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1. Introduction

In an effort to improve the performance of x-ray detectors for digital mammogra-
phy, we are investigating the design of new direct conversion detectors for applica-
tion in a slot-scanned system. The narrow slot geometry provides a dose-efficient
means of scatter rejection and it allows the use of small detector modules to pro-
duce a full area image. The slot-scanned technique relies on CCD technology, using
time-delay integration (TDI) for signal acquisition.

There are several solid state materials that may be used for an x-ray detector.
Unlike phosphor-coupled devices which are indirect x-ray detectors, these materials
convert the energy absorbed from the x-ray beam directly to an electronic signal.

One material that has recently become of interest is Cd; _,Zn, Te (CZT). It has
several properties that make it potentially useful for digital mammography. It has
a high density (5.8 g/cm?®) and a high effective atomic number which provides an
excellent quantum interaction efficiency even for very thin detectors (98% at 20 keV
for 400 pm thickness). This material has a high resistivity (10-100 GQ-cm) which
allows reasonably low dark currents to be maintained. It also has a high signal
gain (approx. 4000 electron-hole pairs for a 20 keV photon[1]) which provides an
excellent signal to noise ratio.

In designing a new x-ray detector, the goal is always to produce a device uses
x-rays efficiently to provide the highest possible image quality. By careful modeling
of signal and noise propagation, the image quality of the prototype detector can
be predicted. Using reasonable estimates of the requirements for image quality for
mammography and the limitations imposed by the properties of CZT and the TDI
acquisition technique, a range of design parameters can be determined. Within this
range of parameters, there may exist an optimum set that yields the best possible
image quality.

In this paper we examine the design requirements for the detector and develop
a model which can be used to predict various descriptions of image quality. Some
initial optimization results will also be presented.
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2. Design Requirements

A detector for a digital mammography system must satisfy several very demanding
requirements in terms of image quality, which are related to the clinical imaging
tasks. One important task is the visualization and characterization of soft tissue
masses and architectural distortions. This influences the required contrast sensitiv-
ity which must be maintained over a wide dynamic range representing variations
in x-ray transmission due to changes in the composition and the thickness of the
breast. The exposure at the detector may range from 10 mR to 1000 mR across
the image[2]. In order to have good low contrast sensitivity over this range (e.g.
1%), the dynamic range necessary may be as high as 5000 to 10 000 depending on
the x-ray spectrum.

The detection and characterization of microcalcifications is also an important
imaging task. This requires very high spatial resolution. Studies have shown that
at least 100 pm is required for simple detection[3]. To characterize and classify the
microcalcifications, a higher resolution may be required.

Different spectra are used for different breast thicknesses, generally increasing
kVp to increase penetration for thicker breasts. There is also evidence that different
spectral filters may be suited to different thicknesses or tissue composition[4].
Therefore, the x-ray detector should behave well over the entire possible spectral
range (approximately 16 to 30 keV).

3. Detector Design

Present technology allows the fabrication of CZT photoconductor arrays of a rea-
sonable area of from up to 6.25 cm?[1]. Although this is far too small for a full-
area detector, it is certainly feasible to tile several small detectors for use in a
slot-system.

The large number of detector elements required for the slot-detector requires
the use of a read-out technique that is fast and accurate. A CCD is particularly
well suited to this application. As CZT is a relatively new material, the technology
required to make a CCD directly on CZT as a monolithic device is not available.
Instead, the read-out device is constructed of silicon and the CZT is indium-bump
bonded to it, to provide the electronic connection to each detector element in the
CZT photoconductor array. A simplified cross-section of this device is shown in
Figure 1.

One difficulty in using CZT is due to its relatively low hole mobility[5]. Holes
can only move a short distance in CZT before becoming trapped, causing loss
of signal. This leads to gain variations and possibly poor temporal response. To
minimize the influence of poor hole mobility, the CZT should be as thin as possible,
and biased correctly to provide the shortest distance for the holes to travel.

Using the physical properties of CZT, the characteristics of the scanning tech-
nique and present limitations in CZT fabrication, careful modeling of the signal
and noise propagation through the scanning system can be performed. From this
model, important design parameters affecting image quality can be identified.
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Figure 1. Schematic of a CZT photoconductor array bonded to a silicon CCD.
4. Image Quality Model

To determine the design criteria for the prototype detector, an image quality model
was used. This model is based on a cascaded linear systems analysis, examining
signal and noise propagation through various stages. These stages can be catego-
rized as one of four mechanisms: gain, blurring, noise addition, and aliasing. In
depth discussion of these mechanisms is described elsewhere [6, 7, 8]. Once the
signal and noise equations have been calculated, the detective quantum efficiency
(DQE) as a function of spatial frequency, f, can be calculated as follows:

par() = ) )
_ k2¢MTF2(f) @)
= TNPS()

where k is the scaling factor for the detector, ¢ is the incident x-ray fluence,
MTPF(f) is the modulation transfer function, and NPS(f) is the noise power
spectrum. The cascaded linear-systems analysis provides a powerful means of pre-
dicting the DQE(f) as well as determining critical stages and parameters that limit
image quality.

4.1. INTERACTION STAGES

The CZT-based scanning system has been modeled as a set of nine stages, and the
analysis as been performed in both the slot (along the axis of the detector) and
scan directions. The stages are shown in Figure 2. The relevant design parameters
are listed in Table 1. The most important stages, with respect to resolution loss,
and image quality limitations are described in the following sections.
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Figure 2. The nine stages of signal and noise propagation for the image quality model
of the CZT-based detector.
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Figure 3. Geometric blurring is shown in a). This effect is strong in the planar geometry
shown in a), because of the large incidence angle at the edge of the detector. Using a
piece-wise curved geometry, the incidence angle is reduced as shown in b) and c).

4.1.1. Geometric Blurring

Because of the fan beam geometry of the x-ray field, the x-rays will be obliquely
incident on the detector. As shown in Figure 3a, the x-ray can be absorbed any-
where along the path defined by the incidence angle, 8. This leads to a blur in the
image of the form[9]:

2
(1 - 6_%) +de— e sin? (7 f, L tan 6)

(L= emra) [1+ (2nf, 0 )2]

MTFyeo(fy) = 3)

where f, is the spatial frequency in the long axis of the detector (slot direction),
L is the thickness of the detector, and p is the linear attenuation coefficient. If
a planar detector geometry is used as shown in Figure 3b, with a 60 cm source-
detector distance and a 24 cm slot length, then the maximum incidence angle will
be 22°. To reduce this effect, the detector can be designed as a piece-wise curved
unit as shown in Figure 3c-d. If 2 cm detector elements are used, this reduces the
incidence angle to 1.9°.
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4.1.2. Temporal Aperture Blurring

During TDI acquisition, the charge signal is transferred from row to row at dis-
crete clock intervals. Between transfers, however, the detector is moving, so that
a detector element sweeps out a distance greater than its physical size. This ad-
ditional distance is equal to the detector element pitch in the scan direction, p,,
before charge transfer. This causes an additional blurring in the scan direction.

MT Fscan(fz) = sinc(py fz) (4)

Note that this blurring is not the physical aperture blurring defined by the
electrode (see below).

4.1.3. Charge Diffusion

Under the influence of the applied electric field, the electrons and holes are swept
to opposite surfaces of the detector. During the time it takes for the charge carriers
to move through the detector, the carriers can migrate laterally by diffusion. Que
and Rowlands[9] have derived the MTF describing blur induced by this diffusion:

1 (ef4kT7r2f2L/(qF) _ efuL)

5
= T2 P/ (qF)] (L= e ) ®)
where k is Boltzmann’s constant, T' is the temperature, L is the thickness of the

semiconductor, F is the electric field in the semiconductor, and g is the elementary
charge.

MTFypp(f) =

4.1.4. Aperture Blurring
In a digital detector, the resolution is primarily defined by the sensitive detector
element area, or aperture. If the sensitive width is w,, then the aperture blurring
is:

MTF,,(fz) = sinc(wy fz) (6)

A similar equation can be used to define the aperture resolution in the y-
direction (slot direction). If there is no “dead” space between each detector element
then the sensitive width is equal to the pitch (w, = ps, wy = py).

4.1.5. Sampling

Because the detector is divided into discrete elements, the detection method be-
comes a sampling operation. The sampling frequency is determined by the detector
element pitch. One consequence of sampling is aliasing, in which high spatial fre-
quency information is reflected down into lower frequencies. Aliasing violates the
linear systems model. Cunningham[10] and Zhao[8] have shown that with certain
assumptions, a reasonable pseudo-linear approach can be used. The first assump-
tion is that the spatial frequency spectrum representing the object being imaged
is band-limited to the Nyquist frequency, such that no aliasing of the signal is
produced. Without aliasing, the MTF after sampling is simply the pre-sampling
MTF, limited to the spatial frequencies below Nyquist. Unfortunately, the high
spatial frequency noise cannot be dismissed with the same assumption, and as a
result, the NPS after aliasing takes the form:
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Figure 4. DQE as a function of stage in the a) scan and b) slot directions. The DQE is
shown at 0, 5 and 10 mm™*. The total system DQE is shown in c).

NPSuias(f) = Y NPS(f+i-Fny) (7)

1=—00

where Fi, is the Nyquist frequency. This increase in low spatial frequency noise
causes a corresponding decrease in DQE(f).

It should be noted that this approach to the linearization of the sampling
stage may not be completely satisfactory[11], and a more rigorous model may be
required.

5. Results

The model outlined above was used to calculate the DQE for the design parameters
listed in Table 1. Figure 4 shows the DQE(f) as a function of stage at 0, 5 and
10 mm™! for the slot and scan direction. Clearly the most important sources of
image degradation are temporal aperture blurring and aliasing due to sampling.
Geometric blurring would also be a factor if a planar geometry were used, as shown
by the dotted lines in Figure 4b.

As the model parameters can be varied easily, this can be incorporated into
a powerful tool to predict the best parameters for optimum image quality. For
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pitch (pz,py) 50 pm x-ray energy (E) 20 keV

active width (wgz,wy) 50 pm exposure (X) 0.001 R
thickness (L) 0.5 mm incidence angle () 2° or 12°
resistivity (p) 5 GQ electronic noise (cccp) 1000 e~ / pixel
electric field (F) 0.5 V/um

TABLE 1. Parameters used for calculation of the DQE in Figure 4
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Figure 5. Contour plot of DQE as a function of CZT thickness and photon energy.
Shown is a) the DQE at 0 mm™*, b) at 10 mm™" for the scan direction, and at 10 mm ™!
for the slot directions in a c) planar and d) curved geometry.

example, the thickness and photon energy can be varied over a range (0 - 1 mm,
and 16 to 30 keV), with all other parameters were held fixed (Table 1). The results
are shown in the contour plots in Figure 5 for zero spatial frequency DQE, and the
DQE at 10 mm™! for the slot and scan directions in both the planar and curved
geometries described in the previous section.

For the planar geometry (Figure 5c), there is a clear optimum thickness at 0.15
mm, at which the DQE(f) is highest over the greatest energy range. Although using
thicker CZT improves quantum efficiency, the loss in DQE(f) due to the geometric
effect counter-acts this improvement. Using curved geometry, this limitation is
removed and the DQE(f) tends to improve with thickness (up to 0.5 mm).
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6. Discussion

Future work will involve the improvement and verification of the detector
model. One important phenomenon that will need to be incorporated is incomplete
charge collection due to hole trapping and recombination[12]. This effect causes a
significant increase in gain variation at the conversion stage and it may cause a
temporal lag that introduces blurring in the scan direction, similar to that seen in
other imaging devices[8, 13]. However, because of the “small pixel” geometry, gain
variations due to hole trapping are greatly reduced[14]. As a result, incorporation
of hole trapping into the model should be a small correction.

7. Summary

We are developing a direct conversion detector for a slot-scanned digital mam-
mography system. To help in the design, a model has been developed that will
predict image quality. From the model, the primary stages involved in image qual-
ity degradation are geometric blurring, temporal aperture blurring due to the TDI
acquisition technique, and aliasing. This model can be used to optimize the design
to provide the best possible image quality, given the limitations of the detector
technology, and the requirements of the imaging task for mammography.
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