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A scheme, applying a linearly polarized laser irradiating on a T-type target which

contains a longitudinal target followed by a transverse target, is proposed to

collimate the terahertz radiation. The results show that the interaction between

the laser and the longitudinal target can effectively reduce the electron

transverse divergence while increasing the electron maximum cut-off

energy. In this way, the terahertz radiation can be well collimated while

enhancing its intensity. By using two-dimensional particle-in-cell

simulations, we show that the pointing angle is about −13.6° and 17.5° when

the length and thickness of the longitudianl target are 90.0 μm and 4.0 μm,

respectively. In addition, the impact of the laser and target parameters on the

collimation of terahertz radiation are also investigated separately. Such a

scheme may pave a new way for enhancing and collimating the terahertz

radiation via laser-solid interactions.
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1 Introduction

With the rapid development of laser technology, the researches on the generation of

terahertz (THz) waves based on the interaction between laser and plasma have attractedmuch

attention in recent years [1–5]. THz radiation can be produced via the gas filamentation effect

by a laser interacting directly with air or with different types of gases at different pressures

[6–8]. For example, the two-color laser field ionization of gas is a commonly used scheme for

enhancing THz radiation [6–12]. Besides, schemes like choosing different frequency ratios of

two laser beams [13] or using a three-color laser field [14] have also been proposed and

validated experimentally to enhance and modulate the generation of THz radiation. Although

direct laser breakdown of the air or gas is a simple method to generate THz radiation, studies

have shown that when the laser intensity reaches the order of 1015W/cm2, the THz radiation

generation will be saturated as the laser intensity increases [7].

High-intensity THz radiation has important applications in many research fields such as

materials [11], attosecond science [15], and electron accelerators [16], etc. Theoretical

simulations and experimental studies in recent years [17–20] point to a very promising
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approach to generate an intense THz radiation based on the

interaction of an intense laser with a solid target via the coherent

transition radiation (CTR) mechanism [21, 22]. And in recent

experiments, the single-shot THz pulse energy has reached

~ 50 mJ which is generated by the interaction of a picosecond

laser with a solid target [23]. Meanwhile, many other novel schemes

have also been proposed for efficient generation of THz radiation,

such as the interaction of femtosecond lasers with aligned copper

nanorod array targets [24], themicroplasmawaveguide (MPW) [25]

via the coherent diffraction radiation (CDR) [26], and the laser

interacting with a wire through the fast electrons’ helicalmotion [27]

or the current-carrying line antenna [28], etc. In addition, the

spectral modulation and angular characteristics of the THz

radiation have also been studied in detail [29, 30]. In terms of

the control of the THz radiation angle when a laser irradiate on a

solid target, recently Cai et al. propose to collimate the THz radiation

from an ultra-short intense laser and cone target [31]. Our previous

study demonstrates that it is capable of effectively enhancing THz

radiation, in which a linearly polarized laser irradiates on a T-type

target (TTT) containing a longitudinal target followed by a

transverse target [32]. While the control of this target on the

THz radiation angle is still unclear.

In this work, the collimation of THz radiation by the interaction

of a laser with the TTT is investigated by the particle-in-cell (PIC)

simulations. The results present that under the promotion of TTT,

not only the THz radiation is intensified, but also the poiniting angle

is effectively reduced. This is mainly attributed to the higher cut-off

energy and smaller transverse divergence angle of the electron beam

generated in TTT. The paper is organized as follows. Section 2

outlines the target configurations, simulation parameters and results.

Besides, the reasons for the well-collimated THz radiation are also

analyzed in detail. Section 3 presents the effects of laser and target

FIGURE 1
The initial sketch of the T-type target and the radiated electromagnetic field which is generated behind the target by the coherent transition
radiation (CTR) mechanism. The black dashed line represents the semi-circle which is used to collect the radiated electromagnetic field.

FIGURE 2
The collected electromagnetic field by a semi-circle over time for both of the flat target (A) and TTT (B).
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parameters on collimating the THz radiation. Lastly, a brief

summary is given in Section 4.

2 Numerical simulations, results, and
analysis

2.1 Target configurations and simulation
parameters

In order to show the collimation of the THz radiation

through the laser interacting with the TTT, we use the open

PIC code EPOCH [33] to carry out a series of two-dimensional

(2D) simulations. In the simulations, the box is located at the (x,

y) plane, and the area is set as 200λ0 × 100λ0 with spatial grids

6000 × 2000, where λ0 = 1.0 μm is the wavelength of the laser. The

initial sketch of our proposed scheme is shown in Figure 1. Both

targets I and II are composed of carbon ions, protons and

electrons, which assumes that the ions are fully ionized since

the laser intensity is much larger than the ionization potential of

the carbon ions and protons [34, 35]. The number density of both

them is ne0 = 21.0nc and np0 = nC0 = 3.0nc, where nc � meω2
0/4πe

2

is the electrons’ critical plasma number density,me is the electron

mass, e is the electron charge, and ω0 is the laser frequency. And

the Target-I is uniformly distributed within 5λ0 ≤ x ≤ 95λ0 along

the x-axis and −2λ0 ≤ y ≤ 2λ0 along the y-axis, while the Target-II

is distributed within 95λ0 ≤ x ≤ 100λ0 along the x-axis and

−50λ0 ≤ x ≤ 50λ0 along the y-axis. Besides, the macro-particle

number of every cell is 50 for per kind of particle. Meanwhile, as a

comparison, a flat target, which is located at 95λ0 ≤ x ≤ 100λ0
with the same plasma density as the TTT, is set in the

simulations.

The temporal and spatial profile of the laser is I �
I0 exp[−(t − t0)2/τ20] exp(−y2/r20) and it normally incident

from the left boundary. We set r0 = 6.0 μm and t0 = τ0 = 5T0

in the simulations, where T0 is the laser period. Besides, the peak

intensity of the laser is I0 = 6.0 × 1019 W/cm2, corresponding to

the normalized vector potential a0 = eE0/mecω0 = 6.6 for λ0 =

1.0 μm. The above laser parameters correspond to a compact

laser system of about 70 TW, which is currently commonly used

in the laboratory. Moreover, absorption boundary condition is

applied to both particles and fields for all boundaries.

2.2 Simulation results and analysis

The radiated electromagnetic field (including the electric

field Ey with units V/m and magnetic field Bz with units T)

FIGURE 3
The angular-spectra distribution of the THz radiation for both of the flat target (A) and TTT (B).

FIGURE 4
The angular-spectra distribution (accumulated and summed
along the frequency axis in Figure 3) of THz radiation for both of
the flat target and TTT.
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behind the target is collected by a semi-circle centered at (100λ0,

0) in the (x, y) plane because it can be seen as a point source

radiating outward over time [30, 31, 36]. We choose the radius of

the detected semi-circle to be R0 = 45.0 μm, which is enough to

avoid the interference of the quasi-static fields formed behind the

target and the noise caused by the expansion of the target [30,

36]. First, Figure 2 shows the collected electromagnetic field over

time for both of the flat target and TTT. We can observe from

FIGURE 5
The angular distribution (A), energy spectrum distribution (B) and the spatial distributions (C), (D) of the electrons passing through the interface
behind the target at time t = 110T0 for both of the flat target and TTT.

FIGURE 6
The angular-spectra distribution of the THz radiation for the y = 4.8λ0 (A) and y = −4.8λ0 (B).
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Figure 2A that multiple pulses are radiated when the laser

interacts with the flat target, which is consistent with the

findings that have been reported previously [30]. The main

reason for the above phenomenon is that a part of the

electrons with lower energy after leaving the target will be

dragged back to the inside of the target by the sheath field at

the rear side of the target. The electrons can then radiate multiple

electromagnetic pulses through such reciprocating motion [31,

37]. Therefore, after the fast Fourier transform (FFT), as shown

in Figure 3A, the frequency has multiple peak structures under

the action of the radiated electromagnetic field of the multiple

peak structures in the time domain. While in the case of TTT, we

have only detected a single pulse of the radiated electromagnetic

field over the entire time series, and its intensity is significantly

stronger than that of the flat target a lot, as shown in Figure 2B.

Correspondingly, the angular distribution of the THz radiation

in the frequency domain after FFT is shown in Figure 3B. On the

one hand, one can observe that the radiated THz wave’s intensity

is stronger at frequencies below 10 THz. On the other hand, as

the frequency increases, the THz wave exhibits better

collimation, becoming closer to the laser incident direction.

To quantitatively illustrate the effect of TTT on the angular

distribution and intensity of the THz radiation, we plot their

intensity (accumulated and summed along the frequency axis in

Figure 3) as a function of angle for both of the flat target and TTT,

as shown in Figure 4. First, one can note that the intensity of the

THz radiation can be significantly enhanced in the case of TTT at

frequencies less than 150 THz, compared to that in the case of flat

target. In addition, in terms of angular distribution modulation,

the THz source points at about −36.7° and 40.6° in the case of flat

target, respectively. However in the case of TTT, it is able to

collimate the THz source significantly, which points at

about −13.6° and 17.5°.

When a single electron passes through the target-vacuum

interface, the radiation energy spectrum distribution into the

solid angle dΩ generated by the transit radiation mechanism can

be expressed as [30, 38]

d2ε

dωdΩ � e2

π2c
| S β,φ, ϕ( )|2, (1)

where c is the light velocity in vacuum, β is the electron’s

velocity normalized by c, φ is the injection direction of the

electron, ϕ is the observation direction, and the S is expressed as

S β,φ,ϕ( ) � β cosφ sin ϕ − β sinφ( )

1 − β sin ϕ sinφ( )
2 − β cos ϕ cosφ( )

2. (2)

From Eq. (1), one can get that the spatial angular distribution of

the THz radiation is related to two factors for electrons: 1) The closer

the injected electron beam’s direction φ is to the direction of the

normal to the target, the better the collimation of the THz radiation.

2) The higher the electron beam’s velocity β, the better the

collimation of the THz radiation. Since the THz radiation is

generated by the CTR mechanism in this work, in order to

clarify the reason why the TTT can collimate and enhance the

THz radiation, we also plot the angular distribution of the electrons

passing through the interface behind the target at time t = 110T0, as

shown in Figure 5. On the one hand, one can observe that the

electrons coming from the Taeget-I are well collimated in the case of

TTT with a divergence angle of only about 7.8° at the Full Width

Half Maximum (FWHM), as shown in Figure 5A. This is mainly

attributed to that the electrons pulled by the laser in the Target-I

move forward along the surface of the target under the combined

action of the electric field force and the magnetic field force, thereby

obtaining good collimation [31, 37]. Yet in the case of flat target, the

divergence angle of electrons passing through the target is

significantly larger than that in the case of TTT. Meanwhile, it

should be noted that the number of electrons behind the target is

higher in the case of flat target than that in the case of TTT. We all

know that the intensity of the radiated THzwave is positively related

to both the number and energy of electrons, but the energy of

electrons is more dominant [39]. Therefore, we also show that the

electron energy spectral distribution after passing the target in both

of cases at time t= 110T0, as shown in Figure 5B. Themaximum cut-

off energy of electrons in the flat target is only less than 3MeV, and

the vast majority of electrons are in the energy range with energies

less than 1MeV. In contrast, thanks to the efficient energy

conversion between the laser and Target-I, the maximum cut-off

energy of electrons in the TTT can reach 60MeV, which is 20 times

higher than that in the flat target. Such high-energy electrons can not

only enhance the intensity of the THz radiation field, but also

effectively reduce its pointing angle, as shown in Figure 3B.

Therefore, in the TTT scheme, the generated high-energy and

well-collimated electrons result in high-intensity and well-

collimated THz radiation.

FIGURE 7
The cumulatively summed angular-spectra distribution of
THz radiation for the y = 4.8λ0, y = −4.8λ0 and y = 0.
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3 Effects of laser and target
parameters on collimating THz
radiation

3.1 The laser’s pointing stability

The pointing stability of the laser plays a very important role

in the actual experiments, which is because it may cause the

misalignment between the focal spot center of the laser and the

center of the target. Currently, it is achievable that the pointing

deviation of the laser is less than 0.8r0 [40–42]. Therefore, the

effect of laser pointing deviation at y = ±4.8λ0 off the x-axis on

collimated THz radiation is demonstrated by the PIC

simulations, as shown in Figures 6, 7. Compared with the

result of Figure 3B without the incident deviation, we are

surprised to find that the THz radiation is enhanced when the

incidence is deviated, as shown in Figure 6. This indicates that

proper laser incidence deviation can enhance the conversion

efficiency between the laser and THz radiation. At the same time,

it can also be observed from Figure 6 that the laser pointing

stability affects the collimation of the THz radiation. Therefore,

we also plot the THz radiations’ intensity as a function of angle,

as shown in Figure 7. First, one can find that the distribution of

the THz radiation exhibits more asymmetry on the left and right

sides bounded by 0°, which is mainly caused by the asymmetry of

the electrons after passing through the target. Besides, the better

collimation of the THz radiation on the higher intensity side is

accompanied by a pointing angle of about ±6.0°, probably due to

the higher energy and smaller divergence angle of the electrons.

With the above results, it is demonstrated that proper laser

pointing deviation can enhance the THz radiation and better

collimate its pointing direction.

3.2 The length and thickness of the target

In this work, the enhancement of electron energy and the

control of their divergence angle due to the interaction between

laser and Target-I are the key factors to enhance THz radiation

and reduce its pointing angle. So we also scan the thickness and

length parameters of Target-I to verify the effect on THz

radiation collimation through a series of PIC simulations.

Figure 8 presents the effect of Target-I on the pointing angle

of THz radiation at different thicknesses of d0 = 2.0λ0, d0 = 1.0λ0

FIGURE 8
The angular-spectra distribution of the THz radiation for different thickness of the Target-I with d0 = 2.0λ0 (A), d0 = 1.0λ0 (B), and d0 = 0.4λ0 (C).
(D) The corresponding cumulatively summed angular-spectra distribution of THz radiation.
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and d0 = 0.4λ0 with the length of L0 = 90λ0 and no change in the

laser parameters. We find that the THz radiation can be

effectively enhanced and collimated when the thickness is

changed, and the resulting pointing angles are -12.1° and 16.9°

with d0 = 2.0λ0, −14.0° and 18.1° with d0 = 1.0λ0, and -9.2° and

16.9° with d0 = 0.4λ0. At the same time, it should be pointed out

that no matter how the thickness changes (including d0 = 4.0λ0),

the THz radiation intensity distributed on both sides of 0° shows

asymmetry. This may be mainly due to the asymmetry of the

electron distribution behind the target, resulting in an

incompletely symmetric distribution. In addition, we also

simulated the case that the laser focal spot radius (3.0λ0) is

less than the thickness of Target-I (4.0λ0), and the results show

that the THz radiation intensity will decrease. This is mainly

because the laser cannot interact with Target-I sufficiently.

Besides, also without changing the laser parameters, the effect

of the length of Target-I on the pointing angle of the THz

radiation is shown in Figure 9. One can notice that the effect

of length is more sensitive than that of the thickness. When the

length of Target-I is short, neither the intensity of THz radiation

nor the pointing angle are significantly improved. However, as

the Target-I length increases, both the intensity and the pointing

angle of the THz radiation get better and then tend to saturate.

This is mainly due to the fact that with the increase of length, the

maximum cut-off energy of electrons generated by the

interaction between the laser and Target-I will increase.

Consequently, the resulting pointing angles are -35.6° and

37.3° with L0 = 10λ0, −22.9° and 27.6° with L0 = 40λ0,

and −13.8° and 22.9° with L0 = 70λ0.

4 Summary

In summary, a novel scheme has been proposed for

enhancement and collimation of THz radiation, which is that

an ultra-intense laser irradiates on a T-type target. The processes

and causes of enhancement and collimation are studied in detail

through a series of PIC numerical simulations. The results show

that a T-type target can effectively reduce THz radiation’s

pointing angle while enhancing its intensity, which points at

about −13.6° and 17.5° when the longitudinal target’s length is

90λ0 and the thickness is 4.0λ0. The reason for the above results is

that the generated high-energy and well-collimated electrons in

the case of the T-type target lead to the high-intensity and well-

FIGURE 9
The angular-spectra distribution of the THz radiation for different length of the Target-I with L0 = 10λ0 (A), L0 = 40λ0 (B), and L0 = 70λ0 (C)when
d0 = 4.0λ0. (D) The corresponding cumulatively summed angular-spectra distribution of THz radiation.
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collimated THz radiation. Besides, the effects of laser pointing

stability and target parameters on collimating the THz radiation

are also studied, respectively. One can find that a proper laser

pointing deviation can also enhance the THz radiation and better

collimate its direction with a pointing angle about ±6.0°. The

proposed scheme and simulation results may provide important

support for enhancing and collimating the THz radiation by the

laser interacting with a solid target.
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