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We report a dynamic radiography system with a carbon nanotube based field-emission microfocus
x-ray source. The system can readily generate x-ray radiation with continuous variation of temporal
resolution as short as nanoseconds. Its potential applications for dynamic x-ray imaging are
demonstrated. The performance characteristics of this compact and versatile system are promising
for noninvasive imaging in biomedical research and industrial inspection. ©2004 American
Institute of Physics.[DOI: 10.1063/1.1791313]

I. INTRODUCTION

Time-resolved x-ray radiography is a noninvasive imag-
ing technique that provides dynamic information of an ob-
ject’s internal structure which is vital for fields such as
medical imaging, materials science, and nondestructive
evaluation.1,2 The principle of this technique is simple: Either
the radiation or/and the data collection time needs to be suf-
ficiently shorter than the time scale of the phenomena under
investigation. Conventional thermionic x-ray tubes which are
the most common sources of x-ray radiation have limited
temporal resolution. Grid-controlled tubes which are
among the fastest thermionic x-ray tubes can produce
0.1–10 millisecondsmsd-width x-ray radiation. In addition
to limited temporal resolution, thermally emitted electrons
have random spatial distribution which is difficult to focus.
The focal spots of thermionic tubes usually have a bimodal
intensity distribution perpendicular to the axis of the tube,3

which results in a undesirable modulation transfer function
and limits the spatial resolution.4

X-ray sources with field-emission5 cathodes in principle
have significant advantages over the current thermionic sys-
tems especially in temporal and spatial resolution which are

important for biomedical imaging, inspection of microelec-
tronics, and dynamic studies.6 With an instantaneous re-
sponse time, x-ray radiation with programmable wave form
and high temporal resolution can be generated using the field
emission cathode, which is desired for time-resolved x-ray
radiography. Field emitted electrons intrinsically have low
divergence and in principle are easy to focus, which can lead
to high spatial resolution. Although field emission x-ray
sources have been experimented on and tested for clinical
use in the past,7,8 these early experimental systems suffered
from high extraction field and short lifetime due to the limi-
tations of the field emitters. Microfabricated tips and
diamond-based emitters have been proposed as the cold-
cathodes for x-ray tubes but have failed to show high enough
emission current and environmental stability to be viable for
actual devices.9,10 Carbon nanotubes(CNTs)11,12 are shown
to have a low threshold field for emission and high current
capability.13–15 CNT based cold-cathode electronic devices
are being actively investigated.16 Preliminary results have
demonstrated the possibility of generating x-ray radiation us-
ing CNT and CNT-like field emitters.17–20Here we report the
development of a CNT based microfocus x-ray tube and an
imaging system for dynamic radiography. The system can
readily generate x-ray radiation with continuous variation of
temporal resolution up tonanoseconds. By synchronizinga)Electronic mail: zhou@physics.unc.edu
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x-ray exposure, data collection, and signals from the object
such as the respiration rate of a live rat, the system enables
triggered and gated imaging to obtain dynamic information
at reduced x-ray dose.

II. CNT BASED MICROFOCUS X-RAY TUBE

The schematic of the micro-focus x-ray tube is shown in
Fig. 1(a). It consists of a CNT field emission cathode, a
focusing electrode, a gate electrode, and a Mo target housed
in a vacuum chamber with a Be window. The tube currentIa

(the emission current bombarding on the anode) is controlled
by the voltage between the gate and cathodesVgd while the
x-ray photon energy is set by the acceleration voltage be-
tween the target and the cathodesVad. In the current design a
single focusing electrode was used. The design of the gate
structure and the focusing electrode was aided by electro-
magnetic simulations of the electron optics using a commer-
cial software. The focal-spot size was controlled by the po-
tential of the focusing electrode.

The key performance characteristics of an x-ray source
include flux, resolution, and stability. Significant efforts have
been put into the selection of the CNT structure, the control
of the CNT film morphology, and the design of the extraction
and focusing electrode to ensure high emission current den-
sity, high transmission rate, and long-term stability. The elec-
tron source used for this study has a 1 mm-diameter cathode
with randomly oriented CNTs. A peak emission current up to
6 mA (.760 mA/cm2 density) was obtained at a gate elec-
tric field of ,15 V/mm sVg=2060 Vd under pulsed mode
[Fig. 1(b)]. The emission current was stable with,1% fluc-
tuation up to the highest anode voltage used in this study
sVa=60 kVd. The focal spot size of the x-ray source which
determines the spatial resolution was also evaluated accord-
ing to a standard procedure.21 A tungsten wire of 1 mm di-
ameter was imaged using a relatively high geometric magni-
fication. From the geometric unsharpness of the edge on the
resulting image, the effective focal spot size of the CNT-
based x-ray tube was estimated to be less than 150mmsWd
330 mmsHd. The intensity distribution of the focal spot ob-
tained from a pinhole measurement shows the desired Gauss-
ian distribution[Fig. 1(c)], not the double-peaked distribu-
tion commonly found on thermionic x-ray tubes. This

favorable intensity distribution can provide better spatial
resolution than either uniform or bimodal intensity
distributions.22

III. DYNAMIC RADIOGRAPHY SYSTEM

The dynamic radiography system as illustrated in Fig. 2
comprises the CNT x-ray source, a sample stage, and a two-
dimensiional digital x-ray image sensor(Hamamatsu C7921)
measuring the transmitted x-ray intensity. The sensor con-
tains a CsI scintillator plate, a 105631056 photodiode array
with a total field of view of 52.8352.8 mm. The available
pixel size is 50mm and the video output is a 12 bit digital
signal with a bandwidth of 6.25 MHz. When running in 4
34 binning mode, it is capable of delivering a frame rate up
to 16 frames per second(fps). In external trigger mode, the
sensor is designed to read video data out at the rising edge of
an external trigger signal, whose frequency then determines
the frame speed. The x-ray pulses are turned on after finish-
ing the readout of the previous frame and before the arrival
of the next trigger signal. The readout of a frame takes 62 ms
in the external trigger mode. The x-ray radiations during the
readout time are not desired, so a delay between the rising
edge of the trigger signal and that of the x-ray pulse was
programmed to solve the problem. Thus, all unnecessary ra-
diation exposures can be eliminated.

The image sensor is connected to a personal computer
via an image acquisition boardsNIPCI-1422d. This board
can capture up to 16 bits wide data at clock speeds up to
40 MHz. It has 16 MB onboard memory, which gives the
flexibility to buffer images on the board before transferring
them to the hard disk. The acquired image can also be buff-
ered on the system memory, which has a relatively large
capacity −512 MB. The one used for this study is compatible
with the RS-422 video signal outputted by the image sensor.

The x-ray tube current that determines the x-ray flux is
programmed by a digital pulse generator(Model: DEI PDG-
2510) connected to the gate electrodesVgd. The pulse gen-
erator has an output for its synchronization signal T0, which
marks the beginning of each timing cycle. This gives us the
opportunity to trigger the image sensor by the T0 signal of
the x-ray source. By synchronizing the timing cycle of x-ray
generation with that of image acquisition, equilong x-ray il-

FIG. 1. (a) Schematic drawing of the CNT based microfocus x-ray tube.(b)
Electron emission current(vs) applied voltage obtained from a 1 mm2 CNT
cathode.(c) Contour plot of the focal spot intensity distribution of the CNT-
based x-ray tube.

FIG. 2. Dynamic x-ray radiography system. For gated studies, data collec-
tion can be triggered by either the readout from a photosensor that monitors
the location of the object or a pulse derived from the ventilator used in
animal imaging.
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lumination time across every frame is guaranteed. For gated
imaging, the digital pulse generator can be triggered by ei-
ther a positioning signal from a moving object or a physi-
ological pulse derived from a live animal. The pulse width
and repetition rate of the x-ray radiation can be easily varied
by programming the digital pulse generator at a fixed anode
voltage sVad, as shown in Fig. 3. There is a well-defined
one-to-one correlation between the gate voltage and the
x-ray tube current without delay. The rising and falling times
of the 1-ms-width x-ray pulses were less than 0.1ms. At
present the shortest pulse generated was 50 ns which was
limited by the capability of the digital pulse generator used
in this study.

IV. IMAGING EVALUATION

The ability to program the emission current at rapid
speed enabled dynamic x-ray imaging at a rate not achieved
by thermionic x-ray sources. Figure 4 shows the x-ray im-
ages of a computer cooling fan rotating at,1000 RPM
taken under two different conditions. Image(a) was collected
with 16 frames-per-seconds(fps) detector speed and continu-
ous x-ray exposure which mimics the typical imaging condi-
tion of a conventional imaging system. The individual blades
were not resolved, as expected. Images(b) and (c) were
taken using the x-ray repetition ratef =14 Hz with asingle
millisecond-long x-ray pulse. The blades are still blurred
with a 5 ms x-ray exposure in(b). Because the displace-
ments of the blades within the 1 ms x-ray exposure time is

negligible, the individual blades were clearly resolved in(c).
A static image of the fan is also shown in(d) for comparison.
Consecutive frames of 1 ms exposure can be acquired at the
frame speed of the detector and compiled to an x-ray movie
afterwards. Unblurred motion of the fan can be clearly re-
solved from the movie. The sharpness of the image increases
with decreasing pulse width. By estimating the width of the
blurred region and dividing it by the x-ray exposure time, the
line speed of the moving object was obtained which agreed
with the known value.

Gating provides position-specific structural information
that is particularly important for advanced imaging modali-
ties such as dynamic CT imaging of live objects.23 It was
readily accomplished in the present system. A single-blade
fan rotating at 100 RPM was used as the phantom and a
photogate was used to trigger x-ray exposure and data col-
lection when the blade reached a predetermined position dur-
ing rotation. A series of images from consecutive rotation
cycles, one per cycle, were taken using 2-ms pulse-width,
14 fps detector speed, and 1 x-ray pulse per image. Figure 5
shows three frames of the blade from 3 consecutive rotation
cycles. The images are essentially identical. Twenty images
of the rotating blade obtained from 20 consecutive rotation
cycles were summed to result in an image with signal-to-
noise ratio increased from 2.6 to 12.5, which can be further
increased to 15.3 when summing 30 frames of the same
phase.

To further demonstrate the potential of the present sys-
tem for biomedical imaging, prospectively respiration-
triggered angiography studies were carried out on a live rat
(Fig. 6). To distinguish a blood vessel from the surrounding
tissues a contrast media(Omnipaque™) was injected into a
vein connected to the heart of the rat. The respiration rate of
the rat is controlled at 74/min via a respirator. A prospective
trigger is derived from the respirator which is synchronized
to the respiration rate of the rat. X-ray pulses of milliseconds
duration are produced with a fixed delay after the trigger. In
order to freeze the motion of the lungs of the rat, a single
frame at the same position was acquired during each respi-

FIG. 3. (a) X-ray tube current with variable pulse width down to 0.5ms at
a constant repetition rate 20 kHz.(b) X-ray pulses of variable repetition rate
at a constant width 150ms obtained from a Si-PIN diode detector.

FIG. 4. Dynamic x-ray images of a fans5 cm35 cmd rotating at 1000 RPM
taken using 16 fps detector speed(a) and x-ray pulse-widths of 5 ms(b) and
1 ms (c). For comparison, a static image of the fan is also shown(d).

FIG. 5. Timing diagram of the imaging system and triggered images of a
motor blades9 cm31 cmd rotating at about 100 RPM. The images were
taken from three consecutive cycles using 2 ms x-ray pulse at 14 Hz. The
images are identical.
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ration cycle. By viewing the movies rendered from such im-
ages, the flow of the contrast media from the injection point
to the heart of the rat can clearly be visualized, while the
lungs of the rat remain still.

V. DISCUSSION

Here we have demonstrated a simple field emission
x-ray source that can generate pulsed x-ray radiation with a
temporal resolution as short as 50 ns(limited by the digital
pulse generator rather than the source) which is significantly
better than state-of-art thermionic x-ray tubes. The current
design restricts the tube current to,1 A/cm2 which, when
combined with the sensitivity of the digital detector, puts a
limit on the minimum exposure time per frame at about
0.5–1 ms when used for imaging small animals such as rats
at ,100 mm spatial resolution. The limitation can be over-
come in two separate ways. One is to increase the tube cur-
rent. In a separate study, we demonstrated an emission cur-

rent density of 30–50 A/cm2 from a macroscopic cathode.24

The second is to utilize the gating capability of the system to
accumulate data from multiple short exposures to increase
the signal to noise ratio as we have demonstrated in this
article.
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FIG. 6. Gated thoracic imaging of a live rat. The exposure time for each
frame is 10 ms. This demonstrates flow of the contrast agent from the in-
jection point to the heart while the lung of the rat remained “still” due to
gating.
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