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With the aid of a three-dimensional particle-in-cell code simulation, the enhancement of Smith–Purcell radiation

with a surface-plasmon mode excited by a single electron bunch and by a premodulated electron beam is considered

in the paper. In the simulation, the model is a grating covered by Ag film. The results demonstrate that when the

surface-plasmon mode is excited by a single electron bunch, the maximum radiation occurs at an observation angle

depending on the surface-plasmon frequency, and the radiation power can be enhanced more than ten times. And for

pre-bunched electron beam excitation, when one of the harmonics of the bunching frequency is resonant with that of the

surface-plasmon mode, the radiation power is twenty times more than that from a perfectly conducting grating excited

by the same premodulated electron beam.
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1. Introduction

When a charged particle passes close to the sur-

face of a metallic grating, it emits Smith–Purcell

diffraction radiation.[1,2] The corresponding wave-

length, λ, within the radiation range is determined

by

λ = −D

m
(β−1 − cos θ), (1)

where D is the grating period, c is the speed of light,

βc is the electron velocity, m is the space harmonic,

and θ is the angle between the observed radiation and

the direction of motion of the charged particle, re-

spectively. The Smith–Purcell radiation can produce

electromagnetic radiation in a large frequency range,

i.e., from the millimeter-wave to visible light regime,

and is becoming of extensive interest in some potential

applications, such as low-cost tunable high-power de-

vices. In 2011, Jin et al.[3] carried out the experimen-

tal validation of the near-infrared radiation emission

around 1000 nm, which was realized by coupling a pe-

riodic grating surface to the energetic electron bunches

generated by the interaction between an intense and

ultrashort pulse laser and plasma.

In the optical region, the permittivity of Ag or

Au is a complex number, and the surface-plasmon

mode is excited when the electron beam moves closely

above the surface of the metal.[4,5] The enhancement

of Smith–Purcell radiation from a grating excited by

the surface-plasmon mode is studied in Ref. [6]. How-

ever, in Ref. [6] the periodic changes are neglected and

there is no computer simulation.

In the present paper, by means of a three-

dimensional (3D) particle-in-cell code simulation, the

enhancement of Smith–Purcell radiation from a grat-

ing with surface-plasmon mode excitation is investi-

gated in detail. Firstly, the simulation for a single

electron bunch is carried out, and the results show

that the Smith–Purcell radiation is enhanced more

than ten times and have a certain radiation angle.

Then, we simulate that a pre-bunch electron beam

excites the grating, the radiation is enhanced greatly,

more than twenty times when one of the harmonics of

the bunching frequency is resonant with that of the

surface-plasmon mode.

2. Simulation for Smith Purcell

radiation excited by a single

bunch

To study the enhancement of Smith–Purcell radi-

ation from a grating with surface-plasmon excitation,
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we use two models, as shown in Fig. 1. Model 1 is a

perfect conducting grating (perfect electrical conduc-

tor, i.e. εM = −∞), and Model 2 is an Ag film on

the perfect conducting grating. In order to highlight

the effect of the surface-plasmon mode, we assume the

thin Ag film in Model 2. The period of the grating is

D = 200 nm, the width of the groove is a = 100 nm

and the depth of the groove is h = 40 nm. The pa-

rameters of Model 2 are the same as those of Model

1, except a 20-nm thickness Ag film in Model 2.
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Fig. 1. Model 1 is a perfect conducting grating and Model

2 is a perfect conducting grating covered with Ag film (the

permittivity of Ag can be expressed as a complex number

using Drude model).

As for the perfect conducting grating, when the

electron moves above and parallel to the grating, the

surface wave will be excited on the grating surface be-

cause of the periodic changes of the structure. It is

in fact a local field, propagating along the surface and

decaying exponentially at the normal of the grating.

Based on the theories in Refs. [7]–[10], the frequency

of the excited surface wave depends on the point of

the intersection between the dispersion curve and the

electron beam line. In general, the surface wave ex-

cited by electrons lies in the non-radiation region, and

the frequency of the surface wave is always below the

threshold for Smith–Purcell radiation. Therefore, we

cannot observe that the surface wave enhances the

Smith–Purcell radiation.

The permittivity of metal is assumed to be a com-

plex number following the Drude model in optical re-

gion. When an electron beam moves above a metallic

grating, the surface-plasmon mode can be excited on

the surface of the metal.[11,12] The frequency depends

mainly on the electron energy and the metal charac-

teristics. When the groove depth of the grating is very

small compared with the period, the dispersion char-

acter can be described approximately as

kz =
ω

c

(
ε1ε2

ε1 + ε2

)1/2

= ksp, (2)

where ε1 and ε2 are the permittivities of air and metal,

respectively. The modified Drude model is adopted

for Ag,[13] we obtain ε2 (ω) = ε∞ − ω2
p/(ω

2 − iγω),

with ωp = 1.39 × 1016 rad/s, γ = 3.2 × 1013 Hz, and

ε∞ = 5.3.

The phase-matching condition for one of the Flo-

quet waves with the surface-plasmon mode is given

by[6]

c

u0
=

(
ε1ε2(ω)

ε1 + ε2(ω)

)1/2

, (3)

where c is the velocity of light in vacuum and u0 is

the velocity of moving electrons. When the radia-

tion angular frequency ω satisfies Eq. (3), the surface-

plasmon mode can be excited.

When the surface-plasmon mode is excited by

electrons and the maximum radiation appears, the

observation angle of the maximum radiation should

satisfy the relation

cos θ = β−1 +
mλ

D
, (4)

where λ is the radiation wavelength. Since the main

part of Smith–Purcell radiation comes from the −1

space harmonic radiation, we always assume m = −1.

The frequency of the surface-plasmon mode can be

larger than the threshold for Smith–Purcell radia-

tion. Therefore, the maximum radiation will ap-

pear, with the observation angle θ satisfying Eq. (4),

and the peak frequency is equal to that of surface-

plasmon mode. The Smith–Purcell radiation of the

grating of Ag (Drude model) in the optical region

is analysed in Ref. [14] using the finite-difference

time-domain (FDTD) method; the surface wave and

surface-plasmon wave will be excited by electrons,

and will radiate at the end of the grating. How-

ever, the surface-plasmon mode frequency cannot sat-

isfy Eq. (4) in Ref. [14], thus the enhancement of the

Smith–Purcell radiation will not be studied.

Firstly, the simulations of Smith–Purcell radia-

tion excited by a single bunch are performed for the

two models. The driving electron bunch parameters

are listed as follows: the energy is 100 keV, the length

of the electron bunch is 60 nm, the charge quantity

of the electron bunch is 4 × 10−17 C (Coulomb), and

the distance between the electron bunch and grating

surface is 20 nm. When the electron bunch becomes

closer to the grating surface, the strength of the inci-

dent wave of the electron bunch will become stronger
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on the grating surface, and accordingly the surface

plasmon excited by the bunch would be stronger. Fig-

ure 2(a) shows the contour map ofHx for Model 1 (the

perfect conducting grating) and it is a typical Smith–

Purcell radiation, where the −1 space harmonic is the

main source of radiation. In order to compare the

simulation results of the two models, we use the same

electron bunch in the simulation, and the colour ra-

tios are also the same in the contour maps of the two

models, the colours can demonstrate the intensities of

the radiations directly. Figure 2(b) shows the contour

map of Hx for Model 2 (perfectly conducting grating

covered by a thin Ag film). The intensity in Fig. 2(b)

is much stronger than that in Fig. 2(a), and the

radiation direction can be observed easily. This phe-

nomenon is ascribed to the surface plasmon excited in

Model 2. The frequency of the surface-plasmon mode

is 756 THz in simulation, and the expected radiation

angle is θ1 = 100◦, which is in good agreement with

the angle (labeled in dot line) shown in Fig. 2(b).

The frequency of the surface plasmon of an Ag grat-

ing structure in simulation is not exactly equal to that

of a flat structure, because the grating will shift the

surface-plasmon frequency. Therefore, by covering an

Ag film on perfectly conducting grating, the moving

electrons can excite surface plasmons, the maximum
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Fig. 2. Smith–Purcell radiation excited by a single bunch

of 100 keV, showing (a) the contour map of transverse

magnetic fields for Model 1, and (b) the contour map of

transverse magnetic fields for Model 2.

radiation would appear, and the Smith–Purcell radi-

ation is enhanced. In addition, we should point out

that the radiation angle θ1 is determined by the fre-

quency of the surface-plasmon mode.

In order to study the enhancement of Smith–

Purcell radiation quantitatively, the Ez detector is

placed at the 10-period distance above the surface of

the grating. The fields of the points in the two models

are given in Fig. 3, along with the corresponding fast

Fourier transform (FFT). The characteristics of the

radiation are as follows. (i) Figure 3(a) is the time

domain of the electric field for Model 1, and the fre-

quency of the radiation wave changes from high to low

based on Eq. (1). The −1 space harmonic is a main

source for the Smith–Purcell radiation and its radia-

tion band corresponds from 526 THz to 1818 THz, as

shown in Fig. 3(b). (ii) The time domain of the elec-

tric field for Model 2 is given in Fig. 3(c). As for the

observation point, the angle (θ) between the observed

radiation and the direction of motion of the charged

particle varies from 0◦ to 180◦, the value of λ keeps

longer based on Eq. (1), so the high frequency wave

passes through the observation point first, and then

so does the low frequency wave. When the frequency

is equal to that of the surface-plasmon mode, the

amplitude of the electric field is enhanced obviously.

This is due to the surface-plasmon mode enhancing

the Smith–Purcell radiation. Figure 3(d) shows the

frequency spectrum of the electric field for Model 2,

the highest frequency corresponds to the frequency of

the surface-plasmon mode. For a high velocity elec-

tron bunch, the higher-order (m = −2,−3, . . .) ra-

diating waves contribute significantly to the radiated

power in the (–1)st order radiating wave.[2,15] Here,

the corresponding frequencies of the (–1)st order ra-

diation wave are 526 THz–1818 THz, the correspond-

ing frequencies of the (–2)nd order radiation wave are

1062 THz–3637 THz, and the corresponding frequen-

cies of the (–3)rd order radiating wave are 1593 THz–

5455 THz. Therefore, there are three obvious radia-

tion bands in Fig. 3(d). (iii) By comparing the results

in Figs. 3(a) and 3(c), we can find that by covering

Ag film on the grating, the amplitude of the electric

field is enhanced three times than that only for perfect

conducting grating.
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Fig. 3. Temporal behaviours of Ez and their corresponding FFT, showing (a) the time domain of the electric field for

Model 1, (b) the frequency spectrum of the electric field for Model 1, (c) the time domain of the electric field for Model

2, and (d) the frequency spectrum of the electric field for Model 2.

As mentioned above, the surface-plasmon mode

is the main reason for the enhancement of the Smith–

Purcell radiation. Here, we will study the angle of

the maximum radiation as the next step. In order

to carry out this study, we assume that the plasma

frequency of the Ag (ωp) changes from 1.39 × 1016

to 1.6 × 1016. In this case, the frequency of the ex-

cited surface-plasmon mode will increase. Because

the frequency of the surface-plasmon mode increases

to 830 THz in simulation, the angle will reduce to

θ2 = 88◦ based on Eq. (4). The angle shown in Fig. 4

accords well with the theoretic expectation.
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Fig. 4. Contour map of transverse field for Model 2 ex-

cited by an electron beam of 100 keV, showing that angle

θ2 is smaller than θ1 in Fig. 2(b) because the frequency of

the surface-plasmon mode increases.

The simulation results also confirm that the en-

hancement starting time (t2) shown in Fig. 5 will be

earlier than that (t1) in Fig. 3(c), because the fre-

quency of the surface-plasmon mode increases and the

higher frequency wave will pass through the observa-

tion point earlier.
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Fig. 5. Time domain of the radiation field with a peak

frequency of 830 THz.

3. Simulation for Smith Purcell

radiation excited by a modu-

lated current

Consider a premodulated current traveling above

and parallel to a grating, and the occurrence of the

strong emission of radiation, which is called super-

radiant radiation.[15,16] The radiation develops spec-
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trally and angularly narrow peaks at the harmonics

of the bunching frequency.[17,18] In order to avoid the

buildup of beam bunching from an initially continu-

ous beam, we use a train of periodic bunches to excite

coherent and superradiant Smith–Purcell radiation in

our simulation. The repetition frequency of bunches

is set to be f and this frequency is below the threshold

for Smith–Purcell radiation. However, the bunching is

sufficiently strong so that higher harmonics are clearly

visible in the beam current. These harmonic frequen-

cies correspond to allowed Smith–Purcell radiation,

as shown in Fig. 6. For the perfect conducting grat-

ing covered by a thin Ag film (Model 2), the Smith–

Purcell radiation can be enhanced greatly when one

of the harmonics of the bunching frequency is reso-

nant with the surface-plasmon mode, and the radia-

tion power is twenty times more than that for a per-

fect conducting grating (Model 1) excited by the same

premodulated electron beam.
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Fig. 6. Amplitudes of the major FFT coefficients each as

a function of angle. The frequency of the first order Smith–

Purcell radiation as a function of angle, together with the

fundamental frequency of the modulated current, second

harmonic are also shown. Model 1 and Model 2 are both

excited by a modulated current (100 keV).

There are two plots given in Fig. 7. Figure

7(a) shows the superradiant effect for Model 1, and

Fig. 7(b) displays the radiation for Model 2. The in-

tensity of Ez in Fig. 7(b) is 5 times more than that in

Fig. 7(a). The colour ratios are also the same in the

contour maps of the two models so that the colour can

demonstrate the intensity of the radiation as shown in

Fig. 8. From the contour plots, one can easily under-

stand why the intensity of radiation for Model 2 is

much stronger than that for Model 1. The radiation

angle can be observed clearly and accords well with

the angle shown in Fig. 6.
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Fig. 7. Temporal behaviours of the electric field (Ez) of

the super-radiant effect for Model 1 (a) and Model 2 (b).
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Fig. 8. The Smith–Purcell radiation excited by a train of

bunches of 100 keV: (a) the contour map of Hx for Model

1; (b) the contour map of Hx for Model 2.

4. Conclusion

The enhancement of Smith–Purcell radiation

from a grating covered by Ag film is numerically stud-

ied. In the simulation, the surface plasmon was taken
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into consideration for two different kinds of electron

beam excitations. When the surface-plasmon mode is

excited by a single bunch, the radiation power can be

enhanced more than ten times and the maximum ra-

diation occurs at an observation angle, depending on

the surface-plasmon frequency. For pre-bunched elec-

tron beam excitation, when one of the harmonics of

the bunching frequency is resonant with the surface-

plasmon mode, the radiation power is twenty times

more than that from a perfect conducting grating ex-

cited by the same premodulated electron beam.
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