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Microcomputed tomography �micro-CT� is a noninvasive imaging tool commonly used to probe the
internal structures of small animals for biomedical research and for the inspection of
microelectronics. Here we report the development of a micro-CT scanner with a carbon nanotube-
�CNT-� based microfocus x-ray source. The performance of the CNT x-ray source and the imaging
capability of the micro-CT scanner were characterized. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2041589�

The development of computed tomography �CT� tech-
nologies is one of the most important breakthroughs in the
field of radiology.1,2 CT scanners are now widely used for
diagnostic medical imaging and security screening. Micro-
computed tomography �micro-CT�, which is similar to CT
but provides a better spatial resolution, has recently emerged
as a powerful noninvasive imaging tool for biomedical
research3,4 and for industrial inspection. It has been applied
to the high-resolution imaging of bony structures and soft
tissues of small animals, materials analysis, and inspection of
microelectronics. A typical micro-CT scanner consists of a
microfocus x-ray source, a sample stage, and an area x-ray
detector. A three-dimensional �3D� image of the entire object
is reconstructed using the cone-beam reconstruction
algorithm5 from a set of two-dimensional �2D� images re-
corded over a wide range of viewing angles by either rotat-
ing the object or the x-ray source and the detector simulta-
neously. One of the most critical components of a micro-CT
scanner is the microfocus x-ray source. The spatial resolu-
tion of the micro-CT scanner is largely determined by the
focal spot size of the x-ray source. The temporal resolution
depends on the switching time of the x-ray source, and is
important for minimizing motion-induced blurring of mov-
ing objects and for gated imaging.

Current commercial microfocus x-ray sources use hot
cathodes to generate electrons for x-ray production. The ther-
mionic technology has several inherent limitations. The slow
response time limits the temporal resolution of the x-ray

source. The high operating temperature results in a short life-
time and a large device size. It also requires complex elec-
tromagnetic optics to focus the spatially random thermal
electrons to provide the small focal spot size required for
high spatial resolution. The thermionic microfocus x-ray
sources used in the commercial micro-CT scanners typically
have an x-ray switching time of 10 ms, effective focal spot
size of 5−100 �m at the beam current of 40−500 �A, and
anode voltage of 30–160 kV.6

Field emission x-ray sources can, in principle, offer sig-
nificantly improved temporal resolution because of the in-
trinsic instantaneous response time of the field emission
process.7 The design of the microfocus x-ray source can po-
tentially be simplified because of the small divergence of the
field-emitted electrons. Field emission x-ray sources based
on metal tips have been investigated and tested for clinical
uses in the past, but have suffered from a high extraction
field and a short lifetime.8,9 Carbon nanotubes �CNTs�10 have
improved emission characteristics compared to the conven-
tional field emitters.11–14 It has been shown that they can
generate diagnostic quality x-ray radiation15–17 with temporal
resolution up to nanoseconds,18 which is significantly better
than that of the thermionic x-ray tubes.19 Here we report the
development of a micro-CT scanner using a CNT-based mi-
crofocus x-ray source and discuss the preliminary results on
the performances of the x-ray source and the imaging capa-
bility of the micro-CT scanner.

The micro-CT scanner is illustrated in Fig. 1. It com-
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prises a stationary CNT microfocus x-ray source, a motor-
ized high precision sample rotation stage, an optical sensor
for the detection of the object position, and a 2D digital x-ray
detector. The detector was externally triggered by a
transistor–transistor logic �TTL� signal such that the frame
speed was the same as the triggering signal. The entire op-
eration of the micro-CT scanner, including x-ray exposure,
rotation angle, and data collection, was controlled by a PC
using a LabView-based program. A modified Feldkamp cone
beam back-projection method5 written in-house was used for
reconstructing the tomographic images from the acquired
projection images. The microfocus field emission x-ray
source has a triode structure where the x-ray tube current
�Ia�, which determines the x-ray flux, was controlled by the
voltage applied on the gate electrode �Vg�, and the energy of
the x-ray photon was set by the voltage applied on the anode
�Va�. The anode voltage ranges from 0 to 60 kV, which is
only limited by the high-voltage power supply �Glassman
EW series� used in this experiment. An active focusing elec-
trode, made of a metal cylinder, was placed above the gate
electrode to focus the field-emitted electrons. The device op-
erating in the reflection mode was housed in a vacuum cham-
ber with a Be window under a 10−7 Torr dynamic vacuum.
The emission material used in this study was purified single-
wall carbon nanotubes �SWNTs� produced by the laser abla-
tion method at UNC. The cathode was a 1 mm diam uniform
layer of randomly oriented SWNTs coated on a metal sub-
strate by electrophoretic deposition with fine control of the
film thickness and morphology.20 A metal grid was used as
the extraction electrode.

The emission properties of the gated CNT cathode were
characterized at a 10−7 Torr vacuum. As shown in Fig. 2�a�,
field-emitted electrons were extracted when Vg�350 V. The
current–voltage relation follows the classic Fowler–
Nordheim behavior. An emission current up to 10 mA
��1 A/cm2 density� was obtained at a gate electrical field of
�15 V/�m under the pulsed mode. The emission stability
and lifetime were tested. After the initial aging process where
arcing frequently occurred, the emission current was stable

without electronic compensation at current levels required
for small animal imaging and Va up to 60 kV �the highest
value tested�. Figure 2�b� shows the variation of the emission
current versus time measured under the dc mode �100% duty
cycle� with fixed Va �40 kV� and Vg. With a ballast resistor,
the emission current decayed from 210 �A to 200 �A over a
12 h period with a local current fluctuation of 0.8%.

Commercial electromagnetic simulation software was
used to aid the design of the electron optics. Figure 3�a�
shows the simulated electron trajectory using the actual di-
mension of the experimental system: a 0.6 cm thick Mo an-
ode; a focusing electrode that was 1.5 cm in height and 1 cm
in inner diameter; a tungsten grid gate electrode with 25 �m
wire diameter, and 81% optical transparency. For the simu-
lation, electrons were launched from the cathode surface and
were accelerated by Vg. The deflected electrons transmitted
through the gate were focused by the electrostatic field from
the focusing electrode. The results show that the focal spot
size depends on parameters including the potential, position,
and geometry of the focusing electrode, as well as Vg and Va

used.
The dependence of the focal spot size on the potential of

the focusing electrode �Vf� was studied by measuring the
change in the imaging resolution of a phantom as a function
of Vf under fixed Vg using the setup described in Fig. 1.
Figures 3�b�–3�d� show the projection images of a computer
chip taken at Vf =0, 500, and 700 V, respectively, under oth-
erwise identical conditions �Va=40 kV, Vg=800 V�. Metal
wires with a linewidth of 30 �m were resolved at Vf

=700 V. The simulation showed that a factor of 4 reduction
in the diameter of the electron beam, from 1 mm on the
cathode to 250 �m on the anode, was achieved at Va

=40 kV, Vg=800 V, and Vf =600 V. The effective focal spot
size under these operating conditions was determined experi-
mentally following the European Standard EN 12543-5.21 A
1 mm diam tungsten wire was placed between the x-ray
source and the detector. The profiles of the x-ray beam after
passing the W wire were collected with the wire in two or-
thogonal directions and were analyzed to obtain the effective
focal spot size of the source. The measured effective focal
spot size is 150 �m �horizontal��50 �m �vertical�, respec-
tively, consistent with the simulation result.

For tomographic imaging, the exact location of the x-ray

FIG. 1. Schematics of the micro-CT scanner. The source comprises a cath-
ode, a gate and a focusing electrode, and a Mo target at 10−7 Torr pressure.
The field emission cathode is a 1 mm diam CNT film coated on a metal disk.
The digital 2D x-ray image sensor �Hamamatsu C7921� has a 1056�1056
photodiode array with 50�50 �m pixel size and is externally triggered. It
can operate at 16 frames per second �fps� when running under a 4�4
binning mode. The source to object distance is 23 cm and the object to
detector distance is 3 cm.

FIG. 2. �A� The x-ray tube current versus the gate voltage measured with
the anode voltage fixed at 40 kV. It follows the classic Fowler–Nordheim
relation. The distance between the cathode and the gate is 150 �m. �B� The
tube current as a function of time at 100% duty cycle and 40 kV anode
voltage. The local fluctuation was less than 1% without electronic feedback.
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beam center needs to be determined to reduce artifacts in the
reconstructed images. This was accomplished by analyzing
the distortion of the x-ray projection images of a phantom
that contained several equally spaced identical thin metal
disks stacked inside a plastic cylinder.4 Tomographic images
of a normal 8-week-old mouse carcass �25 g� were obtained
using this micro-CT scanner. To increase the contrast for the
soft tissues, an iodinated contrast agent was injected into the
abdomen �0.2 ml� of the mouse. A set of 600 projection
images was taken over 360° at 1 s exposure per image. The
x-ray source was operated at 40 kVp, 100 �A, 150
�50 �m effective focal spot size, and cone beam geometry.
As shown in Fig. 4�a�, the projection images demonstrated
good bone delineation and soft tissue contrast. A modified
Feldkamp algorithm5 was used for 3D reconstruction. It took
about 3 h to reconstruct a 325�325�500 volume at
100 �m pixel size with a single processor on a PC running
LINUX. The computing time was subsequently reduced by
utilizing multiple processors with a MPI parallelized version
of the code. Examples of the tomographic transverse and

coronal cuts from the reconstructed volume are shown in
Figs. 4�b� and 4�c�, respectively. 3D skeletal renderings of
the carcass are shown in Fig. 4�d�. Due to a much higher
x-ray attenuation coefficient in calcified tissue than in soft
tissue, the bony structures are well visualized, and even
small subtle structures, such as the bony sutures in the skull
and individual teeth, are readily apparent. As shown in the
figure inset, the image provides sufficient resolution to visu-
alize the individual tooth of the mouse.

In summary, we demonstrate the generation of microfo-
cus x-ray radiation using a CNT-based field emission x-ray
source. An effective focal spot size of 50 �m was obtained
using one active electrostatic focusing electrode, which can
be further reduced with improved design. A micro-CT scan-
ner with the field emission x-ray source was designed and its
utility for small animal imaging was demonstrated. The tem-
poral resolution of the system affords potentials for gated
and dynamic CT imaging.
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FIG. 3. �a� Computer-simulated electron trajectory using the actual dimen-
sion and operating parameters of the x-ray source. The emitting cathode
�bottom part� diameter is 1 mm. With a gate at 800 V and a focusing
electrode �middle section� at 600 V, the electron beam profile at the anode is
250 �m in size. An actual focal spot size of �150 �m was obtained at
Va=40 kV, Vg=800 V, and Vf =700 V. �b� Optical image of a computer
chip. �c�–�e� Corresponding x-ray image of the same computer chip under
different focusing voltages: Vf =0 V, 500 V, and 700 V, respectively. M in
the graph represents the magnification factor, defined as the ratio of the
image and object dimension, of the x-ray image.

FIG. 4. CT image of a normal mouse carcass �25 g� obtained using the
current imaging system. The imaging conditions are 40 kVp, 100 �A tube
current, 1 s exposure time, and 150�50 �m effective focal spot size with-
out energy filter. �a� A sample projection image demonstrating good bone
delineation and soft tissue contrast. �b�, �c� Transverse and coronal
micro-CT images of the same mouse clearly show the lungs’ location and
the separation between low-density fat and surrounding soft tissues. �d� 3D
volume rendering of the whole-body skeletal dataset. The bony structures
are well visualized, and even small subtle structures, such as the bony su-
tures in the skull and individual teeth, are readily apparent.
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