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In the present work, we build a triode structure of carbon nanotube (CNT) cold cathode X-ray source driven by
pulse voltage in dynamic vacuum system. The results show that the grid voltage and pulse width affect the
amplitude, delay time and relative pulse spread of X-ray. The X-ray emission delay time decreases sharply from
102 to 75 ns when the grid voltage increases from 600 to 650 V. The relative pulse spread tends to be saturated
with approximately 350 ns (+20 ns) when the voltage increases from 600 to 650 V. The theoretical limit fre-

quency of this X-ray pulsed emission system is approximately 2.86 MHz (1/350 ns). This work reveals the ul-
trashort pulse emission characteristics and affecting factors of CNT cold cathode X-ray source, promoting the
development of CNT cold cathode X-ray source in pulse application.

Pulse X-ray source is important for pulse application, such as X-ray
communication (XCOM), high-speed imaging and basic physics/chem-
istry science because of its the unique pulse working mode [1-4]. Small
and compact X-ray sources, such as hot cathode, photocathode, and cold
cathode X-ray sources, can be used in XCOM or high-speed imaging
[5-7]. However, compared with hot cathode and photocathode, CNT
cold cathode X-ray source has the advantages of large current, control-
lable emission, and low power consumption [8,9]. Therefore, the CNT
cold cathode X-ray source has great potential for this application. Some
researchers have studied cold cathode pulse emission. Kang et al. [10]
adopted active-current control method to realize cold cathode pulse
emission. The results showed that resistance could remarkably decrease
the pulse emission response time. Yue et al. [11] carried out pulse
diagnostic imaging experiment and found an obvious time delay be-
tween X-ray and pulse voltage. Lei et al. [12] obtained that the imaging
quality was positively correlated with the X-ray intensity based on
metronome pulse imaging experiment. Han et al. [13] studied the high
current emission mode of CNT film at 1 kHz with 10% duty cycle, and
the results showed that CNT films had a good lifetime under pulse
emission condition, but the pulsed X-ray emission characteristics were
still unclear. Golden Engineering, Inc [14]. developed an ultrashort
pulse cold cathode X-ray source of a minimum pulse width of 10 ns, but
the pulse frequency was just several Hz. The delay time of X-ray

waveform has been observed, and the amplitude of X-ray waveform was
attenuated based on high-frequency XCOM experiment [15]. These re-
searchers have not dig into the detail of the emission characteristics and
affecting factors of pulsed X-ray source. The emission characteristics of
pulsed X-ray, such as amplitude, delay time and pulse spread, affect
X-ray applications, including signal synchronization of multiple emis-
sion arrays [15], instantaneous image capture of high-speed imaging
[16], and transient analysis of chemical reaction and plasma [17].
Therefore, the emission characteristics and affecting factors of CNT cold
cathode pulse X-ray source are not clear, especially in ultrashort pulse
X-ray emission in this work.

In this work, a triode structure is built in a dynamic vacuum system
to study the emission characteristics and affecting factors of X-ray by
pulse driving mode. This work reveals the emission characteristics and
affecting factors of field emission ultrashort pulse X-ray system, and
promotes the development of CNT cold cathode pulse X-ray source
technology.

The triode structure and circuit of CNT cold cathode are built in a
dynamic vacuum system, as shown in Fig. 1(a). The CNT cold cathode
electron source and the anode target are placed inside and connected to
those external equipments through the electrode flange. During the
experiment, the vacuum level of the system is maintained in the order of
1079 Pa. Fig. 1(b) is the pulse emission process diagram of CNT cold
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cathode. The grid and cathode is connected to the pulse power supply
and ground, respectively. The anode is a copper target and connectes to
high-voltage power supply, and the inclination angle of the target is 15°.
The diameter of CNT cold cathode is approximately 5 mm, and the
cathode-grid distance is 200 pm. Pulse emission electron of CNT cold
cathode is controlled by pulse power supply. CNT cold cathode emits
electrons when the pulse power supply is on high level, and no electrons
in low level. The single pulse of pulse power supply is set, with the pulse
width of several hundred nanosecond, as well as the pulse amplitude of
several hundred voltage in the experiment.

The CNT cold cathode is prepared via screen printing method by
using molybdenum as cathode substrate. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) are used to char-
acterize the CNT cold cathode, as shown in Fig. 2. The surface
morphology characteristics indicate that CNT is distributed unevenly on
the cathode surface, as shown in Fig. 2(a). Most CNTs creep on the
substrate surface, and only a small part extends out of the surface, which
is the key part for electron emission. The diameter of multi-walled CNT
is approximately 10-20 nm, and approximately 10 wall layers are
observed, as shown in Fig. 2(b).

The X-ray detector used in this study is a self-made lutetium-yttrium
oxyorthosilicate (LYSO) scintillator coupled with silicon photo-
multiplier (SiPM) high-frequency-sensitive photodetector [18]. The
detector used in the experiment is array LYSO-SiPM X-ray detector. The
length and width of each LYSO crystal are about 3 mm for matching the
photosensitive area of SiPM, and the thickness is approximately 5 mm.
The transmission coefficient of X-ray photo from LYSO to SiPM is above
0.8, that means more than 80% of the scintillation photons reaching the
exit surface could enter SiPM. The I-V curve and Fowler-Nordheim
(F-N) formula verification of CNT cold cathode are discussed first, as
shown in Fig. 3.

The current is measured by external resistance of pulse grid voltage.
Considering that the pulse emission current from CNT cathode is rela-
tively small, a high resistance is necessary to measure the loss of voltage.
The high-frequency non-inductive resistance value is 100 kQ, and the
pulse frequency of pulse power supply is 10 kHz with 40% duty cycle.
The current increases exponentially, which is consistent with the field
emission characteristics, as shown in Fig. 3(a). According to the F-N
formula:
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where J is the current density, E is the cathode electric field strength, @
is the work function of CNT, and A and B are constants. From formula
(2), the variability law between the In(J/E2) and the 1/E shows a linear
relationship. Two slopes are observed in the high- and low-current
emission, as shown in Fig. 3(b) (blue and green part, respectively).
The electric field intensity of blue part, where the current is large, is
higher than that of green part. After analyzing deeply about the double
slopes of the curve shape, it can be considered that one of an important
reasons is the large resistance. In the high current emission mode, it has
a large relative voltage drop on the resistor and leads to a weakening of
electric field strength on CNT cathode. In addition, the local electric field
strength is also weakened due to the space charge shielding effect [19],
which restricts the electron emission.

In order to reduce the influence factors of X-ray pulse emission
process, we abandon the large resistance of the cathode circuit, so the
cathode is directly grounded in the next experiment. First, the rela-
tionship of X-ray waveform amplitude versus pulse width is discussed, as
shown in Fig. 4. The experimental results show that the amplitude of X-
ray waveform increases rapidly with the increase of pulse width, and the
X-ray waveform reaches the peak at 300 ns pulse width at the grid
voltage of 600 V.

To characterize the square wave saturation of X-ray waveform, we
adopt the ratio of peak width. The ratio of peak width is the ratio of the
peak horizontal part of X-ray waveform to the peak horizontal part of
pulse power supply waveform. The ratio increases with the increase of
pulse width, as shown in Fig. 4 green line. The wider the voltage pulse
width, the fuller the X-ray waveform, and the X-ray shape gradually
becomes square. When the pulse width is lower than 1000 ns, the peak
width of X-ray waveform is shorter than that of voltage waveform, so the
ratio of peak width is below 1, as shown in Fig. 4 green line. This result
indicates that the CNT cathode emits fewer electrons under the condi-
tion of short pulse width, which leads to waveform distortion and does
not reach saturation.

To study the X-ray ultrashort pulse emission characteristic, we
discuss the waveform amplitude, delay time and relative pulse spread of
pulse X-ray, the results as shown in Fig. 5.

The result indicates that the amplitude of X-ray waveform increases
with the increase of grid voltage, as shown in Fig. 5(a) solid line. The
pulse width has obvious influence on the X-ray waveform amplitude,
which is always higher at 200 ns pulse width than that at 100 ns. The X-
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Fig. 1. CNT cold cathode X-ray source in dynamic vacuum system, a): measure circuit structure; b): electron pulse emission process. The insert diagram in (b) is the
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Fig. 4. a) Relationship of X-ray waveform amplitude and pulse width. Experimental results under different conditions of b) 600 V at 100 ns and c¢) 600 V at 1000 ns.
The black line refers to the voltage waveform of the grid, in which the red line denotes the X-ray waveform. Longitudinal scales of black and red lines are 200 and 1 V
in (b) and (c), respectively. Each grid of horizontal axis time scale is 500 ns in (b) and (c). The anode voltage is maintained at 25 kV.

obtained, because the pulse width greatly affects the number of electron
beams emitted from the cathode, resulting in more X-ray photons.
Therefore, the X-ray waveform amplitude is higher, and the waveform
shape is more saturated than that in short pulse width.

The delay time is determined that the time from the rise of pulse
power supply waveform to the rise of X-ray waveform. With the increase
of pulse voltage, the delay time of X-ray waveform decreases under the
pulse voltage range of 600-650 V, as shown in Fig. 5(a) dotted line. The

delay time of Fig. 5 (a) is the average value through calculating multiple
groups of data. The delay time of X-ray waveform decreases from 100 to
75 ns when the grid voltage increases from 600 to 650 V under the
experimental conditions of pulse widths of 100 and 200 ns. Through
analysis, the components of X-ray emission delay time included 1) the
time of pulse power supply rising edge (T1), 2) the time of electron
escaping the material (T2), 3) the time of charging effect of cathode-grid
capacitor (T3), 4) the transit-time of electron from cathode to anode
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(T4), 5) the time of X-ray producing from anode target (T5), 6) the time
of X-ray transmission to X-ray detector (T6), 7) the time of X-ray de-
tector responsing (T7). The components and values of X-ray emission
delay time are shown in Table 1. Due to the close distance between
cathode and grid (200 pm), the cathode and grid structure can be
regarded as a capacitor. The capacitor charging effect will cause delay
time during pulse emission. The capacitance value of the cathode-grid is
approximately 114 pF by measurement. The resistance of cathode circuit
including CNT substrate, electrode flange and wire is approximately
several Ohms. Therefore, the maximum delay time RC caused by the
capacitor charging effect of cathode-grid does not exceed 1-2 ns.
Therefore, RC capacitor charging effect is not the main factor causing
delay time. We measure the rising-time of pulse power supply wave-
form, and find that the rising-time is approximately 70-80 ns and 50-60
ns under the conditions of 600 V and 650 V, respectively. As we know,
the field emission electron needs to reach sufficient electric field
strength to be emitted from the cathode. Therefore, the rising-time of the
pulse power supply plays a key role in the delay time of electron emis-
sion. Consequently, the rising-time of grid voltage mainly affects the

Table 1
The components and values of X-ray emission delay time.
Symbol  Meaning Value Source
T1 the time of pulse power supply 50-80 ns experiment
rising edge
T2 the time of electron escaping the ~10"%ns Ref. [20]
material
T3 the time of charging effect of <1-2ns experiment &
cathode-grid capacitor calculation
T4 the transit-time of electron from ~0.679 ns CST simulation &
cathode to anode calculation
T5 the time of X-ray producing from  ~107>-1 Ref. [21]
anode target ns
T6 the time of X-ray transmission to <0.5 ns calculation
X-ray detector
T7 the time of X-ray detector ~20 ns Ref. [23]
responsing

pulse X-ray delay time through analysis deeply. The higher the pulse
voltage, the shorter the delay time of X-ray. According to Ref. [20], the
time of electron escaping from the material to the vacuum is very short,
about on the order of femtosecond, so it can be ignored in this work. The
transit time of electron from cathode to anode is approximately 0.679 ns
calculated by the theory of vacuum electromagnetic field electron
transport, which is a little affect on X-ray delay time. According to
Ref. [21], the time of X-ray generated from anode target by electron
bombardment is in range of 107>-1 ns, so it is a little affect on X-ray
delay time. The time of X-ray transmission from the anode target to the
X-ray detector does not exceed 0.5 ns by calculated, so this has little
impact on X-ray delay time. After detector absorbs X-ray, a lot of pri-
mary and secondary ionization and excitation are produced in LYSO
material. It will produce a variety of physical processes, including the
migration of electron hole pairs, the coupling relaxation of electron and
electron, electron and phonon, the capture of electron hole pairs, the
energy transfer between charge carriers and luminescent centers and so
on [22]. These processes can cause time delay of X-ray. Meanwhile, the
photoelectric conversion and electronics processing in SiPM can also
cause time delay. According to similar Ref. [23], it can be estimated that
the X-ray delay time caused by LYSO-SiPM detector used in this exper-
iment is approximately 20 ns. In summary, compared with the above
seven delay time factors, the rising-time of the pulse power supply is the
main factor for the X-ray delay time. Although the selection of pulse
power supply with better performance can shorten the delay time caused
by rising-time, the X-ray emission delay time can not be completely
eliminated because T2, T3, T4, T5, T6, T7 are objective factors that can
not be eliminated.

We further research the pulse spread characteristics of X-ray wave-
form. The grid voltage has an obvious effect on X-ray waveforms pulse
width under the experiment process. Under the condition of 200 ns and
100 ns pulse widths of the power supply, the X-ray pulse widened as 200
ns is always wider than that in 100 ns. In order to make the X-ray pulse
width under the two different pulse widths comparable, the relative
pulse spread is adopted. The relative pulse spread means the X-ray pulse
width minus the pulse width of pulse power supply, the result as shown



S. Lai et al.

in Fig. 5(b). Because the X-ray detector has fluorescence decay effect, a
part of X-ray waveform in falling edge is not generated by real X-ray
photon [18]. Therefore, the X-ray pulse width is defined as from the start
of the rising edge to the peak amplitude of the falling edge of 10%, as
shown in Fig. 5 (b1-b4). According to the experimental results, the
relative pulse spread increases gradually with the increase of grid
voltage, and when the X-ray waveform reaches the peak, the relative
pulse spread of the X-ray waveform also tends to be saturated, and the
relative pulse spread at saturation is approximately 350 ns (+20 ns), as
shown in Fig. 5(b) from 630 to 650 V green part. It is mainly contributed
by the rising and falling edges of the X-ray waveform. The shape of X-ray
waveform is affected by the performances of pulse power supply and
X-ray detector, which indicates the X-ray pulse emission system has a
350 ns (£20 ns) relative pulse spread. High signal-to-noise ratio of X-ray
waveform is more favorable to X-ray practical application. Therefore,
according to the analysis above, it can be inferred that the theoretical
limit frequency of this field emission cold cathode X-ray source pulse
emission system is approximately 2.86 MHz (1/350 ns). Exceeding this
frequency, the waveforms may overlap and cannot be distinguished,
which will cause error.

In the present study, a triode structure of CNT cold cathode is built in
the dynamic vacuum system, and the X-ray pulse emission characteris-
tics and affecting factors of CNT cold cathode are studied by ultrashort
pulse driving. The results show that the I-V curve presents an expo-
nential growth trend, and the F-N curve presents two slopes because of
the loss of voltage and weakening of electric field strength. The char-
acteristics of X-ray waveform are affected by grid voltage amplitude and
pulse width. The X-ray waveform amplitude and shape are gradually
saturated when the pulse width of the power supply increases to 1000 V.
With the increase of grid voltage, the amplitude increases gradually and
emission delay time decreases sharply. The emission delay time de-
creases from 102 to 75 ns when the grid voltage increases from 600 to
650 V. The emission delay time is mainly affected by grid voltage
amplitude according to the experimental results. The relative pulse
spread increases with the increase of grid voltage and tends to be satu-
rated with approximately 350 ns (+£20 ns) when the grid voltage in-
creases from 600 to 650 V. The theoretical limit frequency of this X-ray
pulse emission system is approximately 2.86 MHz (1/350 ns). In
conclusion, through analyzing deeply, the characteristic of the CNT cold
cathode X-ray source is mainly affected by the grid voltage and pulse
width of pulse power supply, and the X-ray detector is also a factor of X-
ray waveform shape.
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