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In recent years new digital x-ray radiographic and fluoroscopic systems based on large-area flatpanel technology have revolutionized our capability of producing x-ray images. However, such
imagers are extraordinarily expensive and their rapid image acquisition capability is not required
for many applications such as radiography. Here we report a novel approach to achieve a highquality digital radiographic system at a cost which is only a small fraction of competitive digital
technologies. The results demonstrate that our proposed x-ray light valve system has excellent
spatial resolution and adequate sensitivity compared to existing technologies. © 2007 American
Association of Physicists in Medicine. 关DOI: 10.1118/1.2799490兴
Until recently, medical x-ray imaging systems were typically based on film. In newer systems, large-area flat-panel
technology1 or storage phosphors2 enable production of digital radiographic images. Although such digital systems provide many advantages such as excellent image quality, immediate readout, and easily accessible and transferable
images, these newer systems have considerably increased
initial costs compared to the film technology they are replacing. This makes them unaffordable for all but a few selected
procedures and institutions. Different approaches have been
considered to make a low-cost x-ray imaging device for digital radiography.3–5 However, all of these systems are still
quite expensive and none have the image quality of flat-panel
systems. Here we report a novel approach to achieve a highquality digital x-ray detector at a cost that is only a small
fraction of competitive digital technologies.1,2 By combining
the well-established and low-cost technologies of amorphous
selenium used in xerography with liquid crystals used in displays, we incorporated an x-ray absorption, image formation,
and amplification stage within a simple and compact structure.
Our device, the x-ray light valve 共XLV兲, consists of a
photoconductor, used as an x-ray to charge transducer, and a
liquid-crystal cell, used as an optically-addressed spatial
light modulator.6,7 This arrangement allows the latent charge
image created by the x-rays absorbed in the photoconductor
to be made visible and stored in the liquid-crystal cell. The
optical image is subsequently digitized by using an external
light source and an optical scanner. For practical utility in
medical imaging, the photoconductor must have sufficient
x-ray absorption, high sensitivity, high image resolution, and
low dark current. Therefore, we chose amorphous selenium
共a-Se兲, which is the only practical material currently capable
of satisfying these requirements. The clinical suitability of
a-Se for medical x-ray imaging has been established previously in connection with xeroradiography.8 Currently, it is
also used in direct-conversion flat-panel technology.1 Large
area a-Se detectors are feasible and cost-effective because
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the photoconductor is amorphous and is made by evaporation techniques. The manufacturing process is well established because of its extensive past use in the photocopy
industry.9 This is also the case for the liquid-crystal cell,
which is based on technology used in liquid-crystal
displays.10 Therefore, our device can be made large enough
to meet the size requirements 共35⫻ 43 cm兲 for general
radiography11 without increased complexity or excessive
cost.
The operation of the XLV-based system can be broken
down into three steps: exposure, digitization, and reset, as
seen in Fig. 1. During the exposure step, a large electric field
共10 V / m兲 is applied across the XLV. When an x-ray is
absorbed in the a-Se, electron-hole pairs are released. The
electric field guides the electrons and holes to opposite surfaces of the photoconductor. Since the charges follow the
field, the charge image that is collected at the interface of the
a-Se and the liquid-crystal cell accurately reproduces the absorbed x-ray intensity pattern. The trapped charges remain at
the interface after the exposure is completed and the electric
field is removed. The spatial variation of their field induces a
static optical image in the liquid-crystal cell, allowing an
optical representation of the absorbed x-rays to be obtained.
During the digitization step, this optical image is digitized
using an external illumination source and an optical scanner
readout. In our prototype, we favor a reflective configuration,
which has the illumination on the same side of the XLV as
the scanner 关see Fig. 1共d兲兴 By adjusting the intensity of the
readout light, we are able to compensate for any loss of light
in the coupling optics. Therefore, the x-ray image can be
recorded without a secondary quantum sink.12 It should be
noted that the wavelength of the readout light 共⬃640 nm兲 is
selected so that it will not interact with the photoconductor
共i.e., create more electron-hole pairs兲 and prematurely erase
the charge image. A key feature of the XLV is that the charge
image remains stored, allowing the optical scanner time to
digitize it. Therefore, it is necessary to reset the XLV to
eliminate the image charge before a fresh exposure can be
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FIG. 2. XLV intensity transfer function measured experimentally. For this
experiment, regions of different x-ray exposures 共60 kVp spectrum兲 were
created in a single image. To overcome the threshold voltage of the liquidcrystal cell, the XLV was uniformly exposed to radiation prior to formation
of the x-ray exposure.

FIG. 1. Basic operation of the XLV. During the exposure, a large potential is
applied to the electrodes. 共a兲 X-rays absorbed in the a-Se layer generate
electron-hole pairs within a localized region. 共b兲 The large electric field
guides the electrons and holes to opposite surfaces of the a-Se. After the
exposure is finished and the potential is removed, the charge collected at the
a-Se-liquid-crystal interface remains there. The electric field created by the
charge image, representing the absorbed x-rays, induces an optically visible
image in the liquid-crystal cell. This optical image is digitized using external
illumination and an optical scanner in a transmissive 共c兲 or a reflective
configuration 共d兲.

made. In this reset step, the photoconductor is uniformly
flooded with light, which creates electron-hole pairs in the
a-Se 共wavelength ⬍600 nm兲, also known as actinic light.
The charges produced neutralize the image charge and the
XLV is ready to acquire a new x-ray image.
The liquid-crystal cell for our device is similar to those in
reflective liquid-crystal displays.13 It is based on the phase
retardation effect, also known as electrically controlled birefringence, with a parallel orientation of the top and bottom
alignment layers 共homogeneous cell兲 and an input polarizer
oriented 45° to the alignment of the liquid crystal. In our
prototypes, the a-Se is evaporated on one of two ITOcovered glass substrates 共0.5 mm兲 used to make the cell. The
alignment layer 共Rolic Technologies兲 is then spin coated on
both surfaces and formed by using polarized UV light. Adhesive is placed around the perimeter of one of the substrates, allowing an opening for the liquid crystal to be added
later. After one of the surfaces is sprayed with spacers, both
parts are subsequently put together and placed in a press to
maintain the correct cell gap while the adhesive cures. The
XLV is then filled with liquid-crystal 共ZLI 4792, Merck兲 by
capillary action and the opening is sealed.
Since liquid-crystal cells are not sensitive below a certain
threshold voltage, a small potential 共⬃1 – 2 V兲 can be applied during the digitization step to bring the liquid-crystal
cell to the threshold of its operating characteristic. Thus the
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liquid-crystal molecules will experience the electric field
caused by the image charge superimposed on the field of the
externally applied potential. Alternatively, actinic light emitted onto the photoconductor prior to the formation of an
x-ray exposure can also be used to create sufficient charge to
overcome the threshold of the liquid-crystal cell.
To be applicable in clinical radiography, the XLV must be
sensitive enough to work within an appropriate range of diagnostic x-ray exposures. It must be x-ray quantum noise
limited over this range and its resolution must be high. For
example, in chest radiography,11 the mean of clinical exposures expected at the detector is 0.3 mR, with an exposure
range of 0.03– 3 mR. The intensity transfer characteristics of
our prototype 共Fig. 2兲 demonstrate that it has the appropriate
sensitivity. This experimental prototype consisted of a relatively thin layer of a-Se 共150 m兲, whereas an optimal device designed for chest radiography would have a thicker
a-Se layer to increase quantum efficiency. For example, if the
a-Se layer is made 1 mm thick, which is the thickness currently used in flat-panel technology,1 most of the incident
x-rays of the 120 kVp x-ray spectrum used in chest
radiography11 will be absorbed. Hence, it is apparent that a
radiographic system based on the XLV has the potential to
satisfy the previously mentioned criteria.
The fundamental noise sources of our system can be modelled theoretically.14 It is evident the XLV has the potential to
overcome electronic noise in the scanner because the amount
of signal can be increased simply by increasing the external
illumination level. Small and spatially uniform dark current
in the a-Se ensures that the dark current and its noise are
negligible compared to the signal charge and its irreducible
quantum noise. The high sensitivity of a-Se combined with a
negligible dark current ensures sufficient gain, making it possible, in principle, to have an x-ray quantum limited system.
Because of its external illumination, sufficient light is available from the XLV and therefore the sensitivity and noise
requirements for the optical scanner are modest. In our de-
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FIG. 3. Modulation transfer functions 共MTFs兲 of the components and the
complete imaging chain. The MTFs were measured using the oversampled
edge technique 共see Ref. 16兲 in the sensor direction of the scanner. MTFC of
the complete imaging chain 共XLV and scanner兲 is slightly lower than the
MTFS of the optical scanner alone. The inherent resolution of the XLV alone
was derived by correcting for the digitization stage 共i.e., MTFXLV
= MTFC / MTFS兲. For comparison, the figure also includes the aperture response of a 200 m pixel, which defines the resolution requirement for a
chest radiography system 共Ref. 11兲, and a very-high resolution film-screen
combination 共MIN-R 2000/MIN-R2190, Kodak兲 used in mammographic
systems.

FIG. 4. Example x-ray image of a US penny taken with our prototype acquired at 60 kVp with an exposure to the coin of 27 mR.
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vice, a modified paper scanner 共CanoScan LiDE 30, Canon兲
is used. Compared to cameras, scan technology also has the
advantage of being very scalable without sacrificing efficiency, image quality, resolution, pixel density, or the low
cost of the overall system.
The spatial resolution of the XLV is very high due to the
high resolution of a-Se15 and the very thin liquid-crystal cell
共3.8 m兲 used. Furthermore, due to the very close proximity
of the charge image to the liquid-crystal layer, no significant
loss of resolution due to electrostatic spreading occurs. Since
the XLV is based on an electrostatic x-ray detector 共a-Se兲 and
there is very little resolution lost due to charge spreading
during charge collection, high image resolution can be
achieved even with photoconductors thick enough to provide
high quantum efficiency.1 This makes it a higher resolution
detector than phosphor-based systems whose resolution limit
dominantly arises from optical spreading effects.1 Instead,
the inherent spatial resolution limit of a-Se is controlled by
the x-ray interactions.15 In summary, the XLV has the potential to achieve a very high resolution 共Fig. 3兲 as some initial
images have demonstrated 共Fig. 4兲.
We have shown that by combining an electrostatic x-ray
detector with liquid-crystal technology and an optical scanner, a versatile, high-quality digital radiographic imaging
system can be constructed that would be a very attractive
alternative for radiology departments. Moreover, since the
structure is simple, all elements are based on wellestablished technologies, and little external circuitry or mechanical support is required beyond conventional computer
technology and a high-voltage power supply, the manufacturing costs could be kept significantly lower than competitive digital technologies.
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