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Generation of continuous and pulsed diagnostic imaging x-ray radiation
using a carbon-nanotube-based field-emission cathode
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X-ray radiation is widely used in medical and industrial applications. The basic design of the x-ray
tube has not changed significantly in the last century. In this paper, we demonstrate that medical
diagnostic x-ray radiation can be generated using a carbon nan@hbB-based field-emission
cathode. The device can readily produce both continuous and pulsed x-rays with a programmable
wave form and repetition rate. A total emission current of 28 mA was obtained from a 6. grem

CNT cathode. The x-ray intensity is sufficient to image a human extremity at 14 kVp and 180 mAs.
Pulsed x-ray with a repetition rate greater than 100 kHz was readily achieved by programming the
gate voltage. The CNT-based cold-cathode x-ray technology can potentially lead to portable and
miniature x-ray sources for industrial and medical applications.2@2 American Institute of
Physics. [DOI: 10.1063/1.1492305

A conventional x-ray tube is comprised of a metal fila- cluding diamond and carbon nanotudf@NTs),*~’ develop-
ment (cathod¢ that emits electrons when resistively heatedment has been hindered by the lack of cathodes that can
to over 1000 °C and a metal targetnode that emits x rays deliver stable currents comparable to the values used in con-
when bombarded by the accelerated electfoRse intensity  ventional x-ray tube$10-50 mA for fixed anode and 50—
of the x-ray radiation is proportional to the electron current500 mA for rotating anode tubgsDiamond emitters are in
and the square of the acceleration voltage. This design hageneral unstable at current densities higher than 30 mAicm
several inherent limitations. Thermionic cathodes in generaCNTs can potentially produce a much higher emission cur-
have a slow response time and high power consumption. Theent. It is found experimentally that an individual CNT can
high operating temperature reduces the lifetime of the x-ragmit ~1 uA per tube® However, the current density de-
tubes due to failure of the metal filament. It is estimated thatreases drastically with increasing emission area due to prob-
the average life time of an x-ray tube in a typical x-ray ma-lems such as uniformity. As a result, high field-emission cur-
chine is less than a year, and a large portion of x-ray tubeent has not been obtained.
failures in diagnostic x-ray units are filament related. In ad- By optimization of the morphology of CNT films, we
dition, the emitted electrons are randomly distributed. Al-have recently demonstrated large and stable emission current
though they can be focused by a bias electrical field, thérom macroscopic CNT cathod&s®Here we report the per-
resulting beam has a non-Gaussian intensity distributionformance of these cathodes in a triode-type field-emission
which limits the imaging resolution. x-ray tube. The results show that this type of tube can gen-

Field emission is a much more attractive mechanism teerate x-ray flux comparable to that from the conventional
extract electrons compared to thermionic emission becaudixed-target x-ray tubes, and can produce high frequency
electrons are emittedt room temperatureand the output pulsed x-ray radiation with programmable width and repeti-
current is voltage controllabfeField emission cathodes have tion.
found applications in a variety of vacuum electronic devices, The emission material used in this study is purified
such as field emission displays and electron guns in thgingle-wall carbon nanotubd&WNT) bundles that were pro-
microscop€. Although the concept of cold-cathode x-ray duced by the laser ablation metibdt UNC? They contain
tubes has been investigated in the past using materials in-95 wt % SWNT bundles with the average tube diameter of

1.4 nm and bundle diameter 6f50 nm. A uniform layer of
dAuthor to whom correspondence should be addressed; electronic maiﬁVVNTS was coated on a flat metal disc by electrophoretic
zhou@physics.unc.edu deposition® To increase the adhesion between the SWNTs
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% FIG. 2. (a) A schematic of the triode-type field emission x-ray tube. SWNTs
o4 i coated on a metal substrate were used as the cathode. The gate electrode is
;:_’_ a metal mesh 50-20@m away from the cathode. Electron emission is
b 2t triggered by the voltage applied between the gate and the cathode. X-ray is
= 0 ) . ) produced when the emitted electrons were accelerated and bombarded on
0 3 6 9 12 15 18 the copper target(b) The emission current transmission ratg/(1,+14)
Time (hrs) versus anode voltage/() measured in the triode configuration at different
- . . i . ] gate voltages. By adjusting the distance between the gate and the cathode
E of o] sbyprir privi— and the opening of the metal grids, a transmission rate of @#tent gain
;1 4 C I./14 of 4) was obtained av,>50 V. (c) Energy spectrum of the x ray
5 “I ] generated from a copper target at an acceleration voltage of 14 kV. The data
2 4t E was recorded by a Si-PIN photodiode x-ray detector and a multichannel
2 analyzer.
[ i Rl
o or ] shown in Fig. 1a) and inset, the sample shows the classic
-5 L . . . .
g ol ] Fowler—Nordheim behavior with a threshold field of 2.
2 st Cunent Density ] for 1 mA/cn? current density(the effective emission area
g 20 BN was calculated using a previously described method
2; w/ ] Emission current density over 1 A/émwas readily achieved.
T The total emission current from the macroscopic cathode
Time(ms) (0.2 cnf) was measured using the parallel-plate geometry.

FIG. 1. () Electron emission current vs applied voltage of a SWNT film No overall decay of the emission current was observed over
measured at different anode—cathode distances using a hemispherical anadeq A _|_nari
(1.0 mm in diameter The threshold field for 1 mA/cfis 2 V/um. Inset is %e10-h pe.I’IOd at 2 mA10 mAlcmz). unde“r a C(.)n,:Stant de
the same set of data plotted as!inf) vs 1M (Fowler—Nordheim plot VOItage W'thO_Ut_feedbaCKafter the initial ) burn'm ). The
which show linear dependencé) Applied voltage vs time when the total Standard deviation of the current fluctuation is 2%—4%. The
emission current was set at 6 MA0% duty cycl¢. The emission current  flyctuation and stability can be improved significantly by in-
was measured under the parallel plate geometry. The applied voltage was, . ration of a simple feedback lo8m@s demonstrated in
automatically adjusted to maintain the set current via a feedback sy@em. ~ A .
Total emission current from a 0.2 érarea SWNT film measured under the Fid. 1(b). Here the total emission current was fixed at 6 mA
pulsed mode. The pulsed width and repetition rate were controlled by pro10% duty cycle, 30 mA/c) and the applied voltage was
gramming the gate voltage. A peak current of 28 mA was obtained Withoutadjusted automatically. High frequency pulsed emission with
breakdown. . . " .

a variable pulse width and repetition rate can be readily ob-

tained by programming the applied electrical field. Figure
and the substrate, an iron interlayer was first deposited on thEc) shows the pulsed emission current generated using a 100
substrate by either thermal evaporation or electrochemicdfiz and 2-ms-width square wave. A peak emission current of
plating before nanotube depositibh.The thickness and 28 mA was obtained from a 0.2 GrSWNT film (140
packing density of the nanotube film were controlled by themA/cn?). This emission current, to our best knowledge, is an
current, deposition time and the concentration of the nanoerder of magnitude higher than the values previously re-
tube suspension. ported from macroscopic cathodes.

The emission current—voltage V) characteristics of The performance of the SWNT film as a cold-cathode

the SWNT film were measured using a hemispherical currerfior x-ray generation was tested using the triode geometry. As
collector (anodé with a 1-mm-diam tip at X10 ' Torr  shown in Fig. 2a), the experimental setup consists of a gated

base pressure at different anode—cathode gap distances. 88/NT field-emission cathode and a copper metal target
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To demonstrate the viability of this CNT based field-
emission x-ray source, images of a fish and a humanoid hand
were taken using Polaroid™ films placed behind the objects
outside the x-ray chamber. Due to the limitation of the
present power supply and vacuum feedthrough, the accelera-
tion voltage was set at 14 kV which is substantially lower
than the 50-100 kV value commonly used for medical
imaging? The effective focal spot of the x-ray source is
about 3.2 mm in diameter. The distance between the source
and the object is 30 cm. As shown in Fig. 3 fine structures of
the humanoid hand and fish were clearly resolved.

High frequency and high-intensity pulsed x ray is desir-
able for both medical and industrial applications. By replac-
ing the dc gate voltage with a pulsed signal, pulsed x ray
with programmable width and repetition rate was easily pro-
duced using the device described here. Figu® 8emon-
strates 1 kHz and 50% duty cycle pulsed x ray generated by
applying a square wave formy. A ~100 us delay between
the onset ofV, and x-ray photon was observed. This is due
to the capacitance and the in-line resistor used for overcur-
F 3 rent protection in the electrical circuitfC =293 pF andR
Voltage =160 K2, 7=47 us), and can be essentially eliminated by
reducing the resistance. By replacing the gap between the
gate the cathode to the micron range, pulsation can be trig-
X-ray gered by an off-the-shelf signal generator without further
I ] amplification.

The cold-cathode x-ray tube demonstrated here over-
00 05 10 15 20 comes several limitations of the conventional x-ray tubes. By

Time (ms) elimination of the resistively heated metal filaments the life
FIG. 3. X-ray images of a fiskA) and a humanoid hanB) taken using ~ Span of x-ray tubes can be greatly prolonged. The size of the
Polaroid™ films placed behind the objects which were 30 cm away from thex-ray tube and its power supply can also be reduced signifi-
x-ray source. The exposure condition was 14k&hd 180 mA. Detailed cantly to produce portable and miniature x-ray machines.
bone structures are clearly resolved.1ckHz and 50% duty cycle pulsed . .. .
x-ray radiation generated by applying a pulse gate voltage with the sam&arbon nanotube field-emission cathodes also have the abil-
wave form. The x-ray signals were recorded using an oscilloscope. Théty to produce focused electron beams with a small energy

heliggt of tgeI siggai indicattﬁs the p?%tgn ecr;ergy rather than the igte”?ity; Thgpread that can potentially enable x-ray tubes with ultrafine
~100 us delay between the onset gf, and x-ray emission can be elimi- o L :

nated by reducing the in-line resistance usedd thus the RC time con- focal spots for hlgh resolution imaging. . .
stant. The wave form and the repetition rate of the x-ray can be easily ~ We thank S. Shafroth, T. Clegg, and N. Parikh for dis-

programmed. A 100 kHz x-ray was generated by the current setup, which isussion and assistance. This work was partially supported by

limited by the response time of the x-ray detector. the Office of Naval Research under a MURI program
(N00014-98-1-0597 at UNC and a grant from Applied
Nanotechnologies, Inc.
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