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Experimental research based on a C-band compact transit-time
oscillator with a novel diode loading an embedded soft
magnetic material and shielding structure
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College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073, China

(Received 15 June 2022; revised manuscript received 9 August 2022; accepted manuscript online 26 August 2022)

In order to reduce the external magnetic field and improve the conversion efficiency of high-power microwave gen-
eration devices with low external magnetic field, a novel diode with an embedded soft magnetic and shielding structure is
proposed. The soft magnetic material is designed to enhance the local magnetic field in the diode region. Moreover, the
diode applies a shielding structure which can reduce the radial electric field. From simulation research, it is found that
the emission and transmission quality of the electron beam with low magnetic field is greatly improved when loading this
diode. Through simulation research, it is verified that the diode can increase the conversion efficiency of the transit-time
oscillator (TTO) from 30% to 36.7%. In our experimental study, under the conditions of a diode voltage of 540 kV and a
current of 10.5 kA, the output microwave power is 1.51 GW when loading the novel diode and the microwave frequency is
4.27 GHz when an external guiding magnetic field of 0.3 T is applied. The corresponding conversion efficiency is improved
from 20.0% to 26.6%, which is 6.6% higher than that of a device loaded with a conventional diode. Our experiments have
verified that this novel diode can effectively improve the conversion efficiency of high-power microwave sources operating
with low magnetic field, and contribute to the miniaturization and compactness of high-power microwave devices.

Keywords: high-power microwave, soft magnetic material, shielding structure, transit-time oscillator
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1. Introduction

Driven by application requirements, miniaturization and
compactness have become important development directions
of high-power microwave (HPM) sources. Reducing the exter-
nal guiding magnetic field is an effective way to achieve this
objective. In recent years, there have been many research re-
ports in this area.'=1%! A transit-time oscillator (TTO) is a type
of HPM source that has the potential to be miniaturized and
compact due to its simple structure, which can work efficiently
with a low external guiding magnetic field. This kind of de-
vice has attracted increasing interest from researchers.[%17-231
In recent years, research on TTOs with a low external guiding
magnetic field has achieved many results.

Previously, our research group proposed a novel C-band
TTO in simulation studies.?®) The design purpose of this de-
vice was to obtain a lightweight and compact HPM device, so
we chose a low external guiding magnetic field. In the previ-
ous study, this device showed its advantages in reducing the
external magnetic field. If the efficiency of the device can be
further improved, the advantage will be more obvious. During
a series of studies, it was found that when the device works
with a low magnetic field, the quality of the intense relativis-
tic electron beam (IREB) is relatively low, so the conversion
efficiency is affected to a certain extent. In order to ensure
the miniaturization and compactness of the device, we hope to
further improve the conversion efficiency of this C-band TTO
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without increasing the applied magnetic field. It is very mean-
ingful to explore how to improve the quality of the IREB with
a low external guiding magnetic field, thereby improving the
conversion efficiency of the HPM source. Therefore, a novel
highly efficient diode in our manuscript is designed in this case
for better beam quality in the presence of a low external guid-
ing magnetic field.

This paper mainly introduces a diode with shielding struc-
tures and embedded soft magnetic material, and experimen-
tal research on HPM generation on the C-band TTO with this
novel diode. Section 2 introduces the theoretical analysis of
the transmission of an IREB with a low external guiding mag-
netic field. Section 3 introduces the design and simulation
study of the novel diode. Section 4 presents the experimental
study of HPM generation on the C-band TTO with the novel
diode, and Section 5 concludes this paper.

2. Analysis of IREB propagation with a low
guiding magnetic field

Usually, in the inner part of HPM devices, when load-
ing an intensive external guiding magnetic field, the constrain-
ing force of the magnetic field can be balanced with the space
charge force of the IREB itself. However, when the magni-
tude of the magnetic field is decreased, the fluctuation of the
electron beam is significantly enhanced, which affects the con-
version efficiency of the HPM device.
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The propagation of an annular IREB in a coaxial waveg-
uide is shown in Fig. 1. Its transmission equation can be ex-
pressed as!?7]
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where ry, is the radius of the annular electron beam, 7 is the
relativistic factor, m is the mass of the electron, e stands for
charge of an electron, py = m.chg /2 is the canonical angu-
lar momentum, r. is the cathode radius, €. is the electron cy-
clotron frequency in the region of the cathode, and Q2 = eB,;/m
is the electron cyclotron frequency.

[ > Outer conductor
s > [ R EB

Inner conductor

Zy

Fig. 1. IREB propagating in a coaxial waveguide.

Equation (1) can be solved to obtain the equilibrium ra-
dius of the electron beam ryy. The radius of the annular elec-
tron beam can be expressed as

Iy = b0 + O ()

Here, O, is the fluctuation value of the electron beam ra-
dius. Substituting Eq. (2) into Eq. (1) and converting the ¢-
coordinate system to the z coordinate system, it can be ob-
tained that?”]

d? ky 3k
‘z‘+(k1+22+43>5r=0, 3)
dz o "o

where k1, kp and k3 are all constants. The general solution to
Eq. (3) is[?7]

& = Asin(kz+ ). “)
It can be found from Eq. (2) that!?’]

ry = rpo +Asin(kz+ @). 5)

Here, k = ®/v;, where ® = \/(k% +ka/riy +3ks /1) is the
angular frequency of IREB fluctuations. A is the amplitude of
radial fluctuation of the IREB.

From the above analysis, the maximum radius of electron
beam fluctuation is rmax = rv0 +A, where A is determined by
the initial conditions. This means that the maximum radius
of the IREB radial fluctuation in the transmission process is

determined by the maximum radius of the IREB in the diode.

When the electron beam is in the diode, the transmission
equation is rewritten as!?’]

Pry 19ndy (QN' el
dt2  y ot ot 2y d 2meomy3v,
Q.r2)2 :
—( y2r/3) ~vm 11 =0. (6)
b

In the diode, the electron beam is not only subjected to its own
space charge repulsion, the Lorentz force from the external
magnetic field, and the self-pinch force generated produced by
a self-magnetic field, but also the radial electric field force gen-
erated by the two-dimensional space structure. Among them,
E.| represents the radial electric field introduced by the two-
dimensional space structure of the diode. The gravitational
component is

Q 2 (-chg/z)z - eB; 2 (-chg/z)z
) s =\ gy P g - D
2y very 2my Yer
The repulsive component is
el e
Ey. (®)

- 2meomPv, ym

Due to the radial electric field force in the diode region, the
equilibrium radius of the electron beam in the diode region
rpy is larger, that is, r,; > ry9. Especially when the external
guiding magnetic field is lower, the magnetic field force rep-
resented by Eq. (7) is weaker, and the equilibrium radius is
further enlarged, resulting in greater fluctuation of the IREB,
which affects the efficiency of HPM generation of our de-
signed TTO.

From the above analysis, in order to obtain an IREB with
a smaller radius and improve the emission and transmission
quality, it is necessary to strengthen the gravitational com-
ponent (Eq. (7)) in the diode region and reduce the repulsive
force (Eq. (8)). That is to say, we must find a way to reduce
E\; while adding B; in the diode region.

Therefore, we designed a novel type of diode with em-
bedded soft magnetic material and shielding structures. The
introduction of soft magnetic material can enhance the local
guiding magnetic field in the diode region, and the shielding
structure can effectively weaken the radial electric field intro-
duced by the two-dimensional spatial structure. This diode can
emit an electron beam with less fluctuation while maintaining
a low external magnetic field, which improves the emission
and transmission quality of the electron beam. We describe
the design in the subsequent sections.

3. Design of the novel diode and simulation in-
vestigation

In a previous study, we proposed a C-band coaxial TTO
capable of operating under low magnetic field conditions. In
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the simulation study,/?®! when the external guiding magnetic
field was 0.4 T, with a diode voltage of 548 kV and a current
of 11.4 kA, an HPM output of 1.88 GW was generated and
the microwave frequency was 4.27 GHz. The beam conver-
sion efficiency was calculated as about 30%. We found that
the device has the potential to work with low magnetic field
by loading opening foils. However, the problems of low beam
emission and transmission quality caused by the low magnetic
field were not completely solved. In the condition of a low ex-
ternal guiding magnetic field, the electron beam may bombard
the surface of the foils to generate plasmas, which influences
the working efficiency of the device. Therefore, the device has
to be further optimized.

After multiple simulation optimizations, combined with
theoretical analysis, a high-power diode with a shielding struc-
ture and embedded soft magnetic material is proposed, which
is loaded into the original TTO structure as shown in Fig. 2.

Foils Single-cavity extractor
Shielding Coaxial output port
structure
‘Electron bea,rn1
Cathode ;
! ! Electron collector
rift tub:
Soft Dual-cavity buncher
agnetiq
aterial

Fig. 2. The C-band coaxial TTO loaded with the novel diode.

The beam-wave interaction area of the coaxial TTO is
composed of a two-cavity buncher, a single-cavity extractor
and opening foils. The opening foils are used to enhance the
guidance of the electron beam while avoiding the plasma gen-
erated by the electron beam bombardment. The coaxial output
port is used to output HPMs, and the electron collector adopts
an inclined surface structure. In the diode region, as shown in
Fig. 2, a shielding structure is used to reduce the radial electric
field and a soft magnetic material is embedded in the cathode
holder, which clings to the cathode end to improve the emis-
sion quality of IREB by increasing the local magnetic field.
The soft magnetic material is 6 mm long and 3 mm wide.

A simulation study on the enhancement of the local mag-
netic field by the soft magnetic material is carried out. Poisson
Superfish is applied to simulate the magnetic field in our de-
sign. It uses the finite element method which can accurately
simulate the parameters of the magnetic field. The configu-
rations of a solenoid generating a 0.3 T magnetic field before
and after loading the soft magnetic material are compared. As
shown in Fig. 3(a), the addition of the soft magnetic material

changes the local magnetic field configuration. The soft mag-
netic material produces a local magnetic field enhancement so
that the magnetic field lines gather near the soft magnetic ma-
terial, so the local magnetic field line density increases.

Solenoid coi

Fig. 3. Comparison of the configuration of the magnetic field. (a) Mag-
netic field loading a soft magnetic material. (b) Magnetic field without a
soft magnetic material.

Furthermore, in the simulation optimization, the influ-
ence of various parameters of the soft magnetic material on
the magnitude of the axial magnetic field at the cathode head
is studied, as shown in Fig. 4. The distance in Fig. 4 represents
the distance between the right surface of the soft magnetic ma-
terial and the left surface of the graphite cathode embedded
in the cathode rod. B, represents the axial magnetic field at
the cathode head. The width represents the width of the soft
magnetic material. In the simulation study, when the width is
changed, the central axis of the soft magnetic material is al-
ways consistent with that of the graphite cathode. It can be
seen from the figure that when the distance increases, the local
magnetic field enhancement effect of the soft magnetic mate-
rial weakens. The magnetic field at the cathode head gradually
decreases from the highest 0.39 T to the origin 0.3 T magnetic
field generated by the solenoid coil. Therefore, the soft mag-
netic material should be placed close to the graphite cathode as
shown in Fig. 2. In order to ensure the consistency of the ex-
periment and simulation, the soft magnetic material should not
be too close to the cathode head to ensure that the graphite can
be embedded in the cathode holder. Therefore, the graphite
cathode is embedded in the cathode holder by 1 mm, the outer
exposed part is about 2 mm, and the soft magnetic material is
3 mm away from the cathode head, that is, when the distance
is 0 in Fig. 4.
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Fig. 4. Influence of soft magnetic material parameters on the magnetic
field of cathode head.

At the same time, the width of the soft magnetic mate-
rial is analyzed. It is found that when the width is 3 mm,
the magnetic field at the cathode head has a maximum value
of 0.388 T. When the width of the soft magnetic material in-
creases, the magnetic field increases significantly, but the in-
crease is not obvious when the width exceeds 3 mm. The vol-
ume of the soft magnetic material should not be too large, so
a soft magnetic material with a width of 3 mm and a length of
6 mm is used.

Taking the cathode head as the origin, the magnitude of
the axial magnetic field near the cathode head is extracted as
shown in Fig. 5. The axial magnetic field is significantly im-
proved near the cathode head, from 0.3 T to about 0.388 T at
the highest. According to previous theoretical analysis, the en-
hancement of the local magnetic field in the diode region can
improve the quality of electron beam emission and transmis-
sion in the whole device.

0.40
—— With soft magnetic material

0.384 —— Without soft magnetic material
_ 0.364
g
Q' 0.34-

0.32 1

0.30 1

0 2 4 6 8 10

Z (cm)

Fig. 5. Comparison of the axial magnetic field near the cathode head.

The introduction of the shielding structure is to reduce the
radial electric field in the diode region and to focus the electron
beam. For traditional annular cathodes, radial electric field is
unavoidable. The effect of radial electric field is more pro-

nounced when the device is operated with a low external guid-

ing magnetic field. Therefore, we adopt the shielding structure
as shown in Fig. 2 to solve this problem.

The decrease in the radial electric field in the diode region
by the shielding structure is analyzed by simulation, as shown
in Fig. 6. From Fig. 6(b), both sides of the cathode head are
wrapped by shielding structures with a thickness of 3 mm. At
this time, the radial electric field near the cathode head is sup-
pressed, which helps to improve the electron beam emission
and transmission quality.

(a) s
40+ s
= Ll
S o I
=
30
T
~10 0 10
Z (mm)
b ¢¢¢¢¢¢¢¢aaw{zuwuuuz:::: xxxxxxx
10- B AP
W o
//// o<
2 “iiz:r:/::
sl =
< ////
30+ SO
T T T
~10 0 10
Z (mm)

Fig. 6. The electric field distribution of two types of diode. (a) Conven-
tional diode. (b) Diode with shielding structure.

Fig. 7. Simulation model and comparison of the thickness of the IREB.
(a) Simulation model of TTO with novel diode. (b) Simulation model
with traditional diode.

In order to verify the effect of the novel diode, a simu-
lation study of HPM generation is carried out, as shown in
Fig. 7. Figure 7(a) is a schematic of the simulation model
when loading a new type of diode, and figure 7(b) is that when
loading a traditional cathode. Through the measurement of the
beam thickness, it is found that the maximum thickness of the
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electron beam with the novel diode in the diode region is only
2.8 mm, while the value for the traditional structure is 7.1 mm.
This shows that the novel diode can significantly improve the
emission and transmission quality of an IREB with a low mag-
netic field.

In our simulation study, with an external guiding mag-
netic field of 0.3 T, a diode voltage of 542 kV and a diode cur-
rent of 9.2 kA, the C-band TTO loaded with the novel diode
outputs HPMs of 1.83 GW with a frequency of 4.27 GHz, and
the conversion efficiency can be calculated as about 36.7%.
The output microwave power and frequency are shown in
Figs. 8 and 9, respectively. Compared with the previous re-
search by our research group, the conversion efficiency is 30%
with an external magnetic field of 0.4 T. Therefore, the struc-
ture loaded with the novel diode can achieve higher efficiency
even with a lower magnetic field.

2.1
| 1.83 GW

1.8

1.5

1.2

0.94

0.6

Output power (GW)

0.3

0 T T T T T T
0 10 20 30 40 50 60 70

Time (ns)

Fig. 8. Output power in simulation.

51 /4.27 GHz

Amplitude (MV/GHz)

15 20
Frequency (GHz)

5 B

Fig. 9. The output HPM frequency in simulation.

To further verify the effect of this diode, we present our
experimental studies in the following section.

4. Experimental research

Previously, we preliminarily demonstrated the effect of
the novel diode through simulation studies. In order to further
verify the reliability of the diode, based on the platform of the
C-band TTO, we conduct an HPM generation experiment.

4.1. Experimental system

Figure 10 shows the internal assembly structure of the
beam-wave interaction area of this experiment. The shield-
ing structure in the diode is still made of stainless steel, the
cathode material is graphite, and the embedded soft magnetic
material is industrial pure iron DT8. The embedded design of
the soft magnetic material enables the stainless steel wrapped
outside the soft magnetic material to effectively prevent the
breakdown of the soft magnetic material and maintain the vac-
uum degree of the device. The experimental device is shown
in Fig. 11. In the experiment, a solenoid coil is used for gener-
ation of the magnetic field. The vacuum pump is used to main-
tain the vacuum environment inside the device. We choose a
horn antenna for the radiation of HPMs, and the HPM source
is the same as the C-band coaxial TTO shown in Fig. 2.

Fig. 10. Internal assembly structure of the experiment. (1) Cathode
holder. (2) Soft magnetic material. (3) Graphite cathode. (4) Inner con-
ductor. (5) Dual-cavity buncher. (6) Opening foils. (7) Single-cavity
extractor. (8) Electron collector. (9) Output waveguide. (10) Shielding
structure. (11) Solenoid coil.

Fig. 11. The experiment device.

Far-field measurement method is applied to measure the
radiated HPM. Figure 12 shows the layout of HPM measure-
ment. Two receiving horn antennas are symmetrically dis-
tributed to the radiating antenna. They receive HPM radiation
respectively, and the symmetry of the radiation is analyzed by
their comparison.
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Receiving-horn
Antenna-1

T

x_} Radiating horn
Antenna

Fig. 12. Layout of HPM measurement.

During the experimental assembly, the coaxiality of the
inner and outer conductors should be ensured. Mismatches in
assembly can cause inconsistencies between experiments and
simulations. In addition, close observation is required because
the shielding structure is very prone to breakdown, resulting
in beam loss.

4.2. Experimental results

When the solenoid coil generates a 0.3 T external guiding
magnetic field, the diode voltage is 540 kV, and the current is
10.5 kA, the diode voltage and current are shown in Fig. 13
and the HPM signal is shown in Fig. 14. When loading the
novel diode, an output HPM power of 1.51 GW is obtained and
the corresponding conversion efficiency is 26.6%. In contrast,
when loading a conventional diode, the output HPM power is
only 1.13 GW with a conversion efficiency of 20.0% under
the same input power and external magnetic field. The mea-
sured microwave frequency is shown in Fig. 15. The output
frequency is 4.27 GHz.

YR~ D Loy
o EvcryabareyouiooR

. Diode voltage: 540 kV._—

Piode cur
piode curr

+
—_
[en]
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Fig. 13. Diode voltage and current of the experiment.
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. 1.13 GW
)
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Fig. 14. Output HPM of the experiment.
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Fig. 15. The spectrum of the output microwave.
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4.3. Analysis and discussion

Compared with the simulation results, the frequency of
the experimental study is consistent. The experimental results
prove the improvement in the device efficiency. The conver-
sion efficiency of the device loaded with the novel diode is
improved by about 6.6%. However, the output power and con-
version efficiency in the experiment are not consistent with the
simulation results. After disassembling the device, no break-
down of the cathode holder is found. However, it is found that
some electron beam bombardment traces appear near the cath-
ode head, as shown in Fig. 16. These bombardment traces in-
side the cathode are caused by backflow electrons, resulting in
beam loss, which causes the difference between the efficiency
of the experiment and the simulation. In addition, errors due
to device assembly are also one of the reasons. We will find
ways to solve these problems in future work.

Outer sh: eldli%g

Fig. 16. The cathode after experiment.

5. Conclusion

In this paper, we study the method of improving the con-
version efficiency of a C-band coaxial TTO with a low external
guiding magnetic field through theoretical analysis, simulation
research, and experimental verification. We proposed a novel
diode with embedded soft magnetic material and a shielding
structure to improve the efficiency of TTO and verify its abil-
ity. The research in this paper shows that the novel diode en-
ables the C-band TTO to work with higher efficiency even with
a lower magnetic field, and achieves great results. However,
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there is still a gap between the simulation efficiency and the

experimental efficiency. We will propose further improvement

methods for this problem in the future.
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