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SUMMARY

The terahertz radiation from ultraintense laser-produced plasmas has aroused
increasing attention recently as a promising approach toward strong terahertz
sources. Here, we present the highly efficient production of millijoule-level tera-
hertz pulses, from the rear side of a metal foil irradiated by a 10-TW femtosecond
laser pulse. By characterizing the terahertz and electron emission in combination
with particle-in-cell simulations, the physical reasons behind the efficient tera-
hertz generation are discussed. The resulting focused terahertz electric field
strength reaches over 2 GV/m, which is justified by experiments on terahertz
strong-field-driven nonlinearity in semiconductors.

INTRODUCTION

In the past few decades, terahertz science has become a rapidly developing research field (Tonouchi, 2007).
The unique frequency range of the terahertz radiation brings the possibility to induce novel phenomena in
various material systems, to name a few, the ferroelectric phase transition in perovskite materials (Li et al.,
2019), the terahertz-induced superconductivity in graphene (Yang et al., 2019), and the terahertz-assisted
chemistry (LaRue et al., 2015). The strong terahertz field also demonstrates tempting potential in particle
acceleration (Nanni et al., 2015; Zhang et al., 2018), high harmonic generation (Kovacs et al., 2012), and
nonlinear carrier dynamics in semiconductors (Tarekegne et al., 2017). Intense terahertz radiation sources
at GV/m-level field strength are much desired for these applications and further development of extreme
terahertz science.

Conventionally, strong terahertz-pulsed sources are based on large-scale electron accelerators (Carr et al.,
2002; Wu et al., 2013; Pacey et al., 2019) and ultrafast laser systems (Stojanovic and Drescher, 2013).
Although the accelerator-based sources can produce powerful terahertz radiation with a tunable frequency
spectrum, the difficulty in producing short-duration energetic electron bunches makes it challenging to
increase the terahertz energy, and the rareness of electron accelerators has limited their accessibility.
Ultrafast laser-based terahertz sources depend mostly on optical rectification from nonlinear crystals like
lithium niobate (LN) (Fulop et al., 2014) and organic crystals like DSTMS (Vicario et al., 2014) or BNA (Roeder
et al., 2020). Great progress have been made, e.g., mJ-level GV/m terahertz pulses have been produced
from LN (Zhang et al., 2021) and DSTMS (Vicario et al., 2014) with a generation efficiency of the order of
1%. However, large-size high-quality crystals are needed to further increase the terahertz energy, which
brings realistic limitation.

Laser-induced plasmas show the potential as damage-free medium for producing terahertz radiation
(Hamster et al., 1993; Cook and Hochstrasser, 2000). The air-plasma-based terahertz sources have been
intensively studied. However, the terahertz radiation energy tends to saturate when increasing the pump
laser energy and the terahertz energy is limited to microjoule level with the commonly used near-infrared
laser systems (Clerici et al., 2013; Kuk et al., 2016). The terahertz sources based on ultraintense laser-solid
interactions, by contrast, show potential on generating high terahertz energy, and no sign of saturation has
been reported (Liao and Li, 2019a). Intense terahertz radiation has been observed from both the front and
the rear side of solid targets irradiated by an intense laser pulse (Li et al., 2011, 2012; Gopal et al., 2012,
2013; Liao et al., 2015, 2016; Jin et al., 2016). For the terahertz radiation emitted from the foil rear side,
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Figure 1. Experimental setup

The focused laser pulse irradiates on the 10-um thick copper foil target, producing terahertz radiation from the target rear
surface. The laser focusing OAP is not presented. The terahertz radiation is collected and focused by an ellipsoidal mirror
and then re-collimated by an OAP. Terahertz time-domain waveform was measured by the GaP crystal (EO crystal) using
non-collinear spatially encoded electro-optic sampling method with a balanced detection setup. The probe laser pulse is
split inside the vacuum chamber from the main laser beam. EM: Ellipsoidal mirror. QWP: Quarter wave plate. WP:
Wollaston prism. THz: terahertz beam. CMOS: the probe laser detection camera. The pyroelectric energy detector, which
is placed outside the target chamber, is not presented in the figure. Insert: (A) Schematic setup showing measurements of
the terahertz angular distribution. This setup replaces the optical components in the gray rectangle during the angular
distribution measurements. The ellipsoidal mirror was replaced with a parabolic mirror (PM). The collimated terahertz
radiation was focused by a TPX lens (TL) and detected by a terahertz camera (TM). The camera was placed in front of the
nominal terahertz focus to record the terahertz spatial distribution.

(B) Schematic presentation of the coordinate at the target rear. ¢ is the azimuthal angle in the xOy plane.

(C) Schematic presentation of the spatial-time mapping on the GaP crystal for the non-collinear spatial encoding method,
where w is the probe beam width and « is the probe incidence angle.

laser facility (Liao et al., 2019b, 2020). In the femtosecond laser experiments reported previously, the ter-
ahertz radiation energy detected was usually hundreds of microjoules (Liao et al., 2015; Herzer et al.,
2018) with the electric field strength at the level of ~0.3 GV/m, at the laser-to-terahertz energy conversion
efficiency in the level of ~0.1%.

In this paper, we report the generation of 2.1-mJ terahertz radiation from intense laser-foil interactions by
utilizing a table-top 10-TW femtosecond laser system, and correspondingly, at a laser-to-terahertz conver-
sion efficiency of ~0.7%. By characterizing the terahertz radiation properties and measuring the hot
electrons at the target rear side, the terahertz radiation is attributed to the coherent transition radiation
of energetic electrons crossing the target-vacuum boundary. Particle-in-cell simulations are performed
to understand the high conversion efficiency. Preliminary strong-field terahertz application experiments
verify the available peak terahertz field strength over 2 GV/m.

RESULTS AND DISCUSSION

Terahertz characterization

The experiment was carried out using the 10-TW Ti:sapphire femtosecond laser system at the Institute of
Physics, Chinese Academy of Sciences. The laser system is able to deliver laser energy of 300 mJ with center
wavelength of 800 nm, pulse duration of 30 fs, and 10-Hz repetition rate. Single-shot mode of the laser was
used in the experiment. The schematical experimental setup is shown in Figure 1. The 30-fs laser pulse was
focused on a 10-um thick copper foil by an off-axis parabola (OAP) at an incidence angle of 45° (see Method
details). The maximum laser intensity on target was about 1x 10" W/cm? at the best laser focal spot of less
than 8-um diameter. The terahertz radiation emitted from the target rear side was collected with a custom-
ized ellipsoidal mirror, and then the terahertz energy was measured by a pyroelectric detector. The tera-
hertz energy increases approximately linearly with the laser energy, as shown in Figure 2A. The maximum
terahertz energy measured is ~2.1 mJ at the 300-mJ laser energy pump, corresponding to an energy con-
version efficiency of ~0.7%. Measurements show the relative shot-to-shot fluctuation of terahertz energy is
within 10%.

The time-domain waveform of terahertz radiation was measured with the non-collinear spatially encoded
electro-optic (EQO) sampling method (Shan et al., 2000) (see Method details). The EO sampling signals

2 iScience 25, 104336, May 20, 2022

iScience



iScience ¢? CellPress
OPEN ACCESS

A B Frequency (THz)
32 g o
3 500 P S 1.0 L S
— L o A
22000 e } = oo 2
ey ® a
[0} { 7 c 05 o &
c ] . 2
5 1500 . 3
N - N 0.0
1000 #* k=
5 5004 L7 5 05 — -2
[t e [ ~350u)
04 ¥ >2mJ
T T T T T T -1.0-4 T r r T T T
50 100 150 200 250 300 0 500 1000 1500 2000 2500 3000 3500
Laser Energy (mJ) Time (fs)
—Exp
c D 90 — CTR Theo
ry
= 1.0 120 : 60___gr Theory
S 08 150
:; 0.6 30
205
S 0
£ 0.0[180— 0
N 0.2
5 04
2 \
© 0.6 | 210 330
o 0.8
F 10

Figure 2. Terahertz characterization

(A) Terahertz radiation energy as a function of the laser energy, the red dashed line shows the linear fit of the result.
(B) The time-domain waveforms measured at different terahertz energies are presented. Here, we note that the blue curve
is the time-domain waveform measured using a 50 pm GaP crystal when terahertz energy was over 2 mJ. The insert figure
is the corresponding frequency spectrum of the attenuated terahertz radiation at 12 uJ and 350 pJ.

(C) Spatial profile of the terahertz radiation collected by a parabolic mirror.

(D) Integrated terahertz angular distribution and the comparison with the theoretical calculation.

measured at different terahertz energies are shown in Figure 2B. At the low and moderate terahertz energy,
measurements show similar quasi-half-cycle terahertz waveforms, whose pulse duration (FWHM) are
measured to be about 150 fs. The terahertz frequency spectrum can be obtained by performing Fournier
transform of the time-domain waveform. The broadband terahertz spectrum extends to about 6 THz, which
is close to the detection limit by the EO crystal used (Casalbuoni et al., 2008). The spectral maximum locates
at ~1.5 THz, which is due to the small oscillations around the main peak. At the high terahertz energy, mul-
tiple peaks appear in the EO signal, which is resulted from the over-rotation effect at high fields (Bell and
Hilke, 2020). According to the EO measurement, the terahertz field strength at the 12-pJ terahertz energy is
retrieved to be ~0.10 GV/m. Considering the relation of the energy and the electric field strength, the ter-
ahertz peak field strength can reach ~1.36 GV/m at the maximum terahertz energy of ~2.1 mJ.

To measure the terahertz focal spot, the collected terahertz radiation was relayed outside the target cham-
ber and then refocused by an OAP to a microbolometer camera. The area of the focal spot is measured to
be about 1.6 mm? (See also Figure S1). Measurements show that the terahertz pulse duration and focal spot
do not vary much at different terahertz energies. Based on the measured terahertz energy, pulse duration,
and focal spot, the peak terahertz field strength is calculated to be ~2.55 GV/m (Zhang et al., 2021), which is
larger than the field strength measured by the EO sampling method. This may be due to the complicated
polarization of the terahertz radiation (Woldegeorgis et al., 2018). Given the fact that a terahertz polarizer
was not used before the EO crystal in the experiment, the measured field strength is the projection of the
total field strength on the crystal axis. As a result, the field strength measured by the EO sampling is smaller
than the evaluated one.

In order to measure the angular distribution of the terahertz radiation, we replaced the ellipsoidal mirror
with a parabolic mirror (Insert (a) in Figure 1). The collected terahertz radiation was converted into a colli-
mated beam, and then focused by a TPX lens. The camera was placed in front of the focal spot to get the
spatial profile of the terahertz radiation, as shown in Figure 2C. The terahertz intensity integrated along the
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Figure 3. Electron measurements
(A) Typical image recorded on the image plate (IP).
(B) Dependence of terahertz radiation energy on the measured electron charge.

azimuthal angle (¢ in Figure 2C) is used to approximately represent its angular distribution, showing an
azimuthally non-symmetric character, as shown in Figure 2D.

Terahertz generation mechanism

Intense laser-plasmas interactions can generate numerous hot electrons (Wilks and Kruer, 1997). The hot
electrons transport to the target rear and can induce terahertz radiation via coherent transition radiation
(CTR) (Schroeder et al., 2004; Liao et al., 2016). The coherent transition radiation energy in unit angular fre-
quency and unit solid angle can be expressed as

dWerr  dWe

dwdQ ™ dwdQ
where di‘gvé is the transition radiation from a single electron, N, is the number of electrons, Fcrris the bunch
form factor, and Dis the diffraction factor. As the number of electrons produced in laser-solid interactions is
usually very large, Wcrg o N2« Q?, where Q is the total charge of the electron beam.

Ne(Ne — 1)|FerrDP?, (Equation 1)

Another possible terahertz generation mechanism is the sheath radiation (SR) induced by the transient
sheath field associated with ion acceleration at the target rear (Gopal et al., 2013; Liao et al., 2020). During
ion acceleration process, the electron-ion sheath behaves like a time-varying transient current. The sheath
radiation energy in unit angular frequency and unit solid angle can be expressed as (Liao et al., 2020).
d2 W5R qZCE 2

= L5 |Fl’sin? 6 Equation 2
dwdQ 47T3£0C3| sl ’ (Eq )
where gisthe net charge in the sheath, ¢ is the ion sound velocity, cis the speed of light, and Fsgis the form
factor. The formula indicates that the sheath radiation has a symmetric angular distribution in the azimuthal
direction with respect to the target normal.

In order to confirm whether the terahertz radiation is mainly produced via CTR by hot electrons, we
measured the terahertz radiation and the electron charge at the target rear by varying the laser intensity.
In the experiment, we moved the position of the laser OAP along the laser axis to vary the laser intensity on
the target, while keeping a fixed position for the laser spot on the target and accordingly the unchanged
terahertz collection efficiency. An image plate (IP) stack was placed at the rear of the target to detect elec-
trons (Tanaka et al., 2005). Figure 3A shows the typical signal recorded on the IP stack. The electron bunch
was observed between the target normal direction and the laser propagation direction, with a divergence
angle of ~30°(FWHM). The charge and temperature of the electron bunch can be evaluated according to
the signals measured by the IP stack (see Method details). Figure 3B shows the terahertz radiation energy as
a function of the measured electron charge. Fitting gives W o Q'85£045 which indicates that the terahertz
radiation observed in our experiment is the coherent emission by electrons. For the specific shot taken at
the laser energy of 90 mJ, the electron charge was retrieved to be ~28 nC and the electron temperature
was about 600 keV, and accordingly, corresponding to a laser-to-electron energy conversion efficiency
of ~18.6%.
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Figure 4. PIC simulations
PIC simulated laser absorption efficiency as a function of the plasma density scale length L. The cyan area indicates the
plasma density scale length range in the experiment.

Given the fact that the CTR and SR have different angular distributions, one can identify the terahertz gen-
eration mechanism by comparing the experimentally measured and theoretically calculated terahertz
spatial distribution. According to the measured electron beam profile and electron temperature, the
angular distribution of CTR by electrons is calculated numerically, as shown by the red solid curve in Fig-
ure 2D. The calculated non-symmetric distribution is in general accord with the experimental observation.
The terahertz energy in the collection solid angle is calculated to be 1.0 mJ, which is comparable to the
experimentally detected terahertz energy of ~0.84 mJ driven by the 90-mJ laser pulse. The good agree-
ment of the theoretical calculations and experimental observations convinces us that the terahertz radia-
tion observed in the experiment is mainly generated by the CTR of hot electrons, rather than the SR, which
is also consistent with our previous experiment (Liao et al., 2016).

Discussion on the high terahertz generation efficiency

In our experiment, a nearly 1% laser-to-terahertz energy conversion efficiency is obtained, which can be
qualitatively explained. The terahertz radiation conversion efficiency can be divided into two parts, the
laser absorption efficiency, Niasere, and the efficiency from hot electrons to terahertz radiation, ne.TH,.
Ne-TH, depends largely on the number and temperature of hot electrons. 7 cer.e depends on the laser in-
tensity, incidence angle, and the plasma density distribution. These parameters also determine the laser
absorption mechanisms. Especially, the laser contrast can largely affect the laser absorption efficiency
by the induced plasma density scale length L (Ping et al., 2008; Cui et al., 2013). In our experiment, the
typical laser contrast was about 2.0x 108 in 20 ps and a prepulse of ~ 5x10~* arrived at ~12 ps before
the main laser pulse. This prepulse is strong enough to ionize the target and a preplasma can be formed
before the main pulse arrives. To evaluate L in our experiment, a hydrodynamics fluid simulation using the
MULTI code is performed (Ramis et al., 2012), showing Lis between 0.32and 0.42 atthe prepulse intensity
between 1% 10" W/cm? and 5 % 10> W/cm?. At this density scale length, the electron heating mechanism
could be resonant absorption or JXB heating. Considering that the electrons measured in the experiment
emit between the target normal and the laser propagation direction but slightly closer to the target normal
direction, both heating mechanisms exist and the resonant absorption contributes more under our expe-
riential condition. For the resonant absorption process, there exists an optimal laser incidence angle 6,, for

aspecific L. 8, = arcsin {0.8(“%)7%], where w is the angular frequency of the laser and cis the speed of light

(Wilks and Kruer, 1997). For the L in the experiment, 6,, is 36°-40°. The laser incidence angle (45°) in our
experiment is rationally close to ,,,. Thus, high laser absorption efficiency is expected.

In order to confirm this high laser absorption efficiency, we have performed two-dimensional particle-in-
cell (PIC) simulation using the EPOCH code (Arber et al., 2015) (see Method details). Figure 4 shows the
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Figure 5. Demonstrative experiments

(A) Transmitted terahertz energy versus the position of the doped silicon wafer. The best terahertz focus locates at 0 mm.
The dash line represents the measured terahertz signal when the sample is far away from the terahertz focus.

(B) Output signal of GaP diode as a function of the terahertz energy.

laser absorption efficiency as a function of plasma density scale in the range of L= 0-124. For the laser in-
tensity of 1 x 10'"W/cm?, the maximum laser absorption of ~38% occurs at L = 0.4 A. The rather large ab-
sorption efficiency at L ~ 0.4 1is partially because the incidence angle is close to ,,. In our experiment, Lis
between 0.3 1and 0.4, which fall exactly in the optimal range of plasma density scale lengths given by sim-
ulations. The simulation at laser intensity of 3% 10"8W /cm? is performed to confirm the optimal plasma den-
sity scale range keeps unchanged in our experiment. Because the forward propagating electrons contain
about half of the absorbed laser energy, the maximum energy conversion efficiency from the laser to for-
ward electron at the target rear is evaluated to be ~17.9%, sufficiently close to the experimentally
measured value of 18.6%. Consequently, the high laser-to-terahertz energy conversion efficiency can be
mainly attributed to the high laser absorption efficiency at an appropriate plasma density scale.

Itis enlightening to compare with our previous experiment (Liao et al., 2016), where a laser-to-terahertz ef-
ficiency of ~0.02% was obtained at the laser incidence angle of 54° and the plasma density scale length of
about 3 1 (See also Figure S2 and Table S1). Theoretical analysis and PIC simulations show those parame-
ters of the previous experiment are very unfavorable for the efficient resonant absorption, which suppress
the generation of fast electrons. It implies the importance of appropriate laser-plasma configurations. The
terahertz generation efficiency could be improved further by optimizing the laser-plasma parameters or us-
ing specially structured targets that enhance the laser absorption significantly (Mondal et al., 2017).

Terahertz application demonstrative experiments

In order to demonstrate the capability of the intense terahertz radiation obtained in our experiment, we
performed two demonstrative experiments concerning polarization-independent nonlinear response of
semiconductors driven by strong terahertz fields.

The first demonstration was on the terahertz nonlinear transmission of doped silicon. In this experiment,
about 0.43-mJ THz radiation was focused by an OAP, resulting in peak terahertz field strength of ~1.14
GV/m at the best focus. Similar to the conventional z-scan technique, a doped silicon wafer was put
near the terahertz focus, with adjustable position along the terahertz beam axis. A large-aperture pyroelec-
tric detector was used to measure the terahertz energy transmitting the silicon wafer. Figure 5A shows the
measured terahertz transmission as a function of the sample position. The terahertz transmission is
enhanced when the sample is placed near the terahertz focus, i.e., the terahertz field on the sample gets
strong. This so-called nonlinear terahertz absorption bleaching phenomenon can be explained by the
intervalley scattering between the X valley and the L valley in the conduction band of the doped silicon (He-
bling et al., 2010). At strong terahertz irradiation, the terahertz field-accelerated electrons in the lower X
valley can interact with phonons and be scattered to the higher L valley, where the electrons have a higher
effective mass, and thus reducing the mobility and the conductivity of the silicon, resulting in an enhanced
terahertz transmission. Intervalley scattering rate is proportional to the velocity of the electron (Yu and Car-
dona, 2010). To achieve a specific intervalley scattering rate and accordingly the same terahertz transmis-
sion enhancement, a higher terahertz field is required for the shorter duration terahertz radiation. In the
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previous similar experiment, the ~1-ps, 0.25-GV/m terahertz pulse produced from the LN crystal results in
an enhancement of terahertz transmission by a factor of 2.3 (Zhang et al., 2021). The terahertz field strength
for the ~150-fs terahertz radiation in our current experiment is evaluated to be ~1.09 GV/m (see Method
details), comparable to the calculated value 1.14 GV/m.

Another experiment demonstrated the terahertz-driven carrier multiplication in a GaP diode. The terahertz
radiation was focused on the diode, and the voltage signal was recorded by an oscilloscope. As shown in
Figure 5B, a strong voltage signal is observed. It exponentially increases with the terahertz energy and then
saturates when further increasing the terahertz energy exceeding ~0.8 mJ. As the terahertz photon energy
is much lower than the bandgap of GaP (~2.24eV), this phenomenon is attributed to the strong terahertz
electric-field-induced impact ionization (Hirori et al., 2011). lonized electrons in the impurities are acceler-
ated by the strong terahertz field and scattered by phonons to produce a lower energy electron and an e-h
pair. The generated electrons can be further accelerated by the terahertz field, resulting in an exponential
response. The saturation observed in our experiment may be due to the enhanced e-h scattering and
electron redistribution at the sufficiently high electron concentration (Hirori et al., 2011). Compared with
previously reported experiments where the LN-based picosecond terahertz radiation induces the impact
ionization in the narrow-gap superlattice (Ouyang et al., 2021), the electric field strength for the short-dura-
tion terahertz radiation presented here should be much larger than those used in previous experiments.

Conclusion

In summary, the generation of terahertz radiation from ultraintense femtosecond laser-foil interactions is
investigated. A 2.1-mJ, single-cycle, broadband terahertz pulse with a 0.7% laser-to-terahertz energy
conversion efficiency is obtained. Supported by electron measurements together with PIC simulations,
the terahertz generation mechanism is clarified to be coherent transition radiation by laser-accelerated
hot electrons, and the high generation efficiency is attributed qualitatively to the high laser absorption
at an appropriate plasma condition. Experiments performed on the terahertz-driven nonlinearity demon-
strate the availability of GV/m-level terahertz field strength. Such an intense terahertz radiation source will
offer a unique pump for various ambitious applications such as the ultrafast control over matter and
compact electron acceleration.

Limitation of the study

The laser and target parameter scanning in the current experiment is limited, like the laser pulse duration,
incidence angle and contrast, target material and thickness etc. To further optimize the terahertz genera-
tion, further studies with more laser-target parameters are required. The terahertz source is operated
currently at the single-shot mode, and its repetition rate and stability can be improved by employing
the high-repetition-rate target delivery and positioning systems in future.
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STARx*METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Copper foil Goodfellow CAS # 7440-50-8

Software and algorithms

EPOCH Arber et al. (2015) https://iopscience.iop.org/article/10.1088/
0741-3335/57/11/113001/meta

MULTI Ramis et al., 2012 https://doi.org/10.1016/j.cpc.2011.10.016

Casino 2 Université de Sherbrooke https://www.gel.usherbrooke.ca/casino/
index.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Guo-Qian Liao(ggliao@iphy.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The data are available upon reasonable request by contacting the lead contact.
This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study does not use experimental models typical in the life sciences.

METHOD DETAILS
Terahertz waveform measurement

Terahertz time-domain waveform was measured using the single-shot non-colinear electro-optic (EO) sam-
pling method (Shan et al., 2000). A 100 pm thick <110 > cut gallium phosphide (GaP) crystal was placed at
the second focus of the ellipsoidal mirror as the EO crystal. A small portion of the main laser beam was used
as the probe. The probe laser beam splitter, delay line, and the GaP crystal were all placed in the vacuum
chamber to ensure the minimum pulse duration of the probe. The terahertz beam was normally incident
onto the EO crystal, inducing birefringence of the probe beam. As the probe laser pulse was 45° incident
onto the EO crystal, different part of the laser beam arrived on the crystal at different time, thus encoding
the time-domain information of the terahertz radiation into the spatial distribution of the probe laser
beam. The temporal resolution is given as At = M, where Wi is the pixel size of the detection
CCD, a is the incident angle of the probe beam, and c is the speed of light. In our experimental setup,
At was calculated to be 18 fs. Considering the 30-fs probe laser pulse duration, the temporal resolution
was 30fs in our experiment. The total time window tioe, = %’1(“), where w is the transverse size of the
probe laser beam on the EO crystal. In our experimental setup, tioral ~ 4ps.

The EO signal is determined by the phase retardation of the probe laser. The phase retardation is given by
3

(Tian et al., 2020) T = % where [ is the thickness of the crystal, ry1 and ng are the EO coefficient and

refractive index of the crystal, Ag is the wave length of the probe laser, 7 is the THz transmission loss, E7y; is

10 iScience 25, 104336, May 20, 2022


mailto:gqliao@iphy.ac.cn
https://iopscience.iop.org/article/10.1088/0741-3335/57/11/113001/meta
https://iopscience.iop.org/article/10.1088/0741-3335/57/11/113001/meta
https://doi.org/10.1016/j.cpc.2011.10.016
https://www.gel.usherbrooke.ca/casino/index.html
https://www.gel.usherbrooke.ca/casino/index.html

iScience

the terahertz field strength. The EO signal Isjg = ’7"(1 — sinl"), where g is the background. By comparing
the background and the signal, the terahertz field strength can be retrieved.

Electron measurement

The electron measurement was carried out by using Image Plate (IP). A three-layered IP stack was
put ~6 cm away from the target rear. The IP stack was covered with a 25-um thick aluminum foil to shield
the visible light and ions. In the terahertz-charge dependence dataset, two lead plates formed a ~3-mm
wide slit at the target rear to shield electrons in other direction. A stepping motor stage was used to update
the IP stack position after each laser shot. For the total charge measurement, the lead blocker was
removed, and both the laser propagation direction and the target normal direction were covered by the
IP stack. The signal on the first layer was largely affected by the x-rays emitted from the target rear. The
electron temperature was estimated by analyzing the ratio of the signal on the second and the third layer.
By comparing with the calculation by the Casino2 Mount-Carlo simulation program and considering an
exponential energy spectral distribution of the electrons, the electron temperature was retrieved to be
600 keV. The angular distribution of the electron beam was estimated by the intensity distribution on
the second IP layer, and the total charge was estimated after considering the time decay of the signal,
the signal reduction by the first IP layer and the total size of the electron spot.

Estimation of terahertz field strength using terahertz-induced absorption bleaching
According to the physical picture of the intervalley scattering, the scattering rate is proportional to the ve-

1 . o
locity of the electron, Tiwoc E} «v,. The electron velocity can be expressed as m*‘iff = eEqy,. The velocity is

proportional to the time integration of the terahertz field, so that the scattering rate is proportional to the
time integration of the terahertz electric field as Tiwoc J Errzdt, which is approximately proportional to
the pulse duration multiplied with the peak field strength for a Gaussian-like terahertz pulse. Considering
the same doping concentration, the maximum field strength can be retrieved by comparing the integrated
terahertz time-domain waveform. In this way, the terahertz field strength can be quantitatively estimated.
The enhancement of transmitted terahertz energy by a factor of 2.3 was achieved at ~0.25 GV/m field
strength of the ~1-ps Terahertz pulse in the previous experiment (Zhang et al., 2021).

Simulation setup

The hydrodynamics simulation is carried out using open-source code MULTI. We use a 1D simulation to
estimate the plasma density scale length when the main laser arrives. A 800-nm femtosecond laser with
the intensity of (1-5)x 10"> W/cm? is incident on a cold solid target with an initial electron density of about
500 n., where n.is the critical plasma density for the 800-nm laser. The electron density distribution at 12 ps
after laser-targetinteractions was extracted from simulations, and then used to evaluate the plasma density
scale length.

The PIC simulation is carried out using the open-source code EPOCH. A 30-fs Gaussian laser pulse with a
beam waist of 5 u m is incident onto a plasma slab with 10x m in thickness and 60 m in width at an inci-
dence angle of 45°. A thin plasma layer with an exponential density distribution exists at the target front
to represent the preplasma. The maximum electron density is set to be 20 n. and the minimum density
is 0.002 n.. The 60 u mx 60u m simulation box is divided to 2400x 2400 cells with 16 particles per cell.
The ion charge and mass in the simulations are set to be the parameters of fully ionized copper ions.
The energy of charged particles in the simulation box was treated as the absorbed laser energy and the
energy portion of forward electrons was obtained by summing up the kinetic energy of electrons propa-
gating inward the target at ~55 fs after the laser peak leaves the target.

QUANTIFICATION AND STATISTICAL ANALYSIS

Our study doesn’t include quantification or statistical analysis.
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