PHYSICAL REVIEW ACCELERATORS AND BEAMS 19, 104701 (2016)

Tunable THz radiation source from dielectric loaded waveguide excited
by nonrelativistic electron bunch trains
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We propose a novel scheme to generate a tunable narrow-band THz radiation. In this scheme, a train of
laser pulses with THz repetition rate is used to drive a photocathode direct current (DC) gun, leading to the
emission of a train of electron bunches. The electron bunch train is subsequently accelerated by the gun
field and applied to selectively excite one of the modes in the dielectric loaded waveguide (DLW) structure,
which is located downstream the DC gun. Thanks to the tunability of the repetition rate of laser pulses and
the gun voltage, a tunable narrow-band THz radiation source can be obtained. This proposed source has the
advantages of compactness, robustness and relatively high power.
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I. INTRODUCTION

Terahertz (THz) radiation, which lies in the frequency
gap between the infrared and microwaves, typically
referred to as the frequencies from 100 GHz to 30 THz,
is finding use in an increasingly wide variety of applica-
tions [1,2]. However lack of the desirable radiation source
has always been the main bottleneck for the development of
the terahertz applications [3].

Accelerator-based THz sources can provide high-power
THz radiation due to the generation of ultrashort relativistic
electron beams. These sources can be typically categorized
into two types: broad-band and narrow-band. Broad-band
THz sources are often based on coherent synchrotron
radiation (CSR) [4-6] and coherent transition radiation
(CTR) [7-10] excited by ultrashort electron bunches.
Narrow-band THz radiation can be obtained by using
FEL technology [11-15], dielectric loaded waveguide
(DLW) [16,17] and other slow wave structures [18,19]
as emitter, and train of electron bunches as driving beam
[20-26]. These kinds of sources can generate the radiation
of above megawatt peak power with a spectrum covering
the whole terahertz band, yet their practical applications are
limited by the large equipment, enormous cost and com-
plicated peripherals, such as microwave power source,
radiation shielding, etc. Besides, these sources cannot
achieve a high average power since the accelerators are
usually operated at a repetition rate lower than 100 Hz
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except for the superconducting based ones. THz radiation
sources can also be realized by methods based on non-
relativistic electron beams, such as backward-wave oscil-
lator (BWO) and Smith-Purcell radiation (SPR) driven by
THz electron bunch trains [27], which overcome the large
volume of the accelerators. However, the traditional BWO
can only generate radiation at a frequency much lower than
1 THz due to the limitations of very tiny-size structure
and extremely high starting current density [28], and the
transfer efficiency of SPR is low. Thus, an electron-beam-
driven THz source that is compact, easily achievable,
efficient and tunable, would be in great demand.

The DLW supports a discrete set of modes (due to the
waveguide boundaries) with phase velocity equal to the
electron beam velocity that are thus capable of efficient
energy exchange with the beam. It has been used for
generating intense THz radiation [16,17], studying dielec-
tric wakefield accelerator [29-31], forming density modu-
lation in electron beam [32], and measuring the electron
bunch length [33]. In this paper, we propose to selectively
excite one of the lowest monopole modes in a DLW
structure by nonrelativistic electron bunch trains as a
narrow-band THz source. Thanks to the tunability of the
beam velocity and the spacing between microbunches, the
radiation frequency can be broadly tunable. According to
our studies, the radiation frequency can be tuned from
0.1 THz to above 1.0 THz, and the peak power of the
radiation pulse can be up to the order of Watt, which is
much higher than that of other THz sources based on the
nonrelativistic electron beam.

II. PRINCIPLE OF THE PROPOSED SCHEME

Figure 1 shows the cross section of the proposed scheme.
An electron bunch train is initiated on the photocathode
of a DC gun by a laser pulse train with a time spacing of Az,
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and subsequently accelerated by the adjustable high voltage
(within the range of 90 to 200 kV, while the gun can work at
tens to hundreds of kV [34,35]) applied between the
cathode and anode. A focusing electrode is used in the
gun to confine the electron beam. Narrow-band THz
radiation is excited as the electron bunch train traveling
|
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through the DLW. In the following, a brief introduction to
the DLW wakefield radiation is presented.

DLW is a hollow cylindrical dielectric tube coated with
metal on the outer surface. The dispersion equation
describing the transverse modes of the DLW structure,
for the azimuthally symmetric TM,,, case, is given by [36]

ek — k2

L(Vk ri) Yo(
L(ViE=Rr) ek =2 Yo(\e,k* = k2r)Jo(V e, k2 —kiry) = Yo(\/e,k* = k2

where k=% and k, are the total wave number in the
vacuum region and the longitudinal wave number respec-
tively, &, is the relative permittivity of the dielectric
material, J,,(x) and Y,,(x) are Bessel functions of the first
and second kinds of order m, and 7,,(x) is the modified
Bessel function of the first kind. The center frequencies and
wave numbers (®,, k,,) of the excited resonant modes
TM,, are found from Eq. (1) by using the fact that they
have phase velocity { equal to the electron beam velocity

pc. For a DLW with r; = 0.4 mm, r, = 0.9 mm and ¢, =
3.8 (material: fused silica), Fig. 2 shows the dispersion
curves of the first four order modes and electron beam lines
with different energies. One can find that the center
frequencies can be tuned by adjusting the beam energy
when the electron is nonrelativistic, but not for the accel-
erator-based relativistic electron beams, since their beam
lines are almost the same as the light line drawn in Fig. 2.

The DLW is one kind of traveling wave tube (TWT)
which can occur in various configurations: helix, disk-
loaded waveguide (coupled cavities), dielectric loaded
waveguide, gratings, dielectrically coated metal and others.
According to Pierce’s theory [37], the coupling between the
electromagnetic wave and the electron beam can be well
described in terms of interaction impedance, which
depends on the beam velocity, the geometry, and param-
eters of TWT structure. For the wakefield excited by the
beam, the so-called loss factor is sometimes used
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FIG. 1. Cross section draw of the proposed scheme.
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alternatively, which is closely related to Pierce’s interaction
impedance parameter and defined by [38]
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with the unit of V/(mC), where E,, is synchronous
component of the longitudinal field on axis, U, is the
stored energy per unit length in the mode, and the group
velocity vy, is the derivative of the dispersion curve at the
intersection point with the beam line. The explicit expres-
sion for the DLW can be obtained by following the
methodology described in [39]
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FIG. 2. Dispersion curves of the first four order modes (black

lines) and electron beam lines with different energies.
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with kI = k,\/e, — 1/ — p*.

The pulse power along the DLW structure is calculated
by integrating the longitudinal component of the time-
averaged Poynting vector over the cross section of the
structure. For a single electron case, the peak radiation
power in time domain of the finite duration radiation pulse
averaged over optical frequencies at a certain TM,,, mode
can be written as [40,41]

(Pou)y = fek, e 2. (6)

This expression does not reflect the spectral contents of the
radiation pulse, and a spectral analysis would result in the
radiation bandwidth. For a single electron bunch with
length shorter than the radiation wavelength, the radiation
can be coherently enhanced,which depends on the coher-
ence factor of electron bunch. When considering an
electron bunch train as driving source, the spectral power
would involve a product with the bunch train spectral
coherence factor.

For an electron beam consisting of N, repetitive
Gaussian microbunches with temporal spacing Ar, the
coherence factor can be written as [25]

ex (- “’22“3), )

where o, is the rms length of the microbunch. The coherence
factor is resonant at w,, = 2mnz /At (m = 1,2, ...) with a
bandwidth:

sin Y47 ¢
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Wakefields at one mode will be enhanced if its center
frequency w, belongs to the coherence spectrum, namely
), happens to be near one of the resonant frequencies w,,,.

To make the excited wakefield enhanced by all the
electrons, the tail of beam should reach the wakefield
region generated by the head of beam in the DLW structure,
thus the DLW length L must hold the condition:

Lg

L= (ﬁc/vgn - 1) ’

©)

where Ly is the total beam length.

From the above, the tunable THz radiation source can be
obtained by properly choosing the beam energy and the
time spacing Az of the electron bunch train.

III. GENERATION OF ELECTRON BUNCH TRAIN

In this section, we would like to investigate the
production of an electron bunch train. To generate a train
of electron bunches with tunable time spacing, the key is
to obtain a train of laser pulses with tunable repetition rate,
which has been conceptually proposed and experimentally
studied in the previous works [22,23,42,43]. An interfer-
ometer-based pulse stacking method is preferred in this
scheme, and the principle of this method can be found in
Fig. 4 of Ref. [23]. After n stages stacking, 2" micropulses
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FIG. 3. Electron beam simulation results: (a) the evolutions of

rms beam size along the longitudinal position; (b)the cross
section distribution state and (c) the coherence factor of the
electron beam at the DLW entrance position when the initial time
spacing Az = 8.2 ps and gun voltage is 100 kV.
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can be generated, and the time spacing Az can be adjusted
continuously by the optical delay lines. Meanwhile the
beam energy can be easily adjusted by changing the gun
voltage.

For an initial electron beam with 16 microbunches,
0.8 pC charge (50 fC x 16), 0.3 mm radius and 100 fs
rms microbunch length, 3D beam dynamics including
space charge force is simulated by using code ASTRA
[44], and the results are shown in Fig. 3. For experimental
practice, a photocathode with high quantum efficiency
(QE) should be adopted to mitigate the power requirement
of the driving laser. The magnesium cathode could be
appropriate for its relatively high QE and long lifetime [45].
In the simulation, a DC gun with a 4.5 cm accelerating gap
and a 0.5 cm drift are considered. The electron beam is
focused by the focusing electrode of the gun, and the focal
length is dependent on the gun voltage. Figure 3(a) shows
the evolutions of the rms beam size along the longitudinal
position. At the entrance of the DLW (at the position of
5 cm), the beam radius is smaller than the inner radius of
the DLW. The cross section distribution state and coherence
factors of the 100 keV electron beam at the DLW entrance
are shown in Fig. 3(b) and (c), and the coherence factors are
still very high at harmonics, which means that a small
variation in Az gives rise to a broad tuning range for the
radiation frequency.

In addition to the space charge force and the transverse
emittance of the electron beam, the wakefield excited in
the DLW can also induce beam divergence, which might
cause particle loss in the DLW structure. In the following
section, the beam transport will be discussed.

IV. BEAM TRANSPORT IN THE DLW

Electron loss in the dielectric will result in asymmetric
charging of the dielectric, leading to beam deflection by the
static electric field generated, correspondingly more charg-
ing and finally the structure breakdown [46]. Technology
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FIG. 4. Beam radius evolutions along the longitudinal DLW
position.

for charging prevention is considered for high energy
wakefield accelerators [47,48].

For studying the electron beam transport through the
DLW structure and the wakefield radiation excited by the
electron bunch trains as well, the start-to-end simulation is
carried out. The ASTRA simulated macroparticles are
imported into 3D electromagnetic particle-in-cell code
CST [49] at the entrance of the DLW. A 20 cm long
DLW structure is modeled, and an external solenoid field is
used to confine and guide the electron beam. The inner and
outer radius, and the relative permittivity of the DLW are
0.4 mm, 0.9 mm, and 3.8 respectively, and the charge of
driving electron beam is 50 fC x 16 = 0.8 pC as presented
in the previous section. According to the simulation results
shown in Fig. 4: for the electron beam with energy greater
than 100 keV, the radius is smaller than the inner radius of
the DLW structure along the whole longitudinal position
when a 500 Gauss solenoid field is applied; and a
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FIG. 5. Simulated electric field strength at r = 0.40 mm,

the corresponding spectrum calculated by Fourier trans-
form, and the pulse power distribution along the longitu-
dinal position. (a) The coherence factor is resonant at TMy,
mode (Arzm:&w ps) and the beam energy is
200 keV; (b) The coherence factor is resonant at TMj,
mode (Az = -2 =28.2ps) and the beam energy is
100 keV.

0. 2434 THz

104701-4



TUNABLE THZ RADIATION SOURCE FROM ...

PHYS. REV. ACCEL. BEAMS 19, 104701 (2016)

m
= 1.0
4 E]
o
& 05
2
24 %,
— L 0.0 0.1 0.2 03 04 05
c £
= Frequency (THz)
=z 0
=, __0.08
w 2
-2 § 0.04
[e]
o
4] 000595 20
Longitudinal position (cm)
T T T T T T T 1
0 5 10 15 20

Longitudinal position (cm)

FIG. 6. The same as that of Fig. 5, when the coherence factor is
resonant at TM, mode (Az = -2 =5.2ps) and the
beam energy is 150 keV.
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700 Gauss field should be required for the transport of
electron beam at 92 keV.

V. SIMULATION RESULTS OF THE
RADIATION

The simulation results of wakefield radiation excited
by electron bunch trains used in the above section are
presented in Fig. 5, where the solenoid filed is 500 Gauss.
The simulated radiation frequencies are consistent with the
theory predictions. In Fig. 5, the longitudinal electric field
simulated by the 2D particle-in-cell code XOOPIC [50] is
also presented, which agree well with the simulation result
of the code CST.

For the radiation of high order mode, simulation results
of TMy, mode for electron bunch train at 150 keV are
shown in Fig. 6 as an example. Since the loss factor x,_, is
much smaller than «,_;, the first order mode radiation still
exists. The simulation results for electron bunch trains with
different energies and time spacings are summarized in
Table 1.

TABLE I. Radiation parameters for different bunch trains.
Modes e-bunch (keV, ps) f (THz) P* (mW)
TMy; 200, At = 8.09 0.1236 2.06 x 10°
150, Az =17.0 0.1427 1.98 x 10°
100, Az =4.10 x 2 0.2434 1.05 x 103
92, At =297 %3 0.3369 1.53 x 102
TMq, 200, At =3.02x2 0.3309 2.73 x 10?
150, Az =2.6 x2 0.3842 82.7
100, Az =1.53 x 4 0.6535 4.99
TMq; 200, Az =1.81x3 0.5543 18.52
150, Az =1.57 x 4 0.6407 42
100, A7 =092 x6 1.084 0.1

“peak pulse power at certain frequency.

VI. SUMMARY AND DISCUSSION

In this paper, we propose a novel scheme to generate
tunable narrow-band THz radiation from a DLW structure
excited by nonrelativistic electron bunches. The radiation
frequency can be tuned from 0.1 THz to above 1 THz, and
the power is relatively high.

The radiation structure used in this scheme can be a pulled
fused silica capillary tube, which is easily fabricated; the
driving laser of the DC gun is commercially available and can
work at 100 MHz repetition rate, which means that a high
average power radiation source can be obtained; the DC gun
is also a mature technology. So the proposed scheme is very
robust and can easily be achieved. Although there is more
compact and commercially available source, such as the
GaAs Schottky diode, which can offer a 1 mW continuous
wave at 1 THz, one might note that the proposed source is
more broadly tunable in frequency and has a calculated
output power that is a factor of ten higher. To extract the
radiation, circular waveguide elements immediately follow-
ing the DLW tube can be used to control the diverging THz
beam and ultimately direct the radiation forward from a horn
antenna toward the mirrors [16].

In addition, the power can be enhanced by increasing the
number of microbunches N,. However, the bunch train
jitter from the laser stacking process to forming a micro-
pulse train may cause a misalignment between the coher-
ence spectrum and the radiation spectrum of DLW modes.
Therefore the number of micropulses should be chosen
appropriately according to the precision of optical elements
considering the fact that the bandwidth of the coherence
spectrum is 1/mN,,.
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