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Abstract

Terahertz (THz) radiation occupies a very large portion
of the electromagnetic spectrum and has generated much
recent interest due to its ability to penetrate deep into many
organic materials without the damage associated with ion-
izing radiation such as X-rays. One path for generating
copious amount of tunable narrow-band THz radiation is
based on the Smith-Purcell free-electron laser (SPFEL) ef-
fect first proposed by Wachtel [1]. In this paper we present
the design and start-to-end simulation of a compact SPFEL.
The device is based on a low energy (< 100 keV) elec-
tron accelerator capable of producing sheet electron beams
needed to enhance the SPFEL interaction. The beam dy-
namics and electromagnetics of the SPFEL interaction are
modeled using a finite-difference time-domain electromag-
netic solver (VORPAL from Tech-X Corporation).

INTRODUCTION

Over recent years, interest has grown in THz radiation
over its ability to penetrate organic matter without ionizing
damage (such as those from X-rays), making it ideal for
biomedical scanning and homeland security purposes.

Unfortunately, the use and production of THz radiation
has had significant drawbacks. Primarily, it occupies the
same wavelength range as thermal background radiation,
requiring intense sources and sensitive detectors. Current
methods, such as impinging a laser on electro-optic crystals
or photoconductive switches, are dependent on the energy
of the laser pulse and provide broadband Terahertz radia-
tion. Other methods based on free-electron lasers driven
by MeV-energy electron beams are capable of providing
narrow band tunable Terahertz radiation but are overly ex-
pensive.

In this paper, we concentrate on an alternative source
of THz radiation based on a Smith-Purcell Free-Electron
Laser (SPFEL) operating as a backward wave oscillator
(BWO) [2, 3]. In such a device, a low energy electron
beam is passed closed to a conducting grating. Doing so
induces a back-propagating evanescent wave that can result
in a beam density modulation provided the current density
is large enough. The SPFEL process was first suggested
and analyzed by Wachtel [1] and various theories have been
developed over the past decades [2, 3, 4, 5], but attempts to
produce the effect experimentally and validate its underly-
ing theory have been inconclusive until very recently [6, 7].

One of our motivations for the work presented here is to
explore, using an integrated model, the possibility of per-
forming a proof-of-principle experiment to demonstrate the
generation of THz radiation using a low energy DC gun
available at Northern Illinois University [8].

PARTICLE-IN-CELL SIMULATIONS OF
THE SPFEL BWO PROCESS

The simulation of the SPFEL process is performed
with VORPAL a conformal finite-difference time-domain
(CFTDT) particle-in-cell (PIC) electromagnetic solver [9].
VORPAL is a parallel, object-oriented framework for three
dimensional relativistic electrostatic and electromagnetic
plasma simulation. VORPAL includes a cut cell algorithm
to model complex boundaries, surface models for sec-
ondary electrons, and Monte Carlo models for ionization.
Because VORPAL can scale well to large numbers of pro-
cessors, one can model particularly difficult problems that
are otherwise intractable. The geometric configuration of

Figure 1: Schematics of the SPFEL geometry used in VOR-
PAL. The 2D (3D) computational domain has size 𝑤𝑥×𝑤𝑦

( 𝑤𝑥×𝑤𝑦×𝑤𝑧). History diagnostics are located at various
angle (𝜃) above the grating.

our simulation model is shown in Fig. 1. The model in-
cludes a rectangular perfectly-conducting grating, a parti-
cle source (on the left end side) and a particle “sink” on the
right. The grating groves are along the 𝑧 direction and the
beam propagated along the 𝑦 axis. Beside the grating, the
other surrounding boundaries consist of perfectly matched
layer (PML) that significantly suppresses artificial reflec-
tions of incident radiation.
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The electric and magnetic fields histories are recorded
at various locations far from the grating to provide infor-
mation on the radiation spatial distribution. The particle
source produces a uniformly-distributed (in all directions)
DC beam with RMS transverse sizes 𝜎𝑥,𝑦 and uncorre-
lated velocity spreads 𝜎𝑣𝑥,𝑣𝑦,𝑣𝑧 can be included. Finally
the beam is transversely confined by applying a uniform
external axial magnetic field B = 𝐵𝑒𝑦.

The SPFEL mechanism operates in a manner similar to
a high-gain amplifier: as the beam propagates above the
grating the electromagnetic fields associated (both associ-
ated to the evanescent and radiative fields) grow as

{𝐸,𝐵}(𝑡) = {𝐸0, 𝐵0} exp(𝑡/𝜏), (1)

where 𝜏−1 is the growth rate. The FEL process eventu-
ally saturates and the field amplitudes become constant,
i.e. {𝐸,𝐵}(𝑡 → ∞) = {𝐸∞, 𝐵∞}. In the following
we define the gain as 𝒢 ≡ 𝐸∞/𝐸0. In the numerical in-
vestigation of the SPFEL performed so far, both the elec-
tron source and grating are immersed in an axial magnetic
field with typical magnitudes in the Tesla range. The field
strongly guides the particles motion [10, 11] and without it
the requirements on beam transverse emittances could be
extremely challenging to drive a THz SPFEL operating in
the BWO regime [12].

BENCHMARKING WITH PREVIOUS
WORK IN GHz REGIME

In an attempt to benchmark our model with previous
work, we considered an SPFEL configuration identical
to the one described in Ref. [13] (see the parameter list
compiled in Table 1 on page 3 of Ref. [13]) except for
the current 20 A/m. Our results offers the same funda-
mental behavior as the ones reported in Ref. [13], with
the fundamental frequency of the bunching occurring at
𝑓 = 4.55 GHz, comparing to their MAGIC simulation’s
result of 𝑓 = 4.57 GHz. A snapshot of the pertinent elec-
tromagnetic field components is shown in Fig. 2 and the
𝐵𝑧-field history recorded at 𝜃 = 82∘ is shown in Fig. 3
(blue trace in plot a) along with its FFT [Fig. 3 (b)].

In addition, we performed a set of 3D simulations. For
these simulations the beam full width in the 𝑧-direction
was set to 10 cm and the current to 20 A, which retains
the same current density as the compared 2D simulations.
Overall the 3D simulations reproduce all the main features
observed in the 2D simulations. In the 2D simulations, the
strength of the evanescent fields was shown to influence the
speed of bunching as a function of height above the grating.
This feature is also observed in 3D, where the evanescent
fields are strongest towards the center of a flat beam. In
addition the 3D simulation shows a similar effect in the di-
rection parallel to the grating grove, with the bunching near
the edges of the beam forming latter from that near the cen-
ter. A comparison of the FFT for the 𝐵𝑧 history recorded at
𝜃 = 82∘ is presented in Fig. 3. The dominant frequencies
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Figure 2: Snapshot of the electromagnetic fields 𝐵𝑥(𝑥, 𝑦)
(top) and 𝐸𝑦(𝑥, 𝑦) (bottom) on the 2D simulation domain
(𝑥, 𝑦) a time 𝑡 = 299 ns. The strong E-fields associated to
the evanescent wave can clearly been seen by inspection of
the bottom plot (in the vicinity of 𝑥 = 0).
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Figure 3: Comparison of the 𝐵𝑧 field history (a) and cor-
responding FFTs for 2D (b)and 3D (c) simulations in the
GHz regime. The fundamental behaviors and frequency are
roughly the same, with 4.397 GHz and 8.878 GHz for the
2D simulation, and 4.755 GHz and 8.952 GHz for the 3D
simulation. In both cases, the 2nd harmonic is dominant,
while the 2D simulation has greater magnitudes owing to
the more discrete bunching.

are in good agreement, while the radiation is more promi-
nent at those two frequencies in the 2D case due to its more
discrete bunches. The amplitude of the magnetic field is
weakened in the 3D case.
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TWO-DIMENSIONAL SIMULATIONS IN
THE THz REGIME

As a starting point for our simulations in the THz regime,
we scaled down the GHz model described in the previous
section by two order of magnitudes. The nominal param-
eters used for the THz simulations are presented in Tab. 1.
The dimensions of the grating were kept the same for all the
simulations presented henceforth while the beam parame-
ters and external magnetic field were varied in an attempt
to optimize the performance of the SPFEL process or in-
vestigate its sensitivity.

Table 1: Parameters Used for the Simulations of the THz
SPFEL

Parameter Value Units
Beam energy ℰ 50 KeV
Current density 𝐼 [50− 200] A/m
Transverse emittance (rms) 𝜀𝑥,𝑦 [0-0.5] μm
Momentum spread (rms) 𝜎𝛿 [0-10] %
External focusing 𝐵𝑒-field [0.25-1] T
Grating period 200 μm
Grove width 100 μm
Grove depth 300 μm

The results from 2D simulations showed the same funda-
mental process as for the GHz scale, with a backward mov-
ing evanescent wave causing increasing bunching for suffi-
ciently high current densities. We also found collective ef-
fects, most probably image charge, significantly affect the
beam dynamics. This is especially important as the beam
gets micro-bunched by the evanescent wave giving rise to
large local charge concentrations (the microbunches). Such
deleterious effects require higher external magnetic field
than calculated in Ref. [14] or propagating the beam at
larger distances from the grating (which results in a lower
growth rate due the exponential decay of the evanescent
E-field [𝐸𝑥(𝑥, 𝑦) = 𝐸0(𝑥) exp(−𝛼𝑦)]. Figure 4 shows
an example of observed transverse instability where as the
beam is being bunched it is steered toward the grating de-
spite the large value of the axial B-field field 𝐵𝑒 = 2 T.

Figure 5 depicts the results associated to a THz sim-
ulation with parameters gathered Tab. 1. For this set of
simulation the current density was 50 A/m, 𝐵𝑒 = 1 T,
and the beam was 50 μm thick with its lower boundary
located 25 μm above the grating groves. The field his-
tory [Fig. 5(a)], recorded a an observation angle 𝜃 = 76∘,
clearly displays an exponential growth behavior [for 0.5 <
𝑡 (ns) < 1.2]. Several tests were performed with either
uncorrelated longitudinal and transverse emittance spreads
on the order of a few percent of the beam velocity. A
5% rms longitudinal velocity spread eliminate bunching
for a beam similar to that used for Fig. 5. Simulation
including transverse emittance show that an emittance of
𝜖𝑥 ≃ 0.2 μm does not appreciably impact the performance
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Figure 4: Example of “transverse instability” observed as
the beam get bunched. Despite the large external axial field
(𝐵𝑒 = 2 T) the beam is strongly steered toward the grating
during the bunching process.
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Figure 5: 𝐵𝑧-field history (a) and corresponding FFTs for
2D simulations in the THz regime. The first and third har-
monic of the field occur at 0.2055 THz and 0.6111 THz.

of the SPFEL. Larger emittance values still produced sig-
nificant bunching but also resulted in the beam to hit the
grating (even with a strong magnetic field 𝐵𝑒 = 2 T). The
latter problem can obviously be mitigated by placing the
beam farther from the grating at the expense of the strength
of the interaction with the evanescent fields.

IMPROVEMENT USING A PAIR OF
PARALLEL GRATINGS

An additional grating placed above the original grating
upside down is a straightforward way of enhancing the per-
formance of the SPFEL. It will (1) increase the strength
of the axial electric field responsible for the bunching and
(2) produce a more uniform bunching across the height of
the electron bunch. Such a grating was implemented in our
model and preliminary simulations aimed at exploring the
impact on bunching are shown in Fig. 6. For these sim-
ulations the gap between the two grating is 60 μm. As
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anticipated the startup of SPFEL process is approximately
twice as fast as the case of a single grating. Further analysis
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Figure 6: Snapshots at 𝑡 = 925 ps of the (𝑦, 𝛽𝑦𝛾) phase
space (a) and the corresponding current density (b) for two
THz SPFEL configurations consisting of one (blue) or two
(red) gratings.

of the phase space when color coded according to electron
height further reveals the important behavior, as shown in
Fig. 7. In the case of a single grating, the electrons nearer
to the grating experience a more accentuated affect in phase
space due to stronger interaction with the evanescent fields.
With the pair of gratings, the evanescent field from the up-
per grating adds to produce a more uniform effect on the
electrons, resulting in greater coherence if the beam is used
with a secondary grating downstream to produce radiation.
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Figure 7: Zoomed snapshot of the axial phase space at
𝑡 = 925 ps for the single- (a) and double- (b) grating
configurations. The color coding corresponds to different
beam slices in the 𝑥 direction: the beam at emission was
divided into five radial slices of same thickness.

SUMMARY

A free-electron laser based on the Smith-Purcell effect
was successfully modeled at the GHz and THz regimes us-
ing VORPAL. The process is shown to have the same funda-
mental behavior in both 2D and 3D simulations. In particu-
lar, we used this model to explore a dual grating configura-
tion and demonstrate it can more efficiently bunch the beam
compared to the standard SPFEL configuration explored so
far by other groups. The numerical model presented in this
paper is currently being used in a start-to-end simulation of
a complete table-top THz light source.
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