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Multiplexing radiography using a carbon nanotube based x-ray source
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Speed and temporal resolution are critical for tomographic imaging of objects in rapid motion.
Current x-ray scanners record images sequentially in the time domain. The serial approach limits
their performance and demands increasingly high x-ray peak power and gantry speed. We have
developed a multipixel carbon nanotube based field emission x-ray source that produces spatially
and temporally modulated radiations. Using this device we show the feasibility of multiplexing
radiography that enables simultaneous collection of multiple projection images using frequency
multiplexing. A drastic increase of the speed and reduction of the x-ray peak power are achieved

without compromising the imaging quality. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2234744]

Computed tomography'? (CT) has found wide accep-
tance in fields such as clinical diagnosis,3 industrial inspec-
tion, and security screening. Limited-angle tomographic
methods have also been developed for detection of breast
cancer’ and for inspection of microelectronics.’ Recently
micro-CT has emerged as a powerful in vivo imaging tool for
preclinical cancer studies in small animals.*” In all CT sys-
tems a large number of projection images from a wide view-
ing angle ranges are required for reconstruction. As a result a
fast scanning speed is essential to image objects in rapid
motion such as for diagnosis of cardiovascular diseases,8 CT
ﬂuoroscopy,9 and airport luggage inspection. The current CT
scanners collect the projection images sequentially in the
time domain, by a step-and-shoot process using a single-
pixel x-ray source. The inefficient serial data collection
scheme demands an increasingly high x-ray peak power and
gantry rotation speed, both of which have approached the
physical limits.'*"

The imaging speed can in principle be significantly in-
creased by multiplexing, © as demonstrated in communica-
tion devices and in certain analytical instruments.">'* Multi-
plexing, however, has not been applied to x-ray radiography,
partly due to limitations of the x-ray source technology. Con-
ventional x-ray tubes are single-pixel devices that generate
radiation from one focal point (“pixel”) on the x-ray anode.
As a result mechanical motion of either the source or the
object is required to obtain the different views, as illustrated
in Fig. 1(a) (left). The radiation wave form can not be readily
programed which makes coding and decoding difficult.
These limitations can be mitigated by the multipixel field
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emission x-ray technology we recently reported.ls’16 This
multipixel x-ray source, using the carbon nanotubes'’
(CNTs) as the field emission cathode, can generate a plurality
of spatially distributed x-ray beams (pixels) with program-
mable intensity, pulse width, and repetition rate.'® This spa-
tially distributed x-ray source technology opens the door for
system configurations such as stationary CT scanners that
record the multiple views without mechanical motion of the
gantry15 and multiplexing tomographic imaging, both of
which have the potential to significantly increase the CT im-
aging speed.

The experiment was carried out using the orthogonal fre-
quency division multiplexing (OFDM) algorithm19 in a con-
figuration illustrated in Fig. 1(a) (right). The x-ray source
comprised a linear array of nine CNT electron field emission
cathodes, a shared common gate, electrostatic focusing op-
tics, and a molybdenum target housed in 10~ Torr vacuum.
To ensure uniform emission across the pixels a rheostat (Rp)
was put in series with each cathode, which also functioned as
a ballast resistor to minimize the current fluctuation.” The
gate voltage V, and the rheostat were calibrated to achieve
the desired current and thus x-ray flux from each pixel. The
voltage of the electrostatic focusing electrode V, was ad-
justed for each pixel21 to obtain a uniform 200 wm focal spot
size for all nine pixels. During operation the anode voltage
V, was fixed at 40 kV and V, was adjusted to obtain up to
1 mA tube current per pixel. Activation and modulation of
the x-ray radiation were achieved by programming the input
voltage pulse train applied to the gate of the metal-oxide-
semiconductor field effect transistor (MOSFET) circuit con-
nected to the cathode [Fig. 1(b)], which served as a toggle
switch.

© 2006 American Institute of Physics
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FIG. 1. (a) Schematics of the conventional CT scanner (left) and the mul-
tiplexing imaging system using a nine-pixel x-ray source and a digital area
detector (right). (b) Each individual x-ray pixel of the multipixel x-ray
source is comprised of a CNT based field emission cathode, a 150 um thick
dielectric spacer, an extraction gate, and a focusing electrode. The cathode
was a thin CNT composite film deposited on a metal substrate by
electrophoresis.

A computer circuit board was imaged using the nine-
pixel x-ray source operating in the cone-beam geometry with
a flat panel detector running at 16 fps. The imaging and data
processing procedures are illustrated by the flow chart in Fig.
2. All the x-ray pixels were activated simultaneously for
10 s, as illustrated in Fig. 3(a). Each x-ray beam had a square
wave form, 50% duty cycle, and a unique frequency f; (i
=1-9). Although sampling at twice the Nyquist frequency
can ensure the correct measurement of f, the detector frame
rate (f,) needs to be sufficiently faster than the highest puls-
ing frequency f.x to obtain the correct wave form. In the
present experiment, f,;> 10 f,... Overlapping intensity con-
tributions from the primary and higher harmonics of the in-
put signals and their ripples in the Fourier spectrum intro-
duce imaging artifacts due to interchannel interferences.
These were eliminated by setting the bandwidth Af<<2f ..
(the second order harmonic is zero for 50% duty square
wave) and by using nine orthogonal frequencies % in the
range 0.5 and 1.3 Hz with an interval of 0.1 Hz, as shown in
Fig. 3(b).

The transmitted x-ray intensities (/) were recorded as a
function of time (¢). Due to the large number of overlapping
wave forms, the 7 vs. ¢ data of each detector pixel, shown in
Fig. 3(c), appear to be random. Figure 3(d) shows one frame
of the multiplexed images, which, as a superposition of pro-
jections from different angles, shows no apparent informa-
tion of the object being imaged, as expected. Although struc-
tures were observed in the corresponding power spectrum
from discrete Fourier transform (DFT) [Fig. 4(a)], the peak
positions were not related to the frequencies of the input
signals. It can be shown that, I’ w=ay 1 fk|f:ff where I' i 1s the
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FIG. 2. The flow chart for the OFDM imaging process. (a) Two incident
x-ray beams with the respective pulsing frequencies of f| and f, transmitted
through the phantom and formed a multiplexed x-ray signal including both
frequency components. (b) The multiplexed images were recorded by a
single flat panel x-ray detector which collected the transmitted x-ray inten-
sity as a function of time over a certain period 7. (c) DFT algorithm was
used to demultiplex the composite x-ray signals recorded by a detector
pixel. The orthogonal nature of the signals was a result of the peak of each
subcarrier corresponding to the nulls of other subcarriers. (d) The demulti-
plexed images were achieved by repeating the demultiplexing procedure for
all the detector pixels.

signal from the ith x-ray beam recorded on the jkth detector
pixel, [ jk| =1, is the intensity at one of the nine orthogonal
frequencies f; (i=1-9) in the power spectrum, and « is a
constant. By demultiplexing the x-ray signals pixel by pixel
across the entire detector, clear projection images of the ob-
ject from the nine viewing angles were extracted and are
shown in Fig. 4(b).

To assess the quality of the images obtained by multi-
plexing, a demultiplexed image S, [Fig. 4(c)] was compared
to a reference image S, [Fig. 4(d)], which was taken using
the same x-ray pixel under the same imaging conditions (ki-
lovolts, milliamperes, time, and geometry) without using
multiplexing/demultiplexing. The two images appear to have
the same contrast and spatial resolution. No visual difference
was detected. More quantitative analysis showed that the in-
tensity deviation between the two sets of data was found to
be less than 3%. This difference is attributed to the intensity
fluctuation of the x-ray beam which is estimated to be around
1%, drifting of the detector sampling rate (around 0.1 fps)
and insufficient data sampling due to the limitation of the
x-ray detector. Separate simulation has shown the improve-
ment of the image quality with increased detector sampling
rate.
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FIG. 3. (a) A schematic showing the wave forms used for the nine x-ray
beams in this experiment. The pulsing frequencies ranged from
0.5 to 1.3 Hz with 0.1 Hz frequency separation. (b) In frequency domain,
the simulation demonstrated that, at the central frequency of each subcarrier,
there was no cross-talk from the other subcarriers due to the orthogonality of
the signals. (c) The transmitted x-ray intensity vs time data recorded on one
detector pixel. (d) One frame of a typical multiplexed x-ray image of the
computer board.

Compared with sequential imaging, multiplexing gener-
ates more scattered photons because multiple x-ray beams
illuminate the sample simultaneously. The contribution of the
scattered photons from different x-ray beams, however, can
be separated in the demultiplexing process because they have
the same modulation frequencies as their corresponding pri-
mary beams. As a result, the additional scattering intensity
does not contribute to the noise level in the demultiplexed
image. In practice, however, the use of multiplexing requires
redesign the antiscattering grid which is commonly and ef-
fectively used in medical imaging systems.

The multiplexing imaging speed in this study is limited
by the maximum frame rate of the area detectors which are
usually less than 50 fps. Overall the experiment has suffi-
ciently demonstrated the efficiency of multiplexing for data
collection compared to the current serial approach. In the
present experiment using the OFDM scheme the imaging
time for the nine projections was 10 s. If taken sequentially
one at a time the same images would require a total of 45 s
with the same x-ray peak power at 100% duty cycle (5 s
per image for the same x-ray dose). In general a factor of
N/2 (N=total number of images) increase in the speed can
be achieved using the OFDM scheme. This becomes signifi-
cant when N is large, for example, for clinical CT scanners
which use ~1000 views per gantry rotation.'® On the other
hand, if the total imaging time and x-ray dose are kept the
same as used in the sequential process, then the x-ray peak
power, i.e., the tube peak current, can be reduced by a factor
of N/2 by multiplexing because the exposure time per image
is now longer.
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FIG. 4. (a) The DFT based algorithm was applied to demultiplex the mul-
tiplexing x-ray signal showed in Fig. 3(d). (b) Nine demultiplexed images
corresponding to nine frequency channels were obtained by the OFDM
scheme showing the circuit board from different viewing angles. (c) One of
the demultiplexed images of the circuit board from the x-ray pixel S;. (d) A
projection image taken using only the x-ray pixel S; with the same dose and
geometry as in (c). The difference between the two images is visually
negligible.

(Manhattan II), and Xintek, Inc. The authors acknowledge
helpful discussion with D. Lalush.
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