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Chapter

Free-electron Driven Terahertz
Wave Sources Based on
Simth-Purcell Effect
Weihao Liu, Zijia Yu and Zhi Tao

Abstract

Terahertz electromagnetic wave is one of the hottest research topics in
nowadays scientific world thanks to its broad applications in material characteriza-
tion, medical imaging, wireless communication, and security checking etc. Using
free-electron beams to interact with periodic structures via the famous Smith-
Purcell effect is an efficient way of generating high-power terahertz radiation. In
this chapter, we introduce the basic theory and latest developments of the terahertz
radiation schemes using a free-electron beam (including continuous electron beam,
a single electron bunch, and a train of electron bunches, etc.) to interact with
periodic electromagnetic structures, including grating, surface plasmonics, and
subwavelength hole arrays, via a special Smith-Purcell effect or Cherenkov-like
effect. A kind of free-electron lasers based on the special Smith-Purcell radiation in
the terahertz region is proposed and investigated, which can be developed as
high-power terahertz wave sources for practical applications.

Keywords: Terahertz, free-electron beam, beam-wave interaction,
diffraction radiation

1. Introduction

Terahertz electromagnetic wave is an attractive topic to researchers thanks to its
broad application prospects in fields as diverse as biological imaging, materials
science, and astrophysics [1]. However, the development of compact, high-power,
broadly tunable terahertz sources is challenging [2, 3]. Compared with other kinds
of terahertz sources, the free-electron driven sources, such as conventional vacuum
electron devices (VEDs) [4] and free electron lasers (FELs) [5], can generate elec-
tromagnetic radiation with high power and desirable coherence. However, VEDs
can hardly reach the frequency as high as 1 THz and FELs require tremendous costs
and cumbersome peripheral equipment. The radiation sources based on the Smith–
Purcell radiation (SPR) [6] can avoid the disadvantages of both VEDs and FELs,
affording promising ways for developing compact terahertz sources [7–11].

Since its first experimental observation in 1953, Smith–Purcell radiation (SPR),
which is generated when a uniformly moving electron beam passes over a periodic
surface, has been an attractive research topic for its applications in radiation gener-
ation, beam acceleration and nondestructive particle diagnostics etc. [6, 12–15]. It is
characterized by the following well-known dispersion relation:
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where λ is the radiation wavelength, θ the radiation direction, L the structural
period, β the ratio of the beam velocity to the speed of light, and n a negative integer
indicating the harmonic order.

Unfortunately, the efficiency of conventional SPR in practice is usually not high
enough, which restricts the power and efficiency of the terahertz generating sources
based on it [16]. Enhancing the efficiency of SPR will substantially improve the
performances of the related terahertz sources. Developing new mechanisms or
radiation schemes to improve the efficiency and power of SPR terahertz sources is
the major goal of the present chapter, which is organized as follows. In Section 2, we
will first introduce a unique kind of SPR, so-called Special Smith-Purcell Radiation
(S-SPR), which can enhance the efficiency of SPR. And then several variants of S-
SPR will be proposed and investigated. In Section 3, a kind of terahertz free-electron
laser based on the mechanism of S-SPR will be illustrated, which can generate
terahertz radiation with higher power than ordinary SPR devices. Section 4 con-
cludes this chapter.

2. Special Smith-Purcell radiation (S-SPR)

Traditionally, there are two theoretical models dealing with the mechanism of
SPR. The first one is the diffraction model [17, 18], by which SPR is considered as
the diffraction of the periodic surface to the evanescent self-field of an electron
beam. The other one is the surface-current model based on the image-charge
approximation [19, 20], according to which SPR is generated from the surface-
current, induced by a moving electron beam, on the periodic metallic structure.
Both models can deduce the SPR relation.

In the past years, we revealed a class of S-SPR, which cannot be perfectly
involved in the previous theoretical models mentioned above. We have found that it
is generated due to the coherent interference of the radiation from an one-
dimensional or two-dimensional array of resonant modes [21–23]. In this section, a
series of variants of S-SPR are proposed and investigated.

2.1 S-SPR from one-dimensional gratings

Figure 1 shows one of the schemes that we are going to study. At first sight, it is
a rectangular optical grating that is commonly used in ordinary SPR (O-SPR). For
comparison purpose, let us first briefly visit O-SPR. According to the diffraction

Figure 1.
Schematic diagram of the special Smith–Purcell radiation from the resonator array.

2

Plasma Science and Technology



model, the diffraction waves from a grating consist both surface waves and radia-
tion waves. The surface waves, the frequencies of which are below the threshold of
SPR, can only propagate along the grating and cannot radiate except for the abrupt
change of structure [24, 25], and the radiation waves, which are the negative
harmonics of diffraction, can radiate into the upper half-space, and the dependence
of radiation frequency on direction satisfies Eq. (1) [26]. In other words, the surface
waves and radiation waves are independent from each other: the surface waves are
bound to the periodic structure while the radiation waves extend to all directions in
the upper half-space, as shown by the simulated results given in Figure 2(a). The
simulated radiation spectrum, shown in Figure 2(b), covers a wide frequency band,
which is because the radiation direction is continuously changing while the electron
beam is moving. Figure 2(c) shows that the frequency of the surface wave is below
the threshold of SPR.

Now we reduce the gap width d (all other parameters are kept unchanged, this
simulated results are given in Figure 3, which shows that the radiation spectrum
becomes a narrow band one and the spectrum density is 1.5 times enhanced, see
Figure 3(b). In addition, the radiation is almost focused at a specific direction
defined by Eq. (1), see Figure 3(a). Hence, we obtain a special kind of SPR with
monochromatic spectrum and with enhanced intensity at the specific direction
determined by SPR relation, which is exactly the S-SPR that will be discussed in the
following.

As is known that the surface waves on a periodic structure are formed by the
coupling of resonator modes in the periodic resonator array [27, 28]. When we
reduce the gap width d, the distance between the adjacent resonators will be
increased, which will obviously weaken the coupling of the resonator modes. The
surface waves will no longer exist when the coupling of the resonator modes are
eliminated. Under this circumstance, the grating changes into an array of indepen-
dent resonators. Following the above analysis, the mechanism of S-SPR can then be
stated as follows. As an electron beam skims over the resonator array, the resonant
modes in the array will be excited one by one. These resonant modes then generate
radiation through the apertures one after another. And the radiation frequencies are
just the eigenfrequencies of the resonator modes. In the direction given by Eq. (1),
the phase shift from every adjacent resonator is 2nπ (n is a integer), indicating that
the radiation from all resonators is coherent. So as that the radiation in this direction
will be enhanced, while in all other directions the radiations from different resona-
tors will counteract each other, and the radiation cannot occur. This is just what
have been shown in Figure 3.

The resonator modes play an essential role in S-SPR since they determine both
radiation frequency and direction. For the case that the gap width is much less than
the radiation wavelength (λ≪ d), the radiations are largely from the transverse
electromagnetic (TEM) modes of resonators. To estimate the eigenfrequencies of
these modes, we make the approximation thatEx reaches a maximum at the aper-
ture of the groove, so as that theEx distributions in the resonator can be illustrated
by Figure 4, based on which the oscillation wavelength λ of the resonator modes
can be expressed by:

λ ¼ h=
m

2
þ

1

4

� �

(2)

where m is a non-negative integer, indicating the mode number, and h is the
depth of the groove (resonator).

To realize S-SPR, the following conditions should be satisfied. 1) The period L
and gap width d should be well matched to prevent the coupling of electromagnetic
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Figure 2.
(a) Simulated contour map of the Ex field of the O-SPR. (b) Simulated radiation spectrum and the waveform
in the time-domain. (c) Simulated spectrum of the surface waves and the waveform in the time-domain.
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modes in adjacent resonators. Namely, the resonators are deep-narrow-rectangular
grooves (DNRGs). 2) The depth of the resonators should be neither too small,
otherwise the resonator modes cannot be effectively excited, nor be too large,

Figure 3.
(a) Simulated contour map of the Ex field of S-SPR. (b) Simulated radiation spectrum and the waveform in
the time-domain. (c) Simulated spectrum of the surface waves and the waveform in the time-domain.
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otherwise the SPR cannot be realized since the frequency is below the SPR thresh-
old. 3) The frequency of resonator modes, the grating period, and the beam velocity
should be associated to satisfy the SPR relation.

For the S-SPR from an array of DNRGs, only a single radiation frequency can be
efficiently obtained. In order to realize several radiation frequencies simulta-
neously, namely to get multi-color radiation, we proposed to a scheme in which
every unit of the array consists several DNRGs with different sizes (gradient
DNRGs) as shown in Figure 5 [29]. The radiation from different DNRGs cannot be
coherent since their resonant frequencies are different, however, the radiation from
all DNRGs of the same shape in the array will be coherent, which is exactly the S-
SPR illustrated above. Thus, we can get an improved S-SPR, which has multiple
radiating frequencies. The DNRGs with different shapes will radiate different fre-
quencies at different directions (θi). So as that, by using the gradient DNRGs, the
spectrum of SPR can be discretized to be a series of peak frequencies with enhanced
intensities. Not only spectrum is discretized, but also the radiation directions are
also discretized as shown in Figure 6. By integrating the field energy in the spec-
trum band, we obtain that the total radiation intensity is enhanced by more than an
order of magnitude.

In the S-SPR illustrated above, all the DNRGs have high aspect-ratios with
h/a>20. The manufacturing of the metal structures with high aspect-ratios in the
terahertz region is a challenge in practices. In addition, the energy capacities of such
grooves/holes are essentially restricted by the structure volume, which reduces the
efficiency of terahertz emission and manipulation. We find that, for a single groove
with a small aspect-ratio, the field has a broad spectrum. In contrast, for the coupled
grooves, the spectrum shows the feature of resonance: having a sharp peak reso-
nating frequency and a narrow bandwidth, see Figure 7. As the number of groove
(Ng) increases, the peak becomes sharper and the spectrum bandwidth becomes
narrower [30]. In other words, a cluster of grooves can operate as an effective
electromagnetic resonator, holding a series of Fabry–Pérot (FP)-like modes.

Figure 4.
Diagram of a single resonator and the distribution of the Ex component in the y direction for three resonator
modes.

Figure 5.
Diagram of the free-electron beam exciting an array of DNRG-clusters with gradient sizes.
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The field intensities within the coupled grooves are remarkably higher than that
within a single uncoupled groove, indicating that coupled grooves have much
higher energy capacity, and can interact with the electron beam more efficiently.
From the insets we can see that the electric fields within adjacent grooves are in the

Figure 6.
(a) Calculated radiation spectra of the SPR from an array of gradient DNRGs (present scheme), of O-SPR
(green dash line), and of S-SPRs with constant size DNRGs (blue dot lines). (b) Calculated angular
distribution of the radiation. (c) Simulated Ez contour map in x-z section for the case of C-SPR. (d) Simulated
Ez contour map for the case of gradient DNRGs.
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opposite directions, indicating that the phase difference between adjacent grooves
is π. We would refer to this kind of FP resonant mode as π mode.

Based on the above knowledge, we propose to use electron beam to excite an array
of coupled grooves, the calculated and simulated results are shown in Figure 8. For

Figure 7.
(a) Schematic diagram of the coupled grooves excited by free-electron beam. (b) Calculated and simulated field
spectra at the groove-apertures for different Ng. The insets are simulated snapshots of the electric field distributions.
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the purpose of comparison, other two cases—an array of low-aspect-ratio single-
grooves (ALSG) and an array of high-aspect-ratio single-grooves (AHSG)—are also
simulated. For the case of ALSG, the radiation is at all directions, illustrating a typical
feature of O-SPR. For AHSG, the radiation is mainly concentrated at a specified
direction (θ=101o), indicating the feature of S-SPR [22]. For the proposed array of
couple-grooves (ACG), the main radiation wave is at the specified direction (θ ¼ 90°).
Here the direction changes due the changing of the period of the array. The figure
shows that by using the coupled grooves, the radiation intensity can be enhanced by
more than an order of magnitude compared with that from ALSG and AHSG.

2.2 S-SPR from two-dimensional sub-wavelength hole arrays

Sub-wavelength hole array (SHA) is a unique open period structure, which has
tremendous interesting properties and applications [31–33]. Here we propose a
modified S-SPR by using a sheet FEB to excite two-dimensional (2D) SHAs, see
Figure 9 [34]. The 2D SHA is formed by periodically etching rectangular sub-
wavelength holes on a planar conductor plate. All the one-dimensional (1D) SHAs
are parallel, and every adjacent two arrays have a certain deviation in the longitu-
dinal (z) direction, forming a parallelogram pattern of holes on the plate. We set the
longitudinal width of the hole to be much less than the spatial period of the array
(d≪ λ), such that each hole is an independent resonant unit with specific resonant
modes. In light of the shapes and boundary conditions of sub-wavelength holes, the
frequencies of the resonant modes can be approximately expressed as:

f l,m,n ¼
c

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l

d

� �2

þ
n

h

� �2
þ

m

w

� �2

s

(3)

in which h, w and d are the hole parameters shown in Figure 9. l, m and p are
non-negative integers signifying the mode orders. These resonant modes are

Figure 8.
(a) Calculated angular distribution of radiation from three cases (ACG, ALSG, and AHSG). (b), (c), and
(d) are simulated Ez contour-maps for the cases of ACG, ALSG, and AHSG, respectively.
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successively excited by the FEB and then generate coherent radiation via S-SPR
effect, namely, the radiations from all sub-wavelength holes constructively inter-
fere. The frequency is exactly the frequency of resonant modes defined by Eq. (3),
and the radiation direction is determined by SPR relation. Since the 1D SHAs are
periodically arranged not only in the longitudinal (z) direction but also in the lateral
directions (z’ and z” directions shown in the Figure 9), the coherent radiation can
be realized when the constructive interference is realized at specified directions in
the 3D space. Figure 10 shows the simulated results. When the 2D SHAs are
arranged rectangularly (α1 ¼ 0), there is only one dominant radiation direction. As
the deviation increases, the radiation gradually deflects to the lateral directions, and
two radiation lobes are obtained. Sinceθ0 can be adjusted by changing beam velocity
or structure periodicity (L), the coherent radiation can be steered to any directions
in the 3D space.

Since the total radiation is the superposition of all the radiating units in the 2D
SHA, high radiation intensity can be obtained by setting a wide FEB together with a
large 2D SHA. In addition, since several frequencies are obtained and each fre-
quency component could radiate at several directions, the proposed scheme can be

Figure 9.
3D schematic diagram of the sheet free-electron beam driving a 2D SHA.

Figure 10.
3D and 2D radiation directivity diagrams of the far-field from a 2D SHA.

10

Plasma Science and Technology



developed as radiation sources simultaneously used for several objectives. By
rearranging the alignment of SHA, the spatial distribution of CR can also be shaped,
which is an increasing hot research topic [35–38].

In addition, we find that, not only S-SPR but also a modified Cherenkov radia-
tion (CR) can be realized from a 2D SHA excited by a sheet FEB, which is illustrated
as follows. When a sheet FEB skims over the SHA, the resonant modes within
adjacent holes will be successively excited with a time delay of

Δt ¼
Lz

ve
¼

L

vp
(4)

in which ve is the velocity of the FEB in z direction, vp ¼ ve= sin α1 is the projective
(effective) velocity of the FEB in z’ direction. The CR in the vacuum can be realized if
vp > c, which is exactly the requirement of CR, namely the velocity of the radiation
source is greater than the speed of light. Different from that of the transition radiation
(TR) [35, 38] and that of the Smith-Purcell radiation (SPR) [36, 37, 39], which are
frequency dependent, the spectral and spatial shaping of CR is independent from the
frequency, indicating that the radiations of all frequencies are at the same direction.

This CR can be more effectively manipulated and even be focused at specific
spots in the space by re-arranging the subwavelength holes in the array. When the
subwavelength holes are lined hyperbolically on the conductor plate, the CR will be
focused at a specific spot in the space as shown in Figure 11 [40].

2.3 S-SPR from surface plasmonics

In above S-SPR schemes, the resonator arrays are all realized by perfect electric
conductor (PEC). When PEC is replaced by semiconductors or metamaterials with
terahertz surface plasmonics (SPs) taken into account, the electromagnetic proper-
ties of the rectangular sub-wavelength hole (RSH) will change significantly [41–45].
In this sub-section, we propose to use free-electron beam to excite an array of open
resonators covered by an array of meta-films, the schematic diagram of which is
shown in Figure 12.

Figure 11.
(a) and (b) The proposed scheme using a sheet FEB to excite a SHA, which is lined along the curve. (c–f)
Simulated field intensity distributions in the focusing plane.
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We find that, when there is only an array of meta-films, the fields are largely
confined on the meta-films array, and only a small portion can radiate into the
upper space; while there is only open-resonators array, the waves can efficiently
radiate into space, however, the surface waves in the open-resonator array is much
weaker than that in the meta-films array, so as that the radiation intensity is much
weaker. When the open-resonators array and the meta-films array are combined,
the FEB first excites the SPs on the meta-films, which then induce the resonator
modes within the open-resonators. The SPs are the effective excitation sources for
the resonant modes in the open-resonators [46]. When the SPs are coupled with the
resonator modes, namely, the resonant frequency of the SPs matches that of the
resonator mode, the intensity of the resonator mode, together with the radiation
intensity, will be greatly enhanced [47]. Figure 13 shows that compared with the
un-coupled cases, the radiation field intensity of the proposed model is enhanced by
more than three times, indicating that the power of radiation will be increased by
about an order of magnitude.

3. Terahertz free-electron sources based on S-SPR

In the section, we introduce a class of terahertz free-electron sources based on
the mechanism of S-SPR illustrated in Section 2. The schematic diagram of the

Figure 12.
3D diagram of the proposed scheme and its cross-section (in the inset).

Figure 13.
(a) Simulated field (Ez) contour map. (b) Simulated radiation spectra of three cases.
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proposed source is shown in Figure 14. It looks similar to a conventional Orotron,
which is an electronic oscillator with open resonator and reflecting grating [48, 49].
A dc electron beam passes over a rectangular grating, from which S-SPR is gener-
ated in the perpendicular direction. A planar conductor mirror is placed above the
grating, which reflects the radiation waves. The electromagnetic waves then prop-
agate back and forth between the radiation grating and the conductor mirror,
forming a series of oscillation modes between them, which is in effect an electro-
magnetic cavity with open boundary. These oscillation modes will interact with the
electron beam and will be amplified via gaining energy from the electron beam.
Unlike the conventional Orotron based on O-SPR, here the S-SPR is applied. Since
the intensity of S-SPR is remarkably higher than that of O-SPR, the oscillation
modes with higher intensity will be excited in the grating-mirror cavity, so as that
the output power will be remarkably enhanced.

The distance between the grating and the reflection mirror should be chosen as
follows. Since the tangential electric field should reach the maximum at the beam
position and vanish at the surface of the conductor mirror, the wavelength of the
oscillation waves between the grating and mirror can be evaluated by the equation

H≈

λ

2
pþ

1

2

� �

(5)

in which p is a non-negative integer. When the wavelength of the oscillation
modes defined by Eq. (5) is close to that of the S-SPR defined by Eq. (1), the
oscillation modes will be coupled by S-SPR and be enhanced, which also defines the
operation requirement of the proposed device.

The simulated results are shown in Figure 15, in which Figure 15(a) shows the
distribution of the modulated electron beam in the ‘x-energy’ phasespace. We can
see that the beam-to-wave efficiency of the model is over 10%. Figure 15(b) shows
that the oscillation waves are effectively excited in the cavity, and Figure 15(c)
illustrates that the frequency of the oscillating field matches that of S-SPR.
Figure 15(d) shows that the output power of the model reaches 4 W/mm at the
frequency of 0.3 THz. The simulated results of the conventional Orotron are also
shown for the comparison purpose. We can see that the output power of the
proposed model is several orders of magnitude higher than that of conventional
Orotron based on O-SPR.

In order to further increase the output power, we propose a double-grating
scheme as illustrated in Figure 16. Two identical gratings are symmetrically set face

Figure 14.
Diagram of the proposed model of the THz-Orotron based on the S-SPR.
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to face, which forms a modified cavity with open boundaries. Two electron beams
pass over those gratings, respectively. The S-SPR from each grating are generated in
the opposite directions [50], and will interfere in the cavity, forming electromag-
netic modes as that in the previous case. Here we appropriately choose grating
parameters and the beam velocity, letting the radiation direction of the S-SPR be
exactly in the perpendicular direction of the gratings.

Following the analyses of the previous model, the wavelength of the operation
modes in the cavity formed by two symmetric gratings can be approximately
expressed as:

Figure 15.
Simulated snapshot of the phasespace of the modulated electron beam. (b) Simulated contour map of the Ex

field. (c) the electric field and its spectrum in the cavity. (d) the output power in the time domain.

Figure 16.
Schematics of the proposed novel terahertz free-electron laser.
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H≈ pλ=2 (6)

Figure 17 shows the simulated results of the model, in which the results of the
single-beam case is also shown for comparison. One can see that the efficiency and
the output power are about 2.5 times than that of the single-beam case. By using an
electron beam with moderate current-density (less than 50A/cm2), the output
power reaches 3 watt at the frequency of 0.96 THz. This power level is higher than
that of majority terahertz sources in this frequency region, affording a promising
option for developing high-power terahertz sources.

4. Conclusions

Using free-electron beams to interact with periodic structures via Smith-Purcell
effect is an effective option for developing high-power terahertz sources, which have
broad application prospects. In this chapter, we introduced the basic mechanism and
several forms of a modified Smith-Purcell radiation–the special Smith-Purcell radia-
tion. Based on the mechanism of the special Smith-Purcell radiation, a set of Smith-
Purcell free-electron lasers in the terahertz region were proposed and investigated,
promises high-power terahertz wave sources for practical applications.
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