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Monte Carlo Simulations of a metal/a-Se Portal Detector

Hui Wang, B. Gino Fallone, Tony Falco

Medical Physics Unit and Department of Physics, McGill University and Montreal General
Hospital, Montreal, Quebec, Canada

The detector response, modulation transfer function (MTF) and quantum detective efficiency (DQE) of four
amorphous selenium (a-Se) based image receptors have been calculated through Monte Carlo simulations of
x-ray absorption. As part of a preliminary study on electrostatic portal imaging, the effects of receptor
geometry and composition on the imaging characteristics of a-Se in the megavoltage range have been
investigated. Our results indicate that the DQE increases as the a-Se thickness while the MTF decreases
slightlv, and a front metal plate can enhance detector response, DQE and MTF of a-Se receptors at the detail

level relevant to portal imaging.
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Introduction

Electrostatic (xeroradiographic) imaging is a pro-
cess in which the intensity pattern of a photon beam
is transformed to a charge distribution on the sur-
face of a photoconductor.'? With the development
of novel methods for extracting the latent image,
such as photoinduced discharge with laser** and
electrostatic coupling, xeroradiography is regaining
its vitality. Recent studies have shown that by using
amorphous Selenium (a-Se) and digital readout has
various advantages: higher contrast, wider dynamic
range and improved quantum detective efficiency.*’
A latent image on the a-Se surface is formed via
local neutralization of the uniform charge distribu-
tion achieved through some charging procedure be-
fore irradiation. In diagnostic radiology, the seleni-
um is directly exposed to x-rays transmitted through
a patient. One would naturally ask if a-Se can be
introduced into portal imaging where beam energy
is much higher.
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In portal imaging, an image is acquired with a
therapy beam with high penetrating ability which
reduces detection efficiency. A metal plate is usual-
ly combined with a portal image receptor. For ex-
ample, a portal film is placed in a cassette with a
copper plate on the beam entrance side. Because of
the high attenuation coefficient of the metal, a sig-
nificant portion of the incident photon beam is con-
verted to secondary electrons. It is the interaction
of the electrons with the receptor that is responsible
for image formation. Metal plates are also employed
in fluoroscopic EPIDs and matrix ion chamber EPIDs
to enhance detector response.

Droege and Bjarngard reported that a metal plate
can significantly reduce scatter to primary ratio
when used with portal films.* Jaffray et al reported
that a copper plate can reduce quantum noise asso-
ciated with x-ray absorption in phosphor screens
thus improve the detective quantum efficiency.’

The objective of this study is to measure the
radiation discharging curve of metal/a-Se recep-
tors, and to calculate their detector response, modu-
lation transfer function and the detective quantum
efficiency in the megavoltage range with the Monte
Carlo technique.
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Mathematical simulations
Theory

The measurement of the line spread function / (x)
can be modelled as a smoothing process followed
by sampling process. Mathematically, the meas-
ured line spread function /u (x) can be expressed as

Ln() = [[( v) l'("{'f(;—::)] »r‘mnh(%)
where the convolution with
w®)={

represents the averaging effect of the aperture
size a. and the multiplication with

n=+oc
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represents the sampling with a spacing of b. The
measured modulation transfer function is then giv-
en by the modulus of the Fourier transform of /i (x):

M1 (1) = | F{l ()}

= |[MTF(u) - sinelaw)] . comb(bu)|

which contains truncation error introduced by the
multiplication with  sinc(arr) and aliasing artifact
introduced by the convolution with (comb(but)). Pre-
cautions have to be taken in the selection of aper-
ture size and sampling rate in order to keep system-
atic errors under an acceptable limit. The upper
limit of spatial frequency at which the modulation
transfer function can be measured is determined by
the Nyquist criterion:

i
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The convolution in Eq. (4) causes overlapping of

adjacent cycles. This overlap can be reduced by
increasing the aperture size. A larger aperture re-
duces the amplitudes of the sidelobes of  sinc(au)
but at the same time increases truncation error. As a
trade-off of aliasing reduction, the measured modu-
lation transfer function will deviate more from the
true value. The current convention used in modula-
tion transfer function measurements is a = 2b, i.e.,
the aperture should be at least twice the size of the
sampling interval. This convention ensures a less
than 2 % systematic error in the sampled data.'’
Quantum noise in x-ray imaging originates from
the fluctuation of the incident photon flux charac-

terized by Poisson statistics and the randomness of
the amount of energy deposited by each x-ray pho-
ton in the receptor. While the former determines
the noise level of the input, the latter is the reason
for the degradation of the signal to noise level in-
troduced by the receptor. This degradation is usual-
ly characterized by the detective quantum efficien-

¢y defined as
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For an amorphous selenium receptor, the energy
deposited by an incident photon is used to create
electron-hole pairs which are responsible for the
formation of the electrostatic image. The number of
these charge carriers resulted from £ incident pho-
tons of energy is given by

Ep
[ n(E, En)EdE
1]
W

where n(E, Ei) is the average number of photons
that deposited the amount of energy £ and W is the
average energy required to generate one electron-
hole pair. The fluctuation of n(E, Eu) is</n(E, Ei,).
Considering the absorbed energy distribution, the
total uncertainty is
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is the ith moment of the normalized pulse height
spectrum L‘.(.E.V’:_.l from incident photons ol energ
Eiw. Eq(11) is the DQE at zero spatial frequency
because spatial information transfer is not consid-
ered. DQE at a non zero spatial frequency is lower
as the receptor can not fully transfer the informa-
tion at that detail level. DQE as a function of spatial
frequency can be expressed as

DQE(J) = DQE(0) - MTF(])

provided that quantum noise is white noise. This
is justifiable since the input noise is determined by
the Poisson statistics and the output noise is deter-
mined by the fluctuation in the energy deposited by
a photon. Neither of them depends on the spatial
frequency of the input under the assumption that x-
rays are photons and the detector is a large continu-
um.

Monte Carlo Sinudations

Image acquisition in transmission radiology starts
with the detection of x-rays transmitted through a
patient. The change ol some physical observable
caused by the interaction between the x-rays and
the detector is then extracted as the output signal by
a certain means. The incident photon generates a
photon-clectron “shower™ in the detector introduc-
ing an uncertainty in the spatial location of the
incident point resulting in receptor blur. Due to the
stochastic nature of the coupled photon-clectron
transport, energy deposition introduces fluctuation
in the output signal or quantum noise.""'* The mag-
nitude of receptor blur and quantum noise depend
on the energy of the x-rays and the composition and
geometry of the receptor.

The coupled photon-electron transport within the
detector was simulated with the Electron Gamma
Shower (EGS4) code™ which has been extensively
used for radiation dose calculation in the energy
range ol I~10 MeV and has been proven to pro-
duce reliable results. As a general purpose soltware
package, EGS4 (National Research Council, Cana-
da) consists of two major parts: the system code
that handles the physics ol coupled photon-electron
transport and the user code that deflines the geome-
try and type ol the medium/media. The user code
also specifies which physical observable(s) will be
scored. This package also provides two general pur-
pose programs, XYZDOS and DOSRZ, to define
simulation geometry in Cartesian and polar coordi-
nate systems which include the Parameter Reduced

Electron Step Transport Algorithm (PRESTA) that
reduces the dependence of charged particle trans-
port on user-selected parameters.” Density elfect
corrections were also included in the collisional
stopping powers. The K [luorescence production
was not considered since it is not significant in the
megavoltage energy range.” The parameters con-
trolling the transport were set as the flollowing:
ECUT=AE=0.521 MeV, PCUT=AP=0.01 MeV.
where ECUT is the minimum total energy of elec-
trons that are transported, PCUT is the minimum
total energy ol photons that are transported, AE and
AP are the energy thresholds for creation ol sec-
ondary electrons and photons, respectively. Mo-
noenergetic photons (0.1~6 MeV) were used in all
simulations. The results of simulation runs are con-
sistently well within | % of cach other.

A layer of amorphous selenium is coated on an
8 x 8 in? metal plate: the metal-plate is in the beam-
entrance side of the detector. As a build up materi-
al, the metal plate converts the incident photons
into electrons. Intuitively, the optimal thickness of
the metal plate should be the depth du« Where elec-
tron equilibrium is reached. Beyond this depth, en-
ergy absorption decreases because the primary pho-
ton beam is attenuated and electrons do not travel
over a certain range. Three of the four receptors
(Noranda Advanced Materials Inc., Pointe Claire,
QC) have a 2 mm thick aluminum plate with differ-
ent thickness ol a-Se: 150 um, 300 um and 500 pm.
The other receptor consists ol | mm copper and
300 pm a-Se.

The simulation of the line spread [unction was
run with the user code XYZDOS. A 2 pm x 20 cm?
parallel beam of monoenergetic photons is incident
at the center of a 20 x 20 ¢m? receptor. The a-Se
layer of the receptor is divided into a series o S um
wide strips inside which the deposited energies are
scored. Every two adjacent points are then aver-
aged:

1
Lp(x7) = ;[E(.r,’) + 12(rigr)]
ri=(i=1h, i= 230N,

to satisfy the requirement of the adequate aper-
ture size. According to the Nyquist criterion, the
sampling rate gives a cutoff frequency of 100 mm.™
The selection of the bin width must also ensure that
multiple scattering can be modelled accurately by
the EGS4 Monte Carlo code. The rule of thumb to
estimate the number ol multiple scattering events is
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Nops = density(g/em?®) - (Z8)7 - stepsize(pon).

where Ny is the number of multiple scattering
events, Z is the atomic number of the material con-
sidered. For a 5 pm step size in amorphous seleni-
um, AN is approximately 35 which is sufticient.
The MTF is obtained by applying the Fast Fourier
Transform (FFT) to the discrete LSF. To ensure the
accuracy of the results, 30 millions of photons were
used in each simulation resulting in a statistical
uncertainty less than 5 % in each strip. This re-
quires calculation times ranging from 7 to 24 hours
on an SGI workstation (IRIS INDIGO, Silicon Gra-
phics, Mountainview, CA).

In order to calculate the absorption efficiency
and the detective quantum efficiency, the energy
absorbed in the entire sensitive volume and its pulse
height spectrum need to be scored. Unfortunately,
XYZDOS does not include the option of pulse height
spectrum. The simulations had to be run with the
more versatile and more user friendly DOSRZ. A
pencil beam of monoenergetic photons is incident
at the center of the circular detector with a radius of
10 cm. The effect of the detector shape is negligible
since the radius is sufficiently large for a pencil
beam. Equal energy bin width was used in the pulse
height spectrum: 0.01 MeV for incident photons of
energy less than 3 MeV and 0.03 MeV for 3 MeV
and above. Simulation were terminated only when
the uncertainty in the pulse height spectrum be-
came less than 10 % in each bin. Approximately 72
hours were required for each run.

Results

Three of the four receptors have a common front
metal plate (2 mm Al) but different a-Se layer
(150 pm, 300 pm and 500 pm thick) while the other
has a I mm thick Cu front plate and 300 pm thick a-
Se. The calculated MTFs are shown in Figure 1.
Error bars are not plotted because they are smaller
than the symbols.

For each plate, the MTF degrades as energy in-
creases and becomes relatively constant from 2 MeV
up to 6 MeV. This indicates that there is a transition
of the dominant interaction from one type to anoth-
er between | and 2 MeV. The MTFs were also
calculated for the a-Se/Cu receptor when the Cu
plate was used as back plate. Degradation was also
observed as the photon energy was increased.
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Figure 1. The modulation transfer functions for different
energies for various receptors (A) 2 mm Al/0.15 mm a-Se,
(B) 2 mm Al/0.30 mm a-Se, (C) 2 mm Al/0.50 mm a-Se.
(D) I mm Cu/0.3 mm

The data of all receptors at each individual energy
were plotted in Figure 2. It can be seen that for the
Al plate receptors, the MTF decreases as the thick-
ness of the a-Se increases at all energies (1~6 MeV).
For 300 pm thick a-Se layer, a 2 mm Al plate and a
I mm Cu plate lead to the same modulation transfer
function at | MeV. As the photon energies increases,
the Cu plate improves the MTF considerably. When
a back Cu plate is used, the MTF is the lowest at |
MeV but highest for 2 MeV and above.

The quantum absorption etficiency is defined as
the ratio of the photons that have deposited energy
in the sensitive volume of the detector to all the
incident photons. Figure 3 (A) shows the calculated
quantum absorption efficiencies of four receptors.
The error bars are too small to be shown in the
plots. The quantum absorption efficiency increases
as the a-Se layer becomes thicker when the same
front plate is used. At I MeV, a front metal plate
reduces the probability of absorption due to the
attenuation of the primary beam. For energies
= 2MeV, the | mm Cu front plate increases the
absorption more than the I mm Cu back plate. A
I mm Cu back plate is more effective in absorption
than a 2 mm Al front plate.

The output signal of a receptor is determined by
the average energy deposited by an incident photon.
Figure 3 (B) shows the responses of four receptors to
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Figure 2. The modulation transfer functions of four receptor
at incident photon energy of (A) 1 MeV and of (B) 6 MeV.
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Figure 3. (A) Quantum absorption efficiencies and (B) De-
tector response of four receptors at different incident pho-
ton energies.

monoenergetic photons at different energies. For the
three Al plates, detector response increases with the
thickness of a-Se. For the same thickness of the a-Se
layer (300 pm), a I mm Cu front plate results in a
much greater detector response than a 2 mm Al front
plate. The comparative detector response of the Cu
with respect to Al increases at higher energies. For
2 MeV and above, it becomes even greater than that
of the Al receptor with a thicker a-Se layer (500 pum).
Among all the receptors, the one with a 1 mm Cu
back plate has the lowest detector response.

The statistical factor describes the loss in DQE
due to the incomplete absorption of an interacting
photon. As shown in Figure 4 (A), the statistical
factor of a front metal plate receptor decreases as
the x-ray energy increases. With the front metal
plate as an electron convertor, the pulse height spec-
tra of energy deposition in the a-Se layer have
similar shapes at different energies. But the width
increases with energy. The drop of the statistical
factor is due to this widening. For a back metal-
plate receptor, however, the pulse height spectrum
becomes narrower when x-ray energy increascs. The
smaller variation in the amount of the energy de-
posited per interaction photon is responsible for the
slight increase of the statistical factor of the | mm
Cu back plate receptor.
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Figure 4. (A) Statistical factors, and (B) Zero spatial fre-
quency detective quantum efficiencies of four receptors at
different incident photon energies.
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The zero spatial frequency DQE of the four recep-
tors are shown in Figure 4 (B). Except for the | mm
Cu receptor at 1 MeV, the DQEs of all four receptors
decrease as incident photon energy increases. For the
same front metal plate, a larger sensitive volume
results in a higher DQE due a more complete absorp-
tion of the incident photon. For the same a-Se layer,
a front metal plate decreases the DQE at | MeV due
to the attenuation of the primary photons (Figure 3
(A)). But for 2 MeV and above, the | mm Cu front
plate, increases the DQE more than the 2 mm Al
front plate. Figures 3, 4 (A) and (B) indicate that
DQE is dominated by quantum absorption efficien-
cy. The DQE as a function of spatial frequency can
be calculated from Eq(13). For 2MeV and above,
both the zero frequency DQE and the MTF of the Cu
receptor are greater than those of the Al receptor.
The Cu front plate, therefore, will lead to higher
DQE at any detail level. At | MeV, the DQE of the
Cu receptor at higher spatial frequencies will be
compensated by its higher MTF.

Discussion

Image formation in a xeroradiograhic system has three
stages: x-ray absorption, electron-hole pair production
and charge collection. In our simulations, only the
first is modeled. Another simplification is that only
monoenergetic x-ray beams were considered.

Our calculations of zero frequency DQEs have
followed the approach taken by Jaffray et al’ to
calculate zero frequency DQEs of metal plate/phos-
phor screen combinations. Since the physical proc-
ess modeled by the simulations is the same: energy
absorption, the results could be compared. In fact,
similar trends are observed in the way zero fre-
quency DQE changes with respect to incident pho-

ton energy although the behavior of the DQE(®) of

the metal plate/a-Se detector is not as simple. Since
the Monte Carlo results are the higher limit, com-
parison of the overall performance of the two type
of detection systems (mmetal/a-Se versus metal/phos-
phor) must include the later stages in the imaging
chain. The metal/phosphor system requires an addi-
tional component that converts light into an elec-
tronic signal which may seriously affect the result-
ant DQE. This critical component is theoretically
not required for metal/a-Se system, where the in-
formation is already stored in charge form. Intui-
tively. it should be simpler to read charge informa-
tion directly in the metal/a-Se system than it would
be with a metal/phosphor system. However, the

optimum technique for reading a metal/a-Se has not
been found yet.
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