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Terahertz (THz) radiation is rapidly emerging as a powerful tool with diverse applications, including high-speed
imaging, laser-driven particle acceleration, and ultra-high frequency (UHF) communications. However, generating multi-
pulse THz radiation with controllable time intervals remains a significant challenge. This study presents an approach to
overcome this hurdle by exploiting the interaction between an electron beam and plasma. Using numerical simulations
and theoretical analysis, we investigated the behavior of an electron beam within a plasma and its interaction with the
longitudinal sheath field. This interaction resulted in the generation of multiple distinct THz pulses. We demonstrated that
the plasma length adjustment allows for precise tuning of the interval between THz pulses. Moreover, the radiation intensity
could be controlled by the electron beam energy and the electron bunch duration. The proposed scheme can generate multi-
pulse THz radiation in a flexible and precise manner, paving the way for advancements in applications requiring high

temporal resolution.
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1. Introduction

Terahertz (THz) radiation,!!! occupying the spectral
range of 0.1 THz-10 THz? exhibits distinctive proper-
ties including high penetration depth, low radiation loss,
and non-destructive interaction with biological tissues and
materials.®! These unique characteristics have driven signifi-
cant interest in THz technologies for diverse applications such
as material characterization,!*! time-domain spectroscopy, !
next-generation wireless communications,%7! non-destructive
evaluation,® and biomedical imaging.®!° The growing de-
mand for THz applications has stimulated substantial progress
in plasma-based THz generation mechanisms.!!!l Current ap-
proaches include linear mode conversion,!'? two-color laser
schemes, '3 coherent transition radiation,['*15! and plasma
waveguide configurations.!'®! A recent breakthrough in elec-
tron beam manipulation!'”! presents new opportunities for
THz generation. Research into THz sources is currently fo-
cused on the generation and optimization of single-pulse ra-
diation. For example, Simpson et al. proposed a novel opti-
cal configuration that produced a single-cycle THz pulse with
high coherence and excellent directionality.!'8! However, this
method relies on complex optics and demanding experimen-
tal conditions, increasing the complexity and cost of the sys-
tem. In contrast, plasma-based direct generation methods of-

TCorresponding author. E-mail: hwen@hnu.edu.cn

CSTR: 32038.14.CPB.add67a

fer a much cleaner and more efficient route for THz genera-
tion. For example, fast electron beams with a duration of fem-
tosecond (fs) can interact with plasmas and emit THz radia-
tion. Such setup was demonstrated in the relativistic laser—foil
interaction experiments.!'”! Notably, the observed THz sig-
nals are not single pulses but consist of temporally separated
bursts, indicating a distinct multi-pulse structure. In recent
years, the generation and control of multi-pulse THz radiation
have attracted increasing attention, with its underlying mecha-
nisms investigated through analytical theory?®! and numerical
simulations.[?1:2?]

The investigation of plasma source configurations for ef-
ficient multi-pulse THz generation remains a critical research
frontier, a challenge compounded by the complex dynamics of
electron motion in plasma. High-energy electron interactions
with plasma surfaces can generate radiations through mul-

(221 namely, transition radiation (TR),[!

tiple mechanisms,
bremsstrahlung-like radiation (BR),!**! and sheath radiation
(SR).[23:26] Transition radiation occurs when a charge particle
crosses the boundary of two types of materials with different
dielectric constants.>”] In the context of interactions between
electron beams and plasmas, TR originates from the dielectric
contrast at the plasma—vacuum interfaces.?®>° Concurrently,

transient charge imbalance at the plasma boundary establishes
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391 that cause surface atom

intense electrostatic sheath fields
ionization, ion acceleration, and low-energy electron recircu-
lation into the plasma.[33?! The sheath fields induce complex
electron trajectories, including deceleration, acceleration, and
the repeated exiting and reentering of electrons into the tar-
get, which give rise to transient emissions collectively referred
to as bremsstrahlung-like transition radiation (bTR).[1%-33] No-
tably, sheath charge dissipation generates transient longitudi-
nal currents responsible for SR emission.[?%3+-36] Although
understanding these coupled mechanisms is fundamental for
advancing the field of THz generation, there is no clear path
to achieving precisely control over temporal pulse separation
using these mechanisms alone.

In this work, we present a theoretical framework for gen-
erating THz radiation through an electron beam-driven ul-
trashort plasma mechanism.3”! This approach enables multi-
pulse THz emission with tunable temporal intervals, thereby
expanding the design space for THz sources and creating new
opportunities for advanced applications. Through comprehen-
sive phase-space analysis of plasma electron dynamics, we
characterized the underlying electron trajectories and radia-
tion mechanisms while validating this model through first-
principles particle-in-cell (PIC) simulations.

2. Scheme and electron Kinetics

The schematic diagram of the multi-pulse THz scheme
is illustrated in Fig. 1(a). When a relativistic electron beam
irradiates on a plasma slab along one of the symmetric axes,
it simultaneously generates THz radiation®®! and establishes
a longitudinal sheath field.**) The longitudinal electrostatic
sheath fields at the plasma boundaries drive periodic elec-
tron beam oscillations within the plasma, enabling sequen-
tial multi-pulse generation.!*’ As demonstrated by Cai et
al.,BB7! this sheath field mediates two distinct electron behav-
iors: high-energy electrons overcome the potential barrier and
escape the plasma boundary, while lower-energy electrons be-
come trapped and recirculate within the plasma bulk.*!) The
confined electrons undergo periodic sheath-driven oscillations
across the plasma interface, generating coherent electromag-
netic radiation through recurrent acceleration—deceleration cy-
cles, particularly in the THz regime. This oscillatory motion
exhibits similarities to the betatron resonance mechanisms,
where sheath field interactions induce transient radiation anal-
ogous to bremsstrahlung processes.>*! The proposed scheme
achieves multi-pulse THz generation through sheath-mediated
electron confinement, independent of specific radiation mech-
anisms for individual pulses.

To investigate the detailed electron dynamics in plasma
and associated radiation mechanisms, we performed kinetic

simulations of electron—plasma interactions. An electron

beam was initialized on the left side of the plasma and propa-
gated along the x-axis to the right as shown in Fig. 1(a). The
description of the exact parameters of the simulation are de-
ferred to Section 3. Here we describe the typical electron dy-
namics to illustrate the general behaviors of the electron beam
and the resulting radiations.

Three typical electrons with similar initial positions but
different initial momenta were selected and their trajectory
in the p,—x phase space is shown in Fig. 1(b). Notably, de-
spite the differences in their initial momenta, the momen-
tum of the electrons decreases almost immediately once they
started moving inside the plasma, with all electrons reach-
ing the boundary nearly the same time. One can see from
Fig. 1(b) that the electron momentum p, underwent consider-
able changes during the first 15 pm of propagation. The strong
longitudinal sheath field present at the boundary exerted a sub-
stantial influence on the electrons when they approached the
boundary of the plasma, leading to the deceleration and accel-
eration of the electrons as indicated by the p, sign change near
the plasma boundaries (the two black dashed lines). Later on,
the electrons moved periodically within the plasma, as shown
by the oval-shaped trajectories in Fig. 1(b). There was small
changes in electron momentum amplitude | px| when electrons
moved along the x-direction within one pass of the plasma,
as indicated by the almost horizontal trajectories between the
plasma boundaries. On the other hand, |p,| gradually dimin-
ishes over multiple passes. As evident in Fig. 1(b), the elec-
trons with the largest p, did not end up covering the longest
distance, which suggests that the accumulated changes in |p,|
are different for different electrons.

From the time evolution of the electron momentum de-
picted in Fig. 1(c), one can identify that the specific times at
which the electrons reached either ends of the plasma by locat-
ing the rapid change in the electron momentum. Figure 1(c)
shows that p, decreased rapidly from a positive to a negative
value at r =~ 0.33 ps. At this moment, the electron reached the
right boundary of the plasma, where it was subjected to a pos-
itive longitudinal sheath field E, as shown in Fig. 1(d). This
field exerted a force opposite to the electron’s motion, caus-
ing the electron to decelerate and then accelerate towards the
negative x-direction. As the electron continued to traverse the
plasma, it reached the left boundary of the plasma and encoun-
tered a negative longitudinal sheath field E, at # = 0.8 ps. This
field reversed the direction of the electron velocity, sending the
electron towards the right boundary and completing one cycle
of the periodic motion. It is worth noting that the electrons
were not experiencing high fields except when near the bound-
aries as apparent in Fig. 1(d). Therefore, the radiation inten-
sity is expected to peak when the electrons cross the plasma
boundary and decrease to low levels once the electrons start
coasting inside the plasma. This sheath-driven periodic mo-
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tion can generate recurring THz pulses by repeating boundary
crossings as long as the boundary-crossing time is small com-
pared to the plasma-traverse time. However, progressive phase
decoupling emerges over time. While initial oscillations main-
tain high temporal coherence, gradual momentum-dependent
damping disrupts the synchronized boundary crossings. As
shown in Fig. 1(c), the once-synchronized electrons became
out-of-sync round ¢ ~ 2 ps, effectively making the boundary-
crossing time for the electron beam longer and longer. Eventu-
ally, as the electron beam spreads throughout the plasma, the
plasma can no longer generate discernible THz pulses. Our
analysis confirmed that the longitudinal sheath field governed
the electron confinement and oscillation that are essential for
multi-pulse THz emission.

The electron energy density as a function of time fur-
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ther confirms the periodic oscillation of electrons within the
plasma, as shown in Fig. 1(e). The longitudinal periodic
motion of the electrons directly leads to a distinct step-like
change in the energy distribution. When the electron beam
oscillates to the boundary of the plasma, the number of high-
energy electrons decreases, resulting in the electron beam en-
ergy dropping by one step and gradually dissipating into the
low-energy region. As the oscillations continue, the step-like
changes become increasingly blurred, indicating that the tim-
ing of the electrons reaching the plasma boundary becomes
progressively unsynchronized. This process is consistent with
the observed trend of decreasing amplitude of momentum os-
cillations in Fig. 1(c), indicating that over time, the electron
motion gradually loses its regularity.
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Fig. 1. (a) Schematic diagram of multi-pulse THz generation via electron beam—plasma interaction. An electron beam (yellow) with an initial energy
of 1 MeV propagates into a 120 umx 30 pum plasma slab, generating coherent THz emission (red and blue waveforms) at the plasma—vacuum interface.
A circular receiver screen with a radius of 250 pm is centered at the right boundary of the plasma to capture the emitted radiation. (b) Trajectories of
confined electrons in phasespace: spatial coordinate X versus longitudinal momentum p,. Two vertical dashed lines at x = 30 um and x = 150 um
corresponds to the longitudinal boundaries of the plasma. (c) Time evolution of the electron momentum p,. (d) Time evolution of the longitudinal
sheath field E, perceived by the electron. (e) Time evolution of the electron energy distribution. Panels (c), (d), and (e) share the same time axis.

As the general characteristic of the electron dynamics
suggests, the interaction between the electron beam and the
longitudinal sheath field at plasma boundaries is responsible
for the intense THz generation while a small amount of energy
is lost during the electrons propagation between the bound-
aries. This observation indicates the possibility of controlling
the temporal interval of multi-pulse THz radiation by varying
the plasma length.

3. Generation of multi-pulse terahertz radiation

To
ing THz radiation generation,

investigate the physical mechanisms underly-

we conducted a series
of two-dimensional (2D) PIC simulations!*®! using the
SMILEI code.!*!! The simulation window spanned X x ¥ =
430.08 wm x 573.44 pm and was divided into 8960 x 7168
cells. An electron beam was injected from the left bound-
ary, propagating along the positive X-axis into a block-shaped
The electron

density of the electron beam is 1, = 1.74 x 10> m—3. The

plasma with adjustable length and thickness.

electron beam had an energy spread of 57%, a pulse dura-
tion of 100 fs, and an angular divergence of 2.5°. A similar
set of beam parameters can be achieved via laser wakefield
acceleration.*>#3] Since the longitudinal sheath-driven oscil-
lations significantly increase the divergence angle, the initial
angle has no impact on the pulse interval or THz frequency
as long as it does not exceed the divergence angle reached
after the first oscillation. The electron density in the plasma
is ng = 3.489 x 102 m=3.
macroparticles of ions (C®") and 100 macroparticles of elec-

Each cell was initialized with 2

trons, forming a neutral background plasma. The experimental
generation of the required plasma slab has been demonstrated
in recent studies utilizing carbon nanotube foams. 444 Anal-
ysis of the simulations indicates that the electron beam gener-
ates concentrated radiation primarily at the plasma boundaries,
with the most intense THz emission occurring at the right
boundary due to the initial propagation direction of the beam.
To effectively capture the radiation signal, a semi-circular re-
ceiver screen with a radius of 250 um was placed on the right
side of the plasma, centering at the transverse midpoint of the
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right boundary. This configuration minimizes signal loss by
collecting all electromagnetic waves propagating to the right.
To capture the entire THz radiation generation process, the
simulation time was adjusted based on the plasma length [,
ensuring a duration of more than 1 ps. This duration is suffi-
cient to capture the full evolution of the THz source and allows
a detailed analysis of the underlying dynamics.

Figure 2(a) shows the THz signals collected by the re-
ceiver screen in the simulation results with the plasma length
lp = 120 pm and thickness /i = 30 um. One can observe
three THz radiation pulses with progressively decreasing ra-
diation intensities. The signals between the three main pulses
correspond to the THz radiations generated inside and at the
left boundary of the plasma. Additionally, the electric field
distribution of the THz radiation exhibited significant direc-
tional characteristics. To further investigate this directional
effect, we extracted the time-domain signals at three obser-
vation angles (6 = 50°, 60°, and 70°, where 0 is the angle
between the radiation propagation direction and the positive
X-direction) and applied a fast Fourier transform (FFT) to ob-
tain the frequency spectrum. The spectrum was processed us-
ing a super-Gaussian low-pass filter with a cut-off frequency
of 7 THz, as shown in Fig. 2(b). The bunch duration controls
the high-frequency limit of the spectrum, ”! while the plasma
length governs the central frequency through the oscillation
dynamics. One can see that as the observation angle increases,
the signal strength at frequencies above 3 THz gradually de-
creases. Moreover, the radiation was mainly concentrated in
the low-frequency region (0 THz—4 THz) which corresponded
to the fundamental frequency of the individual THz pulse.

i
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Fig. 2. (a) Angular distribution of the THz radiation electric field cB,
captured by the receiver screen. The dashed lines correspond to obser-
vation angles 8 = 50°,60°,70°. (b) Frequency spectrum of the THz
signals that correspond to the lineouts in panel (a). The spectral density
was normalized to the same arbitrary units.

Many multi-pulse THz applications require even tempo-
ral separations between pulses. The temporal evolution of
the pulses was analyzed using the data at observation angle
6 = 70° as an example. As shown in Fig. 3(a), three dis-
tinct pulses were observed at 1 ~ 1.09 ps, ¢ ~ 2.06 ps, and

t = 3.14 ps. The temporal separation between the second and

third pulses is about 10% larger than that between the first
and second pulses. This small temporal variation can be at-
tributed to the energy loss induced by the THz radiation near
the plasma boundaries. The accumulative beam—plasma inter-
actions may also contribute to the slowing down of the elec-
tron beam: when propagating in the X-direction, the electrons
also bounce between the plasma boundaries in the Y -direction,
generating radiations and losing energy gradually along the
way. The successively decreasing peak intensities and broad-
ening peak widths are also clearly visible in Fig. 3(a), which
are likely caused by the slowing-down, broadening, and diver-
gence of the electron beam.

One can identify the time when the center of the electron
beam reached the edge of the plasma by looking for the sud-
den decrease in total energy of the electron beam. The time
evolution of the total energy of the electron beam is shown in
Fig. 3(b). The first three times when the electron beam reached
the right edge of the plasma were indicated by the vertical
black lines, which corresponds to ¢ /= 0.33 ps, = 1.30 ps, and
t =~ 2.38 ps. Comparing these instants with the correspond-
ing THz pulses recorded on the receiver screen, it can be seen
that after each electron beam interaction with the right edge of
the plasma, a significant THz pulse is detected by the receiver
screen approximately 0.76 ps later, which agrees well with the
propagation time for the radiation to travel from the right edge
of the plasma to the receiver screen. The generation of these
pulses is dominated by the transient processes during the in-
teraction between the electron beam and the plasma boundary.
By simultaneously reducing the electron bunch duration and
the plasma length, the electrons can undergo more oscillations
without significant divergence, thereby generating more THz

pulses.
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Fig. 3. (a) The time domain signal of the electric field ¢B; correspond-
ing to 6 = 70° over time. (b) The evolution of the total driving electron
beam energy over time.

4. Discussion

The temporal interval between THz pulses 74, defined as
the peak-to-peak time difference, can be adjusted by varying
the plasma length [;,. To obtain the correlation between #q and
lp, a parameter scan on [, from 40 um to 140 um was per-
formed using the PIC simulations. The plasma thickness was
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kept constant at 30 pm and other parameters were the same as
listed in Section 3. Figure 4(a) shows the time history of ¢B,
collected at 8 = 50° from three simulations with different val-
ues of [,. The shape of the pulses remains largely unchanged
as the plasma length increases. The energy partition of the
main pulses (defined as 0.1 ps before and after each peak) rel-
ative to the total radiation energy was quantified using the data
shown in Fig. 4(a). The results showed that the three main
pulses accounted for about 85% of the total radiation energy
regardless of the plasma lengths. It suggests that the funda-
mental mechanism producing terahertz pulses remains consis-
tent regardless of the plasma length.

(a)

0

-1 120 pm
g
= 0
S 1
e — 100 pm
B

0

-1 80 um

1 2 3 4

Time (ps)

(=1
THz energy (mJ)

40 60 80 100 120 140 160
Length (um)

Fig. 4. (a) Time variation curves of the terahertz electric field ¢B, for
different plasma lengths ([, = 80 wm, 100 pum, 120 pm). (b) Temporal
interval between successive pulses (blue dots with error bars) together
with its linear fit (purple line), and the THz radiation energy in the fre-
quency range of 0.1 THz-6 THz (green dashed line), plotted as func-
tions of plasma length.

Through linear regression analysis of pulse arrival times
with different plasma lengths, a linear correlation between 74
and the plasma length /;, was found, as illustrated in Fig. 4(b).
Using a simple physics model, the relation between #4 and I,

can be expressed as

2
4= —+1, (N
Vb

where v}, denotes the velocity of the electron beam and #; cor-
responds to the time of electron interactions near the plasma
boundaries. The electron velocity v, ~ 2.47 x 10% m/s ob-
tained by fitting agrees well with the velocity corresponding to
1-MeV electrons used in the simulations. The value of ¢, ob-
tained from fitting is 0.047 ps that is consistent with the width
of the main pulses of the THz radiation.

The radiant energy of the THz signals collected from the
receiver screen is shown in Fig. 4(b) as a function of /,. Given
the nature of the 2D simulations, both the plasma and the THz

radiation were assumed to be uniform in the third dimension.

48] was used to calculate the

The energy flux density method
radiant energy for different plasma lengths. While the total ra-
diation energy does not follow an obvious trend as [, changes,
the larger [, leads to higher radiation energy in the range of
0.1 THz to 6 THz as shown in Fig. 4(b). The time of beam—
plasma interactions inside the plasma becomes longer as [, in-
creases. This extended interaction increases the duration of the
electron beam, which subsequently shifts the radiation spec-
trum towards lower frequencies through the TR processes. >4
We repeated the simulations with extended plasma lengths and
observed that the THz energy increases with [, up to approx-
imately 160 pum, beyond which it saturates. The saturation is
caused by the decrease in electron density n. during transport,
which leads to a reduction in the sheath field strength E, for
longer plasma targets. 3]

The influences of the electron beam energy and the thick-
ness of the plasma were quantified with a parameter scan. All
simulations were based on the simulation with [, = 80 pm.
Other common parameters were listed in Section 3. The scal-
ing of the energy is shown in Fig. 5(a). Higher electron beam
energy provides more energy for radiation, thereby increasing
THz radiation intensity. A linear correlation was found for
electron beam energy between 1 MeV and 3 MeV. However,
the differences in pulse time intervals generated by varying
electron beam energies are minimal (within 0.05 ps) because
the energy of a relativistic electron beam is a strong function of
the electron velocity. Changes in electron beam energy mainly
affect the radiation intensity but not the beam velocity. As a
result, changing the electron beam energy has little impact on
the temporal interval 4. Variations in thickness primarily af-
fect the transverse sheath field distribution, which influences
the transverse motion but not longitudinal motion of the elec-
tron beam. The mechanism proposed here mainly relies on
the electron dynamics in the longitudinal direction. As a re-
sult, a change in thickness from 20 um to 40 pm, or doubling
the thickness, only causes 38% changes in the radiation en-
ergy. At the same time, the value of 74 only change by 0.01 ps,
i.e., less than 2%. The linear scaling between THz energy and
the plasma thickness could be attributed to the structure of the
sheath fields at the plasma boundaries. Given the relatively
small effects, such hypothesis will be left for future studies.

We scanned electron beams with different bunch duration
from 5 pm to 125 pm as shown in Fig. 5(b). The saturation
and subsequent decline in THz radiation energy as the elec-
tron duration length increases are primarily governed by the
space-charge effect*”! and the loss of coherence.[**!1 Al-
though the electron bunch duration affects the timing of the
first pulse, it has little influence on the pulse interval. This
is because the bunch rapidly broadens during the oscillation
process and eventually expands to a length comparable to the
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plasma target.

0.041

0.02f

THz energy (mJ)

1.4 0.020
(b) =

0.015

0.010

THz energy (mJ

0.005

0 30 60 90 120

Electron bunch duration (pm)

Fig. 5. (a) The dependence of the THz radiation energy on the elec-
tron beam energy (purple dots) and the thickness of the plasma (red
squares). The linear fitting is plotted as solid lines with respective col-
ors. (b) Temporal interval between successive pulses (purple dots with
error bars) together with its linear fit (purple line), and the THz radi-
ation energy in the frequency range of 0.1 THz—6 THz (green dashed
line), plotted as functions of electron bunch duration.

5. Conclusion

Leveraging the interaction between an electron beam and
a plasma, this study introduces a scheme for generating multi-
pulse THz radiation. The kinetic behavior of the electron beam
within the plasma and at its boundaries lead to the emission of
three distinct THz pulses when a 1-MeV electron beam is in-
jected into a plasma ([, = 120 pm, /; = 30 um). Numerical
simulations revealed that the temporal interval between THz
pulses could be precisely controlled by varying the plasma
length, while both the electron beam energy and bunch length
strongly affect the radiation intensity and total THz energy.
These findings offer a theoretical foundation for experimental
validation and practical applications. These features make the
scheme particularly promising for high-resolution THz appli-
cations, where controllability and pulse clarity are essential.
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