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Generation of tunable terahertz radiation based on the interaction of a frequency-chirped low power
terahertz wave with a relativistic electron beam is proposed. The electron beam is first modulated
temporally due to the ponderomotive force induced by the beat wave of two copropagating intense laser
beams of slightly different frequencies. Then the electron beam interacts with a low-amplitude driver wave
at terahertz frequency with a linear frequency chirping. A nonlinear transverse current density is driven that
emits terahertz radiation at an up-shifted frequency with a relatively enhanced amplitude. The modulation
process is analyzed theoretically by a complete set of fluid equations and considering the effects of both the
electrons space-charge potential and the beat wave ponderomotive force. The initial density and energy of
the electron beam are both optimized in order to improve the terahertz amplification process. The effect of
the driver’s frequency chirping, as well as the effects of the initial electron beam density and energy on the
emitted terahertz radiation are investigated numerically. It is shown that the frequency chirping of the driver
wave plays a key role in terahertz amplification. It is shown that there is an optimum chirp value for which
the terahertz radiation is amplified significantly compared with the case without chirping. Moreover,
transverse effects of the laser beams and the driver wave on the emitted terahertz radiation are also
investigated.

DOI: 10.1103/PhysRevAccelBeams.24.120703

I. INTRODUCTION

Terahertz radiation with widespread applications in
science, technology, and medicine has attracted many
scientists in the past few decades [1–4]. Currently, low
power terahertz sources are based on the interaction of
ultrashort laser pulses with semiconductors [5–7], non-
linear crystals [8,9], and plasmas [10–14]. On the other
side, accelerator based sources are playing a pivotal role
toward high power terahertz radiation [15–21]. An electron
beam with a regularly spaced density at intervals in the
order of the terahertz wavelengths can be a source of
coherent terahertz radiation [20,21].
Utilizing laser beams for manipulation of the electron

beam, i.e., rearranging the particles distribution in the phase
space, and modulating the electron beam density, has
become widespread recently [22–31]. These techniques
are mainly based on modulator-chicane modules, in which
the electron beam is sinusoidally modulated during the
interaction with a laser beam inside an undulator and then

compressed longitudinally in a magnetic chicane. Various
layouts have been proposed so far to improve the modu-
lation process for generation of short-wavelength radiation
including the combinations of one modulator-one chicane
[23,24], two modulators-one chicane [25], and two mod-
ulators-two chicanes [26,27], which are mainly used for the
generation of short-wavelength radiation.
There are some schemes that employ two laser beams for

the electron beam microbunching and terahertz generation
[26–34]. As variants of echo-enabled harmonic generation,
some techniques have been proposed for electron beam
density modulation at terahertz frequency using two lasers
with different frequencies [26–29]. A different combination
of the undulator and chicane has been proposed by using
two lasers with identical wavelength [30]. The generation
of frequency-chirped density modulated electron beam in
two modulators has also been studied, where two laser
pulses with the same central frequencies but different chirp
parameters interact sequentially with the electron beam in
modulators. The modulated electron beam then is used to
produce ultrashort terahertz radiation in a tapered undulator
[31]. Electron beam microbunching using a two-frequency
laser beam has also been studied theoretically by ignoring
the space-charge effects, but taking it into account in
numerical calculations [32]. In a different approach, a
mechanism of using the beat wave of two laser beams
with different frequencies has been proposed to create
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electron density modulation at terahertz frequency, while
the space-charge effects of the electron beam were
neglected [33,34]. The modulated electron beam then emits
radiation at terahertz frequency when interacts with a
wiggler magnetic field [33] or surface plasma wave [34].
In some schemes, a short laser pulse is used to produce a
train of attosecond electron bunches [35–38] for generation
of short x-ray radiation [35]. Attosecond electron bunch
generation via ponderomotive force of two femtosecond
lasers at different frequencies has been demonstrated
experimentally [36]. In a different scheme, generation of
short electron pulse trains in the interaction of laser field
with a plasma mirror has been investigated numerically
[37]. Femtosecond terahertz radiation from femtoslicing by
a short laser pulse has been also demonstrated at
BESSY [38].
In this paper, a uniform density electron beam is

modulated with the ponderomotive force induced by the
beat wave of two laser beams at slightly different frequen-
cies. The electron beam modulation is analyzed theoreti-
cally by the complete set of fluid equations [39] and
considering the effects of both the electrons space-charge
potential and the laser beat wave ponderomotive force.
Thereafter, the modulated electron beam interacts with a
chirped-frequency low-amplitude driver wave at terahertz
frequency that drives a nonlinear transverse current of
electrons. Such frequency-chirped terahertz waves could be
practically generated by employing some modified photo-
mixing schemes [40,41]. The nonlinear current then emits
terahertz radiation at a frequency higher than that of the
driver and with a relatively improved amplitude. The
frequency up-shift is of the order of the ponderomotive
beat wave frequency. It is revealed that the terahertz
radiation can be significantly enhanced by a resonantly
chirped driver wave when compared to the case without
frequency chirping.
The paper is organized as follows: In Sec. II, the

theoretical model is described. In Sec. III, the results of
the numerical calculations are presented and discussed. The
effect of the driver’s frequency chirping, as well as the

effects of the electron beam parameters (i.e., density and
velocity) are investigated numerically. In Sec. IV, some
concluding remarks are made.

II. THEORETICAL MODEL DESCRIPTION

As shown in Fig. 1, two laser beams of different
frequencies co-propagating along the z-axis interfere and
create a beat wave, that then interacts with a relativistic
electron beam moving along the lasers propagation axis. It
causes the longitudinal density modulation of the electrons
when passing through a drift space [33]. Thereafter, the
density modulated electron beam interacts with a low
intensity driver wave at terahertz frequency with a tempo-
rally varying frequency. The electron bunches are expected
to interact with an almost fixed intensity of the driver wave
around its focal region by considering a large enough radius
for the terahertz wave to provide a long Rayleigh range.
Terahertz mirrors have small apertures to let the electron
beam with a much smaller size go through without
considerable effect on the spatial distribution of the
terahertz waves. As a result, a nonlinear transverse current
is driven that emits terahertz radiation at a frequency higher
than that of the driver. The frequency up-shift is of the order
of the electron beam modulation, and hence the beat wave
frequency. A resonantly chirped driver wave can enhance
the terahertz radiation significantly compared with the case
without chirping.
Laser beams are described as two linearly polarized

plane waves propagating along the z-axis with the vector
potential as follows:

Ajðz; tÞ ¼ x̂Aje−iðωjt−kjzÞ; ð1Þ

where Aj is the constant amplitude of laser beams, ωj and
kj are the frequency and wave number of lasers, respec-
tively, and j ¼ 1, 2 denotes the laser beams numbers. The
electric and magnetic fields of each laser are obtained as
Ej ¼ −∂Aj=∂t and Bj ¼ ∇ ×Aj, respectively. The elec-
tron beam with length lb is assumed to have initial uniform

FIG. 1. The proposed layout of the interaction. The electron beam is modulated by the ponderomotive force induced by the lasers beat
wave. Whereafter, the modulated electron beam interacts with a chirped-frequency low-amplitude driver wave at terahertz frequency that
drives a nonlinear transverse current of electrons. The nonlinear oscillations of electrons will then emit high-intensity terahertz radiation.
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density n0 and momentum p0 ¼ γ0mev0, where me denotes
the electron mass, γ0 ¼ ½1 − v20=c

2�−1=2 is the Lorentz
factor, v0 ¼ v0ẑ is the initial electron beam velocity and
c is the speed of light in vacuum. The electron beam
interacts with lasers beat wave.
The beat wave jAj2 ¼ jA1 þA2j2 has two characteristic

phases corresponding to the sum and difference phases of
the individual laser beams. In other words, the beat wave is
characterized by a fast superluminal wave and a slow sub-
luminal wave. As a result of the slow beat wave, lasers exert
a ponderomotive force on the electrons. By neglecting fast
oscillating terms, the ponderomotive force is given by [33]

Fpond ¼ −
e
2
ðv1 ×B�

2 þ v�2 ×B1Þ; ð2Þ

where � denotes the complex conjugate of the quantity.
Here, vj ¼ eAj=γ0me is the oscillatory transverse velocity
of the electron beam in the jth laser beam, and e is the elec-
tron charge. The ponderomotive force is then calculated as

Fpond ¼ −
ie2kA1A2

2γ0me
e−iðωt−kzÞẑ; ð3Þ

where ω ¼ ω1 − ω2 and k ¼ k1 − k2 are the frequency and
wave number of the slow beat wave, respectively. As a
result of the axial ponderomotive force, the electrons will
perform longitudinal space-charge oscillations at frequency
ω that can be tuned over the terahertz frequency region,
provided that proper lasers are chosen. Therefore, the
velocity and, consequently, the density of the electrons
would be modulated and electron bunches with regularly
spaced density modulation in the order of the terahertz
wavelength are produced. In the following section, by the
complete set of fluid equations, a theoretical model of the
electron beam modulation is presented.

A. Electron beam modulation

As the consequence of the laser beat wave interaction,
the density, velocity, and the space-charge potential of the
electron beam are perturbed as n ¼ n0 þ n1, v ¼ v0 þ v1
and ϕ ¼ ϕsc, respectively, where n1 and v1 ¼ v1ẑ are the
perturbed quantities. In the fluid model, the electron beam
behavior is described by

∂p
∂t þ v:∇p ¼ e∇ϕsc þ Fpond; ð4Þ

∂n
∂t þ∇ · ðnvÞ ¼ 0; ð5Þ

∇2ϕsc ¼
en1
ϵ0

; ð6Þ

which are the momentum (p ¼ γmev with γ ¼ ½1−
v2=c2�−1=2), continuity and the Poisson equations, res-

pectively. Equation (4) includes the effects of both the
space-charge potential ϕsc, and the ponderomotive force
Fpond on the momentum change.
As a response to the ponderomotive force, the perturbed

quantities of the electron beam i.e., n1, v1 and ϕsc have
the dependency e−iðωt−kzÞ that indicates oscillations at fre-
quency ω and wave number k. The equations are linearized
by taking γ ≈ γ0 þ ðv0γ30=c2Þv1 and γv ≈ γ0v0 þ γ30v1.
After some straightforward calculations, the perturbed
quantities in the dimensionless units are obtained as
follows:

v1 ¼
k

γ30ðω − kv0Þ
�
−ϕsc þ

A1A2

2γ0

�
; ð7Þ

n1 ¼
k

ω − kv0
v1; ð8Þ

ϕsc ¼ −
n1
k2

: ð9Þ

Here, the normalized units are employed as ω → ω=ωpe,
k → kc=ωpe, n1 → n1=n0, v0;1 → v0;1=c, ϕsc → eϕsc=mec2

and Aj → eAj=mec, where ωpe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0e2=ϵ0me

p
is the

plasma frequency of the electron beam. After some
algebraic calculation of Eqs. (7)–(9), the perturbed density
of the electron beam is obtained as

n1 ¼
k2A1A2

2γ0½γ30ðω − kv0Þ2 − 1� e
−iðωt−kzÞ: ð10Þ

A resonant density modulation will be achieved if v0 ≈ ω=k
similar to the Cerenkov resonance condition. The elec-
tron beam microbunching can be improved by using a
magnetic chicane [22], or a drift space behind the modu-
lator [33,34,42] which is not discussed in this paper. The
interaction of a chirped-frequency low-amplitude driver
wave at terahertz frequency with the modulated electron
beam drives a nonlinear transverse current of electrons that
will be discussed in the next section.

B. Nonlinear transverse current

The chirped-frequency terahertz driver with the central
frequency ωd, wave number kd and constant low-amplitude
Ad is assumed to propagate along the z-axis and interact
with the density-modulated electron beam. The vector
potential of the driver wave is given by

Adðz; tÞ ¼ x̂Ade−iΦdðz;tÞ: ð11Þ

The instantaneous frequency of the driver is determined by
the temporal variation of its phase Φdðz; tÞ. Here we
consider a quadratic phase variation as
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Φdðz; tÞ ¼ ωdtþ bdt2 − kdz ð12Þ

and, consequently, a linear frequency chirping as ωðtÞ ¼
ωd þ 2bdt. Here, bd denotes the chirp parameter, which can
be considered positive or negative. The magnetic field
of the driver wave is neglected as it is a low-amplitude
wave, but, there is an electric field along the polarization
direction. Therefore, the driver does not exert any longi-
tudinal force on the electron beam, however, it causes
transverse oscillations of the electrons along the electric
field direction. The transverse motion is then described by
the linearized transverse momentum equation as

γ0me

�∂vx
∂t þ ðv0ẑ · ∇Þvx

�
¼ −eEd; ð13Þ

where the electric field is given by Ed ¼ −∂Ad=∂t.
As a response of electrons to the driver wave, the

transverse velocity along the x-axis has the dependency
of vx ∝ e−iΦdðz;tÞ. Thus, after a simple calculation we obtain
the transverse velocity in the dimensionless units as

vx ¼
ωd þ 2bdt

γ0ðωd þ 2bdt − kdv0Þ
Ad; ð14Þ

where the chirp parameter is normalized as bd → bd=ω2
pe.

The longitudinal density perturbation, Eq. (10), in
combination with the transverse velocity of the electron
beam, Eq. (14), drives a nonlinear transverse current
of electrons which is given by J⊥ ≡ JNL ¼ −en1vx.
Substituting the perturbed quantities, the nonlinear current
density in dimensionless units is obtained as

JNL ¼ x̂JNLe−iðωTtþbdt2−kTzÞ; ð15Þ

where

JNL ¼ −
A1A2Ad

2γ20

�
k2

γ30ðω − kv0Þ2 − 1

��
ωd þ 2bdt

ωd þ 2bdt − kdv0

�
;

ð16Þ

in which ωT ¼ ωþ ωd, kT ¼ kþ kd and the current
density is normalized as J → J=en0c. This oscillating
current emits electromagnetic light at frequency and wave
number of ωT and kT, respectively. One can tune the
nonlinear current density and, consequently, the frequency
and amplitude of the emitted light by adjusting the beat
wave frequency and amplitude as well as the frequency and
chirp parameter of the driver wave. The phase term in
Eq. (15) implies that the induced nonlinear current will also
be frequency chirped, which leads to the generation of
frequency-chirped terahertz waves. However, we ignore
this phase term in the following calculations, because it

could not affect the amplitude of the generated tera-
hertz waves.

C. Terahertz radiation

The nonlinear current of the electron beam emits
terahertz radiation with vector potential AT. Therefore,
the net electric and magnetic fields can be expressed in
terms of the vector potential A ¼ Ad þAT and the scalar
potential ϕsc, as E ¼ −∂A=∂t −∇ϕsc and B ¼ ∇ ×A,
respectively. By substituting the electric and magnetic
fields into Ampere’s law ∇ × B ¼ μ0Jþ ∂E=c2∂t we
obtain

�
1

c2
∂2

∂t2 −∇2

�
A ¼ μ0J −

1

c2
∂
∂t∇ϕsc; ð17Þ

where the Coulomb gauge ∇ ·A ¼ 0 is chosen. By a
similar approach to [43] we separate current density into a
transverse current Jtr ¼ Jd þ JNL, which is associated with
the electromagnetic waves (i.e., Jd is the current density
due to the terahertz driver wave and JNL is the nonlinear
current), and a longitudinal current Jlon which is associated
with the space-charge oscillations of the electron beam so
that J ¼ Jtr þ Jlon. After some straightforward calcula-
tions, the wave equation for the emitted light is obtained as

�
1

c2
∂2

∂t2 −∇2 þ 1

γ0

ω2
pe

c2

�
AT ¼ μ0JNL; ð18Þ

and the dispersion relation of the terahertz driver wave will
be given as

ω2
d ¼ k2dc

2 þ ω2
pe=γ0: ð19Þ

The generated light is expected to have the phase and
polarization similar to the nonlinear current, so we may
assume that

ATðz; tÞ ¼ x̂ATðz; tÞe−iðωTt−kTzÞ; ð20Þ

where the amplitude ATðz; tÞ is a slowly varying function of
z and t such that higher derivatives can be neglected.
Therefore, the wave equation is simplified to

∂AT

∂z þ 1

vgT

∂AT

∂t þ i
2kT

�
k2T −

ω2
T

c2
þ 1

γ0

ω2
pe

c2

�
AT ¼ iμ0JNL

2kT
;

ð21Þ

where vgT ¼ kTc2=ωT is the group velocity of the emitted
light. The third term in the left-hand side of Eq. (21) can be
omitted under the perfect phase matching condition for the
terahertz wave as ω2

T ¼ c2k2T þ ω2
pe=γ0. Hence, The nor-

malized wave equation is obtained as

SABERI, JAHANGIRI, and NIKNAM PHYS. REV. ACCEL. BEAMS 24, 120703 (2021)

120703-4



∂AT

∂z þ 1

βgT

∂AT

∂t ¼ iJNL

2kT
; ð22Þ

where βgT ¼ vgT=c and JNL is given by Eq. (16).
Equation (22) is further simplified by using a new set of
variables ξ ¼ z and ψ ¼ t − z=βgT to

∂AT

∂ξ ¼ iJNL

2kT
: ð23Þ

We assume the interaction time to be τint, and hence
the interaction length will be lint ¼ v0τint. These quanti-
ties are normalized as lint → lintωpe=c and τint → ωpeτint.
Equation (23) can be integrated over the interaction length
to give the maximum amplitude of the emitted light
normalized to the driver’s amplitude as

����AT

Ad

����
max

¼ A1A2lint
4kTγ20

���� k2

1 − γ30ðω − kv0Þ2
����

×

���� ωd þ 2bdτint
ωd þ 2bdτint − kdv0

����: ð24Þ

One can conclude from this equation that a higher terahertz
amplification gain would be achieved by increasing the
input laser intensities as well as the interaction length. It is
also clear that Eq. (24) contains two resonances at which
the amplitude of the emitted radiation could be maximized
by properly choosing the initial electron beam velocity as
well as the chirp parameter of the driver wave. The first
resonance condition is achieved when v0 ≈ ω=k that gives

����AT

Ad

����
max

≈
A1A2lintk2

4kTγ20

���� ωd þ 2bdτint
ωd þ 2bdτint − kdv0

����: ð25Þ

It shows a dependency of jAT=Adjmax ∝ k2 indicating that
the emitted terahertz amplification gain increases at higher
beat wave frequencies. The second resonance condition is
due to the resonant chirp parameter, i.e., when the condition
ωd þ 2bdτint − kdv0 ¼ 0 is satisfied, and hence significant
terahertz amplification is achieved. The resonant chirp
parameter is obtained as

bresd ¼ −
ωd − kdv0

2τint
: ð26Þ

With carefully chosen parameters, the emitted light can
be swept over the entire frequency range of the terahertz
gap. In other words, with a given beat wave frequency ω
and an arbitrary chosen terahertz frequency ωT, the driver’s
frequency is determined by ωd ¼ ωT − ω. The electron
beam critical density is then determined according to the
terahertz driver wave frequency as ncr ¼ ϵ0meω

2
d=e

2. In the
next section, within some numerical calculation the tera-
hertz amplification and the effect of the driver’s frequency

chirping are investigated, and the optimum parameters are
obtained. Moreover, the effects of the initial electron beam
density and energy will be investigated numerically to find
the optimum electron beam parameters for the terahertz
amplification.

D. Transverse effects on terahertz generation

The transverse effects of the laser beams and the driver
wave are important and could influence the terahertz
generation process. The laser beams are assumed to have
transverse Gaussian profiles as

Ajðx; y; z; tÞ ¼ x̂Aje−ðx
2þy2Þ=w2

0e−iðωjt−kjzÞ; ð27Þ

where w0 is the spot size that is assumed to be identical.
The ponderomotive force imposed by the laser beams is
then calculated as

Fpond ¼ −
e2

2γ0me

�
ikẑ −

4y
w2
0

ŷ

�

× A1A2e−2ðx
2þy2Þ=w2

0e−iðωt−kzÞ; ð28Þ

which includes an additional transverse component in the
y-direction compared with that in Eq. (3). With some
algebraic calculation of Eqs. (4)–(6) by using the ponder-
omotive force of Eq. (28), the normalized perturbed density
of the electron beam is obtained as

n1 ¼
A1A2

γ0½γ30ðω − kv0Þ2 − 1�
�
k2

2
þ 2

w2
0

�
1 −

4y2

w2
0

��

× e−2ðx2þy2Þ=w2
0e−iðωt−kzÞ: ð29Þ

Similarly, to consider the transverse effect of the driver
wave, a Gaussian profile in the transverse direction is
considered such as

Adðx; y; z; tÞ ¼ x̂Ade−ðx
2þy2Þ=w2

0e−iΦd ; ð30Þ

with a spot size similar to that of the laser beams. Then
the transverse velocity of electrons in the x–direction is
given by

vx ¼
ωd þ 2bdt

γ0ðωd þ 2bdt − kdv0Þ
Ade−ðx

2þy2Þ=w2
0e−iΦd : ð31Þ

It is obvious that Eqs. (29) and (31) well confirm those
obtained by plane laser beams, i.e., Eqs. (10) and (14),
respectively, when the spot sizes are considered large
enough (w0 → ∞).
The amplitude of the nonlinear transverse current is

modified as
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J NL ¼ −
�

A1A2Ad

γ20ðγ30ðω − kv0Þ − 1Þ
��

ωd þ 2bdt
ωd þ 2bdt − kdv0

�

×

�
k2

2
þ 2

w2
0

�
1 −

4y2

w2
0

�	
e−3ðx2þy2Þ=w2

0 : ð32Þ

Then the modified amplitude of the emitted terahertz wave
including the transverse effects is given by

∇2⊥AT þ 2ikT
∂AT

∂z ¼ −J NL; ð33Þ

where ∇2⊥ ≡ ∂2=∂x2 þ ∂2=∂y2. The transverse profile of
terahertz radiation at an arbitrary distance along the z-axis
is given by

∇2⊥ATðx; yÞ ¼ −J NL: ð34Þ

III. RESULTS AND DISCUSSION

For consistency with any terahertz driver wave we
consider the critical density of the electron beam for fd ¼
0.1 THz as ncr ≡ n0.1 ¼ 1.24 × 1014 cm−3. Moreover, we
choose CO2 laser beams for 9.3 μm and 10.6 μm lines, so
that the slow beat wave’s wavelength (frequency) will be
75.83 μm (3.95 THz). Laser 1 is considered to have the
normalized amplitude A1 ¼ 3.67 × 10−2 that corresponds
to the intensity of 2 × 1014 W=cm2. Laser 2 has the
normalized amplitude A2 ¼ 4.79 × 10−2 that corresponds
to the intensity of 3 × 1014 W=cm2. Here, the normalized
amplitudes are obtained as Aj ¼ 0.85

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ij18λj½μm�p

, where
Ij18 is the laser intensity in the unit of 1018 W=cm2, and λj
is the laser’s wavelength in the unit of μm. The initial
electron beam density is n0 ¼ n0.1 that is uniform over its
volume. The electron beam has an initial relativistic energy
of 4 MeV.
For an arbitrary terahertz frequency, e.g., fT ¼ 4.5 THz,

the driver wave should be of frequency fd ¼ 0.55 THz.
The optimum chirp parameter of the terahertz driver is
given by Eq. (26) as boptd ¼ −5.35 × 10−4 (in dimensionless
units), which is slightly deviated from the resonance to
avoid divergent numerical results.
We assume that the interaction length (and so the

interaction time) of the driver wave and the electron beam
is lint ¼ 2.5 cm (and τint ¼ 84 ps). With these parameters,
the emitted light has the maximum normalized amplitude of
jAT=Adjmax ¼ 36. All the parameters and their values for
the numerical calculations are summarized in Table I.
By adjusting the frequency of the beat wave, it could be

possible to tune the frequency of the generated terahertz
waves over the range of the terahertz gap. Figure 2 presents
the maximum amplification gain versus frequency for
terahertz waves generated by a beat wave with the
frequency of 4.5 THz. In this figure, terahertz amplification
gain obtained by the driver wave with optimal chirp value

boptd has been compared with those of two slightly different

chirp parameters (i.e., bð�Þ
d ¼ boptd � 10−4), as well with the

unchirped case. Here, the beat wave frequency is kept fixed

TABLE I. All parameters and their values for the numerical
calculation.

Quantity Symbol Value [Unit]

Electron beam
Energy E0ð¼ γ0mec2Þ 4 [MeV]
Density n0ð¼ n0.1Þ 1.24 × 1014 ½cm−3�

Lasers in modulator
Laser 1
Wavelength λ1 9.3 ½μm�
Spot size w0 50 ½μm�
Normalized amplitude A1 3.67 × 10−2

Laser 2
Wavelength λ2 10.6 ½μm�
Spot size w0 50 ½μm�

Normalized amplitude A2 4.79 × 10−2

Slow beatwave
Frequency fðω ¼ 2πfÞ 3.95 [THz]
Wavelength λðk ¼ 2π=λÞ 75.83 ½μm�

Terahertz driver
Frequency fdðωd ¼ 2πfdÞ 0.55 [THz]
Spot size w0 50 ½μm�

Chirp parameter boptd −5.35 × 10−4

Interaction length lint 2.5 [cm]
Interaction time τint 84 [ps]

Terahertz emission
Frequency fTðωT ¼ 2πfTÞ 4.5 [THz]
Relative amplitude jAT=Adjmax 36

FIG. 2. Terahertz amplification gain versus its frequency for

different chirp parameters, i.e., optimum chirp, bð�Þ
d ¼ boptd �

10−4 and the case without frequency chirping. The upper
horizontal axis shows the driver wave’s frequency. All parameters
are the same as in Table I.
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according to that in Table I, but the driver wave frequency
varies such that the terahertz emission will be tuned over
the range of 4.5–30 THz. The driver wave frequency
corresponding to each up-shifted terahertz frequency is
also indicated in the plot. This figure shows that the driver
wave chirp parameter has a large impact on the terahertz
amplification process, especially when it is close enough to
its resonance value. On the other hand, even a small
deviation from the optimum chirp value would mitigate
the terahertz amplification. Moreover, it can be seen in
Fig. 2 that the amplification gain increases at higher
terahertz frequencies.
The effect of the initial electron beam density on

terahertz generation is explored in Figs. 3 and 4.
Figure 3(a) compares the maximum amplification gain
for different initial electron beam densities. It shows that as
the density increases, a higher terahertz amplification gain
is achieved. This result is in agreement with our intuition
that larger number of oscillating electrons emit more
intense radiation. As shown in Fig. 3(b), the absolute value
of chirp parameter decreases as the density increases. The

(a)

(b)

FIG. 3. Terahertz amplification gain (a), and the optimum
frequency chirp parameter of the driver wave (b) versus fre-
quency for different initial electron beam densities. All param-
eters are the same as in Table I.

FIG. 4. Terahertz amplification gain versus the initial electron
beam densities lower than the critical density for terahertz
frequency fT ¼ 30 THz. Other parameters are the same as in
Table I.

(a)

(b)

FIG. 5. Terahertz amplification gain (a), and the optimum
frequency chirp parameter of the driver wave (b) versus fre-
quency for different electron beam energies. All parameters are
the same as in Table I.
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lower the absolute value of the chirp parameter, the easier to
make it practically in the experiment. Therefore, an electron
beam with high density would be preferable for terahertz
amplification in this scheme. Figure 4 represents maximum
terahertz amplification obtained at densities lower than the
critical electron beam density. It shows that even with
smaller densities that are more feasible in the experiment
we could obtain reasonable amplification in this mecha-
nism. Low electron beam densities, however, need higher
chirp parameters that may exert a practical limitation on this
mechanism [44]. Therefore, an optimum combination of
electron beam density and chirp parameter of the driver
wave should be used to generate high intensity terahertz
wave at the chosen frequency.
As explained previously, in order to have a resonance

density modulation, the initial electron beam velocity
should be relativistic such that v0 ¼ ωc=k ≈ c. Then we
will have the dependency jAT=Adjmax ∝ 1=γ20, as can be
seen in Eq. (25). Therefore, it is expected that the terahertz
amplification decreases as the initial electron beam energy
increases, which is verified in Fig. 5. The maximum
amplification gain for different electron beam energies is
compared in Fig. 5(a). It indicates that a low energy
electron beam emits higher amplitude terahertz, however,
lower relativistic electron beam needs terahertz driver wave
with higher frequency chirping as shown in Fig. 5(b), that
may be less practically feasible. In other words, one may
conclude that with the electron beam of the energy around
2–4 MeV, higher terahertz amplification is achieved with a
lower frequency chirping of the driver wave.
Figure 6 shows the transverse dependency of the emitted

terahertz amplitude. It can be seen that the spatial distri-
bution of the terahertz intensity is slightly asymmetric over
the transverse dimension, which could be attributed to the
appearance of the y–component of the ponderomotive force
as in Eq. (28).

IV. CONCLUSIONS

A mechanism of the terahertz radiation amplification by
a laser-modulated relativistic electron beam interacting
with a chirped-frequency low-amplitude driver wave at
terahertz frequency was proposed. A uniform density
relativistic electron beam has been modulated by the
interaction with the beat wave of two lasers with different
frequencies. The electron beam modulation has been
analyzed theoretically by the complete set of fluid equa-
tions and considering the effects of both the electron beam
space-charge potential and the lasers ponderomotive force.
Thereafter, the modulated electron beam interacted with a
co-propagating chirped-frequency terahertz driver wave
that drives a nonlinear transverse current of electrons.
The nonlinear current could emit electromagnetic light at
frequencies higher than that of the driver. The frequency
up-shift is in the order of the beat wave frequency. By a
resonant chirp parameter of the driver, the terahertz
radiation is amplified significantly compared with the case
without chirping. Our numerical results suggest that higher
terahertz amplification is achieved as the electron beam
density increases. In addition, it has been shown that the
mechanism works well with an electron beam of lower
energies, though it requires higher less practically feasible
chirp parameters for the driver wave. Moreover, numerical
calculations have revealed that for a smaller and more
practical chirp, higher terahertz amplification is achieved
when the electron beam energy is about 2–4 MeV. We have
proposed an alternative optical wiggler for terahertz wave
emission from a laser-modulated electron beam based on
utilizing a practically feasible chirped terahertz driver
wave. It could provide a controllable high amplification
gain and output bandwidth. It should be noted that the
proposed scheme would require a high current electron
beam which may be considered as a limitation.
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