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ABSTRACT: A cold cathode X-ray tube was fabricated using a carbon nanotube (CNT) field electron emitter made
by a free-standing CNT film which is composed of a highly packed CNT network. A lot of CNT bundles with a sharp
tip are vertically aligned at the edge of the thin CNT film with a length of 10 mm and a thickness of 7 gm. The cold
cathode X-ray tube using the CNT field emitter presents an extremely high tube current density of 152 A/cm”
(corresponding to tube current of 106.4 mA), the electron beam transmittance of 95.2% and a small focal spot size
(FSS) of 0.5 mm. In addition, the cold cathode X-ray tube also shows stable lifetime during 100 000 shots. High
emission current density of the cold cathode X-ray tube is mainly attributed to a lot of electron emission sites at an
edge of the CNT film. The small FSS is caused by an ensemble of the CNT field electron emitter made by a free-
standing thin CNT film and the optimized curve-shape elliptical focusing lens. Based on obtained results, the cold
cathode X-ray tube can be widely used for various X-ray applications such as medical diagnosis systems and security

check systems in the future.
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greatly increases as the need for healthcare prevention

and diagnosis draws increasing attention. Among
various medical diagnostic equipment, X-ray medical systems
such as mobile X-ray radiography systems and X-ray CT
(computed tomography) systems have assumed an important
role in the detection of several diseases, because of the
numerous advantages of X-ray imaging techniques. To achieve
precise detection of various diseases, X-ray systems require a
high-resolution X-ray image at a small X-ray dose as possible.
Thermionic X-ray tubes based on a hot-filament tungsten
emitter are mostly used in medical X-ray systems until now. By
the way, the thermionic X-ray tubes cannot avoid rising time
and falling time during X-ray generation, resulting in

T he demand for medical devices for diagnostic imaging
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unnecessary X-ray irradiation. Moreover, they need a high X-
ray dose to get a high resolution X-ray images. Therefore, a
new X-ray tube that overcomes the limitation of conventional
thermionic X-ray tubes remains an unmet challenge in X-ray
technology.

Recently, a cold cathode X-ray tube has much attention due
to possibility of several advantages such as a high resolution,
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Figure 1. Fabrication of the CNT field electron emitter using a free-standing SWCNT film. (a) Schematics of a filament thermionic emitter
and feature of a thermionic X-ray tube. (b) Schematics of a CNT field electron emitter using a free-standing CNT film and feature of a cold
cathode X-ray tube. A low-density and radial-direction electron beam is emitted at the hot filament thermionic emitter. A high-density and
vertical-direction electron beam is emitted at the edge of the free-standing SWCNT film of the CNT field electron emitter. (c) Formation of
a densely packed SWCNT film prepared using vacuum filtration technique. (d) A lot of quasi-vertically aligned SWCNT tips existed at the
edge of the free-standing SWCNT film and schematic of electron emission from the tip of SWCNT bundles. (e) Schematics of a fabrication
method of the CNT field electron emitter with a different CNT film length.

fast operation, digital operation, a small focal size, and low
power consumption. Diverse approaches to fabricate cold
cathode X-ray sources have been studied by adopting field
electron emitters using various field emission materials such as
semiconductor tips, carbon nanotubes (CNTs), and nano-
carbon materials.'~'> More recently, several research groups
reported cold cathode X-ray tubes which can promise potential
applications for various X-ray systems even though a history of
cold cathode X-ray tubes is only a beginning stage.'®>
Furthermore, some companies such as Shang Fang, Micro-X,
Nanox, and CAT beamtech presented commercial cold
cathode X-ray tubes using CNT paste emitters or as-grown
CNT emitters or Si tip emitters and started to supply cold
cathode X-ray tubes with various specifications in the market.
Nevertheless, the cold cathode X-ray tubes still show a
relatively low tube current and a large focal spot size, which
indicates lower tube performance compared with conventional
thermionic X-ray tubes. Therefore, for a daily used X-ray
system applications, cold cathode X-ray tubes which have not
only a high tube current but also a small focal spot size are
inevitably necessary. Nowadays, many studies to realize high-
performance cold cathode X-ray tubes are very attractive, and
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several approaches to fabricate a cold cathode X-ray tube are
presented.

CNT materials have been considered as a strong candidate
for field electron emission devices due to the excellent
electrical, thermal, and mechanical properties of CNTs.**™>’
Since the first report on field emission properties of an
individual CNT in 1995, several groups have studied field
emission properties of CNTs to investigate the possibility of
field emitter applications.’®>> Along with these efforts, several
approaches to fabricating CNT field emitters have been
developed, for example, as-grown CNT emitter, electro-
phoresis CNT emitter, CNT fiber emitter, and sprayed CNT
emitter, and CNT paste emitter.”*** By the way, the above-
mentioned methods have achieved some success such as low
turn-on voltage, fast operation, and low power consumption
but encountered several requirements about a high emission
current, a high emission current density, and long-term
emission stability. From these perspectives, a more advanced
high-performance CNT field emitter is still needed to be used
for practical applications of cold cathode X-ray tubes.

Here, we report a high-performance cold cathode X-ray tube
equipped with a CNT field electron emitter made by a free-
standing CNT film, demonstrating a high tube current, an
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Figure 2. Electric-field distribution and field emission properties of the CNT field electron emitter made by a free-standing CNT film. (a)
Simulation results of electric-field distribution along the x-axis direction of the CNT film at the CNT field electron emitter. (b) Simulation
results of electric-field distribution along the y-axis direction of CNT film at the CNT field electron emitter. (c) Electron emission properties
of the CNT field electron emitter at a diode configuration. Fowler-Nordheim plots indicates that electron emission exhibits quantum
tunneling behavior (inset). (d) Long-term emission stability of the CNT field electron emitter.

extremely high tube current density, a small focal spot size, and
good lifetime. Improved performance of our cold cathode X-
ray tube is obtained by adopting the CNT field electron
emitter and the curve-shape elliptical focusing lens. The unique
feature of the CNT field electron emitter made by a free-
standing thin CNT film is suitable for achieving both the high
tube current and the extremely high tube current density. In
addition, the optimized ensemble of the CNT field electron
emitter, the slit-shape gate and the curve-shape elliptical
focusing lens is appropriate to get a small focal spot size and
good lifetime.

RESULTS AND DISCUSSION

The electron emission behavior of the field electron emitter
differs from that of a hot-filament thermionic emitter. A
thermionic emitter generates a radial electron beam by heating
a tungsten filament and a thermionic X-ray tube based on the
hot-filament thermionic emitter represents high-temperature
operation, a slow response, and an analog response (Figure
la). By contrast, the field electron emitter generates a
directional high-density electron beam through quantum
tunneling by applying an electric field and a cold cathode X-
ray tube equipped with the CNT field electron emitter
presents room-temperature operation, a fast response and a
digital response (Figure 1b). The CNT field electron emitter is
particularly well suited for a high emission current because of
numerous CNT bundles existing at the edge of the CNT film,
which can effectively contribute to electron emission. In order
to fabricate the CNT field electron emitter, the single-walled
CNT (SWCNT) film with a thickness of 7 yum was formed on
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an anodic aluminum oxide (AAO) membrane using a vacuum
filtration process (Figure 1c).” A free-standing SWCNT film
was subsequently obtained by eliminating the AAO membrane
using a 1 M NaOH solution (Supporting Information (SI)
Figure S1). The surfactant, sodium dodecyl sulfate (SDS), was
removed from the free-standing SWCNT film using isopropyl
alcohol (IPA) and the CNT film was densified using ethanol
and HNOj acid. The free-standing SWCNT film is composed
of a highly packed CNT network because of strong van der
Waals force between the SWCNTs (SI Figure S2a—d).** The
prepared free-standing SWCNT film shows high purity and
very good crystalline structure (SI Figure S2c—f). The
densified free-standing SWCNT film indicates a tensile
strength about 40 MPa and a tensile modulus about 2.5 GPa
and also shows good mechanical flexibility after bending (SI
Figure SZg).45

The free-standing SWCNT film was cut using a razor and
the vertically aligned tips of SWCNT bundles at the cut edge
of the SWCNT film was used for electron emission sites. The
key idea for fabricating the CNT field electron emitter is to lift
the cut edge of the SWCNT film and use tips of SWCNT
bundles at the edge as an electron emission sites (Figure 1d).
Scanning electron microscopy (SEM) images show that
numerous quasi-vertically aligned SWCNT bundles exist at
the edge of the free-standing CNT film. In particular, ethanol
and HNO; treatment take an important role to densify the
free-standing SWCNT film and to form a lot of CNT bundles
at the edge of a SWCNT film (Figure 1d). Interestingly, quasi-
vertically aligned tips of SWCNT bundles become vertically
well aligned after an electrical annealing (SI Figure S4), which
can effectively contribute to electron emission. Finally, the
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proposed CNT field electron emitter could be simply
fabricated by clamping the free-standing CNT film between
cathode metal plates (Figure le). In this fabrication method,
the number of emission sites at the CNT field electron emitter
was simply controlled by adjusting the length or the width of
the free-standing CNT film (Figure le). In addition, by
inserting multiple CNT films with identical dimensions
between cathode metal plates, an array-type CNT field
electron emitter can be also easily fabricated, which can
dramatically increase the emission current (SI Figure S3).

The CST program was used to investigate the electric-field
distribution along the x-axis direction of the CNT field
electron emitter (Figure 2a). The electric field is well
concentrated on the CNT film for both a planar-type cathode
(P-cathode) and a cavity-type cathode (C-cathode). The
electric field increases in strength with increasing a cavity width
of the C-cathode; however, it saturates at a cavity width of 6
mm. The electric-field distribution at the CNT field electron
emitter was also investigated along the y-axis direction of the
CNT field electron emitter (Figure 2b). For the P-cathode, the
electric field is strongly enhanced at the two sides of the edge
of the CNT film because of the edge electric-field effect.
Sometimes it makes an electrical arcing between the CNT film
and the gate electrode in a triode configuration. However, for
the C-cathode, the electric field is uniformly distributed over
the CNT film, with no edge electric-field effect. Obtained
simulation results indicate that the C-cathode with 4 mm
cavity width is appropriate to get uniform and strong electric
field at the CNT field electron emitter. Potential distribution
between the CNT field electron emitter and the anode was
evaluated according to the cavity width of the cathode (SI
Figure S5). Simulation result shows that potential at the CNT
field electron emitter in the x-axis direction becomes higher as
the cavity width of the cathode increases but it saturates over
the cavity width of 4 mm. On the other hand, potential
distribution at the CNT field electron emitter in the y-axis
direction is almost same regardless of the cavity width. It is well
understood that potential distribution of the CNT field
electron emitter is also very uniform when a cavity width at
the C-cathode is over 4 mm.

Based on simulation results, the CNT field electron emitter
was fabricated on the C-cathode with 4 mm cavity width and
its electron emission properties were quantitatively charac-
terized by measuring the emission current in a diode
configuration (Figure 2c). The current—electric field (I—E)
curve indicates that both the turn-on electric field (corre-
sponding to 0.1 yA emission current) and the threshold
electric field (corresponding to 1.0 mA emission current)
decrease with increasing length of the CNT film. In fact, the
turn-on electric field is 1.34 V/um, 0.79 V/um, and 0.75 V/um
at CNT film lengths of 2 mm, 6 mm, and 10 mm, respectively,
and the threshold electric field of the CNT field electron
emitter is 2.31 V/um, 1.18 V/um, and 1.04 V/um at CNT film
lengths of 2 mm, 6 mm, and 10 mm, respectively. The
emission current of the CNT field electron emitter rapidly
increases with increasing length of the CNT film. The emission
current of the CNT field electron emitter is 6.7 mA, 36.9 mA,
and 78.6 mA at an emitter length of 2 mm, 6 mm, and 10 mm,
respectively. It is noteworthy that the emission current of the
CNT field electron emitter with a 10 mm CNT film length
reaches 78.6 mA (equivalent to an emission current density of
112 A/cm?) at an applied electric field of 2.0 V/um. This good
result is caused by a unique feature of our CNT field electron

emitter made by the free-standing CNT film which has a lot of
vertically aligned tips at the CNT bundles (SI Figure S4).
Those vertically aligned tips at the CNT bundles can
effectively contribute electron emission. By the way, the
CNT field electron emitter with a 2 mm length indicates a very
low emission current. It is caused by a strong screening effect
of the electric field at the cavity edge of the C-cathode
structure. In general, for various X-ray tube applications, field
electron emitter should present not only a high emission
current but also a high emission current density. Interestingly,
point-type CNT field emitters made by a CNT film or a CNT
fiber indicated a much high emission current density but
unfortunately showed a low emission current. For example,
The CNT film emitter indicated an extremely high emission
current density of 1 X 10° A/cm” corresponding to a high
emission current of 22.4 mA.*’ The CNT fiber with a diameter
of 9 ym also showed the extremely high emission current
density of 5.8 X 10° A/cm? corresponding to the emission
current of 3.6 mA.*® In fact, the point-type CNT field emitter
is very useful for high-resolution microscopy or nondestructive
analysis or mammography due to both a high emission current
density and a small focal spot. However, it has a critical
limitation for diverse X-ray applications due to a relatively low
emission current. On the other hand, the CNT paste emitter
showed a very high emission current of 600 mA but indicated a
very low emission current density of 87.5 mA/cm?” due to a
large emission area.'” The as-grown CNT field emitter also
showed a much high emission current of 710 mA but indicated
a low emission current density of 3.55 A/cm® due to a large
emission area.”* Notably, our CNT field electron emitter
indicates not only the high emission current but also the high
emission current density, which can be used for a cold cathode
X-ray tube to be suitable for various X-ray applications.
Fowler—Nordheim (F—N) plots was calculated on the basis
of the measured emission current. F—=N plots reveal that the
electron emission basically follows quantum tunneling
behavior at the CNT field electron emitter (Inset of Figure
2¢). The field enhancement factor obtained from the F—N
plots is estimated to be 4167, 4322, and 4521 for a CNT film
length of 2 mm, 6 mm, and 10 mm, respectively. Interestingly,
the obtained field enhancement factor of the CNT field
electron emitter is roughly three to four times greater than that
of CNT paste field electron emitters.”” We consider that it is
caused by both the unique morphology of the free-standing
CNT film and the high density of the emission sites at the edge
of the CNT film. The long-term emission stability of the CNT
field electron emitter was investigated in pulsed operating
mode. The emission current was evaluated at an applied
constant voltage and an initial emission current was started at 3
mA, 13 mA, and 16 mA for the CNT film lengths of 2 mm, 6
mm, and 10 mm, respectively (Figure 2d). In general, the CNT
field electron emitter is considered to be acceptable for real
applications if a degradation rate of the emission current is
below 50% during long-term emission stability test. In this
work, the CNT field electron emitter roughly indicates a
degradation rate of 15% over 10 h when it starts at a high
emission current of 16 mA (corresponding to an emission
current density of 22.8 A/cm?). By the way, both the CNT
paste emitter and the as-grown CNT emitter also indicated
good long-term emission stability at a high emission current of
600 mA for 7 h and 500 mA for 20 h, respectively."”** But it is
noteworthy that our CNT field electron emitter indicates good
emission stability at a higher emission current density
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Figure 3. Simulation results of an electron-beam trajectory and potential distribution of the cold cathode X-ray source. (a) A side-view cross-
section of an electron-beam trajectory from the CNT field electron emitter to the anode in the x-axis direction (a cavity width). (b) A side-
view cross-section of an electron-beam trajectory from the CNT field electron emitter to the anode in the y-axis direction (a cavity length).
(c) A top view of an electron-beam trajectory indicating a high-density electron beam concentrated at a center of the anode. (d) Schematic of
an assembly of components of cold cathode X-ray tube such as the ceramic plate, the CNT field electron emitter, the gate and the focusing
lens. (e) A side-view cross-section of potential distribution between the focusing lens and the anode in the x-axis direction. (f) A side-view
cross-section of potential distribution between the focusing lens and the anode in the y-axis direction. (g) A side-view cross-section of
potential distribution between the CNT field electron emitter and the focusing lens in the x-axis direction. (h) A side-view cross-section of
potential distribution between the CNT field electron emitter and the focusing lens in the y-axis direction.

compared with the CNT paste emitter and the as-grown CNT
emitter. It means that our CNT field electron emitter can
endure a high emission current load during long-term emission
operation. Good emission stability of our CNT field electron
emitter is mainly attributed to abundant emission sites at the
edge of the free-standing CNT film. An emission current load
for each contributing emission sites can be reduced if a CNT
field electron emitter has a lot of emission sites. The low
emission current load at individual emission sites decreases
degradation of tips at the CNT film during field electron
emission, resulting in improved long-term emission stability.
The geometry and dimension of components of the cold
cathode X-ray tube, which consist of the CNT field electron
emitter, the gate electrode and the focusing lens, were designed
using the SOLIDWORKS program by evaluating potential
distribution and an electron-beam trajectory using the CST
program. Understanding of an electron-beam trajectory of the
cold cathode X-ray tube is important because X-ray generation
is mainly determined by an electron beam density and a focal
spot size of electron beam at the anode. The electron beam
extracted from the CNT field electron emitter passes through
the gate and the focusing lens, and finally arrives at the anode.
Therefore, high electron-beam transmittance through the gate
is an important issue for increasing the operating stability and
lifetime of the cold cathode X-ray tube. A side-view cross-
section of an electron-beam trajectory from the CNT electron
emitter to the anode is illustrated in the x-axis direction and in
the y-axis direction, respectively (Figure 3a,b). An electron
beam with a small focal spot is concentrated at the anode
through the curve-shape elliptical focusing lens in the x-axis
direction. On the other hand, it indicates a relatively large focal

spot size in the y-axis direction. A top view of an electron-beam
trajectory shows that a high-density electron beam is strongly
concentrated at a center of the anode (Figure 3c). The focused
electron beam is appropriate to realize a small focal spot size at
the anode, which in turn leads to a high-resolution X-ray
image.

A side-view cross-section of an electron-beam trajectory
from the CNT electron emitter to the gate is illustrated in the
x-axis direction (SI Figure S6). The electron beam is extracted
at the edge of the free-standing CNT film by applying the gate
voltage and pass through the gate slit, and it arrives at the
cavity of the focusing lens. Schematic illustrates an assembled
of X-ray source, which is composed of the ceramic plate, the
CNT field electron emitter, the gate and the focusing lens
(Figure 3d).

A side-view cross-section of potential distribution between
the focusing lens and the anode is presented with respect to
the x-axis direction and y-axis direction, respectively (Figure
3e,f). The simulation results show that potential distributed at
the cavity center of focusing lens in the x-axis direction (cavity
width) is stronger than potential distributed in the y-axis
direction (cavity length). A side-view cross-section of potential
distribution between the CNT field electron emitter and the
focusing lens is also presented with respect to the x-axis
direction and y-axis direction, respectively (Figure 3gh). The
simulation results between the CNT field electron emitter and
the focusing lens also indicate that potential distributed in the
x-axis direction (cavity width) is stronger at the cavity center of
focusing lens than potential in the y-axis direction (cavity
length). We also evaluated an electron-beam trajectory and
potential distribution of the cold cathode X-ray source
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Figure 4. Optical images of key components of the cold cathode X-ray tube and the glass vacuum sealed cold cathode X-ray tube. The cold
cathode X-ray tube consists of the CNT field electron emitter, the gate with a slit, the curve-shape elliptical-cavity focusing lens and the
rotation-type reflective anode. The schematic of the cold cathode X-ray tube illustrates X-ray generation at the anode by an incident electron

beam emitted from the CNT field electron emitter.
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and the tube voltage. (c) The focal spot size of the cold cathode X-ray tube at a tube current of 100 mA according to a tube voltage. (d) The
Nominal focal spot size of the cold cathode X-ray tube according to a tube voltage.

according to the geometry of the focusing lens. Simulation
results show that the curve-shape elliptical focusing lens
separated with the gate can effectively concentrate the electron
beam at the anode compared with the curve-shape elliptical
focusing lens connected with the gate or the flat-shape elliptical
focusing lens connected with the gate (SI Figure S7 and S8). It
is understood that a high-density focused electron beam is
important to increase resolution of X-ray images at X-ray tubes.
Therefore, the proposed curve-shape elliptical focusing lens

10236

separated with the gate is useful for realizing high-performance
X-ray tubes (SI Figure S9).

Optical images of key components and the cold cathode X-
ray tube are shown (Figure 4). The cold cathode X-ray tube
consists of key components such as the CNT field electron
emitter, the gate, the curve-shape elliptical focusing lens and
the rotation-type reflective anode. To fabricate the cold
cathode X-ray tube, four components are assembled and the
assembled set is inserted into a glass tube, and finally vacuum
sealed to complete the cold cathode X-ray tube. The schematic
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of the cold cathode X-ray tube illustrates X-ray generation at
the anode by an incident electron beam emitted from the CNT
field electron emitter. The CNT field electron emitter is made
by a free-standing CNT film with a thickness of 7 ym and a
length of 10 mm. The gate has a slit with a width of 1.5 mm
and a length of 12 mm. The curve-shape elliptical focusing lens
has a cavity width of 8 mm, a cavity length of 18 mm and a
cavity height of S mm, respectively. The rotation-type reflective
anode has a diameter of 3 in. and an angle of 12 degrees. The
CNT field electron emitter is separated from the gate using a
ceramic spacer with a thickness of 0.5 mm. The gap between
the gate and the focusing lens is 1.0 mm, and the gap between
the focusing lens and the anode is 20 mm.

Performance of the cold cathode X-ray tube such as a tube
current, X-ray dose and a focal spot size was characterized
(Figure S). The cold cathode X-ray tube exhibits the high tube
current of 106.4 mA (corresponding to the extremely high tube
current density of 152 A/cm?) at the gate voltage of 2.6 kV and
the tube voltage of 80 kV (Figure Sa). Interestingly, our cold
cathode X-ray tube shows a very high tube current and an
extremely high tube current density due to high electron
emission sites at the CNT field electron emitter. Several
articles also reported a maximum emission current of an
individual SWCNT is about 1 yA.”® Therefore, emission sites
of our CNT field electron emitter can be calculated to be about
106400 ea. Sometimes, high density emission sites induce
screening effect at the field electron emitters.”’ At a higher
electric field region, we could find that a gradient of an
emission current is slightly decreased. It means that screening
effect may occur between the effective emission sites during
field electron emission.

It is well-known that X-ray tubes need a high tube current
density besides a high tube current for real X-ray system
applications because the high tube current density is favorable
to get a small focal spot size. Some important results on
performance of cold cathode X-ray tube have been reported.
Shang Fang company reported CNT paste emitter based cold
cathode X-ray tube which has a tube current of 3 mA at a high
tube voltage of 180 kV. Nanox company also presented a cold
cathode X-ray tube based on Si tip emitters, indicating a tube
current of 20 mA (corresponding to a tube current density of
~20 mA/cm?®) at a tube voltage of 40 kV. Recently, Micro-X
company reported a cold cathode X-ray tube which has a tube
current of 130 mA (corresponding to a tube current density of
~200 mA/cm?) at a high tube voltage of 110 kV. ETRI group
also reported a cold cathode X-ray tube using an array-type
CNT paste emitters, which has a tube current of 250 mA
(corresponding to a tube current density of 340 mA/cm?) at a
tube voltage of 80 kV.*® It is still a very difficult mission for
CNT cold cathode X-ray tubes to have a high tube current and
a high tube current density at the same time. Nevertheless, our
cold cathode X-ray tube achieves not only the high tube
current but also the extremely high tube current density. In
addition, the cold cathode X-ray tube indicates a very high
electron-beam transmittance of 95.2% at the electric field of 5.2
V/pm, which is enough high for various X-ray tube
applications. The advanced electron-beam transmittance is
based on optimized geometries of the CNT field electron
emitter using a free-standing thin CNT film and the gate with a
slit structure. By optimizing the size of a gate slit (a 1.5 mm
width and a 12 mm length), the electron-beam transmittance is
much increased. It is considered that the high electron-beam
transmittance can increase lifetime of the cold cathode X-ray

tube due to reduced degradation of the gate during field
emission operation (SI Figure S14). In this work, we found
that the tube current of the CNT cold cathode emitter
indicates was strongly governed by the gate voltage, whereas
the influence of the tube current by the anode voltage was not
so strong. The tube current was slightly increased by increasing
the anode voltage (SI Figure S10). Based on obtained results,
we forecast that our cold cathode X-ray tube with the
extremely high tube current density and a very high electron-
beam transmittance can possess a good opportunity to be used
for various X-ray system applications in the future.

The X-ray dose linearly increases with increasing the tube
current and also increases with increasing the tube voltage
(Figure Sb). In this work, X-ray dose was measured at a
distance of 60 cm from the X-ray tube. Very high-resolution X-
ray images of a pig’s foot (diameter of 6 cm) are achieved at X-
ray dose of below 0.25 mGy (corresponding to 25 mA - 60 ms)
in the range of the tube voltage of S0—80 kV (SI Figure S11).

We evaluated the focal spot size using a slit technique
measurement (RTI Slit Camera, IEC standard 60336) (SI
Figure S12). The focal spot size was measured at the tube
current of 100 mA at the tube voltage of 50—90 kV. The
calculated focal spot size of the cold cathode X-ray tube is in
the range of 1.55 mm ~0.9 mm in the x-axis direction and
about 0.6 mm in the y-axis direction, respectively (Figure Sc).
In addition, the obtained nominal focal spot size is in the range
of 0.5—0.8 mm according to the tube voltage (Figure 5d). The
nominal focal spot is increased with decreasing the tube
voltage below the tube voltage of 70 kV but an almost same
value (0.5 mm) over the tube voltage of 80 kV. Notably, the
cold cathode X-ray tubes indicates a very small X-ray focal spot
of 0.5 mm over an anode voltage of 80 kV, which is very
favorable for attaining high-resolution X-ray images. It is well-
known that the focal spot size for daily used X-ray tubes for X-
ray CT applications is normally in the range of 0.6—1.2 mm. It
means that the focal spot size of our cold cathode X-ray tube is
enough high for real applications for X-ray radiography or X-
ray CT. We investigated the focal spot size of the cold cathode
X-ray tube according to the structure of focusing lens (SI
Figure S13). The simulation results show that the optimized
structure of focusing lens is very important to get a small focal
spot size. The curve-shape elliptical focusing lens separated
with the gate shows a smaller focal spot size compared with a
flat-shape elliptical focusing lens or a curve-shape focusing lens
connected with the gate. We consider that the small focal spot
of the cold cathode X-ray tube is mainly attributed to unique
features of both the CNT field electron emitter fabricated
using a free-standing thin CNT film and the optimized curve-
shape elliptical-cavity focusing lens. We also evaluated lifetime
of the cold cathode X-ray tube at a tube current of 96 mA and
a tube voltage of 80 kV (SI Figure S14). Lifetime of the cold
cathode X-ray tube was evaluated at a starting tube current of
96 mA and a tube voltage of 80 kV in pulse operation mode. In
this measurement, the pulse operation mode indicates a pulse
width of 0.1 ms and a duty cycle of 10% at 1 kHz frequency.
The tube current indicates a little fluctuation during field
electron emission at a high tube current due to a high burden
of an emission current at emission sites but the cold cathode X-
ray tube shows a small degradation during 100000 shots,
indicating good lifetime. In means that the cold cathode X-ray
tube is an enough high level for real X-ray applications.

Performance of X-ray tubes was evaluated by comparing the
tube current density and the focal spot size according to the
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electron emitter type (Figure 6). Especially, instead of the tube
current, the tube current density was investigated to compare
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Figure 6. Comparison of performance of X-ray tubes according to
various electron emitters.

performance of X-ray tubes because each X-ray tube has a
different size or a geometry for application targets. Four kinds
of electron emitters such as the CNT emitter using a free-
standing CNT film (CNT film emitter), the tungsten filament
emitter, the Si tisp emitter, and the CNT paste emitter were
selected.” ™'%'1527% From comparison results, it is well
understood that our cold cathode X-ray tube shows a much
high tube current density at a small focal spot size. By the way,
some X-ray tubes indicate a smaller focal spot size than our
cold cathode X-ray tube but even though they show a relatively
lower tube current.”'®** Such kinds of X-ray tubes can be used
for limited X-ray application systems like high-resolution X-ray
microscopy or nondestructive analysis or medical mammog-
raphy due to a small focal spot size. However, the cold cathode
X-ray tube should guarantee a high tube current density and a
small focal spot size for diverse applications to medical X-ray
diagnosis systems like X-ray radiography or X-ray CT.

CONCLUSIONS

The cold cathode X-ray tube was fabricated using the CNT
field electron emitter made by a free-standing CNT film. The
cold cathode X-ray tube consists of CNT field electron emitter,
the gate with a slit, the curve-shape elliptical focusing lens and
the rotation-type reflective anode. Our cold cathode X-ray tube
indicates not only a high tube current of 106.4 mA but also an
extremely high tube current density of 152 A/cm? at the tube
voltage of 80 kV. The high tube current is mainly attributed to
a high density of emission sites at the CNT field electron
emitter due to a unique morphology of the free-standing CNT
film. Especially, our cold cathode X-ray tube indicates high
electron beam transmittance of 95.2%. The cold cathode X-ray
tube shows a small focal spot of 0.5 mm at a tube current of
100 mA over a tube voltage of 80 kV and indicates high-
resolution X-ray images at a tube current of 25 mA for 60 ms
over a tube voltage of 50 kV, respectively. In addition, the cold
cathode X-ray tube presents good lifetime during 100 000
shots even though it indicates a little fluctuation due to a high
burden of an emission current at emission sites. After all, we
consider that high performance of the cold cathode X-ray tubes
is based on an ensemble of the CNT field electron emitter, the
gate with a slit and the curve-shape elliptical focusing lens. Due
to obtained results of the cold cathode X-ray tube, we believe

that the proposed cold cathode X-ray tube can pave a new path
to the development of future X-ray sources for portable and
mobile X-ray medical systems, advanced X-ray CT systems
without a gantry and security check X-ray systems in the
future.

METHODS

Materials and Preparation of a Free-Standing CNT Film.
Single-walled carbon nanotubes (SWCNT) were synthesized using
arc-discharge. The SWCNT's were purified using thermal annealing at
400 °C for 30 min at the furnace in ambient air and HCI treatment for
1 h. Finally, the purified SWCNTSs were thermally annealed at 900 °C
for 1 h at a vacuum furnace. A CNT film was fabricated on an
anodized aluminum oxide (AAO) membrane from a CNT solution
using a vacuum filtration method. The CNT solution was prepared by
dispersing SWCNT powder in a 0.1 wt % sodium dodecyl sulfate
(SDS) solution using ultrasonication and centrifugation processes. A
free-standing CNT film was obtained after the AAO membrane was
removed using a 1 M NaOH solution. The CNT film was cleaned by
removing SDS from the surface of the CNT film using deionized (DI)
water. The free-standing CNT film was densified by treatment with an
ethanol solution and a diluted nitric acid solution in sequence. After
cleaning with DI water, it was dried in an oven at 100 °C in ambient
air. The free-standing CNT film exhibited a highly packed CNT
network, and the thickness of the CNT film was about 7 ym.

Fabrication of the CNT Field Electron Emitter. The free-
standing SWCNT film was cut using a razor, and it was inserted
between stainless steel (SUS 304) plates and clamped to fabricate the
CNT field electron emitter. Observation of the edge of the free-
standing SWCNT film indicated that numerous CNT bundles were
evenly distributed at the edge of the CNT film. The CNT bundles at
the edge of SWCNT film contribute to electron emission under an
applied electric field. The number of emission sites at the CNT field
electron emitter was easily controlled by adjusting the length of the
free-standing SWCNT film.

Fabrication of the Cold Cathode X-ray Tube. The cold
cathode X-ray tube was composed of four components such as the
cathode, the CNT field electron emitter, the gate, the focusing lens
and the reflective anode. The cathode was fabricated by forming a
cavity with a width of 4 mm and a length of 10 mm using SUS 304.
The CNT field electron emitter was fabricated using a free-standing
thin CNT film with a thickness of 7 ym and a length of 10 mm. The
gate was fabricated by opening a slit with a width of 1.5 mm and a
length of 12 mm at the SUS plate with a thickness of 1.0 mm. The gap
between the CNT field electron emitter and the gate was 0.5 mm.
The focusing lens was also fabricated by opening a cavity at the SUS
cylindrical structure with an elliptical shape and was a curved shape at
the side faced to the anode. The focusing lens has a cavity width of 10
mm, a cavity length of 18 mm, and a cavity height of S mm. The gap
between the gate and the focusing lens was 1.0 mm. The geometries
of the cathode, the gate and the focusing lens were designed using
SOLIDWORKS Professional 2018 (DASSAULT SYSTEMS). The
anode made by composition of W—Ru alloy was reflective and a
rotation-type. The gap between the focusing lens and the anode was
20 mm. After assembling the CNT field electron emitter, the gate, the
focusing lens and the anode, the assembled set (i.e., the cold cathode
X-ray source) was inserted into a glass tube. The assembled set is
thermally annealed at 400 °C for 10 h under ambient vacuum of 2 X
107® Torr and then electrically annealed at the tube current of 30 mA
and the tube voltage of 30 kV for 10 min five times under ambient
vacuum of 2 X 107° Torr. After the electrical annealing, the glass tube
was finally vacuum-sealed by a tip-off process at a vacuum pressure of
2 x 1078 Torr.

Simulation of the Electric-Field Distribution and Electron-
Beam Trajectory. The electric-field distribution at the CNT field
electron emitter, the electron-beam trajectory and potential
distribution through the focusing lens were simulated was evaluated
using CST STUDIO SUITE 2019 (DASSAULT SYSTEMS). The
simulation was conducted by adopting following conditions. The
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CNT emitter has a thickness of 7 m and a length of 10 mm, and the
cathode has a width of 6 mm and a length of 14 mm. The gate has a
width of 8 mm and a length of 21 mm, and the slit of the gate has a
width of 1.5 mm and a length of 12 mm. The focusing lens has a
diameter of 27 mm and a height of 5.5 mm, and the inner cup of the
focusing lens has a width of 10 mm and a length of 16 mm. The gap
between the anode and the focusing lens is 19 mm, the gap between
the gate and focusing lens is 1 mm and the gap between the gate and
the cathode is 0.5 mm. In this work, simulation of electron beam
trajectory is conducted at the focusing voltage of 0 V (ground), the
anode voltage of 80 kV, the gate voltage of 2500 V and the cathode
voltage of 0 V (ground). The initial velocity of an electron is 1.64483
x 10° m/s and time is 4.77082 X 1077 ms.

Characterization of SWCNT Films. The morphology and
structure of the free-standing SWCNT film were characterized by
field-emission scanning electron microscopy (FESEM, Hitachi S-
4700) and high-resolution transmission electron microscopy
(HRTEM, FEI TECNAI G2 F30ST), respectively. The crystallinity
and purity of the CNTs were investigated by Raman spectroscopy
(Horiba Jobin-Yvon LabRAM HR-800) using Ar*-ion laser excitation
(laser-beam wavelength: $14.5 nm) and by thermogravimetric
analysis (TGA, TA Instruments TGA-QS0).

Measurement of Field Emission Properties of CNT Field
Electron Emitter and Characterization of the Cold Cathode X-
ray Tube. The field emission current was measured using a Keithley
2400 source meter unit and a TECHNIX SR15-P-3000 DC voltage
source for a diode configuration. The emission current was measure in
DC mode in a diode configuration with the voltage seeping rate of
100 V/step. The gap between the emitter and the anode was 1 mm.
Long-term emission stability of the CNT field emitter was
investigated in pulse mode with a frequency of 1 kHz and a duty of
10%. It also was measure at an emission current of 15 mA for 10 mm
CNT film for 10 h in a diode configuration. The field emission current
was measured using a Keithley 2290 source meter unit, Spellman
SL1200 power supply, and Tektronix AFG3011C function generator
for a triode configuration. The gap between the CNT field emitter
and the gate was 0.5 mm, the gap between the gate and the focusing
lens was 1.0 mm and the gap between the focusing lens and the anode
electrode was 20 mm. The anode voltage was as high as 80 kV. Field
emission patterns were obtained for an emission current of 1 mA at a
diode configuration, and a phosphor-coated ITO glass (anode) was
separated by 1 mm from the CNT emitter tip. All measurements were
performed at room temperature. In this work, lifetime test of the X-
ray tube was measured at an anode current of 20 mA and an anode
voltage of 60 kV during 120 000 shots. The pulse operation mode
indicates a pulse width of 0.1 ms and a duty cycle of 10% at 1 kHz
frequency. The tube current of the cold cathode X-ray tube was
measured in pulse mode using active current control (ACC) unit
including FET at cathode. By connecting a transistor to the cathode,
the pulse waveform (frequency 1 kHz, duty 10%) was applied to the
transistor by function generator (generally used cathode current
control method). We measured the emission current by checking the
Cursor RMS value through the oscilloscope on the cathode. X-ray
images were obtained by a DR detector (DRTECH, EVS3643). The
focal spot size was calculated using a slit technique measurement
(RTT Slit Camera, IEC standard 60336). X-ray dose was measured
using an X-ray dosimeter (IBA dosimetry, MagicMaX RQA detector).
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Nojeh (The University of British Columbia) for discussion of
field emission properties.
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