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Preface to “Design, Technologies and Applications of
High Power Vacuum Electronic Devices from
Microwave to THz Band”

It is generally accepted that the 20th century was the age of electronics. Humanity has not
yet decided on the topic that will dominate the current century, but many argue that it will be
the century of T-rays—the century of terahertz radiation. Coherent electromagnetic radiation of
subterahertz and terahertz frequency ranges with relatively high power has some specific features
that make it very attractive for a wide range of fundamental and applied research areas in physics,
chemistry, biology, and medicine. In particular, the enhancement of sensitivity for spectroscopic
applications (electron paramagnetic resonance spectroscopy; dynamic polarization of nuclear spins
in nuclear magnetic resonance spectroscopy); plasma applications (diagnostics of dense plasmas in
fusion devices, the creation of compact plasma objects); biochemical applications (management of
flow rate of reactions in organic chemistry, conformational changes of protein molecules); standoff
detection and imaging of explosives and weapons; new medical technology; atmospheric monitoring;
production of high-purity materials; deep space and special satellite communication, etc., can be
mentioned.

For a long time, the intermediate position of THz waves between the microwave and optical
portions of the electromagnetic spectrum did not achieve notable results in mastering powerful
radiation sources and seemed to be too short in wavelength for the methods of classical vacuum
electronics (due to the necessity of small-scale elements for slow-wave structures) and too low in
frequency for the methods of quantum electronics (due to quant energy) to be applied.

The most widespread and frequently used devices in the “low THz” range (up to a frequency
of 1.5 THz) are low-voltage and small-size backward wave oscillators (BWOs) that provide an
output power of several milliwatts in the CW regime at the highest permissible frequencies. There
also exist other low-voltage vacuum sources based on stimulated Cherenkov and Smith—Purcell
radiation of rectilinear electron beams, as well as solid-state devices delivering sub-THz and
THz radiation at a power level from hundreds of microwatts to one milliwatt; quantum cascade
lasers already provide a power of hundreds of milliwatts at frequencies down to 5 THz. At
the same time, the power of coherent radiation, which can be delivered by vacuum devices
based on the stimulated Bremsstrahlung radiation of curvilinear electron beams (free electron
lasers (FELs) and gyrotrons), can be higher by many orders of magnitude, which opens new
opportunities for many applications. High-power radiation is produced in FELs and gyrotrons due
to the advantage of using electrons’ interaction with fast electromagnetic waves instead of slow
waves in “conventional” electron devices. As a result, FELs can provide coherent and smoothly
frequency-tuned radiation in the entire THz frequency region and the bands of much higher
frequencies, presumably up to X-rays. However, FELs utilize ultrarelativistic electron beams and
typically require huge particle accelerators for their realization. That is why FELs can be used only
in specialized research centers. Unlike FELs, gyrodevices can operate with electron beams having
significantly lower energies of 10-100 keV, meaning gyro-tubes are much more compact than FELs
and available for many laboratories.

Currently, the above-mentioned vacuum electronic sources cover over 12 orders of magnitude in

power (mW-to-GW) and 2 orders of magnitude in frequency (0.1-10 THz). The present investigations
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aim to develop radiation sources, including the development of new schemes of electron cyclotron
masers, with record-breaking frequencies and peak and average powers. Despite the many
technical limits, such as the requirement of strong operating magnetic fields for gyrodevices, mode
competition, and high ohmic losses, the number of pulsed and CW radiation sources and the range

of applications are increasing rapidly.

Mikhail Glyavin
Editor
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Abstract: The failure threshold time of semiconductors caused by the impact of irradiated high-
power electromagnetic waves (HPEM) is experimentally studied. A SN7442 integrated circuit (IC) is
placed in an emulator with a WR430 closed waveguide and is irradiated by HPEM generated from a
magnetron oscillator. The state of the SN7442 component is observed by a light-emitting diode (LED)
detector and the voltage measured in the SN7442 component. As the magnitude of the electric field
in the HPEM is varied from 24 kV/m to 36 kV/m, the failure threshold time falls from 195s to 17 s
with dependence of the irradiated electric field (E) on the failure threshold time (T) from T~E~12to0
aT~E~®.

Keywords: high-power electromagnetic waves (HPEM); semiconductor; failure threshold time;
microwave hardness; electromagnetic pulse (EMP) shielding

1. Introduction

High-power electromagnetic waves (HPEM) reach a target, and a sequential process
of penetration and propagation occurs from the target’s outer surface into its interior as
the waves arrive at the electronics of the target. Modern electronic systems are principally
composed of semiconductor devices, which are made primarily of silicon and gallium
arsenide. These are of vital importance for the function of security systems, traffic systems
and modern communication systems, and a malfunction induced by the irradiation effects
of HPEM in one of these areas can cause casualties and economic disasters [1-4]. Therefore,
the susceptibility of electronics to electromagnetic waves is of great interest. Theoretical
predictions and experimental comparisons using a semiconductor diode have been done to
inspect the dependence of the voltage pulse width on the destruction power density [5]. A
failure mechanism due to a reduction on the resistance resulting from the formation of a thin
conductive layer by a DC pulse is observed in a metal semiconductor field-effect transistor
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(MESFET) [6]. Using an open waveguide, the destructive effects of a semiconductor, in this
case, transistor-transistor-logic (TTL) and a complementary metal-oxide semiconductor
(CMOS) technology-based device, caused by the impact of an electromagnetic pulse (EMP)
and ultra-wideband (UWB) frequency were investigated to measure the susceptibility of
electronic devices to a transient electromagnetic field threat [7-9].

With the advent of the fourth industrial era, the frequency of use of digital wireless
information devices is increasing, and the demand for a new system that can quickly
process large amounts of information anywhere is increasing. For this reason, the demand
for the use of high frequencies higher than the frequency bandwidth currently in use is
gradually increasing. The increase in the use of information devices and the dependence
on information devices for the information age are also increasing. It has been reported
that information equipment may malfunction or be damaged due to the effects of transient
electromagnetic waves from a high-power electromagnetic wave generator operating in
the frequency range of the same band. High-power microwaves (HPM) are currently being
researched and developed to generate gigawatt (GW) level electromagnetic waves in a
short pulse (~100 ns), with the dominant operating frequency being 1-10 GHz, but other
derived frequencies exceed 30 GHz. HPM devices developed in various countries such
as the United States, Russia, China, and Japan as well as several countries in Europe can
be viewed as being mainly studied for military purposes. However, as described above,
intentionally generated electromagnetic waves can cause serious damage to information
equipment [10-18]. HPEM emulators used to measure the level at which private infor-
mation devices and systems are upset by high-power transient electromagnetic waves
through simulations are more effective than a gigawatt-level electromagnetic wave gener-
ator. For these basic studies, it is crucial to provide basic data for the development of an
HPEM emulator.

In this paper, the dependence of irradiated HPEM on the failure threshold time is
experimentally studied using a SN7442 IC in a WR430 closed waveguide emulator when
the magnitude of the irradiated electric field generated from a magnetron oscillator is varied
from 24 kV/m to 36 kV/m (equivalent to the range from 1.9 kW /cm? to 4.27 kW /cm?).

2. The WR430 Closed Waveguide Typed Emulator

The experimental setup used to measure the dependence of the irradiated HPEM on
failure threshold time using a WR430 closed waveguide type of an emulator is shown in
Figure 1. The WR430 closed waveguide emulator is located between a magnetron oscillator
operated at 2.46 GHz as a HPEM source and the water load. The HPEM generated from
the magnetron oscillator propagates along the WR430 waveguide and is irradiated into the
semiconductor located at the bottom of the emulator [19-23].

Spectrum
Analyzer
WR 430 [h E-field probe
waveguide
Magpetron Simulator Water Load
Oscillator
SN 7442 ‘ I
High Voltage
Power Supply LED Oscilloscope
Detector

Figure 1. Experimental setup of the emulator equipped with a magnetron, and various fixtures.
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The SN7442 IC is used in the experiment and functions to form a decimal code using
a binary code. This is connected to a light-emitting diode (LED) detector which is turned
on by the SN7442 IC, with the state of the SN7442, such as upset and destruction states,
directly detected. To observe the time dependence caused by irradiated electric field, the
voltage in the SN7442 IC is measured using an oscilloscope during the irradiation process.
Using an E-field probe located on the upper side of the SN7442 IC, the magnitude of the
irradiated electric field is measured.

The irradiated electric field is measured from the power coupling level between port 1
and port 2, as shown in Figure 2, using an E-field probe located on the upper side of the
emulator. The E-field probe consisted of Teflon with a ¢ value of 4.1 mm and brass with a
¢ value of 1.26 mm. The relationship between the power coupling level and the magnitude
of the irradiated electric field is expressed as follows. The charge induced in the central
conductor of the E-field probe by the propagated electric field of Ej along the waveguide is
expressed as Q;, = [ D-fida = ¢, EoA,fs. The area of the induced charge is modified to the
effective area, Aeﬁc, due to the modification of the electric field near the central conductor
of the E-field probe. The area of the induced charge is expressed as Ay = KpAg. Here, Ag
is the normal surface area of the central conductor in the E-field probe and K, is the area
multiplication factor, which indicates the entire modified area of the induced charge in the
central conductor of the E-field probe. The induced currentis I(t) = sOwEoKpAoef“” and

the observed power in port 2 is expressed as P,;, = %|I\2Zo = % (sowEoKpAo)2, where 7

is the impedance of the E-field probe and w is the HPEM frequency. This is re-expressed as

_ Zon Zo Pz‘n

2
Py, = Fab (e0wKpA,) (1)

where P, is the input power at port 1. Using the relationship between the observed power
and the input power, the area multiplication factor is calculated as follows:

1 kzﬁlbpob

K, = 2
P eowA, 2wpoZo Py @)

)
I ob

1
1
: Tefl !
! ernon Bi
y ! — rass
Port2 £, 1 ¢4.1 4126
K
ar" @ 1 ]
-7 Edield
“ probe
Ao
—

Figure 2. Design of the electric field probe.

From the measurement, P,/ P;, is measured and found to be —38.2 dB, and Kj is
calculated as 26. Using K}, and P, the irradiated electric field is calculated where Zy = 50 Q).

1 [2p,
 gwKy \[ Z,

E, ®)

The electric field probe used to measure the electric field to be applied to the experi-
mental semiconductor was designed using Microwave Studio, an electromagnetic (EM)
simulation code, and the area multiplication factor equation discussed in relation to the
relationship between the electromagnetic wave strength measured by the probe and the

3
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electric field. As shown in Figure 3, the emulator to be used in the experiment is composed
of a closed waveguide. High-power electromagnetic waves generated by the magnetron,
a high-power electromagnetic wave generator, are applied to Port 1 and pass through
Port 3, with some of these waves detected by a probe located in Port 2. The detected output
strength can be measured using a spectrum analyzer. At this time, the cross-section of the
used electric field probe has a structure consisting of brass with a diameter of 1.26 mm in
the center and Teflon with a diameter of 4.1 mm around it, as shown in Figure 3. Because
the frequency component of the high-power electromagnetic wave generated by the mag-
netron is 2.45 GHz, a standard WR 430 waveguide served as the closed waveguide. The
cross-sectional size of this waveguide is 54.6 mm x 109.2 mm. When an electromagnetic
wave with a certain level of output strength is made to pass by using the electromagnetic
simulation code, the output strength detected by the probe to be used in the experiment is
measured, and the characteristics of the experimental devices can be compared.

Port 2 Port 1

T 2

54.6 mm

Y% 109.2 mm
Port 3 WR430 waveguide

Figure 3. Simulation model for the electric-field probe design.

The electric field distribution obtained using the EM simulation code is shown in
Figure 4. When the electromagnetic wave generated by the magnetron passes through the
WR 430 waveguide, it shows the electric field distribution of the TE;y mode, the most basic
mode of the waveguide. The experimental semiconductor is located at the bottom of the
waveguide, and the electric field probe is located directly above the semiconductor. This
configuration allows the electric field applied to the semiconductor to be measured.
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4
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Figure 4. Result of the electric-field distribution using the EM simulation code.

In order to measure the electric field strength applied to the semiconductor accurately,
the ratio of the output strength detected by the probe from the waveguide must be measured
accurately. Figure 5 shows the ratio of the measured output strength using a simulation for
this purpose. This is to secure the reliability and reproducibility of the measurement and to
stabilize the field-to-probe binding for a fixed length.
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Figure 5. Ratio of the power intensity coupled from the waveguide to the electric field probe.

Figure 6 depicts the measurement line used to measure the strength of the electric
field applied to the semiconductor via a simulation. Regarding the electric field in the
area where the probe is located, it was determined to be slightly higher than the electric
field strength at the bottom surface due to the influence of the center conductor of the
probe; the influence of the probe disappears in the area outside the influence of the probe,
meaning that only the electric field affected by the electromagnetic wave passing through
the waveguide is measured.
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Figure 6. Ratio of the power intensity coupled from the waveguide to the electric field probe.

Figure 7 shows the result of the measurement of the electric field strength in the area
where the probe and semiconductor are located via the aforementioned simulation. The
position of length = 0 is the position of the upper surface of the waveguide where the probe
is located, and the position of length = 50 indicates the bottom of the waveguide where the
semiconductor is located. It can be seen that the strength of the electric field in the region
where the probe is located is greater than that in the region where the semiconductor is

5
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located due to the central conductor of the probe. However, because the influence of the
probe does not affect the lower part where the semiconductor is located, it can be confirmed
that an electric field of a certain size is applied to the semiconductor. The input strength
of the electromagnetic wave used to obtain this result was 1 W, and the measured electric
field strength was 552 V/m. The strength of the electric field at the input strength of 1 W
obtained through the simulation can be compared with the theoretical value by examining
the relationship between the input strength and the electric field. Given that the result is
consistent with the theoretical value, the simulation result is reliable, and through this, the
electric field probe was designed.

800
] 1 B SR N— SO S—
700

650 f-f-ooe AR R— TR R—

E-field (V/m)

500 s RSRR S s I

B50 f----oeeee- R

500
0 10 20 30 40 50

Length (mm)
Figure 7. Electric field in the area where the probe and semiconductor are located.

3. Experimental Setup

Figure 8 shows the configuration of the experimental apparatus used to obtain and ana-
lyze the destruction data of semiconductors exposed to intentionally generated high-power
electromagnetic waves (HPEM). In order to create high-power transient electromagnetic
waves intentionally, the magnetron, which is the HPEM source, is located on the left side
of the experimental device, and the high-power electromagnetic waves generated from the
magnetron are connected to the launcher and transmitted to the WR430 waveguide. They
pass through the emulator and propagate to the termination point located at the right end.
In order to eliminate heat generation due to the high-power electromagnetic waves, the
termination point is structured to perform refrigeration using circulating cooling water.

The magnetron, a high-power electromagnetic wave generator, generates electromag-
netic waves by applying voltage to the cathode that generates an electron beam and the
anode that accelerates the generated electron beam. 4.5 V and 10A are applied to the
cathode and voltage of 4 kV or more is applied to the anode. In this way, the magnetron
can generate high-power electromagnetic waves at the desired output strength. A high
voltage probe was used to measure the voltage applied to the magnetron from a high
voltage power supply. It is equipped with an oscilloscope available to measure the voltage
applied to the anode. Moreover, it can find the strength value of the electric field applied
to the semiconductor through the electric field probe located on the upper part of the
semiconductor. By coupling electromagnetic waves of a certain intensity level, it was
possible to measure the electric field applied to the semiconductor with the measured
output intensity using a spectrum analyzer.
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Spectrum
analyzer

Oscilloscope Circuit

Figure 8. An emulator and a magnetron-based high-power transient electromagnetic experi-
ment device.

Two methods were used to check for certain phenomena directly, such as upset/de-
struction phenomena that occur when high-power electromagnetic waves are applied to
a semiconductor. First, in order to verify the characteristics of the high-power electro-
magnetic waves, we put the semiconductor in the experiment in the emulator and used
a connection line to construct an LED circuit operated by the semiconductor while in the
emulator. If an abnormality occurs in the semiconductor, the LED circuit operated by the
semiconductor is abnormal. The upset/destruction characteristics can then be measured.
Another measurement method used is to measure the voltage applied to the semicon-
ductor in the emulator and to measure the applied voltage of the semiconductor, which
changes when a high-power transient electromagnetic wave is applied. This allows its
characteristics to be measured.

The emulator used in this experiment consists of a closed waveguide that supplies
a uniform electric field to the experimental semiconductor. The lower surface of the
waveguide has a groove for inserting the experimental semiconductor, and the electric
field probe for measuring the electric field applied to the semiconductor is located on the
upper surface at the same position so that the electric field used in the experiment can
be measured.

Figure 9 shows the emulator arrangement, consisting of a closed waveguide. The
emulator is located between two waveguides, which are in this case WR 430 waveguides
that allow high-power electromagnetic waves generated by the magnetron to propagate
through a certain area. The electric field probe is located at the top of the emulator, and an
attenuator is connected to the probe to prevent strong electromagnetic waves from entering
the spectrum analyzer.

In the emulator, a semiconductor for measuring the effects of electromagnetic waves is
positioned, and the LED detector circuit driven due to the characteristics of the semiconduc-
tor is connected with a connection line so that the effect of the high-power electromagnetic
waves on the semiconductor can be checked in real time. Moreover, as shown in the figure
on the right side of Figure 9, the voltage applied to the semiconductor for the experiment
was measured to determine how the applied electromagnetic wave affects the applied
voltage characteristics of the semiconductor.
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Attenuator

Power
coupler

i I Connection line

Simulator

Semiconductor

LED

Voltage measure

in semiconductor Power line

Figure 9. An emulator setup consisting of a closed waveguide.

Figure 10 shows the circuit diagram of an LED detector configured to measure the
change in the characteristics of semiconductors exposed to electromagnetic waves in the
experiment. Three semiconductors (SN 7442, SN7490, NE555) were used to construct this
circuit. The semiconductor exposed to the double electromagnetic waves is the SN7442
type; it receives a binary input signal and converts it to a decimal number and then turns
on ten LEDs one after the other. When electromagnetic waves are not applied, the ten
LEDs light up at regular intervals, and when electromagnetic waves are applied, the
situation in which the LEDs are turned on without any tendency due to changes in certain
characteristics (such as an upset event) can be directly observed through the LEDs. To
measure the voltage applied to the semiconductor, the voltage V18 (the voltage signal
required to operate LED 1) was measured using an oscilloscope, as shown in the Figure 10.

Voltage in semiconductor (LED 1 — GND)

Vis
V=6V 1802
Ay
LED Q G4
LED | XA RCP 3R
~
N s
e \\\ i1 g
0y Y
% é ! E:.s..fl..f.f..l..ECI SNT7442 I
s 1frz 1314 15 16
[
— =S
T | L S . N |
1332 1 a 8 9 10112 14 SN7490
56 78 7654321 g (Binary number generation)
P NES555 T
%101@ ;
L ‘ Binary number input
GND T 2
3\

Figure 10. Circuit diagram of the LED detector.

Figure 11 shows the LED detector circuit, which was devised based on the circuit
diagram described in Figure 10. The characteristics of the semiconductor used in the circuit
diagram are as follows. NE555 is applied to a non-stable multivibrator; this component is

8
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widely used as a pulse signal source for timer circuits and counter circuits. It can be used
in TTL or CMOS circuits because it can operate in the DC voltage range of 4~15V, and its
rated current capacity is as large as 200 mA. The circuit used in the experiment supplies
pulses to the counter (IC) SN7490.

Circuit Legs

wy

SN7490

SN7442 NE555 variable
Resistance

R e, 6, 6

/ /

, LED : @)
Semiconductor under test : SN7442

Figure 11. Circuit of the LED detector.

The SN7490 component in Figure 12 is an IC with built-in binary and counter compo-
nents. The clock pulse input of the binary counter is input A (#14) and the output is Q,
(#12), and the clock pulse input of the pentagram counter is input B (#1) The outputs are Q,
(#9), Qc (#8), and Qq (#11). Therefore, to use this as a BCD decimal counter, input A (#14)
must be used as the clock pulse input, and Q, (#12) and input B (#1) must be connected
before use. The outputs are Q, (#12), Qp, (#9), Q. (#8), Qq (#11), but Q, is the lowest digit
and Qg is the highest digit.

|_| |_| |_| |_| |_| |_| |_| #1 pin input A | #8pin Q.
14 13 12 9 8

1 10 #2 pin Ro(1) #9 pin Qv
O #3pin | Ro(1) | #10pin | GND
SN7490 #4 pin NC #11 pin Qq

#5 pin Vee #12 pin Qa
#6 pin Rg(1) #13 pin NC

1 2 3 4 5 6 17
|_| |_| |_| |_| u |_| u #7 pin Rq¢(2) | #14pin | input B

Figure 12. Characteristics of the SN7490 component.

The SN7442 component in Figure 13 converts (decodes) the BCD output of the decimal
counter (SN7490) to decimal and operates the corresponding LED. Therefore, the output
LED turns on sequentially from No. 0 to No. 9. Table 1 below explains Q,~Qy.



Electronics 2021, 10, 1884

|—| |—| |—| |—| |—| #1pin | Decimal output O | #9 pin | Decimal output 7
#2 pin | Decimal output 1 | #10 pin | Decimal output 8
16 15 14 13 12 N 10 9 #3 pin | Decimal output 2 | #11 pin | Decimal output 9
#4 pin | Decimal output 3 | #12pin | BCD input (Qq)

SN7442 - - - -
#5pin | Decimal output 4 | #13 pin | BCD input (Qc)

1 2 3 4 5 6 7 8 #6 pin | Decimal output 5 | #14 pin | BCD input (Qb)
#7 pin | Decimal output 6 | #15 pin BCD input (Qa)

u u I—l u u u u u #8 pin GND #16 pin Power Ve

Figure 13. Characteristics of the SN7442 component.

Table 1. Input Pulses vs. Output for Q,~Qq.

Output
Input Pulse
Qd Q. Qb Qa
0 0 0 0 0
1 0 0 0 1
2 0 0 1 0
3 0 0 1 1
4 0 1 0 0
5 0 1 0 1
6 0 1 1 0
7 0 1 1 1
8 1 0 0 0
9 1 0 0 1

4. Experimental Results

Figure 14a shows the LED detector in operation when a high-power electromagnetic
wave is applied to a semiconductor. It can be observed that the operation of the LED
changes as the intensity of the electromagnetic wave increases. Figure 14b presents the
measurement of the voltage signal applied to the semiconductor with an oscilloscope when
high-power electromagnetic waves are applied to the semiconductor.

Figure 14. HPEM emulator experiment: (a) LED detector in operation, and (b) semiconductor voltage
being measured.

When the high-power electromagnetic waves were applied to the semiconductor, the
voltage signal applied to the semiconductor was measured, as shown in Figure 15a-d.
Figure 15a shows the beam voltage and the voltage signal applied to the semiconductor
before the high-power electromagnetic wave is applied, and Figure 15b is the beam voltage
and the voltage signal applied to the semiconductor when the high-power electromagnetic
wave is applied. Figure 15c indicates the beam voltage and the voltage signal applied
to the semiconductor after a certain period of time has elapsed after the high-power
electromagnetic wave is applied, as shown by the voltage signal.
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Figure 15. Voltage behavior in the semiconductor: (a) beam voltage before the high-power electromagnetic wave is
applied and voltage signal applied to the semiconductor, (b) beam voltage when high-power electromagnetic waves start
to be applied and voltage signals are applied to the semiconductor, (c) beam voltage and voltage signal applied to the
semiconductor after a certain period of time after the high-power electromagnetic wave is applied, and (d) beam voltage
and voltage signal applied to the semiconductor after the destruction of the semiconductor occurs after the application of
the high-power electromagnetic waves.

As shown in Figure 15a, the measured part shown in blue represents the high voltage
signal applied to the anode to drive the magnetron, and the measured part shown in green
indicates the voltage applied to the semiconductor. This is a measure of the signal. As
shown in Figure 15a, a certain voltage signal is applied to the semiconductor before the high-
power electromagnetic wave is applied, and it operates normally. When the electromagnetic
wave is applied, a situation in which the voltage signal of the semiconductor goes to 0 at
the part where the electromagnetic wave is applied is noted, as shown in Figure 15b. This
shows the conversion process. In Figure 15c, when high-power electromagnetic waves
are applied for a certain period of time, the semiconductor is affected at the region where
the electromagnetic waves are not applied such that the short-circuiting time becomes
longer and the influence on the semiconductor lasts for a longer time. Figure 15d shows
the time when the voltage signal is measured as zero at all times when the semiconductor
is destroyed, and this indicates that the operation of the semiconductor does not recover
again after the destruction.

Figure 16 shows the relationship between the destruction time of the semiconductor
and the change in the output intensity generated by the magnetron, that is, the change in
the electric field applied to the semiconductor. When the applied electric field changes from
24 kV/m to 36 kV /m, it can be observed that the destruction time decreases from 200 s to
15 s. Moreover, the greater the strength of the electric field applied to the semiconductor,
that is, the greater the energy received by the semiconductor, the faster it is destroyed,
and the relationship between the destruction time and the strength of the electric field
can be divided into three regions based on a certain region. When region 1 is the region,
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when an electric field with low intensity is applied, the destruction time is proportional
to —12 power of the electric field, and when region 2 is the region, when an electric field
of about medium intensity is applied, the destruction time is proportional to the power
of —10. Finally, region 3 is a region where a rather strong electric field is applied, and the
destruction time is in proportion to —6 power of the electric field. This shows that the
greater the electric field strength, the weaker the effect of the destruction time. Eventually,
destruction of electronic devices exposed to high-power transient electromagnetic waves
(HPEM) means physical damage and defines a case that can only be recovered through
hardware replacement. The destruction time can be thought of in relation to the electric
field, and it can be inferred that it is visually defined as a functional relationship with a
tendency between the destruction time and threshold electric field, as shown in Figure 16.

Region 1 Region 2 Region 3
(Low E-field) (Middle E-field) (High E-field) Relation between T and E
250 T T
= 200 >
@ : ~ E-12
g T~E
= i
] *:
= i e
£ 100
(=] : T ~E-10
+
¢ * o T~E$
0
22 24 26 28 30 32 34 36 38
E-field (kV/m) T =Time (s)

E = E-field (kV/m)

Figure 16. Destruction time as a function of the E-field.

Figure 17a,b are, correspondingly, graphs of one pulse energy according to the strength
of the electric field and an electric graph according to the strength of the field. At a greater
intensity of the electric field, that is, when the energy of one pulse is greater, less total
energy that destroys the semiconductor can enter.

o
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Figure 17. Destruction energy as a function of E-field; (a) one Pulse energy as a function of the E-field,
(b) destruction total energy as a function of the E-field.

Figure 18 presents a comparison of the pulse energy according to the electric field
strength with other experimental values, specifically those from J.H. Mcadoo and D.C
Wunsch. In the Wunsch case, the energy of one pulse is shown when a DC pulse is applied
using a line directly connected to the semiconductor. The experiment using the waveguide
was devised by M. Camp with TTL/CMOS using an open waveguide. As shown in the M.
Camp case, the electromagnetic wave used has a strong electric field of 1300 kV/m, but
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with a very short pulse. In this experiment with a closed waveguide, the strength of the
electric field is weak, but a rather long pulse is used. In this experiment, the energy level
is high.

16
Ours
14 @ Closed waveguide
IC SN 7442

= 12
=
210
™
@
c
@ g
[
0
n:_i B
-

4

2 J.H. Mcadoo D.C. Wunsch Opew;:v(;ir:;uide

[ Direct contact Direct contact
MESFET  , Transistor TTLICMOS o
0
0 200 400 600 800 1000 1200 1400

E-field (kV/m)

Figure 18. Pulse energy comparison according to the electric field strength.
Table 2 shows a comparison of each of the experiments related to transient electromag-
netic waves. From the measured electric field strength, the condition of the electromagnetic

wave required for the destruction of the semiconductor shows that the pulse width is short,
whereas the strong electric field can cause destruction with little energy.

Table 2. Comparison of Experiments Related to the HPEM Effect.

Semiconductor Experimental .
Author under Test Method Measured E-Field Result
Wunsch, Transistor Direct contact Destruction 500 kW /cm? Relationship between the pulse
D.C. Ref. [5] (390 kV/m) DC pulse~0.1 us width and the threshold power
Mcadoo, J.H. . Destruction 400 W/cm? Relationship between the DC pulse
Ref. [6] MESFET Direct contact (11 kV/m) DC pulse~0.086 us  rise time and the damage voltage
Lovetri, ]. Reset 32.9 mW /cm? The electric field region
PC Horn antenna measurement for reset and power
Ref. [24] (100 V/m) .
down scenarios
Camp, M. . Destruction 5.57 MW /cm? Relationship between the E-field
Ref. [7] TTL CMOS Open waveguide (1300 kV/m), 0.18 ps strength and the destruction rate
. Destruction 31 kV/m Relationship between the E-field
Ours ICSN7442 Closed waveguide (3.17 kW/cm?), 4 ms strength and the destruction time

5. Discussion

In order to secure and analyze the threshold data of information devices exposed to
high-power electromagnetic waves (HPEM), we reconfigured the HPEM environment to fit
a suitable experimental environment for this. Through such a simulation, we intended to
develop the emulator capable of measuring the level at which private information devices
and systems are upset and/or destroyed by high-power transient electromagnetic waves,
with the same effect considered accurately, as opposed to a study of an electromagnetic
wave generator with the highest output at the gigawatt level. An electromagnetic wave
generator with output power in the range of 1 W to 1 kW can be used. This basic research
provides basic data for the development of emulators.

It is important to design an emulator consisting of a closed conduit that creates a
uniform electric field for the investigations of the semiconductor component threshold
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characteristics. Here, it was designed /manufactured and used, and a magnetron with an
operating frequency of 2.45 GHz and maximum output of 1 kW was used as the HPEM
electromagnetic wave source. A breakdown/reset, destruction experiment, well known
to influence the E-field, was designed with the corresponding control unit, a LED, and
a power supply to measure the threshold while monitoring the operational status of the
waveguide and an electronic device connecting the emulator and the electromagnetic wave
in real time. In particular, this study analyzed and collected data by investigating the
influence of semiconductor devices on the operating frequency, pulse duty, and electric
field strength and direction.

As described above, as preliminary research on EMP protection methods and attacks,
experimental research based on the emulator can be very important. The present study
investigated the interaction between transient electromagnetic waves and semiconductor
devices and examined conditions such as failures, damage, and malfunctions to determine
the maximum degree of exposure to transient electromagnetic waves of sensitive com-
munication devices. A database was compiled by experimenting with various types of
semiconductor devices. Through a similar experiment on the communication equipment
as a system, it can be possible to define the maximum transient electromagnetic wave
allowed for all communication equipment. On the other hand, through the basic forms
of this research, various hardening methods, such as shielding to minimize the effects of
transient electromagnetic waves on semiconductors, can be developed.

6. Conclusions

In order to develop a technology to protect information equipment in response to
the generation of high-power transient electromagnetic waves, a study of the effects on
information equipment due to the generation of high-power transient electromagnetic
waves must first be done first, which is what is presented here. In this study, a simulation
was performed using a magnetron that generates an electromagnetic wave with an output
of 1 kW at a frequency of 2.45 GHz. This was done in the laboratory of the authors in
order to analyze the destructive effects by the E-field of a semiconductor component.
Unlike previous, related studies, a closed waveguide was used for accurate experimental
reproducibility and precise electric field measurements and control, and the data were
collected and analyzed by measuring the threshold electric field affecting the semiconductor
device. This research will provide basic data for the development of an HPEM emulator
and the development of protection technology for information devices to secure them
against high-power transient electromagnetic waves.
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Abstract: The gyrotron travelling wave tube (gyro-TWT) is an ideal high-power, broadband vacuum
electron amplifier in millimeter and sub-millimeter wave bands. It can be applied as the source of
the imaging radar to improve the resolution and operating range. To satisfy the requirements of the
W-band high-resolution imaging radar, the design and the experimentation of the W-band broadband
TE(p; mode gyro-TWT were carried out. In this paper, the designs of the key components of the
vacuum tube are introduced, including the interaction area, electron optical system, and transmission
system. The experimental results show that when the duty ratio is 1%, the output power is above
60 kW with a bandwidth of 8 GHz, and the saturated gain is above 32 dB. In addition, parasitic mode
oscillations were observed in the experiment, which limited the increase in duty ratio and caused the
measured gains to be much lower than the simulation results. For this phenomenon, the reasons and
the suppression methods are under study.

Keywords: broadband; gyro-TWT; high-resolution imaging radar; TEg; mode; W-band

1. Introduction

The gyro-TWT is a vacuum electron amplifier based on the principle of the relativistic
electron cyclotron maser. It can be used as the source to generate the high-power (kW
levels) and broadband RF output in millimeter and sub-millimeter wave bands [1-5]. It
is suitable as an important component of the transmitter, which can be applied to the
radar, telecommunication, etc. Especially in W-band, the high-power, high-resolution
imaging radar plays an important role in the applications of satellite imaging and deep
space detection. A Haystack Ultra-wideband Satellite Imaging Radar (HUSIR) has been
developed in the United States, in which a W-band gyro-TWT has been used as a part of
the amplification link [6,7]. In order to achieve the detectability of an object with a diameter
of 10 cm, the required operating bandwidth and minimum output power of the radar are
8 GHz and 100 kW, respectively. In the HUSIR, a W-band gyro-TWT with a bandwidth of
8 GHz and output power of 1 kW has been used to drive 16 gyrotwystrons to achieve the
required capabilities. Therefore, under the precondition of sufficient bandwidth, increasing
the output power is beneficial to the practical application of the gyro-TWT.

Reviewing the previous experiment results of the W-band gyro-TWT [8-13], all the
designs adopt the fundamental harmonic of the TEq; cylindrical waveguide mode as the
operating mode, because of its high beam-wave interaction efficiency. At CPI (Communi-
cation & Power Industries), the designed tube has achieved an output power of 1.5 kW
with a bandwidth of 8 GHz [8,9], which has been applied to the HUSIR. At UC Davis,
the designed tube based on the heavily loaded and short copper stage interaction region
achieved an output power of 140 kW, but the bandwidth was only 2 GHz [9-13]. At
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IAP (Institute of Applied Physics, Russian Academy of Sciences), a W-band high-gain
gyro-TWT based on the helical-waveguide was presented. The greatest advantage of this
is that it greatly reduces the requirement of operating magnetic field intensity. The PIC
simulations predict the maximum output power of 3 kW at about 95 GHz and a 1-kW-level
bandwidth of 7.2 GHz when driving by a 100 mW input signal [14-18]. In China, research
on W-band gyro-TWTs has been receiving more and more attention in recent years. At
UESTC (University of Electronic Science and Technology of China), the periodic lossy
circuit has been applied to the interaction region with an output power of 112 kW and a
bandwidth of 3.8 GHz being achieved in the experiment [19,20]. At BVERI (Beijing Vacuum
Electronics Research Institute), we also used the periodic lossy circuit as the interaction
region of the tube, and obtained an output power of 110 kW and a bandwidth of 4 GHz [21].
However, an inner groove on the tube wall caused by the bombardment of the electrons
had been observed in a previous experiment. The phenomenon indicates that a poor
electron beam transmission seriously limits the output power of the tube. According to
the results of theoretical calculations, the interaction cavity radius of the TEy; mode is only
2 mm, and the distance between the electron beam and the tube wall is less than 1 mm. It
is very hard to avoid the bombardment of the electrons. Consequently, improvement of
the electron beam transmission and the output power capacity is very difficult. To solve
this problem, a fundamental harmonic of the TE, cylindrical waveguide mode has been
applied as the operating mode in our recent design. The interaction cavity radius of the
TEg, mode is 3.7 mm, which greatly decreases the risk of the bombardment on the tube
wall of the electrons; furthermore, the performance of the tube is guaranteed effectively.
The paper is organized as follows. The theoretical analysis of the beam-wave interac-
tion is introduced in Section 2. The third section introduces the designs of the W-band TE,
mode gyro-TWT. The performance of the proposed tube is verified by experiment results
and the problem of parasitic mode oscillation of the tube is analyzed in Section 4. Finally,
the conclusion of the article and the overview of future work are presented in Section 5.

2. Theoretical Analysis

In the gyro-TWT, the amplification is achieved by using a cyclotron electron beam
to interact with the transmitting microwave, which can be described by the following
dispersion equations [22,23]:

w = kyvy + 5O 1

w? — k2 — K2, > =0 2)

kmn = Xmn/Tw 3)

Here, w is the operating angle frequency, k, is the axial wave number, s is the cy-
clotron harmonic number, v, is the axial velocity, and Q) = eB/(ymy) is the relativistic

cyclotron frequency.
The interaction cavity radius can be determined by:

Tw = Can/w (4)

In the above, xux is the nth root of the derivative with respect to x of J,;(x), the
m™-order Bessel function of the first kind. The xu. of the TEg, mode is 7.016, which is
roughly two times larger than the x;,, of the TEy; mode. The interaction cavity radius is
increased significantly at the same operating frequency. However, the number of competing
modes will also increase (shown in Figure 1). Figure 1 shows that the possible competing
modes are TEyy, TEqp, TE¢1, TE»; and TE1; meanwhile, they will oscillate at frequencies of
85.5 GHz, 76.2 GHz, 72 GHz, 70.9 GHz, 69.2 GHz and 67 GHz, respectively. Therefore, the
method of suppressing these competing modes is critical in the design.
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Figure 1. The dispersion diagram of the TEg; mode and the possible oscillating modes (U = 70 kV,
a =12, B/B¢ =1.026, and 1y = 3.7 mm).

According to the observations from the previous experiment for the W-band TEy;
mode gyro-TWT, in order to suppress these competing modes, a periodic dielectric loaded
circuit (shown in Figure 2) has been applied, in which the relative permittivity and the
loss tangent of the dielectric, the periodicity, and the dimension of the circuit have been
optimized for the highest efficiency.

copper ring dielectric ring

Figure 2. The schematic of the periodic dielectric loaded circuit.

Meanwhile, the harmonic coupling coefficient that represents the interaction strength
is defined as [22]:

Hgm (rg/ VL) = ]szﬂ:m (xmnrg/rw)]f (xman/rw) (5)

Here, 1, r¢, and 1, are the Larmor radius, the guiding-center radius of the electrons,
and the interaction cavity radius, respectively, with & indicating co-rotating (—) and
counter-rotating (+) modes, respectively. Figure 3 shows the dependence of the coupling
coefficient on guiding-center radius for the TEy, mode and the possible competing modes.
In this figure, the coupling coefficient peaks at r¢ /7, = 0.26 for the TEp, operating mode.
Although this is smaller than the coupling coefficient of the TEy; mode, the smaller guiding-
center radius contributes to the increase in electron flow rate. In addition, the coupling
coefficients of the other possible competing modes are very small; the value of r¢ /74, is 0.26,
which indicates the oscillations of these modes have less influence on the performance of
the tube.
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Figure 3. The dependence of the coupling coefficient on guiding-center radius for the TEp, mode
and possible competing modes.

3. Designs and Simulation Results

In general, a gyro-TWT includes a magnetic injection gun, an input coupler, an
interaction region, a collector, and an output window. The prototype of the W-band TE,
mode gyro-TWT is shown in Figure 4. In our design, a triode-type magnetic injection gun
with a high voltage of 70 kV and a relatively low beam current of 9 A has been applied. The
input coupler consists of a pillbox window and a Y-type mode convertor. The interaction
region uses a periodic beryllium oxide ceramic-loaded circuit. The collector is cooled by
water. The output window is formed by three pieces of sapphire discs. The operating
parameters are listed in Table 1.

Outputwindow

Magnetic

Figure 4. Schematic of the W-band TEg; mode gyro-TWT.
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Table 1. Operating parameters of the W-band TE(, mode gyro-TWT.

Parameter Value
Accelerating voltage 70 kV
Electron beam current 9A
Velocity ratio 1.2
Operating mode TEp,
Output mode TEp
Cyclotron harmonic 1
Magnetic field 34T
Interaction cavity radius 3.7 mm
Guiding-center radius 0.96 mm
Relative permittivity of dielectric 12
Loss tangent of dielectric 0.225
Velocity spread 5%

3.1. Interaction Region

The interaction region is the most important component of the gyro-TWT, where the
energy of the electron beam has been transferred to the RF wave when the synchronous
condition is satisfied. According to the analysis in Section 2, the parasitic mode oscillations
need to be suppressed. When the higher order mode is applied, the influence of these
oscillations on the output power of the operating mode increases significantly. Figure 5
shows the process of the beam—wave interaction at a frequency of 94 GHz. By introducing
the periodic dielectric loaded circuit, the parasitic mode oscillations are suppressed. In the
smooth waveguide, the power of the input RF wave is amplified from 10 mW to 160 kW
with an electron efficiency of 29%.

Al
i

M‘.‘ [

0 2 4 6 8 10 12

30F T ‘ T T T T
3 20f Electron Beam Efficiency~,,
=101 ohm loss
0
0 2 4 6 8 10 12
z (cm)

Figure 5. Process of the beam-wave interaction in the designed interaction region (f = 94 GHz, drive
power is 10 mW, velocity spread is 5%).

Figure 6 shows the calculated instantaneous bandwidth of the W-band TE(, mode
gyro-TWT. The results show that the 120 kW-level bandwidth is at 8.65 GHz, which satisfies
the requirements of the application.
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Figure 6. Calculated bandwidth of the W-band TE(; mode gyro-TWT.

3.2. Electron Optical System

The electron optical system consists of: (1) a magnetic injection gun (MIG) for gener-
ating the desired rotating electron beam; (2) a collector, which is used to sort the residual
electrons after interaction. This particular section deals with the design studies on the
electron optical system, which are as follows.

3.2.1. Magnetic Injection Gun

A triode-type MIG consists of an emitter ring, a modulating anode and an accelerating
anode. It is preferred for performance verification experiments by adjusting the voltage of
the modulating anode to control the electron beam parameters. According to the beam-—
wave interaction calculation, the velocity ratio, guiding-center radius, and velocity spread
are set as the design objectives of the MIG. By optimizing the structure dimensions and the
potentials of the electrodes, the desired beam parameters were achieved, and carried out
by Opera-3D code (seen in Figure 7 and Table 2).

Accelerating anode

20

20 40 60 1710 1200 140 160 180
Figure 7. Electron trajectories of the optimized MIG.

Table 2. Beam properties of the optimized MIG.

Parameter Value
Accelerating voltage 70 kV
Modulating voltage 30.7 kV

Electron beam current 9A
Velocity ratio 1.2
Guiding-center radius 0.972 mm
Velocity spread 3.49%

22



Electronics 2021, 10, 1950

3.2.2. Collector

In order to take out the heat generated by the dissipation power of the residual
electrons in time, the collector is cooled by water. The optimization of the cooling structure
was carried out by ANSYS. Under the parameters of water flow at 7 t/h and dissipation
power density at 490 W/cm? (assuming all the electron energy transforms to heat and the
duty ratio is 20%), the results of the temperature distribution are shown in Figure 8. The
temperatures of the inner wall and outer surface are 136 °C and 94 °C, respectively, which
are far below the outgassing temperature of the copper. According to the calculation, the
average power capacity of the designed collector is above 130 kW.

136.57 Max
123.54
111.11
08,383
83.652
TZ.022
60.191
A7ARL
24.73

22 Min

Figure 8. Temperature distribution of the optimized collector.

3.3. Transmission System

The transmission system includes: (1) an input coupler, which is used to transform
the rectangular waveguide TEjp mode to the cylindrical waveguide TEg; mode; (2) an
output window, which is used to maintain a high-vacuum environment in the tube and
transmit the cylindrical waveguide TE(y; mode to the outside of the tube with low reflec-
tion. The bandwidth and reflection coefficient are the most important properties of the
transmission system.

3.3.1. Input Coupler

In our design, the input coupler consists of a pillbox window and a mode converter.
The pillbox window is made of CVD diamond, which has a perfect matching performance
ina Wband. In the mode converter, a Y-type structure has been applied [24-26]. A standard
rectangular waveguide has been divided into eight ports to connect with a cylindrical
waveguide; these ports are uniformly distributed along the circumference. The simulation
results show that the TEg, mode can be excited directly from the TE;g mode.

Figure 9 shows the calculated VSWR of the input coupler. From 90 GHz to 102 GHz,
the VSWRs are between 1.2 and 2.1, which meet the requirements of the broadband power
drive. The fluctuation of the VSWR is caused by the reflections of the eight ports.
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Figure 9. Calculated VSWR of the input coupler.

3.3.2. Output Window

To achieve broadband operation, a triple-sapphire-disc configuration has been applied
on the output window [24]. Based on the view of the resonant window, the thickness of the
disc is about NeA4/2, where N is equal to 1,2,3 ... , and A4 is the wavelength of sapphire.
By optimizing the thicknesses of the discs and the distances between the discs, the lowest
reflection coefficient was achieved.

The diameter of the output window is 32 mm. After optimization, the thicknesses of
the three discs are 0.4 mm, 0.8 mm, and 0.4 mm, respectively. The distances between the
discs are 0.51 mm. The relative dielectric constant and the loss tangent of the sapphire are
9.5and 2 x 10~*, respectively. Figure 10 shows the calculated VSWR of the output window.
In 91-100 GHz, the VSWRs are less than 1.1, which indicate that the advantageous property
of low reflection is obtained.
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Figure 10. Calculated VSWR of the output window.
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4. Experiment Results and Discussion

According to the design scheme of the W-band TEg, mode gyro-TWT, fabrication
of the components was carried out. Before assembling the tube, the critical components,
such as the input coupler and output window, were tested by the VNA (Vector Network
Analyzer), as seen in Figure 11. The cold test results are shown in Figure 12. In 92-100 GHz,
the measured VSWRs of the input coupler are less than 2, and the measured VSWRs of the
output window are less than 1.1. In consideration of the influences of the machining errors,
the above results agree well with the simulation results.

Output window

(b)

Figure 11. Cold test of the critical components of the W-band gyro-TWT by VNA (a) Input coupler;
(b) Output window.
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Figure 12. Cont.
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Figure 12. Cold test results of the critical components of the W-band gyro-TWT. (a) Input coupler;
(b) Output window.

The prototype of the W-band TE(, mode gyro-TWT is shown in Figure 13. The length
and maximum diameter of the tube are 1400 mm and 85 mm, respectively.

Figure 13. Prototype of the W-band TE(; mode gyro-TWT.
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The hot test system diagram of the tube is shown in Figure 14. A driving signal
which is generated by a W-band signal generator is amplified by a W-band solid state
amplifier and a W-band TWT. The maximum output power of the W-band TWT is 150 W.
The W-band gyro-TWT was installed on a superconducting magnet with a maximum
magnetic field intensity of 4 T. The voltage of the W-band gyro-TWT is provided by a
high-voltage power supply. The output power of the tube is measured by a water load
and a calorimeter. The waveforms of the beam voltage, beam current, driving signal, and
output signal are measured by a four-channel oscilloscope. A spectrum analyzer is used to
detect the operating mode and parasitic modes.

Power meter for 40 dB directional € Calorimeter for
output power test | coupler Water load —| output power test
of the TWT P of the gyro-TWT

The W-band gyro-
TWT
W-band signal W-band sf.:gd ) W-band TWT | | under ;ested Spectrum
enerator > state amplitler (max. 150 W) i an analyzer
& (max. 200 mW) ’ Superconducting
magnet
(max. 4 T)
A A
High voltage
power supply High voltage
for TWT power supply 4 Channel
(max. 30 kV, for gyro-TWT % oscilloscope
10m A) (max. 90 kV, 50 A)

Figure 14. Hot test system diagram of the W-band TEj; mode gyro-TWT.

First, experimental verification was carried out. In the duty ratio of 1%, the accelerating
voltage was 70.2 kV, the electron beam current was 8.5 A, and the maximum magnetic field
was 3.46 T. The measured output power and gain are shown in Figure 15. It can be seen
that from 91 to 99 GHz, the output power is above 60 kW, and the gain is above 32 dB.
The property of broadband power amplification of the W-band TEp, mode gyro-TWT
was verified.

However, the output power and the gain are much lower than the simulation results,
due to the oscillations in the tube. The frequency spectrums of the output signal were
detected in the experiment by a spectrum analyzer, as shown in Figure 16. The amplification
of the operating mode and the oscillations were observed. According to the dispersion
diagram in Figure 1, the oscillations correspond to the absolute instability of the TEg, mode
at 88 GHz and the backward wave oscillation of the TEy; mode at 85 GHz, respectively.
These oscillations disturb the movements of the electron beams and further lead to the
increase in velocity spread. Therefore, the beam-wave interaction efficiency decreases
rapidly. In addition, they have a significant influence on the operating stability of the tube,
which restricts the increase in duty ratio. In subsequent improvements, a heavier dielectric
loss will be applied in the interaction region to suppress the mode oscillation.
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Figure 15. Measured output power (a) and gain (b) of the W-band TE(,; mode gyro-TWT.
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Figure 16. Measured frequency spectrums of the W-band TEq, mode gyro-TWT.

5. Conclusions

In this paper, the design of a W-band TE(; mode gyro-TWT is presented. The sim-
ulation results indicate that the performances of the tube meet the requirements of the
output power greater than 100 kW and the bandwidth greater than 8 GHz. Fabrication of
the components was carried out. The cold test results of the transmission system agree
well with the simulation results, which verify that the transmission system has the advan-
tageous properties of broadband and loss reflection. The prototype of the W-band TEg,
mode gyro-TWT was assembled. In the preliminary experiment, a bandwidth of 8 GHz
was achieved, and the output powers were above 60 kW at 70.2 kV/8.5 A. The feasibility
of using the TEgp; mode as the operating mode to achieve broadband amplification in the
W-band is verified. However, the measured results are far below the simulation’s results,
which are caused by the oscillations in the tube. The mode oscillations are observed, which
causes the beam-wave interaction efficiency to decrease rapidly and the duty ratio to be
restricted to 1%. An improvement of applying a heavier dielectric loss to suppress the
oscillations is in progress. The reasons for this and the suppression methods are also
under study.
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Abstract: A ring reflector was experimentally investigated using an axial virtual cathode oscillator
(vircator). The ring reflector was installed behind the mesh anode of the axial vircator to enhance
the microwave power output by forming a resonant cavity and increasing the electron beam to
microwave energy conversion efficiency. The optimum position of the ring reflector is analyzed
through simulations and experiments by varying the anode to reflector distance from 6 mm to 24 mm
in 3 mm steps. PIC simulations show that the ring reflector enhances the microwave power of the axial
vircator up to 220%. Experiments show that the microwave power from the axial vircator without
the ring reflector is 11.22 MW. The maximum average peak microwave power of the axial vircator
with the ring reflector is 25.82 MW when the anode to ring reflector distance is 18 mm. From the
simulations and experiments, it can be seen that the ring reflector yields decaying enhancement that
is inversely proportional to the anode to ring reflector distance and there is no noticeable microwave
enhancement after 24 mm. The frequency range attained from the simulations and experiments is 5.8
to 6.7 GHz and 5.16 to 5.8 GHz, respectively. The difference between the simulation and experimental
results is due to the error in the anode to cathode gap distance. Although the frequency is slightly
changed, the ring reflector seems to have no influence on the frequency of the generated microwave.

Keywords: high-power microwave source; HPM source; virtual cathode oscillator; vircator; ring
reflector

1. Introduction

As high-power microwave (HPM) devices have shown potential in various industries,
many high-power electron devices have been studied and developed in many applica-
tions [1]. The HPM system utilizes pulsed power technologies and electron devices to
generate microwaves from a few MW to a few GW. The HPM system is composed of a
prime power source, a pulsed power system, and an HPM source. The virtual cathode oscil-
lator (vircator) is one of the high-power electron devices used for the HPM source [2]. The
vircator has low intrinsic impedance and is suitable for being driven using a low-impedance
pulsed power source [3-6]. The vircator has two microwave-generating mechanisms. One
is the reciprocating motion of electrons between the real cathode and the virtual cathode
formed behind the anode, and the other is an oscillation of the virtual cathode. The vircator
has been studied widely due to its structural simplicity and its ability to be tuned easily.
The structural simplicity allows for high-voltage operation and the tuning characteristics
allows for simple frequency modulation. However, the vircator has relatively low efficiency
(typically below 5%) compared to other high-power electron devices. Many researchers
have studied various types of vircators such as axial vircators, reflex triode vircators, and
coaxial vircators to modulate the output microwave and increase its efficiency [7-14].

Researchers installed reflectors in the vircator to improve its efficiency and enhance
its output power. Various types of reflectors were studied using particle-in-cell (PIC)
simulations and experiments [15-20]. Among these reflectors, a ring-type reflector is
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Trigger
Generator

reported to increase the electron beam to microwave power conversion efficiency by
forming a resonant cavity when used in the coaxial vircator [15].

In this paper, an axial vircator with and without a ring-type reflector is experimentally
investigated. The microwave power enhancement and the shift in the frequency spectrum
due to the installation of the ring reflector have been analyzed through PIC simulations
and experiments. A ring reflector is placed behind the mesh anode in the vircator chamber.
To find the optimum anode to ring reflector distance, the ring reflector distance is changed
from 6 mm to 24 mm in 3 mm steps. The axial vircator is driven using a 10-stage PFN-Marx
generator. The influence of the ring reflector is analyzed by looking at the microwave
power and the frequency for different anode to ring reflector distances. The overall system
description is introduced in Section 2. The simulation and experimental results are analyzed
in Section 3 and summarized in Section 4, consequently.

2. System Description

Figure 1 shows the schematic diagram of the experimental vircator system. The
experimental system is composed of a pulsed power system, an HPM device, and a
measurement system. The pulsed power system compresses the charged voltage and
applies the high-voltage pulse to the load. The HPM device generates a high-power
microwave using the supplied high-voltage pulse from the pulsed power source. An
axial vircator is used as an HPM source in this experiment. As a measurement system, a
receiving antenna is installed apart from the high-power microwave device to measure
and analyze the characteristics of the pulsed power system and the high-power microwave
device.
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Figure 1. Schematic diagram of the experimental system.

2.1. PEN-Marx Generator

A 10-stage pulse-forming network (PFN)-Marx generator is selected to drive the HPM
device. The PFN-Marx generator is suitable for driving low impedance HPM sources. The
PFN consists of a consecutive array of L-C ladder circuit generating rectangular voltage
pulses. When the PFNs are erected, the PEN-Marx generator produces a rectangular pulse
with the pulse duration of the PEN which is multiplied by the charged voltage on the PEN
and the number of stages [21-23]. By selecting proper inductance and capacitance values,
the impedance of the PFN-Marx generator and that of the axial vircator can be matched
without using additional impedance-matching devices, such as a tapered transmission line.
The PFNs are constructed using high-voltage capacitors and copper strip inductors. Two
PFN arrays with a characteristic impedance of 6 () are connected in parallel to reduce the
characteristic impedance of the PEN module to 3 (). The resulting characteristic impedance
of the PFN-Marx generator is 30 (). The design parameters of the 10-stage PFN-Marx
generator are shown in Table 1. The capacitance and the inductance described in Table 1
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is the composite value of two PEN arrays. A schematic circuit of the 10-stage PFN-Marx
generator is shown in Figure 2. The circuit shown in Figure 2 is also used in the circuit
simulation of the PFN-Marx generator.

Table 1. Design parameters of the 10-stage PFN-Marx generator.

Parameter Value Parameter Value
Capacitance 4.17 nF Inductance 37.5nH
PFN stage 6 Marx stage 10
Charging voltage —-30kV Erected voltage —300 kV
Pulse width 150 ns Qharacterlstlc 300
impedance
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Figure 2. Schematic circuit of the 10-stage PEN-Marx generator.

Figure 3 shows the typical output waveform of the PEN-Marx generator of the sim-
ulations (a) and experiments (b). In the circuit simulation, the PFN-Marx generator is
charged with a positive voltage. Alternatively, because the vircator chamber is grounded,
the PFN-Marx generator is negatively charged in the experiments. The plateau voltage
level of the simulation and experiments is approximately the same. The plateau voltage of
—150 kV is used in the PIC simulations.
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Figure 3. Typical output waveforms of the diode voltage and the diode current: (a) simulation results and (b) experimental
results.

2.2. Axial Vircator

A vircator is a microwave source classified as a space charge device. It is one of
various high-power microwave devices. Among various vircators, the axial vircator
extracts the microwave along its axis. The axial vircator used in experiments is housed
in a stainless-steel chamber (300 mm in diameter and 400 mm in length). A drift tube
(200 mm in diameter) is installed in the chamber to attach the ring reflector and the anode
assemblies. The stainless-steel chamber is evacuated to a pressure below 3 x 10~° torr using
a turbomolecular vacuum pump. The cathode holder and the back plate of the chamber are
machined using poly-ether-ether ketone (PEEK) to prevent electrical breakdown between
the voltage feeder and the vircator chamber. A stainless-steel mesh anode with geometric
transparency of 70% and a graphite cathode are used as the vircator diode. The diameters
of the cathode and the mesh anode are 70 mm and 200 mm, respectively. In the experiments,

the anode to cathode gap (A-K gap) distance is fixed at 6 mm. The internal structure of the
axial vircator is shown in Figure 4.

Mesh anode Drift tube

Ring Reflector

PEEK holder i

&

Figure 4. Inner structure of the axial vircator.
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2.3. Measurement Equipment

To analyze the characteristics of the pulsed power system, the diode voltage and the
current are measured using a capacitive voltage divider and a current monitor, respectively.
A Pearson coil is used as the current monitor. Both the capacitive voltage divider and the
Pearson coil are installed in the voltage feedthrough. The diode voltage and the current are
recorded using an oscilloscope (DPO 3054).

To analyze the generated microwave power, a double ridged horn antenna is placed
3 m away from the vircator window. The vircator to antenna distance is selected to accord
with the far-field criteria. A planar-doped barrier diode detector (8474B) is used to measure
the received microwave power. The diode detector converts microwave power into voltage.
The power-voltage conversion ratio of the detector is used in calculating the power from the
vircator. The frequency of the microwave power is analyzed using a fast Fourier transform
(FFT). The microwave signal and diode detector output are recorded using a high-speed
oscilloscope (MSO 71604C). To protect the high-speed oscilloscope and the diode detector,
a —30 dB attenuator is installed after the antenna. Considering the attenuation at the RF
cable from the antenna to the oscilloscope and the insertion loss at the power divider, the
total attenuation at the RF measuring system is —51 dB.

The microwave power at the axial vircator is calculated using Friis’s equation. Friis’s

equation is given as:
P, (4nD\?
b, = —_— 1

' GtGr< A ) M

Here, P; is the power at the transmitting antenna, P, is the power at the receiving
antenna, G; is the transmitting antenna gain, G, is the receiving antenna gain, D is the dis-
tance between the transmitting antenna and the receiving antenna, and A is the wavelength
of the microwave signal [24]. In the RF measuring system, the gain of the transmitting
antenna G and the gain of the double-ridged horn antenna G, are 18.5 dBi and 12.82 dBi,
respectively.

3. PIC Simulation and Experimental Results

The axial vircator with a ring reflector is investigated through PIC simulations and
experiments. The ring reflector with a thickness of 1 mm is installed behind the mesh anode.
The outer and inner diameter of the ring reflector is 200 mm and 140 mm, respectively.
To optimize the cavity volume formed due to the ring reflector, the simulations and the
experiments are conducted by varying the distance between the mesh anode and the
reflector from 6 mm to 24 mm in 3 mm steps.

3.1. PIC Simulation

The axial vircator with and without the ring reflector is analyzed before experiments
by using an FDTD-PIC simulation (CST particle studio). The simulation region is marked
in Figure 4. Because the drift tube is the main operating region, the rest region except the
drift tube region is excluded in the simulation model. The diameter and the length of the
simulation space are 200 mm and 300 mm, respectively. The surface of the cathode and
the anode are placed at z = 20 mm and z = 26 mm, respectively. The threshold voltage
for electron emission is set to 100 kV/m. The mesh anode is modeled as a thin sheet with
a transparency of 70%. A ramp-shaped voltage pulse with a pulse width of 25 ns and a
plateau voltage of —150 kV is used as a vircator operating voltage waveform. Figure 5
shows the phase diagrams of the axial vircator. When the anode to ring reflector distance
is between 12 mm and 21 mm, the discontinuous momentum points are distinctly shown
around the reflector position. The simulation results showing the microwave power from
the axial vircator are depicted in Figure 6. The microwave power is normalized based on
that of the axial vircator without the ring reflector. According to the simulations, it can be
seen that the ring reflector enhances the microwave power by up to 220%. However, the
power enhancement ceased when the anode to ring reflector distance increased to 24 mm.
FFT results are shown in Figure 7. The dominant frequencies are around 5.8 GHz when the
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ring reflector is not used or when the anode to ring reflector distance is larger than 18 mm.
However, the dominant frequencies are above 6 GHz when the anode to ring reflector
distance is between 6 mm and 15 mm. The reciprocating motion of electrons between
the cathode and the virtual cathode is one of the principles of microwave generation in
the vircator. According to the simulations, the ring reflector seems to attract the virtual
cathode and lengthen the reciprocating distance when the anode to ring reflector distance is
between 6 mm and 15 mm. Because the reciprocating frequency is inversely proportional to
the reciprocating distance, the frequency shift is caused due to the lengthened reciprocating
distance [24].
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Figure 5. Phase space diagram of the axial vircator with and without the ring reflector.
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Figure 6. Normalized microwave power of the axial vircator with and without the ring reflector.
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Figure 7. Frequency spectrum of the axial vircator with and without the ring reflector.

3.2. Experimental Results

The axial vircator is used to investigate and verify the enhancement of the microwave
power caused by using the ring reflector. Figure 3b shows the typical voltage and current
waveforms when D4 g is 12 mm. The measured peak and plateau diode voltages were
—196 £ 5 kV and —150 7 kV, respectively. The rise time and the pulse width of the
voltage pulse are 25 ns and 200 ns, respectively. The peak diode current is —5.6 &= 0.7 KA.
According to the experiments, the presence and the position of the ring reflector have no
noticeable influence on the diode voltage or the diode current. The output microwave
from the axial vircator is calculated using the RF diode detector output voltage and the
dominant frequency attained from the FFT results. The typical diode detector output
waveforms when the axial vircator is driven without the ring reflector and with the ring
reflector (Da-grr is 12 mm) are shown in Figure 8. Although the pulse width of the input
voltage is 200 ns, the pulse width of the RF diode detector output is 140 ns. According to
the input voltage and the RF detector output waveforms, the microwave is considered to
be generated at the plateau part of the input voltage. Figure 9 shows the typical frequency
spectra of the measured microwave when the axial vircator is driven without the ring
reflector and with the ring reflector (Da-rr is 12 mm). The frequency spectra are obtained
from the FFT results of the recorded microwave using the high-speed oscilloscope. The
overall experimental results with the ring reflector are shown in Table 2.

The microwave power results are normalized based on the microwave power of the
axial vircator without the ring reflector to analyze the tendency of microwave enhancement.
The normalized microwave power depending on the anode to ring reflector distance
is shown in Figure 10. As shown in the figure, the simulations and experiments show
analogous tendencies. From the figure, it can be seen that the microwave power of the
axial vircator is significantly enhanced when the anode to ring reflector distance is below
21 mm. Both simulations and experiments show that the decay in microwave power
enhancement is inversely proportional to the anode to ring reflector distance, and the
ring reflector has no enhancing effects after this distance increases to 24 mm. Figure 11
shows the dominant frequency of the simulations and the experiments versus the anode to
ring reflector distance. Simulation results show that the dominant frequency of the axial
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vircator with and without the ring reflector is formed between 5.8 and 6.7 GHz. According
to experiments, the dominant frequency is formed between 5.2 and 5.8 GHz. The vircator
frequency is proportional to the root of the input voltage and inversely proportional to the
A-K gap distance. Because the plateau voltage of the simulations and experiments is the
same, the difference in simulation and experimental frequencies is assumed to be caused
by variation in the A-K gap distance. Although this distance can be accurately set to 6 mm
in simulations, the A-K gap distance can have small variations during the experiments
due to installation errors and the surface conditions of the mesh anode and the cathode.
Simulations show that the frequency is slightly shifted upward when the anode to ring
reflector distance is between 6 and 15 mm. However, according to the experiments, the
ring reflector has no distinguishable frequency shifting tendency. From the figures, it is
deduced that the power enhancement and the frequency shift are related to the microwave
wavelength. The wavelengths corresponding to the average dominant frequency of the
simulations and experiments are approximately 50 mm and 54, respectively. The quarter
and half wavelengths of the simulations are 12.5 mm and 25 mm, while the quarter and
half wavelengths of the experiments are 13.5 mm and 27 mm. If the microwave power
enhancement when the anode to ring reflector distance is set to 18 mm is neglected, it is
deduced that the ring reflector has a significant influence on the microwave power and the
frequency when the anode to ring reflector distance is below the quarter wavelength, and
it has no influence when the anode to ring reflector distance is above the half wavelength.
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Figure 8. Typical diode detector output waveform of the axial vircator: (a) without ring reflector and (b) with ring reflector
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Table 2. Experimental results.

DR Prnin (MW) Prmax (MW) Pavg (MW) Froquency
Without RR 8.7 12.3 11.22 5.54
6 mm 18.11 25 22.79 5.79
9 mm 19.36 2443 21.53 5.59
12 mm 15.14 22.75 20.99 5.48
15 mm 16.22 18.62 18.28 5.64
18 mm 24.38 29.31 25.82 5.48
21 mm 12.53 16.2 15.35 5.16
24 mm 11.22 13.27 12.42 5.57

38



Electronics 2021, 10, 1878

1.2 T T T T T . . . 12 T T T T T T T T

D, e~ 120m

o
=
T
'
=
-
T
|

Magnitude (a.u.)
o
[=2]
Magnitude (a.u.)
(=}
(=2}

o
.

=
.
T
I

0.2r 7 02r B

L—%-\_u- i A L " " . J
1 2 3 4 5

1 2 3 4 5 6 7 8 9 10 [ 7 8 9 10
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 9. Typical frequency spectrum of the axial vircator: (a) without ring reflector and (b) with ring reflector (Da.grr =

0

12 mm).

3 T T T T T T T
—&— Experiments
—+&— Simulations
oy
=)
= 25T 4
e
=
o
3
-
—ﬂ__‘ 2 - -
=
3
=
2
E 151 .
~
o
S
£
s 1r 7
F
[} 5 Il 1 1 1 1 Il 1

G 9 12 15 18 21 24
Anode-Ring Reflector Distance (mm)

Figure 10. Normalized microwave power of the simulations and experiments as a function of the
anode to ring reflector distance.

39



Electronics 2021, 10, 1878

=J

— = Experiments
—FH— Simulations

o
oo
T

om o
i-% =]
T T
I i

m
[§%]
T
i

(%]
[=s)
T
\p
J
A
.r"’
/
?‘4
=
|
|
|
m
|
|
|
O
|

Dominant frequency (GHz)
o »
\
/
M—)

(%] o
B
Ve

S

5
“‘;‘;’ml 6 9 12 15 18 21 24
Anode-Ring Reflector Distance (mm)

Figure 11. Dominant frequency of the simulations and experiments as a function of the anode to ring
reflector distance.

4. Conclusions

In this paper, the power enhancement and the optimum position of the ring reflector
for an axial vircator have been investigated using PIC simulations and experiments. The
operation features of the axial vircator with the ring reflector are compared with those of
the axial vircator without the ring reflector. The axial vircator is driven using a —150 kV
voltage pulse from a 10-stage PFN-Marx generator. The ring reflector is installed behind
the mesh anode. The anode to ring reflector distance is adjusted in 3 mm steps from
6 mm to 24 mm. When the axial vircator is driven without the ring reflector, the peak
microwave power and the dominant frequencies are 11.22 MW and 5.54 GHz, respectively.
Installing the ring reflector enhances the microwave power up to 25.82 MW when the
anode to ring reflector distance is 18 mm. According to the simulations and experiments,
the available working distance between the anode and the ring reflector is limited to below
24 mm. When the anode to ring reflector distance increases above 24 mm, the power
enhancement disappears. The difference between the simulations and the experiments
is a frequency shift due to the ring reflector position. According to the simulations, the
frequency shift is observed when the anode to ring reflector distance is between 6 and
15 mm. Although the frequency shifts upward when the anode to ring reflector distance is
6 mm, the experiments show no noticeable frequency shift when the anode to ring reflector
distance is 12 mm or 15 mm. The changes in frequency and the power enhancement due to
the position of the ring reflector are assumed to occur at the quarter and half wavelengths
of the generated microwave. In future experiments, we intend to investigate the relation
between the position of the ring reflector and the wavelength by varying the frequency of
the microwave generated by the axial vircator.
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Abstract: This paper investigates a 220 GHz quasi-optical antenna for millimeter-wave wireless
power transmission. The quasi-optical antenna consists of an offset dual reflector, and fed by a
Gaussian beam that is based on the output characteristics of a high-power millimeter-wave radiation
source-gyrotron. The design parameter is carried on by a numerical code based on geometric
optics and vector diffraction theory. To realize long-distance wireless energy transmission, the
divergence angle of the output beam must be reduced. Electromagnetic simulation results show that
the divergence angle of the output beam of the 5.6 mm Gaussian feed source has been significantly
reduced by the designed quasi-optical antenna. The far-field divergence angle of the quasi-optical
antenna in the E plane and H plane is 1.0596° and 1.0639°, respectively. The Gaussian scalar
purity in the farthest observation field (x = 1000 m) is 99.86%. Thus, the quasi-optical antenna
can transmit a Gaussian beam over long-distance and could be used for millimeter-wave wireless
power transmission.

Keywords: millimeter waves; wireless power transmitting; quasi-optical antenna; gaussian beam;
Gyrotron

1. Introduction

Microwave power transmission (MPT), as a feasible solution for long-distance wireless
power transmission, has attracted much attention for many potential applications, such
as space solar power generation [1,2], continuous high-altitude relay platforms [3,4], etc.
Compared to microwaves, millimeter waves have higher frequencies and better beam
directivity [5], which are considered more conducive to long-distance wireless energy
transmission applications. However, due to the lack of high efficiency and high power
millimeter-wave source (such as magnetron in the microwave region), the investigations
on millimeter-wave power transmission are limited.

In recent decades, the high power millimeter-wave source has achieved rapid de-
velopment [6-8]. Gyrotron, which is also named electron—cyclotron maser, is based on
stimulated cyclotron emission processes involving energetic electrons in gyrational mo-
tion [9-11]. Unlike the traditional vacuum electronic devices utilizing slow-wave circuits as
their interaction structures, gyrotron is a fast-wave device that has much larger physical di-
mensions than the operating wavelength. Therefore, it has higher output power and higher
efficiency than traditional vacuum electronics devices in the millimeter-wave region [12,13].
Until now, a 2.2-MW peak power with an efficiency of 48% has been obtained in 170-GHz
gyrotron in Forschungszentrum Karlsruhe, and a 70% peak efficiency with power 0.8-MW
has been achieved in 70-GHz gyrotron in the Russian Academy of Science [14]. Thus, the
millimeter-wave power transmission based on gyrotron becomes practicable.
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However, the divergence angle of the beam output by the gyrotron is large, which
makes the energy collapse sharply when it travels a long distance. Therefore, the Gaussian
beam output by the gyrotron is mainly applied for short distances [15-17]. Accordingly, to
make it suitable for long-distance energy transmission, it is necessary to solve the problem
of the large divergence angle of the gyrotron output Gaussian beam. There are still few
investigations directly devoted to studying this issue, as far as the author knows, but some
similar research work inspire associating. For example, the Gaussian laser beam is different
from the Gaussian beam output by the gyrotron in the frequency band. In the application of
semiconductor lasers, it has been presented that a collimating lens can be used to increase
the waist radius of the Gaussian laser beam, thereby reducing the divergence angle of
the Gaussian laser beam [18]. Nevertheless, for a gyrotron with high frequency and high
output power, the material and manufacturing process of the required lens are difficult to
achieve. In addition, some scholars have proposed a feed-forward Cassegrain geometry to
increase the waist radius of the Gaussian laser beam, thereby reducing the divergence angle
of the Gaussian laser beam [19]. However, the Gaussian beam obtained by this structure is
greatly influenced by the aperture blockage. The center of the gotten beam is empty, and
its Gaussian content is not suitable for energy transmission.

Based on the above, this paper proposes an offset Cassegrain dual reflector scheme,
which uses 220 GHz gyrotron output Gaussian beam as the feed source to form together
with a quasi-optical antenna structure. This design structure can reduce the divergence
angle of the Gaussian beam output by the gyrotron, thereby realizing the wireless energy
transmission over a long distance in the millimeter-wave band. Meanwhile, 220 GHz is
selected as the operating frequency, which is the highest atmospheric window with low
transmission attenuation in the millimeter-wave region [5].

The quasi-optical antenna structure and physical principle of reducing the divergence
angle of the Gaussian beam output by the gyrotron will be addressed in Section 2, where
a numerical calculation program for optimizing the quasi-optical antenna parameters is
designed. Simulation results and discussion about the quasi-optical antenna on wireless
energy transmission are presented in Section 3, followed by the conclusion in Section 4.

2. Structure and Design Principles
2.1. Antenna Structure

The 3D structure of the proposed quasi-optical antenna is described in Figure 1. And a
standard fundamental mode Gaussian feed is considered to be a substitute for the Gaussian
beam output by the 220 GHz gyrotron. The dual reflector antenna is composed of a main-
reflector and a subreflector. To prevent the feed source and the subreflector from blocking
the reflected wave, the offset Cassegrain dual reflector scheme [20,21] is adopted here. The
feed source and the subreflector are offset from the main reflector.

The Gaussian Feed(Gyrotron Output Window) z ¥
o Z.x

Subreflector

Main Reflector

Observed Field

Figure 1. Principle of the quasi-optical antenna and coordinate system.
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2.2. Gaussian Beam Propagation Theory

During the propagation of the Gaussian beam, most of the energy is concentrated
near the propagation axis. The wave amplitude in the transverse direction is variable and
conforms to the Gaussian distribution. Considering the paraxial approximation condition,
the field distribution of a fundamental Gaussian beam propagating along the X-direction
can be assumed as [22] (pp. 15-16):

9(r,%) = u(r,x)exp(—jkr) = mi(x) xexp(w;;)) xexp(j[k(wzgzx)ﬂ <p) 1)
Ax 2
w(x) = woq|1+ <md3> 2)
2
R(x) = x|1+ <Ax°> ®)

where r is the radial distance from the point to the propagation axis X. w(x) is defined as
the beam radius of the position where the amplitude decreases to 1/¢; At x = 0, the beam
radius of the Gaussian beam is the smallest, expressed by wy, which is also defined as
Gaussian beam waist. The wavenumber is k = 271/A. R(x) is a measure of the radius of
curvature of the wavefront. A is the wavelength.

It is noteworthy that the Gaussian beam’s main mode is an approximate solution
under the paraxial condition of the wave equation. Whether this paraxial approximation is
effective depends on the electrical size of the Gaussian beam waist. The requirements are
as follows [22] (pp. 35-36):

wp/A > 0.9003 4)

As long as the waist of a Gaussian beam satisfies the above equation, its Gaussian
beam propagation characteristics can be guaranteed, and various related formulas can
be applied.

Figure 2 shows the propagation of the Gaussian beam and the variation of the beam
radius and curvature radius along the propagation direction in the longitudinal section.
When the Gaussian beam is far away from the beam waist, the angle between the position
where the radius of the Gaussian beam falls to 1/e of the maximum value on the x-axis and
the z-axis is defined as the far-field divergence angle (half angle) of the Gaussian beam,
as follows:

w(x)

1 .. _ A
0 = tan~ ! lim —~2 = tan !/ ——
X— 00 X 7'[_'(4]0

©)

Wavefront

1/e Envelope Line

Figure 2. Gaussian beam diagram.
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To realize the long-distance bunching transmission of the Gaussian beam, it is neces-
sary to reduce the divergence angle 6 by increasing the Gaussian beam waist wy. From the
perspective of energy, the beam energy contained in the far-field divergence angle accounts
for 86.5% [23] of the total energy of the Gaussian beam. Hence, It corresponds to a decrease
of 8.68dB in the relative peak power in the far-field pattern.

A Gaussian beam is characterized by the Gaussian mode purity, which is usually
described by the correlation coefficient between the output beam E; and a theoretical
fundamental Gaussian beam Ej [24]. The correlation coefficient can be defined in two
ways: One is the Gaussian scalar content 75, which involves the amplitude of the field.
The other is the Gaussian vector content 7, including amplitude and phase, which can be

expressed as
— JJsE1]-[EoJdS
\/J"Is |E1|%dS- [[5| Eo)?dS
_ lfs E{EodS- [|s E1EgdS
Jfs|E1)?dS- [5|Eo)*dS

In millimeter-wave wireless power transmission applications, we mainly consider the
Gaussian scalar content of different transmission observation surfaces.

(6)

s

Mo ()

2.3. Design of the Reflectors

The geometry of the classical offset Cassegrain dual reflector antenna [20,21] is shown
in Figure 3. To simplify the design, this paper adopts three coordinate systems, including
the global coordinate system represented as (O, X, Z), the main-reflector coordinate system
depicted as (Oy, Xo, Zy), and the subreflector coordinate system represented as (Oy, X1, Z1).

Q2 " Main Reflector

Figure 3. Perspective view of the whole quasi-optical antenna in the X-Z plane.

As shown in Figure 3, the main reflector is a rotating parabolic reflector cut by a cone,
which can be expressed in (Og, Xo, Zp) coordinate system as

2
Xg = :T?n—(fm—c) (zo <0) (8)

where f;, is the focal length of the main reflector, and c is the focal length of the subreflector.
It is formed by rotating the above part of the parabolic 360° around the focal point F2. The
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vertex of the cone and the focal point of the parabolic surface are both F2. The cone angle
is 95.

As illustrated in Figure 4, the subreflector is a rotating hyperboloid surface cut by
a cone. The cutting cone of the subreflector is the same as the cutting cone of the main
reflector. The cross-section of the second reflecting surface can be expressed in the (O1, X3,
Z1) coordinate system as

2 (422
a%_(lbizl)zl (x1 > 0). )

Zo

YA

N

. Subreflector'

a—"
_—

c

Figure 4. Perspective view of the subreflector in the X;-Z; plane.

It is formed by rotating the right part of the above hyperbola 360° around the focal
point F2. The real focus and virtual focus are F1, F2, respectively. The distance from the
vertex to the origin Oy is a and the focal lengthisc, b = /¢ — a?.

A fundamental mode Gaussian beam was propagated towards the subreflector and
reflected back to the main reflector. According to the geometric optics theory, when
the Gaussian ray (emitted from a Gaussian feed source on focus F1) is reflected by the
hyperboloid, the reflection line can be regarded as being emitted from the virtual focus
F2 of the hyperboloid, which is equivalent to being emitted from the focus F2 of the
paraboloid [20]. Therefore, under a certain approximation condition, after being reflected
again by the paraboloid, these Gaussian rays can approximately form a beam parallel to
the axis of the paraboloid [25]. In other words, the divergent Gaussian beam fed from the
focal point F1 can be converted into a plane-like wave—namely, the divergence angle of
the Gaussian beam is reduced. Hence, the Gaussian beam can be propagated at a longer
distance in free space.

As illustrated in References [20,21], although the dual reflector, shown in Figure 3,
can be defined by 21 parameters, only five of them need to be determined for the design,
and the other parameters can be derived. However, using only the geometric optics
method in [20,21] to obtain the design parameters of the dual reflector is not accurate in the
millimeter-wave band. The finite aperture dimension of the dual reflector causes diffraction
effects, such as main-reflector spillover, phase error losses, and additional amplitude taper
losses [22,26]. Therefore, the vector diffraction theory [27] is applied to accurately verify
the performance of the dual reflector.

Based on the vector diffraction theory, the field at any point in free space could be
calculated as long as the source field is already known. The observation field radiated from
the Gaussian feed can be done by using the Stratton-Chu formula [28].
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where E, H are the electric and magnetic field vectors on the rectangular aperture. y is
the vacuum permeability, € is the vacuum permittivity, S’ is the integral aperture surface,

=, . = =\ . .
n is the unit vector normal to the rectangular aperture surface, and g( r,r ) is the point
source Green’s function, defined by

g(? ¥ ) = ejk‘?_?ll/(élﬂ’? ey

) (12)

where ‘? — 1 ‘ is the distance between the observation point and the source point.
The induction current on the reflector is as follows:

I zz(ﬁxﬁ). (13)

The input power P;,, in Gaussian feed is normalized, and the received power P,,; at

the observation plane is
Pout = ﬂ Re( x H*).Hds (14)

The calculation of the received power Py on the observation surface is based on
the main lobe of the beam obtained on the observation surface. The power transmission
efficiency Jr from of the Gaussian feed to the observed plane is

(15)

In this paper, 4, ¢, 61, 63 and f;; are adopted as the initial parameters for the dual
reflector, which is feed by a 220 GHz fundamental Gaussian beam with a waist radius of 5.6
mm. The whole quasi-optical antenna is designed and analyzed for wavelength A = 1.3636
mm. The initial parameters of the main reflector are f,, = 140A, ¢ = 55A. The parameters
of the subreflector area = 7A, 0; = 20,603 = 25. Although other parameters can be
derived from formulas in [20,21], considering the diffraction effects, the vector diffraction
theory is applied to accurately verify the parameters of the quasi-optical antenna.

Based on the vector diffraction theory, a numerical simulation Matlab code called
Gaussian Optical Mirror Transmission (GOMT) was developed to calculate the field distri-
bution on the mirrors and the observed field, which could adjust and optimize the design
parameters of the quasi-optical antenna system. The optimization processing is done by
adjusting a, ¢, 01, 03 and fp,. The field distribution on different output observed planes
is calculated. When Gaussian mode purity reaches a satisfying value, for example, the
Gaussian scalar content is over 98%, the optimizing work is ended.

Through optimizing the mirror structure parameters by numerical code GOMT, the
optimized design parameters are gotten: The final parameter of the main reflector is
fm = 140A, ¢ = 57.498A. The final parameter of the subreflectorisa = 7.002A, 6; = 20,
03 = 26. All the final geometrical dimensions, as listed in Table 1, are adjusted by the
Matlab code GOMT. The field distribution of the above quasi-optical antenna (wg = 5.6 mm)
at 220 GHz calculated by GOMT is demonstrated in Figure 5. It shows that the field radiated
from the feed is transformed into a well-shaped Gaussian beam at different output observed
fields. Moreover, the overall size of the presented quasi-optical antenna is optimized to
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Z(m)

be 0.135 x 0.134 x 0.210 mm3, which is much smaller than the size of the transmitting

antenna based on the microwave transmitting system in Reference [29].

Table 1. Geometrical dimensions of the dual reflector.

Parameter Value Parameter Value
Hyperboloid parameter a2 (mm) 9.5482 03 (°) 26
Hyperboloid parameter ¢ (mm) 78.4063 04 (°) 30

0o (°) 50 05 (°) 32.28
01 (°) 20 fm (mm) 190.9091
0> (°) 24 Dy (mm) 132.4000

0.1

-0.1

0.1

0 e 0.2
Y(m)

Figure 5. Radiated field distribution of the quasi-optical antenna.

The 3D full-wave simulator Computer Simulation Technology (CST) Microwave
Studio has been carried out to verify the GOMT code. The modeling process is as follows:
Firstly, setting the center frequency of the whole scheme as f = 220 GHz, we adopt Matlab
software to compile a fundamental mode Gaussian beam (wy = 5.6 mm) feed radiation
model file; Then, following Equations (8) and (9) and parameters in Table 1, we can
determine the dual reflector model structure; Finally, the feed radiation file is imported to
excite the dual mirror model, and the Asymptomatic Solver is used to simulate the entire
quasi-optical antenna structure.

The results are shown in Figure 6. The obtained waist radius are 39.225 mm and
39.62 mm, respectively. And it is obvious to see that the output electric fields in x =2.2 m
calculated by the CST Microwave Studio commercial software are well consistent with the
ones calculated by the GOMT code. For further verification, we compared the Gaussian
beam correlation coefficients at different positions of the output observed field. The results
are shown in Figure 7. It is clear that the scalar purity calculated by the CST Microwave
Studio is in accordance with the one calculated by the GOMT code. This GOMT code was
previously applied in designing a quasi-optical mode converter for 220 GHz TEy3 mode
gyrotron, and the experimental results were well consistent with theoretical predictions [30].
The consistency of the CST Microwave Studio commercial software and the GOMT results,
as well as the previous experimental verification of the GOMT code, provide solid evidence
for the correctness of the GOMT code.
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Figure 6. (a) The output observed field (x = 2.2 m) calculated by the CST Microwave Studio software; (b) The output
observed field (x = 2.2 m) calculated by the GOMT code.
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Figure 7. The Gaussian mode content of the output beam was calculated by GOMT and CST
Microwave Studio on different output observed fields.

Moreover, compared to the commercial simulation software CST Microwave Studio,
the running time is significantly reduced by using the GOMT code. A runtime of seven
minutes by GOMT code, compared to more than one day by the 3D full-wave simulation
commercial software at the same parameters.

3. Simulation and Discussion

Simulations are initiated by using the 3D full-wave simulator CST Microwave Studio
to simulate the reflection and propagation of wave beam through the above designed quasi-
optical antenna. The simulation of the cross-section through the quasi-optical antenna in
Figure 8b shows the propagation of the energy from the Gaussian feed to the free space
on the XZ cross-section. Compared to Figure 8a, the beam radius of the Gaussian beam is
significantly reduced; that is, the divergence of the Gaussian beam from the feed source is
greatly reduced, which proves the effectiveness of the designed quasi-optical antenna in
reducing the Gaussian beam’s divergence.
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Figure 8. (a) Cross-section of the Gaussian-feed with electric field from the 3D simulation; (b) Cross-
section of the quasi-optical antenna with electric field from the 3D simulation. The contour maps are
shown at 20 dB increments from —60 dB to 0.

To further verify the above statements, the far-field radiation patterns of the entire
antenna are described in Figure 9. As shown in Table 2, the far-field divergence angle
of the 5.6 mm Gaussian feed in E-plane and H-plane is 4.5031° and 4.5032°, respectively.
When the dual reflector antenna is added to the 5.6 mm Gaussian feed, the gain of the
transmitting system increases from 31.0500 dBi to 43.3442 dBi. However, the far-field
divergence angle of E-plane and H-plane decreases by 3.4435° and 3.4393°, respectively. In
other words, the far-field divergence angle of the quasi-optical antenna in the E plane and
H plane is 1.0596° and 1.0639°, respectively. Therefore, the divergence angle of the output
beam of the 5.6 mm Gaussian feed source has been significantly reduced by the designed
dual reflector antenna.

----- 5.6mm Gaussian Feed = ==-5.6mm Gaussian Feed
60 —5.6mm Gaussian Feed with the dual reflector 60 — 5.6mm Gaussian Feed with the dual reflector
T T T T T T T T
(a) T T | T T 1 (b) : |
40 4 i el 40 4 ; ; -
D oiie 1 4 =20 i & .
s} q o B
o i D, iH
E : i ] e O A .
3-20 s ] ©-20-
¥ \' A : } it - I o
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Figure 9. Simulated radiation patterns at 220 GHz for the Gaussian Feed with and without the dual reflector. (a) E-plane;

(b) H-plane.
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Table 2. Comparison of the Gaussian feed with and without the Dual Reflector.

Output Observation Position Gain 8.68-dB Beamwidth (°)
(dBi) E-Plane H-Plane
Gaussian feed with the
dual reflector (g = 5.6 mm) 43.3442 1.0596 1.0639
Gaussian feed (wy = 5.6 mm) 31.0500 4.5031 4.5032
Difference 12.2942 —3.4435 —3.4393

According to Figure 9, the 3-dB beamwidth, sidelobe levels (SLL), and back lobe levels
(BLL) of the proposed quasi-optical antenna are summarized in Table 3. Compared with the
phased array by the Japanese group [31], the 3-dB beamwidth on the E-plane and H-plane
is far behind 7.3°. The gain of the quasi-optical antenna is much higher than 17.6 dBi.
Meanwhile, the sidelobe levels and back lobe levels of the proposed quasi-optical antenna
on the E-plane and H-plane are very low. This indicates the proposed antenna has a strong
anti-interference ability. Moreover, to reduce simulation time, the GOMT code is used to
calculate the transmission efficiency at different observation surfaces instead of using a CST
Microwave Studio simulator. As shown in Table 4, without considering the atmospheric
loss, the power transmission efficiency of different observation surfaces was all above 99%.
Besides, as described in Table 5, after using the quasi-optical antenna structure designed
above, the waist radius of the Gaussian beam obtained at different observation planes is
significantly reduced. Accordingly, the quasi-optical antenna structure is conducive to
energy concentration and reception in wireless power transmission.

Table 3. Three-decibel beamwidth, sidelobe level, and backlobe level of the quasi-optical antenna.

3-dB Beamwidth (°) SLL (dB) BLL (dB)
E-Plane H-Plane E-Plane H-Plane E-Plane H-Plane
Quasi-Optical Antenna 0.8433 0.8444 —57.2262 —64.3269 —67.84422 —76.5442

Table 4. Transmission Efficiency of Different Output Observation Positions.

Output Observation Position(m) 0.4 0.6 0.8 1.0 1.2 1.4
Transmission Efficiency ¢, (%) 99.574 99.569 99.566 99.562 99.558 99.554
Output Observation Position(m) 1.6 1.8 2.0 2.2 10 1000
Transmission Efficiency d¢ (%) 99.546 99.542 99.538 99.534 99.538 99.531

Table 5. Gaussian Beam Waist Radius (GBWR) of the Gaussian feed with and Without the Dual Reflectors at Different
Output Observation Positions.

Output Observation Position (m) 0.4 0.6 0.8 1.0 1.2 14

GBWR of the Gaussian feed (m) 0.03151 0.04684 0.06226 0.07771 0.09318 0.10866

GBWR of the Gaussian feed
with the dual reflector (m)

0.02273 0.02281 0.02331 0.02457 0.02598 0.02832

Output Observation Position (m) 1.6 1.8 2.0 2.2 10 1000

GBWR of the Gaussian feed (m) 0.12414 0.13963 0.15512 0.17062 0.77513 77.5125

GBWR of the Gaussian feed
with the dual reflector (m)

0.03037 0.03349 0.03646 0.03923 0.18815 19.4156

Considering for long-distance transmission, the farthest observation surface is set at
x = 1000 m, although it is much larger than the far-field condition of the antenna. It can
be seen in Figure 10, the Gaussian scalar content transmitted to the observation surface
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at 1km is up to 99%, and the obtained Gaussian beam waist radius is 19.416 m. The
received Gaussian beam waist radius value of 19.416 m is much smaller than the Gaussian
beam waist radius value of 77.513 m when only 5.6 mm Gaussian feed is transmitted
to x = 1000 m. Thus, the designed quasi-optical antenna has potential in wireless power
transmission.

(dB)
0

Z(m)

=50

Y(m)
Figure 10. The output observed field in x = 1000 m.

From the above simulation results, it can be concluded that the antenna proposed in
this paper has the characteristics of high frequency, small size, high gain, low sidelobe level,
small beamwidth, and small divergence angle. These characteristics make it a potential
candidate for wireless power transmission in the millimeter-wave frequency band.

As shown in Figure 11a, the far-field divergence angle of the quasi-optical antenna
varies with different frequencies. It can be seen that the divergence angle varies at the same
level, and the minimum divergence angle is obtained at 220 GHz. Besides, at the furthest
observation position, where x = 2.2 m, the simulated quasi-optical antenna Gaussian
mode content in the frequency band from 160 to 280 GHz is presented in Figure 11b. The
Gaussian scalar mode content of the generated beam is over 99% from 160 to 280 GHz, and
the maximum Gaussian scalar mode content with 99.88% is achieved at 180 GHz. Hence,
the above results indicate the designed quasi-optical antenna has a very wide operating
frequency band in the Gaussian purity and far-field divergence angle.

Next, attempts to explore the relationship between different Gaussian feed waist and
the designed quasi-optical antenna transmission system are presented. The specific steps
are as follows: When the waist radius wg of the Gaussian beam is constant, according
to [32], the electric and magnetic field components of the fundamental Gaussian beam
(corresponding to wy) can be obtained. Then, the component data are converted into
corresponding radiation model files. Considering Equation (4), take the value wq from
2.3 mm to 10 mm, with an interval of 1.1 mm, adopt f = 220 GHz, and its corresponding
radiation model files with different Gaussian beam waist can be obtained. Finally, we
import different feed radiation files as feed sources to illuminate the dual reflectors designed
in this paper.

The simulation results are shown in Figure 12a. On the whole, as the beam waist
radius of the input Gaussian feed increases, the Gaussian beam divergence angle becomes
larger, but the overall gain shows a downward trend. At frequency f = 220 GHz, the
Gaussian feed with the waist (wp = 2.3 mm) and (wg = 3.4 mm) can obtain higher gain and
lower divergence angle than other waist radii. At frequency f = 220 GHz, the Gaussian
scalar mode content versus the output position and various Gaussian feed waist are
shown in Figure 12b, we can see that the Gaussian feed with the waist (wy = 2.3 mm) and
(wo = 4.5 mm) can obtain higher Gaussian content than other waist radii at different output
observed fields. In other words, considering the antenna gain, far-field divergence angle,
and Gaussian scalar content of different observation fields, the Gaussian beam of waist
wq = 2.3 mm is the best feed source for the quasi-optical antenna designed in this paper.

53



Electronics 2021, 10, 634

111 T T T T T T 1000 T T T T T T T
§ 1.10 4
s 1 99.9- , -
109 d satag |
2 1 ~ N Eag
< 1.08 1 ®oos- -
o E ; ey
Dio7L i
: = = scalarpurity |
R i : —W=— scaiar puri

J . —e— H plane b ‘
1.05 (@) i 5 99.6 (b) T T T T T T T
2 140 160 180 200 220 240 260 280 300

Thus, the waist radius of the Gaussian feed has a great impact on the performance of the
designed transmitting antenna system, and choosing a suitable Gaussian feed waist radius
is important.
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Figure 11. (a) The far-field divergence angle of the quasi-optical antenna versus different frequencies; (b) Gaussian mode
purity of the quasi-optical antenna system at the output observed field (x = 2.2 m) versus different frequencies.
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Figure 12. (a) The relation between Gaussian feed waist and divergence angle; the relation between Gaussian feed waist

and total gain; (b) Gaussian scalar mode content versus the output position and Gaussian feed waist.

4. Conclusions

The excessive divergence angle of the gyrotron output Gaussian beam is a drawback
for its application in wireless power transmission. This paper presented a quasi-optical
antenna structure that reduces the divergence angle of the feed and realize long-distance
wireless power transmission in the millimeter-wave band. The feed is considered to be a
substitute for the Gaussian beam output by the 220 GHz gyrotron.

Considering the diffraction effects, a numerical MATLAB code GOMT is programmed
to optimize the design parameters, based on geometric optics and the vector diffraction the-
ory. The numerical code shows similar simulation results with the 3D full-wave simulator
CST Microwave Studio, and can sufficiently reduce calculation running time.

The simulation results show the designed quasi-optical antenna has the characteristics
of high frequency, small size, high gain, low sidelobe, small beamwidth, small divergence
angle, and wide bandwidths. The far-field divergence angles in the E plane and H plane
are 1.0596° and 1.0639°, respectively. After using the designed quasi-optical antenna, the
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waist radius of the Gaussian beam obtained at different observation planes is significantly
reduced, facilitating the transmission and collection of energy. Even transmitted to 1 km
distance, the radiation kept Gaussian distribution well and the Gaussian scalar content is
up to 99%, and the obtained Gaussian beam waist radius is 19.416 m.

Additionally, the simulation indicated that different input Gaussian feed waists have
a great impact on the performance of the quasi-optical antenna. Considering the factors
of antenna gain, far-field divergence angle, and Gaussian scalar content of different ob-
servation fields, the Gaussian beam of the waist wgy = 2.3 mm is the best feed source for
the quasi-optical antenna designed in this paper. Hence, the research results also could
provide references and requirements for developing gyrotron for better long-distance
millimeter-wave power transmission. A future step will optimize the output beam quality
of the gyrotron to satisfy this requirement.
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Abstract: Motivated by some emerging high-frequency applications, a high-power frequency-tunable
sub-THz quasi-optical gyrotron cavity based on a confocal waveguide is designed in this paper. The
frequency tuning characteristics of different approaches, including magnetic field tuning, mirror
separation adjustment, and hybrid tuning, have been investigated by particle-in-cell (PIC) simulation.
Results predict that it is possible to realize a smooth continuous frequency tuning band with an
extraordinarily broad bandwidth of 41.55 GHz, corresponding to a relative bandwidth of 18.7% to
the center frequency of 0.22 THz. The frequency tunability is provided by varying the separation
distance between two mirrors and correspondingly adjusting the external magnetic field. During the
frequency tuning, the output power remains higher than 20 kW, which corresponds to an interaction
efficiency of 10%. Providing great advantages in terms of broad bandwidth, smooth tuning, and high
power, this research may be conducive to the development of high-power frequency-tunable THz
gyrotron oscillators.

Keywords: gyrotron; quasi-optical cavity; confocal waveguide; frequency tuning; high power;
sub-millimeter wave; terahertz

1. Introduction

A gyrotron is a typical fast-wave vacuum electron device based on the interaction
principle between gyrating electrons and the electromagnetic waves propagating in the
waveguide [1]. As one of the most powerful radiation sources, a gyrotron performs with
the capability of high-power output from the microwave to terahertz (THz) band [2,3].
Up till now, the world power record for a gyrotron is 2.2 MW at 170 GHz applied for
electron cyclotron heating and current drive in the International Thermonuclear Exper-
imental Reactor (ITER) [4]. In recent decades, a continuous frequency-tunable gyrotron
operating at a single mode has been especially attractive for some modern high-frequency
applications [5], such as high-resolution molecular gas spectroscopy [6], nuclear magnetic
resonance spectroscopy enhanced by dynamic nuclear polarization (DNP-NMR) [7], and
the direct measurement of positronium hyperfine splitting (Ps-HFS) [8], in which radiation
sources are required to be high-power and continuously tunable in a wide frequency range.

According to the principles of an electron cyclotron maser (ECM), the gyrating elec-
trons are able to interact with the electromagnetic (EM) waves efficiently only under the
cyclotron resonance condition [2].

EBO EVO
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where w and k; are the angular frequency and axial wavenumber of the EM waves in the
interaction space (cavity); v, is the electron axial velocity; (). is the relativistic cyclotron
frequency of the electrons relative to the static magnetic field strength By, the accelerate
voltage V, and the cyclotron harmonic number s; 7 is the relativistic factor of the electrons;
mg and e are the relativistic electron rest mass and charge; and c is the velocity of light in
free space.

From Equation (1), there are two possible approaches to controlling the output fre-
quency: changing the cyclotron frequency (). of the electrons, or changing the EM waves’
frequency w in the cavity. The variation of (). can be easily achieved by altering the
magnetic field By or the beam voltage V. However, to meet the requirement of high-power
output, a conventional gyrotron normally employs a high Q-value cavity (in the order
of ~1000), which significantly restricts its resonance bandwidth (Af ~ fo/Q). That is why
conventional high-power gyrotrons can only achieve a narrowband frequency by tuning
at a fixed mode, or discrete broadband tuning for several modes. Therefore, the key issue
with frequency-tunable gyrotrons is broadening the cavity resonance bandwidth as much
as possible without reducing its Q-value.

For a conventional gyrotron with a cylindrical cavity, several approaches have been
proposed and demonstrated for the problem of frequency tuning. One of the most im-
portant mechanisms relies on exciting a series of high-order axial modes (HOAMs) in a
long gyrotron cavity. With a well-elaborated selection of cavity length and beam current,
the frequency region obtained by operating in one axial mode is able to overlap with
the frequency region in another axial mode [9]. In principle, continuous broadband fre-
quency tuning can be accessible for gyrotron operation by increasing the axial mode indices.
Nowadays, lots of continuous frequency-tunable THz gyrotrons have been successfully
developed and applied to DNP-NMR applications at the Massachusetts Institute of Tech-
nology (MIT, Cambridge, MA, USA) [10], the Bruker Biospin company in collaboration
with the Communications & Power Industries Company (CPI, Palo Alto, CA, USA) [11],
and the Research Center for the Development of the Far-Infrared Region of University of
Fukui (FIR-UEF, Fukui, Japan) [12]. However, to maintain a wide bandwidth, the operating
beam currents for these HOAMs are limited at several hundred milliamperes, resulting in
a medium power level (less than 100 W). There is the same weakness in other frequency
tuning methods, including using an improved multi-section cavity [13], cathode-end power
output [14], and using backward-wave components [15]. Recently, the Terahertz Research
Center of University of Electronic Science and Technology of China (TRC-UESTC) reported
a frequency-tunable HOAMs gyrotron operating at a high beam current and with exper-
imental output higher than 0.45 kW over a 0.79 GHz frequency range [16], which was
high-power but not continuously tunable.

As for the gyrotron cavity based on a multi-conductor waveguide, there is another
approach for acquiring smooth frequency tunability by adjusting its structural parameters.
For example, in a coaxial gyrotron cavity, the cavity eigenfrequency depends on the ratio
of the radii of the external and internal conductors. It is possible to realize a continuous
frequency tuning by moving the tapered inner conductor longitudinally. Researchers
at the Institute of Applied Physics of the Russian Academy of Sciences (IAP, Moscow,
Russia) have numerically investigated this tuning mechanism. One result presented the
possibility of frequency tuning by 8 GHz at around 394.6 GHz (within a frequency band
of about 2%), with an output power of about several hundred watts [17], while another
result demonstrated the smooth frequency tuning at one mode by no less than 3.5% around
330 GHz with about 10 kW output power [18]. Lately, a similar mechanical tuning method
was applied to a high-power large orbit gyrotron (LOG) with a variable slit-cavity [19].
By changing the slit width transversely, theoretical calculation results suggested a relative
frequency bandwidth of 8.5% around 316 GHz with an output power of over 10 kW.

Recently, high-power continuous frequency-tunable radiation over a 3.1 GHz band-
width around 0.2 THz has been experimentally observed in a quasi-optical gyrotron with a
straight confocal waveguide [20], which does not contain a resonance structure. Although
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lacking a comprehensive theoretical model to explain it, the experimental result still points
out the possibility of generating high-power frequency-tunable THz radiation from a
quasi-optical gyrotron with a confocal waveguide.

A quasi-optical cavity provides many good characteristics, such as a high power
capacity and a low mode density, which bring positive effects to high-frequency and high-
power gyrotron design. In the 1990s, a quasi-optical gyrotron based on a Fabry-Perot cavity
generated an output power of 90 kW at 100 GHz, operated at the fundamental cyclotron [21].
The cylindrical confocal waveguide is another quasi-optical structure. Utilizing a confocal
waveguide as the interaction structure for a gyrotron was first proposed at MIT, and
experimentally demonstrated later by a 140 GHz fundamental gyrotron oscillator [22]
and a 140 GHz gyrotron traveling wave amplifier (gyro-TWA) [23]. As for the harmonic
gyrotron, a 0.4 THz gyrotron with a confocal cavity was developed at TRC-UESTC and,
experimentally, achieved an output power of 6.44 kW operating at the second cyclotron
harmonic [24].

Furthermore, as a type of open structure, a quasi-optical waveguide presents a nat-
ural frequency tunability related to the separation distance between two mirrors, which
introduces another method for frequency tuning. In this paper, we propose a high-power
broadband continuous frequency-tunable gyrotron cavity based on a confocal waveguide.
Its frequency tuning characteristics fall under three different strategies, namely magnetic
field tuning, mirror separation adjustment, and the hybrid tuning of the above two param-
eters, which are both investigated by particle-in-cell (PIC) simulation. Results suggest that
the proposed quasi-optical cavity is able to generate high power of no less than 20 kW over
a smoothly continuous frequency tuning band with an extraordinarily broad bandwidth
of 41.55 GHz around 0.22 THz. Compared with other frequency tuning approaches, this
method provides advantages in terms of high power, broad band, and smooth continuity.

The paper is organized as follows: the design principles of the quasi-optical cavity,
including the introduction of a quasi-optical waveguide, the cavity design, and the cold
cavity frequency tunability, are described in Section 2. Section 3 presents the detailed
PIC simulation results for three different frequency tuning approaches, covering magnetic
tuning, mirror separation adjustment, and hybrid tuning. Finally, a summary for this work
is reported in Section 4.

2. Cavity Design Principles
2.1. Quasi-Optical Waveguide

As shown in Figure 1, the open quasi-optical waveguide is composed of two identical
cylindrical mirrors with a finite aperture of 22 and a curvature radius of R.. When the
separation distance between the two mirrors L, is equal to R, the two mirrors form a
confocal system, which is called a confocal waveguide.

Figure 1. Cross-section scheme of the quasi-optical waveguide and the electric field distribution for
the TEpg mode.
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Under the geometrical optical approximation for a high frequency wave, the mem-
brane function for the transverse electric (TE) mode in the open waveguide can be obtained
by solving the Helmholtz equation in the elliptic coordinate system [24]. The numeri-
cally calculated results of the electron field distribution for the TEgs mode are shown in
Figure 1. The eigen-wavenumber k,; and the cut-off frequency fe, for the TE,;; mode can

be deduced as
_ 7T 2m+1 . LL
kmn = I (n + - arcsiny / ZRC> 2)

k 2 1 L
fomn = mn€ _ € <n+ mﬂ+ arcsin 25) (3)

27 2L, .

According to Equations (2) and (3), the eigenfrequency for the EM mode in a quasi-
optical waveguide is almost linear with the mirror separation distance L. It appears
that a smoothly continuous variation of the operating frequency can be easily realized in
a quasi-optical gyrotron cavity. By moving the mirrors smoothly, the cut-off frequency
for the operating mode will change, leading to the possibility of the continuous tun-
ing of the oscillation frequency in the quasi-optical cavity. This brings a new approach
to frequency tunability that cannot be accomplished in traditional gyrotrons based on
closed waveguides.

On the other hand, the quasi-optical waveguide provides an impressive mode selection
feature. Since lacking sidewalls, as shown in Figure 1, some EM modes will be diffracted
out and undergo a large diffraction loss. Previous researchers have demonstrated that
only the TEg,, mode could be stably propagated by selecting a small mirror aperture. Thus,
the frequency separation between neighboring modes in a quasi-optical waveguide is
about Af = /(2L ), which is a much greater isolation than that of a cylindrical or coaxial
waveguide. The lower mode density provides a distinct advantage for quasi-optical
gyrotrons in realizing broadband frequency tuning.

2.2. Frequency Tuning Characteristics in a Cold Cavity

As shown in Figure 2, a TEgs mode frequency-tunable quasi-optical cavity for a high-
power sub-THz gyrotron is designed and studied in this paper. This cavity is similar to the
0.4 THz second harmonic confocal cavity reported previously [24]. The mirror radius in
the straight section is set to 4.20 mm, corresponding to a cut-off frequency of 223.06 GHz
for a TEgs mode under a rigorously confocal situation. The detailed structural parameters
of the designed quasi-optical cavity are listed in Table 1.

Figure 2. Structural configuration of the quasi-optical gyrotron cavity.
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Table 1. Structural parameters of the proposed quasi-optical gyrotron cavity.

R,

L,

a Ly Ly Ls 61 0,

4.20 mm

420 mm !

2.2 mm 10 mm 13 mm 10 mm 2.12° 2.29°

1 Under a rigorously confocal condition.

For a cold cavity with the absence of an electron beam, the oscillation frequency fos
can be obtained by solving the following differential equation

13 L @) =0 @

dz?

satisfying certain boundary conditions at the left end (z = z;,,) and the right end (z = zou).

dfd(zz) e jkz(zin) f (zin) =0 )
d];(zz) . + ]kz (Zout)f(zout) =0 ©)

Based on the complex oscillation frequency fysc and the axial field distribution f (z),
the quality factor Q for the metallic quasi-optical cavity can be calculated by

LA S — @)
Q Qdiff\l QdiffL Qohm
Re(fosc) kanJ_ 2 va |H|2dV
i = 37 ’ i = s Wohm — T 11 0.4 8

where ¢ is the skin depth on the metallic mirror surface Sy, and the diffraction loss
parameter A can be approximated as

log;y A = —0.0069C2 — 0.7088C + 0.5443, for TEy, mode, Cr = kyna®/L,  (9)

For a rigorously confocal cavity where L; = R, = 4.20 mm, the cold cavity charac-
teristics for axial modes TEos; (9 = 1, 2, 3, 4) are numerically calculated. The cold cavity
oscillation frequency f, the Q-value, and the frequency band for each TEgs; mode are listed
in Table 2, while Figure 3 shows their normalized axial field profiles. Theoretical results
suggest that the output frequency of the confocal cavity may be tuned in a frequency range
of 4.33 GHz, from 223.20 to 227.53 GHz, if the first four HOAMSs can be excited. It is a wider
band compared to the previously reported HOAMs gyrotron with a cylindrical cavity, in
Reference [16].

Table 2. Cold cavity characteristics for the TEps; modes.

Frequency f f—fQ f+flQ
1 (GHz2) e (GH2) (GHz2)
1 223.27 3087 223.198 223.342
2 223.91 779 223.623 224197
3 22498 350 224.337 225.623
4 226.44 208 225.351 227.529
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Figure 3. Calculated axial field profiles of the TEps,; (7 =1, 2, 3, 4) modes in the cold cavity.

Besides, the dependencies of the cold cavity oscillation frequency and the Q-value for
the TEgs; mode on the mirror separation distance L, are calculated and plotted in Figure 4.
It should be pointed out that the adjusting of mirror separation L in this work is improved
by moving the total upper and lower parts of the cavity with geometrical symmetry in the
y-direction, rather than just the straight sections reported in References [25,26].
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Figure 4. Calculated results of the cold cavity oscillation frequency and the Q-value for the operating
TEps; mode depending on the mirror separation distance L, . The adjustment method of L, is
schematically shown in the illustration.

As illustrated in Figure 4, the calculation results predict that the cold cavity oscillation
frequency can be smoothly varied by adjusting the separation distance L . If L, changes
from 3.80 to 4.60 mm, within a +0.40 mm displacement compared to the confocal condition
L) =4.20 mm, the oscillation frequency for the TEys; mode will be tuned from 246.14 to
204.38 GHz continuously, corresponding to a significant wideband of 41.76 GHz (about
19% around 0.22 THz). At the same time, the cavity’s Q-value will gradually reduce from
4016 to 2520, but still be retained at a high level. The great frequency characteristics of the
cold cavity make it possible to achieve broadband frequency tuning in gyrotron operations.
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3. PIC Simulation

To investigate the output performance of the proposed quasi-optical cavity driven by
a gyrating electron beam, especially for the frequency tuning characteristics, the designed
model has been built and simulated with the help of a 3D particle-in-cell (PIC) code,
CHIPIC [27]. The initial operating parameters of the electron beam are listed in Table 3,
and are based on the linear gyrotron theory [24]. During the simulation procedure, the
beam velocity spread and the cavity ohmic loss were not taken into consideration.

Table 3. Initial operating parameters of the electron beam.

Beam Voltage Magnetic Field Beam Current Pitch Factor Beam Radius
V() B(] Ib 12 Rb
40kV 840T 5A 1.1 1.09 mm

Under the initial beam parameters, the simulation results of the rigorously confocal
cavity, where L = R, =4.20 mm, are illustrated in Figure 5. As can be seen, the confocal
cavity could generate a stable output power of 21.2 kW at a single frequency of 222.7 GHz,
corresponding to an interaction efficiency of 10.6%. The field distributions shown in
Figure 5¢,d predict that the operating mode is a TEgs; mode, as expected.
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Figure 5. Typical simulation results of a rigorously confocal cavity: (a) instantaneous and average output power;

o
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(b) spectrum of the output magnetic field component B;; (c) transverse distribution of the electric field component Ey;

(d) axial distribution of the magnetic field component B,.

3.1. Magnetic Field Tuning for Confocal Cavity

The frequency tuning characteristic of the proposed quasi-optical gyrotron cavity is
first studied by changing the operating magnetic field, as the tuning method for traditional
gyrotrons does. For the mirror separation L, = R, =4.20 mm in a rigorously confocal cavity,
the external magnetic field By varying from 8.26 to 9.02 T is simulated when the other beam
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parameters are the same as the initial setting listed in Table 3. The oscillation frequency
and the output power are as shown in Figure 6. As By increases from 8.30 to 8.98 T, the
oscillation frequency increases from 222.55 to 226.15 GHz with a frequency tuning range
of 3.6 GHz, while the output power changes between 37.2 kW (at 8.32 T) and 1.1 kW (at
8.58 T). On the other hand, the excited transverse mode is the TE;5 mode for By at less than
8.30 T, and the TE;4 mode for By at larger than 8.98 T, rather than the expected TEy, mode.
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Figure 6. Simulation results of the oscillation frequency and the output power depending on the

magnetic field By for a confocal cavity.

The variation trends of both frequency and power in a confocal cavity are similar
to those of the HOAMSs excited in a long cylindrical cavity as reported in Reference [28].
In fact, the observation results of axial field distribution suggest that the first four axial
modes of TEps; (7 =1, 2, 3, 4) are excited in the confocal cavity during the whole simulation.
There are two obvious frequency jump points around 8.73 and 8.85 T. The reason for this
is that the operating axial mode varies from one to another in these regions, somewhat
affecting the continuity of frequency tuning. However, compared with the performances of
conventional gyrotrons operating in this frequency band or output power level, a 3.6 GHz
frequency tuning range has provided a great advantage, which should be attributed to the
good mode-selective characteristics of a quasi-optical waveguide.

3.2. Mirror Separation Adjustment

Another kind of frequency tunability for the open quasi-optical cavity related to the
mirror separation distance, as introduced in Section 2, is also investigated by PIC simulation.

By parallel shifting the upper and lower parts of the cavity in the y-direction, the
separation distance between the two mirrors L is adjusted from 4.10 to 4.60 mm. With
the fixed operating parameters listed in Table 3, the simulation results for the oscillation
frequency and output power are shown in Figure 7. At a fixed magnetic field By =8.4 T,
with an increase in mirror separation distance L | from 4.13 mm to 4.56 mm, the oscillation
frequency continuously decreases from 227.15 GHz to 210.25 GHz. The output power
fluctuates between 29.5 kW (at 4.16 mm) and 1.3 kW (at 4.32 mm). Like in magnetic tuning,
the spurious TEj5 and TE;4 modes are also excited at the lower and higher frequency
edge, respectively.
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Figure 7. Simulation results of the oscillation frequency and the output power depending on the
mirror separation L | at a fixed magnetic field 8.4 T.

Through adjusting mirror separation, the quasi-optical cavity covers a 17.1 GHz
smooth frequency tuning band (about a relative bandwidth of 7.8% to the center frequency
of 220 GHz), which is much broader than the 3.6 GHz acquired using a magnetic tuning
mechanism. Although the continuous transitions of the operating axial mode from TEyg;
to TEge4 have still been observed, the frequency tunability in mirror separation adjustment
exhibits a much smoother tendency than that of the magnetic tuning shown in Figure 6.

3.3. Hybrid Tuning

As mentioned in Section 1, for the two items of the electron cyclotron frequency ).
and the EM wave frequency w, there is only one variable that is alternated during the
above simulations. Due to the mismatch of the cyclotron resonance conditions, the output
powers are not stable and present a wide fluctuation in both frequency tuning manners. In
this case, to maintain the output power at a relatively stable level, a hybrid tuning approach
adjusting both the mirror separation L, and the magnetic field By is simulated. During
this simulation, under each separation distance L , the magnetic field value By is scanned
to find the peak output power while the other beam parameters are still as the values listed
in Table 3.

The simulated dependencies of the peak output power and its corresponding oscil-
lation frequency on the mirror separation distance L, are plotted in Figure 8, which also
illustrates the corresponding values of the magnetic field By. It can be found that the output
power is able to be kept at a high level, over 20 kW (an interaction efficiency of 10%), by
adjusting the magnetic field correspondingly, while the maximum power is about 34.4 kW
at L, =4.22 mm. The oscillation frequency covers an extraordinarily broad bandwidth
of 41.55 GHz, from 245.50 to 203.95 GHz, when L | varies within +0.40 mm around the
confocal distance L | = R; = 4.20 mm. By this tuning method, the frequency tuning band-
width achieves 18.9% relative to the center frequency of 220 GHz. The frequency tuning
characteristics predicted by PIC simulation are consistent with those of cold cavity analysis
in Figure 4. Besides this, the axial field distribution results predict that the TEys; mode
has always been the operating mode of every optimized parameter for hybrid tuning.
That is why the oscillation frequency in Figure 8 varies almost linearly with the mirror
separation distance. Therefore, the frequency tunability of hybrid tuning possesses great
characteristics of smooth continuity, wide bandwidth, and high power.
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The frequency tuning range is much wider than the requirements of high-power THz
applications at present. In principle, it is possible to achieve a lower output frequency by
further increasing the separation distance between two mirrors. PIC simulation result pre-
dicts that the quasi-optical cavity could still be operated in the TEps; mode if L | = 5.20 mm,
and generate an output power of 21 kW at 181.05 GHz.

4. Conclusions

In this paper, the frequency tuning characteristics of a high-power sub-THz quasi-
optical gyrotron cavity based on a confocal waveguide have been investigated by PIC
simulation. The possibility of smooth continuous frequency tuning over a broader band in
a high-power sub-THz gyrotron is demonstrated by the simulation results. By continuously
varying the mirror separation distance of a quasi-optical cavity and adjusting the operating
magnetic field correspondingly, an extraordinarily wide frequency tuning band of 18.9%
around 0.22 THz can be realized in a single mode of gyrotron operation, while the output
power is kept at more than 20 kW. With the advantages of broad bandwidth, smooth tuning,
and high power, this frequency tuning approach can be promoted to other bands and may
be beneficial to the development of high-power frequency-tunable THz gyrotrons for some
modern emerging applications.
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Abstract: 3D printing technologies offer significant advantages over conventional manufacturing
technologies for objects with complicated shapes. This technology provides the potential to easily
manufacture barrier windows with a low reflection in a wide frequency band. Several 3D printing
methods were examined for this purpose, and the dielectric properties of the various types of
materials used for 3D printing were experimentally studied in the frequency range 26-190 GHz.
These measurements show that the styrene-butadiene-styrene and polyamide plastics are suitable
for broadband low-reflection windows for low-to-medium-power microwave applications. Two
barrier windows with optimized surface shapes were printed and tested. Results demonstrate that
the studied technique can fabricate windows with a reflection level below —18 dB in the frequency
band up to 160 GHz. Studied windows can be used for spectroscopic tasks and other wideband
microwave applications.

Keywords: dielectric properties; low-reflection barrier windows; broadband window; microwaves;
terahertz radiation

1. Introduction

Additive manufacturing technologies have great potential for industry, science, and
technology. There are a number of tasks that are difficult or almost impossible to implement
with traditional fabrication methods. In particular, 3D printing from dielectric materials
is a highly convenient and cheap tool for prototyping and manufacturing radiofrequency
components. It creates a method of readily obtaining components with a sophisticated
surface shape. For low-reflection microwave windows, a subwavelength grating with a
specially designed shape at both sides of the window disk could significantly reduce the
reflection coefficient of incident radiation in a wide frequency band [1]. This paper explores
the possibility of using 3D printing to make millimeter-wave barrier windows that can
operate in a wide frequency range.

Currently, there are several areas in which windows with the broadband transmis-
sion of low-power microwave radiation are used. These areas include molecular gas
spectroscopy and DNP/NMR spectroscopy [2,3], measurements of fine positronium struc-
ture [4], which require both broadband-tunable microwave radiation sources such as
backward-wave oscillators, gyrotrons, orotrons, and input windows in the working cham-
ber of the spectrometer. Other examples are the radiometers and geophysical instruments
used for atmospheric transparency studies, which require windows with a low reflection
coefficient at different frequencies, corresponding to atmospheric transparency windows,
with a bandwidth up to 20 GHz [5]. The cryogenic resonator complex requires an even
wider frequency band [6], which needs a low reflection from the input and output windows
in the entire operating frequency band (50-500 GHz). Reflections from windows lead to
spurious interference, which ultimately reduces the sensitivity of the spectrometer. Such
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devices are currently equipped with lenses with concentric triangle-shaped grooves, which
are noticeably worse in terms of reflections compared to the alternative surfaces considered
in this paper [7]. At the same time, it is well known that reflections dramatically affect the
gyrotron operation regime [8]. For all the mentioned applications, the radiation power
does not exceed a few watts, which allows one to use windows made of polymers without
the risk of overheating.

There are different methods to obtain the broadband transmission of microwave radi-
ation through the windows. The almost reflectionless transmission of a linearly polarized
wave can be achieved for the Brewster-angle disk; however, this output suffers from an
inefficient use of space, which may be especially important for divergent wave beams
and some distortion of the transverse field structure [9]. Polymers can be mixed with
nanoparticles to produce a multilayer dielectric coating [10]. Metamaterial devices and
gradient index photonic structures are also used to reduce reflection [11]. Another known
method considered in this paper is the use of windows with a surface grating of a specially
optimized shape, providing a significant reduction in reflection [12]. For the manufacture
of such a surface, it is highly convenient to use 3D printing. Besides low cost and time
consumption, 3D printing has no restrictions on the curvature of the surface compared to
Computerized Numerical Control (CNC) machining. Furthermore, it has advantages in
creating thin elements from relatively soft and brittle materials.

There are several different 3D printing technologies, each of which has its characteris-
tics and uses its own types of polymers. Fused deposition modeling (FDM) technology [13]
is readily available, easy to operate, and allows the use of a wide range of materials, includ-
ing polyethylene, which has excellent properties in transmitting high-frequency radiation.
However, this type of 3D printing is characterized by a low accuracy (up to 100 microns)
and sufficiently pronounced layering, limiting the frequency range of applications. In addi-
tion, the print resolution in the transverse plane is limited by the diameter of the nozzle and
the quality of the alignment. Selective laser sintering (SLS) technology [14], due to a similar
process of plastic melting, also has a wide selection of materials. However, compared
to FDM, it has higher accuracy and better resolution; a layer thickness of several tens of
microns, a resolution in the transverse plane approximately equal to the size of the pellets
of the plastic used. Finally, Photopolymer 3D printing (stereolithography, SLA) provides
excellent print quality but currently proposes a limited choice of printing materials. In this
paper, the SLS method was used for printing the studied window samples.

Currently, many different materials for 3D printing are presented on the market,
and their number is constantly growing. Unfortunately, manufacturers usually do not
provide information on the dielectric properties of materials, especially in the microwave,
millimeter, and terahertz regions. In order to design the microwave components, the
dielectric properties are of great importance, so the characterization of the materials used
for additive manufacturing is needed.

This paper is organized as follows. In Section 2, the results of measurements of the
dielectric properties of the commercially available plastics are described. In Section 3, the
measurements of the transmission and reflection coefficients for 3D-printed windows with
several surface shape profiles are presented, and the results are compared with convention-
ally manufactured windows. Section 4 discusses the transmitted power restrictions for the
printed windows due to thermal properties. Finally, the results of the study are discussed
and concluded in Section 5.

2. Characterization of Dielectric Properties of Plastics Materials for 3D Printing

To study the loss tangent and dielectric constant of the plastics, two independent
methods were used to increase the reliability of the results. In the first method, a rod made
of the investigated plastic was inserted into a rectangular waveguide. The reflection and
transmission coefficients were measured, and the dielectric properties were calculated
from the experimentally obtained frequency dependences. Formulas for reflection and
transmission of the dielectric waveguide plug can be found in [15]. The scheme of the mea-
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surement is shown in Figure 1a. The measurements were made in the entire Ka frequency
band (2640 GHz), and the measured reflection and transmission curves were matched
by analytic curves calculated using the constant dielectric permittivity approximation. It
can be seen in Figure 1b that the constant dielectric permittivity approximation fits the
measured data well.
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Figure 1. (a) The scheme of measurement of the reflection and transmission coefficients with the test sample in the form of

the waveguide insert 7.2 mm X 3.4 mm x 100 mm (a); (b) comparison of the measurement results and simulation data for

SBS plastic in the frequency range 2640 GHz.

During the experiments, polymer samples printed using various technologies were
studied. Results of dielectric permittivity and loss tangent measurements of various
plastics printed using different 3D printing technologies at 100% infill are presented in
Table 1. The dispersion of dielectric permittivity is relatively small within the Ka-band.
Analysis of experimental data shows that styrene-butadiene-styrene (SBS) and polyethylene
terephthalate glycol (PETG) are the most suitable materials for windows due to low losses
and moderate dielectric permittivity. Different samples of PETG and SBS were printed
using filaments from different manufacturers and showed minor differences. However,
we note that these types of plastics were only suitable for FDM technology printers,
which provided fair accuracy and thus were not applicable at sub-terahertz frequencies
but sufficient for frequencies of several tens of GHz. This method and this plastic were
used earlier, in particular, to print a two-dimensional Bragg resonator operating in the
frequency range 55-65 GHz, and the measurement results were in good agreement with
the theory [16]. Since the windows for spectroscopic and atmospheric measurements are
also required at higher frequencies, the study of the applicability of FDM printing for these
purposes is of interest.

Table 1. Dielectric properties of the 3D-printed samples in Ka-band.

Plastic Printer Re ¢ tan &
Polyethylene terephthalate _3

elycol (PETG) 1 FDM 2.31 1.5 x 10
PETG 2 FDM 247 1.6 x 1073
Polylactic Acid (PLA) FDM 2.27 6.2 x 1073
Sterol—butadlelne—sterol (SBS) FDM 292 1.6 x 10-3
SBS 2 FDM 2.40 1.3 x 1073
Visijet SL Clear SLA 1.8 3.3 x 1072
Visijet SL Flex SLA 1.8 3.5 x 1072
Visijet SL Hi-Temp SLA 1.8 35 x 1072
Polyamide SLS 1.7 35x 1073

The second method for measuring the properties of dielectrics was to place samples
in the form of flat disks between the mirrors of a high-quality open two-mirror Fabry-Perot
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resonator. By measuring the quality factor of an empty cavity and a cavity with a dielectric
insert, it is possible to measure the properties of the test sample with high accuracy [17].
These measurements were made for selected materials and frequencies up to 185 GHz. The
real part of the dielectric permittivity is the same as in the Ka-band measurements. The
scheme of the measurement setup is shown in Figure 2a. The loss tangent data for plastic
used for FDM printing (SBS) and plastic used for SLS printing (polyamide) is shown in

Figure 2b.
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Figure 2. (a) The scheme of measurement of dielectric properties with the test sample in the form of the disk in the
quasioptical resonator; (b) loss tangent of the SBS and polyamide.

The polyamide plastic for SLS printers has a somewhat higher absorption than SBS
and PETG. Therefore, it could be an optimal solution for some applications as a trade-off
between the higher losses and better printing quality of the SLS method.

The photopolymer materials have significantly larger losses than polyamide (tangent
delta higher than 0.03). However, we consider these materials a good solution for high-
frequency applications with a 1 milliwatt or lower level of microwave power, since SLA
printing allows much better print accuracy and surface quality.

3. Reflection Measurements for 3D-Printed Prototype Barrier Windows

For the experimental study of the broadband windows prototypes, we chose SLS
printing from polyamide due to low losses and high manufacturing accuracy, which
allow the creation of small-scale structures suitable for devices operating at frequencies
of several hundred GHz. The sizes of the subwavelength antireflection structures were
chosen to produce fine details by the selected printing method adequately. These structures
should perform well when half of the wavelength is bigger than the period of the structure
because there could be no £1st order diffraction scattering in these conditions. However,
the performance at higher frequencies might degrade faster or slower depending on the
shape of the elements. This paper considers the two variants of known antireflection
subwavelength gratings at window disks for additive manufacturing. The first variant
of the surface shape is a periodic array of pyramids with a base size smaller than the
wavelength [18]. The shape of the pyramidal grating is shown in Figure 3a. The advantages
of such a surface are a weak dependence of the reflection coefficient on the frequency and
polarization of the incident radiation. The base side of the pyramids was chosen to be
1 mm, and the height was 2 mm. Simulations show that this corrugation applied to both
surfaces of the polyamide window disk and provided reflections of less than —20 dB in
the frequency band wider than one octave. For comparison, the flat polyamide disk had
reflections of up to —9 dB in this band. The second option is a one-dimensional periodic
corrugation of a special shape, proposed in [19]. This profile is optimized to minimize
the reflection of the polarization with the direction of the electric field orthogonal to the
groove direction at the frequency range of 60-160 GHz. The shape of the grooves is shown
in Figure 3b. The period and depth of one-dimensional corrugation are 2 mm and 2.5 mm,
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respectively. The corrugation profile was optimized for one linear polarization only, and
the reflection coefficient was less than —20 dB for frequencies below 105 GHz.

1D Groove

Figure 3. 3D-printed windows with (a) pyramids; (b) one-dimensional grating of special shape.

Three discs were printed: the first one had a flat surface on both sides, the other two
had gratings of the tested shape on both sides. The reflection coefficients were obtained by
two measurement setups by a vector network analyzer with a step of 30 MHz in the bands
of 75-110 GHz and 130-160 GHz, where the disks with optimized surface shapes calculated
reflection minima. The window disks were attached to the output of the corrugated tapers
providing the gaussian wave beam flat phase front (Figure 4a). The 0-dB level of the setup
was set using the flat mirror closing the end of the taper, and the minimum sensitivity limit
was set as the reflection from the open end of the taper.
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Figure 4. Schematics of the setups used to measure the dielectric disks parameters: (a) reflection measurements; (b) trans-

mission measurements.

Reflection measurement results are shown in Figures 5-7 for the flat-surface disk, disk
with pyramids, and disk with one-dimensional corrugation, correspondingly. The disk
with a one-dimensional corrugation of the surface was measured for both orthogonal linear
polarizations. However, the results for the second polarization are significantly worse
than for the optimal polarization. The measured reflection coefficient is below —18 dB
for both corrugated disks in the frequency ranges of 75-110 GHz and 130-160 GHz. In
contrast, the flat disk has a much narrower band with low reflections (10 GHz at the level
of —20 dB). Note that the option with pyramids is more advantageous if radiation of
arbitrary polarization is required, while the option with one-dimensional corrugation is
better for specific linear polarization. The one-dimensional corrugation works better for
lower frequencies but (due to its larger period) is worse for higher frequencies. Due to
the high sensitivity of this shape to manufacturing tolerances, the measured reflection of
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one-dimensional corrugation significantly deviates from the calculated one, which is also
noted in [19].
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Figure 5. Reflection from the 3D-printed disk with a flat surface on both sides. The black line
corresponds to the numerical simulation in CST Studio. The blue line is the measured reflection
coefficient, and the red line is the lower sensitivity limit of the measurement setup.
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Figure 6. Reflection from the 3D-printed disk with pyramids on both sides. The black line corresponds
to the numerical simulation in CST Studio. The blue line is the measured reflection coefficient, and
the red line is the lower sensitivity limit of the measurement setup.

To measure wideband transmission, we used a quasioptical setup consisting of a
vector network analyzer (VNA), a pair of tapers with PTFE lenses on adaptors, and an air
gap between them (Figure 4b). Disks were placed in the center of the air gap, which is
also the position of the Gaussian beam waist. The transmission through the two thinner
disks is presented in Figure 8. The flat disk has a thickness of 3.15 mm, and the average
thickness of the disk with pyramids is 3.33 mm. The low-reflection disk has a significantly
better transmission and is very close to the maximum transmission predicted using the
measured loss tangent of the polyamide. The disk with one-dimensional corrugation is
not shown because it has high dielectric losses in this frequency band due to its bigger
average thickness of 7.5 mm. The oscillations of the flat-sided disk transmission are caused
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by Fabry-Perot resonances inside the disk (period approximately 30 GHz) and resonances
between the disk and one of the lenses (approximately 4 GHz). The reflection from the
tapers causes fast oscillations (approximately 1 GHz).
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Figure 7. Reflection from the 3D-printed disk with special one-dimensional corrugation on both sides.
The black line corresponds to the numerical simulation in CST Studio. The blue line is the measured
reflection coefficient, and the red line is the lower sensitivity limit of the measurement setup.
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Figure 8. Transmission through the disks. The red line corresponds to the disk with pyramids on
both sides, and the blue line corresponds to the flat-surface disk. The black line shows dielectric
losses calculated in the 3.33 mm thick polyamide disk with zero reflections.

It is interesting and instructive to compare the results obtained for 3D-printed win-
dows with the earlier results for windows with the same shape profiles but manufactured
by traditional mechanical methods. Thus, the disk made from raflon (radiation-modified
PTFE) by CNC machining had reflections lower than —20 dB in the frequency range of
50-200 GHz [19], which is very similar to the results presented in this paper. Therefore, we
conclude that the current additive technologies are competitive with traditional manufac-
turing methods for dielectric microwave components at the 1 mm and longer waves.
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4. Estimation of the Applicability of the Considered Materials

Based on the obtained values of the real and imaginary parts of the dielectric permittiv-
ity, as well as the mechanical and thermal parameters of the tested materials given in [20],
it is possible to determine the losses and temperature conditions of a window that can
withstand atmospheric pressure, depending on its diameter and the supplied microwave
power. When considering the heat problem, the transverse dependence of the microwave
radiation intensity on the radius was taken as a Gaussian wave beam with a width of 0.64
of the window radius. Numerical modeling was performed with the following parameters
to represent many plastics with similar properties: n = 1.5, emissivity ¢ = 0.9, and the
thermal conductivity of plastic k = 0.4 W-m~'K~1. The dielectric loss tangent was taken as
slightly larger than the best-tested plastic = 0.002. The temperature of the cooled edge
of the window (ambient temperature) was Ty = 20 °C, with a convection coefficient of h
=10 W-m2.K~1. Several window diameters were considered between 1 cm and 10 cm
with different thicknesses from 1 mm to 10 mm, and the wavelength was set as Ay =3 mm,
which corresponded to the 100 GHz base frequency. Dielectric losses are proportional to
the frequency; therefore, the maximum power for any other frequency can be calculated by
multiplying the ratio of the base frequency to the target frequency. Numerical modeling of
the dielectric disk heating by a Gaussian beam was performed in COMSOL Multiphysics.
The reflections of the beam on disk surfaces were neglected, assuming the antireflection
surfaces. We simulated maximum beam power, which can be transmitted through the disk,
given that the maximum stationary temperature is 120 °C. The decimal logarithm of the
maximum transmitted continuous wave (CW) power value in Watts is presented in Figure
9, e.g., a disk with diameter 100 mm and thickness 10 mm can withstand approximately
150 W of CW transmitted power at a frequency of 100 GHz without convective cooling.

Log10(Power, W) 120°C Maximum Temperature
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Figure 9. Simulation results for maximum 100 GHz CW transmitted power through the polymer windows without
overheating. (a) the decimal logarithm of the maximum power value in watts without convective cooling (vacuum at both
sides); (b) decimal logarithm of the maximum power value in watts with convective air cooling on one side.

5. Conclusions

Current 3D printing technologies allow easy-to-manufacture dielectric microwave
components, such as broadband barrier windows with low reflections. In this paper, the
dielectric properties of the materials used in various 3D printing methods were measured.
The most suitable materials were found to be useful in microwave systems with a frequency
of up to several hundred gigahertz and a power of up to several tens of watts. The
analytical calculations and numerical simulations verify the use of the studied materials
for microwave devices with a power of about 100-200 watts.

Barrier windows with surface shapes specially optimized for low reflection in a wide
frequency band were printed and examined at low power. The printed windows provided
a reflection coefficient below —18 dB at frequencies of up to 160 GHz, making it possible
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to use in microwave devices that require the reception/transmission of a signal in a wide
frequency range. We conclude that the current additive technologies are competitive with
traditional manufacturing methods for dielectric microwave components at 1 mm and for
longer waves.
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Abstract: The pill-box window is one of the important components of microwave vacuum electronic
devices (VEDs), and research into it is of great significance. As the operating frequency increases,
the problems associated with the reduction in the structure size include the reduction of the brazing
plane and the reduction in the tolerance of the pill-box window. These problems will cause traditional
pill-box windows to be unsuitable in high-frequency bands, especially in terahertz and sub-terahertz
regions. The most influential factor is the length of the circular waveguide in the box window. The
welding plane of the over-size pill-box window is the annular bottom surface on both sides of the
dielectric sheet, which is larger than the circular waveguide, and the operating frequency does not
directly affect the area of the brazing surface. Choosing a suitable diameter for the dielectric sheet can
effectively increase the tolerance to the length of the pill-box window circular waveguide. Therefore,
an over-size pill-box window would be a practicable approach to improve the performance compared
to the traditional pillow-box in high-frequency bands. This paper describes, in detail, the theoretical
design, simulation optimization and experimental process of this improved pill-box window. An
over-size pill-box window suitable for G band VEDs was successfully developed. The experimental
result in the 215-225 GHz band is that the maximum transmission loss is —1 dB, and the overall
transmission loss is close to —0.5 dB. The overall reflection is less than —11 dB.

Keywords: pillbox window; 220 GHz; low loss; sub-terahertz

1. Introduction

In Recent decades, with the rapid development of terahertz science and technology,
the lack of terahertz radiation sources has become, have limiting the research into and
applications of the terahertz wave. Vacuum electronic devices (VEDs) (e.g., TWT, klystron,
BWO, Gyrotron), which could transfer energies from electrons to electromagnetic waves
in vacuum tubes, are the most powerful radiation sources in the low-frequency terahertz
region and sub-terahertz region. The IAP-RAS (Institute of Applied Electronics-RAS)
reported 10 kW, 1 THz gyrotron, CAEP (China Academy of Engineering Physics) reported
3.1 W, 336.96 GHz TWT, and CPI (Communications & Power Industries) reported 10 W,
264 GHz EIO/EIK (Extended Interaction Klystrons/Oscillatiors). The vacuum window is
an important component of the vacuum electronic device [1-3]. It is used to maintain the
high-vacuum condition while in the tubes, while inputting or outputting electromagnetic
waves from or into the tubes.

The pill-box window is a widely used configuration in VEDs design [4-7], with the
advantages of bandwidth, easy brazing, and high power capacity. Figure 1a shows the
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standard structure of a traditional pill-box window. It consists of a standard waveguide
with input and output ports, a circular waveguide with a diameter equal to the diagonal of
the standard waveguide, and a dielectric sheet brazed into the circular waveguide. The
traditional pill-box window has a wide range of applications. However, the size of the
traditional pill-box window is directly proportional to the operating wavelength. As the
working frequency increases, the overall size of the pill-box window is reduced, and some
problems arise in the realization of the traditional pill-box windows a result. The brazing
surface of the traditional pill-box window is the cylindrical side surface of the dielectric
sheet. The reduction in the size of the pill-box window will cause the reduction in the
brazing surface, decreasing the air tightness and experimental tolerances. The higher
the working frequency band of the pill-box window, the more difficult it is to process.
The parameter that is most prone to experimental errors, and has the greatest impact on
the experimental results, is the length of the circular waveguide of the pill-box window
(L1) [5,6]. In the W-band, an asymmetric structure is used, and the influence of processing
errors on the test results of the box window can be reduced through multiple transmission
tests [6]. However, in the G-band, the asymmetric structure cannot solve the problem
of a too-small welding surface, and the air tightness of the pill-box window cannot be
guaranteed. The improved over-sized pill-box window shown in Figure 1b can effectively
solve the above problems. The brazing surface of the improved pill-box window is the
annular bottom surface of the dielectric sheet, which is larger than the circular waveguide.
The brazing area will not change with the increase in working frequency. During the design
process, we found that the tolerances in dielectric sheets with different diameters to pill-box
windows are different. Choosing a suitable diameter for the dielectric sheet can effectively
increase the tolerance of the pill-box window, thereby reducing the difficulty of achieving
high-frequency pill-box windows.

(a) (b)

Figure 1. Structure of the (a) traditional pillbox window and (b) improved pillbox window.

In this paper, an over-size pill-box window for sub-terahertz VEDs at G band
(215-225 GHz) is investigated, as outlined in the above structure. In the second part
of this article, the theoretical design and simulation optimization of the improved box win-
dow are described in detail. The third part realized the G-band pill-box window according
to the design and processing. The fourth part summarizes this article.

2. Model Design and Simulation

The pill-box window design begins with choosing the right material as the medium
window sheet. Materials such as quartz, ceramics, diamond and sapphire are often used
for the dielectric sheets of pill-box windows. Compared with other dielectric materials,
sapphire has the advantages of high mechanical strength, low loss tangent, and mature
metallization technology. Sapphire is an anisotropic material, but the perturbation of its
dielectric constant does not affect the transmission of the transverse electric (TE) mode in
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the over-size pill-box window [7]. Therefore, the dielectric material selected in this design
is sapphire, and its dielectric constant is 9.4.

There are many published theoretical calculation methods, such as the impedance-
matching approach [3,5], the method of moments [8], and the equivalent circuit method [4-9].
In this paper, the equivalent circuit method, with a relatively simple calculation, is selected.
In the equivalent circuit theory, the connection point between the waveguides and the
waveguide of the pill-box window are equivalent to a two-port circuit element. The trans-
mission modes of the rectangular waveguide and the circular waveguide in the pill-box
window are TE;p mode and TE;; mode, and the equivalent circuit is shown in Figure 2.
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Figure 2. Equivalent circuit diagram of pill-box window.

In Figure 2, L is the length of the rectangular waveguide; j3 is the propagation con-
stant of the rectangular waveguide; Z is the characteristic impedance of the rectangular
waveguide; Bc is the equivalent susceptance of the connecting part of the rectangular
waveguide and the circular waveguide; L; is the length of the cylindrical waveguide; 51 is
the propagation constant of the cylindrical waveguide; Z; is the characteristic impedance
of the cylindrical waveguide; L is the length of the sapphire cylinder; B is the propagation
constant of sapphire dielectric waveguide; Z is the characteristic impedance of sapphire
dielectric waveguide; a M is the transfer matrix of the connection part and each waveguide.

The multiplication of the transmission matrix of each the transition part and each
waveguide of the pill-box window is equal to the overall transmission matrix of the pill-box
window. This can be written as

M = M10M20M30M40M50MZOM30M20M1 1

where the ‘o’ in the formula means multiply, the “*” in the formula represents the inverse
matrix. The specific expression formula of each transfer matrix can be found in the litera-
ture [7]. Through the simplification of the transfer matrix and the relationship between the
scattering matrix and the transfer matrix, the scattering matrix of the equivalent circuit can
be obtained. The specific derivation process can be obtained from the literature [6,7]. By
substituting the ideal transmission conditions: Sy = Sp1, S11 = S22 = 0 into the scattering
matrix the equations for the structural parameters of the box window can be obtained as

tanpiL; = A/B+\/(A/B)*—C/B
(A/B)*~C/B >0

z z Z .
A= (% +%B2+ %) cospolo+ (5:B2 + 2B sin foLo @
72 72 .
B = —2B.cos BoLg + Z—ZloB% — ZZ—Z%O + Tzlg sin BgLg

C= ZBC CcOos ‘BQLO + (Z%) — %Bg - %) sinﬁOLo

According to the test conditions of the vector network analyzer (VNA) in our labo-
ratory and the operating frequency of the pill-box window, the rectangular waveguide
selected in this design is WR-5 (waveguide name of EIA standard). Equation (2) is an
equation about f, L1, Ly, R1, Ry. When the frequency is determined to be 220 GHz, these four
parameters have countless solutions. In order to obtain the ideal over-size pill-box window
structure parameters, it is necessary to limit the values of the parameters before solving.
The increase in the thickness of the sapphire sheet will increase the mechanical strength and
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power capacity of the pill-box window. However, the increase in thickness will reduce the
matching degree of the pill-box window, that is, the bandwidth will become smaller. There-
fore, the thickness of the sapphire sheet can be limited one-quarter waveguide wavelength
to half the waveguide wavelength (0.11 mm < Ly < 0.22 mm). If the radius of the circular
waveguide is too large, it is easy to produce higher-order modes. However, when the
diameter of the circular waveguide is the diagonal length of the rectangular waveguide, the
bandwidth of the box window is narrow. Therefore, the radius of the circular waveguide
can be selected as va? 4+ b?/2 < Ry < 1 mm. To simplify the theoretical calculation, the
radius of the dielectric sheet is temporarily set as Ry = R; + 1. When the length of the
circular waveguide is less than the length of the dielectric sheet, the matching degree of
the box window will be reduced, and the bandwidth will be reduced. In order to reduce
the calculation time, the length of the circular waveguide should be controlled within
one waveguide wavelength. The length of the circular waveguide is between the length
of the dielectric sheet and a waveguide wavelength (Ly < L; < 0.44 mm). Substituting
the solutions in Equation (2) that meet the value ranges of the four parameters into the
scattering matrix of the window system, take the solutions with the largest bandwidth with
a reflection less than —15 dB as the theoretical design parameters of the pill-box window,
as shown in Table 1.

Table 1. Structural size parameters of the pill-box windows.

Equivalent Circuit Simulation
Rectangular waveguide WR-5 WR-5
Thickness of circular waveguide 0.374 mm (L) 0.3 mm (L)
Radius of circular waveguide 0.97 mm (Rq) 0.97 mm (Rq)
Radius of sapphire dielectric 1.97 mm (Rg) 2 mm (R)
Thickness of sapphire dielectric 0.2 mm (Lg) 0.2 mm (L)

The equivalent circuit theory is not an accurate theoretical calculation, and the de-
signed structural parameters can only be used as an initial value. The specific size of the
over-size pill-box window should be optimized by 3D electromagnetic simulation software
(HFSS). In the simulation, the dielectric constant of sapphire is 9.4, and the dielectric loss
tangent is 0.006. In the high-frequency pill-box window experiment process, the error
capacity of the circular waveguide length (L1) is the biggest factor affecting the pill-box
window test results. The optimized condition is to ensure that the transmission bandwidth
of the pill-box window is 215-225 GHz, which maximizes the tolerance of L;. The specific
optimization process is that the thickness of the sapphire and the radius of the circular
waveguide remain unchanged, the radius of the different dielectric sheets are taken, and
the transmission and reflection of different L; values (Ly < L; < 0.44 mm) at 220 GHz
are scanned. This paper selected five different Ry values, and recorded the transmission
loss and reflection corresponding to different L1 values at 220 GHz, under the condition
that the maximum reflection in the 215-225 GHz band is less than —15 dB. The results are
shown in the Figure 3. In the theoretical calculation of the traditional pill-box window,
the size of the rectangular waveguide, and the radius of the circular waveguide and the
dielectric sheet are determined by the operating frequency. Equation (2) is an equation
about the length of the circular waveguide and the thickness of the dielectric sheet. The
same theoretical calculation and simulation optimization are carried out in the traditional
medicine box window. The results of the same simulation optimization of the traditional
pill-box window are shown in Figure 3.
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Figure 3. (a) The transmission loss and (b) reflection simulation results of pill-box windows values with different L;.

From Figure 3a, the radii of the sapphire sheets of the over-size pill-box window are
1.75,2, 2.5 and 3 mm, the change in the value of L1 has less influence on the transmission
loss, and it is also less than the influence of traditional pill-box windows. When the radius
of the dielectric sheets of the over-size pill-box window is larger (Rg = 3.75 mm), the change
in the value of L; has a greater impact on the transmission loss. In Figure 3b, it can be
seen that the tolerance of L; is different for sapphire sheets with different radii. Under the
condition that the reflection of the pill-box window at 220 GHz is less than —30 dB and
the maximum reflection in the 215-225 GHz frequency band is less than —15 dB, when
the radius of the sapphire sheet of the over-size pill-box window is 1.75, 2, and 2.5 mm,
the value change range of L; is 0.08 mm. The range of L; value of the traditional pill-box
window under the same reflection condition is 0.03 mm. It can be seen that the radius of
the sapphire sheet of the over-size pill-box window is set to an appropriate value, which
can increase the tolerance of the structural parameters of the window system. The final
radius of the sapphire in this paper is selected to be 2 mm because of the brazing and
miniaturization of the pill-box window. The final structural parameters of the box window
are shown in Table 1.

In a simulation template with PEC (Perfect Electric Conductor) as the background
material, a pill-box window model, as shown in Figure 4, is established, and the rectangular
waveguide openings at the upper and lower ends are set as the excitation source. The
simulation result and theoretical calculation results of the transmission characteristics
of the pill-box window are shown in Figure 5. It can be seen that the over-size pill-box
window calculated by the equivalent circuit theory has a reflection of —42.5 dB at 220 GHz,
but its bandwidth is relatively narrow. The optimized over-size pill-box window structure
has good transmission performance in the simulation. The reflection in the 210-230 GHz
frequency band is less than —30 dB, and the maximum transmission loss is —0.2 dB in the
frequency band.

In order to provide the corresponding error and accuracy of the experimental assembly
and processing, it is necessary to perform error analysis on the structural parameters of the
over-size pill-box window. It can be concluded from Figure 3 that the structural parameters
L; and Ry of the over-size pill-box window have a large tolerance. The error analysis is
mainly on the radius of the circular waveguide (R1) and the thickness of the dielectric sheet
(Lo). By keeping the other structural dimensions of the pill-box window unchanged, the
change in the value of Rj, and the transmission loss and reflection of the pill-box window
are shown in Figure 6. When the radius of the circular waveguide (R;) changes within
0.96-0.98 mm, the reflection of the pill-box window in the frequency band 215-225 GHz
is less than —20 dB, and its transmission loss changes little. The same simulation error
analysis is performed on the thickness of the dielectric sheet (Lj), and the result is shown
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in Figure 7. When the variation range of L is 0.194-0.206 mm, the reflection parameters of
the pill-box window are less than —20 dB in the 215-225 GHz band, and the transmission
loss is less than —0.15 dB. It can be seen from the above that the tolerance difference in the
two parameters Ry and Ly is £0.01 mm and 40.006 mm.

Figure 4. The simulation structure of over-size pill-box window.

+-0.1

Reflection(S,,)/dB
Transmission(S,,)/dB

5 --0.4

= Transmission of simulation

55 4 —— Reflection of simulation
=— Reflection of equivalent circuit calculation

-0.5

T T T T T T T T T
210 212 214 216 218 220 222 224 226 228 230

Frequency/GHz

Figure 5. Theoretical and simulated transmission characteristics.
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Figure 6. (a) The transmission loss and (b) reflection of pill-box windows values with different R;.
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Figure 7. (a) The transmission loss and (b) reflection of pill-box windows values with different Ly.

3. Experiment Results

In the preliminary test of the over-size pill-box window, we found that the test size
of the individual components was within the tolerance of the error analysis, but the test
results after assembly and welding were not ideal. Because the over-size pill-box window
being tested is composed of many parts, the final test result is determined by the errors
of all components. In order to increase the utilization rate of over-size pill-box window
components and the yield of over-size pill-box windows, this paper optimizes the testing
process, as shown in Figure 8. The components of the over-size pill-box window are
cleaned and dimensioned, and components with qualified dimensions are selected for
assembly, and then the first test is performed on the vector network analyzer (CEYAER
AV3672C (Shandong, China)). The sapphire sheet of the over-size pill-box window that
passes the test is selected for metallization, and the second transmission test is performed
after assembly with the original components. The over-size pill-box window that passes
the second transmission test is selected to complete the final assembly and brazing. Finally,
the third transmission test is performed. In this test scheme, the first two transmission
tests can eliminate unqualified assembly components during the test process, minimize the
waste of the pill-box window components, and ensure the qualification of the over-size
pill-box window components for the final transmission test to increase the yield of over-size

pill-box windows.

It is worth mentioning that, when formulating a pill-box window soldering plan, the
solder should be isolated from the cavity waveguide in the pill-box window, that is, the
solder slot in the soldering plan should be a closed space, as shown in Figure 9a. The
deformation of the solder in the high-temperature furnace under the high pressure of the
fixture should be controlled. This can reduce the influence of transmission characteristics
of the over-size pill-box window by solder deformation. According to the structural
parameters optimized by the simulation, the components of the over-size pill-box window
are processed; the overall pill-box window after brazing is shown in Figure 9b. The

experimental system of the over-size pill-box window is shown in Figure 8.
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From the experimental process of the pill-box window, it can be seen that each suc-
cessful window needs three tests on the VNA. In the first test, the non-metalized dielectric
window sheet and other components were assembled into a pill-box window system with
screws and pins. The test results on VNA are shown in Figure 10. It can be seen from the
figure that there is a large reflection at 214.3 GHz, the transmission loss reaches —2 dB,
and the spurious modes are produced at the frequency of 221.9 GHz. The reason for
this phenomenon may be that the annular air grooves on both sides of the tested pill-box
window dielectric sheet affect the transmission characteristics of the window system. This
can be verified by a simulation calculation. The ring-shaped hollow groove with a ring
width of 0.5 mm and a ring height of 0.2 mm on both sides of the dielectric sheet are
added to the simulation calculation, and the result is shown in Figure 11. There is a larger
reflection point at 213.5 GHz in the simulation result, which is 0.9 GHz different from the
frequency of the reflection point in the test result. The two results are quite similar. It
can be determined that this reflection point is the influence of the ring-shaped groove on
the transmission of the pill-box window. The test results have good overall transmission
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characteristics after removing the spurious mode points in the 215-225 GHz frequency
band, and are highly similar to the simulation results. This shows that the processing error
of the tested pill-box window parts is small, and the next test can be carried out.
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Figure 11. Results of the non-metallization and non-brazed pill-box windows.

After the first test of the pill-box window, the dielectric window sheet is metalized
and then assembled and tested. In this case, the ring-shaped solder grooves on both sides
of the dielectric sheet are blocked by the metalized film, and the transmission effect on
the pill-box window is negligible. With the support of mature metallization and brazing
technology, the results of the last two tests are basically the same. The final test results are
shown in Figure 12. It can be seen from the figure that there is a large gap between the
tested pill-box window transmission coefficient and the simulated value, but the numerical
trend is very similar. In the design frequency band 215-225 GHz, the over-size pill-box
window has good transmission characteristics, its maximum transmission loss is —1 dB,
the overall transmission loss is close to —0.5 dB, and the overall reflection is less than
—11 dB. Its characteristics fully meet the parameter requirements as an input window.
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4. Conclusions

This paper introduces the design, production and testing of a pill-box window devel-
oped for G band VEDs. The tolerance of the circular waveguide length (L;) of the pill-box
window in the different radius mediums of the improved pill-box window is discussed,
which effectively provides a higher tolerance of the box-shaped window to the length
of the circular waveguide. This provides a new idea for the selection of the radius of
the dielectric sheet of this type window. After the theoretical calculation and simulation
optimization, the reflection of the box window in the 210-230 GHz frequency band was
less than —30 dB, and the maximum transmission loss was —0.2 dB. The problems of the
experiment process and optimized the test process are summarized. The test results of
pill-box windows without metallization and brazing are shown. The simulation analysis
on test results was performed to determine the eligibility of pill-box window components.
The pill-box window was within the design frequency band of 215-225 GHz, the overall
transmission loss was close to —0.5 dB, and the overall reflection was —11 dB. The test
results show that this over-size pill-box window is a design that can be applied to the
vacuum window of a sub-THz VEDs, and has development potential at higher terahertz
region frequencies.
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Abstract: In order to develop wide-band low-loss windows for W-band vacuum electronic devices
and easily fabricate them, symmetric and asymmetric pillbox windows are investigated and reported
in this paper. A symmetric pillbox window and an asymmetric pillow-box window were designed,
simulation optimized, fabricated, and tested. The initial parameters for the two pillbox windows were
designed by equivalent circuit theory. Computer simulation technology (CST) three-dimensional
(3D) electromagnetic simulation software was used to verify and optimize the design. Because of the
uncontrollability of welding during the experiment, this article provides two solutions. One is to
measure and reprocess the symmetrical pillbox window with the dielectric sheet welded to reduce the
influence of welding on the measurement results; the other is an asymmetrical box window which is
designed to avoid the error caused by the welding of the box window. The best experimental results
for the symmetric pillbox window were |Sy;]| close to 1 dB and reflection parameter |Sq1| close to 10 dB
in the frequency range of 77-110 GHz. The experimental results for the asymmetric pillbox window
were |Sp1| < 1 dB nearly in the frequency range of 76-109.5 GHz. The experimental results show that
both solutions efficiently complete the design of broadband pillbox windows and would potentially
be operated in the gigahertz millimeter-wave region.

Keywords: pillbox window; wide-band; W-band; low loss

1. Introduction

Microwave vacuum tubes, such as traveling wave tubes (TWs), klystrons, magnetrons, and gyrotrons,
are important electronic devices. As high-power microwave radiation sources, vacuum tubes are widely
used in microwave applications, including wireless communication, high-resolution radar and imaging [1],
and industrial heating. In the research of microwave vacuum tubes, the window system is used to isolate
the vacuum and atmosphere, which is an indispensable component. Diverse window configurations have
been reported, such as the single-disc [2], multi-disc [3], and pillbox [4-7] configurations. Compared with
other types of window systems, the pillbox window system has the advantages of being wideband and
easy to braze, having large power capacity, and so on. It has been widely used in window design [8-10].

In the research of W-band microwave vacuum windows, great achievements have been made.
Table 1 lists the results of microwave windows that have been experimentally tested in recent years.
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It can be seen from Table 1 that the pillbox window can be applied to various frequency bands of
microwaves and millimeter waves. In W-band, the working frequency bands in most of the measured
results for pillbox windows were concentrated within 90-100 GHz [6]. Bandwidth is one of the
most important indicators of a microwave window and directly affects the performance of vacuum
devices. This paper extends the working band of pillbox windows to 76-110 GHz, which is suitable for
microwave devices in the full W-band.

Table 1. Some achievements in vacuum microwave windows.

Institution Design Bandwidth Measured Bandwidth Window Type

University of Strathclyde [6] (901$0%I_GIZHZ) (901(1)0GOI_(§{Z) Pillbox window

Seoul National University [8] (93—910GZHC?HZ) (93.2—810Gll._;ZGHZ) Pillbox window
Vacuum Electronics National 20 GHz 10 GHz Rectangular wavesuide window

Laboratory [11] (82-102 GHz) (92-102 GHz) & &
China Academy of 20 GHz 13 GHz Pillbox window
Engineering Physics [12] (130-150 GHz) (132-145 GHz)
Tsinghua University [13] @1 51—02%HGZHZ) @1 51—022G5HC?HZ) Pillbox window

The traditional pillbox window system consists of three distinct parts: two symmetrical rectangular
waveguides, a straight cylindrical waveguide, and a cylindrical waveguide filled with dielectric.
The dielectric window is brazed in a straight circular waveguide. At low working frequency, this type
of pillbox window has many advantages and is applied in many products. However, when the
operation frequency is up to the sub-millimeter-wave and millimeter-wave region, the yield and
reliability of this pillbox window are very low in fabrication and assembly. To improve the success rate
of the pillbox window, the traditional window is tested and analyzed in this paper. The reasons for low
assembly efficiency are as follows: (1) With increasing operation frequency, the structural parameters
of the pillbox window decrease. In the sub-millimeter-wave and millimeter-wave region, it is hard to
ensure that the dielectric window is centered and vertical in the straight circular waveguide; thus, it is
easy to simulate spurious modes, reducing the bandwidth. (2) Symmetrical pillbox windows cannot be
tested before they are brazed. If the test results are not satisfactory, the window is scrapped. To solve
these problems, this paper provides two solutions. One is to measure and process the symmetrical
pillbox window with the dielectric sheet welded to avoid the influence of welding on the measurement
results; the other is an asymmetric pillbox window that was investigated (these results have been
published in another paper [14]), the structure of which is shown in Figure 1b. In comparison to the
conventional symmetric pillow-box window which is shown in Figure 1a, we see that the diameter
of the two sections of the cylindrical waveguide is different in the asymmetric pillow-box window.
This system can nicely restrain the variations caused by the brazing process and ensure consistency
between the experimental results and design. It can also be roughly tested before brazing to correct the
structural parameters.

This paper is organized as follows. Section 2 introduces the selection of the window dielectric
material, equivalent circuit theory of the symmetrical pillbox window, simulation results, and structural
parameters of the two kinds of pillbox window. Section 3 is devoted to experiments, analysis of
experiment results, and improvement of the symmetrical pillbox window and the experimental result
of the asymmetrical pillbox window. Section 4 concludes the paper.
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Figure 1. Structure of the (a) symmetrical pillbox window and (b) asymmetrical pillbox window.

2. Model Design and Simulation

In the design of the pillbox window, the first step is the determination of the material of the window
piece. Sapphire was finally selected in this investigation; its reference factors include high strength
and small electric loss tangent (<1 X 107%), and the metalized technology is mature. Strictly speaking,
the relative permittivity values in the horizontal and vertical directions of sapphire are different.
Under the condition of TE (Transverse electric) mode transmission, the difference in the dielectric
constant of sapphire has little effect on the transmission of the pillbox window [13]. The relative
permittivity of the transmission is 9.2, according to material reports.

There are some calculation methods used in the design of symmetrical traditional box windows,
including the impedance matching approach [6], the method of moments [13], and the equivalent
circuit method [7,13,15,16]. In this paper, the equivalent circuit method was used. The transmission
modes in the pillbox window are the TE;p mode of the rectangular waveguide and the TE;; mode of
the cylindrical waveguide. An equivalent circuit diagram of the pillbox window system is shown in
Figure 2. The transfer matrix of the window system is divided into nine parts, under the condition of
single-mode transmission [13]. In the following theoretical calculation part, we discuss the calculation
process of the symmetric window.
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o X P N o
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3 g ®
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M, M3 Ms M3 M,

Figure 2. Diagram of the equivalent circuit.

In Figure 2, L is the length of the rectangular waveguide; Bc is the equivalent susceptance of the
transition from the rectangular waveguide to the circular waveguide; Ly, L1, and L1 * are the length of
the cylindrical waveguide; f is the propagation constant of the TE;y mode in the rectangular waveguide;
Z is the characteristic impedance of the rectangular waveguide; 1 is the propagation constant of the
TE;1 mode in the cylindrical waveguide; Z; and Z; * are the characteristic impedance of the cylindrical
waveguide; fy is the propagation constant of the TE;; mode in a dielectric circular waveguide; Zj is
the characteristic impedance of the dielectric waveguide; and M is the matrix of each waveguide and
the connection part.

The transfer matrix of the window system can be obtained by multiplying the nine parts of the
transfer matrix, shown as
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M = M; 0M20M30M40M50M20M;0M30M1 (1)

Substituting the transfer matrix of each part into Equation (1), the transfer matrix can be written
as [16-19]

M cos(BL) —jZsin(BL) 1 0 cos(B1L1) —jZy sin(B1Ly) Ro/Ry 0 cos(BoLo) —jZosin(BoLo)
,% sin(BL) cos(BL) 7% 1 7% sin(B1L1) cos(BiL1) 0 Ri/Ro 7240 sin(BoLo) cos(BoLo) (2)
Ry/Ro 0 cos(B1L1) —jZysin(B1L1) 1 0 cos(BL) —jZsin(pL)
0 Ro/Rs — 4 sin(B1Ls) cos(B1L1) & — 1 sin(pL) cos(BL)
where Bc can be written as [18,19]
_p Ry2-b? b, R sin? ngp
BC— p= Zln 4R1b +(R1+ b)+2n§ 1’13 2 62}’[
_ b - ©)
b2n = BRy \? L Ry
- m)

where b is the short side length of a rectangular waveguide, and Bc = Bc*.

In the window system, the length of the rectangular waveguides at both sides only influences the
phase of the transfer matrix, L is set to zero, and Ry = R = R;. The transfer matrix of the symmetric
window system can be written as

M = MpeMzeMseM oM
10 ] .[ cos(p1L1) —jZy sin(p1L1) ].[ cos(BoLo) —jZosin(BoLo)

—% 1 _Zil sin(ﬁlLl) COS(ﬁlLl) _ZLO Sil’l(ﬁoLo) COS(‘B()L()) (4)

.[ cos(fil1)  —jZisin(BiLq) H 1 0 ]

. iBe
—Zil sin(B1L1) cos(B1L1) —]7 1

According to the relation between the transmission matrix and scattering matrix, the scattering
matrix S could be written as

Mo +Mip—Mp1 =My 2
g — My +Mip+Mp+Mz My +Mip+Mo+Mp 5)
M1 My —M1p Mo M1 +M1p—My My

M1 +Mp+Mp1+Mp My +Mip+Ma1+Mpp

The S-parameter ideal design goal of the symmetric window is S1» = Sp1, S11 = S = 0;
thus, the structural parameters satisfy the equations

tanpiLy = A/B+ +/(A/B)*~C/B
(A/B)*-C/B=>0
Z Z 2 4 Z1p2 4 Zo :
A= ( + = B; )COSﬁoLo + ( BC + Z—ch) sin BoLo (6)

B = —2B, cos foLo + (Zzl0 B2-Zo 4 ZZ 1) sin oL

C = 2B cos oLy + (ZLO i B2 - ) sin foLo

According to the frequency of the pillbox window, the WR-10 (Waveguide name of EIA standard)
standard rectangular window was selected. The three structural parameters of the symmetrical pillbox
window, Ly, L1, and Ry, need to satisfy Equation (6). When the center frequency of the design band is
92.5 GHz, the three parameters have infinitely many solutions that satisfy the equation. To obtain the
ideal parameter structure, the values of the three structural parameters need to be limited. Considering
the sealing and mechanical strength of the window, the dielectric sheet needs to have a larger thickness,
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and considering the matching of the window system, the window sheet needs to be thinner. Based on
the above reasoning, L is between one-half of the waveguide wavelength (0.55 mm) and one-quarter
of the waveguide wavelength (0.275 mm) (0.275 mm < Ly < 0.55 mm). The diameter of the circular
waveguide is too large, the high-order mode cannot be cut off, and the diameter of the window is too
small, which will narrow the matching bandwidth. The diameter of the general box-shaped window
is taken from the diagonal of the rectangular waveguide D = Va2 + b2. Based on the bandwidth
requirements of the pillbox window in this paper, the diameter of the window can be slightly larger
than D, and the scanning range can be set as Ly < L1 < 1 mm. The value ranges of the three parameters
were combined to find the solution set that satisfies Equation (6). The transmission and reflections of
each set of structural parameter values can be obtained by Equation (5); the parameter group with a
larger bandwidth and reflection less than —10 dB was selected as shown in Table 2.

Table 2. Structural parameters of the pillbox windows.

Equivalent Circuit Simulation—Symmetric Simulation—Asymmetric
Rectangular waveguide WR-10 WR-10 WR-10
. . . 0.49 mm (L;) 0.48 mm (L7) 0.48 mm (L")
Thickness of circular waveguide 0.49 mm (Ly) 0.48 mm (Ly) 0.48 mm (Ly")

. . . 1.9 mm (Rq) 1.8 mm (Rq) 1.8 mm (R;")
Radius of circular waveguide 1.9 mm (Ry) 1.8 mm (Ry) 1.75 mm (Ry)
Radius of sapphire dielectric 1.9 mm (Rg) 1.8 mm (Ryp) 1.8 mm (Ry’)

Thickness of sapphire dielectric 0.31 mm (Lg) 0.34 mm (L) 0.33 mm (Ly’)

The reflection value by the equivalent circuit theory and the transmission characteristics in CST
are shown in Figure 3. Except for the frequency deviation of 4 GHz, the two reflection curves have
good consistency. This shows that the equivalent circuit theory is reasonable as a preliminary design
tool. The equivalent circuit theory is not a very accurate mathematical model, and further optimization
should rely on CST three-dimensional (3D) electromagnetic simulation software. The structural
parameters were simulated and optimized with the goal of wider transmission bandwidth and smaller
transmission loss. The structural parameters of the asymmetric pillbox window were optimized based
on the parameters of the symmetrical-type window. Considering the machining accuracy and assembly
difficulty, the diameter difference of the two circular waveguides was taken as 0.1 mm. The structural
parameters are shown in Table 2.
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Figure 3. The optimized (a) S; values of pillbox windows and (b) Sy; values of pillbox windows.

The simulation-optimized structural model is shown in Figure 4. For input mode TEj,
the transmission characteristics are shown in Figure 3. In the frequency range of 78-110 GHz,
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the Sy; values of the two designs were greater than —0.5 dB; the maximum transmission loss of the
symmetric pillbox window was —0.23 dB, while that of the asymmetric type was —0.47 dB.

22350
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13557
10429
7925
5921
4n7
3034
2007
1185
sa1

@) (b)
Figure 4. Simulation model of the (a) symmetrical pillbox window and (b) asymmetrical pillbox window.

3. Experiment Results

According to the optimized structural parameters (Table 2), two box-type windows were processed

and assembled, as shown in Figure 5. The testing process in the vector network analyzer (CEYAER
AV3672C) is shown in Figure 6.

(@) Symmetric pillbox window  (b) Asymmetric pillbox window

Figure 5. The pillbox windows after brazing assembly: (a) symmetric pillbox window and (b) asymmetric
pillbox window.

mmetr"c Pillbox

Figure 6. Experimental testing of the pillbox windows.

The experimental results of the symmetrical box window in the early stage were not ideal.
The error analysis method in the literature [6] was used to analyze the experimental results. Based on
the analysis results, the experimental program was revised. Because the value of S was small and its
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influence on the change of the structural parameters of the window system was not obvious enough,
the more sensitive Sy; was selected as the optimization target, and the random error was the structural
parameter of the window. Some of the analysis results are shown in Figure 7, and the calculated
tolerance of the window is shown in Table 3.

0 0
104
-1

—20 e
2 g
o = .
2 4 24
S g
= -2
g { / @ ‘ ? * = Measured transmission
2 401 Mj:asured reflection \ [ E - «— With all tolerance 4
E With all tolerance V 8 !A . ! + With L, and L, tolerance

- I
504 W.nh L, and L, tolerance . “ i & .: . With L, tolerance
With L, tolerance i 4. . 4
X Pyt With R; and R, tolerance
. With R, and R, tolerance | £ 2
=60 X - l 7 Without tolerance
—— Without tolerance »
L
~70 5 T T T T T T
- T T T T T T 75 80 85 90 95 100 105 110
75 80 85 90 95 100 105 110
Frequency/GHz Frequency/GHz
(a) (b)

Figure 7. Measurement results and simulation analysis of the symmetric window: (a) Sq; values of the
pillbox window; (b) Sp; values of the pillbox window.

Table 3. The calculation tolerance of the pillbox window.

Variable Name Lo Ly L, Ry R, R,
Figure 7 —-0.013 mm ! 0.06 mm —0.08 mm 0mm 0.02 mm 0.02 mm
Figure 9 0.02 mm -0.02mm  -0.05mm  -0.04 mm 0.01 mm 0.01 mm

1 A negative sign indicates that the experimental size estimated by the simulation was smaller than the design size.

As shown in Figure 7, the errors of Ry, Ry, and Ly made lesser contributions to the deviation of
the measurement result and the design value, which is mainly caused by the tolerance of L; and L.
The main reason is that the position of the dielectric sheet shifted during the welding process. This shift
is random due to the purely manual operation of welding fixture assembly and solder filling. The test
results of multiple rounds of modification of the welding fixture and assembly scheme showed that
this randomness is inevitable. To reduce the influence of welding on the test process, the test plan
was modified. After the windows were welded to the circular waveguide, the circular waveguides
on both sides were measured and reprocessed to ensure that the values of L1 and L, were within the
tolerance range. The test process is shown in Figure 8. This method can effectively reduce the influence
of welding on L; and L. The final test result is shown in Figure 9. By error simulation analysis of
the test results, the calculation tolerance of each structural parameter was obtained, shown in Table 3.
The transmission parameter |S;1| was close to 1 dB and the reflection parameter |S11| was close to 10 dB
in the frequency range of 77-110 GHz.
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Figure 8. The test flow chart for the symmetric pillbox window.
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Figure 9. The measurement results of the symmetric pillbox window: (a) S1; values of the pillbox
window; (b) Sp; values of the pillbox window.

The asymmetric pillbox window can avoid the problems of the symmetric pillbox window in the
testing. In asymmetric pillbox window testing, the window can be roughly tested before brazing to
reduce the error of structural parameters. The test process of the asymmetric window is shown in
Figure 10. A comparison between the two measured results and the simulation is shown in Figure 11.
The frequency band of the unwelded pill window with a transmission parameter close to 0.5 dB covers
76-109.5 GHz, except for two frequency points at 87.99 GHz and 103.15 GHz. At the frequency of 87.99
GHz, Sy is decreased when 511 is increased due to reflection. At the frequency of 103.15 GHz, both S1;
and Sy are decreased, which may be caused by spurious modes. Compared to the test results of the
unwelded pill window, the measurement results add a spurious mode point at 107.4 GHz. The two
test results have a similar frequency offset—about 2 GHz—compared to the calculation results.
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Figure 10. The test flow chart for the asymmetric pillbox window.
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Figure 11. The measurement results of the asymmetric pillbox window: (a) S1; values of the pillbox
window; (b) Sy; values of the pillbox window.

4. Summary

In this paper, we report the design, manufacture, and testing of two kinds of wide-band
low-loss pillbox windows for W-band vacuum electronic devices. After the experiments, analysis,
and improvement, the final results for the symmetrical window were transmission parameter |S1| close
to 1 dB and reflection parameter |S1;| close to 10 dB in the frequency range of 77-110 GHz. Based on
the experimental testing of the symmetrical-type window and the analysis of the experimental results,
the asymmetrical pillbox window can reduce the errors caused by the welding process and the assembly
process by using an asymmetric circular waveguide to fix the sapphire medium. The test results showed
that the transmission parameter |S;| was <1 dB in the frequency range of 76-109.5 GHz, covering the
W-band. Our test data and simulation results show that systematic tuning of the asymmetric window
after fabrication can achieve broadband transmission close to the ideal design.

Both design methods can reduce the errors caused by welding and experimental processing,
and both have successfully produced low-loss, wide-band box windows. The experimental methods
in these two testing processes can be applied to the production of box-shaped windows in the
terahertz band.
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Abstract: Low-voltage compact gyrotron is under development at the University of Electronic
Science and Technology of China (UESTC) for industrial applications. Due to the low operating
voltage, the relativistic factor is weak, and interaction efficiency could not be high. Therefore,
a magnetron-injection gun (MIG) with an extremely high-velocity ratio « (around 2.5) is selected to
improve the interaction efficiency. As beam voltage drops, space charge effects become more and
more obvious, thus a more detailed analysis of velocity-ratio « is significant to perform low-voltage
gyrotrons, including beam voltage, beam current, modulating voltage, depression voltage, cathode
magnetic field, and magnetic depression ratio. Theoretical analysis and simulation optimization
are adopted to demonstrate the feasibility of an ultra-high velocity ratio, which considers the space
charge effects. Based on theoretical analysis, an electron gun with a transverse to longitudinal velocity
ratio 2.55 and velocity spread 9.3% is designed through simulation optimization. The working voltage
and current are 10 kV and 0.46 A with cathode emission density 1 A/cm? for a 75 GHz hundreds of
watts” output power gyrotron.

Keywords: velocity ratio; velocity spread; low-voltage; gyrotrons; MIG; particle simulation; space
charge effects

1. Introduction

Gyrotron is a kind of vacuum electronic device, of which the operation is based on the stimulated
cyclotron radiation of electrons oscillating in a strong magnetic field. In a gyrotron, electrons that
are emitted by the cathode, are accelerated in a strong electric field. While the electron beam travels
through the intense magnetic field, the electrons start to gyrate at a specific frequency given by the
strength of the magnetic field. In the beam-wave interaction circuit, located at the position with the
highest magnetic field strength, the electromagnetic radiation is strongly excited. The output radiation
leaves the gyrotron through a window and the spent electron beam is then dissipated in the collector.
In general, the cyclotron interaction condition is w — kv, = sQ)./y, where w is the frequency of the
electromagnetic wave, k; is the axial wave number of the operating mode, v, is the axial velocity of the
electron passing through the cavity, s is the harmonic number, Q. (= eBy/m,c) is the rest-mass (111)
electron cyclotron frequency, and y is the relativistic factor of the electron. As the above principle
of stimulated cyclotron radiation, the electrons energy can be transferred to the fast-wave in the
interaction circuit. Thus, it can be operated at high-order mode in the cavity, the dimensions of the
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interaction structure can be much larger compared to the wavelength of the radiation, which provides
capability to generate extremely high-power radiation.

Due to its excellent power output in the millimeter-wave and sub-millimeter wavebands,
gyrotron has caused extensive and in-depth research by experts and scholars all over the
world [1]. Lots of researches are focused on high-power, high-voltage gyrotrons used in ITER
(International Thermonuclear Experimental Reactor), EAST(Experimental Advanced Superconducting
Tokamak), etc. [2]. Currently, low-voltage gyrotron with hundreds of watts to several kilowatts
output power has been arousing the interest of many scientists, because they are preferable from the
engineering and reliability point of view [3,4]. For low-voltage gyrotrons, the problem of efficiency
must be solved due to the weak relativistic factor. A prodigious amount of work has been done to
improve the efficiency of gyrotron, like installing depressed collectors [5], changing the interaction
structure [6], and using double electron-beam [7,8]. In this paper, we proposed a way to improve
the beam—wave interaction by increasing the pitch factor. The interaction process of the gyrotron
is mainly between the transverse electron cyclotron velocity and the perpendicular electric field,
so increasing the velocity ratio can directly improve the interaction efficiency and thus becomes a key
method to improve the efficiency of the low-voltage gyrotron. The efficiency of interaction is limited
by the e = E /Erota < a2/ (1 + 0(2), where E | is the transverse energy, E1,, is the total beam energy,
a =V /V;. Electron efficiency 1, was shown in Figure 1, when the velocity ratio reaches 3 the electron
efficiency comes to 90% which is remarkable during the beam—wave interaction [9]. This scheme
adopts a triode type magnetron injection gun with thermionic cathodes within the velocity spread
under 10% [8]. The final ratio of transverse to longitudinal velocity in the interaction region is typically
between o« = 1 and o = 2 for gyrotrons [10]. The most frequent velocity ratio used in the MIG is 1.5
and it rarely exceeds 2, so the feasibility of ultra-high velocity ratio (MIG) is particularly valuable in
compact gyrotron. In 2007, MIT has achieved a 3.5 kV gyrotron with a MIG, velocity ratio ranges
from 2 and 5 with an operating current 10 mA [11]. The present development status of low-voltage
(less than 10 kV) gyrotron improves the efficiency by increasing the pitch factor within low velocity
spread, which are shown in Table 1. However, the operating current is often extremely low around
100 mA, with an output power of 10 W.
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Figure 1. Effect of the velocity ratio variation on limiting current with different beam voltage.
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Table 1. Performance parameters of latest low-voltage gyrotron.

Institution Voltage Current Pitch Factor(x)  Velocity Spread Power Efficiency
3.5kV 50 mA 2 8% 12W 6.8%
12.3kV 25mA No Mention 14 W 4%
MIT [11-15] 13 kV 100 mA 2 4% 16 W 1.2%
10.1 kV 190 mA 2 4% 18 W 0.9%
16.65 kV 110 mA 1.8 3% 9.3 W 0.5%
FIR FU [16] 10kV 50 mA No Mention 10W 2%

MIT (Massachusetts Institute of Technology)
FIR FU (Research Center for Development of Far-Infrared Region, University of Fukui)

The required properties of the electron beam are basically determined by the chosen operating
mode, frequency, and output power [3,17]. Parameters of this specific low-voltage gyrotron are shown
in Table 2. According to the theory of space charge effects, the operating current is restricted. At the
same time, considering the power requirements, beam voltage and current should reach a certain level.
Restrictions of velocity ratio are investigated including the electrostatic field, limiting current, and
velocity spread. Both theoretical analysis and particle-in-cell (PIC) simulation are adopted to investigate
the feasibility of ultra-high velocity ratio MIG and give a specific design of MIG. The purpose of
the present paper is to analyze the possibilities of ultra-high pitch-factor («x) for MIG operating at
low-voltage with operating current about 500 mA. This paper is organized as follows. In Section 2,
fundamental effects electrostatic and magnetostatic field on the « are analyzed theoretically, space
charge effects in low-voltage operation are demonstrated, and velocity spread relevant to pitch factor is
studied. In Section 3, a numerical simulation is implemented to obtain a specific MIG with ultra-high o
and appropriate velocity spread. Variation of « and perpendicular velocity spread ratio with operating
current and modulating voltage are studied. Conclusions and plans are discussed in Section 4.

Table 2. Basic specifications of low-voltage gyrotron.

Parameters Value
Operating Mode TEO1
Beam Voltage (Ub) 10kV
Beam Current (Ib) 05A
Output Power (P) 0.5 kW
Output Frequency (f) 75 GHz
Main Magnet (B0) 27T

2. Theoretical Calculation

2.1. Sensitivity Analysis of a for Axisymmetric Electric and Magnetic Field

The MIG is immersed in the crossed uniform electrostatic field and magnetic field. The electric
field distribution is mainly determined by the geometry, voltage of the cathode, and modulating anode.
The magnetic field is a uniform axial magnetic field that can ignore the radial component. Electrons
moving in the increasing magnetic field leads to the momentum conversion to the transverse direction
which is called adiabatic compression. According to adiabatic approximation theory, the transverse
velocity at the ending position of the MIG area 8, is defined by [18]:

1 yipEecosOe _ 1 Byl

— E 1
o B, voc B2 ¢ cos O, (1)

Bio=
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b is the magnetic compression ratio b = By/Bc; By and B, are main magnetic field and cathode
magnetic field, respectively. Magnetic compression could not be too high in case electrons reverse. y is
the relativistic factor within the beam voltage in the absence of voltage depression, E. is defined by

cos 6.
E.~ U
¢ mod R In[1 + (d cos 6.)R.]

()

d, R;, 6, are geometric factors which are shown in Figure 2, the MIG’s Schematic. Up,oq is the
modulating anode voltage. So the velocity ratio could be defined by:

Bio BLo
= = 3
T E-p)” R o

where Sy and yg are the normal velocity and constant relativistic factors that are determined by the
accelerating voltage Ub. Actually, the beam voltage has little influence on the «, and « can increase
dramatically with the modulating anode voltage. Based on these equations, the pitch factor could be
higher enough; however, Equations (1)—(3) have not taken the space charge effect into account. So the
trade-off about these parameters is significant to investigate.

Modulation Anode

Ls
Cathod

Emitter Ring
Figure 2. Schematic outline of the MIG.

2.2. Space Charge Limits

The space charge effect of the gyrating beam is defined in terms of the voltage depression Vge,, and
the limiting current IL [19,20]. The potential within the electron beam is reduced with respect to the
wall potential due to the space charge in the electron beam. In a cylindrical waveguide, the depression
voltage is the potential between the waveguide wall and the electron beam axis.

1 I

= ——G(R;,Ry, R 4
Viep = g O(Ri R ) @

where the G(R;,Ro,R;) is called the geometrical factor defined by:

R, 2R2
G(R;, Ry, R;) =2In(= 1-
(RirRorRa) = 20 )+ 1~ R, Ry (R 7 R)

In(%. )] ©)

where R;, Ry, and R; are the radius of the interaction waveguide, the out-radius of the electron beam,
and the inner-radius of the electron beam which are determined by the specific requirements of
the interaction, f is the longitudinal velocity normalized to light velocity. The cross-section of the
orbital cyclotron electron beam is shown in Figure 3. The average radius of guiding electron beam is
defined by:

R
Re =172 ©)
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The R, is the radius of the cathode. When a thin annular beam with the R, — R; << R;,

the geometrical factor can reduce to G(R;, Ry, Ry) = 2 ln(Ra / Rg), which results in:

Iy . R,
Videp = 60— In(==) (7)
T R
Based on the designed parameters, the geometrical factors are obtained. Coupling efficiency
between the electron beam radius Ry and desired modes, which is satisfied as followed:

s 2 2
S ]mis(kmnRg) ®)

250 (2, — ) ()

Cmn:(

where s is the harmonic order, k;, is the eigenvalue of TEm, mode, Xy = kyn /R,

Figure 3. Schematic view of the electron beam cross-section at an arbitrary axial position.

The coupling efficiency of adjacent modes were shown in Figure 4, the guiding radius of 1.2 mm
was chosen as the operating electron beam radius. In addition, the main electron beam factors are

exhibited in Table 3 [19].

T T T
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I . \ o “,)
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Figure 4. The coupling factor of different modes variation on beam radius.
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Table 3. Cross-section geometrical parameters of electron beams.

Parameters Value
The guiding radius (Rg) 1.2 mm
The inner radius (R;) 1.1 mm
The outer radius (R,) 1.3 mm
The interaction radius (R;) 245 mm

The limiting current is defined by [21]:

1/3,1/2 1

IL = 1.707edyo[1 - (1-p3) "] GR, R Ry
17 4Nos tha

©)
where fjo is the axial propagation constant defined by B0 = V,0/c, and G is the geometric factor
defined previously. Results obtained from the equation IL are shown in Figure 1, there is a clear trend
of decreasing limiting current when increasing o and dropping beam voltage. The electron efficiency
is proportional to the velocity ratio. The potential dropping caused by the space charge effect limits the
current flow in space.

However, a higher o will cause the limit current to decrease, and when the operating current
is close to the limit current, it will cause the reversal of the electron beam, which drastically affects
the emission and interaction efficiency. It seems very critical to obtain an optimal « value through
theoretical analysis. To obtain a satisfactory electron beam quality, the operating current cannot exceed
0.5 of the limit current [9,17,21].

2.3. Velocity Spread

The total energy of the electron beam is always the same as a consequence of energy
conservation [22]. However, during the adiabatic process, the perpendicular and parallel energy are
distributed in a different way, which results in the velocity spread. The velocity spread is defined by

ARy _ 28R
Bi ! B

where AB means the difference of maximum and minimum velocity. The velocity spread consists
of axial and perpendicular velocity spread, which could reduce the efficiency of the beam-wave
interaction and limit the achievable velocity ratio [23]. The velocity spread is implied as 63, = AB1 /..
Generally speaking, there are a lot of effects causing velocity spread, including initial thermal velocity
spread, the roughness of the electron-emitting surface, the non-uniform distribution of the electric and
magnetic field, and the effect of space charge [20]. This work only focused on the last two items in
principle. Due to the non-uniform electric and magnetic field, the velocity spread is given below [24]:

(10)

2R cos 6,

3 (11)

(3ﬁ 1=
where d is the distance between the cathode bottom and modulating anode, and it is often a large
parameter. So, &g, from (11) is usually small. Space charge effects have a great influence on the velocity
spread, especially for large currents. However, the effect of space charge on the electron beam depends
on the beam trajectory. According to research in [24,25], an electron-gun with quasi-laminar beams
could diminish 6/; L. Thus, this design would use a MIG with a large inclination of emission to obtain
quasi-laminar beams. Furthermore, the max velocity ratio is constrained by velocity spread, which is
defined by:

Amax = ﬁ:l = ! — (12)

ﬁ” (ZAﬁJ_max /,BJ_)
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where f is the average velocity of electron beam. According to this equation, when the velocity spread
is under 10%, the velocity ratio can reach 2.5. When the operating current is approaching the current
limits electron beam begins to reverse, which causes the velocity spread sharply increased [26].

2.4. Summary

Taken together, these results suggest there is an indication that the high velocity ratio o« > 2 is
fully achievable when the operating voltage and current are 10 kV and 0.5 A, respectively. Optimal
electron beam parameters by calculation are shown in Table 4. But there are still a lot of conflicting
requirements, so numerical simulation is implemented to find the optimal trade-offs.

Table 4. Optimal electron beam parameters by theoretical calculation.

Parameters Value

Max Velocity (oxmax) 2.5
Velocity Spread (6[; 1rms) 10%
Voltage Depression (Vdep) 286 V

3. Numerical Simulation by Magic 2D PIC Code

Based on the theory of the MIG [18,27], fundamental design factors were calculated and given in
Table 5. Particle simulations are important to verify the beam performance of any specific gun design.
2D Magic code was adopted to optimize the parameters of the MIG and Magic was considered as a
convinced software to calculate the particle motion and beam-wave interaction, which includes the
space charge effect. The calculation in the Magic 2D code was performed with a mesh size of 0.3 and
0.1 mm in the z and r direction. The geometry model and electron trajectory cooperated with the
axial magnetic field and were shown in Figure 5. Beam voltage and current were 10 kV and 460 mA,
respectively. Electron momentum is defined by P = m X v, perpendicular and longitudinal momentum
were shown in Figure 6a,b. Energy transferred to the transverse direction from the axial direction
due to the adiabatic compression. When the transverse-to-axial velocity ratio reached the maximum,
as shown in Figure 6c, electrons leave the electron area and then turn into the interaction area. Specific
parameters of the electron beam are shown in Table 6, with 2.55 velocity ratio and 9.33% perpendicular
spread ratio.

o
2y
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T T I |
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Figure 5. Optimized geometry, magnetic field profile and beam trajectory of MIG by Magic code.
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Figure 6. The value for (a) longitudinal momentum, (b) perpendicular momentum, and (c) transverse-to-axial
velocity ratio as a function of axial distance.

Table 5. Optimal geometric factors of MIG.

Parameters Value
Modulating Voltage (Umod) 7.5kV
Average Radius of Cathode (Rc) 4.65 mm
Thickness of Emitter Ring (Ls) 1.5 mm
Tilt Angle of Cathode (6c) 18.4°
Distance between Cathode and Modulating Anode (d) 3.91 mm

Table 6. Optimized beam parameters obtained by Magic 2D simulation.

Parameters Value
Average Beam Radius (Rg) 1.2 mm
Velocity Ratio () 2.55
Perpendicular Velocity Spread Ratio (0p.Lrms) 9.33%
Full Radial Width 0.22 mm
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Based on the theoretic calculation in Figure 1, when the limiting current is 0.824 A, the operating
voltage is 10 kV and the velocity ratio is 2.55. Due to the working current being generally selected as half
of the limit current, numerical simulation is adopted to investigate the sensitivity of the beam current
around the 0.416 A for « and spread. From Figure 7 it can be seen that when the current is 0.416 A,
the velocity ratio is the lowest, with velocity spread of 9.4% and « 2.55. This is also self-consistent with
the previous maximum velocity ratio and velocity spread relationship in Section 2.3 Equation (12).
As shown in Figure 7, with the increasing of the beam current, the velocity ratio would decrease,
but when it exceeds a value, the velocity spread would boost rapidly.
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Figure 7. Sensitivity analysis of beam velocity ratio and perpendicular velocity spread ratio for

modulating anode voltage.

Taking into consideration both the experiment and the theory, the electrical field of the cathode
can be convenient to modulate to obtain a satisfactory electron beam. So, particle simulation is adopted
to analyze the sensitivity of the modulating voltage for the velocity ratio and velocity spread when
beam voltage and current are 10 kV and 0.46 A, respectively. What can be clearly seen in Figure 8 is
the continual growth of the velocity ratio and slight fall of the perpendicular velocity spread with the
increasing modulating voltage. Therefore, the simulation is consistent with the theory study.
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Figure 8. Variation of velocity ratio («) and perpendicular velocity spread ratio with operating current.

4. Conclusions

The purpose of the current study was to determine the feasibility of the ultra-high velocity ratio of
MIG for low-voltage gyrotron. The theory of space charge effects and particle simulation were adopted
to investigate the velocity ratio and velocity spread of MIG.
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This work proposes a direct and convenient way (ultra-high velocity ratio) to enhance the efficiency
of low-voltage gyrotron, which operates at 10 kV or even low-voltage, while maintaining a large
operating current (about 0.5 A), improving the velocity ratio, and restricting the velocity spread.
Furthermore, the theoretical analysis and numerical simulation were adopted to verify the feasibility
of the ultra-high velocity ratio. The results show that the velocity ratio of 2.55 and the velocity spread
of 9.33% are achievable by optimizing the electron gun geometric factors, magnetic field, operating
current, and modulating anode voltage.

Author Contributions: D.L. and W.E. contributed to the overall study design, analysis, computer simulation,
and writing of the manuscript. X.G., T.Y., C.Z,, C.C.,, M.H,, and Y.Y. provided technical support and revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of China under
2019YFA0210202, the National Natural Science Foundation of China under Grant 61971097, the Sichuan Science
and Technology Program under Grant 2018HHO0136, and the Terahertz Science and Technology Key Laboratory of
Sichuan Province Foundation under Grant THZSC201801.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Thumm, M. State-of-the-art of high-power gyro-devices and free electron masers. J. Infrared Millim.
Terahertz Waves 2020, 41, 1-140.

2. Kartikeyan, M.V. Gyrotrons-high-power microwave and millimeter wave technology. In Advanced Texts in
Physics; Springer Scientific: Berlin, Germany, 2004.

3.  Bratman, V.L.; Fedotov, A E.; Kalynov, Y.K.; Makhalov, P.B.; Osharin, I.V. Numerical Study of a Low-Voltage
Gyrotron (“Gyrotrino”) for DNP/NMR Spectroscopy. IEEE Trans. Plasma Sci. 2017, 45, 644-648. [CrossRef]

4. Glyavin, M.Y,; Zavolskiy, N.A.; Sedov, A.S.; Nusinovich, G.S. Low-voltage gyrotrons. Phys. Plasm. 2013, 20,
033103. [CrossRef]

5. Manuilov, V.N.; Morozkin, M.V.; Luksha, O.I; Glyavin, M.Y. Gyrotron collector systems: Types and
capabilities. Infrared Phys. Technol. 2018, 91, 46-54. [CrossRef]

6. Kishko, S.A.; Ponomarenko, S.S.; Kuleshov, A.N.; Zavertanniy, V.V.; Yefimov, B.P,; Alexeff, I. Low-voltage
cyclotron resonance maser. IEEE Trans. Plasma Sci. 2013, 41, 2475-2479. [CrossRef]

7. Kuleshov, A ; Ishikawa, Y.; Tatematsu, Y.; Mitsudo, S.; Idehara, T.; Khutoryan, E.; Kishko, S.; Ponomarenko, S.;
Glyavin, M.; Bandurkin, I; et al. Low-voltage operation of the double-beam gyrotron at 400 GHz. IEEE Trans.
Electron Deuvices 2020, 67, 673—-676. [CrossRef]

8. Manuilov, V.N.; Tsvetkov, A.L; Glyavin, M.Y,; Mitsudo, S.; Idehara, T.; Zotova, I.V. Universal electron gun
design for a CW third harmonic gyrotron with an operating frequency over 1 THz. J. Infrared Millim.
Terahertz Waves 2020, 41, 8-9. [CrossRef]

9. Nusinnovich, G.S. Introduction to the Physics of Gyrotrons; Johns Hopkins Univercity Press: Barltimore, MD,
USA, 2012.

10. Kreischer, K.E.; Kimura, T.; Danly, B.G.; Temkin, R.J. High-power operation of a 170 GHz megawatt gyrotron.
Phys. Plasmas 1997, 4, 1907-1914. [CrossRef]

11. Hornstein, M.K,; Bajaj, V.S.; Griffin, R.G.; Temkin, R.J. Efficient low-voltage operation of a CW gyrotron
oscillator at 233 GHz. IEEE Trans. Plasma Sci. 2007, 35, 27-30. [CrossRef]

12.  Joye, C.D.; Griffin, R.G.; Hornstein, M.K.; Hu, K.N.; Kreischer, K.E.; Rosay, M.; Shapiro, M. A ; Sirigiri, ].R.;
Temkin, R.J.; Woskov, PP. Operational characteristics of a 14-W 140-GHz gyrotron for dynamic nuclear
polarization. IEEE Trans. Plasma Sci. 2006, 34, 518. [CrossRef]

13. Torrezan, A.C.; Han, S.; Mastovsky, I.; Shapiro, M.A.; Sirigiri, J.R.; Temkin, R.].; Barnes, A.B.; Griffin, R.G.
Continuous-Wave Operation of a Frequency-Tunable 460-GHz Second-Harmonic Gyrotron for Enhanced
Nuclear Magnetic Resonance. IEEE Trans. Plasma Sci. 2010, 38, 1150-1159. [CrossRef] [PubMed]

14. Torrezan, A.C.; Shapiro, M.A.; Sirigiri, J.R.; Temkin, R.J.; Griffin, R.G. Operation of a continuously
frequency-tunable second-harmonic CW 330-GHz gyrotron for dynamic nuclear polarization. IEEE Trans.
Electron Devices 2011, 58, 2777-2783. [CrossRef]

15. Jawla, SK.; Griffin, R.G.; Mastovsky, I.A.; Shapiro, M.A.; Temkin, R.J. Second harmonic 527-GHz gyrotron for
DNP-NMR: Design and experimental results. IEEE Trans. Electron Devices 2019, 99, 1-7. [CrossRef] [PubMed]

110



Electronics 2020, 9, 1587

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

Ausu, L.; Idehara, T.; Ogawa, I. Design of a compact CW THz gyrotron. In Proceedings of the 34th
International Conference Infrared, Millimeter, Terahertz Waves, Busan, Korea, 21-25 September 2009; pp. 1-2.
Kumar, N.; Singh, U.; Khatun, H.; Kumar, A.; Singh, T.P; Sinha, A K. Sensitivity Analysis of Electron Beam
Velocity Ratio for 42 GHz, 200 kW Gyrotron; Frequenz: Berlin, Germany, 2010; Volume 64, pp. 93-96.
Edgcombe. Gyrotron Oscillators: Their Principles and Practice; Taylor and Francis: London, UK, 1993.
Drobot, A.T.; Kim, K. Space charge effects on the equilibrium of guided electron flow with gyromotion. Int. J.
Electron. 1981, 51, 351-367. [CrossRef]

Gilmour, A.S.; Ebrary, 1. Klystrons, Traveling Wave Tubes, Magnetrons, Cross-Field Amplifiers, and Gyrotrons;
Artech House: Norwood, MA, USA, 2011.

Ganguly, A.K,; Chu, K.R. Limiting current in gyrotrons. Int. ]. Infrared Millim. Waves 1984, 5, 103-121.
[CrossRef]

Singh, A.; Jain, PK. Effects of electron beam parameters and velocity spread on radio frequency output of a
photonic band gap cavity gyrotron oscillator. Phys. Plasmas 2015, 22, 3945. [CrossRef]

Fokin, A.P; Glyavin, M.Y.; Nusinovich, G.S. Effect of ion compensation of the beam space charge on gyrotron
operation. Phys. Plasmas 2015, 22, 351. [CrossRef]

Tsimring, S.E. Gyrotron electron beams: Velocity and energy spread and beam instabilities. Int. . Infrared
Millim. Waves 2001, 22, 1433-1468. [CrossRef]

Kuftin, A.N.; Lygin, VK,; Tsimring, S.E.; Zapevalov, V.E. Numerical simulation and experimental study of
magnetron-injection guns for powerful short-wave gyrotrons. Int. J. Electron. 1992, 5, 1145-1151. [CrossRef]
Nguyen, K.T.; Danly, B.G.; Levush, B.; Blank, M.; True, R.; Good, G.R.; Hargreaves, T.A ; Felch, K.; Borchard, P.
Electron gun and collector design for 94-GHz gyro-amplifiers. IEEE Trans. Plasma Sci. 1998, 26, 799-813.
[CrossRef]

Fu, W,; Yan, Y,; Liu, S. Study on a 60 kV/5 A magnetron injection gun for 200 GHz electron cyclotron master.
Front. Electr. Electron. Eng. China 2009, 4, 440. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

111






i}% electronics

Article

A Compact Modular 5 GW Pulse PFN-Marx Generator for
Driving HPM Source

Haoran Zhang "2, Ting Shu 12, Shifei Liu "2, Zicheng Zhang "?>*, Lili Song ">* and Heng Zhang 12

check for

updates
Citation: Zhang, H.; Shu, T; Liu, S.;
Zhang, Z.; Song, L.; Zhang, H. A
Compact Modular 5 GW Pulse
PFN-Marx Generator for Driving
HPM Source. Electronics 2021, 10, 545.
https:/ /doi.org/10.3390/
electronics10050545

Academic Editor: Mikhail Glyavin

Received: 31 January 2021
Accepted: 21 February 2021
Published: 26 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Advanced Interdisciplinary Studies, National University of Defense Technology,
Changsha 410073, China; hrzhang@nudt.edu.cn (H.Z.); ting.shu@nudt.edu.cn (T.S.);
liushifeil6@nudt.edu.cn (S.L.); zhnudt@126.com (H.Z.)

State key Laboratory of Pulsed Power Laser Technology, Changsha 410073, China

*  Correspondence: zczhang@nudt.edu.cn (Z.Z.); phoezy@126.com (L.S.)

Abstract: A compact and modular pulse forming network (PFN)-Marx generator with output
parameters of 5 GW, 500 kV, and 30 Hz repetition is designed and constructed to produce intense
electron beams for the purpose of high-power microwave (HPM) generation in the paper. The PEN-
Marx is composed by 22 stages of PEN modules, and each module is formed by three mica capacitors
(6 nF/50 kV) connected in parallel. Benefiting from the utilization of mica capacitors with high
energy density and a mini-trigger source integrated into the magnetic transformer and the magnetic
switch, the compactness of the PFN-Marx system is improved significantly. The structure of the
PFN module, the gas switch unit, and the connection between PFN modules and switches are well
designed for modular realization. Experimental results show that this generator can deliver electrical
pulses with the pulse width of 100 ns and amplitude of 500 kV on a 59-ohm water load at a repetition
rate of 30 Hz in burst mode. The PFN-Marx generator is fitted into a cuboid stainless steel case
with the length of 80 cm. The ratio of storage energy to volume and the ratio of power to weight
of the PFN-Marx generator are calculated to be 6.5 J/L and 90 MW /kg, respectively. Furthermore,
utilizing the generator to drive the transit time oscillator (TTO) at a voltage level of 450 kV, a 100 MW
microwave pulse with the pulse width of 20 ns is generated.

Keywords: PEN-Marx; compact; modular; trigger source; gas switch; mica capacitor

1. Introduction

Intense electron beams have a wide range of applications in science research and
industry fields, such as in the high-power microwave (HPM) and flash X-ray [1-3]. Pro-
ducing high voltage (with several hundred kilovolts), rectangular pulses are one of the
crucial parts. Recently, with the development of the energy storage technology, pulsed
power technology has been developed in the direction of compactness, miniaturization,
and light weight. Because the pulse forming network (PFN)-Marx generator has the natural
advantage of the integration of pulse modulation and pulse voltage accumulation, it has
been developed rapidly in recent years and is regarded as one of the most promising types
for compactness, modularization, light weight, and miniaturization realization [4-9]. In this
paper, two key points, including the compactness and modularization, of the PFN-Marx
generator are discussed in detail.

Firstly, the literature on the research of the Marx generator over the past few decades
has been reviewed. Institutes around the world, including the French-German Research
Institute of Saint-Louis (ISL), Texas Technology University (TTU), Commissariat a 'Energie
Atomique et aux Energies Alternatives (CEAE), Applied Physical Electronics L. C. (APELC),
etc., have developed a series of compact Marx generators with different circuit topologies
and the typical parameters of the generators are listed in Table 1 [10-15]. Generally, the ratio
of storage energy to volume (E/V) and the ratio of power to weight (P/W) are calculated
to describe the compactness of the generator. According to the limited parameters of the
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generator in the literature, the E/V and P/W are calculated to several J/L and dozens
of MW /kg, respectively. Actually, a variety of methods, including structure optimiza-
tion, novel topology circuits, large energy density capacitors, etc., have been studied by
researchers to realize the compact design. However, the physical limits of insulation are
roughly the same in spite of the circuit topologies and structures. The effective way to
improve the compactness of the generator is by using the high energy density capacitors.
Generally, the ceramic capacitors and the film capacitors are more popular in Marx gen-
erator applications. The ceramic capacitors have the advantages of small size and low
self-inductance, and the film capacitors have the advantages of large capacitance and high
withstand voltage. In terms of compact Marx generators, ceramic capacitors are used more
often because of their small size. However, the energy density of ceramic capacitors is
low because it is difficult to balance the large capacitance, high withstand voltage, and
small volume. Recently, mica capacitors have gradually drawn researchers” attention
because of their good electric characteristics [11]. Mica capacitors have the advantages of
large capacitance, high withstand voltage, and small size, which make them a promising
alternative to ceramic capacitors in the compact Marx generators.

Table 1. The parameters of the typical compact pulse forming network (PFN)-Marx generators.

Research Output Output Pulse

Institute Power Voltage Width BV PIW
ISL 23GW 342 kV 60 ns 2]/L 70 MW /kg
TTU 22GW 210kV 200 ns 9J/L -
CEAE 1.6 GW 400 kv 85 ns 2J/L 36 MW /kg
APELC 5GW 350 kv 200 ns 2J/L -

Secondly, the modular design of the PFN-Marx generator generally contains two
meanings. One is the modular implementation of the PEN-Marx body. Obviously, a variety
of PFN-Marx generators with different structures have been designed. However, once
the generator is assembled, the PFN module is difficult to replace. The modular design
requires that the PEN module can be taken out and replaced from the system individually
and therefore the PFN-Marx generator can be convenient for maintenance and parameter
adjustment. In this case, the optimization of the PFN module design and assembling
method becomes necessary. On the other hand, the PFN-Marx generator system includes
many subsystem modules by their functions, which are the primary energy module, PFN-
Marx body, trigger source, and vacuum diode. In order to realize a compact PFN-Marx
generator system, the design of the subsystem modules should be optimized as well.

In this paper, mica capacitors with large energy density are assembled in the PFN-
Marx generator to improve its compactness. The PFN module and the integrated gas gap
switch are well designed for modular realization. In Section 2, the design and the assembly
of the PFN module are elaborated in detail and the subsystem module of the PEN-Marx
system is introduced in Section 3, followed by experimental results and a summary in
Sections 4 and 5, respectively.

2. Modular PFN-Marx Design
2.1. Overall Description

The PFN-Marx generator is designed for driving a HPM source. In order to make the
generator have a wider range of application, the peak power (P) and the load impedance
(R) are designed as 5 GW and 50-60 (), respectively.

Figure 1 shows the schematic circuit of the PEN-Marx. The type-E is applied in this
generator, because the equal L-C sections are easy for modular realization and fabrication
in practice. The established parameters of the PEN-Marx are listed in Table 2. The number
of the node capacitor n and the number of the PFN module m can be calculated to 3 and 22,
respectively, by Equations (1)—(3).

T =2nVLC 1)
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Figure 1. Schematic circuit of the PFN-Marx.
Table 2. PFN-Marx generator specifications.
Symbol Description Value
P Peak power 5GW
Vioad Load voltage 500 kV
R Load impedance 50-60 O
T Pulse width 90-100 ns
Co Node capacitor 6 nF
Ly Node inductor 15 nH
Ven Charging voltage 50 kV
Rep Repetition rate 30 Hz

In order to realize the repetition operation of the generator, the inductive isolation
of the charging is used and the optimized isolation inductor Lis, is calculated to 20 uH.
The inductance of the switch and the switch leading wire Ly is set as 45 nH. The simulation
result is shown in Figure 2. The load voltage waveform characteristics include the rise-time
of about 20 ns, pulse width of about 90 ns, flat-top of about 50 ns, and amplitude of about
530 kV with the charging voltage of 50 kV.

A series of methods are used for the realization of the modular PFN-Marx body,
including the PFN module design, the connection method between the PEN module and
the electrode of the switch, and the common switch housing. The key components of the
modular PFN-Marx generator are illustrated as follows.
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Figure 2. The load voltage waveform in simulation.

2.2. PFN Module

The assembly diagram of the PFN module is shown in Figure 3. Each PFN module
consists of three 6000 pF (22 x 40 x 95 mm?) mica capacitors connected in parallel by means
of copper strips, and the copper strips also serve as the node inductors. The mica capacitors
are inserted into a nylon case with external dimensions of 178 mm x 150 mm x 30 mm.
The energy density of the mica capacitor is nearly 90 J /L, which is over three times that
of the commercial ceramic capacitor with 2000 pF (960 mm x 32 mm). The selection
of the mica capacitor with large energy density sets a good foundation for the compact
design. Each mica capacitor assembly was tested under the DC voltage of 50 kV with a time
duration of 1 min before usage. Then, the connected mica capacitors were inserted into a
nylon box to ensure the insulation distance between the adjacent modules and to provide
mechanical support. Finally, the key point of the modular realization is the connection
between the PFN module and the switch. Here, the socket joint mode is adopted in which
two plug electrodes are welded with the PEN via two high-voltage wires. In this way, the
PFN module can be taken out individually from the PFN-Marx body and the structure of
the PFN-Marx remains unchanged.

Top view

Figure 3. The assembly diagram of the PFN module.
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2.3. Gas Gap Switches

Switches, as energy-shifting elements in the pulse power system, play an important
role in the pulse compression and power enhancement. Generally, the generation of high
voltage of the PFN-Marx generator is that the PFN modules are erected via the Marx-type
method. Therefore, the number of switches of the PFN-Marx generator is the same as the
number of the PFN modules. For a PEN-Marx generator, the operating characteristics of
switches are related to the wave erection. So, the switches are designed specifically to ensure
the performance and at the same time to realize the modular function of the PFN-Marx
generator. In practice, all of the switch electrodes of the generator are assembled in a nylon
housing with external dimensions of 695 mm x 85 mm x 60 mm, as shown in Figure 4.
Actually, there are two main advantages of the integrated switch design: one is that the gas
pressure of the switch can be adjusted independently, so that the operation voltage of the
switch can be adjusted in a wide range; the other advantage is that the ultraviolet light,
which is generated when the first few stages of the switches close, facilitates the switching
of the later ones. In this way, the erected time of the PEN-Marx can be decreased.

Q o] o] ko]
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Figure 4. The assembly diagram of the gas gap switches.

The electrode of the switch has a spherical geometry with the material of copper.
The diameter of the electrode is 15 mm and the gap distance is 10 mm. These spherical
electrodes are assembled with the electrode bases, as shown in Figure 4. A rectangular
countersink hole is milled at the end of the electrode base to assemble the plug electrode,
which is shown in Figure 3. The plug electrode and the electrode base are secured by a
metal screw. Therefore, the switch of the generator is an independent assembly and the
PFN module can realize the quick dismantling function.

In fact, in order to improve the operation stability of the generator, the switch is
normally triggered by a high-voltage electric pulse. The switches of the first two stages are
a three-electrode configuration constructed by a 2 mm stainless steel needle into a 15 mm
brass sphere electrode, and Figure 5 shows the schematic diagram of the three-electrode
switch. The gap length between triggered electrode and main electrode and between two
main electrodes is 3 mm and 10 mm, respectively. The dielectric material is assembled in
the electrode to insulate the trigger electrode. The lifetime of the single triggered switch
was tested in the experiment. The insulation gas is N, mixed with 15% SFg and the gas
pressure in the switch house is 80 kPa. The switch was tested in 10 Hz repetition mode
with an operation voltage of 50 kV over 10,000 shots. Figure 6 shows the photograph of the
triggered switch after 100,000 shots. This work indicates that the gas gap switch in Figure 4
would have a long lifetime when it periodically changes the working gas.

117



Electronics 2021, 10, 545

Earth electrode

I Insulation medium
<> icccrclctode

Figure 5. Schematic diagram of the trigger switch.

@ o o ¢ &7

iy

Figure 6. Photograph of the trigger switch.

2.4. The Modular PEN-Marx Generator Assembly

Twenty-two PFN modules are constructed in the form of a drawer-type geometry,
which can minimize circuit inductance as well as realize the modular function, as shown
in Figure 7. There are four components of the PEN-Marx body, including three support
rods, PFN modules, and a switch assembly. Firstly, the PFN modules are assembled on
nylon rods with nylon screws. Secondly, the switch assembly, the nylon rods, and the PFN
modules are assembled on the nylon plate. Finally, the plug electrodes are inserted into the
electrode bases of the switch and assembled with metal screws. In this way, the PEN module
can be taken out individually and the PFN-Marx structure is kept unchanged. Therefore,
the convenience of the PEN-Marx generator’s maintenance can be improved significantly.

Figure 7. Assembly diagram of the PFN-Marx (a—support rod, b—gas switch, c—PFN module).
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3. Experimental Setup
3.1. Primary Energy Subsystem

A primary energy subsystem was designed and established for repetition operation of
the PFN-Marx generator, and the equivalent circuit is shown in Figure 8. At the beginning
of the generator operation, the intermediate energy storage capacitor C¢ and the primary
capacitor of the pulse transformer C;, are charged by an AC transformer TF;, and the
maximum charging voltage is 2800 V. The mica capacitors in the PEN-Marx generator are
charged by an air-core pulse transformer TF and the maximum charging voltage V., is up
to 50 kV. The charging voltage waveform is shown in Figure 9.
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Figure 8. Schematic circuit of the primary energy subsystem.

T

|
I -50 kV
|
|

| |50 pn s/div |

Figure 9. The charging voltage waveform of the PFN-Marx generator.

The charging voltage of the PFN-Marx

\ J

Time

The working process of the system in the case of repetition mode is described as
follows. The operation sequence of the thyristors is shown in Figure 10. Firstly, the C¢ and
Cp are charged to Us and Uy, respectively. Next, when the thyristor S; is closed at time T,
the Cp, will discharge to the PFN-Marx through the TF. After that, the C;, has the negative
residual voltage Urec because of the principle of the unidirectional current of the thyristor.
Then, the thyristor S, is closed at time Ty, and the voltage polarity of the C;, is reversed
via the loop of Cp-53-R1-L1-Ro-L2-Cp. Finally, the thyristor S; is closed at time T3, the Cy, is
charged to Uy again, and the system waits for the next operation command. So, the key
point of the repetition operation is that the control of the on time of the thyristors and the
pulse number is related to the capacitance of the Cs.
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Figure 10. The sequence diagram of the thyristors.

3.2. Trigger Source

An important way of improving the synchronization performance of the switch is
to reduce the rise-time of the trigger pulse and increase the trigger pulse amplitude.
Here, a compact Marx generator, which is based on a magnetic switch, is designed for
a trigger source [16]. The key point of this trigger source is that the integrated design
of the transformer and the switch is realized, so that the volume of it can be reduced
significantly. The basic circuit of the trigger source is shown in Figure 11. The magnetic
switch is operated as a transformer during the charging process at first. When the magnetic
core is saturated, the inductance of the secondary windings is decreased rapidly. At this
time, the energy is sharply delivered to the load.

— =

Figure 11. The circuit of the trigger source.

The trigger source assembly in the experiment is shown in Figure 12. It can be seen
that the trigger source is very compact and its external dimensions are 150 mm x 200 mm
x 50 mm. The Marx generator is assembled in a dielectric material house and pressurized
SF¢ gas is used for electrical insulation. The essential characteristic of the magnetic switch is
that the time of core saturation is consistent if the charging voltage of the primary capacitor
is consistent. Therefore, the consistency of the trigger pulses is pretty good, as shown
in Figure 13. The trigger source is operated in 30 Hz mode and the experimental results
show that the amplitude of the trigger pulses is over 70 kV and the jitter is less than 10 ns.
This trigger source provides a stable and reliable trigger pulse for the switches.
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Figure 12. The photograph of the trigger source.
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Figure 13. Screen shot of 20 pulses at 30 Hz operation of the trigger source.

3.3. Experimental Setup

In order to evaluate the performance of the compact modular PFN-Marx generator,
the system of the generator was arranged as shown in Figure 14. The generator mainly
consists of five parts, including a control subsystem, a trigger source, a primary energy
subsystem, a PFN-Marx body, and a load. The charging voltage was measured with a
commercial polestar probe with 2000:1. A water resister divider was inserted into the diode
insulator to measure the load voltage. It can be seen in Figure 14 that the compactness
assembly is accomplished. After the system is assembled in practice, the length of the
PFN-Marx body is about 80 cm and its weight is about 56 kg.

Control

Trigger source
subsystem g8

N.:SF4(15%) inject  Gas switches Diode insulator Water load

T0kV
trigger pulse |

er lirje
Optical fibers HV line

\ l I

SFg inject PFN-Marx case PFN-Marx

- Charge waveform

—

Primary energy subsystem
Water resister Vacuum pump

divider

Load waveform

Figure 14. Schematic view of the PEN-Marx system.
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4. Experimental Results
4.1. Experimental Results on a Water Load

Initial testing of the compact PFN-Marx generator involved firing the system at the
charging voltage of 50 kV into a shot, and a 59 () coaxial CuSO4 water load was connected
to the generator to evaluate the operating characteristic of the generator. The water load
was assembled in the vacuum diode as shown in Figure 14.

The generator was tested in single shot and burst mode, respectively. The pure SFq of
pressure of 180 kPa was injected into the Marx casing for high voltage isolation, and the gas
mixture of the N, and SFg with the pressure of 90 kPa was sent to the switch case. In single
mode, a maximum 540 kV high-voltage pulse was delivered to the water load with the
rise-time of 28 ns and the pulse width of 95 ns, as shown in Figure 15. The peak power of
the output pulse was calculated to be about 5 GW (P = U?/R) and the E/V and P/W of the
PFN-Marx generator body were about 6.5 ] /L and 90 MW /kg, respectively. The generator
was also tested in burst mode. The load voltage pulse-train of the generator on the water
load, which comprises five pulses at a repetition rate of 30 Hz, is shown in Figure 16.
The charging voltage of the PFN-Marx is 45 kV and the amplitude of the load voltage is
about 500 kV, which was measured via a resistance voltage divider. The dispersion of the
load voltage is less than 3%. The load voltage waveform indicates that the operation of the
generator in single mode agrees well with that in burst mode.

The load voltage wavetorm

Time (100 ns/div)

Figure 15. The load voltage waveforms on the water load.
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Figure 16. Screen shot of 5 pulses at 30 Hz operation.

122



Electronics 2021, 10, 545

However, the rectangular characteristic of the load voltage waveform in the experi-
ment was not as good as in the simulation. The reason for that contains five parts. Firstly,
the generator is constructed by multiple PFN modules, which are like building blocks.
So, the coupling capacitor (C.) between the adjacent PFN modules inevitably exists be-
tween the PFN modules, and the C, together with the PFN node inductors, forms a
parasitic transmission line (PTL) with a short characteristic time. The final performance
of the effect of the PTL is that the high-frequency oscillation is superimposed on the load
voltage waveform. This is the main reason why the load voltage waveform’s quality in the
experiment was lower than that in the simulation. Secondly, the capacitor in the simulation
is an ideal model and the mica in the practical experiment has self-inductance. In further
work, the measure method of the mica capacitor’s self-inductance will be studied. Thirdly,
the inductance of the water resistor also affects the quality of the load waveform. Fourth,
the load voltage was measured by a water resister divider with a low impedance type.
The sample resistance of the resistor divider is 1 (). The deterioration of the rise-edge
of the load voltage waveform is significantly affected by the length of the connecting
line of the resistance divider, which is the inductance of the connecting line (Ly,). The
dying oscillation of the load voltage waveform is decreased as the Ly, decreases. Finally,
in the simulation analysis, the capacitance of the switch and the ground capacitance are
ignored. These parasitic parameters also affect the load pulse. Actually, an oscillation
damping circuit, which is to add an R-C unit between the last two PFN modules, has been
preliminarily investigated in an experiment in another PFN-Marx system [17]. So, future
work will also focus on the improvement of the load waveform'’s quality.

4.2. Experimental Results on a TTO

A miniaturized transit time oscillator (TTO) driven by this generator was initially
investigated in an experiment. The setup for TTO operations is similar to the water load
testing, with the dummy load removed. The Marx casing was filled with 160 kPa of pure
SFs, and, depending on the charging voltage, 80 kPa gas of N, mixed with 15% SFg was sent
to the enclosed switch column. The generator was operated in triggering mode, and the
output voltage and output current of the generator were measured by a resistance divider
and a hand-made Rogovski coil, respectively. The typical waveforms of the generator and
the microwave are shown in Figure 17. The pulse characteristics of the voltage waveform,
including the voltage of 450 kV, the rise-time of 25 ns, and the pulse width of 90 ns, were
measured in the oscilloscope. Obviously, the pulse width of the current waveform is
shorter than that of the voltage waveform. The reason could be that the Rogovski coil
has the defect during hand making. The sampling loop was not controlled to a minimum
and the sampling resistor is not an inductive resistor. Besides, because the Rogovski coil
is compact, there may be breakdown inside it during the measuring process. Therefore,
distortion of the current signal exists. During the experiment, the Rogovski coil was used
only for monitoring the electron beam production. A microwave pulse with power of
about 100 MW and a pulse duration of 25 ns is generated when the diode voltage is 450 kV.
The HPM signal was estimated to have a peak of 100 MW. The initial experimental results
show the ability of the generator to drive the HPM source.

The TTO driven by the PFN-Marx generator in burst mode was also investigated
initially in an experiment. The experimental results show that the TTO at 30 Hz with five
pulses works well. The microwave power is about 85 MW, with the diode voltage about
440 kV, as shown in Figure 18. Obviously, there are some differences in the consistency of
the microwave pulses. The experimental test with the PEN-Marx generator driving the
TTO is still under study and detailed results will be published in the next work.
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Figure 18. Screen shot of 5 microwave pulses at 30 Hz operation.

5. Summary

The 22-stage compact PEN-Marx generator based on the mica capacitors has shown
successful 5 GW output on a water load. The performance of this PFN-Marx generator in
burst mode is also described and the load voltage waveform indicates that the operation of
the generator in single mode agrees well with that in burst mode. Typical pulse character-
istics include a pulse width of 95 ns and a rise-time of 28 ns. A TTO HPM source driven
by this generator was also tested and a 100 MW, 25 ns microwave pulse was obtained in
an experiment.

A series of methods for compact and modular design of the PFN-Marx generator
were used, including the large energy density mica capacitors, a mini-Marx trigger source
with the integration of the magnetic transformer and switch, the PFN module design,
a common switch case, and the connection between the PFN module and the switch. Under
the condition of these designs, a single PFN module can be taken out from the PFN-Marx
individually. Finally, the length of the PFN-Marx generator body is limited to 80 cm and its
weight is about 56 kg. The ratio of the energy storage to volume and the ratio of power to
weight of the 22-stage PFN-Marx generator are up to 6.5 J/L and 90 MW /kg, respectively.

Actually, a lot of work could be done to improve the performance of the generator; for
example, increasing the pulse number and improving the quality of the output waveform,
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as well as optimizing the operation of the TTO source driven by the generator. Furthermore,
based on our generator, other types of HPM sources, including a relativistic magnetron
and a relativistic backward wave oscillator, are being studied.
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Abstract: The applications of terahertz (THz) devices in communication, imaging, and plasma
diagnostic are limited by the lack of high-power, miniature, and low-cost THz sources. To develop
high-power THz source, the high-harmonic traveling wave tube (HHTWT) is introduced, which is
based on the theory that electron beam modulated by electromagnetic (EM) waves can generate high
harmonic signals. The principal analysis and simulation results prove that amplifying high harmonic
signal is a promising method to realize high-power THz source. For further improvement of power
and bandwidth, two novel dual-beam schemes for high-power 346 GHz TWTs are proposed. The
first TWT is comprised of two cascaded slow wave structures (SWSs), among which one SWS can
generate a THz signal by importing a millimeter-wave signal and the other one can amplify THz
signal of interest. The simulation results show that the output power exceeds 400 mW from 340 GHz
to 348 GHz when the input power is 200 mW from 85 GHz to 87 GHz. The peak power of 1100 mW is
predicted at 346 GHz. The second TWT is implemented by connecting a pre-amplification section to
the input port of the HHTWT. The power of 600 mW is achieved from 338 GHz to 350 GHz. The 3-dB
bandwidth is 16.5 GHz. In brief, two novel schemes have advantages in peak power and bandwidth,
respectively. These two dual-beam integrated schemes, constituted respectively by two TWTs, also
feature rugged structure, reliable performance, and low costs, and can be considered as promising
high-power THz sources.

Keywords: terahertz; traveling-wave tube; folded waveguide (FWG); slow wave system; high
harmonic traveling wave tube

1. Introduction

Terahertz (THz) devices are widely used in high data-rate communication systems,
plasma diagnostic, hazardous material detection, medical imaging, etc. However, the
development of THz technology faces some challenges, such as lack of THz sources with
high power, miniaturization, and low cost. Semiconductor THz sources and vacuum
electronic THz sources are two common ones. Although semiconductor THz sources
can produce high-power output up to milliwatt, they are usually troubled by over-high
upfront cost. As a compromise, vacuum electronic devices (VEDs) may deliver higher
output power with lower cost [1-7]. In 2004, a kind of compact THz free electron laser
device was introduced by Stuart R A, with 1 kW pulsed power from 0.3 THz to 3 THz [8].
In 2010, Khanh Nguyen developed a high-gain multi-beam traveling wave tube (TWT)
whose operating frequency range varies from 200 GHz to 250 GHz [9]. In 2011, Istok
proposed a series of Backward-wave oscillators (BWOs) in which the grating line is utilized
as slow wave structure (SWS). These devices can deliver several milliwatts output power at
1.4 THz [10]. In 2012, Paoloni et al. presented a cascade backward-wave amplifier operating
at 1 THz [11]. From 2012 to 2016, Tucek et al. discussed a series of vacuum electronic
amplifiers including one 100 mW 670 GHz prototype device driven by a novel solid-state
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source [12], a compact, microfabricated vacuum electronic amplifier with 39.4 mW of
maximum output power from 0.835 THz to 0.875 THz [13], and a 29 mW 1.03 THz vacuum
electronic with 20 dB of saturated gain and 5 GHz of instantaneous bandwidth [14]. In
2018, a folded waveguide (FWG) TWT is fabricated by Armstrong et al., with over 300 mW
power in 231.5-235 GHz [15]. In 2020, Pan Pan et al. proposed a G-band continuous wave
TWT. Saturated power of 20 W is generated from 217 GHz to 219.4 GHz [16].

For the development of nuclear fusion energy, the understanding of a critical plasma
phenomenon as transport of the plasma is necessary. The collective Thompson scattering at
THz frequency has been proven to be an adequate technology to map anomalous density
fluctuation of electrons in the plasma, without perturbing its plasma behavior. The optically
pumped far-infrared (FIR) laser is a practical radiation source for this technology and
applied in the National Spherical Torus Experiment (NSTX) [17]. However, the features
of the high price, large volume, and relatively low power restrict its mapping region.
To extend the dimension of the plasma diagnostic, the BWOs operating at 346 GHz can be
promising devices due to low cost, large output power, easy assembly, and compact volume.
C. Paoloni et al. designed a 0.4 W double corrugated waveguide (DCW) BWO and a1 W
double-staggered grating (DSG) BWO [18]. ]. Feng et al. designed a Grooved Single Grating
(GSG) structure for 346 GHz BWO. The GSG circuit was fabricated by UV-lithographie
galvanoformung abformung (LIGA) microelectromechanical technologies [19].

It should be noted that the BWO is strict about power source because BWO requires
very suitable power source to maintain frequency stable. Phase noise of THz signal
generation, which caused by power supply voltage ripple, should be reduced to ensure
low bit-error rate in THz communication [20]. To reduce requirement of high-performance
power source and obtain pure frequency spectrum of output power, we developed a kind
of THz source, named high-harmonic TWT (HHTWT) [6,21]. Based on HHTWT, one
new HHTWT and two novel types of THz sources operating at 346 GHz are proposed
in this paper to improve the output power. The HHTWT can generate the THz band
electromagnetic (EM) wave by amplifying the E-band signal. Compared with conventional
THz signal sources, the application of high-power E-band signal source in HHTWT can
input considerable signal into SWS. It can avoid input signal being interfered with and
even drown out noise, which is caused by electron gun and discordance of SWS fabrication.

One of the novel THz sources, named cascaded enhanced HHTWT (CE-HHTWT),
outputs the THz power by amplifying the signal, which is generated by HHTWT. The other
one, named Pre-amplified HHTWT (PA-HHTWT), amplifies the THz band EM wave by
inputting a relatively high power of fundamental wave into HHTWT.

This paper is organized as follows: HHTWT and two novel types of THz sources
are introduced in Section 2, Section 3, and Section 4. Each section contains the operating
principle, SWS design methodology, and simulation results. The analysis and design works
are accomplished by CST particle studio. Section 5 is a summary of this paper.

2. HHTWT
2.1. Operating Principle of HHTWT

A HHTWT operating at 346 GHz is introduced firstly, which utilizes FWG as SWS.
FWG is a promising type of SWS with wide bandwidth and high power. Compared with
other conventional SWSs such as helix, FWG is of easy fabrication and assembling. Within
it, the wave transmission path can be folded back upon itself multiple times, with a beam
tunnel passing through its center. Energy exchange is achieved by synchronizing both the
longitudinal energy flow speed and the electron beam velocity.

The schematic of the HHTWT SWS is shown in Figure 1. Port 1 and 4 are input and
output ports, respectively. Attenuators are applied to match two severed ports (Port 2
and 3). The electron beam is sent from the electron gun into the tunnel. The SWS consists
of three sections: Modulation section, drift tube, and radiation section. The modulation
section operates at E band. The radiation section operates at THz band, corresponding
to the fourth harmonic of input signal. There is also a drift tube between the modulation
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section and radiation section, where the EM wave is cutoff and only electron beam can
pass.

Input port
Port | 2 -
Port 3
/ < - Port 4
a“ ¥ : /. ort QOutput port

‘ ¥ = SRR

1 A
/ |

VA ) \ < Drift tube
Electron Beam £ Radiation section

. e Port 2
Modulation section

Figure 1. The slow wave structure (SWS) of high-harmonic traveling wave tube (HHTWT).

In the modulation section, the velocity of electron beam is modulated by the E-band
input signal. When the electron beam traverses the drift tube, the velocity modulation is
transformed into longitudinal density modulation. If the cutoff frequency of the radiation
section is 300 GHz, the fundamental wave and lower-order harmonic waves can be cut off
in the radiation section, and then only high-frequency EM waves are excited and amplified
by the high-order harmonic beam current. Hence, when inputting a signal at 86.5 GHz, we
can get a 346 GHz output signal.

Compared with conventional FWG TWT, HHTWT is featured by adopting two high
frequency structures operating in two different bands. The power of conventional THz
band FWG TWT is restricted due to the high loss. It leads to low gain and overlong SWS.
Generally, the low input power of THz source could exacerbate the deleterious effects.
The introduction of modulation section could modulate the electron beam efficiently. It is
also instructive to mitigate the demand for a THz high-power signal source, by using a
millimeter-wave high-power source.

2.2. SWS Design Methodology of HHTWT
2.2.1. SWS Design

Two sections of the HHTWT, i.e., the modulation section and the radiation section,
have different operating bands. The modulation section works at E band, and the radiation
section operates at THz band. The dispersion curve and interaction impedance are obtained
by 3D EM simulation. For the modulation section, the phase shift at the center frequency
is set to 1.417, which ensures enough bandwidth. Then, interaction impedance should
be set as high as possible. For the radiation section, the operating voltage should be
the same with that in modulation section. The dispersion curve should also be flat to
broaden bandwidth. Hence, the phase shift at the center frequency is set to 1.497. Figure 2
shows the dispersion curve, associated electron beam line, and interaction impedance
of the modulation and the radiation sections, respectively. The structural parameters of
the HHTWT are shown in Table 1, in which a, b, h, p, and r are the width of the broad
edge of the waveguide, the length of the narrow side of the waveguide, the height of the
straight rectangular waveguide, the axial period length, and the radius of the electron
beam channel, respectively. Between the modulation section and the radiation section, the
drift tube is adopted to decrease the risk of self-oscillation and realize the transition from
velocity modulation to density modulation. The length determination of two sections and
drift tube are discussed later.
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Figure 2. High frequency characteristics of the modulation and the radiation section. (a) The modulation section; (b) the

radiation section.

Table 1. Structural parameters of the HHTWT.

Parameters Modulation Section Radiation Section Drift Tube
a 2 mm 0.5 mm /
b 0.32 mm 0.085 mm /
P 0.64 mm 0.17 mm /
h 0.51 mm 0.2 mm /
r 0.08 mm 0.08 mm 0.08 mm

2.2.2. The SWS Length Determination

The following simulation results are obtained by CST Particle Studio. The operating
voltage and current are set to 18.4 kV and 10 mA in Particle in Cell (PIC) simulation,
respectively. With frequency increased, transmission loss caused by skin effect becomes
significantly high. The surface roughness, determined by different manufacture technol-
ogy, also has significant effect on the transmission loss [21,22]. The precision computer
numerical control (CNC) lathe and electric discharge machining (EDM) are main and
mature processing methods and widely applied in the fabrication of THz band and E-band
SWS [22,23]. By referencing experimental cases in [22,23] and summarizing our engineering
experience in [21], the effective conductivities of sections operating at E band and THz
band are set as 3.5 x 107 S/m and 1 x 107 S/m, respectively.

Due to low input power, the length of the modulation section should be long enough
to ensure deep electron beam modulation. Hence, we construct 100 periods of modulation
SWS, and determine the length of modulation section depending on the bunch state of
electron beam. The frequency of input signal is 86.5 GHz, and the input power is 200 mW.

The phase space of beam electron in the modulation section is shown in Figure 3.
It shows the amplification process is at linear state before 38 mm. Hence, the length of
modulation section is set as 38 mm.

In order to determine the length of the drift tube, a series of current monitors are
placed every other millimeter on the drift tube. Figure 4 plots the Fourier transform of
the electron current signal at the end of the drift tube. Fundamental component and other
three high harmonic components are also shown in it. However, only the fourth harmonic
wave can be excited and amplified because the fundamental wave and other lower-order
harmonic waves are cut off in the radiation section. In general, the length of the drift tube
is controlled at the position where the fourth harmonic current is the largest. Figure 5
depicts the relative amplitude of the fourth harmonic current curve versus the length of the
drift tube. The length of the drift tube is determined as 12 mm. Figure 6 shows the phase
space graph of the electron beam at the end of the drift tube. It depicts that the electron
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beam is modulated by EM wave and stay in the linear state. The energy is still stored in
the electron beam.

The length of the radiation section is chosen where output power reaches saturation
point. Figure 7 shows the power versus the length of the HHTWT at 346 GHz. Hence, the
length of the radiation section is 34 mm. The phase space graph of electron beam at the
end of radiation section is shown as Figure 8.
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Figure 3. The phase space graph of the electron beam in the modulation section.
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Figure 4. The Fourier transform of the electronic current signal.
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Figure 5. The graph of amplitude of the fourth harmonic.
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Figure 6. The phase space graph of electron beam at the end of drift tube.
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Figure 7. Power curve of the HHTWT at 346 GHz.
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Figure 8. The phase space graph of the electron beam at the end of the radiation section.

Figure 8 shows the fourth harmonic is excited. Compared with Figure 6, the velocity
of central cluster decreased significantly in Figure 8. It means the electron beam transfers a
lot of energy to the EM wave, during the beam wave interaction in the radiation section.
For convenience of reference, the parameters of HHTWT are summarized in Table 2.
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Table 2. Parameters of the HHTWT.

Parameters Values
Beam voltage 18.4kV
Beam current 10 mA
Beam radius 0.04 mm
Length of modulation section 38 mm
Length of drift tube 12 mm
Length of radiation section 34 mm

2.3. The Simulation Results

The output power of the HHTWT is shown in Figure 9. It can deliver about 300 mW at
346 GHz. As illustrated in Figure 10, the spectrum of the output power is concentrated at
346 GHz. Figure 11 plots the output power from 340 to 348 GHz. When 200-mW signal is
input from 85 to 87 GHz, over 100-mW power can be delivered with the 8-GHz bandwidth.
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Figure 9. The output signal of the HHTWT at 346 GHz.
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Figure 10. The Fourier transform of output signal at 346 GHz.
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Figure 11. Output power of HHTWT.

3. Cascaded Enhanced HHTWT
3.1. Operating Principle of CEEHHTWT

In order to amplify the power of HHTWT, a novel structure is proposed on the basis
of HHTWT, named cascaded enhanced HHTWT. It is featured by introduction of another
electron beam that forms dual-beam THz band CE-HHTWT.

CE-HHTWT is demonstrated in Figure 12. Connecting an amplification section to
the output port of the HHTWT forms dual-beam THz band CE-HHTWT. The THz signal
enters the amplification section from the radiation section. Beam-wave interaction occurs
between a new electron beam and input signal of amplification section. Compared with
the HHTWT, the efficiency and the output power of dual-beam CE-HHTWT is improved.
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Beam | ‘ | ‘ | |
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A » y y ¢ X - :.‘ \
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Beam 2 ‘ ||
; . \_‘ \ ! - Drift tube

Z T Port 2
Modulation section

Figure 12. The SWS of the dual-beam CE-HHTWT.

3.2. SWS Design Methodology of CEEHHTWT

As shown in Figure 12, the amplification section operates at THz band. To simplify
design and fabrication, the amplification utilizes the radiation section with the same
structural parameters as SWS does. The parameters of two electron beams in CE-HHTWT
are the same with those in HHTWT.
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The length of the amplification section is chosen where the output power reaches
saturation point. Figure 13 shows the power curve versus the length of the amplification
section at 346 GHz. Hence, the length of the amplification section is 34 mm. The parameters
of CE-HHTWT are summarized in Table 3.
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Figure 13. Power curve of the amplification section.

Table 3. Parameters of the CE-HHTWT.

Parameters Values
Beam voltage of beam 1 and 2 18.4 kV
Beam current of beam 1 and 2 10 mA
Beam radius 0.04 mm
Length of modulation section 38 mm
Length of drift tube 12 mm
Length of radiation section 34 mm
Length of amplification section 34 mm

3.3. The Simulation Results

The output power of the CE-HHTWT is shown in Figure 14. The input signal is
200 mW at 86.5 GHz. Furthermore, a signal of 1100 mW is obtained at 346 GHz.
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Figure 14. The output signal of the CE-HHTWT at 346 GHz.

Figure 15 is the Fourier transform of signal at end of the amplification section. The spec-
trum of the output signal is concentrated at the frequency of 346 GHz.
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Figure 15. The Fourier transform of output signal.

Figure 16 shows the gain property and bandwidth property of CE-HHTWT. At
346 GHz, the output power is saturated when the input power is 200 mW. Figure 16b
shows that more than 400 mW output power could be achieved from 340 to 348 GHz. The
maximum power is 1100 mW at 346 GHz. The 3-dB bandwidth of CE-HHTWT is 5 GHz.
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Figure 16. Gain property (a) and bandwidth property (b) of CE-HHTWT.

4. Pre-Amplified HHTWT
4.1. Operating Principle of PA-HHTWT

The PA-HHTWT is presented in Figure 17. A pre-amplification section is connected to
the input port of a HHTWT, which constitute the other new TWT. Fundamental signal is
amplified by an electron beam firstly. Then, as an input signal, the amplified fundamental
signal interacts with a new electron beam to generate the THz signal in the HHTWT.

In comparison with HHTWT and PA-HHTWT, the electron beam is deeply modulated.
Hence, it can improve the output power.
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4.2. SWS Design Methodology of PA-HHTWT

For the PA-HHTWT, the pre-amplification section plays a role in amplifying the
fundamental wave to several-watts level. The pre-amplification section utilizes the same
structural parameters with modulation section. The length of pre-amplification section
is set as 51 mm. The power versus axial length curve and the output signal are shown in
Figures 18 and 19, respectively. The input power is set at 200 mW and then 4.5-W output
power is obtained.

The length of the modulation section is chosen to make the energy modulate the
beam as deeply as possible, rather than amplify the EM wave. Figure 20 depicts the
input and output signal of the modulation section at 86.5 GHz. When the length of
the modulation section is 20.48 mm, the output power is barely higher than the input
power, because the energy of electron beam is almost not changed within the modulation
process. The behavior mentioned above is also validated in Figure 21. The electron beam is
modulated more deeply than HHTWT and CE-HHTWT. Meanwhile, there is no obvious
nonlinear characteristic.
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Figure 18. Power curve of the pre-amplification section.
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Figure 21. The phase space graph of electron beam in modulation section of PA-HHTWT.

The method to determine the length of the drift tube and the radiation section is
similar to that in the HHTWT and CE-HHTWT. Eventually, the length of the drift tube and
the radiation section are chosen at 4 mm and 10.2 mm, respectively. For convenience, the
parameters of PA-HHTWT are shown in Table 4.
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Table 4. Parameters of the PA-HHTWT.

Parameters Values

Beam voltage of beam 1 and 2 18.4kV
Beam current of beam 1 and 2 10 mA
Beam radius 0.04 mm

Length of pre-amplification section 51 mm
Length of modulation section 20.5 mm

Length of drift tube 4 mm
Length of radiation section 10.2 mm

4.3. The Simulation Results

The output power of PA-HHTWT at 346 GHz is shown in Figure 22. The output power
is 970 mW. The spectrum of output signal is shown in Figure 23.
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Figure 22. The output signal of the PA-HHTWT at 346 GHz.
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Figure 23. The Fourier transform of output signal.

Figure 24a demonstrates the gain property of PA-HHTWT. The 200-mW input power
can drive the device to saturated state. The output power of PA-HHTWT is over 600 mW in
338-350 GHz with 200-mW driven power from 84.5 GHz to 87.5 GHz, as shown in Figure
24b. The 3-dB bandwidth of PA-HHTWT is 16.5 GHz.
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Figure 24. Gain property (a) and bandwidth property (b) of PA-HHTWT.

5. Conclusions

To develop high-power THz sources, HHTWT operating at 346 GHz is introduced
and analyzed in this paper. It can output THz signal by amplifying the fourth harmonic
component of E-band RF signal. The simulation results demonstrate that amplifying the
fourth harmonic signal is a promising way to obtain high-power THz signal. Furthermore,
two power-enhanced schemes, CE-HHTWT and PA-HHTWT, are proposed in this paper.
CE-HHTWT yields the THz power by amplifying the signal generated by HHTWT. PA-
HHTWT amplifies THz band EM wave by importing high power-level fundamental wave
into HHTWT. The operating principle and design methodology of two schemes are also
described in this paper, including high frequency characteristics and length determination
of each sections. To validate working principle which relies upon Pierce’s linear theory, the
simulation results are predicted by CST. Driven by two 18.4 kV,10 mW electron beams, CE-
HHTWT can generate over 400 mW power in 340-348 GHz by inputting signal of 200 mW
from 85 GHz to 87 GHz. The peak power is 1100 mW at 346 GHz. The output power of
PA-HHTWT is over 600 mW in 338-350 GHz. The 3 dB bandwidth reaches 16.5 GHz. The
simulation results show that CE-HHTWT and PA-HHTWT have advantages in peak power
and wide bandwidth, respectively. Compared with conventional THz sources driven by
high-power solid-state power amplifier, these two schemes, both constituted by two TWTs,
have superiorities in structural strength and costs.

In future study, CE-HHTWT and PA-HHTWT SWSs can be fabricated by using high-
precision CNC milling. Periodic permanent magnet (PPM) and dual-beam electron gun will
be adopted in electron optical system. To validate the feasibility of design, the insertion loss,
output power, bandwidth, and phase noise characters will be tested. Thus, the schemes of
CE-HHTWT and PA-HHTWT are hopeful approaches to realize practical high-power THz
sources for plasma diagnostic, communication, and radar.
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Abstract: This paper proposes a taper cascaded over-mode circular waveguide TEp, mode converter
for the millimeter and terahertz wave gyrotron. The mode converter of this structure can effectively
reduce the difficulty of high frequency mode converter in fabrication. This paper verifies the feasibility
of this new structure from theory, simulation, and experiment. Based on coupled wave theory
calculations, three TEg;-TE(; mode converters with lengths of 65.43 mm (4 segments), 119.3 mm
(6 segments) and 136 mm (8 segments) and a TEy3-TEp; mode converter with a length of 92 mm
(8 segments) are optimized. The conversion efficiency in the frequency band 215-225 GHz is 91.8-94%,
93-95%, 95-98.78% and 95-98.44%. Because the length of the mode converter is clearly limited,
this paper selects the TEy-TEp; mode converter with a length of 65.43 mm (4 segments) and the
TE3-TEg, mode converter with 92 mm (8 segments) for simulation and experimental verification.
In the simulation software Computer simulation technology (CST), the TEg,-TE(y; and TE3-TEq,
mode converters and their composed TE3-TEg; mode converters are selected for modeling and
analyzing. The simulation results and theoretical calculation results of the three mode converters only
have different degrees of frequency deviation, and the frequency deviation of the 4-stage TE,-TE;
mode converter can be ignored; the frequency deviations of TE3-TE(; mode converter and TE3-TEq;
mode converter are 2 GHz and 3 GHz, respectively. The experimental system is a field scanning
system based on a vector network analyzer (VNA), which scans the input and output of the mode
converter respectively. The experimental result is that when the input mode purity is 92% in TE(;
mode, the output mode TE(3 mode has a mode purity of 82%, and it has lower transmission loss.
In this paper, the results from theory, simulation and experiment are in good agreement. This type
of mode converter is easy to prepare, which makes it an effective alternative for high frequency
curvilinear waveguide mode converter.

Keywords: mode converter; 220 GHz; taper

1. Introduction

Vacuum electronic devices (VEDs) (e.g., Traveling-Wave Tube (TWT), Backward-Wave
Oscillator (BWO), Magnetron, Klystron, Gyrotron) are important high-power microwave
radiation sources for scientific, industrial and military applications [1]. As the VEDs
operating frequency extends to the millimeter wave and terahertz wave bands, the size of
the interaction circuit shrinks, and the power capability is consequently reduced. Thus,
operating at high-order mode is proposed and attempted. Gyrotron, as a fast wave VED,
is successfully operated at high-order modes. Thumm et al. reported that the gyrotron
operated at the highest TE3p,19 (Transverse Electric) mode [2]. However, the high-order
waveguide modes are symmetrical nonlinear polarization modes, and the axial radiation is
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an unsatisfactory hollow state, which is not conducive to long-distance transmission and
direct application under the condition of over-mode operation. Depending on the working
conditions, these modes need to be converted. There are two types of mode converters for
VEDs. One is a waveguide mode converter which is usually used for higher-order volume
modes (TEg,, n > 1) [3], and its advantages are high converter efficiency, low reflectivity,
and no parasitic oscillation of the device; another is quasi-optical mode converter which
is used for higher-order whispering gallery modes (TEmn, m > 1, n = 1, 2) [4] and its
advantages are high power capacity, low transmission loss, and high output mode purity.

For a waveguide mode converter, the mode conversion scheme is normally as follows:

(1) TEon-TEq-TE11-HEy; [5,6]
(2)  TEon-TEq-TM11-HEq; [7-9]

within which TEy; mode has low loss at high frequencies and is suitable for long-
distance transmission; HE mode is a hybrided mode of TE (Transverse Electric) mode and
TM (Transverse Magnetric) mode. HE;; includes TE1; (84% power) and TM11 (16% power).
HE1; mode has the characteristics of linear polarization and Gaussian distribution, and is
suitable for antenna transmission and application [6].

In both conversion sequences, the mode converting from TEq, mode to TEy; mode
is foremost. The TEg,-TE(; waveguide mode converter changes its radial characteristics
through radius perturbation. A common method is a corrugated circular waveguide mode
converter with cyclically sinusoidal radius change [3]. At a low frequency, the sinusoidal
radius change is easy to achieve. As the operating frequency increases, the sensitivity to
processing errors increases and the difficulty of its implementation also increases exponen-
tially. When the operating frequency increase up to terahertz wave region, the fabrication
is extremely difficult and expensive.

In this paper, an economical gradual-radius cascaded circular waveguide mode con-
verter is proposed as shown in Figure 1, whose fabrication is much easier than conventional
type. A prototype of TEy-TEp,-TE(; conversion for a frequency tunable 220 GHz gy-
rotron [10] is designed, manufactured, and tested. The results present a good performance
at 215-225 GHz and would be an expectable approach in terahertz wave applications.
This paper is organized as follows. The second part introduces the theoretical calculation
and simulation results of the mode converter and gives the design ideas, main formulas,
and structural parameters of the design. The third part introduces the experimental process
and results analysis, and Section 4 draws the conclusion.

Ry R, R, R, Ro Ry R Re Re R Ry Ry

1 0 ) R4 Rs - ;
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(a) (b)

Figure 1. (a) Structure of TEq,-TE(; mode converter; (b) Structure of TEg3-TEp, mode converter.

2. Design Model and Simulation
2.1. Theoretical Calculation of Mode Converter
2.1.1. Theoretical Deduction

The inhomogeneous circular waveguide is divided into three categories: changes in
transmission direction, changes in transmission medium, and changes in transmission
radius. The mode converter uses the different transmission characteristics of each mode
under the three changing conditions, selectively changes the three conditions, and obtains
the required operating mode through mode-coupling. The common three types of circular
waveguide mode converters are divided into serpentine waveguides with varying axis [11],
dielectric-filled waveguides [12], and corrugated waveguides with varying transmission
radius [13]. The theory of analyzing the coupling between modes in a waveguide is called
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coupled wave theory [14]. The design of the mode converter with radius perturbation
is to solve the boundary value problem of coupled wave ordinary differential equations,
the equations are as follows:

dAJr ’ 1 d(ln’y /) +
_ - + ~+ - -
g T2 dz A = A L Ay L Ao o) @
+mn —mn
dA— i 1 d(ln’y /) + _ + _ _ +
drzrm = -3 dzmn A ™ + ’)/mn/Amn, + Z Amnc(mn’)(mn) + Z Amnc(mn’)(mn) )
+mn —mn
where AL, Amn is the amplitude of the mn mode wave and the superscript indicates
the direction of propagation, v, is the propagation constant of mn mode, and v, =
K&mn + jBmn, @mn is the attenuation constant, B, is phase constant, both a;,, and B, are
function of z, C (j;m,) (mn) is the coupling coefficient of mn mode and mn’ mode in the same
direction or reverse direction.
TEn-TE
ok (R Xin = R X3 ) F (R £ Ry ) X5n X5y 1da 1y -
(mn’)(mn) 1/2 1/2 1/2
(Rmann’) / (sznn - m) (X%m/ - m) (ann’ - X7271ﬂ) adz
TEn-TM,
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Ci ) — 77(71)714-71 +1, (4)
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Because the transmission direction and transmission medium of the mode converter
with gradual radius have not changed and the coupling coefficient of the input mode TEg,
mode and TM mode is 0, only the coupling between TE modes can be considered in the
calculation. The mode coupling of TEm,-TE,,/ satisfies n”’ —n = 1 and m = 1, so the
coupling coefficient can be written as follows:

c* XonXon (Ron + ROn’) 1@ _1)n+n’

(0n')(0n) — (RonRoy ) /2 (Xoy — Xon) 2 ®)

where Xg, (Xo,) is the zero point value of Bessel function J/y(Xo,) (] 79(Xou))Ron = Bon/ ko
and Ry, = Bo / ko, ko is the free-space wavelength, a is the radius of the circular waveguide
as a function of z.

Suppose the length of the mode converter is L, where z = 0 is the beginning of the
circular waveguide and z = L is the end of the circular waveguide. There is only one mode
at the input port of the mode converter, the initial amplitude is 1. The output port of the
waveguide does not have an aback-propagating wave. So the wave amplitude of each
model at the input and output ports satisfy

Agylz=0 = [(1,0),(0,0),---,(0,0)]" ©)

Agylz=1 = [(0,0),(0,0),---,(0,0)]", @)

where the first element of the vector [Ag,] is the amplitude of the input working mode,
the second element is the amplitude of the output working mode, the other elements
each represent a parasitic mode. Equations (6) and (7) and Equations (1) and (2) form the
boundary value problem of the first-order nonlinear coupled wave differential equations.
The forward wave amplitude AJ, and reverse wave amplitude A, along the z can be get
to solve the equations.

The center working frequency of the Gyrotron is 220 GHz. The conversion of the
output mode TEy3 to TE(; needs to be realized in two stages, namely TEy3-TEq, and TE;-
TEp; mode conversion. Considering the power capacity of the mode converter and the
output circular waveguide radius of the Gyrotron is 5 mm, the average radius of the
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mode converter’s fluctuation is determined to be 5 mm. The main design indexes of the
mode converter are the conversion efficiency, the working bandwidth, and the length of
the converter. Editing the Matlab numerical calculation program uses the coupled wave
theory and synthesizes three optimization design indicators. The optimization process
is as follows: Given the initial number of cascaded segments N of the mode converter,
a multi-parameter optimization model of the specific structural dimensions of each segment
of the circular waveguide is established, and the main optimization goal is to maximize
the conversion efficiency, taking into account the working bandwidth for optimization
calculation. Change the number of cascades N and repeat the above optimization steps
to obtain the most optimized design parameters. Compare the calculated results with the
CST simulation results.

2.1.2. Calculation Results of the TEy-TEj; Mode Converter

The structure of the 4-segment TEy-TEp; mode converter is shown in Figure 1a,
and the center frequency is 220 GHz. The numerical calculation takes into account factors
such as multi-mode, reverse wave, and Ohmic loss, and uses the fourth-order Runge-Kutta
method to perform optimization iterations, and the results of different segments are shown
in Figure 2.
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Figure 2. The calculation results of TEy,-TEp; mode converter: (a) Mode conversion efficiency along z of a 4-segment
converter; (b) Mode conversion efficiency along z of a 6-segment converter; (¢) Mode conversion efficiency along z of an
8-segment converter; (d) Mode conversion efficiency in the different frequencies.
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In the process of the numerical, multi-mode, reverse wave, ohmic loss, and other
factors are taken into account. The fourth-order and fifth-order Runge-Kutta methods
were used to optimize iteratively, and the converters with different segment numbers
were obtained. The optimization results are shown in Figure 2. From the Figure 2a—c,
it can be concluded that the parasitic modes generated during the transmission process
are TEg3 and TEy4 modes. The power excited in the first half of the converter is greater,
and it is effectively suppressed in the second half. The length of the 4-stage cascaded mode
converter is 65.43 mm, and the mode conversion efficiency is 94% at 220 GHz. The length
of the 6-segment mode converter is 119.3 mm, and the mode conversion efficiency at
220 GHz is 94.78%. The length of the 8-segment mode converter is 136 mm, and the
conversion efficiency at the center frequency point is 98.78%. The Figure 2d shown that
the more segments of the cascade mode changer, the longer its length and the higher
the conversion efficiency. In the working frequency band 215-225 GHz, the conversion
efficiency of the three mode converters are 91.8-94%, 93-95%, 95-98.78%. Comparing the
length and conversion efficiency of the converter, the length of the 6-segment is almost
twice the length of the 4-segment, but the overall conversion efficiency is only increased
by 1-2%, and the length of the 8-segment is only 16.7 mm longer than the length of the
6-segment, the conversion efficiency has increased by 3-4%.

2.1.3. Calculation Results of the TEy3-TEy; Mode Converter

The center frequency is 220 GHz, and the geometric structure of the TEy3-TEp; mode
converter is shown in Figure 1b. Using the same numerical calculation method as TEg,-TE(;
to design TEy3-TE(; mode converter, the final result of optimization is shown in Figure 3.
It can be seen from the results that the parasitic modes of the converter are TEy; and TEqq,
which are effectively suppressed during the mode conversion process. The length of the
8-segment TEg3-TEg, mode converter is 92 mm, and the mode conversion efficiency is
98.44% at 220 GHz. The conversion efficiency in the 215-224.2 GHz frequency band is
higher than 95%.
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Figure 3. The calculation results of TEy3-TEg, mode converter: (a) Mode conversion efficiency along z of the mode converter;

(b) Mode conversion efficiency in the different frequencies.

2.2. Simulation Results of Mode Converters

This mode converter is a part of the output structure of the gyrotron. Due to the
limitation of experimental conditions, the total length of the two modes is required to be
less than 200 mm. The design scheme of the processing experiment is to take four sections
of TEgp-TE(; and six sections of TEy3-TEp, mode converters. The two mode converters are
simulated and analyzed respectively, and the TE(3-TEy; mode converter composed of the
two mode converters is analyzed and the calculation and simulation are also compared.
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The mode generator in the experiment is a mode converter (TE1o" to TE(;°) that converts
from a rectangular waveguide TE 9 mode to a round waveguide TEy; wave, and the
mode converter is a reversible symmetrical two-port device. Therefore, the TEy; mode
is used as the input mode in the comparison between simulation and calculation of the
TEg3-TEg; mode converter. The structural dimensions of the calculated and simulated
mode converters are shown in Tables 1 and 2.

Table 1. The structure size of TEy,-TEg; mode converter.

RO R1 R2 L1 L2
Calculation (mm) 5 3.79 6.14 13.9 19.3
Simulation (mm) 5 3.79 6.14 13.9 19.3

Table 2. The structure size of TEy3-TEg; mode converter.

R3 R4 R5 Ré6 L3 L4 L5 Lé
Calculation (mm) 4.87 532 45 5.54 9.3 11 12.2 11.8
Simulation (mm) 4.87 532 45 5.54 9.3 11 12.2 11.8

Perform simulation verification in the simulation software CST [15] with the dimen-
sions in the table, and compare it with the calculated result as shown in Figure 4. The size
of the mode converter calculated by the optimization is modeled separately in the three-
dimensional simulation software CST. The simulation and theoretical calculation results of
TEgp-TE and TEg3-TE(; mode converters are shown in Figure 4a,b. The Sp; parameters of
TEg1, TEqp, TEg3 and TEq, in the simulation results are converted into the power content of
the simulation output port, and compared with the power content of each mode output
port calculated theoretically. The simulation results of the four-segment TEg;-TEy; mode
converter are basically the same than the theoretical calculation results. The conversion
efficiency in the working frequency band is above 91%. In the simulation results of TEq;3-
TE(, mode converter, the frequency band where the conversion efficiency of TE(3 to TE(,
remains above 95% is 217-227 GHz. Compared with the theoretical calculation result,
there is a frequency offset of 2 GHz. The comparison results of other modes can also
support this conclusion.

The content of each mode in the transmission direction of the TEy;-TEy; mode con-
verter composed of two mode converters in the theoretical calculation at the operating
frequency of 220 GHz is shown in Figure 4c. At the output port of the mode converter,
the mode content of TEp; is 90%. In the simulation results, the change rule of the elec-
tric field transformation of the TE;-TEp3 mode converter in the transmission direction
conforms to the trend of each mode transformation calculated in theory. In the working
frequency band 215-225 GHz, the theoretically calculated conversion efficiency is 83.8-90%.
The simulation result has a frequency deviation of 3 GHz compared with the calculation
result. In the frequency band 218-230 GHz, the mode conversion efficiency is 81.2-90%.
The results are shown in Figure 4d.
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Figure 4. The calculation and simulation results of (a) 4-segment TEq,-TEq; mode conversion efficiency. (b) TEg3-TEg, mode

conversion efficiency. (¢) Calculation mode conversion efficiency and simulation E-Field of the TEy3-TE(; mode converter

along the z direction. (d) TEy3-TEp; mode conversion efficiency.

3. Experimental Demonstration

The reversibility of the mode conversion can be used to measure the mode converter
from the fundamental mode of the waveguide to the higher order mode. By measuring
the Sy; of the two groups of mode converters symmetrically connected, the conversion
efficiency of the mode converter and the purity of the output port mode can be calculated.
However, this mode converter measurement method is not suitable for the measurement of
high frequency over-mode waveguide mode converters. The over-mode waveguide mode
converter and the adapter from the standard waveguide to the over-mode waveguide
connected at both ends will form a resonant cavity, making it easy to excite spurious modes
and generate resonance. The Sy; of the results cannot calculate the performance of the
mode converter.

The test system in this paper is shown in Figure 5a. The 1-port spread spectrum
module of the Vector Network Analyzer (VNA) and the device under test connected to it,
are fixed on the optical platform. The 2-port spread spectrum module of the VNA and the
rectangular waveguide probe connected to it are fixed on the 2D displacement platform
(X-axis and Y-axis). One of the electric field components of the surface where the probe
port is located can be tested through the 2D displacement platform scanning controlled
by computer. The position of 1-port probe and the 2D platform remains unchanged and
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Network
analyzers

Computer

the 2-port probe is rotated 90 degrees along the Z-axis and then scanned through the 2D
platform remains. Another electric field component of the surface can be tested. This kind
of test scheme can measure the electric field component of the tested plane in the working
frequency band of the vector network analyzer spread spectrum module. In the experiment
of this article, first measure the two electric field components of the input of the mode
converter (Epn.x and Epny)-

2D displacement platform

Mode converter

(a) (b)

Figure 5. (a) The test systems of the converter and (b) The TEy3-TEy; mode converter after brazing.

The mode converter designed in this paper is composed of two mode converters TE;-
TEp; and TEg3-TEg;. These mode converters are segmented cascade structure. To ensure
the complete connection of each component during the test, the two mode converters
are integrally welded. The tested TEy;-TE( mode converter is composed of TEq3-TEg,
and TE(;-TEp; mode converters. The experimental system and the mode converter after
welding are shown in Figure 5. The connecting parts between the mode converter and the
VNA output waveguide are a TEjo" to TE(;° mode converter and a circular waveguide
adapter from 1.8 mm to 10 mm in diameter. The VNA in this system is made by the 41st
Institute of China Electronics Technology Group Corporation (CETC).

Figure 6 is the experimental results of electric field component at input port of the
mode converter. The test results of the electric field components in the X and Y directions
at the 220 GHz input port are shown in Figure 6a,b. The blue dotted line in the figure is
the ideal distribution of the corresponding electric field component to TEy; mode. It can
be concluded from the comparison of the two field distribution that the two electric field
components of the input port have a higher degree of matching with the electric field
components of the standard TEy; mode.

Figure 7 is the experimental results of electric field component at output port of the
mode converter. The electric field at the output port of the mode converter is tested in
the X and Y directions. The results at the operating frequency of 220 GHz are shown in
Figure 7a,b. It can be seen from the results in the figure that the mode of the output port is
TEg3 mode. Comparing the measured electric field with the ideal electric field distribution,
it can be seen that the radius of the outmost peak ring of the TE(3 mode is larger than the
ideal value. The position of measuring the electric field distribution is a short distance
away from the opening of the waveguide. The electric field distribution tested is the result
of electromagnetic wave transmission after a certain distance in the air. Due to the large
diffraction of TEg3 mode in the air, the radius of the most ring is larger than the waveguide
radius in the test results.
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Figure 7. (a) The test results of Ex of TEp3 mode; (b) the test results of Ey of TEy; mode.

In order to study the performance of the tested mode converter more clearly, some
frequency points of 215-225 GHz in the working bandwidth of the mode converter are
selected for electric field scanning. Formula (8) can be used to calculate the mode purity of
the input and output ports of the mode converter [16]. The calculation results of the purity
of the electric field component measured by the input and output ports in the working
frequency band is shown in Figure 8a.

g = s f Cey)og™ (x, y)dse [, f*(x, y) o (x, y)ds
Jsf (e y)ef(x,y)dse | (x,y) op* (x, y)ds
where f(x, y) represents the measured electric field distribution of the input and the output

the mode converter, {(x,y) is the ideal field distribution of the correspondence mode,
the star (*) means the complex conjugation.
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Figure 8. (a) The calculation result of the mode purity of the electric field component at the input and output of the mode
converter, and (b) The experimental results of transmission loss of mode converter.

It can be seen from Figure 8a that at the input of the mode converter, the mode
purity measured from the two electric field components is basically the same. The TEy,
mode purity at the input port of the mode converter is maintained between 90-95% in
the operating frequency band, except a small band nearly 215 GHz, the mode purity is
reduced to 83%. The calculation results of the mode purity corresponding to the two
electric field components of the TEp; mode measured at the output port are also basically
the same. Mode purity of the TEq3 remains at about 82% in the entire operating frequency
band. The mode purity curves of the electric field components in the X direction and the Y
direction have good consistency at the input and output ends, indicating that the scanning
planes in the two directions are basically parallel, and the uniformity of the scanning field
value is good, and it shows the experimental data is reliable.

Processing the scanned field value data can calculate the transmission loss of the mode
converter. Integrate the measured two electric field components on the measured plane to
get the power of the two electric field components (Pin.x and Pin.y). Add the ingrate two
components together, and express the sum as the input power of the mode converter as
PN (Pin = Pin-x + Pin-y). The output power of the mode converter is measured as Poyt-x,
Pouty and Poyt (Pout = Pout.x + Pour.y) in same measured method. The Sy; of the mode
converter can be calculation by the calculation formula of transmission loss Sy; = Poyt/PIN.
The calculation results are shown in Figure 8b. The transmission characteristic of the mode
converter is 82% in the operating frequency band and 75% in the vicinity of 219 GHz.
At 219 GHz, the purity of the input mode is low, which increases the transmission loss of
the millimeter wave signal.

In general, the results of the experiment show that the cascade mode converter outputs
TEp3 mode with 82% mode purity when the input mode is 92% pure TEy mode. It is
basically in line with the mode conversion efficiency of the theoretical and simulation
results, and has lower transmission loss. It fully meets the requirements as a supporting
device for gyrotron output.

4. Conclusions

In this paper, a taper cascaded over-mode circular waveguide TEp3-TEp; mode con-
verter for a 220 GHz gyrotron has been presented. Through the calculation of coupled wave
theory, three different lengths of TE,-TEy; mode converters of 65.43 mm (4 segments),
119.3 mm (6 segments) and 136 mm (8 segments) are optimized, the mode conversion
efficiencies of these mode converters are 91.8-94%, 93-95%, and 95-98.78%, in the design
frequency band 215-225 GHz. According to the same optimization method, the TEy3-TE,
mode converter is designed with a conversion efficiency higher than 95% in the operating
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frequency band and a conversion efficiency of 98.44% at 220 GHz. Its length is 92 mm
(8 segments). Because the length of the mode converter is clearly limited, this paper selects
the TEp-TE(; mode converter with a length of 65.43 mm (4 segments) and the TE(3-TEg,
mode converter with 92 mm (8 segments) for simulation and experimental verification. 3D
simulation software was used to model and simulate the two converters and the TEy3-TEg;
mode converter composed of them. The simulation result curves of the three mode con-
verters are in good agreement with the theoretical calculation results, and there are only
varying degrees of frequency deviation. The frequency deviation of the 4-stage TEq,-TEp;
mode converter can be ignored. The frequency deviations of the TEy3-TE(; mode converter
and the TEp3-TEp; mode converter are 2 GHz and 3 GHz. In this paper, the mode of
the input and output ports of the mode converter is measured by means of electric field
scanning. When the input mode purity is 92% in TEg; mode, the mode purity of TEgz mode
output of the mode converter is 82%, and the transmission loss of the measured mode
converter is low. The measurement results further verify the correctness of the theoretical
and simulation results, and the prepared mode converter meets the experimental require-
ments of our gyrotron. In general, this paper verifies the feasibility of the taper cascaded
over-mode circular waveguide mode converter from three aspects of theory, simulation,
and experiment. This type of mode converter is easy to prepare, which makes it an effective
alternative for high frequency curvilinear waveguide mode converter.
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