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Smith-Purcell radiation in a grating-resonator composite structure
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Abstract: A grating-resonator composite structure was investigated. The output characteristics of Smith-Purcell ra-
diation in this grating-resonator composite structure were studied by optical theoretic analysis and particle-in-cell
simulation method. The results show that tunable coherent Smith-Purcell radiation at Terahertz wavelengths can be
generated by this novel structure. This novel grating-resonator composite structure has the following advantages: it
can reflect all radiation with an emission angle and random azimuthal angles which backs onto the electron beam

with same phase and cause the electrons to be modulated.
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Introduction

Electromagnetic radiation of moving charged particle
(e.g. electron) passing over a periodic structure made
of some metallic material, the so-called Smith-Purcell
(S-P) effect''?) | was predicted by Frank and observed
by Smith and Purcell. In the S-P effect, the wavelength
of the S-P radiation is determined by the S-P radiation
formula

[, 1
= —(—= - cos 1
A n(B 6) , (1)

where B8 =v/c is the ratio of the electron$ velocity to the
velocity of light. [ is the grating period, n is the order of
the space harmonic wave, @ is the emission angle be-
tween the moving electron’ s direction and testing direc-
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tion. Usually, the incoherent radiation from S-P effect is
too weak to be used and detection of the signal is very
difficult. To generate coherent radiation and amplify e-
lectromagnetic waves at millimeter and far-infrared wave-
bands, a feedback configuration is utilized in experi-
ments”*'. In this letter, a novel feedback configuration
is presented by our group. This feedback configuration is
a grating-resonator composite structure. The output char-
acteristics of this grating-resonator composite structure
were studied by theoretic analysis and particle-in-cell
(PIC) simulation method.

1 Basic Theoretical Background

The configuration of the experimental device of S-P
radiation is schematically shown in Fig. 1. The grating-
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resonator composite structure is made up of elliptical re-
sonator and grating, and the grating is etched on the in-
ner surface of elliptical resonator. In this letter, this
composite structure is called all-feedback resonator.
Based on the all-feedback resonator, the experimental
device of S-P radiation is composed of an electron gun, a
collector and the all-feedback resonator.

Fig.1 Schematic diagram of the experimental device of S-P ra-
diation. B H 3 3CA 4 . -7 colector [ 2 A collect
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The vertical plane of all-feedback resonator is shown
in Fig. 2. According to the laws of reflection and the re-
flective characteristics of elliptical mirror, any ray from
the focus, F,, to the surface of elliptical mirror will be
reflected back onto the other focus, F,'”'".
in Fig. 2, the radiation ray in x-y plane e. g. F /A, emit-
ted by the electron beam at the focus, F,, will be reflec-
ted back onto the focus, F,, by the surface of elliptical
mirror, e.g. AF,B. For the same reason, the reflection
ray, e.g. AF,B, will be reflected back onto the focus,
F,, by the surface of elliptical mirror, e. g. BF,C, and
cause the electrons to be modulated. The reflection ray,

e. g. BF,C, will be reflected back onto the focus, F,,
by the surface of elliptical mirror, e. g. CF,D, etc. The
reflection ray, e.g. CF,D, is reflected back onto the e-

As shown

lectron beam and toward the output port after multiple re-
flections.

Fig.2 Vertical plane of all-feedback resonator
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As shown in Fig. 2, the equations of elliptical mirror
can be expressed as:

2
Yy

2

a
where a is major half axis, and b is minor half axis. In
the all-feedback resonator, when the radiation ray is re-
flected back onto the electron beam, its optical path
difference in a cycle, e. g. F\A—AB—BF,, can be ex-

=1 , (2)

pressed as:
8= In-(-N1+x
+ «/[YA _9/5]2 + (%, _xg)z
e VI - (DT +x
= 4a , (3)
where fis focal length. The results show that all radiation
rays with the emission angle # = 7/2 and random azi-

muthal angles, emitted by the electron beam at the fo-
cus, F,, can be reflected back onto the electron beam

with same-phase. When

4a = kA , (4)
where k is a positive integer, all radiation rays is en-
hanced by the phase matching so as to produce the high
peak power photon.

It can be proved that if the emission angle §7# 7/2,

e. g. §=1.3, all radiation rays with the emission angle ?
= 1.3 and random azimuthal angles, emitted by the e-
lectron beam, still can be reflected back onto the elec-
tron beam from the surface of elliptical mirror with same-
phase. In this condition, Eq. (4) should be expressed
as:

4 _ kA - (5)

sinf

In this experimental device of S-P radiation, as the

sheet electron beam passes over the grating on the inner
wall of all-feedback resonator, and along the focal line of
elliptical mirror, the electromagnetic radiation is emitted
in all directions. The all-feedback resonator reflect all ra-
diation with an emission angle and random azimuthal an-
gles which backs onto the electron beam with same-phase
and cause the electrons to be modulated. If proper condi-
tions of synchronism are met, the electron beam will be
bunched and the radiation is gained gradually'""'.
When the interaction reaches self-exciting condition, a
steady state oscillation is established at one of the reso-
nant frequencies of the all-feedback resonator. By adjus-
ting the length of the grating period, or adjusting the
voltage of the electron beam, tunable coherent S-P radia-
tion at Terahertz wavelengths with high output power and
efficiency can be observed.

2 PIC simulation of beam-wave interac-
tion

The output characteristics of experimental device of
S-P radiation based on the all-feedback resonator were
studied by a PIC simulation method. In the PIC simula-
tions, the Maxwell’ s equations are solved usually by the
finite-difference time-domain ( FDTD) code!""’. With
the help of the 3D PIC simulation, the characteristics of
S-P radiation including the radiation energy and field dis-
tribution as well as the interaction processes of electron
bunches can be obtained. In this paper, the main param-
eters of the metallic grating and electron beam are sum-
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marized in Table 1.

Figure 3(a) shows the density of electrons in longi-
tudinal direction when bunching has occurred at time 12.
0997 ns and Fig. 3(b) shows the kinetic energy of elec-
trons in bunching state at the same time. In Fig. 3,
strong bunching is apparent. Evidently, a majority of e-
lectrons are in the state of losing energy and the high-fre-
quency field is increased in power, correspondingly. By
analyzing oscillations we estimated approximately 1. 93
mm for the wavelength, quite consistent with the value
expected from the dispersion relation. We also note that
the mean energy loss is 4 ~5 keV or 4% ~5% of the
beam energy.

& 1 Parameters of the simulations
Table 1 EISH

parameter Value
major half axis 13.66mm
minor half axis 3.66mm
period length of metallic grating 1.5 mm
depth of metallic grating 0.68 mm
metallic width of metallic grating 0.5 mm
number of periods 50
beam voltage 100 kV
beam current 1.3A
transverse size of beam 0.5 mm
axial magnetic field 2.0T

Figure 4 (a) gives the contour map of the electromagnetic
field components Ex, Ey, FEz, Bx, By and Bz at y-z
plane at time ¢ =8.977 ns, Fig. 4(b) gives the contour
map of the electromagnetic field components Ex, Ey,
Ez, Bx, By and Bz at x-z plane at same time, and Fig. 4
(c¢) gives the contour map of the electromagnetic field
components Ex, Ey, Ez, Bx, By and Bz at y-x plane at
same time. From Fig. 4, we can see that the distribution
of field displays regular distribution and the emission an-
gle is about §=0.959 8. According to Eq. 1, the corre-
sponding frequency is about 159. 838 GHz at §=0. 959
8. It should be noted that this kind of filed distribution is
beneficial to improving the efficiency of beam-wave inter-
action. From the size of filed distribution, we can draw a
conclusion that as a sheet electron beam passes over the
grating on the inner wall of all-feedback resonator, and
along the focal line of elliptical mirror, a steady state
high-frequency field can be established at one of the res-
onant frequencies of the all-feedback resonator. By cal-
culating filed distribution, we also estimated approxi-
mately 1. 93 mm for the wavelength of high-frequency
field.

The evolution curve of field power S. DA and the
corresponding FFT at output port are shown in Fig. 5.
Apparently, there exist two different types of radiation.
One is diffraction emission originated from the evanescent
wave and diffracted at the ends of grating,whose frequen-
cy is the evanescent frequency (77.740 GHz). The other
is the so-called SP-FEI radiation originated from ordinary
SP radiation but enhanced by the micro-bunching of elec-
tron beam in some special direction corresponding to the
second harmonic (or the third harmonic) of the evanes-

12,14 . .
cent wave! ! As the beam-wave interaction reaches

Fig.3 Phase-space distribution. (a) density of electrons
in the z-y plane at 12. 099 ns, bunching is evident; (b) ki-
netic energy of electrons in bunching state
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self-exciting condition, the radiation field begins to in-
crease rapidly. In Fig. 5, the time signal shows rapid
growth about 5 ns later. From the FFT amplitude, the
dominant radiation is the second harmonic ( 155. 480
GHz) or the third harmonic (233. 436 GHz), which
peaks at the emission angle of about §=1.002 or =
0. 254 corresponding to the SP radiation angle predicted
by Eq. 1. Of course, there is a slight discrepancy be-
tween the simulation data for the frequency of 155. 480
GHz and the theoretical value 159.838 GHz of the basic
SP equation at §=0.959 8. If we consider the mean en-
ergy loss (5 keV) and according to Eq. 1, the practical
wavelength of the S-P radiation A =1.93 mm at the emis-
sion angle §~=0.959 8 and the corresponding frequency v
~155.480 GHz, quite consistent with the frequency of
the dominant radiation. From the contour plot of Fig. 4
(a), one can easily understand that the dominant second
harmonic radiates at the emission angle of about § =

0.959 8.

3 Conclusions

It can be concluded from the simulation results that
tunable coherent S-P radiation at Terahertz wavelengths
can be generated by this novel grating-resonator compos-
ite structure. We also can find that this novel grating-re-
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Fig.4 Contour map of the electromagnetic field components
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sonator composite structure has the following advantages
it can reflect all radiation with an emission angle and ran-
dom azimuthal angles which backs onto the electron beam
with the same phase and cause the electrons to be modu-
lated.
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