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This paper presents a three-dimensional particle-in-cell (PIC) simulation of a Ka-band relativistic Cherenkov

source with a slow wave structure (SWS) consisting of metal photonic band gap (PBG) structures. In the simulation, a

perfect match layer boundary is employed to absorb passing band modes supported by the PBG lattice with an artificial

metal boundary. The simulated axial field distributions in the cross section and surface of the SWS demonstrate that

the device operates in the vicinity of the π point of a TM01-like mode. The Fourier transformation spectra of the

axial fields as functions of time and space show that only a single frequency appears at 36.27 GHz, which is in good

agreement with that of the intersection of the dispersion curve with the slow space charge wave generated on the beam.

The simulation results demonstrate that the SWS has good mode selectivity.
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1. Introduction

Vacuum electron devices are important sources
of high-power microwaves for use in industrial heat-
ing, radar, communications, and many other appli-
cations. Extension of the operation frequency of the
sources to higher values is of great interest and would
open up many new applications. As the operation
frequency increases to the millimeter-wave range, the
output power must be limited as the dimensions are
too small. An overmoded structure can alleviate the
problem, but mode competition is another difficult
problem to be solved.[1−4]

In recent years, many theoretic and experimen-
tal studies of PBG structures have demonstrated that
they can effectively depress mode competition in vac-
uum electron devices in microwave and millimeter
wave ranges. For example, they have been success-
fully employed in accelerators,[5] gyrotrons,[6] reflex
klystrons[7] and traveling wave tubes[8,9] to depress

the unwanted modes.

In Cherenkov generators, PBG structures have
also been proposed to construct SWS to reduce mode
competition.[10−12] However, to our knowledge, there
are no research papers reporting the radiation charac-
teristics of PBG SWS with an electron beam.

In this paper, with the help of three-dimensional
(3D) PIC simulation, we study the physical process
between space charge and electromagnetic field in the
SWS proposed in Ref.[12]. This simulation is carried
out first, from which we can observe the radiation
characteristics and mode selectivity of the SWS.

This paper is organized as follows: Section 2 con-
tains the dispersion characteristics of SWS and the
analysis of the Q factor of the PBG cavity; the phys-
ical model of PIC simulation is described in Section
3; the simulation results and discussions are given in
Section 4, and the conclusion is given in Section 5.
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2. The dispersion characteristics

of SWS and the Q factor of the

PBG cavity

The SWS with PBG structures is shown in Fig.1.
The parameters of the SWS and PBG structures are
the same as those given in Ref.[12] and shown in Ta-
ble 1. Figure 2 shows the dispersion characteristics of
the SWS. One can see from this figure that the elec-
tronic field of the intersection of the dispersion curve
with the electron beam is completely occupied by slow
waves, which makes the electric fields concentrate near
the surface of the SWS.

Fig.1. The high frequency system with PBG structure.

Fig.2. The dispersion curve of SWS.

Table 1. Parameters of PBG structures and SWS.

rod radius r = 0.5 mm

spacing between the rods a = 3.8 mm

metal plate inner radius d/2 = 5.8 mm

metal plate thickness t = 2.0 mm

SWS periodic length l = 3.0 mm

In addition, with the help of a high frequency
structure simulator (HFSS), the Q factor of PBG cav-
ity that depends on the number of layers of metal rods
is studied. In order to obtain the relation, a PBG

cavity with an open boundary should be constructed.
So the outer metal wall is replaced by an absorber
such as a perfectly matched layer (PML) to absorb
electromagnetic waves leaking out of the transverse of
the PBG structure.[13] The Q factor can be obtained
by calculating the resonant frequency of the TM01-
like mode of the cavity (see Fig.3). Figure 4 shows
the variation of Q factor with the number of layers
of metal rods (denoted by N). It is found that even
though there are only two layers of metal rods, the Q
factor is still over 5000. This phenomenon indicates
that the electromagnetic energy of the defect mode is
mainly confined by the first few rows of rods closest to
the defect, especially the innermost two rows of metal
rods.

Fig.3. The physical model for computing the Q factor of

the PBG cavity using HFSS code.

Fig.4. Q factor dependence on the number of layers of

metallic rods.

3. Description of PIC simulation

According to Ref.[12], any modes above the
TM02-like mode are not confined within the defect.
But these modes are supported by the lattice and
strongly affect the electron beam when an artificial
metallic boundary is used in the PIC simulation. In
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order to eliminate these higher modes, the metallic
boundary is replaced by absorbers. Simultaneously,
the PBG structure is made up of two layers of metal
rods. Reducing the number of layers of metal rods
will affect the operating mode very little, while signif-
icantly decreasing the Q factor of higher order modes
because the operation mode is primarily confined by
the innermost two rows of metal rods and the higher
order modes exist within the entire lattice. A sim-
ulation of the PBG cavity with three rows of rods
replaced by two rows of rods reduces the Q factor of
the TM01-like mode from 6600 to 5270, while reduc-
ing the Q value of the TM02-like mode from 2370 to
270. However, reducing the metal rods to two rows
can greatly save simulation time. Figure 5 shows the
3D physical mode for the PIC simulation. An annular
electron beam is generated from a cathode located at
the left end and confined by an axial magnetic field to
run along the z-axis. The electron beam parameters
for the simulation are shown in Table 2.

Fig.5. The 3D physical model for the simula-

tion.

As for the diagnostics, 3D simulation software us-
ing Chipic code[14] allows us to observe a variety of
physical quantities such as operation mode, electro-
magnetic field (as functions of time and space), power

outflow, current (as a function of space), and electron
phase-space trajectories.

Table 2. The electron beam parameters for the simu-

lation.

beam thickness σ = 1.0 mm

beam-SWS distance δ = 1 mm

beam voltage V = 550 kV

beam current I = 2 kA

external magnetic field Bz = 4.0 T

period number N ′ = 12

4. Simulation results and discus-

sion

Figure 6(a) shows the electric field patterns of the
operation mode observed in the simulation; Figure
6(b) displays the electric field profile of the π-mode
of the TM01-like mode in the cold cavity calculated
using HFSS code. Comparing Figs.6(a) and 6(b), one
can deduce that the operation mode of the device is
a TM01-like mode in the vicinity of the π-mode. On
the other hand, we note that there are some electric
fields outside the PBG structure in Fig.6(a). They
may consist of the following two parts: one is the elec-
tromagnetic energy of the operation mode leaking out
from the transverse of the PBG cells due to their fi-
nite Q factor; the other is the electromagnetic wave
excited by the electron beam with frequency lying in
the pass band, which just demonstrates the function
of the mode selectivity of the PBG cells. Figure 7
shows the vectors of the Ez field on the surface of the
SWS. The electric field in the neighboring cavity is
inverted, which means that the device operates in the
vicinity of the π-mode of the TM01-like mode.

Fig.6. Ez field patterns in a cross section of SWS and the observing plane lying in the midst of two neighboring

metal plates: (a) calculated using PIC simulation; (b) π-mode calculated using HFSS code.



No. 6 Three-dimensional simulation of a Ka-band relativistic Cherenkov source with metal photonic-band-gap structures 2455

Fig.7. The vector plots of Ez field in the x–z

plane.

Figure 8 shows the electronic kinetic energy as a
function of space. Appreciable energy modulation and
energy exchange between the beam and the electro-
magnetic wave is visible. In order to investigate this
phenomenon in greater detail, we plot the beam cur-
rent as a function of z at the times 4 ns and 10 ns re-
spectively, as shown in Fig.9. At t = 4 ns, the bunch-

ing has a clear period twice that of the SWS, which
again indicates that the device operates in the vicinity
of the π-mode.[15] However, the current at t = 10 ns
shows a great difference. The current curve becomes
distorted after the position z = 24.25 mm because of
the strong interaction between the electron beam and
the electromagnetic wave.

Fig.8. The energy of the electrons versus z at 19.93 ns.

Fig.9. Current as a function of z at two different times.

According to the Floquet theorem, the z-dependence of the fields in our device can denote the form∑∞
n=−∞Ezn(x, y)ei(knz−ωt), where kn = kz + nk0. If a field variable is measured as a function of z for fixed

x, y and t, the corresponding Fourier transform will present peaks at wave numbers kz + nk0, where n is the
number of space harmonics and k0 = 2π/l (l is the periodic length of the SWS). Figure 10 shows the space
dependence of the Ez field near the SWS and the corresponding fast Fonrier transform (FFT). In Fig.10(b),
there are two peaks corresponding to wave numbers 10.217 and 31.571 cm−1, which approximately satisfy the
formula kn = kz + nk0. However in Fig.2, for the case of kz = 10.217 cm−1, the corresponding frequency in the
dispersion curve is 36.44 GHz which deviates from the frequency (35.32 GHz) of the intersection of the beam
line with the dispersion curve. In fact, the operation point should be the intersection of the dispersion curve
with the line of the slow space-charge wave generated from the electron beam. The slow space-charge wave is
described as follows:[16]

ω = kve − ωp = kve −
(

Iee

ε0mπr2ve

)1/2

, (1)

where ve is the beam velocity, ωp is the plasma angular frequency of the beam given by ωp =
(
nee

2/ε0m
)1/2; ne,

e and m are the electron density, charge and mass, respectively. Ie is the beam current and r the beam radius.
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The line of the slow space-charge wave determined by Eq.(1) is shown as a dashed line in Fig.2. Consequently,
the frequency of the intersection of the slow space-charge wave with the dispersion curve is approximately equal
to the frequency of kz = 10.217 cm−1.

Fig.10. Space dependence of the electronic field: (a) Ez(z) near SWS, (b) corresponding

FFT.

The RF voltage on the surface of the SWS between the simulation times of 11.5 and 11.8 ns was observed
and is presented in Fig.11(a) and the corresponding FFT spectrum is shown in Fig.11(b). From the FFT
spectrum, the operation frequency is observed at 36.267 GHz. This is in agreement with the frequency of the
intersection of the dispersion curve with the line of the slow space-charge wave in Fig.2. The frequency spectrum
also shows that the operation frequency is single and the mode competition does not appear，which can be
attributed to the mode selectivity of the PBG cells in the SWS.

Fig.11. Induced voltage on the first-cavity of the SWS and corresponding

FFT.

The efficiency of the device at different external
magnetic fields is shown in Fig.12. When the electron
beam is guided by a lower external magnetic field such
as 1 T, the beam has poor quality so the device has
very low efficiency. With the increase of external mag-
netic field, the beam’s quality becomes better, which
improves the efficiency. But when the external mag-
netic field keeps rising, a dip in efficiency appears at
6 T due to cyclotron absorption.

In a Cherenkov device, the synchronization con-

dition should be satisfied

ω ' kvz, (2)

and for some resonance value of the external axial
magnetic field the cyclotron will be satisfied for the
1st spatial harmonic,[14]

ω ' (k − k0)vz + Ωc, (3)

where Ωc = eB0/mcγ is the relativistic cyclotron fre-
quency. According to Eqs.(2) and (3), B0 can be ex-
pressed as follows:

B0 =
2π

l
· mcγ

e
vz, (4)
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where l is the periodic length of the SWS, c is the
velocity of light, and γ is a relativistic factor. If
the external axial magnetic field equals B0, the elec-
tron beam will absorb energy from the electromag-
netic wave and decrease the efficiency of device. For
the case of V = 0.55 MV, the corresponding magnetic
field for cyclotron absorption is B0 = 6.48 T which
is in agreement with that obtained from the simula-
tion. Figure 13 shows the output power integration of
a time-averaged Poynting vector over the output end.
The device begins to start at about 3 ns and reaches
saturation at about 8 ns.

Fig.12. Efficiency of the device as a function of external

magnetic field.

Fig.13. Time dependence of output power.

Based on the PIC simulation, an experiment with
a relativistic electron beam (named hot-test) will be
performed. Figure 14 shows the schematic of the ex-
perimental setup. The experiment will be carried out
using a high-power pulsed source (LIA-2006) which
can produce a relativistic electron beam with volt-
age and current above 400 kV and 1 kA, respectively.
The generation of the annular electron beam and sig-
nal detection may be difficult problems that need to
be solved in the experiment. The annular electron
beam is generated by a coaxial cold electron gun[1]

and the frequency will be measured by a dispersive
delay line.[17]

Fig.14. Schematic of the future hot test experiment.
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5. Conclusion

A Ka band Cherenkov source with SWS consist-
ing of metal PBG structures has been studied by using
HFSS and 3D PIC simulation codes. The investiga-
tion of the Q factor of the PBG cavity showed that the
electromagnetic energy of the defect mode is mainly
confined by the innermost two layers of metal rods.
The beam-wave interaction process in the SWS was
analyzed by 3D PIC simulation. Space patterns of
the Ez field in cross section and vector plots of the
Ez field on the surface of the SWS are given. It is
demonstrated that the operation mode is in the vicin-

ity of the π point of the TM01-like mode. The corre-
sponding FFT spectra of the electric field component
as functions of time and space show that only a sin-
gle frequency is observed. The operation frequency
is about 36.27 GHz which is in good agreement with
that of the intersection of the dispersion curve with
the line of the slow space-charge wave generated on
the electron beam. The results of the PIC simula-
tion demonstrate that Cherenkov devices with PBG
SWS have good mode selectivity. The phenomenon
of cyclotron absorption is also observed and it will be
helpful for future experiments.
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