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X-ray light valve emerges as a low-cost, digital
radiographic imager
The instrument combines the physics of amorphous semiconductors, liquid crystals, and the common
document scanner.

Nearly 15 years ago, University of
Toronto’s John Rowlands helped pioneer
what has become the state of the art in
digital x-ray imaging—the active-matrix
flat-panel imager. In the device, a layer
of amorphous selenium (a-Se) converts
incoming x rays directly to charge carri-
ers that migrate, under the influence of
an electric field, into an embedded array
of thin-film transistors, amplifiers, and
subsequent analog-to-digital converters.
The digitized signal can then be dis-
played, processed, and stored.

The same kind of flat-panel system
can also be based on indirect conversion,
using both a phosphor layer that emits
light when hit by an x ray and an array
of photodiodes that convert the light into
an electrical signal. But light scattering 
in the phosphor makes that a lower-
resolution approach. (See the article by
Rowlands and Safa Kasap in PHYSICS
TODAY, November 1997, page 24.)

In both cases, image quality is excel-
lent, electronic noise near the quantum
limit, and data acquisition fast enough
to allow fluoroscopy—real-time moni-

toring of a changing scene. But because
each pixel of the image is individually
addressed by its own tiny transistor, 
active-matrix systems are expensive; a
single unit can cost up to $200 000. That
puts them out of reach of small hospi-
tals, clinics, and most of the under -
developed world. Fortunately, Row-
lands and colleagues have now
developed a device that avoids the ex-
pense—the x-ray light valve.1,2 Like an
active-matrix system, the XLV relies on
a-Se to convert x rays into charge. But
unlike that system, the XLV doesn’t
measure the charge directly. Instead, it
reads the electro-optical effects of the
charge through a birefringent liquid
crystal. Figure 1 outlines the process. 

The cost of the XLV could be an
order of magnitude lower than active-
matrix systems. “I never saw this as a
low-cost system,” says Rowlands, “but
one that simply contained some beauti-
ful physics. It took a National Institutes
of Health grant for me to realize the cost
of a flat-panel imager could be cut with-
out sacrificing image quality.” In No-

vember, Rowlands presented the con-
cepts behind his prototype at the Indo-
US Workshop on Low-Cost Diagnostic
and Therapeutic Technologies held in
Hyderabad, India. 

An imager’s ingredients
Amorphous selenium is nearly ideal for
radiography. It’s exquisitely sensitive to
x rays: A single x-ray photon of 50 keV
spawns about a thousand electron–hole
pairs. The material has a bandgap of
about 2 eV, high enough that little dark
current flows, and yet low enough to re-
main a reliable photoconductor. And
because it’s amorphous, a-Se can be
evaporated as a thick film onto large
areas and still retain its optoelectronic
properties. The thickness is often tai-
lored to the application: High-energy
exposures, such as those used for chest
x rays, require a millimeter of a-Se 
to capture most x rays, whereas a 
200-micron layer suffices for the lower-
energy exposures of mammography.

Thanks to Chester Carlson, whose
work using a-Se made photocopying
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possible in the 1960s, the literature is
rich with accounts of the material’s
properties. At room temperature, a-Se
is close to its glass transition tempera-
ture. So, after the material is evaporated
onto a substrate, its defects end up dif-
fusing there and to the free surface in
the course of a few days, leaving the
bulk largely defect free. Thus, when the
material absorbs x rays and a bias volt-
age is applied across it, the resulting
electrons freely drift along field lines
until they become trapped at the myr-
iad defect sites at the free surface. 

Detecting the presence of those
charges is where the liquid-crystal cell
comes in. The trapped charge distribu-
tion creates a varying electric potential
across the cell when it is placed adjacent
to the a-Se surface. The liquid crystal acts
as a valve. Charge variations induce in-
tensity variations in outside light pass-
ing through the cell. The result is a mod-
ulated optical image. Moreover, if the
latent charge image is not intentionally
erased by flooding the a-Se with light
above its absorption edge, the image re-
mains for up to tens of minutes, which
gives a radiologist plenty of time to cap-
ture it in digital form using a separate
CCD camera or scanner.

One reason that Rowlands and com-
pany hit on liquid crystals is that, un-
like the Kerr effect, liquid crystals’ elec-
tro-optic effect shows up even when
driven by a low voltage. The liquid-
crystal layer can also be made as thin as
5 μm or less. The thinner the layer, the
smaller the blur introduced during the
conversion of a charge image into an
optical image. 

Indeed, because the XLV interro-
gates the charge distribution optically,
it has the potential to exceed the spatial
resolution of active-matrix flat-panel
imagers. Like a-Se, liquid crystals are
“pixel-less,” discrete only at the molec-
ular level. In active-matrix systems, the

pixel size of the detector (typically
about 100 μm) limits the spatial resolu-
tion. Moreover, the larger the area of the
matrix, the greater the distributed ca-
pacitance along wires that load the sig-
nal amplifier and the greater the elec-
tronic noise. The XLV has no array of
wires, making its noise properties scale-
invariant.

Early on, to extract the optical image,
Rowlands coupled a CCD camera to the
liquid-crystal screen. But cameras are not
efficient light collectors. The inability of
the lens to capture all the photons from
the screen confers a statistical penalty
known as a secondary quantum sink. 

The problem prompted him to re-
place the CCD with an off-the-shelf
paper scanner—“a brilliant move for-
ward,” according to J. Anthony Seibert,
a medical physicist at the University of
California, Davis. Apart from avoiding
the secondary quantum sink, the scan-
ner simplifies digitization: A linear

array of detectors replaces a two-
dimensional matrix of them. The scan-
ner can also be configured to view
every part of the liquid crystal from the
same angle; it’s thin, which allows it to
sit close to the latent image; and it pro-
vides remarkably high spatial resolu-
tion—the photodiodes resolve up to
1200 dots per inch (21.2 μm), even finer
than commercial systems designed for
digital mammography. Not least signif-
icant, it’s inexpensive.3

In practice, the research team
achieves a dynamic range of just 8 bits
from the scanner, although that can be
improved by averaging repeated scans.
By comparison, medical imagers typi-
cally achieve a 10- to 12-bit dynamic
range. There’s also plenty of room to op-
timize the system, says Seibert. Elec-
tronic noise from the scanner can be re-
duced, for example, by increasing the
brightness of the LED that illuminates
the liquid-crystal image and by 
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a b c Figure 1. In essence, the 
x-ray light valve is a layer of
amorphous selenium and thin
liquid crystal, sandwiched
between two transparent
electrodes. (a) An x ray pene-
trating the a-Se layer creates 
a cloud of electron–hole pairs
via the photo electric effect.
(b) With an electric field
applied, some of the pairs

drift toward oppositely charged surfaces of the photoconductor where they are trapped. (c) After the applied electric field is
removed, the charge distribution from the x-ray exposure induces a visible image in a birefringent liquid crystal by virtue of the
crystal’s dielectric anisotropy, which affects the propagation of outside light through it. The optical image is then digitized using
a scanner that sends light from an LED through the crystal; the light reflects from the a-Se interface and into the scanner’s array
of photodiodes. To reset the light valve for another exposure, the system is flooded with light having energy above the absorp-
tion edge of a-Se. (Adapted from ref. 1.)

Figure 2. X-ray images of a phantom chest using (a) an active-matrix flat-panel
imager and (b) an x-ray light valve, shown as boxed insets against the AMFPI
chest x ray. Imperfections from the prototype x-ray light valve appear as artifacts
in the image. (Courtesy of John Rowlands.)
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Trampoline model of vertical earthquake ground motion.
Seismic sensors at the surface of a borehole near the epicenter of
a magnitude-6.9 earthquake this year in Japan revealed unpre-
dicted asymmetry in the vertical wave amplitudes at the soil sur-
face: The largest upward acceleration was more than twice that
of the largest downward acceleration. The data also showed that
the soil surface layer was tossed upward at nearly four times 

the gravitational acceleration—
more than twice the peak hori-
zontal acceleration. These find-
ings run contrary to current
structural engineering models,
which presume that seismic
waves from earthquakes shake
the ground horizontally more
than vertically. Shin Aoi and col-
leagues at Japan’s National
Research Institute for Earth Sci-
ence and Disaster Prevention
propose what they call a tram-

poline model to explain the observed nonlinear bouncing
behavior. In their model, the soil undergoes compression in the
upward direction and behaves as a rigid mass with no intrinsic
limit on acceleration, much like an acrobat rebounding from a
trampoline (figures 1 and 3). In the downward direction, though,
dilatational strains break up the soil and the loose particles fall
freely at or below gravitational acceleration (figures 2 and 4). The
observed seismographic data was simulated by combining the
theoretical waveform from the trampoline model with selected
borehole data that resembled elastic deformation of a
deformable mass. The researchers say that other events need to
be analyzed to learn how material conditions affect vertical
ground response during high-magnitude earthquakes. (S. Aoi et
al., Science 322, 727, 2008.) —JNAM

Sensing superbug stress under drug binding. Overuse of
antibiotics has spawned strains of bacteria whose cell walls are
impervious to the crippling blows once delivered by penicillin
and its derivatives. One such so-called superbug, methicillin-
resistant staphylococcus aureus, although found primarily in
prisons and hospitals, has now spread beyond those confines.
Despite the controlled use of the drug vancomycin, a last line of

defense against MRSA, the latest threat comes from vancomycin-
resistant bacteria, which mutate by deleting a key hydrogen
bond that allows the drug to bind and inhibit cell wall growth,
thereby mechanically weakening the bacteria. Rachel McKendry
at University College London and her collaborators recently
demonstrated a nanoscale cantilever system that is sensitive

enough to detect the difference between the native drug-
sensitive bacteria and the mutated resistant form with the miss-
ing hydrogen bond. The researchers coated silicon cantilevers
with vancomycin-resistant (DLac in the schematic) and van-
comycin-sensitive (DAla) bacterial cell-wall analogues, then
immersed them in a solution containing free vancomycin mole-
cules. As expected, the molecules preferentially bound to the
cantilevers coated with the drug-sensitive analogue; those can-
tilevers experienced a marked deflection—as measured by 
an optical detector—that equated to an 800-fold difference in
binding compared with the cantilevers coated with the drug-
resistant analogue. The researchers believe their system will lead
to sensitive, nondestructive, and rapid nanomechanical bio -
sensors for high-throughput drug–target interaction studies and
will aid in the design of more effective drugs. (J. W. Ndieyira et al.,
Nat. Nanotechnol. 3, 691, 2008.) —JNAM

Tracking mercury by its isotopes. Different isotopes of the
same element don’t always behave identically in chemical reac-
tions. As a result, naturally occurring samples can have measura-
bly different ratios of stable isotopes. In most observed isotope
fractionation, deviations in reactivity vary with the mass differ-
ence between isotopes, due either to kinetic effects or to differ-
ences in the zero-point vibrational energy of chemical bonds.
Last year Bridget Bergquist and Joel Blum of the University of
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improving the scanner’s optics. The liq-
uid crystal itself is also somewhat tun-
able. A bias voltage across the crystal is
required to shift its characteristic
curve—the relation between reflectance
and applied field—to a region in which
the nonlinear crystal’s optical response
accurately mimics the spatial variations
in the charge image.

Rowlands envisions the XLV being
useful at first for static imaging (in con-
trast to fluoroscopy) and chest x rays, an
application well matched to the system’s
dynamic range. He’s now exploring its
clinical practicality at Canada’s Thunder
Bay Regional Health Sciences Center in

northwestern Ontario, where he is set-
ting up a new imaging research institute.
Figure 2 compares a standard digital ra-
diograph of a phantom chest using an
active-matrix system with some smaller
patches using a prototype XLV; “phan-
tom” here refers to a dummy body part
that replicates absorption properties of
human anatomy. 

In developing countries, a crying
need exists for simple devices that can
ensure bones are set properly and can
screen for diseases such as tuberculosis.
But Rowlands speculates that reduced
cost may affect the technology’s use even
in the developed world. In the US alone,

hundreds of millions of x-ray exams are
performed annually. “It’s somewhat fan-
ciful, but just as PCs and laser printers
are now ubiquitous, one can imagine
each hospital bed in the intensive care
unit outfitted not just with its own heart
monitor, but its own x-ray imager.”

Mark Wilson
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