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Powerful terahertz (THz) radiation is observed from large-scale underdense preplasma in front
of a solid target irradiated obliquely with picosecond relativistic intense laser pulses. The
radiation covers an extremely broad spectrum with about 70% of its energy located in the high
frequency regime over 10 THz. The pulse energy of the radiation is found to be above 100 pJ
per steradian in the laser specular direction at an optimal preplasma scale length around 40~50
um. Particle-in-cell simulations indicate that the radiation is mainly produced by linear mode
conversion from electron plasma waves, which are excited successively via stimulated Raman
scattering instability and self-modulated laser wakefields during the laser propagation in the
preplasma. This radiation can be used not only as a powerful source for applications, but also as

a unique diagnostic of parametric instabilities of laser propagation in plasma.
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The terahertz (THz) radiation, which lies between far infrared wave and microwave in the
electromagnetic spectrum, has attracted increasing interest over the last decades for its wide range
of promising applications [1,2]. One of the key issues for applications is to produce THz radiation
sources with high power. A variety of schemes for THz radiation generation have been
demonstrated. For example, the tilted-pulse-front pumping optical rectification is found to be an
efficient scheme [3]. However, the damage threshold for nonlinear optical materials prevents the
use of high pumping laser intensity for high THz power. In contrast, a plasma medium does not
have such a limitation and has the potential to generate more powerful THz emission [4]. For
example, Leemans et al. reported THz emission at 3-5 pl/sr from laser wakefield-accelerated
electron bunches passing through a plasma-vacuum boundary [5]. Sheng et al. proposed that THz
emission can be produced directly from laser wakefields driven in inhomogeneous plasma via linear
mode conversion (LMC) [6]. THz generation from air-plasma filaments produced with moderate
intense lasers has also been investigated extensively [7,8,9,10]. In this case, the two-color laser field
scheme is usually more efficient with the energy conversion efficiency as high as 10°[11,12,13,14],

although the THz radiation tends to saturate with increasing pump laser energy [12].

In the recent years, considerable attention has been paid to THz radiation from relativistic
laser-solid interaction, which is supposed to have the potential for stronger radiation. THz radiation
with energy > wJ/pulse from femtosecond laser-solid interactions has been observed either from the
front [15,16,17] or the rear surface [18]. Several mechanisms responsible for the radiation have
been proposed, e.g., the transient electrons current driven by ponderomotive force [15], the
“antenna” model [16], the surface electron current model [17], and dipole-like radiation originated
from the target normal sheath field [18]. These models are generally based upon the electron
currents produced at the target surface. Meanwhile, it has been found that preplasma is of great

importance for THz radiation [19].

In this Letter, we study the THz radiation from a solid target in a different regime, where a
relativistic picosecond laser pulse interacts with a large-scale inhomogeneous preplasma created by
amplified spontaneous emission (ASE) and controlled prepulses in advance of the main laser pulse.

By optimizing the preplasma scale lengths, THz radiation with energies up to above 100 pJ/sr level
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is observed. Our particle-in-cell (PIC) simulations indicate that strong electron plasma waves
(EPWs) are first excited by stimulated Raman scattering (SRS) and successively by self-modulated
laser wakefields (SM-LWF). The EPWs are subsequently converted into THz radiation through the
LMC mechanism. This wave-based process is fundamentally different from other current-based

mechanisms reported so far.

The experiments were carried out using the COMET laser system [20] at the Lawrence
Livermore National Laboratory (LLNL). It can deliver 1053 nm laser pulses with a maximum
energy of 10 J and pulse duration of 0.5 ps. Figure 1 shows a schematic view of the experimental
setup. A collimated p-polarized main laser pulse was focused onto a ~1 mm thick copper target at an
incidence angle of 62.5 using an off-axis parabolic (OAP) mirror. The focal spot diameter was ~7
um, giving an equivalent irradiance of ~5x10'"" W/cm® for 1 J laser energy. The laser contrast was
~107. To generate a controllable and quasi one-dimensional preplasma, an off-collimated prepulse
of 0.5 ps at 1053 nm, propagating coaxially with the main pulse, was also focused onto the target
with the same OAP. The focal spot of the prepulse was much larger, ~100 um in diameter, due to
the off-collimation. The scale length of the preplasma was adjusted by changing the energy of the
prepulse or the time delay between the main laser pulse and the prepulse. A Nomarski
interferometer with a 0.5 ps, 527 nm laser pulse as a probe beam was used to measure the density

profile of the preplasma. The timing of probe was set at 60 ps before the main pulse.

THz radiation was measured with a pyroelectric detector in the specular (62.5") direction. A
THz lens, made of polymethylpentene, was used to collect the radiation. The collimated THz
emission transmitted through a THz window and was then refocused by another THz lens onto the
detector. HRFZ-Si, Teflon and plastic filters were put before the detector, which transmit THz
radiation, block scattered laser light and visible light, and avoid the saturation of the detector as well.
The measured frequency range was from 0.1 THz, limited by the pyroelectric detector, to 250 THz,
limited by the Si filters. The effective responsivity of the combination of the filters and detector is

also shown in Fig. 1.
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FIG. 1 (color online). Schematic view of the experimental setup. The inset shows the transmittance curve of
HRFZ-Si calibrated with a Fourier transform infrared spectrometer (red dash dotted) and the total effective

responsivity of the combination of the filters and detector (blue solid).

We have measured the THz pulse energy as a function of the main laser energy Eju.r, and the
preplasma scale length L, systematically. The dependence of the THz energy on Eje- is shown in
Fig. 2(a). The radiation increases nonlinearly with Ej,,... By increasing Ej,., from 4 J to 9 J, the THz
signal is enhanced by ~ 30 times. If fitting the data with a power law, the corresponding power
index is ~ 3+0.5. For Ejur =9 J, the THz energy is up to 11.5 pJ in 0.05 sr, corresponding to 0.23

mJ/sr. There is no evidence of saturation of THz radiation with Ej .-
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FIG. 2 (color online). Dependence of the THz energy or relative THz intensity on (a) the laser energy, (b)
preplasma scale length L, and (c) different frequency regions. The experimental data is an average of

about 5 shots. The data in (b) and (c) are obtained at Ej,., ~5 J with a shot-to-shot fluctuation of 10%.

Figure 2(b) shows the THz radiation versus L, defined as L=[(I/n,)(dn,/dx)]”", where the

direction x is the normal to the target. The electron density #n. can be obtained by Abel inversion of
the interferograms. We can see the THz radiation is very sensitive to L. When L increases from ~30

um to ~45 um, the THz radiation is enhanced by ~ 8 times. When L increases to ~60 pm, it

4



dramatically drops back to the level comparable to the case at L ~30 um. Obviously, there exists an

optimal L for the THz radiation.

Typically, the spectral encoding technique is used to measure the waveform and spectrum of
THz radiation driven by femtosecond laser pulses running at a high repetition rate [17,21,22].
However, this technique does not work well for THz radiation driven by picosecond lasers since the
long pulse width results in very poor temporal resolution and the narrow bandwidth makes it
difficult to be chirped. The high frequency detection cutoff for a nonlinear crystal like ZnTe is
another limitation [23]. Therefore, to estimate the frequency spectrum, a set of low-pass multi-mesh
filters with cut-off frequency at 10, 5, 3, 1, 0.3 THz were set in front of the pyroelectric detector.
Figure 2(c) shows the relative energy proportion of THz radiation in different frequency regions.
Besides the small low-frequency component, most of the THz radiation (~ 75% of the total energy)
goes to the region >10 THz. Moreover, a wire-grid polarizer was used in the experiment to measure
the polarization of THz radiation. The THz radiation behaves like a p-polarized pulse, which is

similar as found before [15,17].

The previously proposed models for THz radiation from laser-solid interactions cannot well
explain the above results. For example, the observed THz frequency is much higher than the
predicted frequency by the “antenna” model [16] for the 10 mm X 20 mm targets we used. The
surface current model does not work due to the disappearance of surface fast electrons in a
large-scale preplasma [17]. The target normal sheath field emission mechanism [18] works only for

the radiation from the rear target surface.

On the other hand, it has been proposed by Sheng et al. that strong THz radiation can be
produced via LMC when large-amplitude laser wakefields are excited by an ultrashort intense laser
pulse obliquely incident into a nonuniform underdense plasma at the density around 10''® c¢m™
(corresponding to 1-10 THz) [6]. According to this theory, EPWs at different positions can emit
electromagnetic waves at local plasma frequencies. Therefore, THz radiation with a broad
frequency range may be produced. In the present case, even though there is a large nonuniform

preplasma, the laser pulse duration in our experiments is so long (0.5 ps) that large-amplitude laser

wakefields with high frequency (higher than 2 THz) cannot be driven directly by the laser
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ponderomotive force. However, there are still two ways to excite large-amplitude EPWs by a long
laser pulse. One is the self-modulated laser wakefields (SM-LWF) excitation, which occurs as a
result of relativistic self-modulation instability (SMI) [24,25]. Another is by stimulated Raman
backward scattering (SRBS), which occurs spontaneously during the laser propagation in a
large-scale plasma [26]. Figure 3 illustrates schematically the involved processes, where EPWs
driven by both processes can be partially converted into electromagnetic waves in the THz range

via the LMC mechanism.

FIG. 3 (color online). Schematic diagram showing the THz radiation via LMC in a nonuniform plasma.
When the intense picosecond laser pulse is incident obliquely into a nonuniform underdense plasma,
EPWs are produced in a wide region along the laser propagation by SRBS and SM-LWF. Note even
though these two kinds of EPWs show distinctly different wavelengths, but the radiation frequency is

determined by the local plasma frequency.

To demonstrate those processes, we have conducted one-dimensional PIC simulations with
similar laser and plasma conditions to the experimental. A sine-square-profiled laser pulse with a
normalized peak amplitude ap=1.5 and a pulse duration 7,=1507,, is incident onto a plasma slab at
an angle of 0=60°, where a, is related to the laser intensity /, and wavelength A, by
ay’=Iy A,*/(1.37x10"®*W/cm?), and 7o is the laser cycle. The plasma density is described by an
exponential function along the x-direction with the scale length L, where the minimum and
maximum density are set to be 0.0004#n, and 0.04n,, respectively, where n. is the critical density of
the pump laser. In order to deal with the oblique incidence of the laser pulse, a boosted frame
moving with a speed csin@ along y direction is adopted [27]. Figure 4 shows typical simulation
results, where p-polarized strong electromagnetic waves are found to be emitted from the left
boundary of the plasma slab. Here we set the incident laser pulse to be s-polarized to avoid the

possible mixture between the radiation from LMC and the scattered or reflected light from the laser
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pulse. Figure 4(a) shows the spatial-temporal evolution of transverse field (THz radiation field). It is
found that the generation of THz radiation can be divided into three time windows: <757,
75-4507, >4507 (see below), which correspond to three distinct radiation frequency spectra. The
integrated frequency spectra of the THz emission and backward scattered light for the three stages
are shown in Figs. 4(b-d) and 4(e-f), respectively.
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FIG. 4 (color online). (a) Spatial-temporal plots of the THz radiation field from PIC simulations. The
plasma density rises exponentially from x=50/, to x=234/4, with L=404. The white solid lines show the
vacuum-plasma boundary. The laser pulse runs along #=x, indicated by the red dashed line. The white
dashed line shows t=x+7;/2. The time-integrated frequency spectra of (b-d) the p-polarized THz
emission and (e-f) backward scattered laser light in different temporal stages, detected at x=454¢ in
vacuum. (g) The waveform of the laser pulse transmitting the plasma slab, detected at x=2444,, and the

initial envelope of laser pulse. The spectrum for 75-2607, has been multiplied by a factor of 4.

When the laser pulse just goes into the plasma, a small part of laser is reflected and weak
single-cycle low-frequency THz emission is observed from the left vacuum-plasma interface. The
radiation can be explained by the transient currents at the vacuum-plasma interface driven by the
laser pulse front, where the plasma density is very low [28]. Figure 4(b) and 4(e) show the
time-integrated THz frequency spectrum and backward scattered light over 0-757, The radiation

from this stage is very small and can be neglected in the present case.

When the laser pulse propagates deep into the plasma with higher densities, multi-cycle

p-polarized THz radiation is generated. It is found that this radiation is closely associated with the



SRBS instability developed with the laser pulse propagation in the large-scale underdense
preplasma. Figure 4(f) shows clearly that the scattered light is red-shifted, and it becomes stronger
at later time when the laser pulse propagates into higher-density plasma. While the central
frequency of the scattered light decreases with time, the central frequency of THz radiation
increases with time (as a positive-chirp pulse). Note that the sum of the central frequency of the
THz radiation and that of the scattered light is kept close to the laser frequency w, at different time.
This convinces us that the THz radiation is converted from the SRBS-induced plasma waves
through the LMC mechanism. The SRBS is greatly enhanced near the intensity peak of laser pulse,
and excites large-amplitude plasma waves, which provide a strong source for the LMC process.
This is why the mode conversion occurs along near t=x+1,/2, as indicated by the white dashed line
in Fig. 4(a). Note that the positive-chirp THz radiation is also an important signature of LMC [6].
Therefore, we conclude that the second stage of THz radiation is caused by the combined SRBS and

LMC processes.

With the further laser propagation, self-modulation instability starts to develop. This is because
the relativistic self-modulation instability develops much more slowly than SRBS instability [25].
The waveform of the laser pulse transmitting the plasma slab is shown in Fig. 4(g), where the red
dashed line is the initial laser envelope. The waveform is obviously imposed with many burr
structures. The deep self-modulation even breaks the laser pulse into multi-pulses. Self-modulation
instability leads to the excitation of SM-LWF. In our simulations, strong wakefields are generated
near t=dpjusmasT1:/2, Where dyiuemas represents the longitudinal size of plasmas. LMC from SM-LWF
to THz radiation occurs where the phase velocity of wakefields changes its sign, marked by the blue
dashed line in Fig. 4(a). The converted THz radiation is detected after about t=2d,umast7:/2 in
vacuum. As shown in Figs. 4(d), the THz central frequency is about 0.2w,, well corresponding to
the plasma frequency of the maximum density 0.04n.. Meanwhile, no backward scattered laser light
is observed because the laser pulse has passed through the plasma. Therefore, THz radiation in the

third stage is caused by SM-LWF and LMC.

The above model can explain most of the observed features of THz radiation. Figure 2(b) also
shows the THz energy dependence on L from the simulations. We can see that there is an optimized

scale length L,,ima at which the THz radiation is the most efficient, in agreement with experiments.
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According to the LMC model, there exists an optimal inhomogeneous configuration for a given

incidence angle. It is observed to be ~45 um both in the experiment and in the simulation.

In the LMC model, the THz frequency is equal to the local plasma frequency and its
distribution depends mainly on the plasma density profile. For the EPWs excitation either via SRBS
or SM-LWF, their growth rates increase with the plasma density. This implies EPWs excited in the
relatively high density region are predominant and the radiation via LMC is also predominant there.
In our experiment, the density of preplasma region where the laser-plasma interaction mainly occurs
is higher than 10'"® ¢cm™, which corresponds to a plasma frequency larger than 9 THz. This is also

consistent with our observations and simulations, as shown in Fig. 2(c).

Finally, the scale length L is measured to be ~30 um in the experiment for the laser energy of 5
J even without the introduced prepulse. When the laser energy is increased from 5 J to 10 J, L will
become larger and close to the Lpima, leading to an increasing conversion efficiency. Moreover, the
instability growth rates for SRBS and SMI increase with the laser intensity. This can explain
qualitatively why the THz radiation observed in experiments increases rapidly with the laser energy,
as shown in Fig. 2(a). In addition, our theory model indicates that the radiation is always

p-polarized. This is also in agreement with the observed.

It is worthwhile to compare the present THz radiation with that produced by femtosecond
laser-solid interactions where a small-scale preplasma with a steep density gradient is formed
[17,19]. The energy of picosecond laser-driven THz pulses here is found to be higher than that of
femtosecond laser-driven THz pulses [17], even though its energy conversion efficiency from the
laser to THz radiation is lower. Nevertheless, the efficiency could be further improved by enhancing
the EPW amplitude in some controlled ways [29,30,31]. The new mechanism presented here could
also be applied to the gas or cluster targets, where the spectra of THz radiation are potentially

tunable by tailoring the gas density.

The present THz radiation mechanism may also provide an alternative diagnostic of parametric
instabilities of laser propagation in plasma. By measuring the THz radiation, one may estimate the

saturation level of excited EPWs, which will help to understand the mechanisms of saturation of
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parametric instabilities, a topic of significant interest and importance for inertial confined fusion

[32].
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