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ABSTRACT

In this paper, a bi-frequency magnetically insulated line oscillator (MILO) was proposed and designed. The
bi-frequency MILO proposed has two axially partitioned slow-wave interaction structures (SWS) and the second
SWS is dielectric-loaded to create the frequency shift in the resonant frequency. The conventional MILO device
design methodology was followed along with two SWSs separated by a segregation cavity. The dispersion relation
of the dielectric-loaded SWS was calculated using an equivalent circuit approach. Furthermore, the cold analysis was
carried out to find the energy stored in the different SWSs to validate the device oscillation frequency. The beam
wave interaction behaviour and device RF output performance were investigated through 3D PIC (Particle-in-cell)
simulation for typical diode voltage of 550 kV, and current 48 kA, respectively. Simulation results illustrate that
the proposed MILO generates RF peak power of ~3.5 GW at frequencies 3.62 GHz and 3.72 GHz. The conversion

efficiency of the device was ~13.25%.
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1. INTRODUCTION

In the past few decades, multi-frequency high power
microwave (HPM) sources have become significant due to
their potential application in the HPM systems'. Different
HPM sources, like transit time oscillator (TTO), relativistic
backward wave oscillator (RBWO), and MILO, have been
developed to generate bi-frequency RF*. Among these MILO
attracts the researcher due to its self-insulation, compact, and
lightweight features?.

MILO can be used to generate bi-frequency RF power
either in two different bands (i.e., also known as dual-band)
or in a single band. The dual-band devices can be designed
using the combination of two different/same device designing
concepts in a single device structure. The reported dual-band
devices use two different concepts such as coaxial TTO-
MILO, MILO-MILO, and Vircator-MILO®%. The concept of
two different slow-wave structures in a single MILO device
has been reported by J-C JuS, et al., where RF can be generated
at two different frequencies in L-band (1.72 GHz) and Ku-band
(14.6 GHz) with 12.8% conversion efficiency were achieved
through simulation. Zhang’, et al. experimentally reported
a VCO-MILO device to generate three frequencies. Two
frequencies are generated in S-band (2.1 and 3.8 GHz) while
the third in the C-band (4.1 GHz) with an overall efficiency
of ~13.44%. Xiao®, et al. reported a coaxial TTO-MILO and
simulated RF power in three frequencies in three-bands with
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an overall efficiency of 25.4% has been reported. The main
drawback of these designs is the use of separate extraction
sections which not only enhances design complexity but causes
additional RF losses and reduces device efficiency.

In single-band, bi-frequency devices can generate
microwave power at two different frequencies. The device can
be designed in two different ways to generate bi-frequency in
a single-band which is either varying the interaction structure
azimuthally or varying the interaction structure axially.
Chen’, et al. reported an experimental azimuthally partitioned
bi-frequency MILO in which 620 MW power has been achieved
at two frequencies with a frequency difference of 250 MHz.
Though overall efficiency was found very low ~ 4.3%. Also,
the device had a problem with RF power extraction because of
its distribution over two asymmetric modes.

To overcome such problems, a novel bi-frequency
single-band MILO with axially partitioned SWS is proposed
in this paper. In this configuration, two interaction structures
separated with a segregation cavity is proposed to be used.
The second interaction structure (i.e., SWS2) is partially filled
with the dielectric material (i.e., fuzed quartz) has a relative
dielectric constant of 3.8, and dielectric strength lies between
the 2.5x10"— 4x10"kV/m. The typical Fused Quartz
dielectric material has a very low loss tangent (about at 3 GHz)
and can be used up to a temperature range of 950-1300 °C.
The SWS2 is occupied with a low loss dielectric which shifts
the oscillation frequency maintaining an efficient beam-wave
interaction process’. The function of the dielectric material is to
increase the capacitance of the cavity. As we are using low loss
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dielectric material, the quality factor ( Q. .cmic maserir =1/ taN3)
of the cavity increases, which helps in efficient beam-wave
interaction. Here, the proposed device oscillates at two
frequencies in the same symmetric mode (i.e., TM,, mode)
which alleviates the problem faced with the azimuthally
partitioned bi-frequency MILO.

2. DEVICE DESIGN METHODOLOGY

The schematic diagram of the bi-frequency MILO
is given in Fig. 1. The device mainly consists of a choke
section, extractor section along two slow-wave interaction
structure sections (SWS, and SWS)), which are separated by
a segregation cavity. Here, the SWS, dimension is the same
as the SWS, except it is now partially filled with a low loss
dielectric material. The dielectric thickness is taken as ~ one-
fourth of the cavity depth’. Here, the dielectric is chosen in such
a way that it only changes the fundamental mode frequency
associated with SWS . The segregation cavity is primarily
used for eliminating the lower frequency microwaves leakage
(i.e., the resonating frequency associated with the SWS)) to
the higher frequency (i.e., the resonating frequency associated
with the SWS)) in the device®. An explosive emissive cathode
is selected for the generation of the electron.

An axially-partitioned SWS MILO is designed following
the approach of the conventional MILO'*!", The interference
between the two resonant frequencies which is generated due
to the use of two different SWS is avoided by a proper length
of the segregation cavity. The segregation cavity length of
1.5 times of the disc periodicity (L) is sufficient. The device’s
electrical parameter and dimension are tabulated in Table 1.

Segregation
cavity
| I

Extraction

cavity Output
sws2 Stub  side

Cathode Collector

T

V
Choke cavity

Dielectric

Figure 1. The schematic diagram of proposed bi-frequency
MILO.

3. ANALYSIS

The periodic disc-loaded coaxial structure which is
partially filled with the dielectric material of low loss is
analysed with the help of the equivalent circuit approach. A
single-cavity of the SWS and its equivalent circuit is shown in
Fig. 2. The equivalent circuit inductance (L,) and equivalent
capacitance (C,), which are typically used for calculating the
frequency of the fundamental mode of the individual cavity.
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Table 1. Design specification of the axial partition dielectric-
loaded bi-frequency MILO

Parameters Values
Current 48 kA
Voltage 550 kV
Anode radius (R ) 64.0 mm
Cathode radius (R ) 30.0 mm
Choke disc radius (R ,) 45.0 mm
SWS disc radius (R ) 48 mm
Extractor disc radius (R, )) ~ 54.0 mm
Dielectric thickness (d,,) 4.0 mm
Disc periodicity (L) 16.0 mm
Disc thickness (7) 3.0 mm

Figure 2. Single dielectric-loaded cavity and its equivalent
circuit.

In SWS, each resonant cavity is coupled to the adjacent cavity
through the capacitive coupling. The resonance condition of the
structure can also be evaluated by calculating the relationship
between the resonant frequency in the adjacent cavity and the
phase difference corresponding to them, also known as the
dispersion relation.

For the axial-partition diclectric-loaded bi-frequency
MILO, the mode for operation is n-mode. At this mode, the
phase velocity approximately equal to the electrons drift
velocity and the group velocity becomes very close to zero.
The electromagnetic characterisation of the disc loaded coaxial
structure is performed to calculate the energy associated with
different frequencies. It also provides information regarding
the external quality factor (Q, ) of the structure.

3.1 Equivalent Inductance and Capacitance of the
Cavity
The fundamental mode low loss dielectric cavity
equivalent LC circuit can be shown in Fig. 2.
The equivalent inductance of the dielectric-loaded cavity
can be given as'%:
w,dD

L (1)

4nR

a0

Its equivalent capacitance can be defined as’:
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where €, and i, are the permittivity and permeability of
the vacuum. R,R,D T d, R, and R , are the other circuit
parameters. The coupling capacitance which couples the
electric field with the consecutive cavity can be calculated as’:

e, T
=TT 8¢ [D+(R,—2(R,~R)/m)

In(R, /R 5
aD+2(R, -R)

In( 3
(R, —R,)

)]

The resonance frequency ( ®,, ) of the circuit formed by
the coaxial disc loading can be given as:

(o 1
0y, =@,/ I+ —| ——
\/ C, [1 —cos(BoL)]

where, ®, =1//L,C, B, is the axial phase constant, the
dielectric constant ¢, =1for SWS, and SWS, typically taken
as g, =39.

Using expressions (1) to (4), the structure dispersion is
obtained and plotted in Fig. 3. Here, the beam wave interaction
region can be identified with the help of beam-mode and light-
velocity lines as ®=f,v,, andw=,c, respectively. Here,
o is the angular frequency, c is light velocity, and v, is the
electrons drift velocity °.

(4)

3.2 Cold EM Characterisation of Cavity Structures

Cold electromagnetic (EM) characterisation of the disc-
loaded coaxial structure gives information about its resonant
frequencies, supported modes, and EM fields excitation in
absence of the external electrons. A 550 kV DC pulse voltage
was applied between anode and cathode with matched
boundary conditions. After applying the TEM wave at one
end and waiting for 50 ns, the electromagnetic energy stored
inside the cavity can be calculated by volume integration of the
electromagnetic energy density'®. The total stored energy is the
sum of electric field energy and magnetic field energy.
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Figure 3. Dispersion diagram of the axial-partitioned dielectric-

loaded bi-frequency MILO.
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Figures 4(a), 4(b), and 4(c) show the normalised electric
field, normalised magnetic field, and normalised energy,
respectively. From Figs. 4(a) and 4(b), it can be clearly
observed that the electric field plays a more significant role in
beam wave RF interaction as compared to the magnetic field.
The total energy is mainly distributed in two frequencies i.e.,
3.62 GHz and 3.72 GHz which is almost equal and it can be
clearly noticed from these figures.

4. DEVICE SIMULATION

To verify the design parameter (i.e., listed in Table-1),
the dispersion relation is obtained from the CST eigenmode
solver. Further, the proposed bi-frequency MILO is simulated
using particle-in-cell code “CST Particle Studio” with the
typically taken beam parameter (i.e., 550 kV beam voltage
with explosive electrons emission condition). In addition, the
parametric study is also performed to optimise the dielectric
constant and thickness of the loading material.

4.1 Eigenmode Simulation

In this subsection, the structural design is validated with
the help of the cold test (i.e., without electron beam) simulation
study. Here, we calculate the phase difference between the
consecutive discs corresponding to the operating frequencies
(dispersion relation) for two different SWS. Figure 3 shows the
dispersion relation of the two SWS sections. The observation
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Figure 4. (a) Normalised electric field (b) Normalised magnetic field and (c) Normalised energy stored inside the SWS cavities at

different frequencies.
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from Fig. 3 shows that the m-mode operating frequency is
around 3.62 GHz and 3.72 GHz, which corroborates our design.
Through the simulation, it is noticed structure the resonance
frequencies can be controlled either by changing the dielectric
constant (&, ) or its thickness. The maximum frequency
difference is limited by the phase velocity of resonating modes
supported by the SWS.

4.2 PIC Simulation

In this subsection, the behaviour of beam wave interaction
and RF output performance of the proposed device in terms of
power, efficiency, etc. is investigated by performing the hot test
(i.e., in the presence of electron beam) simulation study.

For electron beam generation with explosive emission
conditions the high voltage DC pulse is given between the
anode and cathode'®. DC voltage pulse with 5 ns rise time and
65 ns of hold time, a single pulse of 550 kV is applied at the
input port. After achieving the self-magnetic insulation; the
electron sheath restricts between the cathode and the tips of
the disc along the axial direction®. This magnetically insulated
electron sheath incites noise within the cavities and generates
oscillations. Thus, the energy is stored within the cavities in
terms of the standing wave and this standing wave converted
into a travelling wave by the extractor cavity®.

Beam-wave interaction process at different time instants
with (a) magnetic insulation phase, and (b) nonlinear phase
are shown in Fig. 5. In the nonlinear phase; the spoke-like
cloud formation between the consecutive discs cavities is
formed inside the device which confirms optimum beam wave
interaction. Further, inside the device, the temporal RF signal
growth is recorded at the output waveguide port. Figure 6
shows the applied input DC voltage pulse and generated RF
signal. It can be seen that after 25 ns RF signal is showing
a ripple-like behaviour. This ripple behaviour of RF signal is
because of the synthesis of two frequencies and considered as
beating phenomenon?3,

Similar RF growth behaviour has been observed in other
reported bi-frequency HPM devices (RBWO?, MILO?). The
separation of the two frequencies is very difficult. The FFT of
the output RF signal gives the frequency spectrum which is
shown in the above Fig. 7.

It can be clearly observed here that the designed device
is radiating RF signals at 3.62 GHz and 3.72 GHz frequencies.
The normalised amplitude difference between the two
frequencies is 4.3% which indicates that almost equal RF
power is distributed between them. The generated RF power is
shown in Fig. 8 where RF peak power of ~3.5 GW and average
power of ~1.75 GW can be observed. The energy associated
with the RF signal calculated with the time integration of
average power and found as ~75 J. The overall efficiency with
peak power achieved by the proposed MILO is ~13.25% and
with the average power ~6.62%.

4.3 Parametric Study

A study of the RF behaviour of the MILO device with
different dielectric loading has been performed with the device
simulation for the different dielectric constants (e,) and
plotted in Fig. 9.
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Figure 8. RF output peak and average powers of the designed
bi-frequency MILO.
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Figure 9. Frequency shift in the n-point of the proposed MILO
due to change in the dielectric lading.

The effect of the dielectric constant on the m-mode
frequency shifting between two operating frequencies (i.c.,
f,f;) of the device that as the dielectric loading increases,
the frequency difference is also increased. Similarly, Fig. 10
shows the effect of dielectric loading on the device RF growth
and efficiency. It is found from Fig. 10, that maximum RF
power and efficiency can be obtained at an optimised dielectric
loading. For a typical selected case, it is found as ¢, =4.
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Figure 10. Effect of dielectric loading on proposed MILO RF
peak power output and device efficiency.

S. CONCLUSION

In this paper, the study of axially-partitioned dielectric-
loaded bi-frequency MILO has been proposed and analysed
using equivalent circuit analysis. The device design and
performance is validated through simulation studies. The
structural design analysis, eigenmode simulation is performed.
The resonating frequency of the device interaction structure
is calculated using the dispersion curve through analysis and
eigenmode simulation. In addition, the cold analysis is carried
out to find out the energy stored in the two SWSs structure.
Finally, the beam-wave interaction and total performance of
the MILO device proposed here is investigated through PIC
simulation. RF peak power of ~3.5 GW and average power of
~1.75 GW is obtained at two frequencies, 3.62 GHz and 3.72
GHz. The designed device conversion efficiency achieved is
~13.25% and ~6.62%, respectively.
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