is the optical MTF of the detector as a funct
of spatial frequency,Tisud is the optical MTF of theith layer,
and N is the total number of layers. In contrast, the opt
component of the NPS of the detector,Soptsud, is proportiona
to thesum of the squaresof the individual MTFs:

Soptsud ~
oi=1

N Ti
2sud

N
. s3d

Equationss2d and s3d shown above are simplified forms
Eqs.s8d and s7d, respectively, in Nishikawaet al.40

As a result of this dissimilar integration across the la
of the detector,Topt

2 sud falls off faster with respect to spat
frequency thanSoptsud. As the detector thickness increas
the inequality between the fall-off of MTF and the NPS
comes more pronounced. Consequently, the DQE, whi
directly proportional to the square of the MTF and inver

proportional to the NPSfas indicated in Eq.s1dg, exhibits a
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faster drop at higher spatial frequencies.39,40In order to mini-
mize the Lubberts effect, it is essential that the optical M
be practically independent of the depth of light generatio40

In the context of a segmented scintillator, this goal can
achieved by ensuring good optical isolation between c
making the cell walls highly reflective and carefully optim
ing the optical properties of the phosphor so as to minim
scattering and absorptionsthereby, maximizing the mean fr
pathdof the generated light photons.

III. METHODS AND MATERIALS

A. Fabrication of prototype detectors

In order to examine the segmented phosphor concept
totype detectors were fabricated using photolithogra
techniques. A recently developed photopolymer SU41

which is well-suited to large-area photolithographic proc
ing methods, was used to create high-aspect-ratio cell m
ces on a 10 cm diameter glass substrate.42–44 The matrice
sshown in Fig. 2dwere composed of,1353135 cells tha
were dimensionally matched to the pixel pitchs508 mmd of
an indirect detection flat panel array previously develo
for radiotherapy imaging.1,10 The inner walls of the cells an
the inner surface of the glass substrate were made op
and reflective by sputtering a thin layer of Al.sThe thicknes
of the Al layer was on the order of a few microns.d The cell
walls were designed to be,50 mm thick in order to achiev
a balance between mechanical strength and fill-factor, a
cussed in Sec. II B 1.

In the present study, we examined two important par
eters of detector design that are strong determinants o
imaging performance of a segmented detector—the
height and the packing density of the phosphor grains.
phosphor used in the present study was Gd2O2S:Tb sGOSd

FIG. 2. Microphotographs of small portions of two SU-8 cell matrices. T
array used in this work.sad Cells prior to phosphor deposition. The cell w
gapss,10 mmd in the cell walls. These gaps are incorporated in order
optical path between more than two adjacent cells.sbd Cells after phosphor
in order to better illustrate the phosphor. A portion of this matrix has b
in powder form, with grain sizes of,3 to 7 mm. Three dif-
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ferent detector configurations were studied. Two of th
were high-densitysHDd detectors, filled with,75% GOS by
volume, with cell heightssi.e., detector thicknessesd equal to
850 mm sHD-1d and 1900mm sHD-2d. The third detecto
was a low-densitysLDd configuration which consisted
1900mm tall cells filled with,35% GOS.sIn the context o
this paper, the term “SU-8 detectors” will generally be u
to indicate detectors based on the photopolymer SU-8, w
“HD-1,” “HD-2” and “LD” will be used to indicate the spe
cific detector configurations described above.d A novel tech
nique sdescribed belowdwas developed to achieve reas
ably uniform phosphor deposition in these high-aspect-
cell matricesfsee Fig. 2sbdg, with slightly different versio
of the technique used in the case of the HD and the
detectors. In all cases, the SU-8 cell matrix was initi
filled with a paraffin-based solventsIsopar, ExxonMobi
Corp.dwhich has low viscosity and good wetting propert
in order to minimize the formation of air pockets during
phosphor deposition.

In the case of the HD detectors, a slurry was preparesin
a separate containerdby dispersing the GOS powder in t
solvent, along with a small amount of dispersantsSolsperse
Avecia, Inc.d. The dispersant was used in order to pre
particle agglomeration so as to facilitate uniform depos
of the slurry into the cell matrix. The slurry was degas
under vacuum and carefully poured into the SU-8 ma
After filling, the SU-8 matrix was placed in the vacu
chamber in order to purge air bubblesssince large, non un
formly distributed air pockets would increase Swank n
due to effects described in Sec. II B 3 and subsequ
placed in an oven at a temperature of,65 °C in order to
evaporate the solvent. The total volume of all the cell
each detector was calculatedsusing the cell height and th
number of cells in the detectord, and the weight of the de

ells have a pitch of 508mm, which is equal to the pixel pitch of the active ma
re sputtered with Al in order to make them opaque and reflective. Note
cilitate uniform phosphor deposition, and are offset such that there is
sition, from a different matrix. In this case, the walls have not been me
diced in order to examine the uniformity of the phosphor deposition.
he c
alls a
to fa
depo
een
tor before and after filling was measured in order to estimate
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the packing density of the GOS phosphor, which was d
mined to be,75%. Finally, a thin layer of UV-curable o
tical glue was applied on the open surface of the cell m
and was allowed to partially penetrate the phosphorsthrough
capillary actiond in order to bind the phosphor grains
gether. The glue was then cured using a long-waves365 nmd
UV light source.

The UV-curable gluesOP-401, Dymax Corp.dwas chose
for its relatively low viscositys70 cPd, which facilitates pen
etration into the phosphor, as well as high optical clarity
high index of refractions,1.5d in the cured state, both
which serve to improve optical transport within the cells
addition, the optical transport is also likely to be affected
the depth and the uniformity of penetration of the glue.
samples fabricated using the above phosphor depo
technique, our measurements indicate that the glue
etrates,300±25mm from the open surface of the detec

For the LD detector, the GOS powder was directly
persed in the optical glue in order to achieve the des
packing densitys,35%d and the resulting slurry was depo
ited into the SU-8 matrix, degassed and cured, in a ma
similar to that described for the HD detectors. After ph
phor deposition, each detector was lightly polished in o
to make the surface uniform so as to facilitate good op
coupling between the detector and the array.

B. Measurements

All measurements were performed with a 6 MV pho
beam, on a Varian 21-EX linear acceleratorslinacd, using a
5123512 pixel, 508 micron pitchs83% optical fill factord
indirect detection active matrix array developed for ra
therapy applications.1,10 The array was connected to a fu
customized electronic acquisition system,45 which included
custom-designed preamplifier-multiplexers46 previously de
veloped for portal imager development using such array
each case, the SU-8 detector was placed on the array
that the open surface of the cell matrix was in contact
the array pixels. In addition, an overlying 1 mm thick
plate was coupled to the SU-8 detector in order to pro
build-up as well as to absorb scattered, low-energy elec
and photons.3 Each detector was aligned under an opt
microscope to the underlying flat-panel array using fidu
cross-hairssas shown in Fig. 3dso as to achieve registrati
of the detector cells to the array pixels. The registration
verified under the x-ray beam using isolated rows of p
phor filled cells located on the four sides of the detecto
shown in Fig. 3. Signal and noise measurements were
formed as a function of the irradiation time in terms of mo
tor units sMUd of the linac. fFor this linac, 1 MU corre
sponds to a dose of 0.8 cGy deposited in water at a so
to-detectorsSDDd equal to 100 cm, with 10 cm overlyin
water, for a field size of 10310 cm2 at the isocentersi.e.,
100 cm SDDd.gFor the signal and noise measurements
AMFPI was operated in fluoroscopic mode and the radia
was delivered at a dose rate of 100 MU/min. The MTF d
was acquired in radiographic mode, with the linac delive

radiation at 600 MU/min in order to accommodate the rela-
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tively large amounts of irradiation required for the M
measurements in a reasonable frame time.sDetails of the
fluoroscopic and radiographic operation of this array ma
found in El-Mohri et al.10d

1. Sensitivity

Sensitivity was determined in terms of the signal resp
of the system per monitor unitsMUd. The imagersi.e., the
detector+flat panel arrayd was placed at a source-to-detec
distancesSDDd equal to 130 cm with a field size of 1
310 cm2 at the isocenter. Image frames were acquired
synchronizing the data acquisition with the delivery of a
determined number of beam pulsess18, 36, and 72dcorre-
sponding to 0.5, 1, and 2 MU, respectively.sThe number o
monitor units per pulse,<0.028, was determined by cou
ing the number of pulses from the “Target I” output from
linac for a programmed MU setting.d For each data sequen
a total of 100 dark and flood data framessi.e., frames in th
absence and presence of radiation, respectivelyd were ac
quired. For each data set, the average dark frame was
tracted from the average flood frame to yield the signal.
signal values were converted from ADC units to elect
using a measured calibration factors1 ADC<7480 ed for
the preamplifiers of the data acquisition system. The slo
the signal response plotted as a function of the irradia
time yielded the sensitivity in units of e/MU.

2. Modulation transfer function „MTF…

MTF for the three prototype detectors was measured
ing the angled slit technique,47 adapted for imaging at meg
voltage x-ray energies.9,10,14 A long, narrow slit of dimen
sions 2030.01 cm2 was formed using two 2031035 cm3

precision-ground steel blocks separated by 0.01 cm s
The slit was centered with respect to the radiation sour

FIG. 3. Photograph of the HD-2 detector after phosphor deposition an
ishing. In order to incorporate it into the imager, the detector is inverte
coupled to the active matrix array. The horizontal and vertical cross-ha
the corners serve to register the detector cells to the array pixels. The
ment is verified under the x-ray beam with respect to the isolated ro
cells salso filled with phosphord present on each side of the matrix. The d
spots in the center of the matrix correspond to incompletely-filled cell
order to maximize the signal, and positioned such that the
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exit surface of the slit was almost in contact with the de
tor, which was placed at a SDD of 86 cm. The field size
adjusted to 636 cm2 at the exit surface of the slit. Ima
frames were acquired by operating the imager in the ra
graphic mode with relatively long irradiationss,18 MUd in
order to obtain sufficient signal through the slit relative to
background. For each prototype detector, 10 images
acquired. The steel blocks attenuated,99.3% of the beam
and the effect of the remaining radiation penetrating thro
the blocks was determined by displacing the slit,0.6 cm
away from the center and acquiring “radiation profile”
ages. Gain and offset corrections were applied to all im
data sets and the radiation profile images were subtr
from the slit images. For each prototype detector, the fi
corrected images were averaged and used to estimate th
spread functionsLSFd. The baseline of the LSF was p
cessed by selectively using a 333 median filter around po
tions that exhibited sharp spikessdue to nonfunctional pix
elsd and the absolute value of the Fourier transform of
LSF yielded the one-dimensional MTF.

3. Noise power spectrum „NPS…

Noise power measurements were performed using
same setup used for the sensitivity measurements. Dar
flood image frames were acquired fluoroscopically at 1
2 MU si.e., at 36 and 72 linac pulses per data frame, res
tivelyd, with up to 800 data frames per acquisition seque
Each flood frame was corrected using gain and offset
stants obtained from the dark and flood data.48 A 333 me-
dian filter was applied in order to correct for defective a
pixels and incompletely filled detector cells, with a thresh
set in order to ensure that less than 0.2% of the total nu
of pixels were filtered per frame. It has been found that
indirect detection AMFPIs, the use of such a filter to rem
up to 0.5% of the pixels has minimal impact on the no
power characteristics.49 The pixel ADC values were co
verted into electrons as described in the previous sec
One-dimensional noise power spectra were determined
these images using the synthesized slit technique, whi
described in detail elsewhere10,49 and briefly summarized a
follows. 800 independent, nonoverlapping blockssi.e., slitsd,
each with 403100 pixels, were selected. Each slit w
summed along the narrow direction to form a 100-point
alization. Low frequency background trends were subtra
and a Hanning window was applied to each realization. A
Fourier transform was applied to each of the 800 realiza
and the resulting power spectra, were appropriately nor
ized and averaged to yield the fluoroscopic 1D NPS. Su
quently, the NPS data were corrected for the effect of
frame lagsdetermined to be,10%d in order to compensa
for the noise-reduction effect caused by frame-to-fr
charge carryoversi.e., lagd. Details of the correction tec

50,51
nique may be found elsewhere.
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4. Detective quantum efficiency „DQE…

The frequency-dependent DQE was determined for
detector configuration using the measured NPSswith lag cor-
rection, as described aboved and MTF. The DQE was calc
lated using the relation

DQEsud =
A2Tsys

2 sud
q0Ssyssud

, s4d

where u represents the independent spatial frequency
able along one axis,A is the average signal per pixelsob-
tained from the flood frames used to calculate the NPSd, q0 is
the incident x-ray fluence, whileTsyssud andSsyssud represen
the one-dimensional MTF and NPS of the system, res
tively.

In addition, the degradation of DQE at non-zero sp
frequencies due to Lubberts effectsdescribed in Sec. II B
was determined by calculating a factor,Rsud, previously de
fined by Nishikawaet al.40 as

Rsud =
Tsys

2 sud
Sprofilesud

, s5d

whereSprofilesud gives the shape of the system NPS:

Sprofilesud =
Ssyssud
Ssyss0d

. s6d

From Eqs.s5d ands6d it is clear that, for an ideal system th
does not exhibit Lubberts effect,Rsud will be unity at all
spatial frequencies.

C. Monte Carlo based theoretical calculations

The x-ray quantum efficiency of the three detector c
figurations was estimated by simulating x-ray photon
electron transport using the EGS4 Monte Carlo codes52 and
the RZIPHS user code,53 which scores the distribution of t
energy absorbed within a detectorsi.e., the AEDdfor an in-
cident x-ray energy spectrum. A 6 MV photon spectru54

corresponding to a Varian linac was used in all simulati
One million photon histories were used for each simula
which resulted in statistical uncertainties of less than
The modeled geometry consisted of a pencil beam pe
dicularly incident on the center of a cylindrical slab of 40
diameter. The slab consisted of a 1 mm Cu layer couple
an underlying layer of phosphorsGOSd. The thickness of th
GOS layer was chosen to be equal to the measured v
850, 1900, and 1900mm, for the HD-1, HD-2, and the L
detector, respectively. The density of the phosphor ma
was determined by comparing the packing density of
phosphor grains with the bulk density of GOSs7.34 g/cm3d.

Since the phosphor was modeled as a continuous
si.e., x-ray interactions in the cell walls were not conside
given the relatively low density,,1 g/cm3, of SU-8d, the
measured packing densitiess75% and 35% for the HD an
LD detectors, respectivelyd were scaled by the geometric
factor s,0.81d of the SU-8 cells, and the corrected val
were used to calculate the equivalent phosphor densit

3 3
the HD s,4.40 g/cmd and the LDs2.05 g/cmd detectors.
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The x-ray quantum efficiency of the detector was calcul
from the ratio of the number of photons that deposit en
in the phosphor layer to the number of incident photons
determined from the Monte Carlo simulations.

In addition, for each configuration, Monte Carlo simu
tions were also performed in order to estimate the spre
the absorbed energy within the detector. The EGSnrc M
Carlo codes55 and the DOSXYZnrc user code56 were used t
estimate the LSF, and thereby the MTF, of the absorbe
ergy, referred to hereafter as the “radiation MTF.” The af
mentioned 6 MV photon spectrum was usedswith 200 mil-
lion historiesd to form a narrow, parallel slit beam
dimensions 4030.004 mm2. The beam was made incide
on a 40340 mm2 slab consisting of a 1 mm thick Cu pla
overlying the detector. The LSF was obtained by scoring
absorbed energy along a 1340 mm2 strip in the center of th
detector, perpendicular to the narrow slit formed on the
tector plane by the incident beam. In order to ensure s
cient sampling of the LSF, the strip was divided into 8
voxels, each 130.005 mm2. The LSF, thus obtained, w
used to calculate the radiation MTF.

IV. RESULTS

The results obtained from the measurements perfo
on the SU-8 detectors are reported below. In order to e
lish a context for these results, they are compared with
viously reported data obtained at 6 MV, using a La
Fast-B phosphor screenstypical of those used in most clin
cal AMFPI EPID systems3d coupled to an array of simila
design.10

A. Sensitivity

Figure 4sadshows the signal response for various de
tors, in units of electrons, as a function of irradiation tim
terms of monitor units. The lines represent a linear fit to
data. It can be seen that the signal response of the three
detector configurations exhibits good linearity. Among
three configurations, HD-1 shows the highest signal le
followed by HD-2 and finally, LD. In addition, the sensitiv
profile of a central region of the HD-2 detector is shown
Fig. 4sbd. The relatively small variations in the sensitiv
profile indicate that the phosphor deposition is fairly unifo
over most of the cell matrix. It should be noted that th
variations in the sensitivity profile are almost entirely du
non-uniformities in the SU-8 detector, as indirect detect
based active matrix arrays typically exhibit very uniform
tical response.57 This point is illustrated in Fig. 4scd, which
shows a sensitivity profile obtained from thesameregion of
the array when coupled to a commercial phosphor sc
sLanex Fast-Bd.

Table I summarizes various detector parameters obt
from measurements and Monte Carlo simulations. From
data presented in Fig. 4 and the values summarized in
I, it can be seen that the x-ray sensitivity of the segme
phosphors is affected by a combination of the QE and
optical transport characteristics of the phosphor. For

stance, while the HD-1 and LD configurations have approxi-
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mately equal QEs, the latter exhibits a significantly lo
light output, probably due to the fact that light photons g
erated at the x-ray source side of the detector have to
over a much longer distance in order to exit from the a
side. On the other hand, in the case of the HD-2 config

FIG. 4. sad Signal response as a function of irradiation timesMUd for the
three prototype SU-8 detectors, measured at 6 MV. Also shown, for
parison, is previously published signal response data for Lanex Fast-BsRef.
10d appropriately corrected for differences in measurement conditionsbd
Sensitivity profile from a 1003100 pixel region of the array underlying
central portions1003100 cellsdof the HD-2 detector.scd Sensitivity profile
from the same 1003100 pixel region with the array coupled to a Lan
Fast-B screen.
tion, the light-attenuating effect of the longer optical path is
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largely mitigated by the higher QEscompared to LDd. None
theless, the HD-1 configuration, despite having lower
shows ,10% higher sensitivity than HD-2—a result th
may be explained as follows. The back surface of the S
detectors is reflective, as described in Sec. III A, and se
to redirect light photons toward the array. In the case o
HD-1 detector, the back surface is closer to the a
s850 mmd compared to the HD-2 configurations1900mmd.
As a result, the light photons reflected from the back sur
of the HD-1 detector have a higher probability of escap
the detector and impinging on the array. In contrast, in
case of the HD-2 detector, light photons reflected from
back surface have to traverse a longer optical path, w
significantly reduces their escape probability, thus part
negating the enhancement in signal due to higher QE.

Finally, for comparison, previously published values
the signal response of Lanex Fast-BsRef. 10dare also show
in Fig. 4. Note that the previous measurements were
formed at a SDD of 200 cm and have been appropria
adjusted using the inverse square correction in order to
respond to the SDD of 130 cm used in the present mea
ments. Also note that the earlier measurements were
formed on a linac that used a slightly different definition
MU and therefore, the Fast-B values have been further s
by a factor of 1.015. It can be seen that Lanex Fast-
screen that has been highly optimized for light output, ex
its a sensitivity,3 times higher than that observed for
HD-1 detector.

B. MTF

Theoretically calculated and measured MTFs for the t
SU-8 detector configurations are shown in Fig. 5. Figuresad
shows the calculated radiation MTF for each detector. It
be seen that the spread of the absorbed energy depen
the density as well as the thickness of the detector. Fo
stance, the HD-2 detector exhibits superior radiation M
compared to LD, which is equal in thicknesss1900mmd but
has approximately half the density of HD-2—indicating t
a high-density detector is more effective in limiting the
eral spread of the secondary radiation. For detectors of
densities, the radiation MTF depends on the path-le
available for the spread of the secondary radiation and, t
fore, a thinner detector exhibits superior radiation MTF

TABLE I. Various parameters for the SU-8 detecto
Monte Carlo simulations. The sensitivity values s
the signal response of the imagersi.e., SU-8 detect
shown in Fig. 4. For comparison, corresponding

Detector
Cell height

smmd

HD-1 850
HD-2 1900
LD 1900
Lanex Fast-B 360
observed in the case of HD-1 compared to HD-2.
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Figures 5sbd–5sddshow the measured MTFs for each
tector configuration. Also shown in each figure are the p
MTF, which is the Fourier transform of the rect funct
corresponding to the dimensions of the pixel photod
s458 mmd;10 the theoretical maximum MTF for each det
tor, which is calculated as the product of the pixel MTF
the corresponding radiation MTF; and finally, for comp
son, previously published Lanex Fast-B MTF data meas
at 6 MV.10 It can be seen that the measured MTFs for
HD-1 and HD-2 detectors are lower than the respective
oretical maximum values—likely due to a small, but n
negligible, amount of optical cross-talk between adja
cells as well as non-ideal optical coupling between the
tector and the photodiode array. For the LD detector,
measured MTF is close to the theoretical maximum, ind
ing that, in this case, the detector MTF is dominated by
spread of the secondary radiation and the contributio
optical effects is relatively small.

Finally, it can be seen that in each case, the SU-8 det
exhibits comparable or superior MTF relative to the La
Fast-B screen. These results strongly support the segm
phosphor approach by demonstrating that through the u
such a design, it is possible to significantly increase the
of a phosphor-based detector and yet maintain adequat
tial resolution.

C. NPS

Figure 6 shows 1D noise power spectra for the SU-8
tectors, measured fluoroscopically at 1 and 2 MU and su
quently corrected for the first-frame lagsas described in Se
III B 2 d. In each case, the NPS is proportional to the am
of radiation. The NPS of the HD-2 detector exhibits a sm
ripple-like pattern in the higher frequency range—likely
to slight misregistration of the SU-8 cells with respect to
array pixels. Furthermore, in each case, the NPS fall-o
relatively gradual across the entire frequency range, ind
ing the absence of strong correlations in the data.

D. DQE

Figure 7 shows the DQE of the three detector config
tions at 1 and 2 MU, calculated from Eq.s4d, using the re
sults of the measurements presented above. For compa

s obtained from design specifications, measurements and
n in the last column, were determined from the slope of
ctive matrix arrayd for each detector configuration, as
x Fast-B values are also shown.

sphor density
sg/cm3d QE

Sensitivity
s106 e/MUd

4.4 0.038 102.3
4.4 0.069 92.7
2.05 0.039 44.6
3.67 0.018 308.9
rs, a
how
or+a
Lane

Pho
previously measured DQE results of Lanex Fast-B at 6 MV,
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1 MU,10 are also shown. It can be observed that, for
HD-2 and LD detectors, the DQE is relatively invariant w
respect to increasing irradiation. At higher spatial frequ
cies, the HD-1 detector exhibits small relative differen
s,5% d in the DQE values obtained at 1 and 2 MU. Ho
ever, these differences are within the estimated experim
error of measurement under radiotherapy conditions. T
the DQE results for the three detectors indicate that, in
case, the imaging system is x-ray quantum limited.
HD-2 detector, which has lower x-ray sensitivity but hig
QE compared to HD-1ssee Table Id, exhibits slightly sup
rior DQE at higher spatial frequencies. In the case of the
configuration, the relatively low QE results in a signific
reduction of the DQE. Furthermore, the zero-freque
DQEs of all three SU-8 detectors are comparable to th
Lanex Fast-B, while at higher frequencies, the SU-8 D
are significantly lower. These relatively low DQE values
be attributed to the two noise-related mechanisms expl
in Sec. II B 3—Swank noise, which reduces the DQE ac
all spatial frequencies and the Lubberts effect which ca

TFs for the three SU-8 detectors, obtained from Monte Carlo simula
insbd, scd, andsdd, are the pixel MTF and the theoretical maximum M

nding radiation MTF. The previously measured Lanex Fast-B MTF at 6sRef.

d
e
e

FIG. 5. Theoretical and measured modulation transfer functions.sad Radiation M
Measured MTFs for SU-8 detectorsbd HD-1, scd HD-2, andsdd LD. Also shown
the latter of which is given by the product of the pixel MTF and the correspo
10d is also shown for comparison.
FIG. 6. Measured noise power spectra for the three SU-8 detectors, ac
at 1 and 2 MU. The measurements were performed fluoroscopically a
image data were subsequently corrected in order to account for a first
the DQE to fall off at higher frequencies.
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The zero frequency DQE can be calculated from the p
uct of the QE and the Swank factor.58 For instance, Lane
Fast-B which has a QE of,0.02 ssee Table Idand an esti
mated Swank factor of,0.5,10 should yield DQEs0dof
,0.01, which is consistent with the previously measu
data10 shown in Fig. 7. It follows that, in the case of the SU
detectors, which have up to 3 times higher QE but DQs0d
comparable to Fast-B, the Swank factor must presently r
from 0.15 to 0.2. Such low values of Swank factor indic
very high noise levels, which can be attributed to str
depth-dependence of the optical gain, as explained in
II B 3.

The contribution of Lubberts effect towards DQE fall-
at non-zero spatial frequencies can be ascertained from
ratio Rsud, described in Sec. III B 4. Figure 8 showsRsud,
calculated using Eq.s5d, for the three SU-8 detectors as w
as for Lanex Fast-B. It can be seen that, at frequencies
than ,0.15 mm−1, the SU-8 detectors exhibitRsud values
comparable or superior to Lanex Fast-B. However, at hi
spatial frequencies, the SU-8 detectors exhibitRsud values
lower than Lanex Fast-B, with the differences being m
pronounced in the mid-frequency range. For instance
,0.5 mm−1, Rsud values for the HD-2, HD-1, and LD dete
tors are,0.25, 0.2, and 0.2, respectively, compared
value of ,0.3 for Lanex Fast-B. While such low values
Rsud at high spatial frequencies cause a fall-off in the D
sat those frequenciesd, the overall degradation in the DQ
SU-8 detectorsscompared to Fast-Bdis determined to
much larger extent by Swank noise, which reduces the
across theentire frequency range. As discussed above,
SU-8 detectors exhibit Swank factors that are one-ha
one-third that of Lanex Fast-B. These results therefore

FIG. 7. DQE for the three SU-8 detectors, measured at 1 and 2 MU.
shown are previously measured DQE results of Lanex Fast-B at 6
1 MU sRef. 10d. The DQE of the SU-8 detectors does not change si
cantly with the amount of irradiation, indicating x-ray quantum limited
havior. The prototype detectors exhibit DQE values which are compara
that of Lanex Fast-B at zero frequency, but which are significantly low
high spatial frequencies.
gest that, in the case of the SU-8 detectors, the DQE is ad
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versely affected significantly more by Swank noise than
the Lubberts effect.

V. DISCUSSION

The results presented in this paper demonstrate tha
segmented phosphor approach successfully overcome
trade-off between x-ray quantum efficiency and spatial r
lution, allowing thick detectors that can achieve QEs up
least 3 times higher than those used in current commerc
available AMFPI EPIDs, while simultaneously maintain
comparablesor even, superiordspatial resolution. Cons
quently, such a design largely mitigates the Lubberts e
allowing detector thicknesses to be increased up to a
mm—several times greater than the continuous phos
screens that are used in current EPIDs. However, as the
results show, the imaging performance of these early p
types is significantly reduced due to the presence of
levels of Swank noise. As explained in Sec. II B 3, th
phosphor-based detectors exhibit large variations in op
gain due to the strongly depth-dependent light escape
ciency. In order to reduce Swank noise, it is essentia
minimize this depth dependence—a requirement tha
comes more challenging with increasing detector thickn

In principle, this goal can be accomplished by repla
the phosphor in each cell with an optically clear element
scintillator material such as CsIsTld or BGO. While such
strategies are currently under investigation by the auth59

as well as by others,20,21,29 practical issues related to t
manufacturing complexity and cost of large-area crysta
segmented detectors make it worthwhile to examine
tively inexpensive alternatives like segmented phospho

One strategy to decrease the depth-dependence o

FIG. 8. Examination of the Lubberts effect in the three SU-8 detectors
Lubberts effect causes a fall-off in the DQE at non-zero frequencies,
quantified through the fractionRsud fdefined by Eq.s5dg, plotted as a func
tion of spatial frequency. Ideally,Rsud equals unity, corresponding to t
absence of Lubberts effect. It can be seen that the SU-8 detectors
lower values ofRsud compared to Lanex Fast-B at frequencies ab
0.15 mm−1.
-light escape efficiency in a segmented phosphor is to reduce
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the amount of scatter within the phosphor grains. In a gr
lar phosphor, light scatter occurs primarily due to mult
refraction events at the grain boundaries. Significant sc
reduction could be accomplished by dispersing the phos
grains in an optically transparent binder material that ha
same index of refraction as the phosphor. Ideally, su
configuration would enable light photons to travel al
straight lines within the phosphor cellssimilar to a continu
ous crystalline elementd. Another approach may be to u
combination of two phosphors that have similar QEs
significantly different light output. By carefully varying th
proportion of the two phosphors as a function of cell-de
ssuch that the brighter phosphor has higher concentr
farther away from the array sidedit may be possible to com
pensate for the depth-dependence of the light escape
ciency. A third strategy would be to create light chann
within the cells, for example, by introducing transpar
glass microspheres having diameters on the order of 10mm,
or short glass fibers, having similar diameters, and len
comparable to the cell height. Such light channels w
serve as “high-transmission” paths for light photons ge
ated on the x-ray side of the detector, thereby increasin
escape efficiency of these photons.

The potential improvement in DQE performance thro
the reduction of Swank noise, using strategies simila
those described above, may be seen in Fig. 9. The mea
DQEsfd from the HD-2 detector at 1 MU is shown, alo
with cascaded systems calculations for various level
Swank noise.sThe methodology of these calculations
been described in detail elsewhere.10,60,61d The calculation
make use of the QE and the radiation MTF of the H
detector, obtained through Monte Carlo simulations, as

FIG. 9. Cascaded systems calculations demonstrating the performan
provement that could be achieved through reduction of Swank noise.
calculations are based on the specifications of the HD-2 detector. D
calculated for the present Swank noise levelsI =0.15das well as lower level
of Swank noisesI =0.3 and 0.5d. These calculations indicate that for Sw
noise comparable to Lanex Fast-BsI =0.5d, the HD-2 detector could yie
DQE values up to 3 times higher than the presently measured values
as the empirically measured x-ray sensitivity. The DQE
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curves corresponding to different levels of Swank noise
obtained by varying the gain Poisson excess parameter
cascaded systems model,10,36 which is related to the Swan
factor. For comparison, previously published DQE meas
ments are shown for Lanex Fast-B, which exhibits a Sw
factor of ,0.5.10

The calculations suggest that, through significant re
tion of the Swank noisesto levels comparable to those
Fast-B, where the Swank noise is dominated by the XED
the AEDd, the HD-2 detector could achieve up to a facto
3 higher DQE. Further improvements in DQE may
achieved by fabricating taller SU-8 cell matrices. It is an
pated that pixel-matched cell matrices up to 5 mm tall c
be fabricated. Of course, for such high-aspect-ratio c
maintaining low noise levels will become more challeng
perhaps necessitating the incorporation of more effe
noise reduction strategies.

VI. CONCLUSION

The segmented phosphor concept enables the reali
of detectors that exhibit high QE as well as adequate sp
resolution for megavoltage imaging. In this work, dete
development was conducted using a DQE-based appr
Such a methodology is well-suited for developing and ev
ating novel detector designs, since it allows for the inde
dent examination and optimization of various parameters
impact the overall imaging performance of the system
major challenge in the further development of this desig
the reduction of the presently high levels of optical Sw
noise. Using innovative strategiesssuch as those described
the previous sectiond, it may be possible to significantly
duce Swank noise and thereby improve the overall DQE
formance of high QE segmented phosphor-based detec
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