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We investigate a novel Smith-Purcell terahertz source. This device is composed of an electron gun, a cylindrical
resonator, a metallic grating, and a collector. The characteristics of the Smith-Purcell terahertz source are dis-
cussed with the help of three-dimensional particle-in-cell simulation. In this device, coherent and high-power
Smith-Purcell radiation (SPR) at the terahertz frequency range can be produced for the reasonable parameters
of charge energy and grating. Our results indicate that coherent SPR at 506.529 GHz with a power around
1000 W can be obtained for a grating of period ! = 0.3 mm operating at the beam energy £ = 50 keV and beam

current I = 10 A. © 2016 Chinese Laser Press
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1. INTRODUCTION

As is well known, terahertz (THz; 0.1-10 THz) technology, a
currently active research area, is finding use in an increasingly
wide variety of applications including far-infrared spectros-
copy, medical and industrial imaging, biomedical research,
and material science. Increasing access to THz technologies
requires the development of THz sources. There are a number
of ways to generate THz radiation. In photonics, quantum
cascade lasers (QCLs), solid state oscillators, and optically
pumped solid state devices have been developed, which can
provide coherent THz radiation. In microwave electronics, the
THz vacuum electron devices based on charge oscillations
like Kklystrons, traveling wave tubes, backward wave oscilla-
tors (BWOs), and gyrotrons have been extensively studied.
In these THz sources, the QCL and BWO have reached full
maturity and have been widely employed [1-3]. The QCL
can emit at 4.4 THz, providing about 2 mW of average power
with 10% duty cycle at an operating temperature of 50 K.
The BWO can be implemented to cover altogether a wide fre-
quency range extending from 30 GHz to 1.2 THz. Free electron
laser (FEL), solid state oscillators, and an optically pumped
solid state can also be built in the THz region. For example,
the first FEL can provide tunable THz radiation in the region
from 120 GHz to 4.8 THz (2.5 mm-60 pm) with an output
power in the range from 500 W to 5 kW and a pulse duration
of 1-20 ps at 1 Hz repetition rate. The average power level of
the solid state oscillators achievable in the region around
400 GHz is typically in the range 0.1-1 mW. The typical fre-
quency range of devices covered by laser driven solid state
emitters is 0.2 to 2 THz or higher. Moreover, in THz vacuum
electron devices, the Smith—Purcell (SP) radiation (SPR) is
one particularly promising choice for developing THz sources
[4-11]. Compared with other THz source, SPR is a promising
candidate for developing a more compact, less complex, and
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lower cost THz source. This paper demonstrates a simple
method to generate powerful THz radiation by observing
SPR. This novel SP THz source is composed of an electron
gun, a cylindrical resonator, a metallic grating, and a collector.
Compared with other SP THz sources, this novel SP THz
source is capable of providing high power THz radiation.
The characteristics of this device are studied by a three-
dimensional (3D) particle-in-cell (PIC) simulation method.

2. BASIC THEORETICAL BACKGROUND

When a sheet electron beam passes over a periodic metallic
structure (like a diffraction grating) along the direction of its
spatial periodicity, electromagnetic radiation is emitted in all
directions. This electromagnetic radiation is called SPR. The
radiation mechanism was predicted by Frank and observed by
Smith and Purcell [12]. In the SPR, the wavelength A of the
SPR depends on the SPR formula,

L1
lzﬁ(ﬁ—cose), D

where = v/c is the ratio of the electron’s velocity to the
velocity of light. L is the length of the grating period, the
integer n is the order of the space harmonic wave, and 0 is
the emission angle of observation relative to the electron
beam direction. According to Eq. (1), an SPR at the THz fre-
quency range can be generated by adjusting the length of
the grating period, adjusting the voltage of the electron beam,
and adjusting the emission angles. For example, when the
length of the grating period / = 0.3 mm and the energy of
electron beam E = 50 keV, the wavelength region between
1.0269 mm (with corresponding frequency v =~ 291.94 GHz)
and 0.4269 mm (with corresponding frequency v ~ 702.18 GHz)
can be generated.
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3. THEORETICAL ANALYSIS OF THE THZ
SP SOURCE

Usually, the incoherent SPR is too weak to use, and detection
of the signal is very difficult. To generate coherent radiation
and amplify electromagnetic waves, a feedback configuration
such as open cavity or closed cavity is utilized in experiments.
These experiments are important in extending the spectrum
and developing tunable coherent radiation [13,14]. In this
paper, a novel SP THz source based on a cylindrical resonator
developed by our group is presented. The configuration of the
SP THz source is schematically shown in Fig. 1. The SP THz
source includes an electron gun, a cylindrical resonator, a
metallic grating, and a collector. In this technical scheme, a
metallic grating with rectangular form is set at the center
of the bottom of the cylindrical resonator. The surface of
the metallic grating and the cylindrical resonator are assumed
to consist of a perfect conductor. The grooves of the metallic
grating are parallel and uniform in the x direction. A sheet
electron beam is propagated along the z axis. It is a perfect
beam produced from a small cathode (electron gun) located
at the left boundary of the grating. As the sheet electron beam
passes over the metallic grating, the SPR and the evanescent
wave (or grating surface mode) are emitted. The cylindrical
resonator reflects the SPR and the evanescent wave back onto
the beam and causes the beam to be modulated. If the velocity
of the electron is equal to the phase velocity of the evanescent
waves propagating in the direction parallel to the surface of
the metallic grating, the beam-wave interaction builds up.
Moreover, the bunching frequency equals that of the evanes-
cent wave. But at the beginning of the electron beam injection,
the SPR and the evanescent wave are not strong enough to
cause electron bunching. Thus, collective oscillation is not
able to start; the SPR is spontaneous and incoherent. When
the injected time exceeds a certain threshold value, called
the time of start oscillator, the beam gets bunched by the
enhanced evanescent wave. Thus, a steady state oscillation
is established in this device at one of the resonant frequencies
of the resonator, and the beam-wave interaction reaches a
self-exciting condition gradually. As the beam-wave interac-
tion reaches the self-exciting condition, the net gain of the
signal can build up in the resonator [15-17]. According to
the preceding narrative, the novel SP THz source operates like
an Orotron. The device resembles a slow wave structure.

output port  cvlindrical resonator

collector

EaTm|

grating

Fig. 1. Schematic diagram of the SP THz source.
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Similar to the Orotron-like device, the dispersion relation
for the novel SP THz source is found to be

- T3 o0 . 2 =3 1
cot(aiID ~ Z (sm Gn) W cot hy,b —0. @

oH 0, ;i

Nn=-o00

where @ = wL/c, y,, = VD% - @, 0, = p,W/2, p,, = k + 2nx,
k=kL W =w/L, H =h/L, b = b/L is the normalized length
of resonator, and w, h, L are the slot width, slot depth, and
period of the grating, respectively.

4. PIC SIMULATION OF BEAM-WAVE
INTERACTION

By the PIC simulation method, the characteristics of the SP
THz source can be studied.

Table 1. Parameters of the Simulations

Period Length of Grating 0.3 mm Slot Depth of Grating 0.15 mm
Slot width of grating 0.2 mm Number of periods 18
radius of resonator 1.125 mm length of resonator 2.3625 mm
Beam voltage 50 kV Current 10 A
Transverse size of beam 0.5 mm Axial magnetic field 2.0 T

Time 20.799 ns: PHASESPACE for all particles
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Fig. 2. Phase-space distribution of the SP THz source. (a) Density of
electrons at the y—z plane at 20.799 ns; bunching is evident. (b) Kinetic
energy of electrons in bunching state.
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In the PIC simulations, the Maxwell’s equations are solved
usually by the finite-difference time-domain code. The PIC
method can simulate complicated processes involving inter-
actions between space charge and electromagnetic fields
[15-21]. With the help of the 3D PIC simulation, the character-
istics of the SP THz source including the radiation energy and
field distribution as well as the interaction processes of elec-
tron bunches can be obtained [20]. For obtaining the intense
THz radiation, the grating parameters including the groove
width and depth and that of the electron beam must be opti-
mal. In this paper, the main parameters of the metallic grating
and electron beam are summarized in Table 1. According to
Eq. (2) and the parameters in Table 1, the dispersion curve
can be given. In the dispersion curve, the intersection point
between the beam line and the dispersion curve gives the
operating frequency. The radius and length of the cylindrical
resonator are optimized according to the operating frequency.

Figure 2(a) shows the density of electrons in the longi-
tudinal direction when bunching has occurred at time
20.799 ns, and Fig. 2(b) shows the kinetic energy of electrons
in bunching state at same time. In Fig. 2) we show a snapshot
of the beam just above the grating, along with its distribution
in T -z phase space, where T denotes the kinetic energy.
Strong bunching is apparent in both. In Fig. 2(a), we can note

Time 20.799 ns: Ex (V/m) at OSYSSMIDPLANEL
(E+4

Meng et al.

that the smaller the distance between the electron and grating
surface is, the more apparent strong bunching is. By counting
the distance between the bunched beams we can estimate
approximately 0.59 mm for the wavelength, about equal to
twice the grating period. This shows that the electron beam
is bunched due to the periodical magnetic and electric field
near the grating. In Fig. 2(b), we can note that strong bunching
is apparent. By counting oscillations of the kinetic energy of
electrons we also can estimate approximately 0.59 mm for the
wavelength. Evidently, a majority of electrons are in the state
of losing energy, and the high-frequency field is increased in
power correspondingly. By counting, we also note that the
mean energy loss is 3.5-4.5 keV, or 7%-9% of the beam energy.

Figure 3 gives the contour map of the electromagnetic field
components Ex, Ey, Ez, Bx, By, and Bz at the z—y plane of
the novel SP THz source at time ¢ = 20.799 ns; Fig. 4 gives the
contour map of the electromagnetic field components Ex, Ey,
Ez, Bx, By, and Bz at the x—z plane of the novel SP THz source
at the same time; and Fig. 5 gives the contour map of the
electromagnetic field components Ex, Ey, Ez, Bx, By, and
Bz at the y—x plane of the novel SP THz source at the same
time. In Fig. 3, the distributions of the field have a rule of
distribution at the z—y plane. Through the study of the contour
map of the electromagnetic field component Bx, the emission
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Fig. 3. Profile distribution of field energy at the z—y plane of the SP THz source.
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angle is about 6 ~ 0.999. According to Eq. (1), the correspond-
ing frequency is about 530.97 GHz at the emission angle
0 ~ 0.999. Through the study of Figs. 4 and 5, we can see that
the distributions of the field present a symmetric distribution
at the x—z plane and y—x plane. It should be noted this kind of
field distribution is beneficial to improving the efficiency of
beam-wave interaction. From the size of the field distribution,
we can draw a conclusion that as a sheet electron beam
passes over the grating, a steady state high-frequency field can
be established at one of the resonant frequencies of the cylin-
drical resonator.

The evolution curve of field power S.DA at the output port
of the novel SP THz source is shown in Fig. 6(a). When the
injected time exceeds the time of the start oscillator, the net
gain of the signal can build up in the resonator, and the radi-
ation field begins to increase rapidly. Figure 6(a) shows the
time of the start oscillator is about 0.4 ns, and it reaches
the saturated power at about 0.8 ns; the amplitude of power
is about 1000 W. This simulation shows that coherent SPR
is excited with much larger intensity than the incoherent
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radiation. The corresponding fast Fourier transform (FFT)
spectrum is given in Fig. 6(b), showing frequency peaks at
253.265, 506.529, and 761.03 GHz. Apparently there exist two
different types of radiation. One is diffraction emission origi-
nating from the evanescent wave and diffracted at the ends
of grating whose frequency is the evanescent frequency and
equal to 253.265 GHz. The other is the coherent SPR enhanced
by the microbunching of the electron beam in some special
direction corresponding to the second harmonic of the evan-
escent wave [21]. From the FFT amplitude, the dominant ra-
diation is the second harmonic (506.529 GHz, 9500 W/GHz),
which emits at the emission angle of about 0 ~ 1.1 predicted
by the SPR equation, Eq. (1). Of course, due to the beam-wave
interaction which reduces the value of the particle velocity,
there is a slight discrepancy between the simulation data
for the radiation angle of 6 ~ 0.999 and the theoretical value
6~ 1.1 of the basic SP equation. If we consider the mean
energy loss (4 keV), according to Eq. (1), the practical wave-
length of the SPR 1~0.5916 mm at the emission angle
0~ 0.999 and the corresponding frequency v ~ 506.788 GHz,
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Fig. 4. Profile distribution of field energy at the x—=z plane of the SP THz source.
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Fig. 6. Evolution curve of field power at the output port of the SP
THz source. (a) Field power S.DA. (b) Corresponding FFT.

quite consistent with the frequency of the dominant radiation.
From the contour plot of Fig. 3, one can easily understand that
the dominant second harmonic radiates at the emission angle
of about 0 =~ 0.999.

5. CONCLUSIONS

It can be concluded from the simulation results that an SP THz
source can be composed of an electron gun, a cylindrical res-
onator, a metallic grating, and a collector. The characteristics
of this device can be studied by theoretical analysis and the
PIC simulation method. In this novel SP THz source, coherent
and high-power SPR at the THz frequency range can be pro-
duced for reasonable parameters of charge energy and gra-
ting. Our results indicate that coherent SPR at 506.529 GHz
with a power around 1000 W can be obtained for a grating of
period I = 0.3 mm operating at the beam energy E = 50 keV
and beam current I = 10 A.
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