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Abstract. The excitation of terahertz (THz) surface plasmons by a density modulated relativistic
electron beam propagating in a parallel plane semiconducting structure is investigated. The interaction
of the electromagnetic surface wave with density modulated electron beam in the guiding structure is
examined in the present work, which shows a significant enhancement in the radiation wave. The
growth rate of the instability increases linearly with modulation index and reaches the largest value
when the phase matching condition is satisfied in the generation of THz radiation wave, i.e., when
the phase velocity of the THz radiation wave is comparable to the velocity of modulated beam. In
addition, the growth rate of instability scales as one-third power of beam current and modulation index.
Moreover,the surface plasmons resonance can be tuned in THz frequency range by the conventional
doping concentration of the semiconductors.
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1. Introduction
In recent years, Electromagnetic THz radiation has received a great attention due to
wide range of applications including remote sensing, high resolution imaging and analysis,
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security applications such as explosive detection, outer space communications and molecular
spectroscopy [1–4]. The development of a compact high power and high efficient solid state
devices for THz radiation has become a great challenge. Simultaneously, the growing interest in
the field of surface plasmonics is converging in terahertz regime [5–7]. Surface plasmons are
the electromagnetic waves which are bound to the surface of a conductor [8].

Narrow-band THz radiation can be produced by free-electron lasers [9] and fast diodes
[10, 11]. Broadband THz radiation can also be produced by thermal sources. More recently,
table-top laser-driven sources [12,13] and short electron bunches in accelerators [14] with low
power have been used to generate THz radiation. Antonsen and Palastro [15] have explained
the excitation of the terahertz radiation by laser pulses in non uniform plasma channels. In
this case, the propagation of the wave was considered in corrugated plasma channels. The
corrugated channels and laser pulses with parameters were used to find energy conversion
efficiency rate of the fraction of a joule per centimetre.

However, Hamster et al. [16] have demonstrated the THz radiation generation by laser
pulses propagating in plasmas. The low frequency force exerted by laser pulse on plasma
electrons leads to a current which has a spectral width and measured by temporal duration
of laser pulse. Leemans et al. [17] have measured the radiation in 0.3-19 THz spectral range
and at 94 GHz, generated at the plasma-vacuum interface, which depends quadratically on the
bunch charge from laser accelerated electron bunches.

Yugami et al. [18] have demonstrated experimentally the Cerenkov waked millimetre wave
generation by using an ultrashort and ultrahigh laser power pulse in magnetized plasma.
However, the generation of terahertz radiation by Cerenkov wakes, excited by a short laser
pulse has been examined by Yoshii et al. [19]. Shen et al. [20] have reported tunable, few-cycle
and multicycle coherent terahertz pulses generation from a temporally modulated relativistic
electron beam. In this case, THz radiation frequency can be tuned from 0.26 to 2.6 THz with the
band-width of 0.16 THz.

The surface plasmons of millimeter wavelength are much higher in metal for a gap of THz
radiation due to high density of the carriers. On the other hand, the doped semiconductors
have become good candidate for tuned terahertz frequency range. In particular, narrow-band
gap semiconductors such as n-type GaAs and n-type InSb are the materials which are used
to produce high confined surface plasmons of THz frequency range due to loss-less scattering
at room temperature. In fact, the dielectric function of such kind of materials are remarkably
similar to that of plasmons, which are supporting metals such as gold and silver in UV or visible
frequency range [21,22].

The coherent synchrotron radiation has been observed experimentally in storage ring, when
a short laser pulse interacts with a small part of electron bunch [23,24]. Neumann et al. [25]
have observed that the modulated electron beams are important due to the generation of
coherent radiation but modulation can cause unwanted instability in devices. Specifically, in
a free electron laser, the proper pre-bunching at the desired emission frequency can enhance
performance of the system. Recently, the study of free electron laser (FEL) [26–28] and Cerenkov
free electron laser (CFEL) [29], which are the tunable sources of high power coherent radiation,
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have a great deal of interest.
In the previous work, it has been studied about the excitation of surface plasmons in a

parallel plane semiconducting (n-InSb) system by pre-bunched electron beam [31]. In this paper,
we investigate the effect of a density modulated relativistic electron beam on the excitation THz
surface plasmons. This scheme involves the amplification of the surface wave in the guiding
system. The paper is organised in the following manner. In Section 2, a theoretical model of
parallel plane guiding structure, is developed, which is made up of two parallel semiconducting
slabs, separated by free-space. In Section 3, we present the analysis of the interaction of density
modulated electron beam with surface plasmons in the waveguide, which gives the dispersion
relation of the wave. An analytical expression for the transcendental wave equations is being
expressed in Section 4. The results are discussed in Section 5.

2. Model
In this section, we investigate the excitation of THz surface plasmons by a density modulated
relativistic electron beam, propagating in a parallel plane n-type GaAs semiconducting
structure. The sketch of the structure is shown in Figure 1, which consists of two semi-infinite
parallel plane semiconductor slabs separated with free-space. The electric field of the surface
wave is assumed to have space and time dependence as exp(−iωt+ ikzz), propagating on the
surface of the interfaces along z-direction. The propagation of the wave is not along y-direction
i.e., ky = 0 and ∂y

∂x = 0. The Drude model for metal-semiconductor gives the relation for dielectric
permittivity εm(ω), plasma frequency ωp , radiation frequency ω, and electron phonon collision
frequency ν [30].

εm(ω)= εlatt −
ωp

2

ω2(1+ iν/ω)
or εm(ω)= εlatt + i

(
4πσ
ω

)
, (1)

where σ is the conductivity of the semiconductor and εlatt is the lattice permittivity. We consider
the collisionless plasma and neglecting the electron phonon collision frequency of the medium,
i.e., ν = 0. The conductivity of the semiconductor is given by the relation

σ= nse2

me∗(ν− iω)
,

where ωp

(
=

√
4πe2ns

m∗
e

)
is the plasma frequency, −e, m∗

e and ns are the electronic charge,

effective mass and density of plasma electrons in the semiconductor, respectively. Furthermore,
the electromagnetic field equations in each layer of the parallel plane waveguide, are
described as

∂2~E
∂x2 + (kz

2εm(ω)−β2)~E = 0 , (2)

where k2
x =β2 − ω2εm(ω)

c2 and β=
(
kz

2 − ω2εm(ω)
c2

) 1
2

β=
β1

β2
when

εm(ω)= εsc for x <−r and x >+r ,

εm(ω)= 1 for − r < x <+r .
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The total electric field E in x- and z-directions

~E =


c1

(−ikz x̂
β1

+ ẑ
)

eβ1xe−i(ωt−kz z) for x <−r,

c3

(
ikz x̂
β1

+ ẑ
)

e−β1xe−i(ωt−kz z) for x > r,(
c2

(−ikz x̂
β2

+ ẑ
)

eβ2x + c′2
(

ikz x̂
β2

+ ẑ
)

e−β2x
)

e−i(ωt−kz z) for − r < x < r .

(3)

This has been chosen for SPW that ∇·~E = 0, and for two surfaces εm(ω)Ex , Ez are continues at
x =− r and at x =+ r, therefore, on applying the boundary conditions with equation of continuity,
i.e., we get the relations: c1 = c3 and c2 = c′2 (symmetric mode).

Figure 1. Sketch of a modulated beam on the excitation of THz radiation in a parallel plane
semiconducting structure.

3. Dispersion Relation for Surface Plasmons

In order to calculate the relation between the wave vector kz and electromagnetic wave
frequency ω in the waveguide, we use the dispersion relation of the surface plasma wave
and we get the relation as

c1 = 2c2 cosh(rβ2)erβ1 and εm(ω)tanh(rβ2)=−β2

β1

using the above equations,the dispersion relation formed as

kz =
[
εm(ω)ω2(εm(ω)− tanh2(rβ2))

c2(εm2(ω)− tanh2(rβ2))

] 1
2

. (4)

Case 1: If rβ2 À 1, Eq. (4) turns out to be as k2
z = ω2εm(ω)

c2 (εm(ω)+1) , which is the conventional surface
plasma wave dispersion relation on a single interface. Since surface plasmons are bound to the
surface of the interface so these remain localized near the semiconductor-vacuum interface.

Case 2: While, the term tanh(rβ2) can not be neglected in Eq. (4), as rβ2 > 1,in the guiding
structure and solving it iteratively. One may obtain the dispersion relation as

kz =
[

ω2εm(ω)
c2(εm(ω)+1)

(
1+ 4εm(ω)e−2rβ2

ε2
m

(ω)−1

)] 1
2

. (5)

Figure 2 is a plot of kz versus ω by using Eq. (5), which shows that the frequency of the
radiation wave increases with axial wave vector i.e., the speed of light linearly dependent on
the wavelength.
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4. Amplification of Surface Plasmons by A Density Modulated
Relativistic Electron Beam

Consider a modulated relativistic electron beam of density n = n0b +nso exp[−i(ω0t−kz0z)],
propagating in the centre of parallel plane guiding structure with velocity vob

(
≈ ω0

kz0

)
, (where

∆
(
= nso

nob

)
being the modulation index, which ranges from 0 to 1, ωo is the modulation frequency

and kz0 is the modulated wave vector of the beam). The Gaussian density profile of the beam
represented by relation nob = N0be−x2/a2

b , where Nob is the beam electron density with radius
ab . While the beam current is expressed as Ib =

p
πN0beabwbvob , where wb is width of the

beam. The response of plasma electrons in the medium is governed by equation of motion. On
solving these equations, we obtain the perturbed velocity components along x-and z-directions
as

vbx =
e

imωγ0

(
Ex + vob

i(ω−kzvob)
∂Ez

∂x

)
, (6)

vbz =
eEz

im(ω−kzvob)(γ3
0)

. (7)

The relativistic gamma factor is γ0 =
(
1− v2

ob
c2

)− 1
2
. From Equation of Continuity, we have

∂n
∂t

+∇· (n~v)= 0,

where

~v = v0b ẑ+~vb exp[−i(ωt−kzz)]

and

n = nob +∆nob exp[−iωo(t− z/vob)]+n1b exp[−i(ωt−kzz)],

with ~vb = vbx x̂+vbz ẑ. We obtain the perturbed beam density as

n1b =
[
(1+∆)vbx

∂nob
∂x + (1+∆)nob(∇·~vb)

]
i(ω−kzvob)

. (8)

The perturbed current density becomes

~Jnl =−enob~vb −∆enob~vb − en1bvob ẑ . (9)

To study the instability of the unstable mode retaining only those terms which go as
(ω−kzvob)−2 , and discarding the first and second term of Eq. (9). We obtain the perturbed
current density as

~Jnl =− e2vob(1+∆)
im

[
− vob

ωγ0(ω−kzvob)2
∂nob

∂x
∂Ez

∂x
− n0bv0b

ωγ0(ω−kzvob)2
∂2Ez

∂x2

+ nob

γ03(ω−kzvob)2
∂Ez

∂z

]
ẑ . (10)
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Now, replacing kz = ω
vob

and ∂2

∂x2 =β2
2 , in Eq. (10), the perturbed current density can be re-written

as

~Jnl = e2(1+∆)vob
2

imωγ0(ω−kzvob)2
∂nob

∂x
∂Ez

∂x
ẑ . (11)

The electric and magnetic field of surface plasmons are related with the equations ~E = A1(t)~Eo

and ~H = A2(t)~H0 , when the beam current is present, where ~Eo and ~H0 are the electric and
magnetic field in the absence of beam current. In vacuum region permittivity is εm= 1. The
relations are defined as ∇×~E0 = iω

c
~H0 and ∇× ~H0 =− iωεm

c
~E0 , where

∇×~E =−1
c
∂~H
∂t

and ∇× ~H = 4π
c

(~Jnl +~Jnl
s )+ εlatt

c
∂~E
∂t

(12)

using Eq. (12), one may find the equations as ∂A2
∂t ≈ ∂A1

∂t and ∂A2
∂t = iω(A1 − A2) with[

∂A1

∂t
− iω(A1 − A2)

]
~E0 =−4π~Jnl . (13)

Multiplying Eq. (13) by E0* and integrating from −∞ to +∞, we obtain

[
∂A1

∂t
+F A1

]
=−

2π
∫ +∞

−∞
~Jnl ·~E∗

0dx∫ +∞

−∞
~E0 ·~E∗

0dx
= 4(1+∆)ωpb

2v0b
2β2M

γ0ω(ω−kzvob)2ab2N
A1 (14)

where

N = [1+cosh(2β2r)](β1
2 +kz

2)
β1

3 + 2[(2β2r(β2
2 −kz

2)+ (β2
2 +kz

2)sinh(2β2r)]
β2

3 ,

M =
∫ +r

−r
cosh(β2x)sinh(β2x)exp

(
−x2

a2
b

)
xdx .

Therefore, the relation becomes

∂A1

∂t
+F A1 =

4(1+∆)ωpb
2vob

2β2M
ωγ0a0b2N

A1 . (15)

Where F = ikzvgr , and ωpb(= (4πNobe2/m)1/2) is the beam plasma frequency, ∂
∂t =−iδ, δ is the

frequency mismatch and vgr is the group velocity of the radiation frequency ω, respectively. We
write ω= kz + iδ and the imaginary part gives the growth rate

Γ= Imδ=
(

4(1+∆)ωpb
2vob

2β2M
ωγ0ab2N

) 1
3

ei(2nπ/3), n = 0,1,2 . (16)

Eq. (16) can be re-written as

Γ=
p

3
2

(
4(1+∆)ωpb

2vob
2β2M

ωγ0ab2N

) 1
3

. (17)

From Eq. (17), we can say that the growth rate Γ of the THz radiation mode scales as the
one-third power of the beam current and modulation index ∆.
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5. Results and Discussion
The numerical calculations have been carried out using the typical parameters for SPs (a) For
n-type GaAs semiconductor: electron plasma density ns = 0.9×1017 cm−3 , the effective mass of
the semiconductor m∗ = 0.067m and lattice permittivity εlatt is 10.89, (b) For n-type InSb: the
electron plasma density ns = 2×1016 cm−3 , the effective mass of the semiconductor m∗ = 0.014m,
lattice permittivity εlatt is 15.7, and other parameters are same and kept constant as given: mass
of electron m = 9.1×10−28 g, charge of electron e = 4.8×10−10 statcoulombs, and modulation
index ∆ ranges from 0 to 1 in the steps of 0.1. The parallel semiconducting plate separated with
a distance of 2r = 0.72 cm. However, the electron beam width and radius are defined as 0.60cm
ŷ and 0.32 cm, respectively.

Using Eq. (5), we have plotted the dispersion curve of surface plasma wave (cf. Figure 2).
From Figure 2, it can be seen that the radiation frequency ω increases with the propagation
vector kz of the unstable mode. Figure 3, shows the graph between the plasma frequency and
density of plasma electrons of the semiconductor. It can be seen form Figure 3, that the plasma
frequency increases with density of electrons, which follows the same trend of results obtained
by Kong et al. [32]. In Figure 4, we have plotted the growth rate Γ (rad/sec) of the unstable mode
as a function of modulation index ∆ using Eq. (17) for the following parameters: ω/ωp = 0.47,
Eb = 2.7 MeV, ωp/ωpb = 5.31×103 , normalized distance rωp/c = 783.9. From Figure 4, it can be
observed that the growth rate of the instability increases linearly with the modulation index
and reaches the largest value when ∆∼ 1, kz ∼ kzo and ω∼ωo , which satisfied the condition of
phase matching in the generation of THz wave i.e., when the phase velocity of the THz radiation
wave is comparable to the modulated beam velocity.

Figure 2. Dispersion curve of SPW for n-type GaAs semiconductor:radiation frequency ω is a function
of axial wave vector kz at the values 2r = 0.72 mm and εlatt = 10.89.
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Figure 3. Plot of plasma frequency ωp (in rad./sec) versus plasma density of electrons ns (in cm−3) for
n-type GaAs.

Figure 4. Plot of growth rate Γ (in rad./sec) of instability versus modulation index ∆ at ω/ωp = 0.47 and
Eb = 2.7 MeV.

From Eq. (17) it can be seen that the growth rate of the unstable mode scales as the one-
third power of the beam density. The modulated beam electrons transfer their energy to the
electromagnetic surface plasmons, till the velocity of beam electrons is slightly greater than
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the phase velocity of the THz wave, which leads a significant amplification in the amplitude
of the unstable wave. In Figure 5, we plotted a graph between the growth rate of instability
and modulation index for n-type GaAs and n-type InSb for the same parameters as mentioned
above. From Figure 5, it can be seen that the growth rate of n-type InSb, a narrow band gap
semiconductor, is higher than the n-type GaAs semiconductor.

Figure 5. Variation of growth rate Γ (in rad./sec) of the instability with modulation index ∆ for the
semiconductors (a) n-type InSb (dash) (b) n-type GaAs ((solid).

6. Conclusion
A theoretical model for the interaction of density modulated electron beam with thermally
emitted surface plasmons in a parallel plane guiding structure (n-type GaAs), is studied in
the present paper. The growth rate of unstable mode of THz surface plasmons gets amplified
with modulation index and reaches the largest value as ∆∼ 1, and satisfies the condition of
phase matching i.e., when the velocity of modulated beam is comparable to the phase velocity
of the radiation wave. In addition, the growth rate of instability scales as one third power of
beam density. Furthermore, we compare the thermal emission property of the n-type GaAs
and n-type InSb. In this case, it is found that the growth rate of instability mode for n-type
InSb is higher than the n-type GaAs semiconductor. It is concluded that the main mechanism
for the high growth rate in instability for n-type InSb sample may be due to high conductivity
of the electrons. The analysis also illustrates that the surface plasmons resonance can be
tuned within frequency range from 0.3 to 10 THz by conventional doping concentration of
the semiconductors. In conclusion, n-type InSb semiconductor with a small band gap strongly
supports the confinement of surface plasmons in a parallel plane guiding structure.
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