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Abstract

We developed and evaluated an x-ray photon-counting imaging system using an energy-resolving

cadmium zinc telluride (CZT) detector coupled with application specific integrated circuit (ASIC)

readouts. This x-ray imaging system can be used to identify different materials inside the object.

The CZT detector has a large active area (5×5 array of 25 CZT modules, each with 16×16 pixels,

cover a total area of 200 mm × 200 mm), high stopping efficiency for x-ray photons (~ 100 % at

60 keV and 5 mm thickness). We explored the performance of this system by applying different

energy windows around the absorption edges of target materials, silver and indium, in order to

distinguish one material from another. The photon-counting CZT-based x-ray imaging system was

able to distinguish between the materials, demonstrating its capability as a radiation-spectroscopic

decomposition system.

I. Introduction

Most of the current x-ray detectors using scintillators are coupled to charge collection

devices (e.g., charge-coupled-device (CCD) or complementary–metal-oxide-semiconductor

(CMOS)). These detectors measure the intensity of a transmitted x-ray beam by analog

integration of the electrical signal from a radiation detector, where the integration includes

the detector leakage current and charges induced by x-ray photons, obscuring the attenuation

profile information from the x-ray.

NIH Public Access
Author Manuscript
IEEE Nucl Sci Symp Conf Rec (1997). Author manuscript; available in PMC 2013 March 15.

Published in final edited form as:

IEEE Nucl Sci Symp Conf Rec (1997). 2011 ; : 4735–4738.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



The limitation of this type of detector is that it cannot evaluate the energy of individual

incident photons or the attenuation properties of the transmitted object. In contrast, photon-

counting solid-state detectors, such as cadmium zinc telluride (CZT) or cadmium telluride

(CdTe), can both count and resolve the energy of the individual photons and thus they can

provide the attenuation profile vs. energy of an imaged object [1]. These photon-counting

solid-state detectors generally have both short charge collection times and good energy

resolution. For x-ray imaging, they require fast-counting multi-channel parallel readout

electronics, e.g., high-speed application-specific integrated circuits (ASICs) [2].

The high energy discrimination capability of a photon-counting detector can be used to

differentiate the attenuation characteristics of various materials using a single polychromatic

x-ray exposure and multiple energy windows [3],[4]. This might be a simpler and more

efficient method to differentiate materials compared with using a dual-energy x-ray

source[5]–[9]. The x-ray attenuation is a function of the incident photon energy and its

nonlinear absorption profiles, which are unique for each material. The energy windowing of

photon-counting detectors provides energy-selective x-ray projection images from a single

x-ray exposure. In addition, different materials can be separated by applying multiple energy

windows around nonlinear absorption edges (e.g. Kedge) [9]–[11].

In this study, we used a CZT detector developed originally as a gamma camera that was

reconfigured for photon-counting and energy-resolved x-ray imaging. Using this imaging

system, we evaluated the capability of decomposing different materials in x-ray projection

images using multiple energy windows (above and below the K-edge energy) for each

material, in particular discriminating silver and indium from other materials.

II. System description

We used a microfocus x-ray tube from Oxford Instruments (Scotts Valley, CA), which has a

voltage range from 4 to 60 kVp, 1 mA maximum current, a maximum power of 60 W, and a

120 μm focal spot, for all experiments. The x-ray tube has a fixed anode, simple air cooling,

and operated at a constant potential. The x-ray tube was 84.3 cm away from the CZT

detector as shown in Fig. 1(a).

The CZT detector and two multi-channel ASICs readout electronics were developed and

assembled by Gamma Medica, Inc. (Northridge, CA). The signals from the CZT are read out

by two multi-channel ASICs. The CZT detector has a 20 cm×20 cm active area, is composed

of 5 × 5 detector modules. Each module consists of a 16×16 array of 2.5 mm square pixels

(80 × 80 total elements), providing discrete spatial position information. The thickness of the

CZT crystal is 5 mm. The temperature of the detector was stabilized at 20° C by circulating

ethylene glycol through plastic tubing around the detector elements. The CZT crystals,

ASICs, and supporting electronics were enclosed inside an aluminum box for mechanical

protection and electromagnetic shielding. The signals from ASICs are transformed by

analog-to-digital converters (ADC) and transferred to a computer for readout. The CZT

detector has a linear count rate response with a maximum count rate of 15,000 counts per

second (cps). Thus, it is desirable to operate CZT at low count rate to avoid a pulse pile-up

induced by multi-hit photons onto the detector [12].

Fig. 1(a) shows the layout of the projection imaging system. Fig. 1(b) shows the photograph

of the system placed on a vertically standing rotational gantry. A lead collimator limited the

x-ray beam at the detector to a 62.5 mm diameter circular area. The test objects were placed

just in front of the detector. The collimator combined with low current x-ray flux incident on

the detector, significantly reduced scattered photons as well as the multi-hit photons.
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III. Attenuation coefficient and K-edge

Fig. 2 shows the calculated relative mass attenuation of silver and indium. The data (mass

attenuation coefficient (μ/ρ [cm2/g]) were retrieved from the XCOM database at the

National Institute of Standards and Technology (NIST, Boulder, CO) [13]. The relative

linear attenuation of each material is given by

(1)

where I is the transmitted photons flux, Io is the incident photons flux, μ is the linear

attenuation coefficient of each material, which can be derived by multiplying the mass

attenuation coefficient(μ/ρ [cm2/g]) and the density of material(ρ [g/cm3]), and t is the

thickness (cm) of the material in the direction perpendicular to the detector plane. The K

absorption edge of silver (25.5 keV) is lower than that of indium (27.9 keV). We can

separate out these materials by applying an appropriate energy window for the projection

image. At the energy window right above the K absorption edge, most of the photons from

the x-ray tube will be absorbed by the material, generating high contrast between the

background (transmitted photons) and the object (absorbed photons).

IV. Energy resolved image around the K-edge of the thin silver plate

We took a projection image of the thin silver plate (0.13 mm, 40 mm × 40 mm area) placed

on the CZT detector surface. The x-ray tube was driven by a 45 kVp voltage and a 0.5 μA

current. A lead collimator was placed on the detector, to decrease the count rate and thus the

number of co-incident photons and thus, reduce the pulse-pile-up effect. The total counts for

each projection image was ~9.4×106, requiring ~600 seconds of imaging, yielding a count

rate of ~15,833 cps. A 60 mV threshold voltage was applied to CZT detector. The projection

images were corrected for bad pixels and gain and offset variations among pixels.

After acquiring the projection image, we filtered the image with two different energy

windows, one below the K-edge and one above the K-edge. Fig. 3(a) shows the projection

image after applying a 21–24 keV energy window, which lies just below the K-edge of

silver attenuation profile. There were a total ~2.4×106 collected photons. The dark area

inside the circular collimator mask is due to absorption by the silver plate. A number of

photons were detected inside the silver plate area due to x-ray photon penetration through

silver plate. Fig. 3(b) shows the projection image of silver plate when the energy window

was applied right above the K-edge (26–29 keV). The image has a well-distinguished shape

of the square silver plate centered on the lead collimator. There were total ~1.8×106 of

collected photons. To quantify the contrast between these two images, we summed up slices

over 11 pixel rows and plotted the profile as shown in Fig. 6(a) and (b). The peak-to-valley

ratio for the energy window below the K-edge shown in Fig. 6(c) is ~6, and the peak-to

valley ratio for the energy window above the K-edge shown in Fig. 6(d)is ~23. From the

slice profile, we can conclude that the 26–29 keV energy window has much better contrast-

enhanced image of silver plate compared with the 21–24 keV energy window. The result

indicates that a properly chosen energy window around the K-edge can significantly

improve the contrast of the projection image.
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V. Material decomposition demonstration by applying narrow energy

window

We placed an indium plate (0.25 mm thickness, 15 mm × 40 mm area) next to a thick silver

plate (0.25 mm thickness, 40 mm × 40 mm area) and took a projection image with a

collimated x-ray beam (45 kVp, 0.0005 mA). After collecting photons for more than 10

minutes, we acquired the projection image and applied two different energy windows: one

below and one above the K-edge of indium (27.9 keV). Fig. 4(a) shows the projection image

with both indium and silver after energy filtering with a 24–26 keV window. More of the

photons penetrated through the indium plate with the total number of collected photons was

around ~9×105. The size and shape of the indium plate looks dim and unclear. On the other

hand, when we applied the 28–30 keV energy window just above the K-edge of the indium,

the indium plate stands out, generating a good contrast ratio from the background as

illustrated in Fig. 4(b), where the total number of collected photons by the CZT detector was

~4.3×105. Fig. 4(c) and (d) show the profile of summed up slices (11 rows) of the projection

image, where the summed region is indicated in Fig. 4(a) and (b). The profile of the below

K-edge energy window shown in Fig. 4(c) has an elevated level of transmitted photons, thus

having lower contrast from the background compared with the profile for the above-K-edge

energy window shown in Fig. 4(d). The peak-to-valley ratio of the summed-up profiles at

the below K-edge energy window shown in Fig. 4(c) is ~11, while that with the above-K-

edge energy window shown in Fig. 7(d) is ~40. Thus, we can enhance the contrast of the

indium plate by applying the energy window above the K-edge of the indium.

VI. Discussion

Enhancing the contrast of materials using proper energy windowing around the K-edge of

target materials can be challenging due to the limited detector energy resolution. The energy

resolution of photon-counting detectors is mainly affected by the noise properties of the

detector, the pulse pile-up effect, and characteristic x-ray and spectral distortion caused by

charge sharing between detector pixels. The energy resolution in the low energy range is

worse than the higher energy range, and the narrow energy window used for filtering can

cause artifacts and aliasing effects.

In this paper, the x-ray source specifications limited the applicable energy window to below

30 keV or so, which made us only focus on separating materials with K-edges around 20–30

keV. However, with a higher energy x-ray source, we could test materials with higher K-

edges, such as gold (80.7 keV), which are currently being investigated in nanoparticle forms

in medical imaging, or other materials of interest (explosive, hazardous) in for homeland

security purposes. Gold is particularly of great interest, since it improves targeted

therapeutic radiation delivery in the form of gold nanoparticles [14]–[16].

VII. Conclusion

We have built and tested a CZT-based photon-counting, energy-resolving x-ray detector for

multi-material decomposition. We used polychromatic x-ray beam and utilized the spectral

counting ability of the CZT detector to acquire the energy and spatial information of

incident photons through different materials.

We have also shown that proper energy windowing around the K-edge of the material can

substantially enhance the separation of some specific materials (e.g. silver and indium) even

with the detector’s finite energy resolution and the pulse pile-up and charge sharing effects.

Our results imply that the differentiation of various materials is possible using this kind of
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imaging setup, which can be applied to improved x-ray CT imaging or homeland security

for hazardous material detection.
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Fig. 1.
a) Schematic diagram of experimental setup. Conebeam(20° angle) x-ray source is placed

84.3 cm away from CZT detector. b) Photograph of the experimental setup with the x-ray

tube on the left and CZT detector on the right, both mounted on a vertically-standing

rotational gantry.
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Fig. 2.
Attenuation profiles of silver (0.25 mm) and indium (0.25 mm). The K-edge of silver, and

indium are at 25.5 and 27.9 keV.
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Fig. 3.
(a) Projection image of the thin silver plate with the 21–24 keV energy window. (b)

Projection image of the silver plate with the 26–29 keV energy window. (c) Summed profile

of the image of the silver plate projected through a collimator with 21–24 keV energy

window. The location is indicated in (a). (d) Summed profile of the image of the silver plate

projected through a collimator with a 26–29 keV energy window. The location is indicated

in (b).
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Fig. 4.
(a) Projection image of the silver and indium plates with the 25–28 keV energy window. (b)

Projection image of the silver and indium plate with frequency range from 29–31 keV. (c)

Summed profile of the image of the silver and indium plate projected through a collimator

with the 24–26 keV energy window. The location is indicated in Fig. 4(a). (d) Summed

profile of the image of the silver plate projected through a collimator with the 28–30 keV

energy window. The location is indicated in (b).
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