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Abstract: The generation of high field terahertz emission based on the interaction between an
ultra-intense laser and solid targets has been widely studied in recent years because of its wide
potential applications in biological imaging and material science. Here, a novel scheme is proposed
to enhance the terahertz emission, in which a linearly polarized laser pulse irradiates a T-type target
including a longitudinal target followed by a transverse target. By using two-dimensional particle-
in-cell simulations, we find that the electron beam, modulated by the direct laser acceleration via
the interaction of the laser with the longitudinal solid target, plays a crucial role in enhancing the
intensity of terahertz emission and controlling its spatial distribution. Compared with the single-layer
target, the maximum radiated electromagnetic field’s intensity passing through the spatial probe
point is enhanced by about one order of magnitude, corresponding to the terahertz emission power
increasing by two orders of magnitude or so. In addition, the proposed scheme is robust with respect
to the thickness and length of the target. Such a scheme may provide important theoretical and
data support for the enhancement of terahertz emission efficiency based on the ultra-intense laser
irradiation of solid targets.

Keywords: terahertz emission; T-type target; laser–plasma interaction; PIC simulation; electron
acceleration

1. Introduction

The terahertz (THz) wave is in a special frequency band in the transition from electron-
ics to photonics and has the characteristics of low radiation dose, good transmittance, etc.
Therefore, THz radiation sources are widely used in frontier basic science fields, such as
nonlinear THz optics [1], condensed matter physics, material science [2,3], and life science
research [4–6], as well as their important applications in non-destructive testing [7], THz
wave radar detection, [8] and other technical fields. Among the THz wave generation
methods, there are THz emission sources driven based on the electrons accelerated by
conventional accelerators [9] and THz wave radiation sources driven by optical rectifica-
tion [10–12] and photoconductive antennas [13]. In addition, with the rapid development
of laser–plasma interaction physics, the generation of THz emission based on laser–plasma
has been extensively studied, because the plasma itself does not have a breakdown thresh-
old. For example, Cook et al. proposed a scheme of using a two-color laser with 800 nm
fundamental frequency and 400 nm doubled frequency light to ionize air into filaments to
enhance the generation of THz emission [14]. The energy conversion efficiency in the exper-
iments was three orders of magnitude higher than that of 800 nm fundamental frequency
light. Subsequently, many researchers have proposed a series of schemes to enhance or
modulate THz emission, such as changing the frequency ratio of the two-color laser [15],
filling different types of gases in the vacuum tube [16], using a three-color laser field [17],
applying an external axial magnetic field [18] and optimization parameters, and so on.
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However, the laser defocusing caused by plasma and the absorption by the air make the
generated THz emission appear saturated, resulting in the intensity and energy of the THz
emission no longer increasing with the increase in the laser intensity.

Recent studies have shown that based on the ultra-intense laser irradiating on solid tar-
gets, THz emission with higher intensities and more energies can be
obtained [19–21]. For instance, Ding et al. [22] simulated that the half-cycle THz wave,
based on the coherent transition radiation (CTR) mechanism [23,24], could be radiated by
the forward (or backward) fast electrons passing through the front (or rear) target–vacuum
interfaces when a laser interacted with a solid foil. Subsequently, a large number of experi-
ments have been carried out to study the generation of THz emission by the femtosecond
(fs) or picosecond (ps) laser irradiating a solid target [25–27], and the obtained energy has
reached ∼50 mJ [26]. Meanwhile, Liao et al. [28] have also experimentally and theoretically
investigated how to manipulate the THz spectrum by varying the laser pulse duration or
target size when the ultra-intense laser pulse interacts with a foil target. In addition, in
order to regulate or improve the efficiency of THz emission, researchers have carried out a
large number of theoretical or experimental studies based on the interaction of lasers and
structural targets to generate THz emission. For example, high energy and well-collimated
electron bunches, produced and accelerated by the microplasma waveguide (MPW), can
be converted to strong THz emission via coherent diffraction radiation (CDR) [29] when
exiting the MPW, corresponding to efficiency exceeding 1% [30]. Apart from the MPW, the
scheme of laser-irradiated wires, microtapes, or a surface of a solid target, has been widely
applied in the theoretical, simulation, and experimental studies of laser plasma physics,
such as the electron acceleration by the longitudinal field of a surface plasma wave (SPW)
[31–34], dense electron generation and acceleration by a wire [35–40], protons accelera-
tion [41–44], γ-ray and electron-positron pair generation [45,46], and so on. Furthermore,
the laser-irradiated wires have efficiently generated THz emission due to fast electrons
undergoing helical motion [47–50] or a current-carrying line antenna [51]. However, it is
currently unclear how a flat thin target placed longitudinally affects the THz emission via
the CTR.

In this paper, a T-type target (TTT) including a longitudinal target and a transverse
target is proposed and investigated by using two-dimensional (2D) particle-in-cell (PIC)
simulations. The result shows that the TTT can significantly enhance the intensity of THz
emission and affect its spatial distribution. Compared with the case of single-layer target
(SLT), the maximum intensity of the THz emission passing through the spatial probe point
in the (x, y) plane is enhanced by more than one order of magnitude, and the THz emission
along the rear surface exhibits a much weaker distribution in the center than that at both
wings. We analyze the interaction processes of the laser, respectively, with the longitudinal
target and transverse target in detail through a series of simulations and clarify the origin
of high energy electrons. In addition, the robustness of this scheme is also verified by the
target parameters scanning.

The paper is organized as follows. Section 2 outlines the target configurations and
laser and plasma parameters. Section 3 shows the simulation results. In addition, the
reasons why THz emission was enhanced by a laser irradiating on a TTT are also discussed
in detail in Section 4. Furthermore, Section 5 presents a robust analysis. Lastly, a brief
summary is given in Section 6.

2. Simulation Setup

In order to demonstrate the enhancement effect of the TTT on THz emission and
the physical reasons for it, we used the PIC code of open source EPOCH [52] and carried
out a series of 2D simulations. For the TTT scheme, the initial setup in the simulations is
displayed in Figure 1. The simulation box was located at the (x, y) plane, and the simulation
region was set as 200λ0 × 100λ0 with 6000 × 2000 grids, where λ0 = 1.0 µm was the
laser’s wavelength. In addition, the quasi-particle number of every cell was 50 per kind
of particle. Both targets I and II were composed of a material (we assume gold, Au) and
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electrons were utilized as the TTT. The TTT-I was distributed from 5λ0 ≤ x ≤ 75λ0 along
the x-axis and −2λ0 ≤ y ≤ 2λ0 along the y-axis, with number density ne0 = 50nc, while the
TTT-II was distributed from 75λ0 ≤ x ≤ 80λ0 with ne0 = 50nc, where nc = meω2

0/4πe2 was
the critical plasma number density, with me being the electron mass, e being the electron
charge, and ω0 being the laser frequency. Since the laser intensity was much larger than the
ionization potential of the Au ions [44,53,54], they were assumed to be ionized to Au50+

due to the limitation of the computing resources. Furthermore, the ions were mobile in
all of the simulations. As a comparison, the SLT located at 75λ0 ≤ x ≤ 80λ0 with only
target II ne0 = 50nc was set in the simulations. Meanwhile, it should be noted that we
also performed a series of simulations on other material (CH), and the obtained results
were qualitatively consistent with the case of Au. Moreover, it is appropriate not to include
collisions since the collisional absorption is dominant at a much lower intensity [55–58].

Figure 1. The features of the T-type target structure and the terahertz waves radiated behind the
target by the coherent transition radiation (CTR) mechanism. Target I refers to the longitudinal target,
while Target II stands for the transverse target. The electrons in Target I are pulled out and accelerated
to very high energy, and they radiate terahertz waves after passing through Target II.

A transverse Gaussian and p-polarized laser with temporal and spatial profile I =
I0 exp[−(t − t0)

2/τ2
0 ] exp(−y2/r2

0) was normally incident from the left boundary of the
simulation box. The peak intensity was I0 = 6.0 × 1020 W/cm2, corresponding to the
normalized vector potential a0 = eE0/mecω0 = 21 for λ0 = 1.0 µm. Furthermore, the laser
parameters r0 = 6.0λ0 and t0 = τ0 = 5T0 were set to fixed values in all simulations, where
T0 was the laser period. In addition, the x-direction and y-direction were the absorption
boundary for both fields and particles, respectively.

3. Results

Now, let us demonstrate the effect of THz emission enhancement in TTT. Firstly,
the spatial distributions of the radiated electromagnetic fields (including the electric field
Ey + magnetic field Bz) are shown in Figure 2 for both cases of SLT and DLT at different times
t = 90T0 and t = 120T0. We could note that they were radiated by the forward fast electrons
passing through the rear target–vacuum interfaces. Yet, the radiated electromagnetic field
can be significantly enhanced under the action of TTT. Furthermore, from Figure 2b,d, the
intensity of the radiated electromagnetic field was an order of magnitude higher in the
case of TTT than that in the case of SLT. In addition, on the one hand, unlike that of the
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SLT, when the THz emission was just generated behind the target, it produced two sets
of radiation field distributions, as shown in Figure 2c. This indicates that they originated
from two different electron sources. On the other hand, for the generated THz emission
through the CTR in SLT, it emitted from the point sources around the laser irradiation spot
at the rear side, and the strongest emission was along the target surfaces [22], as shown in
Figure 2b. However, in TTT from Figure 2d, the radiated electromagnetic field along the
rear surface exhibited a much weaker distribution in the center than at both wings, rather
than traveling around the laser irradiation spot behind the target.
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Figure 2. Two−dimensional spatial distributions of the radiated electromagnetic field in the case of
SLT (a,b) and in the case of TTT (c,d) at different times t = 90T0 and t = 120T0.

In order to further quantitatively demonstrate the enhancement effect of the TTT on
THz emission and whether it was in the THz band, both time-domain and frequency-
domain spectra of the radiated electromagnetic field passing through the space point
(146.67λ0, −20.0λ0) at the (x, y) plane for the SLT and TTT were, respectively, given,
as shown in Figure 3. On the one hand, from the time-domain spectra of the radiated
electromagnetic field in Figure 3a, the black line showed that the maximum in the case of
the SLT was about 0.3 TV/m. However, the maximum value in the case of the TTT reached
about 2.8 TV/m, which was greatly enhanced by an order of magnitude or so. On the
other hand, from the frequency-domain spectra of the radiated electromagnetic field in
Figure 3b, it showed that the generated THz emission was in the THz band. Furthermore,
the maximum frequency of the generated THz wave reached 150 THz, which also proved
that the THz wave generated by the interaction between the laser and plasma had the
characteristics of wide bandwidth. Additionally, after integrating the spectrum curve,
we also see that the power of the THz emission generated in the TTT was enhanced by
about two orders of magnitude compared to that in the SLT. Therefore, the above results
quantitatively prove that the TTT can significantly enhance the generation of THz emission.
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Figure 3. The radiated electromagnetic field passing through the space point (146.67λ0, −20.0λ0) at
the (x, y) plane for the SLT and TTT. (a) The time-domain waveforms of the radiated electromagnetic
field; (b) The frequency-domain spectra in logarithmic scale.

4. Discussion

Section 3 demonstrated that the TTT can enhance THz emission generation. Since the
principle of generating THz emission was mainly dominated by the CTR in this work, the
parameters, such as the number density, distribution, and energy of fast electrons behind
the target, were the origin of the generation of THz emission.

Figure 4 shows the two-dimensional spatial number density distribution of fast elec-
trons for both the SLT and TTT at different times, t = 90T0 and t = 120T0, respectively.
To clarify the physical mechanism by which the TTT enhanced THz emission, we used
some settings in the EPOCH codes to distinguish the fast electrons from Target I and Target
II. Among them, Figure 4c,d shows the number density distribution of fast electrons in
Target II at different time, while Figure 4e,f shows those in Target I. First, we can observe
that almost no electrons moved behind the target in Target II, either earlier or later. This
means that the electrons in Target II did not gain much energy from the laser, and the
corresponding contribution to the THz emission generation was almost non-existent. In
addition, we can also observe that the electrons in Target II moved along the negative
direction of the x-axis in Target I, which was due to the forward movement of electrons in
Target I leading to the electrons’ return current in Target II. On the contrary, a large number
of electrons were pulled out from Target I and moved to the backside of the target, which
means that the fast electrons that enhanced the THz emission originated from Target I. At
the same time, it is also noticed that the fast electrons appeared in two regions behind the
target at an earlier moment from Figure 4e: (i) the fast electrons with lower energy were
located around the laser irradiation spot at the rear side; (ii) the electrons with higher energy
were distributed symmetrically in the two wing regions. The above fast electrons’ density
distribution led to the appearance of two sets of THz emission, as shown in Figure 2c. Over
time, most high-energy electrons appeared to be distributed at both wings of the target
backside, causing the intensities of THz emission to be higher on the wings than that of the
central region, which is, respectively, shown in Figures 4f and 2d. Yet, the fast electrons
from both forward and backward of the SLT had a transverse Gaussian profile in the central
region similar to the shape of the laser, as shown in Figure 4a,b, which explains why the
generated THz emission radiates to the surroundings with this point as the source center.

In addition to the modulation of the spatial profile of the THz emission by the fast
electrons’ number density distribution, the energy of the fast electrons can have a significant
effect on the intensity of the THz emission. Figure 5 shows the energy spectrum distribution
of the fast electrons for both the SLT and TTT at different times, t = 90T0 and t = 120T0.
Compared with the case of SLT, the fast electron energy generated in the case of TTT was
significantly higher: the maximum cutoff energy of the fast electrons generated in TTT
was about 140 MeV, while that in SLT was only about 20 MeV. The fast electrons of such
high energy in TTT naturally radiate higher THz wave intensity through the CTR when
they pass through the vacuum interface behind the target. Meanwhile, we can also observe
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from Figure 2a,c, that a part of the laser pulse was obviously not absorbed but reflected at
the range 60 µm < x < 70 µm in the case of SLT, while it did not appear in the case of TTT.
From this point of view, it also shows that the TTT can significantly enhance the energy
coupling between the laser and plasma. In addition, by comparing the blue curve with
the black curve in Figure 5a,b, the maximum cutoff energy of the fast electrons in TTT-II
was dramatically smaller than that in SLT, which also quantitatively indicates that the fast
electrons enhancing the THz emission were mainly derived from TTT-I.

Figure 4. Two−dimensional spatial distributions in a logarithmic of the electron number density
in the case of SLT (a,b), in the case of TTT-II (c,d), and in the case of TTT-I (e,f) at different times,
t = 90T0 and t = 120T0. The electron number density is normalized by the electron plasma critical
density nc.
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Figure 5. The electron energy in the case of SLT and TTT at different times, t = 90T0 (a) and
t = 120T0 (b). The black curve, blue curve, and red curve represent the electron spectrum distributions
of SLT, TTT-II, and TTT-I, respectively. The statistics of the electron energy distribution count the
energy of all electrons in the simulation area.

We carried out a detailed analysis of the mechanism of generating high-energy elec-
trons. Similar to the direct laser acceleration, the SPW could only be excited in the case of



Appl. Sci. 2022, 12, 4464 7 of 12

p-polarized lasers [59]. To clarify which acceleration mechanism dominated, we state that
the energy gain was only due to the electric field and could be divided into a longitudi-
nal (dominated by the SPW) and a transverse component (dominated by the direct laser
acceleration). We integrated over time from 0 to t to obtain the gain components for each
numerical electron [44,60],

Γx = −
∫ t

0
evxExdt, (1)

Γy = −
∫ t

0
evyEydt. (2)

The electron distribution in the energy gain space of (Wx, Wy) is shown in Figure 6.
The black dashed line corresponds to the Wx + Wy = 0, while the red dashed line (Wx = Wy)
divides the space into two regions: direct laser acceleration-dominated region in the upper
left and the SPW-dominated region in the lower right, respectively. One could note that
more electrons gained more energy from the transverse field of the direct laser acceleration
than that from the longitudinal field of SPW. So this proves that the higher energy electrons
came from the contribution of the direct laser acceleration.

Figure 6. The energy gain from the longitudinal (large Wx) and transverse (large Wy) acceleration.
The red dashed line represents the Wx = Wy, and the black dashed line represents the Wx + Wy= 0.

5. Robustness of the Scheme

Taking into account the effects of the laser and target parameters in the realistic
experiments, we performed a series of PIC simulations to investigate the robustness of our
scheme. We scanned the effect of THz emission intensity by varying parameters such as
the length and thickness of Target I in our simulations. It should be noted that in order to
be able to compare effectively, the position of the detection point was unchanged relative
to the position of Target II. The results are plotted in Figure 7. We found that although the
parameters could slightly affect the maximum intensity of the radiated electromagnetic
field, without exception, they were greatly improved compared to the case of SLT. We
also plotted the relationship between the power of the THz emission and the length and
thickness of Target-I, as shown in Figure 7b,d. We found that the THz emission was affected
when changing the parameters, either the length or the thickness of Target-I. It can be
concluded: (i) As the length of Target-I increased, the power of the THz emission increased
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gradually and tended to saturate slowly. This is because as the length increased, more
electrons were produced. (ii) As the thickness of Target-I decreased, the power of THz
emission also increased gradually. This is mainly because as the thickness decreased, it was
closer to the center of the laser focal spot, when the laser interacted with the target surface.
However, the thickness should not be too small, otherwise, the laser will ablate and destroy
the Target-I. All of the above results demonstrate that this scheme is very robust.
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Figure 7. Influence of the target parameters such as length and thickness on THz emission. The
dependence of terahertz radiation on different lengths (a,b) and thicknesses (c,d) of Target I in the
case of TTT. (a,c) are the time-domain waveforms of the radiated electromagnetic field, and (b,d) are
the corresponding frequency-domain spectrum.

In addition, we performed numerical simulations on the effect of the laser duration
on THz emission when keeping the laser input energy constant, as shown in Figure 8. As
the laser duration increased, the intensity of the radiated electromagnetic field decreased,
and the power of the corresponding THz wave also decreased. The main reason for the
above results is that the intensity of the laser decreases with the increase of the laser du-
ration under the condition that the laser input energy remains unchanged. The electron
energy is proportional to the intensity of the laser, so this leads to a decrease in the THz
wave’s intensity when the electron energy decreases. Our results were consistent with the
previously reported results, which investigated the effect of laser duration on THz emis-
sion [61]. Furthermore, we investigated the effects of SLT and TTT on THz radiation using
the controlled variable method under the same conditions for all laser input parameters; so,
the effect of changing laser duration on both cases was similar.

Moreover, the laser’s pointing stability is a very important parameter, since it may
cause the misalignment between the laser focal spot center and the target center. The
laser’s pointing deviation of less than 0.8r0 is currently achievable [44,62,63]. Therefore, we
simulated the process of generating THz emission when the laser was ±5λ0 off the x-axis,
as shown in Figure 9. This result indicated that in the case of laser pointing deviation, the
radiated electromagnetic field and the corresponding THz emission passing through the
detection point would not weaken but increase, and they were much larger than that of the
SLT.
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the TTT. (a) The time-domain waveforms of the radiated electromagnetic field. (b) The frequency-
domain spectra.
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the (x, y) plane for the different laser pointing deviations. (a) The time-domain waveforms of the
radiated electromagnetic field. (b) The frequency-domain spectra.

6. Conclusions

In summary, we have proposed a novel scheme with an ultra-intense laser pulse
irradiating on a T-type target to enhance the THz emission, and the related processes were
investigated by using the PIC simulations performance. Compared with the single-layer
target, our results show that such a T-type target could not only increase the intensity of
terahertz emission by an order of magnitude but also could significantly tune its spatial
distribution. The reason for the above results is that the fast electrons controlling the
THz emission originate from the longitudinal portion of the T-type target. The direct
laser acceleration modulated the electrons very significantly. Finally, the robustness of
our scheme was studied with respect to the thickness and length of the longitudinal part.
The proposed scheme and simulation results may provide important theoretical and data
support for the enhancement of terahertz emission efficiency based on the ultra-intense
laser irradiation of solid targets.
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