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Unstable mechanical structure, low energy efficiency, and cooling requirements limit the application of conventional
x-ray tubes based on filament as cathode in several academic areas. In this paper, we demonstrate a light-controlled pulsed
x-ray tube using multialkali cathode as electron generator. The photocathode active area of the light controlled x-ray tube
is 13.2 cm2 (41 mm in diameter), which provides high photoelectron-emitting efficiency up to 0.288 mA/lm in 460-nm
LED and 2.37-mA maximum tube current. Furthermore, the modulation ability from 1 kHz to 100 kHz of the x-ray tube is
tested. The results suggest that the light-controlled pulsed x-ray tube has easy modulation and short x-ray pulse properties
and is promising to be the next generation x-ray tube with wide applications in medical radiation therapy as well as the
calibration for detectors and scintillators.

Keywords: x-ray source, photocathode, x-ray modulation

PACS: 85.45.Bz, 85.60.Ha, 98.70.Qy DOI: 10.1088/1674-1056/abff1e

1. Introduction
As the key component for x-ray application in security

inspection and medical radiation therapy,[1–3] high energy,
high tube current, and easy-maintained x-ray tube has been
a hotspot for decades. The traditional x-ray tube is based on
thermionic cathode with filament to generate electrons since
the discovery of x-rays.[4] Electrons from the heated tungsten
filament are accelerated and bombard the anode target to pro-
duce x-rays.[5] However, life of the thermionic cathode is lim-
ited because the filament gets thinner and thinner through the
sublimation of the oxides while it is heating. Accordingly,
heat brought by low-energy-efficiency filament requires much
consideration to design the appropriate heat-dissipation struc-
ture. In addition, a major problem with the application of
thermionic cathode is it is hard to adjust the output x-ray in-
tensity rapidly. A grid-control structure is used to modulate
the intensity of output x-rays within the thermionic-cathode-
based x-ray tube in the x-ray communication system.[6–8] Out-
put x-ray intensity cannot be modulated in high speed since the
amplitude of the grid voltage is relatively too large to change
rapidly in the nanosecond scale which restricts the perfor-
mance of x-ray communication system.[7] Therefore, it is cru-
cial to find advanced methods to replace thermionic cathode
with better performance, thermal stability, and easy modula-
tion access.

Several new cathodes have been proposed and devel-
oped, such as cold cathode based on metal or carbon
nanotube,[9–13] laser-plasma x-ray generation,[14,15] and free-

electron laser.[16–18] However, detaching from the substrate for
carbon nanotubes and high cost, large volumes of laser are still
unsolved problems that limit their application to some extent.
Another method that used photocathode to generate x-rays was
reported by the company Hamamatsu Photonics in 1992.[19] A
modulated laser and photocathode were used to achieve 50-µA
tube current and maximum energy of x-rays to 30 keV. Rela-
tive research to improve tube current to 1 mA was proposed
by Timofeev adopting dynode system in 2018.[20,21] But the
spark caused by dynode and high anode voltage might have
fatal damage to the performance of the x-ray tube.

In this paper, photocathode with S20 multialkali mate-
rial and LED in the 460-nm wavelength were used to design a
high-tube-current and easy-modulated x-ray tube. In the case
of the high quantum efficiency of S20 cathode, 2.37-mA high-
tubecurrent and maximum energy up to 25 keV were achieved
without dynode system. Meanwhile, modulation ability of this
light-controlled pulsed x-ray tube was investigated and the re-
sults show this x-ray tube is expected to have the potential to
achieve high tube current and better modulation ability com-
pared with thermionic cathode.

2. Structures and experiments
The structure of the light-controlled pulsed x-ray tube is

shown in Fig. 1. There are four main parts of the tube, in-
cluding light source, photocathode, tungsten anode, and high
voltage.
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Fig. 1. Schematic diagram of the light-controlled pulsed x-ray tube.
Photocathode was excited by two LEDs in 460-nm wavelength and the
photoelectrons are accelerated to the anode at 25-kV voltage to generate
x-rays.

2.1. Structure

2.1.1. Light source

The light source consists of two LEDs and a signal mod-
ulation circuit. Output x-ray intensity could be modulated by
adjusting the power of the LEDs. Some researches have re-
ported that the maximum modulation rate of the commercially
LED could be MHz level,[22] which could satisfy the require-

ment in our experiment effectively. The Na2KSb (Cs) (S20
cathode) alkali metal telluride cathode was used in this pho-
tocathode and two blue LEDs (characteristics in Table 1) with
a wavelength of 460 nm were adopted to match the charac-
teristic of the S20. The LEDs were mounted on a cylindrical,
heat-dissipating aluminum block to dissipate the heat from the
LEDs.

Table 1. Characteristics of LED (460 nm).

Properties Parameters
Emission wavelength 460 nm

Rated power 3 W
Pulse repetition rate DC to 4 MHz

Divergence angle 120◦

In addition, a constant current source was adopted as the
LED modulation circuit, and the On-Off-Key (OOK) modula-
tion was used in the experiment. The status of LED was con-
trolled by MOSFET IRF510: when the modulation signal is at
high level, MOSFET turn “on”, the x-ray tube works; when at
low level, MOSFET turn “off”, there is no x-ray photon. The
illustrated circuit in Fig. 2 was used in our experiment.
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Fig. 2. LED modulation circuit with OPA548T providing maximum 400-mA current and IRF510 MOSFET to realize modulation.

2.1.2. Photocathode

By evaporating a photocathode material of sufficient
thickness on a quartz glass input window (diameter 4.1 cm and
thickness 0.55 cm), the photocathode with the approximately
120 nm-layer shown in Fig. 3(b) was made and used to pro-
duce photoelectrons. In the 460-nm excited-light wavelength,
the thermal-evaporated S20 cathode has a quantum efficiency
of up to 20%, which could generate enough photoelectrons.
Photoelectric sensitivity is 0.117 mA/lm after the S20 mate-
rial evaporation was completed.

The photoelectron material layer (S20) was deposited on
the glass substrate by thermal evaporation, and the real-time
photocurrent was monitored by the system to realize the op-
timal layer thickness based on cumulative experience. An
ultra-high vacuum environment is required during the cath-

ode evaporation thus the vacuum of the seal system is main-

tained at the level of 10−7 Pa. High purity potassium chro-

mate, sodium chromate and cesium chromate in analytical

standards as well as antimony particles with 99% purity are the

raw materials for the photocathode layer. Firstly, the sodium

layer was deposited above the quartz glass until the photocur-

rent monitored was found to be stable with time; secondly,

antimony particles were subsequently slowly evaporated be-

fore the photocurrent decreased from 50% to 30% of the peak

value; thirdly, the potassium layer was deposited until the pho-

tocurrent reached its new peak. The thickness of the photo-

cathode layer at this time was approximately 120 nm. Finally,

the layer above was exposed to the cesium steam five times to

achieve stable-performance photocathode.
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Fig. 3. Cathode and anode of the tube. (a) Reflective anode and cooper
base, (b) photocathode and focus electrode.

The large bombardment area caused by the unfocused
electron beam will negatively affect the quality of the out-

put x-rays since electrons escape from the entire photocathode
plane. Therefore, the focus structure is essential to reduce the
bombardment area of the electron beam from the photocathode
to the anode. A focus ring was used in the tube to change in-
ternal electric field which forces the electrons to move towards
the central part of the anode target. According to the simula-
tion result shown in Fig. 4(a), the electron beam was obviously
focused, and a smaller bombardment area was obtained on the
anode. The width of the focus ring used in this experiment
is 10.0 mm based on the simulation result in Fig. 4(b), which
showed that most electrons bombarded the anode in a 15.1-
mm diameter circle and the effective bombardment area was
approximately 114 mm2.

(a) (b)

Fig. 4. (a) Simulation of electron trajectories. Compared with the photocathode-emitting plane, electrons were focused in a much smaller
region. (b) The bombardment area on the anode.

2.2. Anode and high voltage

Reflective anode with tungsten (diameter 23.36 mm) and

18◦ inclination shown in Fig. 3(a) was adopted. The dimen-

sion of the copper cooling cylinder was 35 mm in diameter

and 48 mm in height. Besides, to obtain a high-quality fo-

cused electron beam, a unique anode cover shown in Fig. 3(a)

was used above the anode. An entrance with a diameter of

10.5 mm was dug out at the top of the anode cover which

allows the electron to pass through, and the unfocused elec-

trons were blocked, unable to generate x-ray photon. Besides,

a 27 mm×2 mm beryllium window on the side of the cover

structure allows x-ray photons to exit.

Fig. 5. Light-controlled pulsed x-ray tube with photocathode.

The anode was biased to the positive high voltage and the
cathode was grounded in order to generate the high-voltage
electric field in the tube. The photocathode and the focus elec-
trode were connected via lead wires to the outside of the quartz
shell. Figure 5 shows the tube we designed.

2.3. Experiments

The light-controlled pulsed x-ray tube was tested by illu-
minating the S20 photocathode with blue LED powered by a
constant current source. Figure 6 shows the simulation about
the light intensity distribution on the plane at different dis-
tances from the center of the LED light source based on the
assumption that the LED source is Lambert radiator. Accord-
ing to Fig. 6, the distance between the LED and the photocath-
ode was fixed at 2 cm, which could satisfy the maximum input
light intensity of the photocathode, and also prevent the heat
of the LED from affecting the photocathode.

Additionally, the modulation ability of the x-ray tube
was also tested in the experiment. An easier x-ray modu-
lation access could be obtained because of the properties of
the photocathode and LED. Figure 7 shows the process of the
modulation-test experiment, loading square wave signals of
various frequencies on the LED modulation circuit shown in
Fig. 2 and viewing the restored waveform through an oscillo-
scope.
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Fig. 6. Simulation on light intensity distribution at different distances in (a) 0.1 cm, (b) 2-cm, and red circle is the photocathode plane (diagram 4.10 cm).
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Fig. 7. Schematic diagram of the experiment to the modulation ability of x-ray tube.

3. Result and discussion

3.1. Measurement of tube current

Relationship between anode voltage and x-ray tube cur-

rent was investigated when the LED power was fixed at

0.130 W, 0.256 W, 0.381 W, 0.556 W, 0.710 W, and 0.870 W.

The anode voltage was changed from 10 kV to 25 kV. Figure 8

presents the results obtained from the experiments above.

Results in Fig. 8 show that x-ray tube current remained

constant while the anode voltage was changed, which indi-

cated that there was no apparent relation between the tube cur-

rent and the anode voltage of 10 kV–25 kV for light-controlled

pulsed x-ray tube. The tube current remained stable in fixed

LED power if the anode voltage higher than a “threshold” to

generate x-ray photon. That property is quite different from

thermionic cathode x-ray tube. Light intensity and photocath-

ode material should be paid more attention to because anode

voltage was not an important factor having a great effect on

the x-ray tube performance in contrast to the thermionic-based

x-ray tube.
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Fig. 8. X-ray tube current remains relatively stable under different an-
ode high voltage with fixed LED power.

Based on the above conclusions, the effect of anode volt-
age could be overlooked when we measured the relation be-
tween LED power and tube current. The relationship between
LED power and tube current was measured with 2-cm distance
from LED to photocathode and 10-kV anode-voltage. The ex-
perimental results introduced in Fig. 9 showed that the rapid
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rise of tube current was consistent with the increment of the
LED power because of more photoelectrons on the photocath-
ode.
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Fig. 9. The increase of tube current associated with LED power and the
saturation tube current is 2.37 mA, while the LED power is 3.23 W.

As can be seen from Fig. 9, the x-ray tube current in-
creased linearly with the LED power before the number of
photoelectrons was not yet saturated. When the LED power
increased to 3.23 W, the maximum value of tube current was
2.37 mA with a current emission density of 0.178 mA/cm2

and an efficiency of 0.238 mA/lm×cm2 (in 460 nm) for the
S20 photocathode.

3.2. Measurement of modulation ability

The light-controlled pulse x-ray tube has easy access to
be modulated, compared with the traditional thermionic cath-
ode x-ray tube. The experimental theory of the modulation
waveform restoration experiment is that, using the XR-100 sil-
icon drift detector (SDD) and PX5 pulse processor developed
by Amptek, when the x-ray is detected by the detector, the
PX5 will generate a pulse signal. We use an external circuit
to eliminate the noise signal by changing the threshold, de-
tect the pulse signal, and convert it to a square wave signal.
Assuming that there are N x-ray photons detected in an input
signal cycle Tin, and each pulse will be expanded to a square
wave signal with a pulse width of tex. In that case, the pulse
width of the output restored waveform is Tout = N× tex, where
tex can be changed under various experimental conditions by
adjusting the resistance value. The results obtained from the
preliminary experiment of modulation ability are displayed in
Figs. 10–12.

From the experimental results, the restored waveform was
in almost perfect concordance with the input signal in the low
frequency from 1 kHz to 10 kHz. x-ray photons were suffi-
ciently numerous in each period so the expand circuit could
use these pulses to restore waveform which has the same time
width as the input signal.

However, different amounts of the detected photon events
could be observed through the result of the oscilloscope in
Fig. 11, which results in different widths of the restored wave-
form. The limiting factor affecting the restored signal had
changed to the number of x-ray photons while modulation
speeds up to 60 kHz and 70 kHz. Input rate shown by SDD
detector was 17 kcps, which could not satisfy the requirement
that there were enough x-ray photons in every cycle. It can be
seen from the experimental results that in most cycles, there
were enough x-ray photons to make Tout = Tin; but in a few
periods, the number of x-ray photons was relatively small, re-
sulting in Tout less than Tin. In addition, although the pho-
toelectron emission was instantaneous, the SDD output pulse
time and the rising edge of the input signal often could not
completely correspond, so there was a delay in the restored
waveform.

(b)(a)

Fig. 10. Picture of input signal (yellow), SDD detector signal (blue),
and restore signal (red) in (a) 1 kHz, (b) 10 kHz. The contour of the
restored signal is basically the same as the contour of the input signal.

(b)(a)

Fig. 11. Picture of input signal (yellow), SDD detector signal (blue), and
restore signal (red) in (a) 60 kHz, (b)70 kHz. Owing to the restriction of the
number of x-ray photons, the restored signal deviates from the input signal.

(b)(a)

Fig. 12. Picture of input signal (yellow), SDD detector signal (blue), and
restore signal (red) in (a) 90 kHz, (b) 100 kHz. The restored signal was
basically the same as the input signal, but the time position was shifted.

The situation of modulation rate in 90 kHz and 100 kHz
was better than 60 kHz and 70 kHz, mainly because of the
short input signal duration. But the time position shift of the
restored signal could be clearly observed in the case of the
x-ray photon signal arrives between the pulse duration rather
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than the rising edge. The distortion problem will become more
serious with the further increase of the conversion frequency
to the restored waveform. Therefore, more attention must be
paid to the increase in the number of x-ray photons in future
studies to achieve a higher modulation rate x-ray tube.

According to the above experimental conditions, the
amount of the x-ray photons is the main parameter that af-
fects the tube’s modulation performance. X-ray photon num-
ber fluctuations could be neglected because of the enormous
amount of detected photon signals in each cycle in the rel-
atively low modulated frequency. But this fluctuation could
be clearly observed in the high modulated frequency due to
there were only less than 10 photons in each cycle. Hence, the
restored waveform’s distortion in high frequency is the man-
ifestation of the x-ray photon number fluctuation. For better
modulated performance, more x-ray photons are the most crit-
ical consideration.

4. Conclusion
By combing blue LEDs in 460-nm wavelength and high-

quantum efficiency multialkali cathode, we have designed a
light-controlled pulsed x-ray tube with the maximum 2.37-
mA tube current by photocathode efficiency 0.288 mA/lm (in
460 nm). Furthermore, the studies illustrated the modulation
performance of this tube in different modulating rates, which
show the easy-access modulation property of the tube we de-
sign. Further research should focus on the improvement of
output x-ray energy as well as the number of the emitting x-
ray photons by improving the construction process and mod-
ifying the tube structure adding a beryllium window on the
shell. Besides, the potential application of the light controlled
pulsed x-ray tube in XCOM system and x-ray pulsar naviga-
tion ground experiment system will be investigated as well.
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