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Abstract

It is found that half-cycle terahertz (THz) pulses with the peak field over
100MV/cm can be produced in ultrashort intense laser interactions with a thin solid
target. These THz pulses are shown to emit from both the front and rear sides of the
solid target and are attributed to the coherent transition radiation (CTR) by laser-
produced ultrashort fast electron bunches. After the primary THz pulses, subsequent
secondary half-cycle pulses are generated while some refluxing electrons cross the
vacuum-target interfaces. Since such strong THz radiation is well synchronized with
the driving lasers, it is particularly suitable for applications in various pump-probe

experiments.
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In the last decade, there has been significant interest in producing strong terahertz
(THz) radiation with field strength as high as over IMV/cm, either by use of short
electron bunches or by use of ultrashort laser pulses [1,2]. Typically one can produce
few-cycle strong THz sources, which are particularly interesting for nonlinear and
non-equilibrium studies, including THz nonlinear optics, THz pump experiments on
coherent control of structure dynamics of various matters, control of chemical
reactions, high magnetic field effects, etc. [3,4]. For THz radiation produced by
femtosecond laser-gas interaction, a well-known mechanism is the ionization current,
which can be effectively produced by two-color lasers or by few cycle lasers [5,6].
High field THz emission can also be obtained from laser wakefield excitation in
underdense plasma via mode conversion [7,8]. Via coherent transition radiation
(CTR), high field THz radiation with ultrashort electron bunches from Linac has been
reported [9,10,11]. In principle, the ultrashort intense laser pulses can also generate
ultrashort electron bunches, which can be used to produce intense THz emission
through CTR. It has been reported that the ultrashort electron bunches accelerated in
the laser wakefield in underdense plasma can emit strong THz emission at the plasma-
vacuum boundary via the CTR mechanism [12]. It was also observed in experiments
that the interaction of ultrashort intense laser pulses with solid targets can produce

strong THz radiation [13, 14].

In this Letter, we show via self-consistent numerical simulation that half-cycle
THz pulses with extremely high amplitudes can be produced by ultrashort intense
lasers irradiating on a thin solid target. Both forward and backward radiations are
observed from the front and rear sides of the target. We attribute these THz pulses to
CTR by ultrashort hot electron bunches produced in laser-solid interactions crossing

surfaces of the target.
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Fig. 1. (Color online) Schematic of THz radiation produced by laser-interaction with a

thin foil.

The schematic of the laser-solid interaction and resulting THz emission is shown
in Fig. 1, where an ultrashort intense laser is incident onto the solid target with the
angle 6. Under the laser irradiation, fast electrons are produced at a dominant angle ¢
via different mechanisms such as laser ponderomotive force acceleration [15],
vacuum heating [16], resonance absorption [17], etc. Generally, there are two major
groups of fast electrons, with one emitting backward into the vacuum through the
preformed underdense plasma and another emitting forward into the target. If a thin
foil target is adopted, the fast electrons can be found both in the front and rear sides.
Electromagnetic radiation can be produced as a bunch of fast electrons passes through
the target-vacuum interface via transition radiation (TR) as shown theoretically by
Zheng et al. [18]. This radiation appears to be coherent for the frequency w<2nv/L,,

where v is the electron bunch velocity and L, is the bunch length.

When a single test electron crossing the interface of solid plasma-vacuum, the
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where ¢ is the incident of angle of the test electron, ¢ the emission angle of TR, and
is the velocity of the electron normalized by the speed of light in vacuum c [18]. TR
vanishes in the angle ¢, = arcsin(Bsing). The radiation intensity has two lobes

with two maxima around the angle ¢. In the nonrelativistic limit, the emission peaks
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along the surface of the solid target at ¢=290°. Note that the TR spectrum from a
single electron is independent of the frequency, whereas for an electron bunch, the
emission spectrum from CTR is closely related to its specific energy and angular
distribution [18]. In the case of relativistic laser-solid interaction, hot electrons
usually have a thermal energy distribution featuring two or more temperatures. The
angular distribution of hot electrons is also complex [19]. Thus the spectrum is not
easily described analytically. On the other hand, since the electron bunches produced
from relativistic laser solid interaction usually have a bunch length in the order of the
laser pulse duration, it is possible to observe coherent emission from TR in the THz
range using sub-picosecond lasers. In the following, we examine this by particle-in-
cell (PIC) simulation.

We consider a laser pulse with the temporal and spatial profile given by a =
2
eA/m.c? = aysin? (ﬂ?t) exp (— %), where the peak amplitude of the normalized
0

vector potential a, is related to the laser intensity IA3 = a3 x 1.37 x 108w/

cm?um?, A is the laser wavelength in vacuum and set as 800nm , wy is relative to

FWHM beam radius via Wgyyyy = 2VIn2w,. We use a thin target composed of a

high density platform at 10n. (with n. the critical density n.= mw,’/4re’) and the
preplasma exponentially increases along the x axis from 0.1x,.. The scale of the
preplasma is crucial for the generation of hot electrons as too long or short preplasma
is unfavorable for the THz emission generation [13]. the optimal scale length of the
preplasma is L =0.5 Ay. The target with a thickness D=114 starts from x=0. The laser
pulse is p-polarized with the optimal incident angle #=20° depending on the scale
length L. The spatial step Dx=Dy=1/50 4y and the time step D=1/100 Ay/c in the

simulations.
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Fig. 2. (Color online) Snapshots of electric and magnetic fields time-averaged in a
laser cycle 7,. The incident laser has the peak amplitude ay=0.6 (I=7.7x10" W/cm?),
duration 7=80fs, wy=5Ak=4.0pum. Here the field Ey is in unit of GV/cm and B, in MG.

Figure 2 shows snapshots of the slowly-varying transverse electric and magnetic
fields. At the beginning, the low frequency emission is found only at the laser-
irradiated front side of the target. At =107fs, it is also found at the rear side. When
t=2271s, the radiation can be seen in the whole 2z space, which emits from two point
sources around the laser irradiation spot at the front and rear sides, respectively. Note
that the polarity of transverse electric field and magnetic field are the same on the
front side, but reversed on the back side of the target. These field distributions
indicate that they are associated with the electrons emitting to the left at the front
surface and to the right at the rear surface.

It is observed that the strongest emission is along the target surfaces. The peak
field amplitude is easily over 100MV/cm in a distance 1004, away from the target
surface. Since the source size can be considered as a point, the field amplitude is
estimated to decay in terms of //R with R the distance from the laser irradiation
position. The pulse energy is estimated to be over 0.1mJ in the present simulation.
There is only a small region, near the angle of 10° to the normal direction, where the

radiation vanishes. Similar spatial distribution of THz radiation is recently measured



from the target back [14], and it is reported that a tiny hollow zone locates at the
center and the peak at the far end from the center. This kind of angular distribution is
unsurprisingly similar to that of TR from a weakly relativistic electron [18]. As shown
in previous theory and simulation [19,20], the fast electrons have thermal energy
distribution and are emitted between the target normal and the specular reflection
direction (at the front) or the incident laser direction (at the rear side). Combining the
angular distribution of hot electrons and TR, one expects to observe the field
distribution shown in Fig. 2. Before =227fs, second pulses occur in both forward and
backward radiation. This suggests that multiple electron bunches are produced at the

front and rear sides.
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Fig.3. (Color online) Temporal profiles of radiations (Bz averaged in a laser cycle)
detected at two typical points in front and back of the target at 40X, away from the
emission spots for three cases with 7=80 or 160fs, and D=124 or 22 Ay[only in (b)].

(d) Spectra of backward radiations in (a) and (c). Other parameters are the same as

Fig.2.

To see the structures of the low frequency emission, the temporal profiles emitted
along the direction ¢=60° and the spectra are illustrated in Fig. 3. Shortly after the

laser pulse irradiation, half-cycle low frequency radiations are generated. The duration
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of the first or primary half-cycle pulse is close to the incident laser duration 7. An
interesting phenomenon observed is the presence of secondary half-cycle pulses after
the primary pulses. The secondary pulses are emitted after the laser pulse reflected
from the target, i.e. after the laser interaction, and they appear to have shorter duration
than the primary pulses. Another interesting aspect is that the time separation
between the primary and secondary half-cycle pulses is slightly larger than 2D/c, or
twice the time separation of pulses emitted at the front and rear side. Note that 2D/c is
approximately the time required for the fast electrons to move from the front to the
rear and then return to the front. This suggests that the secondary half-cycle pulses
are produced from the refluxing hot electrons. Quasi-static charge separation field
produced near the target surfaces tends to pull some of the less energetic electrons
back into the target, while the very energetic ones leave the target directly. Note that
electron bunch recirculation has been observed experimentally via CTR in intense
laser solid interactions [21].

When the target thickness is increased by 4D=10 4, [see Fig. 3(b)], the time delay
for the secondary pulses is also increased by about 24D/c. As the laser intensity
increases, the increase in both the energy and number of hot electrons leads to the
enhancement of the THz radiation correspondingly. When the incident laser pulse
duration is increased [see Fig. 3(c)], longer half-cycle pulses are produced, thus the
primary half-cycle pulses can overlap with the secondary pulses. Consequently the
radiation appears to have a sharp front and then a slower decaying tail for forward
radiations. The radiation spectra are also shown in Fig. 3(d) with different laser
durations. Besides the DC components near the frequency /=0, which are due to the
half-cycle shape of the pulses, the spectra peaks at /=7.5 and 3.7THz for 7=80 and
160fs, respectively. These are in agreement with the length of the primary THz pulses
shown in Figs. 3(a) and 3(c), which are 66.7 and 133 fs, respectively. There are also
higher frequency components in the spectrum due to the shorter secondary pulses.
Taking Fig. 3(c) for an example, the incident laser pulse is 160fs long (80fs of
FWHM) with intensity 7.7x10""W/cm?. The obtained THz radiations are about 133fs,

corresponding to a central frequency 3.7THz. The emission reaches the intensity



~10"*W/cm? in the near field region, which is much higher than other THz sources

reported so far.
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Fig. 4. (Color online) Angular (a-b), spatial (c-f) and phase (g-j) distributions of fast
electrons (£ >0.8MeV) within and near the target at different times. Angle defined as
tan'l(py/px). Count of electrons at /=35 and 61fs multiplied by 0.5 for better

illustrations with other times. The target is marked by dash rectangular in (¢). Except

for ap=1.5, other parameters are the same as Fig.2.

As mentioned above, the fast electron generation is responsible for the CTR in
our case. In the following, we discuss the evolution of fast electrons distributions in
order to understand the CTR further. In the ultrashort laser interaction with a solid
target, a small preplasma with a scalelength L<A, can be produced if the laser contrast
ratio is controlled properly [22]. In this case, hot electrons are mainly generated by
ponderomotive force, vacuum heating, and resonance absorption. Tracing of
individual electrons shows some electrons are accelerated and decelerated many times
in and out of the target in the presence of the laser field. The collective behaviors of
hot electrons are illustrated in Figs. 4(a) and 4(b). At the very beginning =16fs,
backward electrons are produced at the front surface of the target. Shortly later /=21fs

electrons gain energy forward via ponderomotive force as laser intensity grows. Then
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forward-moving electrons dominate inside the target, as shown for /=35fs and 61fs.
At the rear half duration of the laser, backward-moving electrons increase. At r=104fs
when the laser leaves the target, there are both backward and forward electrons near
and inside the target. Less hot electrons are pulled back by sheath fields near the
target surfaces, some of which are confined by the quasi-static fields in a long time
oscillating in and out of the target while drifting towards the ends of the target, as
shown for r=227fs. Spatial and phase plots of hot electrons also show the evolution of
electron bunches. In the beginning, both forward and backward hot electrons are
found at the front surface of the target [Fig.4(c) and 4(g)]. Subsequently, forward ones
cross the rear side [Fig.4(d)and 4(h)] producing the first forward THz pulse, and most
of them are pulled back by the static field near the rear surface and traverse the front
surface [Fig.4(e) and 4(j)] producing the second backward THz pulse. Then, the
majority of those electrons are dragged back by the static field near the front surface

[Fig.4 (f) and 4(j)] generating the second forward THz pulse.
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Fig. 5. (Color online) Intensity of THz radiations (only initial pulses) near the target
surface under different laser incidence conditions: oblique incidence (6=20°) of p-

polarized laser (black lines), normal incidence of p-polarized laser (blue lines), and



oblique incidence of s-polarized laser (red lines). Other parameters are fixed to be the
same as Fig. 2. Solid and dashed lines are for forward and backward radiations,
respectively. The straight green and orange lines are shown to guide the eyes for

different scalings.

We have compared the radiation intensity with three different irradiation
conditions, either normal or oblique incidence of p- or s-polarized lasers [see Fig. 5].
The intensity of THz radiations increases monotonously with laser intensity. The most
intense radiation is produced by oblique incidence of p-polarized lasers, simply
because hot electrons are most efficiently produced when the vacuum heating,
resonance absorption, and ponderomotive force acceleration all play roles in this case.
For weak lasers when the ponderomotive force is small, resonance absorption
becomes dominant and the emitted radiation is more than 3 orders higher than other
two cases. As the laser intensity increases, ponderomotive force dominates in the fast
electron generation, the difference between the three cases decreases. When the laser
intensity reaches the relativistic regime (>2.1x10"*W/cm? for A=800nm), the THz
radiations found at different incident conditions are basically in the same order with
the scaling 7. ~ I'?, indicating that the ponderomotive force effect becomes
dominant for hot electron generation for all cases. This is in agreement with the
scaling on fast electron number and temperature with the laser intensity [19,23,24].
One may also notice that the forward radiations are usually more intense than
backward radiations because there are more energetic forward moving electrons than
backward ones and there is preplasma at the front with low density, which tends to
reduce the CTR.

Even though the THz pulses shown above are half-cycle, it is worthwhile to point
out that they can also be single cycle under different conditions. In the case when
there is no or weak resonance absorption or vacuum heating such as under normal
incidence or large angles of incidence or using s-polarized lasers, the primary pulse of
the backward radiation is in single-cycle with a weak half-cycle ahead. This is

because the ponderomotive force will first produce forward acceleration of hot
10



electrons at the front surface, which generate a half-cycle CTR. Later at the trailing
edge of the laser pulse the second half-cycle of the emission generated by backward
electrons appears with a different sign. In the case when resonance absorption or
vacuum heating happens, backward electrons are immediately produced. Then the
emission with a different sign by forward electrons becomes not obvious and only a
half-cycle pulse is seen. In some reported experiments, single-cycle shaped pulses
were observed for backward THz radiation with a large incident angle [13]. Our
simulation with such a large incident angle shows that less fast electrons are produced
as compared to that for the optimal incident angle shown above. The resulting
electric field of the radiation is about half and 20% of those obtained at the optimal
incidence angle for backward and forward radiation, respectively. The single-cycle
emission can be explained as due to the presence of subsequent forward and backward

currents crossing the front surface.

In summary, we have demonstrated via PIC simulations that high field half-cycle
THz pulses can be produced both in forward and backward directions by ultrashort
intense laser interaction with a thin solid target with moderate laser intensity such as
10""W/cm®. The emission is attributed to CTR when ultrashort electron bunches
produced in the laser interaction transmit through the target-vacuum interfaces.
Furthermore, the refluxing electrons pulled back into the target by the quasi-static
fields near the target surfaces can produce additional half-cycle pulses subsequently.
Our proposed scheme is compact, offering a route to produce ultra-strong THz
sources for applications such as pump-probe high field THz irradiation experiments.
Moreover, it provides a unique way to understand the transport of a large flux of
electron beam transport in a dense plasma target, which is potentially important for

high energy density physics driven by ultrashort high intensity lasers.
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