Nuclear Inst. and Methods in Physics Research, A 1026 (2022) 166218

=
Contents lists available at ScienceDirect

NUCLEAR
INSTRUMENTS
&METHODS
IN

PHYSICS
RESEARCH

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Optimization and testing of groove-shaped grid-controlled modulated X-ray n

Check for

tube for X-ray communication

Zhaopeng Feng, Yunpeng Liu *, Junxu Mu, Wenxuan Chen, Sheng Lai, Xiaobin Tang

Department of Nuclear Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China
Key Laboratory of Nuclear Technology Application and Radiation Protection in Astronautics, Ministry of Industry and Information
Technology, Nanjing 210016, China

ARTICLE INFO ABSTRACT

Keywords:

X-ray communication
Modulated X-ray tube
NSGA-II

X-ray pulse

Cut-off voltage

The current modulated X-ray source for X-ray communication (XCOM) are facing the problems of low
bandwidth and weak X-ray intensity. In this paper, a groove-shaped grid-controlled modulated X-ray tube
(GGMXT) with hot-cathode was proposed to improve the modulation performance. With cut-off voltage and
tube current as objective function, a CST-Matlab co-simulation based on the non-dominated sorting genetic
algorithm II (NSGA-II) was developed to optimize the grid structure of GGMXT. The simulation results shows
that the cut-off voltage of GGMXT can be controlled between —71 and —3 V with corresponding X-ray intensity
of 99.0% to 54.8% of the maximum value. Based on the optimized results, four different prototypes of GGMXT,
including three optimized tubes and one non-optimized tube, were prepared, tested, and compared with the
simulated version. The effectiveness of the optimization method was demonstrated through testing. Compared
with the non-optimized tube, one optimized GGMXT prototype obtains a relatively low cut-off voltage of —5
V@50 kV while maintaining high X-ray emission intensity. Its modulation bandwidth is higher than 3 MHz and
the X-ray pulse repetition rate is in excess of several MHz. Therefore, the optimized GGMXT shows excellent
modulation signal emission performance and great application potential in the field of X-ray communication.

1. Introduction

X-ray communication (XCOM) uses X-rays as carriers to transmit
information based on intensity modulation-direct detection (IM-DD).
In 2007, Gendreau of Goddard Flight Center in the United States first
proposed the concept of XCOM and conducted a communication verifi-
cation experiment [1]. X-rays have a frequency range from 3 x 10'¢ Hz
to 3 x 10! Hz [2], which provides them with good directionality and
penetration, and is higher than that for other carriers currently used for
communication. High-energy X-rays (with energy above 10 keV) can be
transmitted without attenuation in the space environment [3] and have
extremely high penetration even in the upper atmosphere of the earth
and the plasma sheath for re-entry vehicle [4-6]. Therefore, XCOM has
excellent potential in space and blackout communication.

In the XCOM system, the modulated X-ray source acts as the trans-
mitter, and its performance directly determines the data rate of the
system. Therefore, the modulated X-ray source should have the charac-
teristics of high modulation bandwidth to support high communication
rate, large tube current to gain high X-ray intensity, and low cut-off
voltage for convenient control. The present modulated X-ray sources
mainly include light-controlled modulated X-ray tube (LMXT) [7-9]

and grid-controlled modulated X-ray tube (GMXT) [10-12], which
control the X-ray intensity by adjusting the characteristics of the light
source and grid voltage, respectively. Ma et al. [12] designed a GMXT
with a cut-off voltage of —10 V@20 kV and tested the X-ray pulse of
10 kHz. Sheng et al. [3] transmitted voice signals by GMXT with a
cut-off voltage of —1.6 V@10 kV at communication rate of 64 kbps.
The pulse emission frequency of the LMXT developed by G.A. Timofeev
et al. can reach 800 kHz [9]. Xuan et al. [13] developed a LMXT with
460 nm LED as the light source, the X-ray pulse emission frequency
is 100 kHz, and the maximum tube current is 2.37 mA. In addi-
tion, field-emission X-ray tubes are also used to generate X-ray pulses
[14-16].

The communication rate of the XCOM system with GMXT is deter-
mined by the performance of the grid voltage control circuit and the
X-ray intensity [13]. If the cut-off voltage of GMXT is extremely large,
then the modulation rate is low due to the bandwidth limitation of the
grid voltage control circuit. The current commercial grid-controlled X-
ray tubes have a cut-off voltage of several hundred to thousand volts
and the pulse frequency of several tens of kHz, so they are not suitable
for XCOM. Besides, GMXT with a small cut-off voltage [11], although
a high-bandwidth control circuit can be used, often faces the problem
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Fig. 1. (a) Overall structure of GGMXT, (b) groove-shaped grid structure.

of insufficient X-ray intensity. It will reduce the signal-to-noise ratio
of the X-ray signal. Therefore, reducing the cut-off voltage of GMXT
and increasing the X-ray intensity are the primary tasks in the current
research of GMXT. Given that X-rays have a continuous spectrum,
the anode voltage must be higher than 10 kV to produce a sufficient
number of effective photons over 10 keV. For blackout XCOM, Zhou
et al. modeled the communication link and calculated that when the
minimum power consumption is obtained, the anode voltage should
be 50 kV [17]. However, the currently used GMXTs are designed with
a preset anode voltage less than 30 kV. When their anode voltage is
increased, their cut-off voltage also increases sharply and might reach
tens of volts, leading to a low modulation rate during communication.

To solve the above problems, this work proposed the design of
groove-shaped grid-controlled modulation X-ray tube (GGMXT). Under
an increased preset anode voltage, a multi-objective optimization al-
gorithm is used to improve the structure of its core component—the
grid. This strategy aims to reduce the cut-off voltage and increase the
X-ray intensity to provide XCOM with a reliable and high-performance
transmitter.

2. Simulation and optimization of GGMXT
2.1. Description of the simulation model

Fig. 1 shows the structural schematic of GGMXT, consisting mainly
of a reflective anode target, an anode shield, a cathode head, a cathode
shield, and a thermal cathode filament. On the basis of the cathode
head of the traditional X-ray diode, a groove-shaped grid is added to
control the intensity of the electron beam emitted from the filament
inside. The potential and electric field distribution near the filament
can be changed by adjusting the voltage loaded on the grid. Therefore,
the intensity of the electron beam passing through the opening of the
groove can be controlled. The distance between the filament and the
grid opening is only a few millimeters, and a small voltage is applied
to the grid to cut off the emitted hot electrons almost instantaneously,
so that GGMXT has a very fast modulation rate and a small grid control
voltage. The grid and cathode head refer to the same component later
in this paper.

The CST particle studio can be used to calculate the interaction
between charged particles and electromagnetic fields. In this work, the
simulation model of GGMXT is established by CST. In the thermionic
emission mode, the temperature of tungsten filament is 2600 K, the
anode voltage is 50 kV, and the initial grid voltage is 0 V.
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Fig. 2. The structural parameters of the grid structure.

2.2. Screening of structural parameters for optimization

The modulation performance parameters of GGMXT mainly include
cut-off voltage (U,,), time dispersion (T), and tube current (I). N, is
the number of electrons bombarding the anode when the grid voltage
is 0 V, and its value is proportional to the tube current and the X-
ray intensity. Therefore, Ne is used to approximate the tube current
in the simulation. U, is the grid voltage when the electron beam is
wholly cut off and determines the complexity of the transmitter control
circuit. Owing to the uneven distribution of the electric field and initial
position, the dispersion of the arrival time of cathode electrons to the
anode is called time dispersion (T), one of the primary limits of the
communication rate.

Parameter pre-screening was first conducted to understand the in-
fluence of the relevant parameters of grid structure on the performance
of GGMXT and select the key parameters. Fig. 2 shows the structural
parameters for screening.

Part of the calculation results are shown in Fig. 3. The changes
on the structural parameters affect the time dispersion of electrons
at the nanosecond scale. Given that the data rate of XCOM has not
reached Mbps, the influence of time dispersion caused by structure
can be ignored. For most of the grid parameters, the changes of them
greatly affect the modulation performance of GGMXT. This finding
is in agreement with the results in Figs. 3(a) and 3(b). N, and U,
show approximately the same change trend with the changing in
the grid structure parameters. Increasing N, while reducing U, is
a problem faced during the optimization. By contrast, Figs. 3(c) and
3(d) reflect that the changes in hg,;, and w,,;, have minimal effect
on the performance of GGMXT. Therefore, only the five structural
parameters Of ., Ryrigs Ryigs Weans and wy,;, are considered in the
structural optimization. The optimization of the grid structure is a
complex multi-objective optimization problem.

2.3. Structure optimization of GGMXT

2.3.1. Principle of NSGA-II

Non-dominated sorting genetic algorithm II (NSGA-II) is a multi-
objective genetic algorithm that is based on non-dominated sorting [18,
19] and reduces computational complexity by introducing fast non-
dominated sorting algorithms, elite strategies, and crowding distances.
This algorithm does not need to assign weights to multiple objectives
separately. Individuals in the Pareto front can evenly expand to the
entire Pareto domain the diversity of the population. The basic idea of
the NSGA-II algorithm is as follows:

(1) Generate an initial population P, with a scale of N through ran-
dom simulation, create an offspring population Q,, and combine
the above two populations to form a population R, with a scale
of 2N;
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Fig. 3. Influence of (a) Ay, (b) hyyy,s (€) Ay, and (d) wyy,, on modulation performance. The picture on the left represents time dispersion (T), and the right one shows anode

electron (N,) and cut-off voltage (U,,,).

(2) Conduct fast non-dominated sorting on R,. Calculate the crowd-
ing distances of the individuals in each non-dominated layer.
Select appropriate individuals according to the non-dominated
relationship and the crowdedness of the individuals to form a
new parent population P, ;

(3) Generate a new offspring population Q,,; through genetic op-
eration. Merge P,,; and Q,,, to form a new population, R, ;.
Repeat the above operation until the end conditions are met.

2.3.2. Algorithm realization

The optimization is realized through CST-Matlab co-simulation. CST
is used as the objective function, and the main body of the NSGA-II
algorithm is executed in Matlab. Fig. 4 shows the flow chart of the
optimization process.

The objective functions have two objectives: (O1) the number of
anode electrons and (02) cut-off voltage. Their values are all calculated
by CST. In the CST model, the number of electrons reaching the anode
(N,) is recorded when V, = 0, and then N, = N,. U, is calculated
using the binary search method. The boundary of V, is specified as [V,
Vil, V, = (V; +V},)/2, the value of V, in the model is modified, and N,
is calculated when N, =0 and U,,,, = V.

During the optimization, a population consists of 40 binary-coded
chromosomal structures, and the number of genetic iterations is set to
50. One chromosome structure represents one structural combination
of GGMXT: obj(U,,;, N,) = 0bj(h, 4, hrias hfila’ Weaths wgrid)°

2.3.3. Optimization results

The Pareto front recorded during 50 genetic iterations in Fig. 5
shows that the NSGA-II algorithm converges well for this optimization
problem. When the genetic iteration reaches the 50th generation, it
exhibits a uniform Pareto front. According to the optimization results,
except for extreme solution, the minimum U, is —0.3 V, and the max-
imum U, is =71 V at anode voltage of 50 kV. Their corresponding N,
values are 54.8% and 99.0% of the maximum value, respectively. The
optimization solutions on the Pareto front have their own advantages
in different objectives, and the appropriate solution can be selected
according to the actual requirements.
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Fig. 4. Algorithm realization of grid structure optimization.

3. GGMXT prototype test
3.1. Introduction of GGMXT prototype

Three GGMXT prototypes selected from the Pareto solution set
were prepared to verify the effectiveness of the optimization method.
There were obvious differences in the two optimization objectives of
these prototypes. As shown in Fig. 6, the optimized grid structure
were adopted by Opt. 1 (h,,;, = 2.07 mm, h;y, = 6.84 mm), Opt. 2

(hgrig = 6.70 mm, Ay, = 7.15 mm), and Opt. 3 (h,,;y; = 5.86 mm,

gri
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hyilg = 7.34 mm). Non. 1 (h,,; = 0.4 mm, A, = 7.75 mm) was the non-

optimized tube whose structural parameters were based on empirical
values. This article focuses on the optimization of the grid structure,
so there is no discussion on the selection of the cathode. The filament
solenoids were the most common metal tungsten hot cathode, and
anode targets were also made of metal tungsten. The vacuum chambers
were made of glass. X-rays were emitted from the beryllium window on
the side of the glass chamber. The production error of the grid assembly
was +0.1 mm.

3.2. -V characteristic test

Fig. 7(a) shows the measurement of the X-ray intensity-grid voltage
(I-V) characteristic of GGMXT prototypes. In order to meet the heat
dissipation and insulation requirements of the tube, the tube was
immersed in insulating oil in the experiment. After the amplification
by the grid voltage control circuit, a constant voltage signal was loaded
on the grid of GGMXT. At 10 cm from the beryllium window, an X-ray
dose rate meter was used to measure the dose rate value in order to
characterize the X-ray intensity. During the measurement, the filament
current was set to 1.2 A, and the anode voltage was set to 50 kV. The
grid voltage is directly measured by a multimeter with an accuracy of
0.01 V. The results are shown in Fig. 7(b). When the grid voltage is
0, the X-ray emission intensity of Opt. 1 and Opt. 2 are increased by
15.9% and 51.7% respectively, and their U,,, values are greatly reduced
compared with those of Non. 1. The U, of Opt. 3 is the same as that
of Non. 1, but its X-ray intensity is improved by 62.0%.

Table 1 shows the comparison of measurement and simulation
results. The experimental cut-off voltage is similar to the simulation
results with the relative error of less than 5.3%. The relative X-ray
intensity of Opt. 1 is lower than the expected value, and those of Opt. 2,
Opt. 3 and Non. 1 are almost same as the simulations. In consideration
of the structural errors during the production of GGMXT and their
consequent influences on the X-ray intensity, the experimental data are
in agreement with the simulations within the error range. These results
indicate that CST-Matlab co-simulation based on the NSGA-II algorithm
is a good optimization method for modulated X-ray tubes.

3.3. Tube current characteristic test

The filament current determines the number of thermionic electrons
produced by the cathode for the hot cathode X-ray tube [20]. The anode
voltage determines the proportion of thermionic electrons drawn to the
anode and converted into X-ray photons, which determine the tube
current. Fig. 8 shows the relationship among filament current, anode
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Table 1
Comparison of measurement and simulation results.

Experimental result Simulation result

U, (V) Relative N, U, (V) Relative N,
Opt. 1 —-4.91 1.159 -4.88 1.418
Opt. 2 —-23.43 1.517 -24.71 1.598
Opt. 3 -63.87 1.620 -62.70 1.644
Non. 1 —64.64 1 -62.70 1

voltage, and tube current of the three optimized structures Opt. 1, Opt.
2, and Opt. 3. The tube current is directly collected by the feedback
circuit of the high-voltage power supply.

When the filament current is small, the tube current of three tubes
are similar, and the tube current increases slowly with the anode volt-
age until saturation is reached. With the increase in filament current
and anode voltage, the change trend of tube current shows a big
difference. The higher the cut-off voltage of the tube, the more intense
the increase in tube current. This is because the grid structure with a
small cut-off voltage has a strong shielding effect on the anode electric
field. Although the increase in filament current leads to a sharp increase
in the number of generated hot electrons, the excellent shielding effect
of grid makes hot electrons cannot reach the anode. Hence, the tube
current always maintains a lower level.

3.4. Frequency response test

The modulation performance of GGMXT was tested on the XCOM
test platform which is shown in Fig. 9. A signal generator was used to
produce the initial modulation signal, which was then amplified by the
grid voltage control circuit and loaded on the grid to control the inten-
sity of the electron beam in GGMXT. The X-ray signal containing the
modulation information was subsequently generated. At the detection
end, a LYSO-SiPM detector [21] was used to convert the X-ray intensity
signal into an electrical signal through the photoelectric effect. Finally,
the electrical signal was processed by a high-speed data acquisition
card.

Fig. 10 shows the frequency response of GGMXT. During the mea-
surement, the amplitude of the sinusoidal signal with DC offset output
by the grid voltage control circuit was kept at a constant value, and
the amplitude of the detected X-ray signal was measured. The filament
current was 1.2 A, and the anode voltage was 50 kV. The bandwidth
of GGMXT Opt. 1, Opt. 2, and Opt. 3 are above 3 MHz, and the
frequency response curves of the three have high consistency. However,
this does not mean that the difference in structural parameters has
no effect on the bandwidth of the tube, because the detector output
waveform is the convolution of the X-ray signal and the detector
impulse response which is 300-500 ns. This will result in attenuation of
signal amplitude when measuring sinusoidal signals higher than about
2 MHz. The test results for the frequency response are mainly limited
by the bandwidth of the detector and thus cannot reflect the actual
performance of GGMXT. Therefore, these experimental results are only
used as a reference for the performance of GGMXT, and the actual
bandwidth should be higher than them. Nevertheless, the bandwidth
of 3 MHz is still the highest among current grid-controlled and even
optically modulated X-ray sources.

3.5. Pulse emission test

Currently, pulse modulation is commonly used in XCOM. The origi-
nal signal was changed to a square wave, and the pulse X-ray emission
performance of GGMXT was tested on the test platform described in
the previous section. A square wave signal with an amplitude of -5
V and a duty cycle of 50% was loaded on the grid of Opt. 1, and the
detected X-ray pulse waveform is shown in Fig. 11. The width of the
rising edge of the detected square wave signal is about 80 ns, which
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is similar to the impulse response test result of the detector. The test
results show that the excellent performance of GGMXT allows the X-ray
pulse repetition rate in excess of several MHz.

In addition, the tube current (I,) at different frequencies was also
measured, which represents the number of electron charges reaching
the anode per unit time. The measurement results show that the tube
currents at different frequencies are very similar. When the waveform
duty cycle is 50% and the filament current is 1.2 A and 1.7 A, the
measured I, is 0.008 mA and 0.04 mA respectively, which are approx-
imately equal to half of the tube current in the continuous emission
mode.

4. Conclusion

NSGA-II algorithm was used to optimize the design of the proposed
GGMXT grid structure and provide it with the characteristics of low
cut-off voltage and high emission X-ray intensity. The prototypes were
prepared, and the effectiveness of the optimization method was ver-
ified through experimental measurement. The modulation bandwidth
of prototypes in excess of 3 MHz is the highest level obtained among
current grid-controlled modulation X-ray sources.

For the optimized GGMXT, the smaller the cut-off voltage, the
smaller the corresponding tube current. In practical applications, it
is necessary to comprehensively consider the requirements for tube
current and cut-off voltage, and select the most appropriate design
scheme. Furthermore, a hot cathode with better emission characteris-
tics can be selected to increase the tube current. This work provides a

Nuclear Inst. and Methods in Physics Research, A 1026 (2022) 166218

reference design for high-speed modulated X-ray sources and presents
feasible transmitter for XCOM. For long-distance space XCOM, multiple
transmitters can be combined into a synchronous transmission array,
combined with X-ray focusing optical elements to increase the intensity
of X-ray signals. In addition, GGMXT can also provide more options for
high-speed X-ray imaging.
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