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Abstract

A high-efficiency ridged magnetically insulated transmission line oscillator
(RMILO) is proposed and investigated theoretically and numerically in this
paper. In the RMILO, ridge-disk vanes are introduced to enhance the power
efficiency. Theoretical investigation shows that the ridge-disk can enhance
the coupling impedance of the slow-wave structure (SWS), and so enhance
the power efficiency. Moreover, the ridge has a weak influence on frequency,
so, it influences little on the tunability of the MILO. In simulation, when the
applied voltage is increased to 807 kV, the RMILO can get the 3 dB tunable
frequency range with 7.6 - 13.9 GHz and the 3 dB tuning bandwidth with
58.6% which has an increase of 27.6% compared with the conventional
MILO. So, the tuning performance of the RMILO is more superior. Besides,
the RMILO gets the maximum output power of 7.1 GW, the corresponding
power efficiency is 22.6% and the frequency is 1.400 GHz. Furthermore, when
the applied voltage is increased to 807 kV, high-power microwave with a
power of 13.5 GW, frequency of 1.400 GHz, and efficiency of 24.5% is gener-
ated, which has an increase of 20.2% compared with the conventional MILO.
The simulation results confirm the ones predicted by theoretical analysis.

Keywords
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1. Introduction

Magnetically insulated transmission line oscillator (MILO) has been considered

DOI: 10.4236/jcc.2020.812009 Dec. 24, 2020 91 Journal of Computer and Communications


https://www.scirp.org/journal/jcc
https://doi.org/10.4236/jcc.2020.812009
https://www.scirp.org/
https://doi.org/10.4236/jcc.2020.812009

X.Y.Wang et al.

as one major hotspot in the field of high power microwave (HPM) source re-
search because of the advantages of high microwave power, no magnetic field
and compact configuration [1]-[7]. The self-magnetic property of the MILO in-
dicates the low power efficiency, which restricts its development. Also, conven-
tional MILO (CMILO) belongs to a typical narrow-band HPM device. It cannot
adjust it out frequency [2] [3] [7]. Thus, high power efficiency and frequency
tunability are becoming two important directions in the research on MILO [8]
(9] [10].

A high-efficiency MILO with ridged disk-loaded vanes has been investigated
in our previous studies [3]. When the applied voltage and current are 566 kV
and 591.8 kA respectively in simulation, the ridged MILO can generate HPM
with the output power of 6.0 GW and the frequency of 1.48 GHz. Moreover, the
power efficiency reaches up to 21.0%, which has an increase of 19% compared
with the conventional MILO without ridges. In [3], the frequency tunability was
not considered. Besides, given the RF breakdown, we restrict the applied voltage
and input power of the ridged MILO less than 600 kV and 35 GW, respectively.
In this sense, the potential to further improve power efficiency is exploited.
However, the frequency tunability and high efficiency are two important re-
search directions for the HPM devices.

In this paper, the theoretical analysis of the ridged SWS and the frequency tu-
nability of the ridged MILO are discussed, and the simulation investigation is
performed. The simulation results confirm the ones predicted by theoretical
analysis.

This paper is organized as follows. The slow-wave characteristics of the con-
ventional slow-wave structure (CSWS) and the ridged slow-wave structure
(RSWS) are analyzed to confirm the basic parameters of SWS firstly. Then, the
influence of ridge on slow-wave characteristics and coupling impedance is given
to further confirm the structure size of the RSWS. Thirdly, the frequency tuna-
bility of the RSWS is compared to that of the CSWS. Next, the structure of the
RMILO is given and the corresponding frequency tunability and the power effi-

ciency are analyzed. A brief conclusion is drawn finally.

2. Ridged Slow-Wave Structure

Conventional slow-wave structure (CSWS) (as shown in Figure 1(a)) is the most
common SWSs, but the power efficiency of the conventional MILO is about only
10% - 15% [2] [7] [9] [11]. It is confirmed that ridged slow-wave structure
(RSWS) (as shown in Figure 1(b)) can improve the power efficiency of HPM
devices effectively [3] [12].

RSWS applies the ridges to two sides of the vane, and the inner radii of the
ridges and the vanes are the same. The design of this structure is to explore the
potential of increasing power efficiency and decreasing the influence on fre-
quency tunability. The dimensions of CSWS and RSWS are presented in Table

1. It should be noted that the only difference between two models is the exist of
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Figure 1. The model structure of the ridged MILO. (a) CSWS; (b) RSWS.

Table 1. SWS dimensions.

R/mm 30.0 L/mm 28.6
RJ/mm 49.1 Hlmm 22.9
R,/mm 96.7 D/mm 49.1 - 96.7
Dlmm 47.3 RJ/mm 1.0-114

ridges. The parameters of the ridge are uncertain, which will be confirmed
through theoretical analysis in the next section.

The MILO structure and the electron emission are symmetrical azimuthally,
so only azimuthal transverse magnetic waves (TM,,) exist in CSWS and RSWS
when there is beam-wave interaction. Table 1 gives the dispersion curves of
RSWS and its comparison with SWS when the applied voltage is 500 kV.

The dispersion curves of TM,, TM,,;, TM,, modes of RSWS are described in
Figure 2(a), plotting along with the light line and electron beam line. It is noted
that the dispersion curves of the three modes are separated with each other by
the forbidden frequency bands, which is profitable for the single mode opera-
tion. Figure 2(b) gives the comparison of TM,, mode between RSWS and
CSWS. The electron beam interacts with the TM,, mode at a frequency of 1.576
GHz for CSWS, and a frequency of 1.533 GHz for RSWS. Both are around the nt
mode point. Consequently, ridge has a weak influence on frequency.

Besides, the dispersion curve of RSWS is flatter within a large range of axial
wave-number k. This means the ridged MILO has a relatively wider range of
operation voltage. It is worth noting that the applied voltage for RMILO, which

is not taken into account in our previous studies [3].

3. Slow-Wave Characteristics Analyses

The analyses of slow-wave characteristics of RSWS contribute to confirm the
parameters of the ridge. With the values in Table 1 and assumed value of ridge
width B = 1 mm, the changes of dispersion curves of TM,, mode [Figure 3],
normalized phase velocity [Figure 4] and coupling impedance [Figure 5] with
the ridge radius R, are given.

From Figure 3, it is obvious that the dispersion curves of RSWS overlap with
R, in the range of 60 - 69 mm, so the ridge radius has no influence on the opera-

tion frequency of the ridged MILO.
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Figure 2. Dispersion curves of RSWS and SWS. (a) dispersion curves of RSWS; (b)
comparison of dispersion curves.
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Figure 3. Dispersion curves v.s. R,.
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Figure 5. Coupling impedance v.s. &,.
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The coupling impedance K and the normalized phase velocity v,  can be ex-
pressed as [1] [3]

Kz(EzZ)2 (1)
25°P
VC:V_P:ﬂ:l )
" ¢ Bc c-phall

where £, is the axial electric field, £, is the axial propagation. From Equations (1)
and (2), we can obtain Kand v, respectively. v, is only related to the frequency
when the SWS is confirmed. Keep the same parameters except the different vg
gives the comparison of v, of CSWS and RSWS (&, = 60 mm), which demon-
strates that the frequency band is narrower and the dispersion flatness is weaker
for the RSWS.

Figure 5 describes that the coupling impedance of RSWS is higher during the
whole frequency band. Especially, the coupling impedance gets the best value
when R, = 66 mm.

With the values in Table 1 and ridge radius R, = 66 mm, the impact of the
ridge width Bis studied. In Figure 6 and Figure 7, the dispersion curve and the
frequency are very sensitive to B. with the increase of B, the dispersion curve is
flatter and the frequency is lower.

Figure 8 illustrates the flattest curve of v, appears when B = 1. Figure 9

shows the coupling impedance of RSWS increases with B, and is better obviously
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Figure 6. Dispersion curves v.s. B.
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Figure 7. Frequency v.s. B.
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Figure 9. Coupling impedance v.s. 5.

than that of CSWS. Besides, the coupling impedance tends to be infinitely great
with frequency. The reason is that the SWS exists cutoff frequency, so wave over
cutoff frequency cannot propagate (namely, P = 0) and coupling impedance be-
comes infinitely great.

Consequently, the structure of ridge can reinforce the dispersion, but is prof-
itable in enhancing the coupling impedance. In terms of dispersion curves, nor-
malized phase velocity, coupling impedance, etc., the radius and width of the

ridge are R, = 66 mm and B=1 mm.

4. Frequency Tunability of RSWS

The structure of ridge can affect the frequency of RSWS greatly, so it is necessary
to study the frequency tunability of RSWS. Besides, the coupling impedance of
RSWS is greater than that of the CSWS, whether the superiority can be contin-
ued with frequency tunability still needs study. In this section, the frequency gets
adjusted through changing the outer radius of SWS R,.

As shown in Figure 10(a), the dispersion curves get flatter with increase of R,,
and the resonant frequency at m mode of MILO decreases gradually. In Figure
10(b), when R, changes the same value, the frequencies at m mode of CSWS and
RSWS have the similar variation range, which means the ridge cannot influence
the frequency tunability of SWS.

Figure 11(a) describes that the frequency coverage falls off with the augment
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Figure 10. Comparison of dispersion curves. (a) Dispersion curves at different R; (b)
Frequency at m mode v.s. R,.
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Figure 11. Comparison of normalized phase velocity. Normalized phase velocities (a) at
different R, (b) v.s. frequency.

of R, and the curves are downward stepper. Combination of Figure 10(b) and
Figure 11(a) can get Figure 11(b). It is obvious that the curves of the norma-
lized phase velocity are nearly lines, which further confirms that the ridge has no
substantial impact on the normalized phase velocity.

The frequency at m mode varies with the R, then the coupling impedance of
every frequency at m mode changes correspondingly. Figure 12 indicates that the
coupling impedance of RSWS is higher than that of the CSWS in the whole
range of the frequency, proving that the ridge can enhance beam-wave interac-

tion and improve power efficiency of MILO.

5. Analysis of the Ridged MILO

With the above analysis, the structure of the ridged MILO (RMILO) is obtained,
as shown in Figure 13, which involves the feature structures of focusing elec-
trode, ladder cathode and ridge. Researchers have confirmed that the focusing
electrode and ladder cathode contributes to enhance power efficiency [11] [13]
[14]. The qualitative physical analysis of ridges in MILO will be described in this
section to prove the superiority of the ridge.

Given the ignored potential of frequency tunability and power efficiency in
our previous study [3], the proposed MILO has two unique features in terms of

the structure compared with the model in [3].
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Figure 13. The model structure of the ridged MILO.

1) The inner radii of the SWS vanes and the radius of the cathode under SWS
can both increase and decrease, to look for the optimal size, of the model the
power efficiency can keep at a high level during frequency tuning.

2) The cathode which is inserted into the beam dump has much less radius
and longer length, which can effectively adjust the electric field intensity under
the breakdown threshold when the applied voltage is enhanced.

The frequency tunability of the RMILO is analyzed by changing the R,. The
comparison of RMILO and the conventional MILO (CMILO) is given in Figure
14. The only difference between the two models is the exist of the ridge.

From Figure 15, the frequency tunability and the power efficiency of the
RMILO are superior to that of the CMILO. Specifically, when the frequency is
under 1.415 GHz, the efficiency of the two models decreases but the curve of the
RMILO tends to be mild. Besides, the ridge has little influence on the frequency,
which verifies the analysis in section IV. For the RMILO, the 3 dB tunable fre-
quency range is 7.6 - 13.9 GHz and the 3 dB tuning bandwidth is 58.6%. In
comparison, the 3 dB tunable frequency range and bandwidth of the CMILO are
7.9 - 12.6 GHz and 45.9%, respectively. So, the tuning performance of the
RMILO is more superior.

When R, = 100.0 mm, the RMILO gets the maximum output power of 7.1 GW
with the applied voltage of 603 kV and current of 52.2 kA. The corresponding
power efficiency is 22.6% and the frequency is 1.400 GHz. In comparison, the
power efficiency of CMILO under the same condition is 20.1%, which means
that the efficiency of the RMILO obtains an increase of 12.4%.
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Setting R, = 100.0 mm, influence of applied voltage on the performance of the
two models is described in Figure 15 and Figure 16. With the increase of the
applied voltage, the power efficiency of the two models has the similar variation
tendency. However, the efficiency of the RMILO is greater during the whole
frequency range. Figure 16 demonstrates that the applied voltage has no effect
on the microwave frequency of the device. From Figure 15 and Figure 16, when
the applied voltage and input power are 807 kV and 55.1 GW respectively, the
RMILO generates HPM with output power of 13.5 GW, maximum efficiency of
24.5%, frequency of 1.400 GHz. In comparison to the efficiency of 20.7% in
CMILO under the same condition, the efficiency of RMILO has an increase of
20.2%.
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Figure 14. The effect of R, on RMILO.

30% 30
——CMILO-7

25%-

S}

<

SN
f

Power efficiency
[
c‘\°

Output power

0,

s
eE % —— CMILO-Po |5
—RMILO-Po |

400 500 600 700 800 900 1000
Voltage/kV

Figure 15. The influence of the applied voltage on efficiency and power.
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Figure 16. The influence of the applied voltage on frequency.
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6. Conclusion

The frequency tunability and the slow-wave characteristics of the RMILO are
analyzed. The simulation results show that the structure of ridge contributes to
improve the coupling impedance greatly while having no influence on the fre-
quency tunability. The RMILO gets the maximum output power of 7.1 GW with
the applied voltage of 603 kV and current of 52.2 kA. The corresponding power
efficiency is 22.6% and the frequency is 1.400 GHz. Besides, when the applied
voltage is increased to 807 kV, the RMILO generates HPM with maximum effi-
ciency of 24.5%, which has an increase of 20.2% compared with CMILO under

the same condition.
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