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We observed sub-picosecond terahertz (THz) pulses generated from an electro-optic quartz plate using femtosecond
optical pulses. The time-resolved THz radiation signal clearly indicates two separated THz pulses with opposite polarity.
Based on our results, a model based on optical-to-THz conversion via optical rectification is proposed to describe the twin
pulsed THz emission mechanism of the quartz plate. Firstly, the two separated THz pulses are assigned to the forced and
free THz pulses, respectively. With an optical pulse serving as an external source in the crystalline quartz, the forced THz
pulse is a solution to linear Maxwell’s equations and propagates at the velocity of the pump laser pulse, while the free THz
pulse propagates with the group velocity in the THz frequency range. Finally, as a non-centrosymmetry material, the THz
amplitude exhibits perfect threefold symmetry with respect to the azimuthal angle and twofold symmetry with respect to

the pump polarization angle.
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1. Introduction

Terahertz (THz) radiation, in the frequency range be-
tween microwave and infrared, is a significant research field
due to its unique properties and diverse applications.!!?! Tts
unique properties, especially non-ionizing penetration through
non-conductive materials such as polymers,®! ceramics,*!
and biological tissues,®! make it ideal for non-invasive
imaging and spectroscopic analysis.[®”] In addition, THz
waves show great promise in advanced fields such as

superconductivity, 1 topological materials,t!!-11-13!

[14-16] [17-19]

spin

dynamics, molecular dynamics, and electron

n.[20-221 Although significant progress has

beam manipulatio
been made in THz source development, efficiently generating
and broadband detecting THz radiation remain key challenges
that must be addressed for further advancements in THz tech-
nology.

Current THz source technologies include photoconduc-

23241 nonlinear optical crystals,>>2>271 and

tive antenna,!
plasma-based methods.?8=3!] These sources are advancing to-
ward broadband, integration, and higher energy outputs. Re-
cently, spintronic THz emitter with higher integration and
broader frequency ranges, as well as robust structures with

d.132-35

MV-level outputs, are emerging as a key tren I However,
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challenges like low efficiency and low laser damage threshold
remain.

Crystalline quartz is a hard material with unique sym-
metry and excellent optical properties, widely used in pho-
tonics and nonlinear optics.*®) In the THz frequency do-
main, quartz is a common substrate material.?”] Recently,
quartz has gained significant attention for its remarkable

38]

detection capabilities.!*®! It can be used to determine the

full polarization state of the strong THz pulses*”! and THz

(401 As the trigonal lattice struc-

magneto-optical sampling.
ture of quartz lacks centro-symmetry, several research groups
have reported observing higher-order nonlinear optical ef-

(41421 OQur previous study demonstrated both

fects in quartz.
THz Pockels and Kerr effects in alpha-quartz.!*3! In partic-
ular, quartz has a higher laser damage threshold and better
thermal stability than conventional materials like ZnTe and
GaP,*%! making it a promising candidate for high-power
THz sources.[#®! However, very little is known about the THz
radiation mechanism and properties of crystalline quartz plate.

In this paper, we systematically investigate the twin
pulsed THz emission characteristics of crystalline quartz un-
der femtosecond laser excitation, in a transmission configura-
tion. By measuring the time-separated THz emission signals
with opposite polarity, we reveal the mechanism of the THz

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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generation from crystalline quartz. These two pulses are at-
tributed to the forced and free THz pulses, respectively. Fur-
thermore, the dependences of the THz radiation on azimuthal
angle and polarization angle of the pump laser beam are mea-
sured to characterize the THz generation spectral signatures.

2. Experimental setup

A THz time-domain emission spectroscopy system in
transmission geometry was utilized to investigate the THz
emission from crystalline quartz at room temperature. The
laser beam in this experiment, from a Spitfire Ace titanium
sapphire laser (Spectra-Physics) with 1 kHz repetition rate,
56 fs pulse duration, 5 mJ single pulse energy and 800-nm
central wavelength, was split into a pump beam and a probe
beam. The pump beam (2.5 mm in diameter) excited the sam-
ple. The pump beam was incident along the c-axis of z-cut
crystalline quartz, as illustrated in Fig. 1(a). The polariza-
tion states of the pump beam can be adjusted with a half-wave
plate. The emitted THz radiation was collected, collimated,
and focused onto a 1 mm thick ZnTe (110) crystal using a pair

of off-axis parabolic mirrors (OAPM). The weak probe beam
was focused onto the ZnTe crystal, spatially and temporally
overlapping with the generated THz pulses. The probe beam
passed through a quarter-wave plate (QWP) and a Wollaston
prism (WP) before being detected by a couple of balanced
photodetectors (PDs). The temporal signal was achieved by
varying the time delay between the pump laser and the probe
laser pulse. The measured EO sampling (EOS) pulse width
was the convolution of THz radiation with detector response.
A Teflon filter was used to block the residual 800 nm pump
beam, while the generated THz signal can pass through.

To investigate the thickness dependence of THz emis-
sion, measurements were performed on commercially ac-
quired crystalline quartz plates with thicknesses of 0.1 mm,
0.2 mm, 0.5 mm, and 1 mm, which were cut along the (001)
crystallographic direction perpendicular to the plane. The
crystallinity of the quartz plate has been characterized using
x-ray diffraction pattern, which exhibits a pronounced (0001)
characteristic peak at 20 = 50.62°.1?! The azimuthal angle of
the quartz plate can be varied by rotating the sample along the
Z direction.
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Fig. 1. (a) Schematic of THz emission setup. THz emission from quartz plate is measured in EOS configuration using a ZnTe detection crystal.
(b) Time-domain THz emission waveform for a 0.5-mm-thick crystalline quartz plate. (c) Frequency spectrum after fast Fourier transformation.
(d) Peak amplitude of THz signals as a function of pump fluence. (¢) Contour map of the relationship between pump fluence and time-domain
THz emission signals. (f) Corresponding spectra of time-domain traces in (e) after fast Fourier transformation.

3. Results and discussion

3.1. THz radiation

Figure 1(b) shows a typical time-domain THz emission
signal from a 0.5 mm-thick crystalline quartz. The THz emis-
sion waveform exhibits a bipolar shape with almost equal am-
plitudes in both positive and negative peaks, which is dif-
ferent from the temporal shape of the rectification dipole.
Fourier-transforming the time-domain signals yields the spec-

tral amplitude versus frequency, as shown in Fig. 1(c). The
frequency spectrum covers a bandwidth from ~ 0.1 THz to
3.0 THz. Note that the spectral signatures, specifically the dips
at ~ 1.0 THz and ~ 2.0 THz, result from the interference be-
tween the positive and negative peaks of the THz waveforms.
As shown in Fig. 1(d), the THz peak amplitude increases lin-
early with the incident pump fluence ranging from 0.3 mJ/cm?

2

to 2.1 mJ/cm~. This indicates that the THz emission is pri-

marily a second-order nonlinear process./*’! Figure 1(e) shows

094211-2
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the contour map of the relationship between pump fluence and
THz signals in the time-domain. Figure 1(f) shows the con-
tour map of the relationship between pump fluence and THz
signals in the frequency-domain. It is clearly observed that as
the pump fluence increases, the positions of the positive and
negative peaks in the time domain do not exhibit any notice-
able shift. Moreover, in the frequency domain, the dips remain
unchanged with increasing pump fluence. It should be men-
tioned that the THz emission signal from fused silica glass can
be negligible.

To better understand the mechanism of THz emission, we
investigate the THz radiation of crystalline quartz with differ-

ent thicknesses. Figures 2(a) and 2(b) show the time-domain
and frequency-domain characteristics of THz signals emit-
ted from quartz plates with thicknesses of 0.1 mm, 0.2 mm,
0.5 mm, and 1.0 mm under a pump fluence of 1.5 mJ/cm?. Un-
der the same excitation geometry, we compare the THz emis-
sion signals from quartz with ZnTe (black line), as shown in
Fig. 2(a). The magnitude of THz emission from ZnTe is re-
duced by a factor of 100. As shown in Fig. 2(c), the positive
peak amplitude from crystalline quartz increases with thick-
ness up to L = 0.5 mm, then decreases as thickness increases
to 1.0 mm. The absolute values of the negative peak amplitude
exhibit a similar dependence on the thickness.
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Fig. 2. (a) THz emission signals in the time domain obtained from crystalline quartz plates with varying thicknesses. (b) The corresponding
frequency-domain spectra obtained after fast Fourier transformation. Dependence of (c) THz peak amplitude and (d) separation time on the
sample’s thickness. Schematic illustrations of multireflection of (e) the laser pulses and (f) THz radiations inside the quartz plates. The sample’s
interfaces are labeled as front and back sides. (g) Both forced and free THz radiations are emitted near the front interface. The red and blue

arrows show the propagations of NIR and THz pulses, respectively.

A time separation AT of ~ 1 ps is observed between the
positive and negative peaks when the thickness of crystalline
quartz is L = 0.5 mm. When L decreases to 0.2 mm, AT re-
duces to ~ 0.4 ps and remains unchanged at L = 0.1 mm. At
L = 1.0 mm, two peaks separate more clearly, with AT = 2 ps.
This confirms that the bipolar waveform arises from the com-
bination of two unipolar THz waves. We analyze the propaga-
tion and multi-reflection of near-infrared (NIR) pump light and
THz waves within the quartz. As shown in Fig. 2(e), the NIR

pump pulse is reflected multiple times within the plate, result-
ing in a round trip delay of AT = 2nNrL/c, with ¢ the speed of
light in vacuum, and refractive index nyir ~ 1.55 for quartz in
the NIR range.[*8) At L = 1 mm, At ~ 10.3 ps, which is longer
than the measured AT ~ 2.0 ps. As shown in Fig. 2(f), the
emitted THz pulse is reflected multiple times inside the plate.
AtL=1mm, AT = 2nty,L/c ~ 14.4 ps, where the refractive
index of crystalline quartz at THz frequency is measured by

THz-time-domain spectroscopy to be nyy, ~ 2.16.14243491 1t
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is still longer than the measured AT ~ 2.0 ps.

3.2. Primary mechanism

Optical rectification (OR) is a nonlinear process where an
intense laser pulse generates low-frequency charge motion in
a nonlinear medium, emitting THz radiation. The pump pulse
induces nonlinear polarization P(z) in the electrooptical ma-
terial. The THz electric field is proportional to the second-
order derivative of P(¢). Because of the presence of an optical
pump pulse within the sample plate, a theoretical model is pre-
sented to describe the generation of both forced and free THz
pulses via linear Maxwell’s equation.®>>!l The THz forced
pulse propagates with a fixed velocity equal to the velocity of
the optical pulses, unlike the case for a THz free pulse. As
shown in Fig. 2(g), the emitted THz radiation, generated from
the sample’s front side, transmits through the plate and radi-
ates out from the back side of the quartz plate. The nonlinear
quartz plate is characterized by nty, and nyir. In order to ob-
tain an analytical result for the THz fields, the THz absorption
and dispersion are neglected. In addition, it is assumed that a
femtosecond laser pulse is incident normally on the plate and
its transverse size is much larger than the THz wavelength.
The orientation of the nonlinear polarization P depends on
the orientation of the crystallographic axes of the sample and
the polarization of the pump pulse. We assume P, = P, =0 and
Py o< d;j X Iopy with Iy, the optical intensity of the pump beam
and d;; the second-order nonlinear susceptibility tensor. Un-
der the assumption of normal incidence and neglecting THz
absorption and dispersion, the frequency-domain THz radia-
tion field £, generated by OR can be expressed as

Amew? .

JI’E, o .
X 6‘72I;,X}?(O))efla)Zl'lNIR/C7 (l)

2072 + ?nz(Z)Ex ==

where F(0) = (1/2V/T) e~©’7/4 s the Fourier transform of
the time-dependent envelope of the optical intensity, and 7 is
the pulse duration.

By solving Eq. (1), the THz radiation is generated by the
moving polarization,>!!

_ NTHz — nNIRAef(rJrZ"TO)Z/rz

E.(z,t) = , z<0, (2
+(@0) NTHZ 1 1o ¢ @
INIR + 7o _(,_m)z/fz
E((z,t) = A| ———e c
NTHZ 1N
n 2
e (- l?'R)/fz], >0, 3)

where A = 4np,/ (n%HZ — nI%HR), ng is the refractive index of
air in the THz frequency range. For Eq. (2), it indicates the
backward propagating THz pulses into the air (z < 0) after the
optical pulse enters the plate. In the plate, Eq. (3) indicates the
generation of two THz pulses with the same shape, but differ-
ent amplitudes and opposite signs. The first term in Eq. (3)
represents the free THz pulse, while the second term repre-
sents the forced THz pulse. The ratio of amplitude of the free

THz to that of the forced THz pulse is % = 0.81. The
free THz pulse and the forced THz pulse in the plate prop-
agate with different velocities determined by ntg, and nNir,
respectively. In the superluminal case (nty; > nNr), the free
THz pulse travels slower than the forced one.
Near the front side (z = 0), the free and forced THz pulses
overlap and compensate each other partially. Thus, a walk-off
w = %, at which the THz
pulses become separated. L., is distinguished from the co-

length can be defined as L

herence length.3'>?1 The coherence length is defined as the
effective length over which both optical and THz pulses prop-
agate with the same velocity in the crystal, until they reach
180° phase difference. If we neglect dispersion in the op-

tical spectral range, the coherence length can be expressed

nic
OTHz [PNIR —"'THz | ©

cited with pump pulse (Tpwum = 2V In27 = 56 fs), nNR ~

as [, = In our case of crystalline quartz ex-
1.55, ntg, ~ 2.16, we have Ly, ~ 27.5 um. Therefore, for
a typical plate with L > 100 wm, the free and forced THz
pulses arrive at the back side separately. In the process of
propagation, the free and forced THz pulses become sepa-
rated, AT = (nth; —nNir)L/c. For quartz plates with differ-
ent thicknesses, A7 (0.1 mm) = 0.2 ps, A7(0.2 mm) ~ 0.4 ps,
A7(0.5 mm) =~ 1.0 ps and A7(1.0 mm) ~ 2.0 ps. The cal-
culated results are in agreement with the measured data, as
shown in Fig. 2(d). While, we note that because the FWHM
of a single THz pulse is approximately 0.4 ps, the At values
for 0.1 mm and 0.2 mm quartz are difficult to distinguish, both
being close to 0.4 ps. Our analysis allows one to avoid us-
ing the explanation of the second THz radiation at the back

side, 3341

3.3. Analysis of the OR effect

To further confirm THz radiation from the OR effect, we
investigate the azimuthal angle (¢) and polarization angle ()
dependences of the THz emission from the 0.5 mm thick crys-
talline quartz, which exhibits the highest THz generation. Fig-
ure 3(a) shows the time-domain signals and Fig. 3(b) presents
the corresponding frequency-domain signals from quartz with
different azimuthal angles. In the experiments, the pump laser
beam is p-polarized. We find that the polarity of both free
and forced THz pulses reverses every 60° of ¢. Figure 3(c)
shows the dependence of forced and free THz peak values as
a function of ¢, which presents perfect threefold symmetry.
As shown in Fig. 3(d), the ratio of peak value of the free THz
to that of the forced THz pulse presents an average value of
0.87 £0.13, demonstrating good agreement with the theoret-
ical value and verifying the validity of our proposed mecha-
nism. In addition, a small phase shift ~ 2° is observed between
the forced and free THz pulses.
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peak amplitude on the polarization angle & of the pump pulse.

Crystalline quartz belongs to the D32 point group.
this the
centrosymmetry.>3 The crystal exhibits three-fold rotational

For symmetry group, z-cut quartz lacks
symmetry along the c-axis and two-fold symmetry around
the a-axis. It has two non-zero tensor elements of the effec-
tive second-order susceptibility, d;; = 1.41, and dj4 = 0.6.19]
The crystalline quartz satisfies type II phase matching, which
depends on the internal phase matching angle 6 and the az-
imuthal angle ¢@. The effective second-order susceptibility
det = dy1cosB@cos3¢.571 In our experiments, the optical
pump beam co-propagates with the THz wave along the c-axis
of the quartz plate, @ = 0°. Thus, the amplitude of the THz
radiation can be written as Etp, (@) o< djjcos3¢ x Iop. This
means the THz peak amplitude of quartz shows six maxima
with respect to @, consistent with our experimental results.

In addition, the THz amplitude as a function of the inci-
dent polarization angle of the linearly polarized pump pulse
can be expressed as Etp, () o< dijcos(20) X Lop, Where o
characterizes the linear-polarization state with respect to the
p-polarized pump pulse (o =0°). It implies that the THz
amplitude would appear with a period of 180° with respect
to o, which agrees well with our experimental results in
Fig. 3(e). The THz amplitude is symmetrical about the zero
point, which confirms the THz emission from quartz is barely
from the OR effect. In contrast, the THz emission of GaTe
and diamond has the contributions from photocurrent within
the surface and photo-drag-induced nonlinear photocurrent,

respectively. [28-]

4. Conclusion

We have characterized the THz emission in z-cut crys-
talline quartz plates by using femtosecond laser pumping.
Twin THz pulses emitted in the quartz plate are interpreted
as the free and forced pulses based on Maxwell’s equations.
In addition, the THz radiation waveforms under different az-
imuthal angles of the sample and different polarization states
demonstrate a second-order nonlinear THz generation process.
The theoretical analysis of the interaction between the inci-
dent laser and the material is in good agreement with our ex-
perimental results. This investigation not only elucidates the
mechanism of THz generation in crystalline quartz, but also
paves the way for the development of electro-optic media for
strong-field THz devices.
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