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Interactions of 100-fs laser pulses with solid targets at intensities of 10'® W/cm

2 and resultant terahertz

(THz) radiation are studied under different laser contrast ratio conditions. THz emission is measured in the
specular reflection direction, which appears to decrease as the laser contrast ratio varies from 108 to 107°.
Correspondingly, the frequency spectra of the reflected light are observed changing from second harmonic
dominant, three-halves harmonic dominant, to vanishing of both harmonics. Two-dimensional particle-in-cell
simulation also suggests that this observation is correlated with the plasma density scale length change. The results
demonstrate that the THz emission is closely related to the laser-plasma interaction processes. The emission is
strong when resonance absorption is a key feature of the interaction, and becomes much weaker when parametric

instabilities dominate.
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I. INTRODUCTION

Terahertz (THz) radiation has wide ranging applications in
material screening, biological imaging, chemistry, medicine,
etc. [1-4]. THz waves can be generated directly by illuminating
different photoconductive antennas [5] and electro-optic
crystals [6] with ultrashort laser pulses. These broadband
pulsed THz sources have usually operated at high repetition
frequency (above 1 kHz) with microwatt-to-milliwatt level
average power.

High peak power terahertz sources are required for non-
linear studies [7], development of single-shot THz imaging
systems [8], and THz pump-probe measurement of dynamics,
etc. Conventional electron accelerators are used to generate
intense THz radiation. Single-cycle coherent THz pulses with
pulse energies as high as 100 nJ have been achieved recently
from a linear accelerator [9]. Besides the large-scale facilities,
there have been intense tabletop amplifier-laser-based THz
systems employing large-area THz emitters. THz pulses
with pulse energies of 0.8 wJ [10] and 1.5 wJ [11] have
been obtained from large-aperture GaAs wafers and ZnTe
crystals, respectively. By tilting the laser pulse intensity front,
30-uJ single-cycle THz pulses have been reached by phase-
matched optical rectification using large-scale MgO:LiNbO3
crystals [12]. On the other hand, laser-induced plasmas have
attracted considerable interest in generating powerful THz
pulses. Various alternative mechanisms for THz emission
generation based on laser-plasma interactions have been pro-
posed [13-15]. Relativistic electron beams from laser-plasma
accelerators have been used to produce coherent THz radiation
[16]. Alternatively, THz emission can be generated from
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femtosecond-induced breakdown of gases [17,18]. Through
applying a certain “bias” provided by an external electric field
[19,20] or an “optical second harmonic (SH) field” [21,22],
such THz emission can be much increased.

THz pulses from femtosecond laser-induced plasmas in
solid targets have also been demonstrated [17], [23]. Cor-
respondingly two generations of mechanisms have been
proposed. One involves the laser ponderomotive force, which
accelerates electrons while ions are inertially confined due to
their large mass in the short pulse duration [17]. Hence a large
transient space-charge field is created, which will in succession
give rise to THz radiation. However, this model is supposed to
be more suitable to explain THz generation processes in under-
dense gas targets, which allow the laser pulses to propagate
into the plasma and generate a longitudinal electron current.
Another mechanism proposed is named “‘antenna,” in order
to stress that the target size determines the emission spectrum
of THz radiation [23]. In this model, only the electrons
accelerated along the target surface by the laser field will
produce THz radiation, i.e., the source of the THz radiation is a
time-dependent current whose life time is equal to the ratio of
half of the target size to the velocity of electrons. The spectrum
of THz radiation from laser-driven plasmas generated on a
copper wire was measured using free-space electro-optic sam-
pling [24]. However, no clear evidence was found to show that
the target size has any effect on the THz radiation spectrum.

The interaction of ultrashort laser pulses with plasmas
which leads to the generation of THz radiation is a complex
process. When femtosecond laser pulses propagate in plasmas,
part of the laser energy is first transferred to the plasma through
various absorption mechanisms [25]. Electron currents excited
during the interaction will in succession give rise to THz
radiation directly or indirectly. Hence it is expected that the
THz emission is closely relevant with the laser absorption
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mechanisms. Since the plasma has little time to expand
during the main femtosecond laser pulse, the properties of
the preformed plasma, especially its scale length, are of
paramount importance for the description of ultrashort laser-
plasma interactions. It has been observed that the principal
absorption mechanisms transit from resonance absorption to
parametric instabilities, such as two-plasmon decay (TPD)
and stimulated Raman scattering (SRS), as the density scale
length is increased [26]. Several experimental investigations
have been reported to demonstrate that angular dependence of
fastelectrons and x-ray emission [27], as well as high harmonic
generation [28] all depends strongly on absorption mecha-
nisms, especially on the preplasma scale lengths. However,
little experimental work has been dedicated to understand the
effects of laser absorption on THz emission from laser-induced
solid density plasmas. In this paper, we present experimental
and numerical study of the preplasma effects on THz wave
generation from solid targets by controlling the laser contrast
ratio. We find that the THz radiation is strongly affected by the
preplasma scale length.

II. EXPERIMENTAL SETUP

The experiments were performed using a Ti:sapphire laser
system delivering 100-fs, 820-nm pulses at a repetition rate of
10 Hz. Before the main pulse there is a 4-ns amplified spon-
taneous emission (ASE) pedestal with an intensity contrast
to the main pulse of 5 x 107%. By using saturable absorber
filters, we can improve this contrast ratio to 3 x 1073, A small
leakage light from the main pulse behind a reflective mirror
was collected before the vacuum chamber for shot-to-shot
laser parameter monitoring. The ASE was measured by an
8-Gb bandwidth oscilloscope and the spectrum by a fiber
spectrometer (200-1100 nm). The linearly polarized laser
pulse was focused onto the target using a f/3.5 off-axis
parabolic mirror with an incidence angle of 67.5° to the target
normal. The polarization of the incident light could be changed
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by a half-wave plate. We measured the focal spot at low energy
with a microscope objective, and monitored it by an x-ray
pinhole camera at high energy. The focal spot contained 35% of
the energy within 5 pm full width at half maximum (FWHM),
resulting in a maximum intensity of 5 x 10'® W/cm?. The
targets were single-side polished copper plates with a thickness
of 1 mm. For each laser shot a fresh surface was provided by
shifting the targets.

The experimental setup is illustrated in Fig. 1(a). We
collected the THz emission in the specular reflection direction
into a solid angle of 0.07 sr by a pair of polymethylpentene
(TPX) lenses with apertures of 50 mm and focal lengths of
150 mm. TPX is optically transparent in UV, visible, and
far-infrared ranges, and has an index of refraction of ~1.46,
which is weakly dependent on wavelength. The emission was
first collimated and then refocused onto a pyroelectric detector,
which has a relatively flat voltage response between 0.3 to
21 THz with an average responsivity of ~10* V/W. A signal
caught by the pyroelectric detector is shown in Fig. 1(b), which
has a typical pulse duration of ~1 ms at FWHM. A single-side
polished high resistivity silicon (HR-Si) wafer with a diameter
of 100 mm was applied as a beam splitter in the path of the
collimated THz beam. It allowed a transmittance of ~50%
of the THz beam and meantime reflected the visible light
for spectrum measurement. The reflected light was directed
out of the chamber through a pair of selective absorption
glasses, QBS and QB11, and then collected by another visible
spectrometer (200-1100 nm) with a solid angle of 1073 sr.
Figure 1(c) shows a typical reflected light spectrum, where the
second and three-halves harmonics of the fundamental light
wo are shown clearly. A y-ray measurement system, which
consists of a Nal detector, a photomultiplier, and an amplifier,
was used to measure radiation above 150 keV. In order to
eliminate the noise caused by the random y-ray scattering
and enhance the ratio of signal to noise, the detector was fully
enclosed by a Pb cylinder with a 10-mm-diam hole.
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FIG. 1. (Color online) (a) Schematics of the experimental setup. THz emission in the specular reflection direction was measured by a
pyroelectric detector, and the spectrum of the reflected light investigated by a fiber spectrometer. A typical signal recorded by the pyroelectric
detector as well as the reflected light spectrum is shown in (b) and (c), respectively.
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III. MEASUREMENT, DATA ANALYSIS,
AND DISCUSSIONS

In our experiments, for p-polarized irradiation at the angle
of incidence of 67.5°, the observed energy of THz emission
with respect to the laser contrast ratio is shown in Figs. 2(a)
and 2(b) for ag = 0.7 and 1.0. Here ay is the normalized laser
field amplitude given as ap = 8.53 x 10719(713)1/2, where Iis
the laser intensity in W/cm? and A is the laser wavelength
in um. The two values are chosen to represent subrelativistic
and relativistic laser intensities. Plasmas produced at these
intensities are expected to show significant influence of the
steepness of the laser pulse, which is normally determined
by the temporal shape and the intensity contrast ratio of the
laser pulses. If the ASE background-to-peak contrast ratio
is large enough, plasmas will be formed by the laser pulse
front before the main pulse arriving (usually the threshold
value of optical breakdown intensity of matter is on the
order of 10'° — 10! W/cm?). In our experiments, the contrast
ratio of the ASE to main peak is changed from 2 x 1078 to
5 x 107, resulting in preplasmas with different scale lengths.
With both laser intensities, as depicted in Figs. 2(a) and 2(b),
THz emission falls when the laser contrast ratio becomes
poorer (i.e., the intensity ratio between ASE and peak becomes
larger). The observed THz yield drops by a factor of 10 when
the laser contrast ratio is changed from the order of 107 to
1075, whereas it declines slowly when the laser contrast ratio
is changed from 1078 to 1077, Along with the THz emission
we measured the y-ray signal. The y ray also decreases when
the ASE pedestal goes larger.

To understand the underlying absorption mechanisms, we
measured the reflected light spectrum with THz emission.
Spectra were collected for ~100 shots under each laser
contrast ratio, and the intensity of every characteristic peak
was averaged. The averaged intensities of the second harmonic
signal on laser contrast ratio for ag = 0.7 and 1.0 are shown
in Figs. 2(c) and 2(d). The corresponding values for the three-
halves harmonic are given in Figs. 2(e) and 2(f). The SH signals
show the same trend of decreasing as THz and y -ray emission
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when the laser contrast ratio becomes poorer. However, the
three-halves harmonic signals are much different; they first
increase, reach a maximum, and decrease again.

The reflected light spectra are depicted in Fig. 3 for
ag = 0.7 [Fig. 3(a)] and 1.0 [Fig. 3(b)]; frames from top
to bottom represent the three laser contrast ratio conditions
corresponding to Figs. 2(a) and 2(b). We can see clearly
from the spectra that when the laser contrast is on the order
of 1078, the SH signals are presented for both intensities,
which is evidence of strong resonance absorption. When
the laser contrast is changed to 1077, the 2w, components
are depressed, while emission near 3wy/2 dominates. This
indicates that TPD is occurring close to n./4, where n. is
the critical density given as n. = 1.1 x 10?!(um/Ap)>cm ™.
At larger scale lengths of preplasmas, emission at 3wq/2
becomes weak again. The reason may be that the SRS below
the quarter critical density exceeds the TPD and becomes the
dominant process of laser-driven instabilities [25]. Since the
Raman scattering is always expected to generate downshifted
light, the frequency of which exceeds the spectral range of the
spectrometer, we have not seen clear signatures of SRS in the
spectra.

Our measurements of the frequency spectra of the reflected
light along with THz emission indicate that the THz emission
is closely related to the laser-plasma interaction process.
With our experimental conditions for p-polarized irradiation at
oblique incidence, THz emission is strongest when the intense
SH generation indicates that resonance absorption is dominant.
At the laser contrast ratio ~10~7, when TPD takes place, both
of the THz and SH emissions are decreased. If the laser contrast
ratio decreases further, the second harmonic disappears and the
THz emission drops sharply.

To confirm the experimental observations on the transi-
tion of absorption mechanisms for different preplasma scale
lengths for p-polarized light, we have carried out a series of nu-
merical particle-in-cell (PIC) simulations in two-dimensional
(2D) geometry. In the simulations, we use targets composed of
a high-density region with a density of 6n., and a preformed
plasma with exponential decreasing density distributions with
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variable scale length L. The temporal profile of the p-polarized
laser pulse is a sine-squared shape with a duration of 30 laser
cycles and the spatial profile is a Gaussian cross section with
a beam diameter of 10A¢. The simulations are carried out
for both ap = 0.7 and 1.0. The results do not show much
difference for these two intensities. The spectra of the reflected
light for ag = 0.7, integrated over transverse space, are shown
in Fig. 4. The same variation in second and three-halves
harmonics in reflected light spectra are seen as that observed
in experiments. The high harmonic emission decreases as the
scale length increases, as depicted from Figs. 4(a)—4(d). In
the case of no preplasma and small preplasmas for Figs. 4(a)
and 4(b), only the fundamental and second harmonic of wy
are clear. For L > ), the 3w(/2 component rising from the

TPD occurs. At larger scale lengths, such as L = 4A¢, both
resonance absorption and TPD disappear. No emission of high
harmonics of @y or wy/2 is observed, while the low frequency
components, which are signatures of SRS, dominate. From
these simulation results, we can conclude that the case with
high THz emission yields in our experiments corresponds to
the plasma scale lengths less than a laser wavelength.

For comparison, s-polarized light with the laser contrast
ratio ~10~8 was also used to generate THz radiation in our
experiments. The yield of THz radiation drops by a factor of
4 compared with that by p-polarized light at the same optical
pulse energy. In contrast to the reflected spectra depicted on
the top line of Figs. 3(a) and 3(b), where the second harmonic
generation is clear, no obvious SH emission is observed for
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s-polarized light. The strong enhancement in the production
of THz and SH emission in the case of p-polarized laser
light indicates a more efficient laser-plasma coupling. As
suggested in Ref. [29], electron plasma waves generated by
the resonance process account for almost all of the total SH
yield for p-polarized laser light in the case of small preplasmas.
For s-polarized light, there is no component of the electric
vector along the direction of the plasma density gradient.
The local electric field is no longer resonantly enhanced
and, in agreement with experimental observations, no SH
signal is detected. This is further evidence that the resonance
absorption, which dominates the laser-plasma interaction
process in the laser contrast ratio of 1078 for p-polarized
incidence, is favorable for THz radiation generation.

It is interesting to compare our experimental results with
previous experiments on the role of preplasmas for THz
generation. It has been shown that there is a drop of one
order in THz yield reported by Hamster ef al. [30] when the
laser contrast ratio is improved from 5 x 107* to 2.5 x 107°,
However, our experiments reported here show that the energy
of THz emission grows with the laser contrast ratio in the range
of 107°~10~%. These experimental results suggest that the
dependency of THz emission on plasma scale lengths imparted
by the ASE may be not a monotonous function. There might
be more than one generation mechanism contributing to the
total THz yield in the process of femtosecond laser-plasma
interaction in solid targets. According to our experimental and
analysis results, high THz yield is suggested corresponding
to a relatively small preplasma density scale length. The hot
electron generation, in this case due to resonance absorption,
should play an important role for the observed THz emission.
The transient electron currents rising from the hot electron
generation and return currents from the background electrons
established at the target surface could lead to such emission
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[31,32]. This is different from the experiments by Hamster
et al., where much longer plasma scale lengths exist and emis-
sion from plasma oscillations driven by the laser pondermotive
force dominates. We can see that the preplasma parameters
are of paramount importance for the THz emission output and
should be carefully designed. A carefully controlled prepulse
with a varied temporal separation between the main pulse, as
well as a time-resolved measurement of the THz radiation,
will help us to learn more about the generation mechanisms
and optimize the THz wave from solid density plasmas.

IV. SUMMARY

We have measured the THz emission in the specular reflec-
tion direction with linearly polarized laser pulses irradiated
on solid targets. THz emission is found to be strongly de-
pendent on the laser-plasma interaction processes, especially
on the density scale lengths of preplasmas. With relatively
small preplasma density scale lengths, such as less than a
laser wavelength, when resonance absorption dominates, THz
emission generation is effective. At larger preplasmas when
parametric instabilities such as TPD and SRS occur, the THz
emission decreases significantly. The plasma condition should
be carefully chosen to optimize and control the generation of
the THz wave in front of targets.
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