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Ultrafast Plasma Electron Dynamics: A Route to Terahertz Pulse Shaping
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Intense ultrafast laser interaction with solid-density plasma can lead to relativistic transient electron
dynamics that are favorable for the generation of high-field terahertz (THz) pulses. We investigate the
temporal characteristics of such THz pulses. Single-shot electro-optic measurements enable us to record
the complete temporal profiles of the THz pulses emanating from planar Cu and aligned Cu-nanorod-
array plasma. The temporal properties of the THz pulses exhibit several transients. Fully relativistic
two-dimensional particle-in-cell simulations corroborate experimental observations and reveal that these
features originate from electron microbunch emission from the target. Our results demonstrate that tar-
get nanostructuring provides a route to control such ultrafast electron dynamics and hence THz-pulse
properties in the time domain.
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I. INTRODUCTION

Terahertz (THz) radiation is widely used for imaging [1]
and probing of physical systems in broad areas of research,
ranging from biology to astrophysics [2–5]. It interacts
strongly with various materials, has a unique nonionizing
nature, and passes through many media that are opaque
to visible radiation, allowing THz radiation to be a safe
alternative to x-ray imaging [6]. Intense THz pulses are
steadily becoming an essential tool to explore new research
areas such as THz nonlinear optics [7,8], single-shot THz
spectroscopy and imaging [9], and THz-field-driven streak
imaging [10,11]. Such fascinating applications are driv-
ing the quest for the development of intense THz sources
through the use of several different techniques [12–19].

One such approach that is receiving remarkable atten-
tion in THz research is based on relativistic laser-
plasma interaction [20–24]. This particular technique holds
promise for the generation of near-millijoule- (mJ) level
THz-pulse energies with an ultrabroad spectral bandwidth
using tabletop-scale laser systems [22,23,25] and would
be tested in facilities such as the Extreme Light Infras-
tructure–Attosecond Light Pulse Source (ELI-ALPS) [26–
28]. THz generation from laser-plasma interaction could
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benefit further from utilizing micro- and nanostruc-
tured targets. Structured-solid plasma targets have already
shown their potential in laboratory high-energy-density
physics [29], enhancement of high-energy particles [30],
and x-ray yield [31,32] and hold promise as ultracom-
pact plasma undulators [33]. The main challenge of high-
intensity laser interaction with a nanostructured target is
the destruction of nanostructures due to prepulses and
pedestals in the high-power laser pulses that interact with
the target at different times prior to the main pulse. In spite
of the availability of ultrahigh-contrast lasers, nanostruc-
tures may be influenced by premature plasma formation
in the target. To ensure the survival of the nanostructure,
one needs to keep the prepulse intensity sufficiently low
and employ time-resolved shadowgraphy, as described by
Zhou et al. [34], to monitor the interaction.

In recent years, a significant enhancement in the THz
energy has been demonstrated while high-intensity laser
pulses are interacting with aligned nanorod arrays [23],
resulting in THz fields exceeding the MV/cm range when
refocused tightly [35]. Such a high-amplitude THz field
can provide enormous prospects for THz research. Com-
plete temporal characterization of THz pulses generated
from such sources is a prerequisite for their practical
applications and is also essential for understanding the
phenomena. In addition, detailed investigation of the THz
temporal profile could reveal fundamental information on
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plasma-electron dynamics. However, temporal characteri-
zation of THz pulses generated by this technique is chal-
lenging, primarily because of the limited target area and
the relatively low repetition rate of the high-intensity lasers
used in the experiment. Additionally, due to the nonlinear
nature of the interaction, intense THz pulses generated in
such interactions exhibit large pulse-to-pulse fluctuations
resulting from small variations in the laser intensity. This
makes single-shot measurement imperative.

In this paper, we report experimental measurements
of the temporal profiles of the ultrahigh-peak-field
THz pulses generated from plane and nanorod plasmas
using single-shot electro-optic (EO) detection. Recorded
THz-pulse profiles show that the electromagnetic pulses
generated during laser-plasma interaction have several
components, including both fast and slow evolution.
Finally, we demonstrate that a steering laser parameter
or target nanostructuring enables us to control the all-
important electron dynamics, which could be a potential
avenue for temporal shaping of the THz waveform. To
understand the interplay between the complex structures
in the measured THz temporal profile and the electron
dynamics, we perform two-dimensional (2D) fully rela-
tivistic particle-in-cell (PIC) numerical simulations that
help us explain the observations qualitatively.

A. Ultrafast electron dynamics

Relativistic electron bunches, both nano- and
microbunches, are generated on both sides of a thin target
in the interaction with high-intensity femtosecond lasers
[36–38]. Electron-nanobunch generation is relevant to
high-order-harmonic generation [39], while microbunches
are relevant for high-field THz-pulse generation. The
dynamics of the electron emission on the front and the rear
of the target are substantially different. On the front, elec-
tron emission is primarily established by the optical field
of the laser [36,40,41].

The physical process of the complex electron-emission
dynamics, constructed from PIC-simulation results, is as
follows. High-energy electron jets are generated during
the initial stages of the interaction and build up an elec-
trostatic potential near the front surface of the target.
Electrons with very high energy are able to escape through
this electrostatic potential, while lower-energy electrons in
the vicinity of the target surface reflect back and interact
with the target again to generate secondary electrons and
form an electron cloud. This process plays a significant
role in determining the properties of high-energy electron
bunches emitted at later times. A large portion of the high-
energy electrons propagates into the target and is emitted
from the rear surface and eventually builds up a sheath
potential at the rear, which quickly becomes sufficiently
strong to reflect electrons toward the front of the target;
electron emission from the front then takes place again.

This refluxing of the electrons inside the target continues
and electron bunches are emitted repeatedly at later times
[42]. Hence, the typical time duration of electron bunches
generated in the interaction with high-intensity femtosec-
ond laser pulses is often in the range of several picoseconds
[37,38]. Experimental charge-dynamics measurements by
Pompili et al. indicate the existence of several electron
bunches generated in the interaction [37].

B. Intense THz-pulse generation

THz-pulse generation in high-intensity femtosecond
laser interaction with solid-density plasma can be corre-
lated with fast electron currents or the collective dynamics
of the electrons. To be precise, these THz pulses are gen-
erated by means of coherent-transition radiation (CTR),
when energetic electrons that are generated in the interac-
tion pass through a plasma-vacuum boundary [23,43,44].
Simple calculations by Schroeder et al. have shown that
the total energy generated in the CTR over all angles and
frequencies is given by [45]

Wtot � 4remec2N 2ln(γ )/λmin, (1)

Wtot[J ] � 3.6 × 10−2(Q[nC])2ln(γ )/λmin, (2)

where λmin is the minimum wavelength for which the
condition for CTR is satisfied—which depends on the
electron-bunch dimensions—re, me, c, N , Q, and γ are the
classical radius of the electron, the electron’s rest mass,
the speed of light, the number of electrons, the total charge
of the electron bunch in units of nanocoulombs (nC), and
the Lorentz factor (γ = 1/

√
1 − v2/c2), respectively. For a

crude estimation, let us consider an electron bunch consist-
ing of charge Q = 1 nC (a typical value generated in high-
intensity laser-plasma interactions on solid-density targets
[46]) of relativistic electrons moving with speed v =
0.99c ⇒ γ � 7. The total estimated CTR energy gener-
ated up to the frequency 20 THz (λmin = 15 μm) is nearly
4.6 mJ over all emission angles. Such a large amount
of THz-pulse energy drives the research on plasma-based
THz sources. The characteristics of the THz pulses gener-
ated by the electron bunches via CTR largely depend on
the properties of those electron bunches. Further, the tem-
poral profile of the THz pulses contains signatures of all
the electron bunches emitted at different times.

II. EXPERIMENTAL RESULTS AND
DISCUSSIONS

A. Experimental setup

EO sampling is a widely used technique to measure
the temporal profile of the THz electric field. Being a
scanning technique, it requires a large number of laser
shots to acquire a complete trace of the THz waveform
[3,47–49]. The low pulse-to-pulse stability of high-power
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lasers limits the use of conventional EO sampling measure-
ments and hence the scanning version cannot be employed
directly for laser-plasma-based THz sources [8]. To over-
come these difficulties, we use single-shot EO sampling
for the temporal characterization of the THz electric field,
similar to that described by Minami et al. [50]. Several
single-shot THz detection schemes have been demon-
strated with different experimental geometries [50–52].
While a noncollinear geometry provides continuous tem-
poral information, a collinear geometry is easy to establish
on a single-shot basis [8]. Figure 1(a) shows a schematic
diagram of the experimental setup used for single-shot
EO THz detection. The experiments are performed using
the 10-Hz beamline of the Advanced Laser Light Source
(ALLS) at the Institut national de la recherche sci-
entifique–Centre Energie Matériaux Telécommunications
(INRS-EMT). This beamline can deliver a maximum 350
mJ of laser energy before compression at an 800-nm cen-
tral wavelength and with a nanosecond temporal contrast
better than 2 × 10−7. After compression, it can produce
240 mJ of laser energy on the target for a duration of 40
fs. The laser is then focused on a polished Cu (dimensions
5 cm × 5 cm × 3 mm) or an aligned Cu-nanorod-array
target (nanorod dimensions: diameter 200 nm, with var-
ious lengths) over a spot of diameter approximately 20
μm at an angle of 45◦ with respect to the target normal
by using an f /3 off-axis parabolic mirror. As a result, a
maximum intensity of 3.5 × 1018 W/cm2 is achieved on
the target. The target is mounted on a computer-controlled
XYZ translation stage placed inside the vacuum chamber,
so that each laser shot interacts with a fresh target surface,
thus maintaining identical experimental conditions. THz
pulses emitted in the specular direction are then collimated
and guided out of the vacuum chamber by using thick
gold-coated off-axis parabolic and flat mirrors through
an ultrahigh-molecular-weight polyethylene (UHMWPE)
window, which also acts as a low-pass filter and transmits
radiation below 20 THz. All higher-frequency radiation
is blocked. Any trace of visible and near-infrared elec-
tromagnetic radiation, if they are present, is blocked by
the use of a high-resistivity float-zone silicon filter. The
transmitted THz radiation is then refocused by another
gold-coated off-axis parabolic mirror onto an EO crystal
(ZnTe) and is used for THz detection.

A part of the main laser beam (< 1 mJ) is extracted
after compression and reduced in diameter by means of a
beam reducer, which is then used as the probe pulse. The
temporal delay in the probe is introduced by a reflective
echelon mirror (E), as shown in Fig. 1(a). The echelon mir-
ror (size 10 mm × 10 mm) is made of polished nickel with
500 steps of height 5 μm and width 20 μm and is placed
just before the interaction with the THz pulses. The basic
principle of the echelon mirror is explained in Fig. 1(b).
A laser pulse reflected from the echelon mirror is divided
into 500 beamlets, as shown in Fig. 1(b), with a temporal
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FIG. 1. (a) A schematic diagram of the experimental setup used
for single-shot electro-optic detection. THz pulses are generated
by high-intensity laser-plasma interaction on a Cu target. An ech-
elon mirror (E) is used to replace the temporal delay line required
in an EO-sampling experiment. (b) The echelon mirror (E) con-
sists of several steps and splits a plane wave front into several
beamlets with a delay (�t) between the beamlets. It finally gen-
erates a train of beamlets at the focus, which interact with the
THz pulse inside the ZnTe crystal to capture its temporal profile
in a single shot.

delay (�t ≈ 35 fs) between the beamlets that is sufficient
to record a complete THz field profile with acceptable res-
olution. The temporal delay (�t) is determined by the step
height of the echelon mirror. The probe is focused onto the
EO crystal (ZnTe), through a central hole in the off-axis
parabolic mirror, and its time-delayed beamlets overlap
coaxially with the THz pulse and are mapped onto the CCD
camera, as shown in Fig. 1(a).

The spectral sensitivity of the single-shot EO setup is
determined mainly by a 1-mm-thick ZnTe crystal, which
has a cutoff at 4 THz. The THz pulses from the planar Cu
target as well as aligned nanorod targets are characterized
in the setup and are discussed in Sec. II C.

B. Cu-nanorod target preparation

The Cu-nanorod target preparation is based on the
anodic aluminum oxide (AAO) template method as
described in Ref. [23]. Briefly, a gold layer is sputtered on
one side of the through-hole AAO template (a Whatman®

Anodisc with a pore diameter of 200 nm and a height of
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60 μm) and is used as the working electrode in a three-
electrode cell, while a graphite-carbon plate and saturated
calomel electrode (SCE) serve as the counter and ref-
erence electrodes, respectively. The electrolyte is 0.2 M
CuSO4 · 5H2O + 0.1 M H3BO3 for Cu-nanorod deposition.
Experiments are carried out under a constant potential of
−1.20 V (vs SCE) at room temperature. The length of the
Cu nanorods can be controlled by adjusting the deposition
time. Prepared Cu nanorods embedded in AAO template
are first pasted on a thick Cu target and then immersed
in the NaOH solution to dissolve the alumina membrane.
Then, the nanorods are rinsed thoroughly with distilled
water and ethyl alcohol several times before undergoing a
SEM characterization and eventually the THz experiment.

Figure 2 shows SEM images of a nanorod target with
a length of 10 μm with two different magnifications. It is
evident from the SEM images that a large number of well-
aligned Cu nanorods are successfully fabricated via this
technique. The Cu nanorods are dense and homogeneous
in diameter and are parallel to each other. The diameter of
the Cu nanorods is approximately 200 nm, which is con-
sistent with the pore diameter of the AAO template used in
nanorod fabrication.

C. Results and discussion

Figures 3(a)–3(f) show the THz field calculated from the
CCD images recorded in the experiment for three different
conditions. For Figs. 3(a)–3(c), we crop a rectangular area
of size 30 pixels in width and 400 pixels in length from the
background-corrected probe images recorded in the exper-
iment. The signal recorded in each pixel of the cropped
probe image is then converted to a THz field (spatiotem-
poral profile of THz pulses). Due to large pulse-to-pulse
fluctuations and the complex spatial profile of the probe
beam, the averaged THz temporal waveform suppresses
the microscopic details about the temporal profile; hence
we prefer to present the spatiotemporal profile [as shown in
Figs. 3(a)–3(c)] of the THz pulse for a better understand-
ing. The averaged (integrated over space) THz temporal
profile is also shown in Figs. 3(d)–3(f).

Figures 3(a) and 3(d) show the temporal profile of the
THz field for varying driver-laser intensities. The laser

(a) (b)

FIG. 2. SEM images of Cu nanorod arrays at different magnifi-
cations: (a) cross-section view; (b) top view.

intensity is varied by adjusting the laser energy using a
combination of a half-wave plate and a thin-film polarizer
placed inside the laser system before the final amplifier. A
wide negative region with a temporal width of at least 2.3
ps [clearly visible in Fig. 3(a)] is observed at lower laser
intensities. In several THz profiles, this negative region
is wider than 3 ps. As the laser intensity increases, sharp
THz peaks with notably shorter durations (100–300 fs)
start to grow inside the wide negative region and domi-
nate at higher laser intensities. Finally, the longer negative
region becomes less pronounced due to the large amplitude
of the sharp peaks. This feature is observed at intensities of
2.4 × 1018 W/cm2 and 2.7 × 1018 W/cm2 in Fig. 3(a).

Suitable target structuring provides control over hot-
electron generation and the electron emission dynamics.
This emission dynamics then reshapes the temporal wave-
form of the THz pulses. Target nanostructuring is one
such method, which has been used in several areas in
laser-plasma interaction. Hence aligned Cu-nanorod-array
targets are used in this experiment to demonstrate the con-
trol over the temporal waveform of the THz pulses. Figure
3(b) shows the THz field profile obtained in the single-shot
EO THz detection experiment with aligned nanorod targets
of different lengths, ranging from 1 μm to 30 μm at a laser
intensity of 8 × 1017 W/cm2. Two visibly distinct compo-
nents (the slow and fast component) are observed in the
THz profile.

These THz field profiles show that the THz pulses are
comprised of a wide peak corresponding to the negative
component of the electric field (blue area) with a relatively
long duration (slow component) for all targets. However,
this component is prominent for the case of the planar tar-
get in Fig. 3(a) and the 1-μm- and 2-μm-long nanorod
targets in Fig. 3(b). The width of this negative region is
≥2.3 ps. As the nanorod length is increased, multiple sharp
peaks with a shorter duration (fast components) start to
become visible inside this negative region. The number of
sharp peak increases with the nanorod length.

The typical multipeak nature of the THz waveform from
the aligned nanorod target is absent at higher laser inten-
sity (3.5 × 1018 W/cm2), as shown in Fig. 3(c). In this
case, mainly a high-amplitude shorter-duration positive
peak followed by a wider negative region is observed.

III. PARTICLE-IN-CELL SIMULATION

In order to understand the generation of high-field THz
pulses and its correlation with the electron dynamics that
ensue in such interactions, we perform a series of 2D
PIC simulations with the fully relativistic code PICCANTE
[53], under our relevant experimental conditions. The PIC-
simulation geometry is shown in Fig. 4(a). A spatially and
temporally Gaussian laser pulse with a full-width-at-half-
maximum (FWHM) pulse duration of 40 fs and polariza-
tion in the plane of incidence impinges at a 45◦ angle
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2.3 ps

(a) (b) (c)

(d) (e) (f)

FIG. 3. (a) The experimentally recorded THz field generated from a plane Cu target as a function of the driver-laser intensity. (b),(c)
The THz field generated from an aligned nanorod target of diameter 200 nm with various lengths at laser intensity (b) 8 × 1017 W/cm2

and (c) 3.5 × 1018 W/cm2. The THz field is calculated for each pixel of a resized probe image of size 30 × 400 pixels for a better
grasp on the spatiotemporal distribution of the THz field. (d)–(f) The average THz field profiles generated from the spatiotemporal
profiles of the THz field in (a)–(c), respectively. The numbers in the legend in (d) represent the laser intensity in 1018 W/cm2, whereas
the numbers in the legends in (e) and (f) represent the nanorod length in micrometers.

on a 12-μm-thick Cu target. Although the experiments
are performed with a 3-mm-thick Cu target, the simula-
tions are performed using thin targets (12 μm) to reduce
the computational requirements, since the target size and
the characteristic time in the experiment are much larger
than any PIC code would accept. Ideally, one needs to
perform a combination of hydrodynamic, PIC, and Monte
Carlo N -particle transport codes for exact reproduction of
the experimental data [54]. However, these simulations
are computationally expensive, while PIC simulations are
fairly sufficient to understand the overall features of the
THz temporal profile and the role of electron recirculation
inside the target on the macroscopic structures of the THz
waveform.

In typical simulations, we use singly ionized Cu
plasma with an exponential density profile given by ne =
n0 exp (−x/L) where L is the density scale length and n0
is the maximum plasma electron density, which is set to
10nc, nc being the critical plasma density. A normalized
laser amplitude of a0 = 2 (a0 = 8.53 × 10−10 × (Iλ2)1/2,
where I is the laser peak intensity in W/cm2 and λ =
0.8 μm is the central wavelength) is used throughout the
simulations. The simulation box of size 140λ × 140λ is
divided into 3000 × 3000 cells. We use 100 electrons and
100 ions in each cell. The interaction time (t = 0) is set
to the moment at which the peak of the driving laser

pulse interacts with the target. Figures 4(b)–4(f) show the
evolution of the low-frequency magnetic field (Bz) after the
interaction. The high-frequency Bz component of the driv-
ing laser is filtered out using a suitable low-pass FFT filter.
Figures 4(b)–4(f) also demonstrate that the THz emission
is highly anisotropic and that most of the THz energy
is emitted long after the interaction with the main pulse.

B
Z
 (

ar
b.

 u
ni

ts
)
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(d) (e) (f)

FIG. 4. (a) The simulation geometry. The red dot represents
the position of the numerical probe. (b)–(f) The magnetic field
(Bz) distribution on the front of the target obtained from PIC
simulation at different times after the interaction. The driver
laser is filtered out using a spectral filter based on fast Fourier
transformation.
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An in-depth observation reveals the presence of several
periodic structures in the Bz-field profile.

In order to further analyze the temporal waveform, a
numerical probe of size 0.25λ is set at 30λ before the tar-
get to collect THz radiation in the specular direction. The
red dot in Fig. 4(a) represents the probe position. A scan
through the temporal series of magnetic field snaps pro-
vides the temporal profile of the THz field (≤15 THz)
and is shown in Fig. 5(a) for plain targets of differ-
ent thicknesses. The numbers in the legend represent the
thicknesses of the plane target. A low-pass Butterworth
filter is applied to extract the contribution of Bz(t) below
15 THz. The complex temporal profile shows several peri-
odic structures with one small positive peak, followed by
a broad negative dip with several smaller peaks inside the
broader negative dip, similar to the experimental data, and
is shown in Fig. 3. The smaller peaks inside the negative
dip shift to a later time for thicker targets. These micro-
scopic features of the THz temporal profile can be linked
to the current dynamics inside the target and are described
later in the paper.

To understand the role of the electron-emission dynam-
ics on THz generation, the time-dependent electron spec-
trum is analyzed and plotted in Figs. 5(b) and 5(c). Figure
5(b) shows the time-dependent energy spectrum of the
electrons detected between 0.5λ and 1λ at the front of
the target, whereas Fig. 5(c) shows the time-dependent
angular spectrum of the electrons at the front of the tar-
get. The color axis represents the numbers of electrons, in
arbitrary units. Figures 5(b) and 5(c) reveal that relativis-
tic energy electrons are emitted over several hundreds of
femtoseconds after the interaction and, more interestingly,
that the electrons are emitted in several microbunches.
In our case, the electrons are emitted in four different
microbunches. Thorough investigation of the fundamental
filtered magnetic field snapshots [Figs. 4(b)–4(f)] reveals

(a) (b) (c)

FIG. 5. (a) The temporal profile of the THz field generated in
PIC simulation from plane targets of different thicknesses. A low-
pass Butterworth filter is applied to extract the THz field in the
frequency range ≤ 15 THz. (b) The electron energy spectrum
from simulation as a function of the interaction time detected
between 0.5λ and 1λ in front of the target. The color axis repre-
sents dN/dE, in arbitrary units. (c) The angular spectrum from
simulation as a function of the interaction time. The color axis
represents dN/dθ , in arbitrary units.

that the microscopic structures (each semicircle) in the
magnetic field images in Figs. 4(b)–4(f) and in the tem-
poral profile in Fig. 5(a) are generated at the time instant
at which an electron microbunch is emitted from the target
surface.

Figure 5(c) also unveils the angular distribution of each
electron microbunch. The first electron microbunch is gen-
erated at an early stage of the interaction, while the driver
laser is still interacting with the target, and it is highly
anisotropic. This electron bunch is mostly emitted in the
specular-reflection direction. Consequently, the THz radi-
ation (or CTR) generated by this electron microbunch is
highly anisotropic and is evident from Figs. 4(b)–4(f). The
electron microbunches slowly become isotropic at later
times [after 300 fs in Fig. 5(c)] and hence so do the THz
pulses. In the event that the electrons are emitted normal
to the target, CTR is generated into a narrow cone close
to the target surface and the radiated energy (We) per unit
frequency (ω), per unit solid angle (�), is given by [45]

d2We

dωd�
= remec

π2

β2γ 4θ2

(1 + β2γ 2θ2)2 , (3)

where θ is the observation angle with respect to the elec-
tron trajectory and β = v/c is the velocity of the elec-
tron normalized by the speed of light, c. Each electron
microbunch in Fig. 5(c) exhibits a slightly different angular
distribution and, finally, the fourth electron bunch is emit-
ted perpendicular to the target. Consequently, this electron-
emission behavior is reflected in the angular distribution of
Bz(t) in Figs. 6(a)–6(c), which show the angular distribu-
tion of the THz temporal waveform from plane targets of
different thicknesses, as shown in Figs. 6(a) for a 10λ-thick
target, 6(b) for a 15λ-thick target, and 6(c) for a 20λ-thick
target, respectively.

The delay between the emission of two successive elec-
tron microbunches from the target is approximately equal
to the electron recirculation time inside the target. The
recirculation time (Trecirc) depends on the target thick-
ness (L) and the recirculation speed (ve) of the electron
currents inside the target and is given by Trecirc ∼ 2L/ve.
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FIG. 6. The angular distribution of the THz waveform gen-
erated in PIC simulation for three different target thicknesses:
(a) 10λ, (b) 15λ, and (c) 20λ. A low-pass Butterworth filter is
applied to extract spectral components ≤15 THz.
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The electron recirculation time increases with the target
thickness for fixed laser and plasma parameters [42]. This
behavior is observed in Figs. 6(a)–6(c). The delay between
the peaks in the THz waveform increases with the target
thickness due to a longer electron recirculation time for a
thicker target.

The first peak is relatively strong, whereas the peaks at
later times are weaker. In addition, the Bz(t) emitted by
the first electron microbunch [first peak in Figs. 6(a)–6(c)]
is highly anisotropic, as the first electron bunch is emit-
ted in the specular-reflection direction [Fig. 5(c)]. On the
other hand, the Bz(t) emitted by the electron microbunches
at later times [peaks at later times in Figs. 6(a)–6(c)]
slowly becomes isotropic and is consistent with the angular
electron spectrum shown in Fig. 5(c).

In Figs. 7(a)–7(f), we plot the electron density during
and after the interaction. The color axis represents the elec-
tron density normalized to the critical electron density.
A large number of electron ejections are observed before
32 fs, 109 fs, and 238 fs, whereas the electron ejection
during the intermediate time is significantly reduced. The
electron ejection time is consistent with the peaks in the
THz waveform. Further, the electron bunches in Figs. 7(a),
7(c), and 7(e) are emitted at different angles.

Figures 8(a)–8(f) show the electron phase space
(Px/mec-x) at six different simulation times (the same
times as in Fig. 7), which reconfirms the electron recircula-
tion inside the target after the interaction. The recirculation
time depends on the thickness of the plasma. In the 15λ-
thick plasma, the recirculation time is nearly 103 fs, with
an average electron recirculation speed inside the target of
approximately 2.3 × 108 m/s.

(a) (b) (c)

(d) (e) (f)

FIG. 7. The evolution of the electron density (normalized to
the critical density) in PIC simulation, at different times. A large
number of electron ejections from the target are observed at times
of 32 fs, 109 fs, and 238 fs after the interaction. However, in the
intermediate time intervals, the electron ejection is significantly
reduced.

0.7 fs 42 122 4 fs

182.2 fs 242.1 fs 361.1 fs

(a) (b) (c)

(d) (e) (f)

FIG. 8. The electron phase space (Px/mec-x) from PIC simu-
lation at six different times after the interaction shows electron
recirculation. The dotted lines mark the positions of the target
surfaces.

IV. WAVEFORM SHAPING OF THz PULSES

The electron-microbunch emission can be adjusted to
a considerable extent by tuning the laser and plasma
parameters. In this paper, we experimentally demonstrate
two simple cases in which the laser [Fig. 3(a)] and the
plasma parameters [Figs. 3(b) and 3(c)] are adjusted to
shape the THz waveform in the time domain (Sec. III).
In the first case, we vary the intensity of the driv-
ing laser for this purpose, while in the second case we
use an aligned Cu-nanorod-array target. The 2D PIC-
simulation results also reconfirm that these two approaches
can satisfactorily shape the THz waveform in the time
domain.

THz field profiles from PIC simulation for three differ-
ent laser intensities are shown in Fig. 9(a). The legend
numbers in Fig. 9(a) represent the driver-laser intensity
in units of 1018 W/cm2. As the driving laser intensity
increases, besides increasing the THz intensity, more struc-
tures appear in the THz field profile. At lower laser inten-
sity (0.77 × 1018 W/cm2), the large negative dip (first dip)
is substantially reduced and structures generated by the
recirculation of the electron currents are comparable with

(a) (b) (c)

FIG. 9. (a) The temporal profile of the THz pulses at three dif-
ferent laser intensities recorded in PIC simulation in the specular-
reflection direction. The numbers in the legend represent the
driver-laser intensity in units of 1018 W/cm2. The angular dis-
tribution of the time-dependent THz field generated from PIC
simulation at the driver-laser intensities (b) 0.77 × 1018 W/cm2

and (c) 8.58 × 1018 W/cm2.
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(a) (b)

(c) (d)

(e) (f)

FIG. 10. (a) The simulation geometry for the nanorod target.
(b) An enlargement of the target, to show the aligned nanorod tar-
get on the planar surface. The THz waveform generated from the
nanorod target in the specular-reflection direction at laser inten-
sity (c) 0.77 × 1018 W/cm2 and (d) 8.58 × 1018 W/cm2, using
2D PIC simulation. The numbers in the legend represent the
nanorod length in micrometers. (e),(f) The time-resolved elec-
tron spectrum from a 5-μm-long nanorod target at two different
laser intensities, 0.77 × 1018 W/cm2 and 8.58 × 1018 W/cm2,
respectively, obtained from simulation. The color axis represents
dN/dE, in arbitrary units.

the large negative peak. On the other hand, at higher laser
intensity (2.14 × 1018 W/cm2), the first negative dip is
substantially larger and dominant.

In another case, we use aligned Cu-nanorod-array
targets for plasma shaping to alter the interaction.
The experimental results are shown in Figs. 3(b)
and 3(c).

In order to understand the effect of the aligned
Cu-nanorod-array targets on THz generation, we perform
several 2D PIC simulations with targets that resemble an
aligned-nanorod-array target in two dimensions. The simu-
lation geometry is shown in Fig. 10(a). All other simulation
parameters are identical to those of the plane target. The
nanorods, of diameter 200 nm and of varying lengths, are

aligned normally on a plane target surface. The spacing
between nanorods remains fixed at 200 nm, as shown in
Fig. 10(b).

Figures 10(c) and 10(d) show the THz waveform
for nanorod targets of varying nanorod lengths and for
two different laser intensities: 0.77 × 1018 W/cm2 and
8.58 × 1018 W/cm2. At lower laser intensity (0.77 ×
1018 W/cm2), the THz waveform consists of a large pos-
itive peak followed by a wide negative region and several
structures in the wide negative region, similar to Fig. 3(b).
However, at a higher laser intensity (8.58 × 1018 W/cm2),
the THz waveform generated from the nanorod target is
relatively smoother and is composed of one large positive
peak and one wider negative dip, which is consistent with
the experimental data, as shown in Fig. 3(c).

To understand the THz waveform from the nanorod tar-
get, we plot the time-resolved electron spectrum, which
is detected between 0.5λ and 1λ in front of the tar-
get, from a 5-μm-long nanorod target, in Figs. 10(e) and
10(f), respectively. Figure 10(e) shows the time-resolved
electron spectrum at laser intensity 0.77 × 1018 W/cm2,
whereas Fig. 10(f) shows the electron spectrum at 8.58 ×
1018 W/cm2. The color axis represents electron macropar-
ticle number, in arbitrary units. In comparison with the
electron spectrum shown in Fig. 5(b) from the plane
target, the electron spectrum from the aligned nanorod
target [Figs. 10(e) and 10(f)] is smoother. Consequently,
the THz waveforms are also smoother. However, at
lower laser intensity [0.77 × 1018 W/cm2; Fig. 10(e)],
the time-resolved electron spectrum still exhibits electron-
microbunch emission, although is not as prominent as for
the case of the planar target. The smoother THz waveform
from the nanorod target [shown in Fig. 10(d)] at higher
laser intensity (8.58 × 1018 W/cm2) results from continu-
ous emission of electrons from the target, which is shown
in Fig. 10(f).

V. CONCLUSIONS

The temporal characteristics of high-field THz pulses
generated by the interaction of high-intensity lasers with
a plane and an aligned-nanorod-array target are investi-
gated experimentally and reproduced by PIC simulations.
A strong correlation is found between the high-field THz
pulse and relativistic electron-microbunch emission. The
PIC-simulation results show that the temporal profile of
the THz pulses carries information about different electron
microbunches emitted from the target at different times.
The time evolution of the THz fields shows a sharp pos-
itive peak followed by a wide valley, corresponding to a
negative electric field component of the THz pulses with
a longer temporal duration (≥ 2.3 ps). By tuning the laser
and plasma parameters, the THz waveform can be shaped
in the temporal domain.
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