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Preparation and Testing of a Miniature
High-Frequency Pulsed X-Ray Tube Based on

Carbon Nanotube Cold Cathode
Kang Wang , Yunpeng Liu , Xiushan Wang , Menglai Tao, and Xiaobin Tang

Abstract—In this study, a compact high-frequency pulsed X-
ray tube based on carbon nanotube (CNT) field emission was
developed. A high-adhesion CNT cathode electron emitter was
fabricated using an optimized slurry method and a grooved metal
substrate, resulting in improved emission stability. The cathode
exhibited a turn-on field of 1.78 V/µm, a field enhancement
factor of 6014, and current fluctuations of less than 4% after
conditioning. A miniature X-ray tube prototype with a diameter
of 15 mm and a height of 47 mm was built in a dynamic vacuum
environment. The pulse characteristics, imaging performance,
and X-ray communication capabilities are all evaluated. The
prototype achieved an amplitude-frequency response bandwidth
of 1.05 MHz at 3 dB. The imaging showed a minimum focal
spot size (FSS) of 0.879 × 1.153 mm, and high-speed imaging
confirmed motion artifact suppression at pulse widths down to
300 µs. Reliable X-ray data transmission was demonstrated at
data rates ranging from 1 to 6 Mbps, with PRBS7 encoding and
bit error rates (BERs) below 10−3. These results highlight the
device’s potential for high-speed imaging, low-dose diagnostics,
and X-ray communication.

Index Terms—Carbon nanotube (CNT) cathode, field emission
miniature X-ray tube, high-speed imaging, pulsed emission,
X-ray communication.

I. INTRODUCTION

PULSED X-ray tubes emit short X-ray pulses with repeti-
tive frequencies or arbitrary modulation. To meet various

experimental and application requirements, the frequency,
width, amplitude, and waveform of pulsed X-rays can be
modulated by adjusting the behavior of electrons or X-rays
in the X-ray tube [1]. Pulsed X-ray tubes offer low imaging
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artifacts, reduced radiation dose, and low power consumption,
and have a wide range of applications, including laser additive
manufacturing monitoring [2], high-speed X-ray imaging [3],
distributed pulsed X-ray systems [4], X-ray elastography [5],
and X-ray communication. Currently, pulsed X-ray tubes can
be categorized according to their cathode type into grid-
controlled hot cathode [6], [7], photo-controlled photocathodes
[8], [9], [10], and field-emission cold cathodes [11], [12].
Field emission pulsed X-ray tubes based on cold cathodes
have attracted considerable attention owing to their distinct
advantages, including rapid switching, high resolution, digital
operation, small focal spot size (FSS), and low power con-
sumption [13]. These devices use field-emission electron tubes
with various emission materials, including semiconductor tips
[14], carbon nanotubes (CNTs), and other nanostructured
carbon materials. CNTs have emerged as one of the most
promising candidates for field-emission cathodes because of
their high aspect ratio, excellent electrical conductivity [15],
nanoscale diameter, high mechanical and electrical strength,
and excellent chemical and thermal stability, making them
ideal for field-emission applications [16]. Field emission,
which extracts electrons directly under a strong electric field
without thermal excitation, allows for the removal of heating
components, reducing the X-ray tube size by more than 50%.
Despite the significant advances in the development of CNT-
based field-emission cathodes, several challenges remain in
their practical deployment in digital X-ray tubes [17]. One
of the most critical problems is the poor adhesion between
CNTs and the metal substrate [18]. This limitation is pri-
marily because of CNTs’ chemical inertness, which results
in poor interfacial bonding and adversely affects the long-
term emission stability of field emission devices. In addition,
most current field emission high-frequency X-ray tubes have
frequencies below kilohertz, and there has been few researches
into higher-frequency pulse emission [19]. The previous work
mainly proposed a method for loading field emission cathode
pulse voltage, achieved the emission of MHz field emis-
sion cathode pulse X-rays, and explored its feasibility for
X-ray communication. Based on the previous work, this article
has undergone further in-depth research. This article mainly
studies cathode preparation, the construction of an X-ray tube
prototype and its performance test.

This study proposes a compact cold cathode X-ray tube
based on CNT field emission and high-frequency pulsed
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Fig. 1. CNT field emission cathode preparation process.

operation. To improve cathode lifetime and emission stability,
an improved CNT slurry formulation and a recessed metal
substrate were used to strengthen the adhesion between the
CNTs and substrate. High-frequency pulsed voltages were
applied to the cathode using an arbitrary waveform genera-
tor (AWG) and a power amplifier, allowing for high-speed
imaging and X-ray communication experiments. A proof-of-
concept prototype was constructed using a dynamic vacuum
system, and its performance was experimentally validated. The
proposed design provides valuable insights into the minia-
turization of X-ray tubes, the extension of cathode service
life, and the implementation of pulsed emission in advanced
applications. This study aims to develop a miniature high-
frequency pulsed X-ray tube based on CNT cold cathodes
with enhanced emission stability, and makes the following
contributions: an optimized CNT slurry process integrated
with grooved substrates for superior interfacial bonding, a
compact tube achieving record 1.05 MHz pulse bandwidth
for CNT-based systems, and the first demonstration of motion
artifact-free imaging with a pulsewidth of 300 µs and 6 Mbps
X-ray communication capability were demonstrated for the
first time.

II. PREPARATION AND CHARACTERIZATION
OF THE CNT COLD CATHODE

A. Cathode Preparation

This experiment used industrial-grade multi-walled CNTs
(MWCNTs) with an outer diameter of <10 nm and a length
of 5–15 µm as electron emitters. To effectively disperse the
functional phase, binder phase, and organic carrier whereas
ensuring the reproducibility of a highly uniform and adhe-
sive CNT paste for field electron emission applications, we
introduced a process combining ball milling and magnetic
stirring (see Fig. 1). Grooves were fabricated on the metal
substrate to increase the contact area between the paste and
substrate. Consequently, CNT emitters were obtained through
high-vacuum annealing. In brief, 0.11 g of copper powder and
0.36 g of commercial glass powder were uniformly dispersed
using ball milling at 400 r/min for 120 min. Subsequently,
0.15 g of CNTs was added to the mixture, followed by
ball milling at 250 r/min for 40 min to achieve a uniform
dispersion. Thereafter, ethyl cellulose (0.2 g) and terpineol
(4 g) were mixed using a magnetic stirrer at 80 ◦C and stirred

Fig. 2. Characterization of CNT cold cathode, (a) SEM scale bar = 20 µm;
(b) SEM scale bar = 1 µm; (c) TEM scale bar = 10 nm; and (d) TEM scale
bar = 5 nm.

at 1200 r/min for 30 min to prepare the organic carrier. After
cooling to 25 ◦C, the previously obtained powder mixture
was added to the carrier and stirred for 60 min to form a
homogeneous CNT paste. Importantly, the conductive copper
powder improved the contact between CNTs and the substrate,
increasing conductivity and facilitating electron transport dur-
ing emission. Furthermore, the addition of inorganic glass
powder as a binder improved the CNT cathode’s the adhesion
to the metal substrate, ensuring stable emission performance
[20]. The CNT paste was blade-coated into grooves on a
stainless-steel substrate with an opening diameter of 4.7 mm
and a depth of 0.1 mm. The coated samples were dried in air
at 90 ◦C for 120 min and then annealed at 300 ◦C in a high-
vacuum chamber with a base pressure of 10−4 Pa. Finally, a
CNT-cathode electron emitter was fabricated.

B. Characterization and Performance Testing

The CNT cold cathode was characterized using scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM), as shown in Fig. 2. The CNT filaments
adhered well to the substrate and were predominantly aggre-
gated on the surface protrusions. The CNTs exhibited random
orientations, with most lying flat on the substrate. Only a small
fraction extended outward, which was critical for effective
electron emission. The diameter of the MWCNTs is approxi-
mately 10 nm, as shown in Fig. 2(c).

The electron emission characteristics of the CNT cathode
were evaluated using a triode structure in which the cathode
was grounded, the gate was biased at a constant voltage,
and the anode was connected to a high voltage (Uanode). The
cathode emission current increased exponentially with gate
voltage (UGate), as shown in Fig. 3(a). The fabricated CNT
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Fig. 3. Electron emission characteristics of CNT cold cathode, (a) I–V curve
and (b) Fowler–Nordheim (F–N) theoretical verification.

cold cathode had a diameter of 4.88 mm. A gate with 200 µm
square apertures and a copper anode mounted in a dynamic
vacuum system were used. With a cathode–gate distance
(Demi) of 250 µm, an emission current of 0.1 mA was obtained
at approximately 445 V, corresponding to a turn-on field of
1.78 V/µm. As the UGate increased, the cathode emission
current increased exponentially. When the voltage is about
595 V, the emission current is 1 mA. The threshold electric
field strength was 2.38 V/µm. When the UGate reached 800 V
and had an electric field strength of 3.2 V/µm, the maximum
measured emission current density was 5.879 mA/cm2 owing
to the limitation of vacuum conditions. This result is 7 times
better than [21], attributed to the grooved substrate design
concentrating electric fields on protruding CNTs.

According to the F–N formula
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where J denotes the current density, E denotes the cathode
electric field strength, β denotes the field enhancement factor,
and φ denotes the work function of CNT; here, φ = 5 eV
[22] and A and B are constants. Equation (2) shows ln(J/E2)
and 1/E have a linear relationship. The linear relationship of
I–V obtained from the experiment and transformed by the
F–N formula is excellent, indicating that the cathode electron
emission belongs to quantum tunneling. The field enhancement
factor was calculated to be 6014 based on the slope of the F–N
curve.

Following the J–E characteristic test, the cathode was
subjected to 40 min of electrical aging at an initial current
density of approximately 0.32 mA/cm2 to remove CNTs with
poor adhesion on the cathode surface and further activate the
CNTs. During this process, only a small change in the current
density was observed, indicating that the cathode was stable.
Field emission stability tests were conducted after adjusting
the voltage to maintain a current density at 0.32 mA/cm2. The
test results are shown in Fig. 4(a). The current fluctuation was
calculated using (3) [23] as follows:

δJ =

PN
i=1

ˇ̌
Ji − J

ˇ̌
NJ

× 100% (3)

where Ji denotes the current density at each measurement
point, J denotes the average current density, and N denotes
the total number of measurement points. The average current
fluctuation was 3.2%. These fluctuations are all less than
4%, indicating that the cathodes exhibit stable field emission
properties. Compared with [24], the cathode electron emission
did not decrease significantly after 40 min, while a significant
decrease was observed in the literature, indicating that the
cathode prepared by this cathode preparation method has good
stability. This is mainly attributed to the fact that the addition
of glass powder to the cathode slurry effectively improves the
adhesion between the slurry and the metal substrate, and the
surface grooves can effectively fix the CNTs on the surface for
stable emission. The results of the micrometer scratch test are
shown in Fig. 4(b). The graph shows that at a loading force
of approximately 38.7 N, the CNT film may experience local-
ized cracking or shedding. The results demonstrate excellent
adhesion between the CNT film prepared using this method
and the metal substrate.

III. CONSTRUCTION AND TESTING OF
THE MINIATURE X-RAY TUBE

A. Construction of the Miniature X-Ray Tube

A miniature X-ray tube prototype was constructed using the
prepared CNT cathode. The device had a cylindrical structure
with a diameter of 15 mm and a height of 47 mm. The Demi
was 250 µm. The focusing electrode used a dual-cylinder
design with diameters of 12 and 10 mm, with the copper anode
target was inclined at a 20◦ angle. The distance between the
focusing electrode and the anode was approximately 10 mm.
As shown in Fig. 5, the CNT cathode, gate mesh, focusing
electrode, and anode were connected to the external equipment
through electrode flanges.

The device operated in a dynamic vacuum system with a
base pressure reaching as low as 1 × 10−7 Pa. During the
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Fig. 4. (a) Field emission stability of cathodes and (b) micrometer scratch
test.

Fig. 5. (a) Schematic of the experimental setup and (b) photograph of the
X-ray tube prototype.

whole experiment, the vacuum level was maintained below
1 × 10−5 Pa. Fig. 5(a) shows a schematic of the experimen-
tal setup and Fig. 5(b) shows a photograph of the X-ray
tube prototype. High-frequency pulsed electron emission was
achieved by modulating the voltage difference between the
CNT cathode and the gate, which was controlled by an
AWG and amplifier. The emitted electrons were then accel-
erated toward the anode to generate pulsed X-rays. It is

Fig. 6. Current testing of a compact X-ray tube prototype at an anode voltage
of 10 kV, a focus voltage of 800 V, and a cathode-grid spacing of 250 µm.

important to note that when the cathode voltage is at a high
level, the voltage difference between the cathode and gate is
small, resulting in low electron emission and thus a low-level
X-ray signal. Conversely, when the cathode voltage is low, a
greater voltage difference induces stronger electron emission,
corresponding to a high-level X-ray signal.

B. Current Testing of the Miniature X-Ray Tube

When the Uanode was 10 kV and the focusing electrode
voltage (Ufocus) was 800 V, the variations of cathode and
anode currents with different UGate are shown in Fig. 6. When
UGate = 820 V, the cathode current reached 1.1 mA, and the
corresponding anode current was 0.8 mA. The electronic pass
rate was 72%. Because the addition of the focusing electrode
and anode changed the surrounding electric field, the anode
current in the prototype tube test was slightly lower than that
in the CNT cathode test.

C. X-Ray Energy Spectrum and Dose Rate Testing

The tube’s X-ray spectra were recorded at the Uanode
between 20 and 35 kV using a compact integrated spec-
trometry system (XR-100SDD). As shown in Fig. 7(a), the
characteristic K-series peaks of copper (Cu) were clearly
observed in the spectra. The X-ray dose rate at a distance
of 20 cm from the X-ray anode target (Dat = 20 cm) was
measured for different Uanode values using the diagnostic
X-ray measurement instrument RADCAL 10 × 6.6 M, as
shown in Fig. 7(b), with the variation in the dose rate as
a function of current. The results show a linear relationship
between dose rate and current at the same Uanode.

D. X-Ray Pulse Emission Testing

To investigate the pulsed emission characteristics of the
CNT cold cathode miniature X-ray tube, a sine wave signal
with high and low levels of +5 and −5 V was gener-
ated using AWG. The signal frequency was then adjusted.
This signal was amplified by a power amplifier (ATA-4315)
with a fixed gain of 10 and then applied to the cathode,
modulating electron emission and thus controlling pulsed
X-ray generation. The X-ray detection system comprised
a self-fabricated lutetium–yttrium oxyorthosilicate (LYSO)
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Fig. 7. (a) X-ray energy spectrum and (b) dose rate testing.

scintillator coupled with a high-frequency-sensitive silicon
photomultiplier (SiPM). A constant voltage of 590 V was
applied to the gate, while the Ufocus and Uanode of the
X-ray tube were set to 800 V and 30 kV, respectively.
The input signal’s frequency was varied from 500 kHz to
1.6 MHz to obtain the X-ray pulse response. As shown in
Fig. 8(a), the power amplifier’s output waveform represents the
modulation signal applied to the cathode, whereas the detected
X-ray signal exhibits distinguishable high and low levels.
According to the 3 dB bandwidth criterion, the normalized
amplitude of the X-ray waveform was calculated as 20ln(A/B),
where A and B denote the X-ray signal amplitudes at the
reference and target frequencies, respectively. As shown in
Fig. 8(b), under the given operating conditions, the measured
bandwidth of the CNT cold cathode miniature X-ray tube,
when used as a communication signal transmitter, reached
1.05 MHz. This is basically consistent with the performance
of previous work [25]. This amplitude-frequency response
bandwidth nearly reached the highest frequency level reported
to data. However, owing to the power amplifier’s bandwidth
limitation, the obtained frequency fell short of the limit of the
developed X-ray tube prototype.

Fig. 8. Pulsed characteristics: (a) waveform and (b) amplitude-frequency
response.

Fig. 9. (a) Star card image, (b) blurred region of star card image, and X-ray
imaging blurred regions of star card at different focus voltages: (c) Ufocus =
400 V; (d) Ufocus = 800 V; and (e) Ufocus = 1200 V.

E. Focal Spot Test

To evaluate the imaging performance of the compact
X-ray tube, imaging experiments were conducted using a star
card (focal spot test card) with a flat-panel detector (Merak-
1313, pixel size 100 µm). The experimental conditions were
set with an Uanode of 30 kV, an anode current of 100 µA,
and an exposure time of 10 s. The tube-to-object and tube-to-
detector distances were 14 and 19 cm, respectively. The X-ray
imaging effect was investigated under different focal electrode
voltages, with the experimental results shown in Fig. 9. As
shown in Fig. 9(c)–(e), the image quality transitioned from
clear to blurry. The best imaging quality was observed at
Ufocus = 800 V, indicating that the optimal focusing voltage
to achieve the smallest focal spot was approximately 800 V.
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Fig. 10. High-speed imaging results of copper disk at a speed of 10.5 m/s
with X-ray pulse widths of (a) 900, (b) 600, and (c) 480 µs, and at a speed
of 31.5 m/s with X-ray pulse widths of (d) 600, (e) 480, and (f) 300 µs.

The blurred region’s size of was determined using the star
card focal spot test method [26], as shown in Fig. 9(b). The
minimum FSS was calculated to be 0.879 × 1.153 mm.

F. Applications in High-Speed Imaging and X-Ray
Communication

To evaluate the compact X-ray tube’s high-speed imaging
performance, imaging experiments were conducted using a
rotating fan with adjustable speed and a copper disk fixed
in the center of each blade. The tube-to-object and tube-to-
detector distances were set to 18 and 24 cm, respectively.
The flat-panel detector was configured in the 2 × 2 binning
mode with a frame rate of 100 Hz and synchronized with the
compact X-ray tube prototype. The experimental conditions
included an Uanode of 30 kV and a tube current of 40 µA.
The effect of X-ray imaging was investigated at different fan
speeds and X-ray pulse widths. As shown in Fig. 10(a)–(c),
high-speed imaging results are displayed for a fan speed of
2000 r/min (copper disk speed of 10.5 m/s) at pulse widths
of 900, 600, and 480 µs, respectively. As the pulsewidth
decreases, so does the motion blur caused by the rotating
copper disk. At a pulsewidth of 480 µs, the nut’s profile
becomes clearer. Fig. 10(d)–(f) shows the imaging results at
a fan speed of 4000 r/min (copper disk speed of 20.9 m/s)
for different X-ray pulse widths. At a pulsewidth of 480 µs,
clear imaging was challenging; however, when the pulsewidth
was reduced to 300 µs, the outline of the copper disk can
still be clearly seen, but overall image clarity remained low
because of the reduced X-ray intensity. The signal-to-noise
ratio (SNR) of each image was calculated to be 3.55, 3.33,
3.25, 3.14, 3.09, and 2.91 dB for Fig. 10(a)–(f), respectively.
When the pulsewidth is less than 300 µs, the image SNR is
2.91 dB, which is less than 3 dB, indicating a decrease in
image clarity. However, owing to limitations in the flat-panel
detector frame rate, the imaging rate is far from the limit of
an X-ray tube, limiting high-speed imaging tests.

The X-ray communication experiment used a pseudoran-
dom binary sequence (PRBS7), with an offline sampling of
200 000 bits for demodulation, resulting in bit error

Fig. 11. Waveforms and BER of X-ray communication experiment.

rates (BERs) at communication rates ranging from 1 to
6 Mbps. X-rays are also classified as particle-like entities.
From an application perspective, statistical deviations in the
amplitudes of such waveforms are of limited significance.
Therefore, it is considered stable if the detector and its
circuitry can distinguish the “1” signal of the X-ray. During
the communication experiment, the Uanode was set to 30 kV
and the UGate was 590 V, resulting in an anode current of
100 µA. Fig. 11 shows the power amplifier’s output voltage
and the square-wave waveform of the detected X-ray signal.
The BER at 1 Mbps is 0, 3.14× 10−5 at 2 Mbps, 4.96× 10−5

at 3 Mbps, and 9.87 × 10−4 at 6 Mbps. These results indi-
cate that the developed CNT cold cathode miniature pulsed
X-ray tube supports X-ray communication at a speed of at least
6 Mbps, which is the best X-ray communication performance
reported to date for CNT X-ray tubes [25], [27]. The BER
increase at higher data rates is attributed to reduced X-ray
photon density per bit and SiPM detector saturation effects.
SNR degradation was observed above 4 Mbps due to pulse
overlap at high rates. Improvements involve optimizing PRBS
encoding or using photon-counting detectors.

IV. CONCLUSION

This study successfully developed a high-frequency pulsed
miniature X-ray tube based on CNT cold cathodes, offering
advantages such as a compact structure, fast response, stable
emission, and clear imaging. The developed tube significantly
increases the potential for X-ray applications in high-speed
imaging and communication. The adhesion between the CNTs
and the metal substrate was effectively improved using the ball
milling-magnetic stirring process and the strategy of using
recessed metal substrates, improving the conductivity and
mechanical stability of the cathode and achieving excellent
field emission performance. The test results show that the
maximum emission current density reaches 5.879 mA/cm2

at an applied electric field of 3.2 V/µm. The emission cur-
rent fluctuation was maintained within 3.2%, indicating good
current stability. The prototype of the developed miniature
X-ray tube had a size of Φ15 × 47 mm, with clear X-
ray energy spectrum characteristics and a pulse emission
bandwidth up to 1.05 MHz, supporting adjustable X-ray output
at different pulse frequencies. Imaging experiments showed
that the optimal focal spot of 0.879×1.153 mm was achieved
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at a focusing voltage of 800 V, allowing for clear imaging
of high-speed moving targets with a minimum pulsewidth of
300 µs, effectively reducing motion artifacts and making it
suitable for high-speed imaging scenarios. Furthermore, the
system achieved a communication rate of up to 6 Mbps in
X-ray communication tests, indicating its exploratory appli-
cation value. This X-ray tube has significant potential for
improving X-ray communication and high-speed X-ray imag-
ing fields. This tube shows promise for portable medical
diagnostics and industrial high-speed NDT. Current limitations
include the flat-panel detector’s frame rate (100 Hz), which
restricts imaging to 100 fps despite the tube’s MHz capability.
Future work will integrate faster detectors and explore multi-
plexed communication schemes to overcome SNR barriers.
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