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Free electron terahertz wave radiation source with two-section periodical
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We analyze a free electron terahertz wave radiation source with two-section periodical waveguide
structure (PWS), where the first section (section-I) is used to pre-modulate the electron beam and
the second section (section-II) is for terahertz wave generation. By means of theoretical analysis
and numerical simulations, we demonstrate that the starting current density of the beam-wave
interaction in section-II can be significantly reduced provided that the operation frequency is the
harmonic of electron beam’s pre-modulation frequency. This kind of source can generate relatively
high power terahertz wave radiation but only need moderate beam current density. And it may
have great potential application in developing the compact and high power terahertz wave radiation
source. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3696969]

. INTRODUCTION

Terahertz wave, electromagnetic radiation in the fre-
quency from 0.1 THz to 10 THz (wavelength of 3 mm down
to 0.03 mm), has attracted extensive interests of scientists
from different disciplines for its great potential applications
in varieties of fields of modern science. Yet till now, it is still
an urgent problem to develop the compact, room tempera-
ture, and relatively high power terahertz radiation source,
even though great efforts have been made.' ™"

Traditional vacuum electronic devices, such as backward
wave oscillator (BWO) and extended interaction oscillator
(E10),"""'? can generate radiation with milliwatt to watt power
level in the low frequency terahertz regime, and they are also
the most commonly used radiation sources in real applications.
But it is hard for this kind of devices to reach the high fre-
quency terahertz region (higher than 0.5 THz) due to the
requirement of extremely high starting beam current density."'

The diffraction radiation from the periodical waveguide
structure (PWS) excited by a uniformly moving electron
beam was experimentally presented in Ref. 13 in 2009. And
its mechanism was found in Ref. 14, which demonstrated
that it is due to the coupling of electron beam with the wave-
guide modes in the PWS. Without the requirement of starting
current density, this kind of radiation may offer a good
opportunity to the vacuum electronics and bring attractive
prospects to develop the compact and tunable free-electron-
radiation-source in the high frequency terahertz regime. The
terahertz radiation source based on this mechanism was
explored in Ref. 15, in which the pre-modulated electron
beam (train of electron bunches) was proposed to improve
the radiation power and efficiency. It showed that the radia-
tion power and efficiency will be significantly enhanced pro-
vided that the coherent radiation from the pre-modulated
electron beam is achieved.

In this paper we propose the concept of two-section
PWS to pre-modulate the electron beam and generate coher-
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ent terahertz wave radiation. The scheme and its theoretical
analysis are given in Sec. II. The numerical simulations are
carried out in Sec. III. And Sec. IV is the conclusion.

Il. THEORETICAL ANALYSIS

The schematic diagram is shown in Fig. 1: two sections
of PWS, which is a parallel-plate waveguide with periodical
corrugate profile in one of the plate, are placed along the path
of the electron beam. The first PWS section (section-I) with
larger size is for the pre-modulation of electron beam and the
second PWS section (section-II) with smaller size is for the
generation of terahertz wave radiation. These two sections are
connected by a drift region, which is a smooth parallel-plate
waveguide and is cutoff for the waves in section-1.

When the direct current electron beam (dc-beam) passes
through section-I, the beam-wave interaction will be started
and the beam velocity together with beam density will be
modulated.'®™"® The modulation frequency, say wj, is deter-
mined by the structure parameters of section-I and the beam
voltage. In the drift region, the beam density will be further
modulated. According to the bunching theory,'®** besides
the primary modulation component w, there are lots of
higher harmonic components in the modulated beam current.

section-I y
\ x

section-II
\
‘ di
Ly

’II L

e-beam 3y

drift region

FIG. 1. Schematic diagram of the THz radiation source with two-section
PWS. The shade variation in the figure indicates the process of charge den-
sity modulation of the electron beam.

© 2012 American Institute of Physics
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These higher harmonic components result from the nonlinear
beam-wave interaction in section-I as well as from the elec-
tron beam’s further density modulation in the drift region.
So, after passing through the drift region, the current density
of the electron beam should be expressed as

00
T = 1" = Jo+ D1 4 e+ T3P
n=0

)]

in which the subscripts 0, 1, n (n = 2,3,...) indicate the dc
component, basic modulation component, and n-th order har-
monic component respectively. Usually, the amplitudes of
the harmonics decrease gradually with the increase of the
harmonic order (Jo >J; >J,>J3> ...).

When the modulated electron beam is injected into
section-II, the diffracted radiation (spontaneous radiation)
will firstly be excited by the periodic boundary of PWS. And
these diffracted waves then re-modulate the electron beam
and start the beam-wave interaction (stimulated radiation) in
section-II. If the operation frequency of section-II is just one
of the harmonics of electron beam’s pre-modulation fre-
quency, the associated harmonic component in the beam cur-
rent density will be exponentially amplified. The Pierce’s
theory about the traveling wave tube can be used to illustrate
this process,?' and the detailed mathematical manipulations
will be omitted in the present paper for simplicity. Instead,
we will use the theory of diffraction radiation from the PWS
excited by a uniformly moving electron beam to show how
the pre-modulated electron beam can reduce the starting cur-
rent density of the beam-wave interaction in section-II.

The incident electric field (Ei”) from the pre-modulated
electron beam satisfies the nonhomogeneous Helmholtz
equation:*?

1 O’E™" dJx  Op
2oe ~ Mo " fax

V2E" — )
where ¢ is the velocity of light in vacuum, ¢ and p are,
respectively, the permittivity and permeability of vacuum, p
is the charge density and J, is the beam current density
expressed by Eq. (1). (They satisfy the continuous equation:
%’; = - %JX‘.) Substituting Eq. (1) into Eq. (2), after the mathe-
matical derivation we can get the incident electric field,
which can also be expressed as the superposition of all har-
monic components:

[o°]
Ej(n — ZEnejnU)ot — E() + Elejwof + EzejZ(U()I + E3ej3w()t +
n=0

3)

It shows that only the waves with frequencies of the harmon-
ics of the pre-modulation frequency (w = nwg) can generate
diffraction radiation in section-II, which is just the condition
for coherent radiation from the modulated -electron
beam.'>>* The diffraction radiation frequency (w,) is
determined by the coupling of the electron beam with the
waveguide mode.'* If the parameters of the structure and
electron beam are chosen properly (to satisfy w, = nwy), the
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coherent radiation from the modulated electron beam can be
obtained in section-II. And these coherent diffracted waves
will re-modulate the electron beam and start the beam-wave
interaction. Since the intensity of the coherent radiation from
the modulated electron beam is significantly larger than that
of the incoherent radiation from the dc-beam, the beam-
wave interaction in section-II will be much easier to be
started, and the starting current density will then be reduced.
That is, by means of the two-section PWS, the high fre-
quency terahertz radiation can be excited by an electron
beam with moderate current density. The primary obstacle
for the traditional vacuum electronic devices to generate
high frequency terahertz radiation is then overcome.

The dispersion equations of the TM modes in the PWS,
which interact with the longitudinally moving electron
beam, can be expressed as (the coordinates and parameters
are shown in Fig. 1 and we only consider the 2-D case, in
which the field variation in ‘z’ direction is omitted)

—k X d; [sin(kwdi/2)]?
— I {%} cot ky,a; = cot k(b; — a;), (4)

YN p=—o00

where k%m =k — k)zm, k= %’, ke, = ky + 2Z, subscripts i = 1
and i = 2, respectively, indicate the parameters of section-I
and section-II as shown in Fig. 1. After optimization, the
structure parameters of the two sections are set as a; =
0.2 mm, d; = 0.05 mm, b; = 0.45 mm, L, = 0.1 mm, and a,
= 0.06 mm, d, = 0.02 mm, b, = 0.14 mm, L, = 0.04 mm.
And the electron beam energy is set to be 10 kV. The calcu-
lated dispersion curves are shown in Fig. 2 (Fig. 2(a) and
Fig. 2(b) signify the case of section-I and section-II, respec-
tively). From Fig. 2(a) we can see that the frequency of
beam-wave interaction in section-I is 0.27 THz, and it is
also the basic modulation frequency of the electron beam
(wo/27). Figure 2(b) shows the diffraction radiation frequency
in section-II is 0.81 THz, which is exactly the third harmonic
of the basic modulation frequency (®, = 3m). So, according
to the previous analysis, the coherent radiation will be
obtained in section-II and the starting current density will be
reduced. From the figure we can also see that the electron
beams interact with the backward waves in both sections.

lll. NUMERICAL SIMULATIONS

The numerical simulations are performed using CHIPIC,
a finite-difference time-domain particle-in-cell electromag-
netic solver.”> And the simulation model is shown in
Fig. 3(a). The dc-beam with current density 50 A/em? and
beam voltage 10 kV is injected from the left end of the struc-
ture. An external static magnetic field B = Byx is used to
transversely confine the beam. The PWS is set as perfect
conductor and the open boundaries consist of perfectly
matched layers. All the structure parameters are the same as
that given in the theoretical analysis. The electron beam’s
phase-space distributions obtained by simulation are shown
in Fig. 3(a) and Fig. 3(b). We can see that in both sections
the velocity and charge density of the electron beam are effi-
ciently modulated, which means that the beam-wave
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FIG. 2. (Dispersion curves of the waveguide modes (the lowest TM modes)
in section-I (a) and section-II (b).
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FIG. 4. Time evolution of the magnetic field B, in section-I (a) and its fre-
quency spectrum (b).

interactions are started in both sections. The velocity distri-
bution of the electron beam in section-II indicates that the
electron beam is further modulated by the higher frequency
(compared with the pre-modulation frequency) waves
excited in section-II (see Fig. 3(b)). The oscillating field (B.)
in section-I and its frequency spectrum are shown in Fig. 4,
from which we can see that the frequency of the beam-wave
interaction in section-I is 0.269 THz, agreeing well with the
theoretical result. Figure 5 shows the current density and fre-
quency spectrum of the electron beam, which has just passed
through the drift region. Agreeing with the analysis, a series
of higher harmonic components appear in the modulated
electron beam and the magnitudes of them decrease gradu-
ally with the increase of the harmonic order.

The simulation results of the radiation wave in section-II
and its frequency spectrum are given in Fig. 6, which
shows that the radiation frequency is 0.808 THz, agreeing

4
Time (10°s)

DC component
4

»

=

Jy(10°A/m¥/GHz)

o

1st harmonic
2nd harmonic

3rd harmonic ... ..

FIG. 3. (a) Simulation model used in CHIPIC together with the phase-space
distribution of the electron beam in the structure, (b) The longitudinal veloc-
ity (v,) of the electrons vs the longitudinal position x. (Snapshots of the
phase-space distributions are taken at 7 ns.)

0.5 2.0

Frequéhcy(THz) 15

FIG. 5. Time evolution of the modulated beam current density J, (a) and its
frequency spectrum (b).
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FIG. 6. Time evolution of the magnetic field B, in section-II (a) and its fre-
quency spectrum (b).

with the theoretical result. Besides the dominant radiation
component, there are several other components (including
the dc component, basic modulation component, and the 2nd
harmonic component) in the detected wave, see Fig. 6(b). It

(a)

—.—Bz(mr)
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=
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FIG. 7. The dependence of the 3rd harmonic component in the beam current
density J.(w,) and of the radiation field B.(®,) on the drifting length. (a) is
for the small scale and (b) is for the large scale.
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can be understood that the probe used in simulation is not far
enough away from the electron beam and the incident waves
can also be detected. So, the waves shown in Fig. 6 are
actually the superposition of the incident waves and the radi-
ation waves in section-II.

Based on the analyses earlier, in order to get high power
radiation in section-II, the electron beam should be effi-
ciently pre-modulated before entering into section-II and the
3rd harmonic component of the beam current density should
be as large as possible. The drift region plays an important
role in the beam modulation. On one hand, it cannot be too
short to effectively modulated the beam. On the other hand,
it cannot be too long either, otherwise the bunched beam will
collapse. The dependence of the 3rd harmonic component of
the beam current density (after passing through the drift
region) and of the radiation intensity in section-II on the
drifting length (Dp) are shown in Fig. 7. From Fig. 7(a) we
can see that, in the small scale (0.5 < D¢/L; < 2), there is one
single peak, at Dy = 0.75L, for the radiation intensity, which
means that 0.75 L; is the relative optimum value of the
drift length. While Fig. 7(b) shows that, in the large scale
(1 <D¢/L; <7), both the 3rd harmonic component of the
electron beam and the radiation intensity change periodically
with the increase of drift length. It can be understood that the
electron beam experiences the process of re-bunch and re-
collapse periodically in the drift region.

@ 4.
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FIG. 8. The dependence of the radiation intensity on the beam thickness (a)
and beam location (b). 7, in (a) means the total beam current.
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The influences of the beam location (4 shown in Fig. 1)
and beam thickness (s) on the radiation intensity are given in
Fig. 8. Figure 8(a) shows that there is an optimum value of
beam thickness (s = 0.3a,) to get the highest radiation effi-
ciency. And Fig. 8(b) shows that the radiation intensity
decreases exponentially with the increase of /, which is the
typical feature of the diffraction radiation as well as the
beam-wave interaction in the PWS. 420

After optimizing the structure and electron beam param-
eters, the radiation with frequency higher than 0.8 THz and
power over 0.5 W can be generated by a two-section PWS of
one centimeter in width (in “z” direction). This power level
is much higher than that from most of the available radiation
sources in this frequency regime.

For comparison, we have carried out the simulation for
the case that section-I is omitted and the results are shown in
Fig. 9. (The beam current density is also 50 A/cm?.) From the
electrons’ phase-space distribution shown in Figs. 9(a) and
9(b) we know that the electromagnetic oscillation is not
started since the starting current density is not reached. And
the intensity of the radiation wave in section-II, which is the
incoherent diffraction radiation from the electron beam, is

(b)

0.0 0.5 1.0 1.5 2.0 25

04 (c)

o

Time (10%) ©

’\100 (d)
N DC component
I

o 801/

S 60|
(0]

& 40|
o

‘:N, 20/ radiation component
[an)

0

0.0 2.0

. .
05 Frequehcy(THz)'®

FIG. 9. Simulation results for the case that section-I is omitted. (a) and (b)
are the electron’s phase-space distributions in x-y space and x — v, space,
respectively; (c) is the observed field B. in section-II and (d) is its spectrum.
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remarkably lower than that in the case section-I is present,
see Figs. 9(c) and 9(d). Further simulations show that, without
section-I, to start the beam-wave interaction in section-II, the
beam current density should be higher than 200 A/cm?, which
is hard to achieve for the available technology.?®*’

IV. CONCLUSION

To summarize, a kind of free electron terahertz wave
radiation source using two-section PWS is proposed.
Section-I is used to pre-modulate the electron beam and
section-II is for terahertz wave generation. Both theoretical
analysis and numerical simulations are carried out and their
results are in agreement with each other. Our results show
that the starting current density of the beam-wave interaction
in section-II can be significantly reduced provided that its
operation frequency is the harmonic of the pre-modulation
frequency of the electron beam. And by use of the two-
section PWS, the high frequency terahertz (frequency higher
than 0.8 THz) wave radiation with power over 0.5 W can be
excited by an electron beam with current density lower than
50 A/cm?. This kind of source may have great potential
application in developing the compact and high power tera-
hertz wave radiation source.
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