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Enhanced terahertz radiation generated by intense laser interaction
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A terahertz radiation enhancing scheme, in which a linearly polarized weakly relativistic laser pulse
irradiates a target consisting of two parallel thin-solid layers with a certain gap, is proposed and studied by
using two-dimensional particle-in-cell simulations. The radiation is known to be produced by laser-
produced hot electrons via mechanisms such as coherent transition radiation at the target surfaces. Under
optimized conditions, the energy conversion efficiency of terahertz radiation can be as high as 3.3%, which
is nearly 1.5 times higher than that obtained with a single-layer target with the same drive laser. This is
mainly due to the enhanced hot electron generation with moderate energy via multiple reflections of the
laser pulse between the two target layers. The radiation has two peaks close to 30° from the target surface,
which are more collimated than that with the single-layer target. The dependence of the terahertz radiation
on a variety of target parameters is given, which can control the terahertz spectrum and radiation efficiency
and thus provide guidance for experimental investigations. Moreover, both the coherent transition radiation
and antenna radiation models are applied to explain the angular distributions of the terahertz emission

found in the simulations.
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I. INTRODUCTION

Terahertz (THz) radiation has many promising applica-
tions in broad areas, such as medicine [1], wireless commu-
nication [2], security [3], material science [4], environmental
remote sensing [5], etc. The generation of THz radiation with
high power and efficiency is essential to applications, which
remains a critical issue. Recently, THz sources based on laser
plasma have attracted widespread attention [6—8]. Unlike
those crystal-based THz radiation sources, plasma has a very
high damage threshold and thus can suffer very highly
intensive laser radiation and thus may drive high power
THz sources [9]. Various schemes have been studied on
intense laser interaction with solids [ 10—13], liquids [14], gas
targets [15—18], or even electron beams [19-22].

Among the various schemes of laser plasma interactions,
the THz radiation efficiency and peak intensity generated
by laser solid interaction are particularly prominent. One
can generate THz radiation with peak power up to the TW
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level [23], far higher than that with a gas target. This is
mainly attributed to the high density of solid targets, which
allows efficient laser energy coupling with the target,
resulting in the generation of more hot electrons and
subsequent THz radiation via coherent transition radiation
(CTR) or sheath radiation. The CTR from the interaction
with laser and solid target has been well studied [24].
Physically, when an ultrashort intense laser pulse interacts
with a solid target, the laser pondermotive force will
accelerate target electrons in the solid. When the hot
electron bunches transport outside the solid target, THz
radiation is produced via CTR [25-27]. The intensity of
CTR is related to the number and the energy of charged
particles. The more the accelerated electrons, the stronger
the radiation energy. The higher the energy of accelerated
electrons, the larger the radiation yield. Therefore, many
related studies have focused on how to generate more hot
electrons or how to enhance the energy of hot electrons.
In addition to the laser interaction with planar solid
targets, some other target structures have been proposed,
for example, a thin solid target with nanostructures added to
the front surface of the target [28,29] and plasma micro-
channels [30]. Wire targets were also proposed [31-34],
which were supposed to be able to guide the hot electron
propagation and amplify the THz emission via different
mechanisms, such as antenna radiation [35].
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FIG. 1. The configuration of laser interaction with a target
composed of two thin layers for THz generation.

In this paper, we propose a new target structure composed
of two thin-solid layers for THz generation. As shown
schematically in Fig. 1, the laser beam can be reflected
multiple times between the two solid layers to achieve higher
energy absorption and a larger number of hot electrons as
compared to the laser interaction with a single-layer target,
thus the efficiency of THz radiation is enhanced.

The paper is organized as follows: In Sec. II, we present
simulation results for a typical case of the two-layer target,
which are compared with the single-layer case. The
physical mechanisms responsible for enhanced THz radi-
ation are analyzed in Sec. III. In Sec. IV, the dependence of
THz radiation on the laser and target parameters is given. A
summary is given in Sec. V.

II. SIMULATION RESULTS

We have carried out a two-dimensional simulation with the
particle-in-cell (PIC) code epoch [36]. The simulation region
is0f 600 pm x 600 pm with 12000 x 12000 grids. The two-
layer solid plasma targets, each with a thickness of 8 pm, is
separated by a distance of 50 pm. The two target layers have
different lengths with 120 pm for the upper one and 90 pm
for the lower one. They are tilted by a 60° angle against the x
axis in the simulation box as shown in Fig. 2(a). The length of
the second layer of the two-layer target is slightly shorter than
that of the first layer so that the laser can be injected relatively
easily. To model the preplasma formation in the inner surface
between the two target layers, an exponential plasma density
profile is assumed with n(h) = ngexp(—h/L) from ny to
10n,., where L = 0.5 pmis the scale length, n, = 0.1n,., and
n. = mw}/4xe? is the critical density of the laser frequency
. Here, all the ion particles are immobile and can be seen as
the background. For comparison, a single-layer target is also
used in the simulation as shown in Fig. 2(b).

A p-polarized laser is incident from the left boundary of
the simulation box, propagating along the positive x-axis
direction and injected at the position y; = —35 pm.
Therefore, the laser is obliquely incident at §; = 30° onto
the target surface and is reflected between the two layers of

the target. The peak intensity of the laser pulse was
Iy = 3.4 x 107 W/cm?, corresponding to the normalized
vector potential ay = eEy/m,cwy = 0.4 for the laser
wavelength 4, = 0.8 pm. The laser has Gaussian profiles
both along the longitudinal and transverse directions
a(t) = agexp(—1*/T? — r*/w?) with the full laser dura-
tion T; =5 Ty, which is about 27;In(2) = 18 fs in full
width at half maximum (FWHM) for the given laser
wavelength, where T, = lg/c is the laser oscillation
period. It has a waist size w;, = 12.7 pm. In the simulation,
the laser pulse has the additional phase related to the
focus position ¢ = (27/49)(y — yo)?/2R. — ¢,, where
R, = x,[1 + (xg/x,)?], xg = 7w}/ A9, x; = 310 pm so that
this laser pulse is focused at x = 10 pm, which is just
around the surface of the first layer target, forming a waist
size of w, =8 pm and with a peak amplitude around
ag = 0.64. Moreover, both the fields and particles take the
open boundaries in the x and y directions.

In the following, we show the features of THz emission
found with the two-layer target. Figures 2(c) and 2(d) show
the spatial distributions of the magnetic field component of
produced THz radiation, which are supposed to be pro-
duced via the CTR mechanism as studied before [25,26]. It
is worth mentioning that we have filtered out the laser (high
frequency above 100 THz) in Figs. 2(c) and 2(d), leaving
only low frequency THz radiation fields.

In the case of the single-layer target, as we can see in
Fig. 2(d), the THz radiation can be divided into two parts,
the large circle pulse (as marked with the letter A) and the
small circle pulse (as marked with the letter B). The part A
is mainly produced by the first interaction between the laser
pulse and the target, radiating outward from this point,
which has been well studied [26]. While part B comes from
the bottom end of the target [33]. Although they are both
produced by CTR, they are different in time and space.

In the case of the two-layer target, as we can see in
Fig. 2(c), the situation is more complicated. Due to the
multiple reflections of the laser pulse between the two solid
layers, multiple THz pulses are produced from both the
target surfaces (marked as letter C) and both the ends of the
targets (marked as letter D). Each interaction can produce
transition radiation with a similar pattern to the radiation in
Fig. 2(d) and has a similar half-cycle distribution pattern,
which is consistent with previous work [25,26]. With the
messy superposition of these THz pulses, the spatial
distribution of radiation becomes intricate. Figures 2(e)
and 2(f) show the angular distributions of the THz radiation
spectrum generated by the two-layer target and single-layer
target, respectively. Both show broad spectra extending to
above 20 THz. The definition of the angle is shown in
Fig. 2(a), where we set the propagation direction of the
laser beam to be # = 0° and the direction of the target
surface to be 6 = 60°. It is found that the radiation energy is
mainly concentrated about 30° and 90°, which are about 30°
deviation from the target surface. One can also find that the
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FIG. 2.

(a) and (b) are two-dimensional spatial distributions of the target electron density for the two-layer target and single-layer

target, respectively; (c) and (d) show snapshots of the magnetic field distributions for the single-layer target and two-layer target,
respectively, at = 690 T, where the black dash lines mark the target positions, the black capital letters (A, B, C, D) mark the different
radiation pattern and the point P marks the position (x,y) = (150, 1504/3) pm as a probe point. (¢) and (f) show the angular
distributions of the radiation frequency spectra for the two cases, respectively, where the black dashed lines indicate the direction of the
target surface; (g) The angular distributions of the radiation energy, where the dashed line indicates the target surface direction 8 = 60°;
(h) The temporal structure of the magnet field (filtered, only keeping the lower frequency) at probe P.

two-layer target model has led to enhanced THz radiation
energy as compared to the single-layer target. It is shown
that THz radiation is mainly distributed within the angle
range from 20° to 100°. The two radiation peaks at 30° and
90° mean that the two-layer targets have a significant
enhancement effect on the radiation energy distribution in
these directions. This can also be verified in Fig. 2(g),
where we compare the angular distributions of integrated
THz energy for both cases. In Fig. 2(g), we have integrated
the radiation field intensity |B,_ry,| which only contains
the low frequency part (from O to 20 THz) in each direction
for both cases.

In Fig. 2(h), we compare the temporal profiles of
the magnetic field components associated with the THz

radiation (from 0 to 20 THz) produced at the probing point
P at (x,y) = (150,150+/3) pm in the simulation box for
both two models. The fields in the first three oscillations
look exactly the same because they all come from the
interaction with the first layer target, while the consequent
radiation fields are associated with subsequent laser inter-
action with the target and hot electron transport around the
target. In the case of the two-layer target, the additional
radiation is generated by the second-layer target as shown
in Fig. 2(h). It shows that the THz radiation pulse generated
by the two-layer target has a significant enhancement.

We have calculated the laser THz energy conversion
efficiency. The formula used to calculate the energy
conversion efficiency is given by
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_ ff |Bz—THZ|2dXdy
ff |Bz—1aser|2dxdy ’

where B, 1y, and B,_j,, are the magnetic fields along the z
direction as both the incident laser and THz radiation are p
polarized. When doing this calculation, we use the frequency
filtering method to calculate the energy in the THz pulse
within 20 THz [37]. For the case with the single-layer target,
the conversion efficiency is 2.26%. While for the two-layer
target, it has been increased to 3.30%, implying an enhance-
ment of nearly 46% over the single-layer target.

n (1)

III. PHYSICAL MECHANISMS FOR THE
ENHANCEMENT OF THZ EMISSION

A. Comparison of hot electron generation
for the two targets

The previous section has shown that the two-layer target
can considerably enhance the efficiency of THz generation.
To understand the mechanisms, we compare the hot
electron generation for the two cases. First, we compare
the energy distributions of electrons found from the
two types of targets in Fig. 3(a). The inset in the right
top corner of Fig. 3(a) shows the electron energy
distribution spectra emitted from both the single-layer
target and the two-layer target. As shown in this figure,
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FIG. 3. (a) shows the energy spectra of the hot electrons
from both the single-layer target and the two-layer target. while
the black line shows the ratio of the two different energy spectra

Ny Noower a¢ 4 — 690 Ty; (b) and (c) show the angular dis-

Ny Niingle layer
tributions of the total hot electron number for the two-layer target
and single-layer target at time =412 T, and t = 625 T\,
respectively.

both the number of hot electrons have the same maxi-
mum energy at about 1.5 MeV. These high energy
electrons mainly come from the first laser interaction,
because the laser has the highest intensity and the
minimum focal spot at that time. After the first inter-
action between the laser and the layer target, the shape of
the laser pulse changes, inducing rapid defocusing and its
peak intensity decreasing. The black line in Fig. 3(a)

shows the ratio of the two different energy spectra % =
1

Newo l
el > 1,05 to further compare these two spectra
Nsingle layer

clearly. It shows that the number of hot electrons
produced with the two-layer target is obviously higher
than that with the single-layer target, in particular, for hot
electrons with energy around 1 MeV. This suggests that
the interaction of the reflected pulse with the second layer
of the two-layer target can contribute to the generation of
considerable hot electrons at a moderate energy level.
Therefore, it is clear that the radiation enhancement
generated by the two-layer target as compared with the
single-layer target is mainly due to the second-layer
target. If summing up the number of hot electrons with
energy for these two cases, one can find that the two-
layer target can produce 43% more hot electrons than
the single-layer target. This is consistent with the
enhancement of the THz radiation energy conversion
rate mentioned above.

The angular distributions of hot electrons with y > 1.05
att =412 Ty and 625 T, are shown in Figs. 3(b) and 3(c),
respectively. It shows that at the early stage when the laser
interacts with the first layer of the target, there are two
peaks of electron emission near —30° and 150° as shown in
Fig. 3(b), which are close to the target normal at —30° and
150°. This is in agreement with the theory of electron
emission from laser solid interactions [38,39]. At later time,
due to the hot electron transport around the target, the
electrons are almost uniformly distributed in different
directions except for a dip around 240°, i.e., the opposite
direction of the target surface.

B. Comparison with theory models on angular
distributions of THz radiation

To further understand the mechanisms of THz radiation,
we will estimate the angular distributions of THz radiation
according to the hot electron angular directions given above
and the two radiation models, i.e., the CTR model and the
antenna model.

At an early stage, the hot electrons are first accelerated
by the laser ponderomotive force mediated by the induced
electrostatic fields at the solid surface. They are ejected
from the target close to the target normal as shown in
Fig. 3(b). They can produce THz radiation via the CTR
process as schematically shown in Fig. 4(a). The corre-
sponding frequency spectrum and angular distribution can
be described by [24-27]
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FIG. 4. Two radiation mechanisms associated with the hot
electron acceleration and transport process. (a) Coherent tran-
sition radiation appears when accelerated hot electrons propagate
through the target surface at the beginning; (b) antenna radiation
is produced when hot electrons transport along the target surface
at a later stage.

d?é,  &N(N-—1)
dodQ pate

2
/dtdrde(ﬁ,(p,G— 00)f(t,r,v)eiw—kr|

(2)
where /3 is the electron velocity normalized by light speed c,
@ the particle injection direction relative to the target
normal, € the observation direction, @ the frequency of
the radiation, and 6, the target normal direction. While
f(z,r,v) is the electron distribution function related to time
t, space r, and velocity v, and S is given by

S(ﬂ? (p70_ 90)
B f cos @[sin(0 — 0y) — fsin ¢]
1 = psin( — 6y) sin g]*> — [Bcos(6 — ;) cos g 3

X

For the given laser parameters in Sec. Il, let us estimate
the THz radiation angular distribution in the following with
the interaction configuration shown in Fig. 4(a). The radi-
ation process takes place in a timescale around 27;+
2wy, tan(6;)/c, and the interaction region has a width of
2w,/ cos(8;). Since the laser has a Gaussian distribution
both in time and space, the length and the width of the hot
electron beam can be estimated to be L =2cT, +
2wy tan(0;) and r, = w,/ cos(6;), respectively. Therefore,
the electron beam distribution function can be described with
f(r) = (zLry) ' exp(—2z%/2L* — r?/2r}), where the longi-
tudinal z axis is along the target normal direction and it is
assumed that the beam electrons have the same velocity »Z.

From Egs. (2) and (3), the radiation spectrum distribution
can be estimated with

d’¢.  eN(N-1)
.- 0—6)?
dwd) e 5.0 o)l

/ drf (e, )| (4)

X

where

[arrmen

" exp {— (%) "c0s(0— 0y)
- () swo-a)

The energy angular distribution of this CTR process can be
calculated with Egs. (4) and (5). Here we simply assume
that most hot electrons have the relativistic factor y = 1.8,
which is related to the energy peak in Fig. 3(a), corre-
sponding to velocity v = 0.832¢. Due to the fact that the
electron beam mainly moves along the target normal, the
incident angle ¢ = 0, laser incident angle #; = 30°, and
target normal direction 6, = —30° or 150°. For the first
laser interaction, the position of the action point is
approximately at x = —10 pm, where the laser waist radius
wy, 1s around 8 um. By using Eq. (5), its angular radiation
peak is around 6 =~ 105° or 15° for the radiation frequency
@ = 5 THz, which is around 45° deviation from the target
surface, as shown in Fig. 5(a). This radiation is described
by the outer circular pattern of the THz fields shown in
Figs. 2(c) and 2(d) as marked with letter A.
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FIG. 5. The normalized angular distribution of the THz

radiation from CTR driven by laser target interaction from (a)
the first target, (b) the second target, where the black dash lines
mark the target positions 60° and the shadow areas represent
the energy that will be diffracted to other direction, (c) The
normalized angular distributions of the THz emission with
antenna model for both two targets with different length. (d)
The normalized angular distribution of the THz radiation from the
CTR takes place at the end of both targets. All the energy angular
distributions are normalized to their own maximum value.
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For the laser interaction with the second target, the
laser suffered a rapid defocusing and thus its waist radius
became w;, ~ 11 pm at the interaction position. At this
time 2w,/ cos(30°) > 2¢T; / cos(60°), so the radius of
the electron beam becomes r, = ¢T;/ cos(60°) the pro-
jection of the laser duration on the target surface. From
Eq. (5), its angular radiation peak is around 0 =~ 27° or
93°, which is around 33° deviation from the target
surface, as shown in Fig. 5(b). This radiation is respon-
sible for the circular pattern of the THz fields shown in
Fig. 2(c) as marked with the letter C. Therefore, the two
energy peaks in our PIC simulation shown in Fig. 2(g)
are mainly coming from the CTR process from the
second target.

As we can see in the Figs. 2(a) and 2(b), a large part of
the radiation energy is traveling along the target surface.
These radiation fields are superposed at the angle 6 ~ 60°
with phase difference AT = D/c and AT = H/c, which
is also the main cause for the harmoniclike structure at
0 =~ 60° in the frequency spectrum as shown in Figs. 2(e)
and 2(f). However, when this radiation is emitted from the
target end, it will diffract due to the finite target thickness,
resulting in the redistribution of the radiated energy. This is
only for the radiation, which propagates along the target
direction around 60°. As a result, there will be a significant
drop in radiation energy around 60°, which also forms the
two radiation peaks shown in Fig. 2(g).

However, one can find that the radiation distribution
obtained by the above theory is completely symmetrical on
both sides of the target normal direction, which does not
explain our simulation results. From Fig. 2(g), the radiation
energy is clearly concentrated around 60°, rather than 240°,
which also indicates that this process may contain a
different physical mechanism.

By analyzing the energy spectra of these hot electrons,
one can notice there is a valley in the angular direction
at 240° in Fig. 3(c), the opposite direction of the target,
which means that the majority part of the hot electrons
is traveling toward the upper left inside the target. This
can be seen as an antenna, and these electrons moving
inside this long wirelike target can be considered as a
moving current with I, = Iyexp(—1*/273)(t — Z'/c), thus
leading to another type of radiation [33] different from the
CTR above. This radiation can be described by the Smith
model [35],

d>w _ pocl3tisin®(0 — 6, )2 in? 7 ot (©)
dQWw  4zn[l —cos(6 — 0;)] 2

where @ is still the observation direction, with 8, = 60° the
current moving direction, and 7, = K/c[l — cos(6 — 6,)]
is the retarded time between the source and the terminal,
where K is the current propagating length. Integrating
Eq. (6), we get

d_W _ MOCI%)T%Sinz (9 B 91) > (1 _ 6773/4‘[(2)). (7)
dQ  164/z[l —cos(6 — 0,)]

As shown in Fig. 4(b), during laser interaction, we can
assume that some hot electrons are been accelerated along
the target direction, and the total accelerated duration is
still 27 + 2wy, tan(30°) /c. Assuming that the end point
of the electron beam has a velocity ¢, the duration 27,
of the electron beam is around [27; + 2w tan(30°)/c] x
[c/cos(60°) —c] = [2¢Ty + 2wy tan(30°)]. With 7o=T; +
wptan(30°) and K = [120 — (65 — y,)/ cos(30°)] pm +
7oc ~ 100 pm for the first target and K ~ [100 — 50/
cot(30°)] pm + 7oc ~ 80 pm for the second target, one
finds that these radiation peaks appear at 6 =~ 60° + 37°
and 6~ 60° 4 44°, respectively, as shown in Fig. 5(c).
Therefore, it is both the interaction of the antenna model
and the CTR that will make the radiation much stronger in
the direction of 60° than that in the direction of 240°.

In the end, the hot electrons finally eject from the left
bottom side of the target and cause another CTR process.
We can still use Eq. (2) to describe it. However, at this time,
the radius of the electron beam is decided by the thickness
of the target, with r, = D/2 for a uniform transverse
distribution and [ =2T ¢ + 2w, tan(30°) for a longi-
tudinal Gaussian distribution f(z) = 1/(2zl)e~/2F),

We now have
2 2
=exp [— (g)_l) cos? (6 — 6’1)}
c

sin(wry, cos(6 — 6,)/c)|?
X[ wrycos(0—6,)/c ] ®)

‘ drf(r,v)e *r

By using the parameters above, its radiation peaks appear at
0 ~ 60° £+ 40°, as shown in Fig. 5(d). This radiation is
related to the intercircular pattern of the THz fields shown
in Figs. 2(c) and 2(d) as marked with letters B and D,
respectively. So far, we have explained all the radiation
observed in the simulation.

IV. DEPENDENCE OF THZ RADIATION
ON LASER AND TARGET PARAMETERS

A. Effects of the preplasma

In order to examine the impact of various target and laser
parameters on THz emission, we have carried out a series of
simulations by varying the preplasma scale L at the target
surface, the distance H between the two layers of the target,
and the laser parameters.

In Fig. 6(a), we compare the conversion efficiency from
laser energy to THz radiation under different preplasma
scales while keeping all other simulation parameters fixed
for the two-layer target and single-layer target. For both
cases, it is found that the optimal preplasma scale is around
0.5 pm which is also consistent with the resonance
absorption relationship [40] L = (c¢/w)[1.47 sin(30°)] 7.
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FIG. 6. (a) The conversion efficiency from laser energy to THz

energy for different preplasma lengths, where the red line is found
for the two-layer target and the blue line is for the single-layer
target. (b) The angular distributions of the THz emission with
different preplasma lengths found for the two-layer target.

At this time, both the two-layer target model and single-
layer model reach their maximum conversion efficiency
rate, corresponding to the conversion efficiency of 3.30%
and 2.26%, respectively.

In Fig. 6(b), we show the energy angular distribution
of THz radiation corresponding to different preplasma
scales for the two-layer target. When the preplasma scale
is well situated, the radiation is sharply peaked at 30° and
90°. As we know, the preplasma scale length plays a
significant role in THz radiation. The optimal scale
length of preplasma occurs mainly due to the fact that
the number of produced hot electrons, rather than their
average energy, is the largest.

B. Effects of the gap distance between
the two thin layers

Now we focus on the two-layer target and study the
effect of the layer gap on THz emission. In Fig. 7(a), the
THz emission conversion efficiency is shown as a function
of the gap distance between the two layers while keeping
all other simulation parameters fixed. It is shown that the
optimal distance is around 50 pm, corresponding to a
conversion efficiency of 3.30%. In Fig. 7(b), we show the
angular distributions of THz emission for different gap
distances.

Now let us briefly analyze the effect of gap distances on
radiation distribution. For the whole process, in fact, the
target gap distance affects the position of the interaction
and the defocus of the laser beam.

3.6

(a)
32|

281

2.4+

(b) ‘ ‘ —H—10pm

—H =40 um
21 ; H = 80um| |

0 90 180 270 360
0 [degree]

Intensity (arb. unit)

FIG. 7. (a) The conversion efficiency from laser energy to THz
energy with different gap distances between two layers. (b) The
angular distributions of the THz emission with different gap
distances.

When the distance between the two targets is too narrow,
part of the THz radiation generated by multiple reflections
will be trapped between the two targets and reflected back
and forth and will finally be absorbed by the preplasma at
the surface of the target. A narrow gap will also prevent the
laser pulse from propagating between the two targets as the
entrance will block part of the incident laser energy and
thus cause energy loss. When the distance gap is too wide,
the laser interaction with the second target will be signifi-
cantly reduced due to the rapid defocusing of the laser
beam. The larger the target gap distance, the larger the laser
focal spot radius when the laser interacts with the target. An
excessive gap distance will cause only a portion of the laser
to act on the target surface, resulting in efficiency loss.

By using Eq. (5), alaser with a large width w, will generate
a longer hot electron beam [ = 2¢T; + 2w, tan(30°) and
thus move the peak of the radiation distribution away from
the target direction 60°. When the hot electron beam grows
to a certain length, the radiation along the target direction
will dominate, exceeding the two peaks on the other angle,
making the radiation energy more concentrated in the target
direction as shown in Fig. 7(b). Therefore, changing the
gap distance can be a method to manipulate the radiation
spatial distribution in our model. It will be easy to adjust the
gap distance between the two-layer targets in experiments in
order to obtain the corresponding radiation pattern, either
enhancing or reducing the directionality of the THz radiation.
In the present simulation, it is found that when the gap
distance is about 50 pm, there are well-defined radiation
peaks at about 30° and 90°. However, the gap distance does
not have a great impact on the frequency of the radiation as it
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FIG. 8. (a) The conversion efficiency from laser energy to THz
energy with different parameters of laser intensity. (b) The
angular distributions of the THz emission with different laser
peak amplitudes.

just controls the delay between those pulses in the time
domain.

C. Effects of the laser pulse intensity
and the incident angle

In this subsection, we focus on the effect of the laser
pulse intensity and the incident angle 6; on THz emission.
In Fig. 6, we change the laser intensity while keeping all the
other simulation parameters unchanged and display the
simulation result. As we can see in Fig. 8(a), there is an
optimal intensity for the laser pulse if just considering the
conversion efficiency. It is shown that the optimal intensity
is around agy = 0.4, corresponding to the conversion
efficiency of 3.30%.

In Fig. 8(b), we show the angular distributions of THz
emission for different laser intensities. However, despite the
strength of the THz radiation, the distribution of the THz is
similar and has the same peak position. The laser intensity
just alters the intensity of the THz radiation.

In Fig. 9, we show the angular distributions of THz
emission for different €;. In our simulation, we change
the angle of the two-layer target while keeping the laser
parameter unchanged so as to change the 6;. As the incident
angle decreased, the THz energy rapidly dropped, while
the distributions of the THz became more concentrated,
the same as the work in [26], which can also match
with Eq. (4).

However, we do not demonstrate the 6; larger than 60° or
smaller than 30°. For #; smaller than 30°, it will be hard for
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FIG. 9. The angular distributions of the THz emission with
different laser incident angle 6; while the dash lines are the
direction of the target corresponding to the angular distributions
with the same color.

the laser beam to enter the middle region between the
two-layer target, while a much larger 0; will increase the
time it takes for the laser to reflect from the first target to
the second target H/ cos(6;)c. This also exacerbates the
defocusing process of the laser and causes only a portion of
the laser to act on the target surface, the same negative
effect with an excessive gap distance.

The optimal angle can also be calculated by 6,, =
arcsin(0.68(wL/c)~'/3) ~ 27°, when L = 0.5 ym, which
is consistent with the resonance absorption [40].

D. Dependence of THz frequency on laser pulse
duration and target-layer thickness

In Fig. 10, we change the laser duration while keeping all
other simulation parameters unchanged and display the
radiation frequency and angular distribution for different

Intensity (arb. units)
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1400
(b)
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FIG. 10. The angular distributions of the radiation spectra with
different laser pulse duration: (a) T; =4 Ty; (b) Ty =25 T.
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laser durations. When the pulse duration is 7; = 4 T, the
radiation spectra become very broad, extending to 30 THz,
as shown in Fig. 10(a). As the laser duration increases, the
high frequency component of THz radiation disappears, as
shown in Fig. 10(b) for pulse duration of 25 T,. This is
mainly because the length of the hot electrons generated by
the interaction between the laser and targets is mainly
related to the pulse duration. The larger the pulse duration
the longer the relevant electron beam, thus resulting in a
longer radiation pulse duration. When the width of the
radiation pulse is close to the duration of the hot electrons
refluxing in the target, which corresponds with the thick-
ness of the target (in this simulation, the duration is around
30 Ty), the first pulse generated by the interaction will
merge with the second pulse, thus resulting in a decrease in
radiation frequency.

To get a high conversion efficiency, the laser pulse
duration has to be short, while a longer laser pulse contains
more energy and can accelerate more electrons, so there is a
trade-off here.

When the target thickness is changed, the radiation
frequency is also expected to be changed. In Fig. 11, we
changed the thickness of the target and displayed the
radiation frequency and angular distributions correspond-
ing to the thickness parameters of the target. From this
figure, it is not difficult to see that as the thickness of
the target increases, the high frequency part of the THz
radiation moves toward the lower frequency. The THz
frequency is also related to the interval of each THz pulse
generated by transition radiation, and the interval of the
pulses is determined by the time when the hot electron
reflux passes through the target. Therefore, the thicker the
target, the longer the time electrons need to travel through

Intensity (arb. units)

(2)

6 [degrece]

Intensity (arb. units)

1400
(b)

1050

700

6 [degrece]

350

0

FIG.11. The angular and frequency distributions of the radia-
tion with different target-layer thickness: (a) D =4 pm;
(b) D =16 pm.

the target and thus the lower the frequency of radiation.
Therefore, one finds that the pulse duration of the laser and
the thickness of the target are the only two parameters in the
model that can control the radiation frequency. However, a
thicker target will reduce the energy of the hot electrons that
travel through the target [26] and reduce the conversion
rate. Thus, a thinner target is still a better choice.

V. SUMMARY

In this paper, we propose to irradiate an intense laser
pulse onto a two-layer target consisting of two parallel thin
layers to enhance THz emission efficiency based upon PIC
simulations. This not only leads to the improved conver-
sion efficiency of THz radiation but also modifies the
angular distribution of the radiation, i.e., the THz radiation
becomes more collimated. Its main mechanism is due to the
generation of more hot electrons with moderate energy via
multiple reflections of the laser pulse between two layers of
the target. The physical mechanisms responsible for the
THz radiation found in the simulation are discussed. It is
suggested that both the coherent transition radiation and
antenna radiation are involved, which are also corroborated
by the simulation results. Finally, the effects of laser and
target parameters on the conversion efficiency, THz spec-
trum, and angular distributions are investigated numeri-
cally, which provide useful reference for future related
experiments.
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