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Terahertz (THz) field excitation by a rotating relativistic electron beam in a magnetized
plasma column is described using numerical analysis and particle-in-cell simulation. A
rotating electron beam propagating through a cylindrical plasma column excites plasma
wakefields. The plasma wakefields couple with the electron beam to excite transverse
currents at THz frequency. As a result, the energy of the wakefield directly converts into
the form of electromagnetic radiation in the THz range. The magnetic field supports
the transverse modes via electron cyclotron resonance. The strength of the THz field
is enhanced due to scattering of the spiralling electron beam on the plasma density
perturbation. The THz field amplitude is controllable by the electron beam velocity and
beam density. On increasing the beam current, the THz field is enhanced significantly.
The analytical results are compared with particle-in-cell simulations and are found to be
in reasonable agreement.
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1. Introduction

Terahertz (THz) radiation generation has emerged as a promising and rapidly developing
areas of research in science and engineering, including security and medical diagnostics
(Ferguson & Zhang 2002; Dragoman & Dragoman 2004; Taylor et al. 2011; Hirori
& Tanaka 2013; Lewis 2014; Hafez et al. 2016). Vacuum electronic devices (VEDs),
such as travelling-wave tubes, have been used to generate high frequencies (Booske
et al. 2011; Chattopadhyay 2011; Srivastava 2015). But VEDs are difficult to fabricate
with the conventional tube technologies because of small dimensions of parts of the
radio-frequency circuit being at THz frequencies. The plasma accelerator development
(Gupta & Suk 2007; Jain & Gupta 2021; Shpakov et al. 2021) solves this problem by
creating relatively compact electron beam sources that can generate a THz field in various
ways (Sheng, Mima & Zhang 2005; Gupta et al. 2022).

Recent research shows the generation of high-charge electron beams using various
methods. The availability of high-current electron beams opens new ways to generate
low-cost THz sources (Wu et al. 2007). The interaction of high-current electron
beams with a plasma is one of the promising methods for THz field generation
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(Nikiforov et al. 2021). A relativistic electron beam propagating through a plasma can
excite electron plasma oscillations via the action of the ponderomotive force. These
oscillations are able to convert their energy into the THz field under density gradients
or external magnetic fields. For a typical underdense plasma density, the frequencies of
these oscillations lie in the THz range. Several methods have been investigated for this
study (Jha et al. 2005; Maity et al. 2021).

In this paper, we investigate a novel radiation scheme, which uses a rotating (spiralling)
electron beam to excite THz radiation in a cylindrical plasma column. A cylindrical plasma
column is considered, which is immersed in a longitudinal magnetic field. The electron
beam propagation in the plasma supports a variety of electrostatic/electromagnetic modes
(Sharma 1997; Gupta & Sharma 2004). The proposed mechanism is based on plasma
wakefield-mode excitation (Caldwell et al. 2010; Zhang et al. 2016) by a rotating electron
beam. The rotating electron beam excites the transverse wakefield component via radial
density perturbation. The magnetic field supports the excited wakefield modes to generate
transverse currents at THz frequency. The currents associated with the transverse plasma
wakefields generate THz fields. The advantage of this mechanism is to utilize the high
beam current to enhance the THz field. Using a simple fluid model, a THz field has been
calculated via wakefield excitation. Numerical as well as particle-in-cell (PIC) simulations
results are obtained to validate the proposed idea.

The paper is organized as follows: using a simple fluid model, the plasma mode
analysis for a rotating electron beam is formulated in § 2. The propagation of a rotating
electron beam in a plasma in the presence of a magnetic field is given in § 3. The
plasma wakefield excitation and the corresponding transverse wakefield component have
been analysed. Numerical results for THz field estimation are presented for the proposed
theoretical model. In § 4, we provide PIC simulation results to validate the model. Finally,
a conclusion is given in the last section of this paper.

2. Plasma mode analysis

Consider a cylindrical column of radius a. This cylindrical column is filled with a
plasma of density ne. The plasma in this cylindrical plasma column is supported by a
longitudinal magnetic field Bs. A rotating electron beam is launched axially to this column
for plasma interaction. Consider the plasma equilibrium is perturbed by an electrostatic
perturbation with electrostatic potential given by

φ = φ(r) exp[−ι(ωt − βθ − kzz)], (2.1)

where φ(r) = −(n0b(r)e/ε0k2
z ), β is the azimuthal mode number, ε0 is electric permittivity

of free space, k = ẑkz is the propagation vector, e is the electron charge, ω is the angular
frequency of the perturbation and θ is the angular co-ordinate. The electron beam density
profile is taken as n0b(r) = (N0

0/2πa)δ(r − a), where N0
0 is the number of beam electrons

per unit axial length, δ is the Dirac delta function. The static magnetic field is applied
along the z-direction as Bs ‖ ẑ.

The response of plasma electrons to the fields can be governed by the equation of motion

m
dV
dt

= e∇φ − e(V × Bs) (2.2)

and the continuity equation

https://doi.org/10.1017/S0022377823000685 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377823000685


Terahertz generation by a rotating electron beam 3

∂n
∂t

+ ∇ · nV = 0. (2.3)

The linearization of these equations gives the velocity and density perturbations as (Liu
and Tripathi 1994)

V 1⊥e = e
m

∇⊥φ × ωc + ιω∇⊥φ

ω2 − ω2
c

, (2.4)

V 1z = −ekzφ

mω
, (2.5)

n1e = −n0
0e
m

(
− ∇2

⊥φ

ω2 − ω2
c

+ k2
z φ

ω2

)
, (2.6)

where −e and m are the electron charge and mass, respectively. The sign ⊥ indicates the
direction perpendicular to the magnetic field. Here, the electron cyclotron frequency is
defined as ωc = eBs/m.

The electrostatic potential excited in the plasma can be obtained using Poisson’s
equation. We write Poisson’s equation in cylindrical coordinates (assuming ∂/∂z = 0) as

∂2φ(r)
∂r2

+ 1
r

∂φ(r)
∂r

+ 1
r2

∂2φ(r)
∂θ 2

= −ρ1

ε0
, (2.7)

where ρ1 is the charge density associated with the electron density given by (2.6). Using
(2.6) in (2.7), we get

∂2φ(r)
∂r2

+ 1
r

∂φ(r)
∂r

+

⎛⎜⎜⎜⎜⎝
(

ω2
p

ω2
− 1

)
k2

z(
1 − ω2

p

ω2 − ω2
c

) − β2

r2

⎞⎟⎟⎟⎟⎠φ(r) = 0, (2.8)

where ω2
p = nee2/ε0m.

The solution of above equation can be considered as

φ(r) = αΓβ,nJβ( pr), (2.9)

where Γβ,n = [(2/a2)J2
β+1( pna)]1/2 is the normalization constant such that φ must vanish

at r = a; thus, (Jβ( pa) = 0). Here, p = pn = χn/a (with n = 1, 2, 3), where χn is the
zeroth of the Bessel function Jβ(x).

The electrostatic potential excited in a plasma can be given by (2.9). The expression
of different modes of the excited potentials can be obtained using different orders of the
Bessel function. In a cylindrical geometry, plasma can support various modes of plasma
potential due to geometry effects. This can be seen from the results shown in figure 1.
Figure 1 shows the electrostatic potential (φ(r) in a.u.) of the plasma modes supported
in a magnetized plasma column. The solution shown by (2.9) shows that the potential of
plasma mode characterizes the extent of localization of the plasma mode and increases
with ω/ωp. This means that the potential of the plasma modes is more strongly localized
near ωp, which can support the excitation of electromagnetic fields by coupling with the
spiralling electron beam in the presence of a magnetic field. We study the coupling of
plasma modes with the electron beam for THz field excitation in the next section.

https://doi.org/10.1017/S0022377823000685 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377823000685


4 D.N. Gupta, M.C. Gurjar and A. Jain

FIGURE 1. Potential of plasma mode for different azimuthal quantum numbers β = 0, β = 1,
β = 2, β = 3 with normalization constant α = 2 × 106 V cm−1, plasma column radius a =
3.6 × 10−4 cm, nb = 16 × 1016 cm−3 and ne = 8 × 1016 cm−3.

3. The THz field generation

We consider the propagation of an electron beam of density n0b and velocity Vb with
spreading in the azimuthal direction. The beam acquires an oscillatory velocity due to the
excited plasma modes. The governing equation for electron motion in the presence of an
electron beam can be written as

m
d
dt

(γ V ) = e∇φ − e
c
(V × Bs), (3.1)

where γ = (1 − V2/c2)−(1/2), c is the velocity of light in vacuum.
We solve the above equation by using the perturbation approach in the relativistic

regime. The physical quantities are expanded in the form of power series expansions
in term of fields. We expressed these expansions as X = X(0) +∑∞

n=1 α(l+1)X(n), where
X = (v) and X(0) = (1). Here, α is a normalized parameter which defines the scale of
nonlinearity. The source of nonlinearity is the beam electric field for this calculation,
hence, α can be expressed in terms of the beam electric field. We apply a first-order
perturbation to obtain the perturbed electron velocity as V = V 0b + V 1b. Here, subscript b
is for the beam and V 1b has components V r and V θ .

To obtain the perturbed quantities, we use γ = γ0 + γ 3
0 V 0b · V 1z/c2 and n = n0b + n1b,

where V 1br = −ι(ω̄ − qωc/γ0)r1, V 1bθ = r1(ωc/γ0) + r0θ̇ 1, V 1bz = −ι(ω̄ − βωc/γ0)z1
with

r1 = − e
mb

[
γ0

(
ω̄ − βωc

γ0

)
E1r − ι

(
ωc

γ0

)
E1θ

]
(

ω̄ − βωc

γ0

)[
ω2

c

γ 2
0

− γ 2
0

(
ω̄ − βωc

γ0

)2
] , (3.2)

θ 1 = − e
mbr0

[
γ0

(
ω̄ − βωc

γ0

)
E1θ + ι

(
ωc

γ0

)
E1r

]
(

ω̄ − βωc

γ0

)[
ω2

c

γ 2
0

− γ 2
0

(
ω̄ − βωc

γ0

)2
] , (3.3)
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z1 = − eE1z

mbγ
3
0

(
ω̄ − qωc

γ0

)2 , (3.4)

where ω̄ = ω − kzV0‖.
Solving the equation of continuity ∂n/∂t + ∇ · (nV ) = 0, one obtains

n1b = n0bkz · V 1b

ω
. (3.5)

Now the perturbed current density can be written as

J 1b = −e(n1bV 0b + n0bV 1b). (3.6)

We define ET and HT as THz field structures in the absence of a beam. In the presence
of a beam current, let the fields be E = A1(t)ET and magnetic field B = A2(t)BT . Here, the
subscript T is used for THz. The above fields satisfy the following Maxwell’s equations:

∇ × E = −1
c

∂B
∂t

, (3.7)

∇ × B = 4π

c
J 1b + ε

c
∂E
∂t

. (3.8)

Here, ε = 1 − ω2
p/ω

2.
Using the above solutions in (3.7) and (3.8), we obtain

∂A2

∂t
= −ιω(A1 − A2), (3.9)[

ε
∂A1

∂t
− ιωε(A1 − A2)

]
ET = −4πJ 1b. (3.10)

Solving (3.9) and (3.10), assuming ∂A1/∂t ≈ ∂A2/∂t (for high-frequency electromagnetic
radiation), we obtain

−2ιεω(A1 − A2)ET = −4πJ 1b. (3.11)

Taking the dot product of this equation by ETr dr and integrating over r from 0 to ∞,
we get

∂A1

∂t
= 2π

ε

∫ ∞

0
J 1bzE∗

Tzr dr∫ ∞

0
ET · E∗

Tr dr
. (3.12)
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By simplifying, we get all components of the generated THz electric field as follows:

ETr = 2πe2n0bl
ωεmb(A1 − A2)

(
kV 0b

ω
+ 1

) [γ0

(
ω̄ − βωc

γ0

)
∇φr + ι

(
ωc

γ0

)
∇φθ

]
[

ω2
c

γ 2
0

− γ 2
0

(
ω̄ − βωc

γ0

)2
] , (3.13)

ETθ = 2πιe2n0b

ωεmb(A1 − A2)

(
ω̄ − βωc

γ0

)[
ω2

c

γ 2
0

− γ 2
0

(
ω̄ − lωc

γ0

)2
] (kV 0b

ω
+ 1

)

×
[
ωc

(
ω̄ − βωc

γ0

)
∇φr + ι

ω2
c

γ 2
0
∇φθ + ιω(−γ0)

(
ω̄ − βωc

γ0

)
∇φθ − ι

ωc

γ0
∇φr

]
,

(3.14)

ETz = − 2πe2n0b

ωεmbγ
3
0 (A1 − A2)

(
kV 0b

ω
+ 1

)
(

ω̄ − βωc

γ0

) ∇φz. (3.15)

Equations (3.13)–(3.15) show the excited electromagnetic fields generated by the spiral
electron beam interaction with a plasma. We estimate the transverse component of the
electromagnetic field (THz field) for various electron beam parameters. The dependency
of the excited THz fields on the electron beam velocity and electron beam density is
illustrated in figure 2. Figure 2(a) shows the spectral variation of the THz field (in GV m−1)
for different electron beam velocities. The results depicted in figure 2(a) show that the
beam velocity plays an important role in THz field excitation. The THz field increases with
the electron beam velocity due to large transverse current generation during the electron
beam interaction with plasmas. The large beam velocity obviously contributes profoundly
to the transverse current density because the current density is directly proportional to the
charge carrier velocity. Thus, the THz field strength is enhanced by the beam velocity, as
confirmed by these results. We know that the THz field peaks near ωp due to resonance.
Our results shows that the THz field is maximized near ωp, as shown in the results of
figure 2. The deviation in plasma frequency diverts the pump energy, hence, the transverse
current may be varied accordingly. On the other hand, the applied magnetic field supports
the transverse oscillations, which contribute via electron cyclotron resonance. Figure 2(b)
shows the spectral distribution of the THz field for different beam velocities. It is clear
from (3.13) that the radial electric field increases with the beam velocity. Consequently, the
THz field increases with the beam velocity. The higher electron beam density enhances
the plasma oscillations via strong excitation of the plasma density perturbation. In a result,
the transverse current associated with the plasma oscillations will be stronger for the large
beam density. A stronger peak THz field for the large beam density can be confirmed from
the results shown in figure 2(b).

4. The PIC simulation results

To validate the proposed theoretical model, we carried out quasi-three-dimensional
(quasi-3-D) simulations. In this study, we investigate THz field generation using the
interaction of an electron beam with a plasma in a cylindrical column. For this study,
these simulations are performed using the spectral, quasi-3-D PIC code FBPIC (Lehe
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(a)

(b)

FIGURE 2. Spectral distribution of THz field (in GV m−1) for (a) different electron
beam velocities V0b = 2 × 1010 cm s−1, V0b = 2.3 × 1010 cm s−1, V0b = 2.7 × 1010 cm s−1,
V0b = 3 × 1010 cm s−1 with ne = 8 × 1016 cm−3, n0b = 16 × 1016 cm−3 and (b) different
electron beam densities n0b = 10 × 1016 cm−3, n0b = 16 × 1016 cm−3, n0b = 20 ×
1016 cm−3, n0b = 24 × 1016 cm−3 with ne = 8 × 1016 cm−3. The plasma is filled in a
plasma column of radius a = 3.6 × 10−4 cm−1 with a magnetic field of 0.1 T.

et al. 2016). This code uses a spectral cylindrical representation, which decreases
the computational load in the laser interaction process. FBPIC contains a set of 2-D
radial grids which represents an azimuthal mode. The fields are decomposed into two
azimuthal modes (Nm = 2). The simulation grid size is set to be 0.14 μm × 0.4 μm in the
longitudinal and transverse directions, respectively (with 8 particles per cell). The moving
window with size 170 μm × 60 μm is large enough to simulate plasma oscillations in the
first cycle. The parameters for an electron beam used in the simulations are as follows:
beam size (σr = 5 μm, σz = 10 μm), beam energy 28 GeV and beam density range is nb =
16–24 × 1016 cm−3. The plasma density taken for these simulations is ne = 8 × 1016 cm−3

with a magnetic field of 0.1 T.
Figure 3 shows the PIC simulation results of the THz field excitation corresponding to

the theoretical model given § 3. The excited THz field and the corresponding transverse
current density both are given in this figure. The average low-frequency ponderomotive
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(a) (b)

FIGURE 3. Snapshots of (a) THz electric field ETr (GV m−1) and (b) transverse current density
Jx (normalized by ncec, where nc = 1021λ−2

0 cm−3 is the critical plasma density) for nb = 24 ×
1016 cm−3.

(a) (b)

FIGURE 4. Simulation results of THz electric field ETr (GV m −1) for different (a) electron
beam densities with ne = 8 × 1016 cm−3 and (b) plasma densities ne with n0b = 24 ×
1016 cm−3. The other numerical parameters are same as those of figure 3.

force associated with the electron beam drives plasma oscillations, generating a dynamic
plasma current. The finite rotation of the electron beam generates a transverse component
of this current, which excites THz radiation. It is evident from the simulation results that
the transverse plasma current is generated by a rotating electron beam while interacting
with the plasma. Thus the corresponding THz field is finite. To clearly demonstrate the
role of the electron beam parameters, we have depicted the THz field evolution in figure 4
for different beam densities and plasma densities. These results are obtained from the
simulation data.

THz field increases with the electron beam density, as predicted previously by the
theoretical model. The PIC simulation results show that the maximum THz field is
approximately 10 GV m−1 for the electron beam density of n0b = 16 × 1016 cm−3. This
value of the peak THz field is also very close to the data obtained from the theoretical
model (see figure 2b). This peak THz field corresponds to the resonance condition
(ω ≈ ωp). The peak THz field also depends on the plasma density. The maximum THz
field is enhanced by the plasma density. The peak THz field position is also shifted due
to the variation of ωp, as seen in figure 4(b). The radiation field is peaked at ωp for a
given plasma density. Thus, the peak radiation field is tuneable with the beam density and
velocity. These simulation results are consistent with the theoretical findings. However, a
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deviation in the THz field profile can be observed as the simulation results are inconsistent
with the envelope model.

5. Conclusion

We have investigated a way to generate THz fields by employing a rotating electron
beam for plasma interaction with a cylindrical plasma column. The mechanism is based
on transverse plasma current generation by a spiralling electron beam. We have described
a systematic theoretical model for this mechanism. The obtained results are in fairly good
agreement with quasi-3-D PIC simulation results. It was found that the radial extent of the
rotating electron beam can sustain the transverse motion of the plasma electrons, which
can excite transverse electromagnetic fields in the THz frequency range. We reported
a substantial increase in the THz field, as high as 10 GV m−1, by employing a rotating
electron beam. Scaling laws have also been obtained for THz field optimization. The THz
field is tuneable by the electron beam parameters. Such a compact source of THz radiation
not only triggers various nonlinear dynamics in matter, but also opens up the research era
of relativistic THz optics.
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