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Abstract

A 7-year project has been initiated to develop hybrid pixel detectors for medical radiography. Crystalline semiconductor will be
bonded to a pixellated readout chip where individual integrated circuits process each event, transferring the position, energy and timing
information to the data acquisition controller. Chips will be tiled to produce a large area detector, capable of energy dispersive photon
counting at moderate spatial resolution. Preliminary results from studies examining the design features and operation of the device are

presented.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Monash Centre for Synchrotron Science (MCSS), in
conjunction with academic, federal and industrial partners,
has set up a new co-operative research centre for
biomedical imaging development (CRC BID), with the
purpose of developing detectors and radio-pharmaceuti-
cals. The instrumentation group within MCSS are in the
early stages of developing detectors for medical, industrial,
synchrotron [1] and other scientific applications. Current
projects include high-purity germanium strip detectors for
small animal positron emission tomography [2—4], large
area position sensitive gas proportional counter systems [5]
for X-ray diffraction and small-angle X-ray scattering
studies, and a hybrid pixel detectors, with energy resolving
capabilities, for medical radiography.

Hybrid pixel detectors offer a number of potential
benefits in medical radiography. Such devices are being
actively pursued [6], predominantly to exploit the photon
counting ability of pixel detectors to reduce noise and
hence the dose required to obtain a satisfactory radio-
graph.
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The hybrid pixel detector under development is illu-
strated in Fig. 1. It comprises a crystalline semiconductor
that is bump bonded to a pixellated application specific
integrated circuit (ASIC) readout chip. Each ASIC channel
comprises a pre-amp, shaping amp, analogue-to-digital
converter (ADC), histogramming memory, a controller
and compensation network to modify amplifier gains. The
controller transfers energy information to increment the
correct positional memory location, and communicates
with adjacent pixels resolve multi-hit events due to charge
sharing. Chips will be tiled to produces a large area
detector, capable of energy dispersive photon counting at
moderate spatial resolution. Although the principal appli-
cation is medical radiography, the acquisition of multi-
spectral data will also facilitate K-edge imaging of contrast
agent distribution and methods of quantitative X-ray
analysis (QXRA), such as bone density measurements.
The detector could also be combined with a motion system
to facilitate multi view data acquisition for stereoscopic
imaging and tomography.

Here, we discuss conceptual plans and operational
requirements for the device, outlining the big technical
challenges that must be addressed during the 7-year
duration of the project. Design specifications are given in
Table 1.
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Fig. 1. Hybrid pixel detector comprising top electrode (A), pixellated
semiconductor (B), collection electrodes (C), bump bonded (D) via input
electrode (E) to the pixellated ASIC (F).

Table 1
Medical radiography hybrid pixel detector specifications

Mode of operation Photon counting

Photon energy 15-25keV (mammography and pathology)
30-120keV (general radiography)

Area 60 x 30 cm?

Conversion medium Semiconductor yet to be determined
Target pixel size 100 x 100 pm?>

Total number of pixels 18 million

Max. count rate 50 keps (50% dead time)

X-ray exposure times 0.02-0.05s and longer

2. Range of photon energies and selection of the detection
medium

Radiographic inspection of thin biological samples
(4-8cm thick) normally utilises W, Mo or Rh anode
X-ray tubes operated at 25-35kVp in conjunction with
K-edge filtration. Samples to 30cm thickness require
harder beams, often as bremsstrahlung produced by W
anode operated at 60-120kVp. In each case, the sample
absorbs the lower-energy photons and the detector must be
sensitive to the spectrum of transmitted intensities:
~15-25keV for mammography and pathology, and
30-120keV for general radiography. Medium atomic
number Z semiconductors such as Se and GaAs are
suitable for mammography whilst higher Z is required for
general radiography. The project will investigate the newer
high Z compound semiconductor materials CdTe,
Cdy9Zng Te (CZT) and Hgl,, and explore methods for
bonding these onto the readout chips.

3. Count rate requirements

Chest radiography is the most frequently performed
medical examination, using film-screen as the detector.
Typical exposure factors are W-anode+3mm Al and
110kVp, delivering an entrance skin air KERMA of
140 uGy [7]. Using published spectral data [§], the total
incident photon fluence is 3.5 x 10® ph/mm?, with ~1.5%
transmitted through 20cm of water. Typical exposure

times are 20—500 ms, so the pixel detector needs to operate
at count rates up to 10®photons/s/mm?>. For a spatial
resolution of 5 line pairs/mm, the pixel size is 100 x
100 um” and the maximum count rate is 10°photons/s/
pixel. The fabrication of each readout channel within such
a small area on the ASIC chip presents significant technical
challenges.

4. Energy resolution for quantitative analysis

Multi-energy data acquisition from a single exposure
opens the possibility for QXRA, which delivers informa-
tion about the density and composition of materials [9]. It
is essential that the exponential attenuation law is obeyed;
for homogeneous samples, the incident and transmitted
intensities I, and /; are written as the ray-sum, —In(/;/1,),
which is proportional to thickness z. Departures from this
linear relationship arise from the finite spread of energies in
each bin, whereby soft X-rays are preferentially attenuated
and the beam is “‘hardened”. A feasibility study was
undertaken examining beam-hardening errors for measure-
ments with biological materials as a function of detector
energy resolution, bin width and photon energy [10].

Beam-hardening calculations involved spectral attenua-
tion of white radiation, energy blurring with a Gaussian
kernel, and summation into the energy bins. The detector
full width half maximum resolution AE was characterised
by AE/E = b/\/E, and the bin width spanned 1-20keV.
Measured attenuation coefficients are given by

Pexpt = %ln (ZE: IO(E)e*u(E)z/ ZE: IO(E)>

which has a unique value y, for zero thickness of absorber.
Errors due to beam hardening (uexpi—Ho)/Ho are presented
in Fig. 2 as a function of photon energy and detector
resolution for biological materials.

At low energies, measurements are subject to substantial
errors. CZT and CdTe with measured b values 0.2-0.4 [11],
deliver accurate measurement at photon energies above
~30 and 45keV, respectively. Lower energies require
higher resolution detectors (e.g., Si and Ge where
b~0.1), whilst high energies (above 100keV) may be
studied with detectors with coarse energy resolution such
as Nal (where b>1.0). The width of the energy integration
window also introduces beam-hardening errors, especially
at lower energies where it should be no larger than AE.
Hence, at 30-100keV, it is possible to acquire accurate
measurements for QXRA using detectors with moderate
energy resolution.

5. Radiographic contrast study

A simple model for the imaging chain was employed to
study radiographic contrast recorded by energy integrating
(EI) and photon counting (PC) detectors. The simulation
incorporated energy-dependant terms for the incident W
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Fig. 2. Beam hardening errors using 1 keV bins for (a) lipid (HogCs,0g), (b) water and (c) bone (H»0O,4PsCa)(), as a function of detector energy resolution

parameter b, and photon energy.
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Fig. 3. Radiographic contrast for 1mm Al in 20cm water: (a) mono-
energetic and binned PC signal, (b) total weighted PC versus total EI

signal.

anode spectrum [8], filtration, attenuation by the sample
[12,13] and the spectral response of the detector [14].

The target was 1 mm Al in 20 cm of water. We compared
perfect detectors with unit detective efficiency and ideal PC
energy resolution, against real detectors CZT and Gd,O-S.
Results are presented in Fig. 3 where energy is the tube
voltage 60-110kVp for the total signal, and bin energy

(keV) for a PC detector.

e In medical radiography, p is propotional to 1/E°, so
higher-energy photons interact weakly and convey low
radiographic contrast. EI detectors weight according to
E and over-emphasise this signal. For PC detectors with
moderate energy resolution, the lower energy binned
data in Fig. 3(a) exhibits improved radiographic
contrast compared to the total EI signal in Fig. 3(b).

o When the influence of the detective quantum efficiency
and energy resolution b = 0.2-0.4 are included, PC
contrast is similar to that obtained from a tuneable

mono-energetic X-ray source.
® The summed PC signal exhibits a small contrast

improvement over the EI signal, as illustrated in

Fig. 3(b).

e Weighting the PC signal according to 1/E® prior to
summing, delivers significant improvements in both
contrast and signal-to-noise ratio (SNR) [15,16].

6. Conclusions and directions for further work

The advantages of PC operation over conventional EI
detectors are:

e Additive noise sources are absent, so the image noise is

quantum limited.
e Energy discrimination facilitates simultanecous multi-

spectral image data acquisition from a single exposure

to a poly-energetic X-ray beam.
e Binned PC data delivers improved contrast in the lower

energy bins.

The device will facilitate QXRA such as bone density
measurements. The principle tasks that lie ahead for the

centre are:

e Development of ASIC readout chips using IBM’s 90 nm

fabrication process.
e Identify methods for bonding semiconductors onto the

read out chips.
e Construction and acceptance testing of the prototype

device.
e Development of multi-spectral data acquisition and

analysis software.
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