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Stationary scanning x-ray source based on carbon nanotube field emitters
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We report a field emission x-ray source that can generate a scanning x-ray beam to image an object
from multiple projection angles without mechanical motion. The key component of the device is a
gated carbon nanotube field emission cathode with an array of electron emitting pixels that are
individually addressable via a metal-oxide—semiconductor field effect transistor-based electronic
circuit. The characteristics of this x-ray source are measured and its imaging capability is
demonstrated. The device can potentially lead to a fast data acquisition rate for laminography and
tomosynthesis with a simplified experimental setup2@5 American Institute of Physics
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X-ray radiation is used today in a wide range of imagingwith multiple thermionic cathodes was disclosed in the
applications including diagnostic medical imaging and secupatent literaturé but the actual device has not been reported,
rity and industrial inspection. In conventional radiography,due to difficulties of packaging and programming the ther-
the transmitted x-ray beam projects a three-dimensi@l  mionic cathode array.
object onto a two-dimensiondRD) plane, a process that X-ray sources using field emission cathodes have several
loses the resolution along the beam directidihe computed  intrinsic advantages over the thermionic x-ray tubes, includ-
tomography(CT) technique enables the reconstruction of aing low operating temperature, instantaneous response time,
3D image of an object by collecting hundreds of 2D projec-and potential for miniaturization. Field emission x-ray tubes
tion images from different projection anglegimited-angle  using carbon nanotubéCNT) emitter§ ™ have recently
tomographic techniques including tomosynth%siand been demonstrated to have significantly improved properties
laminograph§ have also been developed for applicationscompared to those using metal tips*and diamond? Sev-
where only limited numbers of image planes are requireceral groups have recently disclosed the concept of multibeam
and/or the total x-ray dosage needs to be minimized. Thes&Tay source based on field emitter arrdy8-**The design
include the inspection of microelectronics, such as printedan, in principle, significantly reduce the size, and increase
computer board$PCB9 and for breast imaging. In most of the range of viewing angles and the spatial resolution. Here,
the current tomographic scanners, a single x-ray tube is méVe report a step tpward experimental realization of the multi-
chanically rotated around an object to collect the multipleP€@m field emission x-ray sour¢®IBFEX). o
projection images required for reconstruction, a process that 1he MBFEX source is comprised of a field emission

limits the data acquisition rate and complicates system defathode with a linear array of five gated CNT emitting pix-
sign. els, focusing electrodes, and a molybdenum target in the re-

To improve the imaging speed, several x-ray source lection mode, as illustrated in Fig(a). Thg ent.ire setup was
have been proposed and some developed. One is the elect _use(tj mg vacuum chamlf)_eira\{wth aD4tIn'i (gar‘?etetr Be v%nn-
magnetically scanned x-ray source used in the ultrafas ow at a base pressure o orr. betaried structure o
electron-beam CT scanrfeand some PCB inspection sys- €ach individual x-ray unit is shown in Fig(l). The CNT

. e film was deposited on the metal substrate by electro-
tems. In this case, an electromagnetic field steers the electron

beam to different spots on the anode to produce a ScannirPhoresié9 using CNTs synthesized at Xintek. All of the gate
6 P . op Slectrodes were electrically connected. An active electro-
x-ray beant® very much like the design of a cathode-ray

. static focusing electrode was placed between the gate elec-
tube. Such x-ray sources are in general large, costly, a

L o e ode and the anode for each pixel. The electron beam is
have a I.'m'ted range of viewing angles due to the d'ff'CUI,tyfocused into a focus area on the target with an electrical
in steering the h|gh-energy_ electron beam_. An alternativ otential (V;) applied to the focusing electrode, as we have
method to generate a scanning x-ray beam is to use as mal

. . ported previousl% Each emitting pixel was connected to
cathodes as the number of x-ray focal points required, Wherﬁle drain of ann-channel metal-oxide—semiconductor field

each cathode sends an electron beam to the correspondiggqq transistor (MOSFET), the source of which was

focal point only. The design of a multibeam x-ray sourcéq o nded. The gate of the MOSFET was connected to the
output of a digital input/output board which can provide a
¥Electronic mail: zhou@physics.unc.edu 5V dc voltage signal.
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FIG. 1. (a) A schematic of the multibeam x-ray source with a field emission N 300 u J
cathode that contains five emitting pixels and a molybdenum target at " = i
1077 Torr pressure. The pixels were evenly spaced with a center-to-center ° 200 \ |
spacing of 1.27 cm. Each pixel is capable of emitting 1 mA current. The (g'
anode voltage is set at 40 kV. The gate voltage varies depending on the flux —_
required. Switching the x-ray beam from each pixel is controlled by sweep- 8 100
ing a 0-5 V dc pulse through the MOSFE(B) Each emitting pixel is I.E
comprised of 1.5 mm diameter CNT film coated on a metal disk, a; &0 0 T T T T

thick dielectric spacer, an extraction gate, and a focusing electrode. 1 2 3 4 5

Focal Spot Number

~
o
~

The field emission characteristics of the individual pixelsFIG. 2. (&) Experimentally measured cathode current from the five pixels
were measured under the triode mode in the x-ray Chamberﬁcorded over a 30 min period under the constant current mode using 100%
Th d threshold field for 1 mA/& td it duty cycle. The set cathode current was 108 and the anode voltage was
. € measure reshold neld for 1 m 1Turren enS' Y 40kv. (b) Pin-hole measurement showed five evenly spaced focal spots on
is between 2.3-3.1 \Um. Cathode current density of the target(c) The focal spot size was determined based on the European
~1 A/cn? was achieved at higher fields. To minimize the Standard EN 12543-8Ref. 20. All of the five focal spots are in the range
current fluctuation and decay, and to reduce pixel to pixepetween 20Qum to 300um in diameter under same focusing voltye
variation, an electrical compensation loop was incorporated 900 V.

into each pixel to automatically adjust the gate voltage to

maintain a constant preset cathode current. Figh $hows  he emission current on and off from the individual pixels. To
the experimentally measured cathode currents and the corrggtivate a pixel, a 5 V signal was applied to open the channel
sponding gate voltages from the five pixels recorded ovepy the corresponding MOSFET such that the pixel formed a
30 min period under the constant current mati80% duty  complete electrical circuit with the gate electrode. Electrons
cycle). The set cathode current was 108 with anode volt- — yere emitted from this activated pixel whafy was larger
ageV,=40 kV. No arcing was observed after initial condi- than the critical field for emission. They were accelerated by
tioning. _ _ the V, and bombarded on a directly opposing area on the
The x-ray focal spots from the five pixels on the cathodeanode to produce x-ray radiations. The other pixels would
were recorded by pinhole measurements and are shown bt emit electrons because of the open circuit. To generate a
Fig. 2b). Due to the large diameté¢r1 mm) of the pinhole  scanning x-ray beam from different origins on the target, a
used in the experiment, the actual focal spot sizes cannot hguised controlling signal with a predetermined pulse width
extracted from the image. However, it does show that thgvas swept across the individual MOSFETs. At each point,
five focal spots are evenly spaced on the target surface. ThRe channel was “opened” to generate an electron beam from
noncircular shape of the spots on each end is due to thge particular pixel which produced an x-ray beam from the
oblique projection angle of the corresponding pixel. The fo-corresponding focal point on the target.
cal spot sizes were determined by measuring the radiographs Projection images of a phantom placed 15 cm away
and analyzing the intensity distribution of a thin metal wire from the anode were recorded from different projection
in two orthogonal directiond The measured actual focal angles using this MBFEX source. The phantom was a blade
spots(diameter on the anogare plotted in Fig. &) for the  from a surgical scalpel placed behind a metal rdg.was
focusing voltagesvy=900 V. A demagnification factor of fixed at 40 kV. A digital area x-ray detectgHamamatsu
5-7.5 was obtained. C792) running at 16 frames/s was used to record the im-
To generate x-ray radiation, a constant dc voltageage. The phantom-to-detector distance was 10 cm. The five
(40-60 kvp was applied to the anode and a variable dcpixels were turned on sequentially for 5 s each by sweeping
voltage (<1 kV) was applied to the gate electrodes. Thea 5 V pulse signal with 5 s pulse width through the MOS-

MOSFET circuit, as illustrated in Fig. 1, was used to switchFETs. The gate voltage was adjusted automatically to main-
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1 5 3 Z '5 FIG. 4. (a) The projection image of a circuit board which is a superimposed
image of several overlapped circuit planés). and (c) Two tomosynthesis
images showed different layers of the circuit board. It is very clear that the

original thick wire on the top layer of the circuit board was remove(tjn

F.IG' 8. F'Ye projection images of the same blade-metal roq phantom frorTLimited axial resolution is due to the fact that there are only five scanning
different viewing angles were taken by the MBFEX. The digital 2D x-ray beams providing limited viewing angle

image sensofHamamatsu C792has a 1056 1056 photodiode array with

50x 50 um pixel size. It was operated at 16 frames per sed@psl with This work was partially supported by the Transportation

4 X 4 binning. The imaging conditions are: 40 kVp, 2 cathode current, ecurity Administration(Manhattan Il Projegt NIH-NIBIB

and 5 s exposure time. The source to object distance is 15 cm and the bla%[RZlEBOO4204 0 d Xi K Th h K I

is placed close to the x-ray detector. al i E_m 'r_]te » Inc. The authors acknowl-
edge helpful discussions with D. Lalush.
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