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In order to enhance the power capacity, an improved Ku-band magnetically insulated transmission line oscillator
(MILO) with overmoded slow-wave-structure (SWS) is proposed and investigated numerically and experimentally. The
analysis of the dispersion relationship and the resonant curve of the cold test indicate that the device can operate at the

near 7 mode of the TMO1 mode, which is useful for mode selection and control. In the particle simulation, the improved
Ku-band MILO generates a microwave with a power of 1.5 GW and a frequency of 12.3 GHz under an input voltage of
480 kV and input current of 42 kA. Finally, experimental investigation of the improved Ku-band MILO is carried out. A
high-power microwave (HPM) with an average power of 800 MW, a frequency of 12.35 GHz, and pulse width of 35 ns
is generated under a diode voltage of 500 kV and beam current of 43 kA. The consistency between the experimental and
simulated far-field radiation pattern confirms that the operating mode of the improved Ku-band MILO is well controlled in

7 mode of the TMO1 mode.

Keywords: Ku-band, MILO, HPM, overmoded SWS, mode selection, particle simulation, experimental in-
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1. Introduction

The magnetically insulated transmission line oscillator
(MILO) is a kind of cross-field device, which can produce
a gigawatt-class high-power microwave (HPM) without us-
ing any external applied magnetic field.!":?) The intrinsic self-
magnetic insulation property of MILO makes it more com-
pact and lightweight than any other HPM sources such as rela-
tivistic magnetron (RM), relativistic backward wave oscillator
(RBWO), and relativistic klystron amplifier (RKA).!"?! Thus,
as an attractive source, the MILO has been extensively stud-
ied in both theory and experiment since it was invented in
1987.11-201 At present, an HPM output of over 1 GW can be
stably generated in the MILOs of L, S, and C bands,>~3! In
particular, Fan e al. designed the L-band MILO that can gen-
erate 3.2 GW microwave output at 1.2 GHz, which is the top
level in the world according to the reported literature.[!3]

In order to enhance the Pf? factor, in which P and f
are the output power and frequency of the microwave, respec-
tively, the enhancement of operation frequency of the HPM
resource is a development direction. In addition, due to the
wide applications in digital communication field of the Ku-
band microwave, the Ku-band HPM source has become one
of the major hotspots in the field of HPM research. [!9-7]

However, with the enhancement of the operation fre-
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quency, the size of the device is smaller. The power capac-
ity becomes one restriction of the high frequency band HPM
resources. In 2013, Wen et al. first conducted the research
of Ku-band MILO.!"?2%1 But the device only produced a mi-
crowave with a power of 89 MW and pulse width of 16 ns
in the experiment due to the small power capacity of the de-
vice and the erosion of the load area.[!-?°l We also studied the
Ku-band MILO and carried out the preliminary experiment
in a traditional Ku-band MILO device, but the device only
generated a microwave with a power of 150 MW and pulse
width of 17 ns, which are inconsistent with the simulation

(271 Analysis of the experimental results shows that the

results.
radio-frequency (RF) breakdown on the slow-wave-structure
(SWS) is the main cause for the low microwave output power
and short pulse width. Usually, as the operating frequency
increases, to achieve high power capacity, overmoded SWSs
with large diameters are employed in HPM generators. [23-28.29]
In 2014, Zhang et al. designed a Ku-band Cerenkov genera-
tor and conducted the experimental investigation.!?>~2] The
power capacity of the device is enhanced by adopting over-
moded SWS. Ultimately, the device achieved a 1-GW HPM
output. [

In this paper, an improved Ku-band MILO with over-
moded SWS is designed and investigated numerically and ex-

perimentally.
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2. Model description of the improved Ku-band
MILO

The schematic of the improved Ku-band MILO proposed
in this paper is shown in Fig. 1. As can be seen from Fig. 1,
the MILO primarily consists of six parts, which are the SWS,
choke cavity, double-cavities extractor, ladder cathode, limited
load, and coaxial output waveguide. Among them, a choke
cavity is adopted to prevent the microwave from propagating
into the pulse power source and a double-cavities extractor is
used to enhance the microwave extracting efficiency. Besides,
it is confirmed that the limited load structure is able to elim-
inate the electrode erosion of the load due to the large load
anode—cathode gap and small energy deposition density in the
first Ku-band MILO designed by us. Additionally, the lad-
der cathode is adopted to replace the traditional uniform cath-
ode, which is beneficial to the improvement of the conversion
efficiency.?°3?] The edges of all the vanes used to constitute
the SWS cavities are rounded with a radius of 1 mm to re-
duce the RF field of the SWS surface, which is conducible to
improving the power capacity and minimizing the risk of rf
breakdown.
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Fig. 1. (color online) The schematic diagram of the improved Ku-band
MILO.

In order to enhance the power capacity, the improved
Ku-band MILO adopts overmoded SWS. Compared with that
of the first Ku-band MILO designed by us, the overall size
of the improved one is increased significantly, specifically,
the cathode—anode gap is increased from 12 mm to 16 mm.
Through this improvement, the power capacity of the device
will be enhanced significantly without a doubt. However,
mode competition occurs more easily when using overmoded
SWS because more modes can exist in the overmoded SWS,
which is the biggest difficulty in designing the overmoded
SWS. So we should be more careful in mode selection and

control when the overmoded SWS is designed.

3. Mode selection and control

The operating frequency of the MILO is determined
mainly by the dimension parameters of the main SWS. Nor-
mally, the MILO operates at the near 7 mode of the TMO1
mode due to its great coupling impedance.!""?! Therefore,
when designing the overmoded SWS, the operation point must

be selected near the 7 mode of the TMO1 mode. The analysis

of the dispersion relationship is conducible to designing the
high frequency structure.

The profile of the main SWS is shown in Fig. 2 and the
dimensions of the parameters are presented in Table 1. Com-
pared with that of the normal SWS, the AK gap of the Ku-band
MILO is increased significantly to enhance the power capacity.
The AK gap of the first Ku-band MILO designed by us®! is
12 mm and the AK gap of the Ku-band MILO proposed in this
paper is increased to 16 mm (ry—7c). Accordingly, the period
of SWS is increased from 6.5 mm to 7.5 mm (L). Therefore,
the power capacity of the Ku-band MILO will be enhanced
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significantly.
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Fig. 2. Profile of the main SWS.
Table 1. Sizes of the parameters of the main SWS.

Parameter  ryo/mm  ry/mm  R/mm  L/mm  d/mm  Rg/mm
Dimension 50 46 30 7.5 3 1

The dispersion curves of TMO1 and TMO02 modes of the
SWS are calculated by a high frequency electromagnetic sim-
ulation program (HFSS), and shown in Fig. 3 where the light
line and the beam line with energy of 500 keV are also plotted.
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Fig. 3. (color online) Dispersion curves of the SWS and the beam line.

It should be noted that the dispersion curves of TMO1
mode and TMO02 mode are not separated from each other by
a forbidden frequency band, which is not the same as the sce-
narios of the MILOs in low frequency bands. This shows that
the SWS is overmoded, which is due to the large cathode—
anode gap of the improved Ku-band MILO. The adoption of
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overmoded SWS is to enhance the power capacity. Multimode
may be excited and the mode competition between adjacent
modes may emerge in the overmoded device.!?®! The electron
beam line intersects with the TMO1 mode at a frequency of
12.2 GHz, which is around the © mode point of 12.7 GHz.
This indicates that the device can operate at the near & mode
of the TMO1 mode, which is useful for mode selection and
control.

In order to further confirm the operating mode, a numer-
ical cold test method is used to investigate the resonant char-
acteristic of the designed electrodynamic structure by excit-
ing one SWS gap with an impulse signal. In the simulation,
the impulse signal is loaded on the surface of the fourth main
SWS cavity. The resonant curve is shown in Fig. 4. As can
be seen from the figure, the most easily excited resonant fre-
quency is 12.4 GHz, which is near to the 7 mode point of the
TMO1 mode and the other resonant frequencies are suppressed
well in the device. The electric field distribution of the mode
at 12.4 GHz is detected, and the results are as shown in Fig. 5.
It can be concluded that this mode of 12.4 GHz is the 7 mode
of the TMOI mode. It is in good agreement with the disper-
sion curves discussed in Fig. 3. The near £ mode of the TMO1
mode will be chosen as the operating mode, which is helpful
in improving the power conversion efficiency and useful for

mode selection and control. 23321
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Fig. 4. (color online) Resonant curve in cold test.
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Fig. 5. (color online) Electric field distribution of the mode at 12.4 GHz.

4. Simulation results and analysis

Particle simulations are conducted with the PIC code
CHIPIC to simulate the microwave generation. With the op-
timized structure, some typical results are obtained. A trape-
zoid voltage with a rise time of 1 ns and top value of 480 kV is

used in the particle simulations, and the corresponding beam
current is 42 kA. The impedance of the device is about 11.5 Q.

Figure 6 shows the distribution of electrons in the particle
simulation. From Fig. 6 we can see that the electrons emitted
from the cathode are modulated well, forming 4 clear elec-
tronic spokes, which illustrates that the beam-wave interaction
is sufficient.
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Fig. 6. (color online) Electron distribution in the particle simulation.

Figure 7 shows the plot of the output microwave power
versus time. The microwave starts to grow at 5 ns and reaches
a saturation value at 13 ns. The average microwave power is
1.5 GW, corresponding to an output power efficiency of 7.5%.
The microwave frequency is fairly pure at 12.3 GHz as indi-
cated in Fig. 8, which is consistent with our analyses of the
dispersion curves illustrated in Section 2.
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Fig. 7. (color online) Output microwave power versus time.
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Fig. 8. (color online) Frequency spectrum of generated microwave.

Figure 9 shows the time frequency analysis of the pro-
duced microwave in the particle simulation. It can be seen that
after the microwave achieves a saturation value at 13 ns, the
power spectrum (doubled the electric field spectrum) becomes
very stable at a frequency of 24.6 GHz in the microwave gen-
eration process.
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Fig. 11. (color online) Detection waveforms with diode voltage and

Fig. 9. (color online) Typical curve of the frequency versus time of the beam current in experiment.

microwave in the simulation.

Figure 10 shows the distribution of the maximum axial
electric field E; in the SWS, calculated by CHIPIC when the
device outputs 1.5-GW microwave power. From the figure,
we can see that the maximum value is 1.2 MV/cm, while in
the first Ku-band MILO designed by us, the maximum axial
electric field is about 1.6 MV/cm under the same microwave
output condition. Therefore, the power capacity of the im-
proved Ku-band MILO is enhanced significantly and the risk
of RF breakdown will be reduced greatly. This proves that the
improvements we adopted are effective. It can also be seen
from the figure that the distribution of E, is the near ¥ mode
of TMO1 mode because the phase difference of the adjacent

Fig. 12. (color online) Microwave waveform and its corresponding fre-
quency spectrum.

cavities are 180°.

Figure 13 shows the time-dependent frequency of the out-
put microwave. It can be seen that the operating frequency has
a good temporal stability in the microwave generation process.

1.2°MV /cm

These experimental results show that the generated microwave
has good single spectral characteristics.
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Fig. 10. (color online) Distribution of the maximal axial electric field
E; in the SWS.

5. Experimental investigation

The improved Ku-band MILO device is well assembled
to a low impedance accelerator in our lab to conduct the ex-
periments.

Figure 11 shows the typical diode voltage, current and the
detector waveforms. It can be seen that the pulse voltage has a
flat-top of around 500 kV. The rise-time, fall-time and the flat-
top duration of the pulse voltage are about 50 ns, 40 ns, and
40 ns, respectively. The corresponding current at the flattop is
measured to be 43 kA. The generated microwave is measured
to have a power of 800 MW with a full width at half maxi-
mum (FWHM) pulse duration of 35 ns. The microwave wave-
form and the corresponding frequency spectrum are shown in
Fig. 12. The center frequency is stabilized at pure 12.35 GHz,
which is in accordance with the particle simulation frequency.

30 ey T
R e Gt oot g  F50
N 25p .k B oo = =
% e s W T et i = [ 4()
20 "o Rl ey B
T eonemecpreneb el el 50 2
g 15 - -:_'1’:—;_,—7 . B _7 E
g - —— w120 8
g 10- e e Y e =
3 5 e e BN = ag = 10
BT —_
e T = o
e
10 20 30 40 50 60 70 80 90
Time/ns

Fig. 13. (color online) Waveform of the time-dependent frequency of
the microwave in experiment.

Finally, the far-field radiation pattern is measured. As can
be seen from Fig. 14, the experimental far-field radiation pat-
tern is consistent with the normalized theory far-field radia-
tion pattern calculated by a three-dimensional (3D) electro-
magnetic simulation program. The good agreement suggests
that the device operates in right mode (the 7 mode of TMO1

mode).
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Fig. 14. (color online) Far-filed radiation patterns.

Compared with the experimental results of the first Ku-
band MILO designed by us, the output power and the pulse
width of the improved Ku-band MILO are enhanced greatly.
The experimental results show that adopting the overmoded
SWS really is conducible to the improvement of the power ca-
pacity of the Ku-band MILO. However, the output microwave
power and the pulse width in experiments are both smaller than
those in particle simulation. We think that the main reason is
due to the drawback of the diode voltage waveform. As can be
seen from the voltage waveform in Fig. 11, the rise-time and
fall-time of the pulse voltage are too long (about 50 ns and
40 ns, respectively). This is disadvantageous for the opera-
tion of MILOs, especially for high-frequency MILOs, because
MILOs almost do not produce microwave but emit large cur-
rent in these two periods of time. It is easy to produce anode
plasma due to the long-time bombardment of large current,
which will result in reducing the output microwave power and
shortening the microwave pulse width. Otherwise, there is a
sharp peak in the fall-time of the diode voltage waveform, and
the voltage jump is greater than 100 kV, which is not benefi-
cial to the stable operation of MILO. Further efforts are being
made to improve the output power and pulse width in experi-
ment.

6. Conclusions

This paper presents the numerical and experimental in-
vestigation of an improved Ku-band MILO with overmoded
SWS. The analyses of the dispersion relationship and the cold
test indicate that the device can operate at the near 7 mode of
the TMO1 mode. The typical particle simulation results show
that the improved Ku-band MILO generates the microwave
with a power of 1.5 GW and frequency of 12.3 GHz under
an input voltage of 480 kV and input current of 42 kKA. In the
experiment, a high power microwave with an average power of

800 MW, a frequency of 12.35 GHz, and pulse width of 35 ns
is generated under a diode voltage of 500 kV and beam current
of 43 kA.
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