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Analysis of the spatial-frequency-dependent DQE of optically coupled

digital mammography detectors
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The effect of optical coupling efficiency on the spatial-frequency-dependent propagation of signal
and noise is considered for x-ray image detectors for digital mammography in which a phosphor
screen is optically coupled to a charge-coupled device (CCD) image array. For experimental pur-
poses, optical coupling between a Gd,0,S:Tb phosphor screen and a CCD image array was pro-
vided by relay lenses. Neutral density filters were inserted between the lenses to vary the optical
coupling efficiency without altering the inherent spatial resolution. The total coupling efficiency,
defined as the number of electrons (e ~) recorded in the CCD per x-ray interaction in the phosphor,
was calculated in each case. The modulation transfer function, and the contributions to the total
noise power spectrum (NPS) of x-ray quantum noise, secondary quantum noise, and inherent
detector noise were measured as a function of coupling efficiency. These data were used to calculate
the spatial-frequency-dependent detective quantum efficiency [DQE(f)]. The NPS due to x-ray
quantum noise had a significant spatial-frequency dependence for coupling efficiencies of more
than 9 e~ per x-ray interaction, but little spatial-frequency dependence for coupling efficiencies of
less than 2 e~ per x-ray interaction. These results indicate that to preserve high spatial-frequency
values of DQE(f), and to ensure that images are x-ray quantum-noise limited at high spatial
frequencies, a coupling efficiency on the order of 10 e~ per x-ray interaction is required. This is
contrary to the common belief, based on zero spatial-frequency analysis, that a coupling efficiency
on the order of 1 e~ per x-ray interaction is sufficient to acquire x-ray quantum-noise-limited
images.

Key words: digital mammography, x-ray detector, optical coupling efficiency, modulation transfer
function, noise power spectra, detective quantum efficiency

I. INTRODUCTION

We have developed a prototype of a scanned-slot digital
mammography imaging system at the University of Toronto
which is suitable for clinical use in terms of spatial resolu-
tion, contrast sensitivity, and image acquisition time.? The
detector for this system, shown in Fig. 1, consists of a
Gd,0,S:Tb phosphor screen fiber-optically coupled to time-
delay integration charge-coupled device (CCD) image ar-
rays. The optical coupling provides the necessary demagni-
fication to match the desired pixel size at the phosphor
screen to the CCD element size.

When designing a system with an optically coupled phos-
phor screen, care must be exercised to ensure that the
Poisson-distributed fluctuation in the number of detected
x-ray quanta is the dominant source of noise. In a previous
work,® we considered the factors affecting the coupling effi-
ciency of detectors in which a phosphor screen is optically
coupled to a CCD. In this paper, we consider the effect of
coupling efficiency on the modulation transfer function
(MTF), the noise power spectrum (NPS), and the spatial-
frequency-dependent detective quantum efficiency [DQE(f)]
in such imaging systems.

The zero spatial-frequency analysis of the propagation of
noise in radiological imaging systems is well understood.*~¢
Sturm and Morgan* were among the first to demonstrate that
the statistical properties of the x-ray quanta must be pre-
served to ensure that all of the information contained in an
image is recorded. In the optically coupled detector shown
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schematically in Fig. 2, the x-ray signal is first converted to
light and then to electrons. On the basis of zero spatial-
frequency analysis, the statistical fluctuation in the number
of x-ray quanta is the dominant source of noise, if the mean
number of secondary quanta (e.g., light quanta or electrons)
per x-ray interaction is greater than unity at every stage in
the imaging system.” Otherwise, a secondary quantum
sink exists and the image signal-to-noise ratio is degraded.

A large number of digital radiographic or fluoroscopic
imaging systems have been proposed or developed in which
a phosphor screen is optically coupled to a photoelectronic
detector.’”~'? In such systems, considerable attention should
be given to avoiding a secondary quantum sink. Specifically,
the gain or coupling efficiency of each stage must be suffi-
cient to ensure that at no point in the imaging system does
the number of secondary quanta per x-ray interaction fall
below unity. A more practical interpretation of the effect of
secondary quantum noise would require that the magnitude
of the secondary quantum noise be reduced as much as pos-
sible. For example, Nishikawa and Yaffe'* recommend that
the minimum total coupling efficiency should be on the order
of ten electrons per x-ray interaction.

In this paper, we present experimental measurements of
the effect of coupling efficiency on the spatial-frequency de-
pendent functions MTF, NPS, and DQE(f). These data allow
one to demonstrate the increased zero spatial-frequency
noise that results from decreased coupling efficiency. This is
due to the decrease in the magnitude of the x-ray quantum
noise relative to the secondary quantum noise, and results in

© 1994 Am. Assoc. Phys. Med. 721
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FiG. 1. Schematic of a prototype clinical scanned-slot digital mammography
detector in which a phosphor is optically coupled to a CCD image array via
a demagnifying fiber optic taper.

a drop in the DQE at zero spatial frequency. We also inves-
tigate the effect of coupling efficiency on the shape of the
x-ray quantum noise power spectrum and the behavior of
DQE(f) at high spatial frequencies.

il. THEORY
A. Zero spatial-frequency analysis

In the detector shown schematically in Fig. 2, x rays
(which are Poisson distributed in both time and space) inter-
act in a phosphor screen with a probability, Ay, which is
governed by binomial statistics. It is assumed that both the
absorption of x-ray energy and the production of the result-
ant light quanta occur at a point. This is a reasonable as-
sumption for a Gd,0,S phosphor for x rays with energy be-
low the K edge of Gd (50.2 keV), such as those used in
mammography, since, for example, the range [J. R. Cunning-
ham (private communication, 1990)] of a 40-keV electron is
only 5.5 um. On average, g light quanta escape from the
phosphor screen per x-ray interaction. The variation due to

Phosphor

— GO O——

|
X rays i light | electrons

FiG. 2. Schematic of a detector in which a phosphor screen is optically
coupled to a CCD. The statistical processes associated with each conversion
step, the mean values, and the type of quanta connecting the steps are
shown.
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the statistical processes that govern the production and es-
cape of light quanta is quantified by the Swank factor,'>!*
Ag. The emitted light quanta can then produce electrons in
the CCD if (1) the light quanta are emitted within the accep-
tance solid angle of the lens (or other optical element); (2)
they are transmitted through the optics; and (3) they generate
an electron—hole pair in the CCD. The likelihood of each of
these three steps occurring is governed by binomial probabil-
ity distributions.

The DQE is defined as the square of the ratio of the
signal-to-noise ratio (SNR) at the output of the detector to
that at the input. As derived in the Appendix using the results
of Albrecht,’ the zero spatial-frequency DQE of an optically
coupled detector without image intensification, is given by

_ AQéf"h
1+ gén,(1/As+1/8)

where ¢ is the product of the optical coupling efficiencies of
all intervening optical elements and 7, is the quantum effi-
ciency of the CCD image array. A, Ag, and g are as de-
fined above. In the denominator, the first term describes the
magnitude of the secondary quantum-noise relative to that of
the x-ray quantum noise (the second term). This expression
is valid in the absence of electronic noise sources.

For Gd,0,S:Tb phosphor irradiated with 20-keV x rays,
1350 light quanta will be produced, on average, per x-ray
interaction.” Absorption of light in the screen and other
losses will reduce the value of g to between 400 and 1000
light quanta, depending on the optical properties of the
screen. For a detector with A =1 and g>>100, Eq. (1) can be
simplified to the model of Barrett and Swindell,'®

(1)

Ag

DOE={c+1°

(2)
where C = g&mn, is the total coupling efficiency in electrons
per interacting x ray.

As a point of reference, the value C ;=1 (i.e., 50% drop in
DQE) will be used to compare the results of various imaging
systems. When C is less than unity, fewer than one second-
ary quantum per x ray will be recorded, a secondary quantum
sink will occur, and the fluctuation in the number of second-
ary quanta will be the dominant source of noise. When Cr is
greater than unity, the x-ray quantum noise will be dominant.

B. Spatial-frequency analysis

SNR and DQE can be expressed in terms of spatial fre-
quencies. That is,

SNRZ,
DQE( f)=—i(f—) (3)

SNRi(f)
This equation may be rearranged to separate the propagation
of signal from the propagation of noise. The spatial-
frequency dependence of the propagation of the signal is
given by the MTF of the detector. The propagation of the
noise is given by the ratio of Wr(f), the output NPS, to the
input NPS. The input NPS is independent of spatial fre-
quency by virtue of the random spatial distribution of x
rays'® and the assumption that an x-ray interaction can be
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localized to a region which is small relative to the resolution
of the detector. The magnitude of the input NPS is deter-
mined by the x-ray quantum fluence, ¢. The DQE(Y) is
given by*

S K*MTF*(f)
Wif)

where « is a constant that relates changes in incident fluence
at zero spatial frequency to changes in detector output. This
formulation is used to experimentally measure and calculate
DQE(f), since each of the variables can be easily measured.

The total output NPS, W1(f), can be expressed as the sum
of three constituent noise sources.' In this expression,

Wr(£)=Wo(f)+Wso(f) + Wp(f). )

All NPS are expressed in terms of electrons generated in the
image array. Following the work of Barnes,” Wo(f) in-
cludes factors to describe both the fluctuation in the number
of x-rays interacting in the screen and the variation in the
number of light quanta emitted from the screen per x-ray
interaction (i.e., As). Wso(f) is due to the statistical fluctua-
tion in the number of secondary quanta that would occur in
the absence of x-ray quantum noise. Since each secondary
quantum arises independently, these quanta are uncorrelated
and Wgo(f) is spatial-frequency independent.’® Wj(f) is
due to inherent detector output-signal fluctuations. Since
Wp(f) is caused by the random generation of electrons in
the CCD readout process, it too should be spatial-frequency
independent. A low inherent-noise detector is necessary in
digital mammography to ensure x-ray quantum-noise-limited
images.

For an ideal detector MTF(f)=1 at all frequencies and
Wy (f) would be spatial-frequency independent, similar to
the input x-ray NPS. But because of the optical quantum gain
provided by the phosphor and the spatial spreading of light
within the phosphor screen, light from each x-ray interaction
is produced in bursts which are spatially correlated. High
spatial frequency objects are represented by light bursts
which are closely spaced and hence overlap causing image
blurring. For this reason, high spatial-frequency signals are
propagated and recorded with less modulation than low
spatial-frequency signals. Lubberts has shown,?? that as a
first approximation, the shape of the light bursts (i.e., the
spatial correlation) similarly affects the propagation of the
noise. Hence W(f) will more closely match the input NPS
at low spatial frequencies than at high spatial frequencies.

In an attempt to distinguish between the effects of x-ray
quantum noise and other noise sources, Nishikawa and
Yaffe'“?*? have factored DQE(f) as follows:

DQE(f)=ApAsRc(f)RN(S),

DQE(f) = 4

where
Rc(f)=MTF(f)/NTF,(f),
Ry(f)=Wo(f)/W(f), (6)

NTF,(f) = Wo(f)/W(0).

Zero spatial-frequency effects of x-ray quantum noise are
contained in the x-ray quantum detection efficiency, A, and
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FiG. 3. The ima‘éing system used for experiments. A Gd,0,S:Tb phosphor
screen is coupled to a CCD image array via relay lenses. Neutral density
filters may be inserted between the lenses.

the Swank factor, Ag. R(f) describes the relationship be-
tween the spatial-frequency dependence of the propagation
of signal and noise. NTFy(f) is the noise analog of the
modulation transfer function, thus NTFé( f) describes the
spatial-frequency dependence of Wy(f), the x-ray quantum
NPS. Finally, Ry(f) is the ratio of the x-ray quantum noise
power to the total noise power. This ratio describes the extent
to which a detector is x-ray quantum-noise limited at each
spatial frequency. Equation (6) is used, below, to investigate
the spatial-frequency-dependent propagation of signal and
noise, and to determine for which spatial frequencies a de-
tector is x-ray quantum-noise limited.

ill. EXPERIMENTAL PROCEDURE

The effect of coupling efficiency on MTF, NPS, and
DQE(f) was measured with the imaging system shown in
schematic in Fig. 3. The system consists of a 32 mg/cm?
Gd,0,S:Tb phosphor screen coupled to a CCD image array
via relay lenses. The optical coupling efficiency can be var-
ied by inserting neutral density filters where the two 50 mm,
f/1.2 lenses are focused at infinite conjugates. Five different
coupling efficiencies were obtained using the neutral density
filters listed in Table I. The CCD is a virtual-phase, frame-
transfer device with 244X 774 pixels of size 19.75 umXx8.5
pm. The camera design includes on-chip double correlated
sampling, on-chip integration of charge, slow charge read-
out, and Peltier effect coolers to reduce the measured read-
out noise to 27 e~ at 5 °C. The CCD has a well capacity of

TaBLE 1. The optical density and percent transmission of the filters used.
Also shown are the calculated number of x rays absorbed, the corresponding
number of electrons produced, and the coupling efficiency.

e~ produced

Transmission X rays absorbed ¢~ produced  per x ray

OD of filter (%) per pixel per pixel absorbed
0.0 100 1550 26 400 17.0
0.3 50 3000 27 300 9.1
0.7 20 7 900 26 200 33
1.0 10 14 500 26 500 1.8
13 5 29700 26 400 0.9
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86 000 e, giving a dynamic range of 3200:1. We measured
that the CCD dark signal was generated at an average rate of
58 e~ pixel ! s™! at this temperature. An integration time of
1.000 s was used for the experiments.

In all experiments, the CCD signal was kept approxi-
mately constant. The experiments were designed to ensure
that the neutral density filters did not alter the inherent reso-
lution of the phosphor screen and CCD image array, or alter
the focus of the lenses. This design ensured that variations in
the spatial-frequency dependence of MTF, NPS, and DQEC(f)
were due to the variation in optical coupling efficiency and
not due to the experimental apparatus.

In the experiments described, a tungsten target x-ray tube
was used with a constant potential generator operated at 40
kV. The measured HVL of the x-ray beam was 0.88-mm of
Al. To determine the contributions of secondary quantum
noise, an integrating sphere and LED light source’ were
used to produce a signal in the CCD which was approxi-
mately equal to that obtained in the x-ray experiments. The
light source simulates both the angular emission and light
spectrum of the Gd,0,S:Tb phosphor used in the experi-
ments. Dark signal measurements were obtained by operat-
ing the CCD in the same manner as above, but without illu-
mination or x irradiation.

The number of x-ray quanta incident upon and interacting
in the phosphor screen, and the phosphor screen interaction
efficiency, Ay, were calculated using an energy transport
model.>>% The CCD camera was calibrated, in terms of elec-
trons per unit digital signal, using the mean-variance
technique.?’~%° This calibration allowed coupling efficiencies
to be calculated in units of electrons (e ™) generated in the
CCD per x-ray interaction in the screen.

All images were corrected for pixel-to-pixel variations in
gain and offset, and a slight nonlinearity of the CCD image
array. Correction factors were calculated for each experiment
from 20 frames acquired with uniform illumination and from
50 frames acquired without illumination.”” Multiple frames
were acquired to reduce the uncertainty in the calculated cor-
rection factors.

A. MTF

Each MTF was determined from measurements of edge
spread functions (ESF) provided by positioning a 0.4-mm
thick tantalum plate with a polished edge between the x-ray
tube and the phosphor screen. The tantalum obscured about
one half of the field of view of the CCD. The edge was
placed at about a 2° angle with respect to the columns of the
CCD. In this way, images were formed which consisted of
sets of ESFs, with 1 ESF per line. The ESF from each line
was displaced 1/30 to 1/50 of a pixel with respect to the
adjacent lines, depending upon the angle of the edge. Using
the method of Judy,* the ESF sets were combined to yield a
ten times oversampled ESF. This oversampled ESF was then
numerically differentiated to obtain the line spread function
(LSF), and the modulus of the Fourier transform of the nor-
malized LSF was calculated to obtain the MTF. This method
of calculating the MTF prevents aliasing and sampling errors
due to the size, shape, and spacing of the detector elements.

Medlcal Physics, Vol. 21, No. 6, June 1994

B. NPS

The image data used to calculate the NPS, were acquired
with the entire detector area uniformly irradiated. The NPS
were calculated by employing the direct Fourier transform
method.”*3"32 Data were summed in one direction to synthe-
size the effect of a scanning slit 8.5-um wide and 1.98-mm
long. Each synthesized record contained 512 elements, al-
lowing us to calculate spectral estimates for spatial frequen-
cies between 0.23 and 58.8 mm ™. It was found that synthe-
sizing slits longer than 2 mm did not alter the shape of the
calculated NPS, indicating that a good estimate of the central
section of the 2-dimensional NPS had been obtained. To re-
duce random error in spectral estimates, 160 individual
power spectra were measured and averaged. Corrections for
the finite length and width of the synthetic aperture™ allowed
the true noise power spectra to be obtained.

In order to reduce the uncertainty of the spectral esti-
mates, the spectral values of every five adjacent frequencies
in the original spectra were binned (averaged) to generate the
spectra presented. The zero spatial-frequency value was not
included in the average. The spectral estimates are given in
increments of 1.15 mm™' and have a standard error’* of
3.5%.

The secondary quantum noise, Wg,(f), and the dark
noise, Wp(f), were measured separately, but in the same
fashion as W(f). Since both spectra were found to be es-
sentially frequency independent, within statistical errors, the
spectral estimates were calculated as the average over the
frequencies of interest (0 to 20 mm ). As a result of the
averaging process, the spectral estimates of Wg,(f) and
Wp(f) have a standard error of 0.8%. W (f) was calculated
by subtracting Wj,(f) and Wgo(f) from Wi(f).

C. DQE(f)

DQE(f) were calculated using Eq. (4). To reduce statisti-
cal uncertainties in the estimates of DQE(f), 50 separate
MTF measurements were averaged, and the values from ev-
ery four adjacent frequencies were binned. The number of
samples per frequency bin for the MTF and the NPS were
chosen to ensure that the frequencies of the averaged func-
tions occurred in the same increments. The resulting DQE(f)
estimates have a standard error of 5%, arising mostly from
the uncertainty in the NPS estimates.

IV. RESULTS

Listed in Table I are the optical density (OD) and the
corresponding fractional transmission of the neutral density
filters. In these experiments, the CCD signal was kept con-
stant at approximately 26 500 electrons per pixel, regardless
of optical coupling efficiency. Also shown in Table I, are the
estimated number of x rays absorbed per pixel in the phos-
phor screen, the actual number of electrons recorded per
pixel, and the calculated coupling efficiency in electrons per
x ray. The maximum coupling efficiency was 17 and the
minimum was 0.9 e~ /x ray. The estimates of coupling effi-
ciency have an accuracy of about 2%. A systematic uncet-
tainty in the number of x rays interacting in the phosphor
exists, because of possible differences between the experi-
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Fic. 4. The MTF of the imaging system without a neutral density filter
yielding 17 e~ /x ray, and with two different filters yielding 3.3 and 0.9 ¢ " /x
ray. Only three are shown to avoid confusion.

mental x-ray spectra and those used in the energy transport
model. However, even if differences as large as +0.1 mm in
HVL existed between the spectra, the variation in the mean
energy absorbed in the screen would be less than +10%.

Shown in Fig. 4 are the results of the MTF measurements
of the experimental detector over the range of values of cou-
pling efficiency, C;. The data are indistinguishable within
experimental error. The MTF? is shown in more detail in Fig.
7.

Shown in Fig. 5 are Wy(f), Wy(f), Wso(f), and Wp(f)
for the detector for a coupling efficiency of 17 e /x ray. In
Fig. 6, the total NPS [W(f)] for the five different coupling
efficiencies are shown. Because the signal in the CCD was
kept nearly constant, the magnitude of the secondary quan-
tum noise and the dark noise did not vary significantly be-
tween experiments. In Fig. 7 the MTFX(f) and NTFé( f) are
compared.

-\.\.\
Wp(h) ey
6L ¥—V—W- V. oy YV yg—
10 ‘Vﬁr’ ~y—Vv vl Vv \I‘V V\.'./V 4
0 5 10 15 20
Spatial frequency (mm’)

Fic. 5. The total NPS [Wy(f)], and that due to x-ray quanta [Wy(f)),
secondary quanta [Wso(f)] and detector noise [W,(f)], measured using a
coupling efficiency of C;7=17 e~ /x ray.
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FIG. 6. The total NPS, W(f), for detectors with five different coupling
efficiencies from 17 to 0.9 e~ /x ray. Also shown is the NPS due to second-
ary quantum noise, Wso(f).

In Fig. 8, the values of DQE(0) for the five coupling ef-
ficiencies are shown and are compared to the model repre-
senting the zero spatial-frequency values of the DQE given
by Eq. (1). In the calculation of DQE(0), we used an x-ray
spectrum-weighted” value of Ap=0.49, and measured
values'® of §=470 and Ag=0.73. In Fig. 9, the DQE(f) for
the five coupling efficiencies are shown. Note that the high
spatial-frequency values decrease more rapidly for detectors
with poor coupling efficiency as compared to the detector
with higher coupling efficiency.

Using Eq. (6), AgAs, Rc(f), and Ry(f) were calculated
from the above values of Wy(f), Wy(f), and MTF(f). In
Fig. 10 R(f) are presented, and in Fig. 11 Ry(f) are pre-
sented. The zero frequency term A A =0.36+0.02. This
is in agreement with our calculated values of A, and with
previously measured'S values of Ag=0.73.

10°

107

1074 1 1 1
0 5 10 15 20

Spatial frequency (mm)

Fi6. 7. The quantum noise transfer function, NTFj(f), for detectors with
five different coupling efficiencies. MTF(f) is shown for comparison.
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035

0.30

DQE(0)

1 i I

10 1
C; (e/x-ray)

FiG. 8. Experimentally measured values of zero spatial-frequency detective
quantum efficiency plotted for values of Cr. The solid line is given by Eq.
(1), assuming A ;,=0.49, and A;=0.73.

V. DISCUSSION
A. MTF(f)

The experiments, described above, were designed to mea-
sure the effect of total coupling efficiency, Cy, on the MTF,
NPS, and DQE(f) for an imaging system in which a phos-
phor screen is optically coupled to a CCD image array. To
facilitate experimental measurements, a lens-coupled detec-
tor was used, however, the results are equally applicable to
our clinical detector built with fiber optics.” The effect of
coupling efficiency on the resolution or MTF of a lens-
coupled detector is illustrated in Fig. 12. In a detector with
good coupling efficiency (left), the point spread function
(PSF) from each x-ray interaction will be statistically well
represented by electrons in the CCD. In a detector with poor
coupling efficiency (right), the PSF from each x-ray interac-
tion will be represented by only a few electrons. Because of
the random nature by which light and electrons propagate
through the imaging system, the individual locations of the

Q
SN
.
10'E s A
o
]
(@]
10%F  —a— ¢, = 170 E
—e— C, = 9.1
—A— C, = 33 n
—~v— C - 18 \\‘\.\.:
—— C; = 09 \ \
1073 1 ! ! .\ A

8
Spatial frequency (mm’)

FiG. 9. Detective quantum efficiency plotted as a function of spatial fre-
quency for detectors with five different coupling efficiencies.
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FiG. 10. Plot of Ro(f) as a function of spatial frequency for various cou-
pling efficiencies. The data points are connected with straight lines to aid the
reader.

recorded electrons will vary from one x-ray interaction to
another. However, the processes which govern the scattering
(i.e., spreading) of light quanta from their point of origin in
the phosphor screen do not change as a function of coupling
efficiency. Therefore, the ensemble average of the PSFs (and
hence the MTF) will not change as a function of coupling
efficiency. This is confirmed by the results shown in Fig. 4.

B. NPS(f)

Since the shape of the MTF does not change with cou-
pling efficiency, one might reason that the shape of the x-ray
quantum NPS, W,(f), would not change either. However,
referring to Fig. 7, it is clear that Wy(f) does change with
coupling efficiency. At low spatial frequencies and high cou-
pling efficiencies NTFé( f) has a similar shape to MTF(f).
At higher spatial frequencies N'I'Fé( f) diverges from
MTF(f) as predicted by Lubberts.?? Note, however, that the

17.0

O I TR TR
w ©
© oo
Il

o =
[(o]es]

Ru(f)

5 10 15 20
Spatial frequency (mm’)

0.0
0

FiG. 11. Plot of Ry(f) as a function of spatial frequency for various cou-
pling efficiencies. The data points are connected with straight lines to aid the
reader.
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Fi6. 12. Schematic illustrating how the optical PSF might be recorded in the
CCD for two detectors; one with a coupling efficiency of 40 e /x ray (left)
and the other with a coupling efficiency of 2 e~ /x ray.

frequency at which NTFé(f) diverges from MTF*(f) de-
creases with decreasing coupling efficiency and the amount
of divergence increases.

The effect of coupling efficiency on the propagation of
noise is illustrated in Fig. 13. In this illustration, detectors
with good (left), and poor (right) coupling efficiencies are
again compared. X rays which interact in the phosphor
screen (a), produce a spatial distribution of electrons in the
CCD (b) after passing through the intervening optics. The
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Fic. 13. Schematic illustrating how the random distribution of x rays (a),
generates a group of PSFs which are recorded in the CCD (b). With a
coupling efficiency of 40 e™/x ray (left), the recorded PSFs each have sig-
nificant correlation as illustrated by the autocorrelation function (ACF)
shown in (c). Less correlation exists for the detector with a coupling effi-
ciency of 2 e”/x ray (right). The corresponding NPS are illustrated in (d).
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autocorrelation function (ACF) of the distribution of elec-
trons recorded in the detector (c) with good coupling effi-
ciency demonstrates significant correlation, even for a mod-
erate spatial shift, because each x-ray interaction produces a
burst of many spatially correlated light quanta giving rise to
a burst of many electrons in the CCD. The ACF of the spatial
distribution of the electrons recorded by the detector with
poor coupling demonstrates poor correlation because each
x-ray interaction produces a burst of only a few electrons.
Because of the shape of the ACF, its Fourier transform, the
total NPS (d) measured with the detector exhibiting good
coupling falls more quickly with spatial frequency than that
of the detector exhibiting poor coupling efficiency.

Current theories of the propagation of x-ray quantum
noise!*2>-3% do not account for the relationship between
coupling efficiency and the shape of W(f), although the
concept that the correlation present in secondary quanta of
individual x-ray interactions may be used to derive the NPS
has been explained previously.>*4°

The key difference between the MTF measurement and
the NPS measurement, is that when measuring the MTF, the
spatial distribution of x rays is well defined by nature of the
measuring apparatus, thus, correlation between PSFs is
maintained. When these PSFs are superposed in the MTF
experiment, the averaging process will produce the same
edge spread function for either good or poor coupling. How-
ever, when measuring the NPS, the spatial distribution of the
X rays is random and only the correlation provided by the
recorded secondary quanta can be measured. By decreasing
the coupling efficiency, that correlation is reduced.

C. DQE(r)

The effect of coupling efficiency on DQE(f) is twofold.
First, as predicted by the zero spatial-frequency analysis [Eq.
(1)] and by Ry(0) (see Fig. 8), the zero spatial-frequency
value of DQE(f) decreases with decreasing coupling effi-
ciency. The reduction in the DQE(0) is due to the reduction
of the magnitude of W(0) relative to W,(0) and Wp,(0).

The second effect is related to the frequency dependence
(shape) of Wy(f) relative to Wgp(f) and Wp(f). If the
shape of W(f) did not vary with coupling efficiency, then
the reduction in DQE(f) at high spatial frequencies would be
similar to that which occurs at zero spatial frequency. How-
ever, the shape of Wy(f) does change with coupling effi-
ciency causing DQE(f) to decrease more quickly as a func-
tion of coupling efficiency at high spatial frequencies. Zero
spatial-frequency analysis of DQE will underestimate the ef-
fect of coupling efficiency on high spatial-frequency DQE.
Thus while a detector may be x-ray quantum-noise limited at
low spatial frequencies, the same may not be true at high
spatial frequencies.

The spatial-frequency dependence of DQE(f), which is
dependent upon both MTF and W(f), will vary less with
coupling efficiency than predicted by Wy(f) alone. The ef-
fect on DQE(f) of Wy (f) is given by R(f), and is shown in
Fig. 10. As Cy decreases, Wy(f) demonstrates less fre-
quency dependence because there is less correlation between
electrons in the burst from each x-ray interaction. R-(f)
most clearly demonstrates the changing correlation between
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MTE(f) and Wy(f). Note that as coupling efficiency de-
creases, the value of Ro(f) drops dramatically.

In the calculation of DQE(f), the relative magnitudes and
shapes of the x-ray quantum noise are compared to the total
NPS by Ry(f), which is shown in Fig. 11. The frequency
dependence of W (f) decreases more significantly with de-
creasing coupling efficiency than does W (f) due to the in-
fluence of the frequency-independent additive noise sources
Wso(f) and Wp(f). As a result, Ry(f) loses its spatial fre-
quency dependence with decreasing values of Cr, because
both W, (f) and Wp(f), which appear in the denominator
of the expression for Ry(f), are also spatial-frequency inde-
pendent. Hence over the range of values of C; which we
examined, low frequency values of Ry(f) decreased with
decreasing coupling efficiency while the high-frequency val-
ues of Ry(f) increased slightly because of the higher quan-
tum noise transfer (Fig. 7) seen with reduced C . The result
is that for low C, the product R ~(f)Ry(f) is a more slowly
decreasing function of spatial frequency than is R (f) alone.

The coupling efficiency has the greatest effect upon the
shape of the DQE(f) for C; in the range of 1 to 10 ¢~ /x ray.
Doubling the coupling efficiency from 9 to 17 e /x ray did
not significantly affect the shape of W, (f) (see Fig. 7). This
would suggest, therefore, that C; on the order of 10 e ™ /x ray
should be treated as the minimum value appropriate for high
resolution imaging systems in which a phosphor screen is
optically coupled to a CCD image array. However, even
though the shape of W(f) did not change significantly be-
tween Cr=9 and C;=17, the magnitude of W(f) relative
to Wgo(f)+ Wp(f) increased by factor of 2. Therefore, one
should choose a coupling efficiency which guarantees that
the detector is x-ray quantum-noise limited at all spatial fre-
quencies of interest in the detection of radiographically sig-
nificant objects, and in general, the maximum possible cou-
pling efficiency that does not exceed the dynamic range
capability of the detector should be used.

VI. CONCLUSIONS

As coupling efficiency is reduced, two effects occur. First,
the DQE is reduced at low spatial frequencies because the
magnitude of the secondary quantum noise is increased rela-
tive to the x-ray quantum noise. Second, the DQE(f) de-
creases more rapidly with increasing spatial frequency.
Therefore, the decrease in DQE(f) as a function of coupling
efficiency is more significant at high spatial frequencies. This
decrease is the result of the loss of correlation between the
propagation of signal and noise [i.e., Ro(f) decreases with
decreased coupling efficiency]. However, because of the
presence of secondary quantum noise and inherent detector
noise which increase Wp(f) uniformly at all spatial frequen-
cies, the decrease in DQE(f) is less dramatic than predicted
by R.(f) alone.

Current methods used to determine the minimum required
coupling efficiency to obtain x-ray quantum-noise limited
images are based on zero-spatial frequency analyses. These
methods underestimate the coupling efficiency required, in-
dicating that on the order of 1 e /x ray is required to ensure
that the x-ray quantum noise is dominant. In this paper, we
have demonstrated that a coupling efficiency on the order of
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10 e /x ray is required to ensure that a detector is x-ray
quantum-noise limited at high spatial frequencies. In addi-
tion, we recommend that the maximum practical coupling
efficiency be used, but in any case, C; should be sufficiently
high to ensure Ry(f)>0.5 for all spatial frequencies of in-
terest.
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APPENDIX: DERIVATION OF EQ. (1)

Albrecht’ has shown that for an n-stage cascaded imaging
system the mean value of the output signal, Q, can be given
by

o=1I1 =, (A1)
i=0

where « is the mean number of quanta arriving per unit
time, and @; to ,, are the mean multiplicative factors for the
n stages. The noise amplitude, o(Q), is defined as the stan-
dard deviation of Q, which may be calculated using

cX(Q)=0%-0?,

where 62- is the mean squared value of Q. Albrecht® has
shown that

02(Q)=[ﬁ z}[l—ﬁ T3 (i—zé)fl a‘,}.

i=0 j=0 k=0 \ ¥k Fk) =

(A2)

In an optically coupled imaging system, «; is a random
variable (RV) representing the number of x-ray quanta inci-
dent upon the phosphor screen, a,; is a RV representing the
fraction of x rays incident upon the phosphor screen which
will be attenuated, a, is a RV giving the light gain of the
phosphor screen (as measured at the output surface of the
screen), a; to e, _; are RVs which give the fraction of light
successfully passing through the intervening optics, and a,, is
a RV giving the fraction of light quanta incident upon the
CCD which generate an electron—hole pair in the CCD im-
age array. These processes may be divided into three separate
groups. «, is represented by a Poisson distribution, a, is
screen dependent, and all other stages are governed by bino-
mial distributions. For a Poisson process, a; = E% + a, while
for a binomial process ar,% = ay. For a fluorescent screen,
Swank has defined A = a}/ a,f, where here the A ¢ notation
of Rowlands ef al.* is used. Thus
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TaBLE II. The stages, processes, governing statistical distributions, and their
mean and mean square values.

Statistical _
Symbol Process distribution ¢« at
a, Incident x-ray quanta Poisson I P+1
a; Absorption of x-ray quanta Binomial Ag Ag
a, Optical gain of Screen g 8YA;s
phosphor screen dependent

ay Optical transmission efficiency Binomial 3 13
as CCD conversion efficiency Binomial 7% 7

a; 1 1 1

——=—|=|-———|, for phosphor screen,

ap ag) \Ag

=1 if Poisson,
=0 if binomial.

The detective quantum efficiency (DQE) is the square of
the ratio of the output SNR to the input SNR. The output
SNR is given by Q/c(Q). The input SNR is simply o}, In
this way, the DQE may be calculated.

Consider, now, the four-stage imaging system in Fig. 2.
The mean and mean square values of the RVs q; are as listed
in Table II. The DQE of the optically coupled system is,
therefore,

Apgén,

In a system with a series of optical elements, the total cou-
pling efficiency of the optics, £, is given by the product of
the optical coupling efficiencies of all intervening optical
elements.

DQE=

(Ad)
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