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Abstract

The 4H-SiC crystal is found to have great potential in terahertz generation via nonlinear optical frequency conversion
due to its extremely high optical damage threshold, wide transparent range, etc. In this paper, optical rectification (OR)
with tilted-pulse-front (TPF) setting based on the 4H-SiC crystal is proposed. The theory accounts for the optimization
of incident pulse pre-chirping in the TPF OR process under high-intensity femtosecond laser pumping. Compared with
the currently recognized LiNbOs-based TPF OR, which generates a single-cycle terahertz pulse within 3 THz, 4H-
SiC demonstrates a significant advantage in producing ultra-widely tunable (up to over 14 THz, TPF angle 31°-38°)
terahertz waves with high efficiency (~1072) and strong field (~MV/cm). Besides, the spectrum characteristics, as well
as the evolution from single- to multi-cycle terahertz pulses can be modulated flexibly by pre-chirping. The simulation
results show that 4H-SiC enables terahertz frequency extending to an unprecedent range by OR, which has extremely

important potential in strong-field terahertz applications.
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1. Introduction

Strong-field terahertz sources have played important roles in
nonlinear terahertz spectroscopy!' ™!, strong-field terahertz
physics!**1, electron manipulation'®!, particle acceleration!’,
etc. There are a few available technologies that permit
powerful terahertz generation, such as the free electron laser
(FEL)®1, photoconductive antenna (PCA)'*-"3! spintronic
terahertz emitter (STE)!'*'3) laser—plasma interaction!'®
and optical rectification (OR)!"*?!1. The FEL can produce
a strong terahertz field with peak amplitude up to dozens of
MV/cm, but it is accompanied by the obvious shortcomings
of huge volume, high complexity and unacceptable cost. The
PCA suffers from a limited damage threshold so that the
terahertz field is relatively low even if a large-aperture PCA
is used!"¥]. The plasma excited by high-intensity femtosecond
laser pulses emits ultra-broadband coherent radiation span-
ning from X-ray to terahertz waves and the terahertz field can
be further enhanced by two-color filamentation!'®!”1. Due to
its highly nonlinear and phase-sensitive nature in laser—gas
interaction, the stability is a major problem'*’!. Based on
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spintronics in a ferromagnetic/non-magnetic heterostructure,
the STE is promising for terahertz generation with a wide
frequency band, low cost and high field intensity!">!. It
has attracted much attention in recent years and its signifi-
cance in ultra-broadband measurements, magnetic structure
imaging and near-field microscopy has been recognized.
However, there is an obstacle for STE to produce multi-
cycle terahertz pulses and the technological maturity is still
a problem for applications at the present stage. Generally,
OR, which originates from second-order nonlinear optical
(NLO) effects induced by ultrashort laser pulses, is believed
to be the most effective and practical technology to obtain
table-top terahertz sources with high efficiency close to or
even beyond the Manley—Rowe limit. The major concerns
of OR include the physical and optical properties of the
NLO crystal, as well as the feasibility of realizing the phase-
matching (PM) condition.

Semiconductor crystals such as ZnTe and GaP have rea-
sonable transmission in the terahertz range and PM can
be fulfilled at a suitable pump wavelength, for example,
ZnTe pumped by Ti:sapphire lasers around 800 nm and GaP
pumped by Yb-doped lasers around 1030 nm!>*=?1. A low
laser-induced damage threshold (LIDT) and high two-photon
absorption (2PA) due to the narrow bandgap are the primary
defects of these semiconductorst’®?’!, which severely limits
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the conversion efficiency and maximum terahertz pulse
energy!??!. Organic crystals possess extremely high nonlin-
earity and can produce strong terahertz pulses within one
coherent length, represented by DAST and BNA!'S!91 but
they are usually excluded by robust systems because of del-
iquescence, a low LIDT and serious terahertz absorption!””!.
As a popular crystalline material in nonlinear optics, lithium
niobate (LiNbOs) has a wide bandgap and a high nonlinear
coefficient and LIDT?®?"!, enabling widely tunable terahertz
generation via stimulated polariton scattering!”’~*!1. How-
ever, LiNbO3-based OR was unachievable for a long time
due to the difficulty in PM!??!, until the tilted-pulse-front
(TPF) technique was proposed.

The TPF technique was first introduced into OR in
2002021, Since then, TPF OR has been extensively
studied, mainly focusing on LiNbO; and some cubic
semiconductors'”%?'*3-Y1 The special significance of the
TPF is that it greatly lowers the rigorous requirement
for PM condition in OR. The TPF allows for pumping
at a longer wavelength to reduce free-carrier absorption
(FCA), which is mainly caused by 2PA and can improve
the OR efficiency in cubic semiconductors such as ZnTe
and GaAs?'**%1_ Moreover, PM for LiNbO; OR pumped
by intense femtosecond lasers can be realized for efficient
strong-field terahertz generation at a typical TPF angle
around 63°72%-33-37]_Quite a few theoretical models have been
developed to explain and optimize this techniquel**~*%!. The
maximum single-pulse energy has reached the milestone
mJ level recently® which is of great significance to
motivate extreme terahertz applications. However, only
the low-frequency region below 3.5 THz can be generated
via TPF OR in LiNbOs. Limited by the sharp increase of
the absorption coefficient due to phonon vibrations®'?,
extending the terahertz spectrum to the high-frequency part
in LiNbOs is extremely difficult. In addition, the large TPF
angle in LiNbO; causes serious beam distortion?'-*7-38:4%1
and group velocity dispersion due to angular dispersion
(GVD-AD)***1 which prevents maintaining the PM
condition in the cascaded difference frequency generation
(DFG) process.

Filling up the nonexistent high-frequency terahertz
spectrum has always been desired but impossible by TPF
OR in LiNbOs, until we focused on crystalline silicon
carbide (SiC), a representative wide-bandgap semiconductor
material. SiC has more than 200 polymorphs, among which
the positive uniaxial 4H-SiC crystal (bmm group point)
is the most promising in nonlinear optics. 4H-SiC has an
ultra-high LIDT (up to 80 GW/cm? with a 10 ns laser pulse
at 1064 nmP?), wideband transparency (0.37-5.6 wm and
0.1-18 THZ®*%1) and a large bandgap (3.26 eVP?!) com-
pared with all other available second-order nonlinear crystals
for terahertz generation. Its excellent optical properties guar-
antee intense optical pumping under powerful Ti:sapphire
amplifiers’®  to generate strong-field and broadband
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terahertz radiation. There have been a few reports exploring
the potential of SiC crystals in terahertz generation via NLO
effects in recent years. Strait et al.[%! demonstrated coherent
terahertz radiation produced by OR in a 6H-SiC wafer for
the first time. Naftaly et all’’! measured the transparency
and birefringence of 4H-SiC in the range of 0.1-20 THz, and
predicted broadband terahertz generation up to 18 THz by
DFG. Fischer et al.”®! achieved a tunable transient DFG ter-
ahertz source between 5 and 15 THz using 4H-SiC pumped
by two femtosecond lasers, and electro-optic detection based
on 4H-SiC as well. However, simultaneous generation of
a broadband terahertz spectrum in 4H-SiC covering the
transparent range has been impossible due to the challenge
in fulfilling the PM condition. In addition, the high LIDT of
this material has not been fully used, which greatly limits
the conversion efficiency. Once an extremely strong pump
field is applied, an essential condition to ensure high OR
efficiency in 4H-SiC, the self-phase modulation (SPM) and
FCA effects would become critical in the nonlinear process.

Considering the bright prospect of 4H-SiC in strong-field
broadband terahertz generation by OR, the TPF technique
is introduced under intense laser pumping in this paper.
Compared with LiNbO;, the TPF angle required for 4H-
SiC i1s much smaller, which reduces the GVD-AD and
beam distortion, increases the effective interaction length
and uniformity in terahertz generation and favors 1D spatial
model analysis to simulate the dynamics based on the fourth-
order Runge—Kutta method. The accuracy of the model
was assured by simultaneous consideration of the following
factors: (i) the NLO coupled interaction of the terahertz and
optical waves, reflected in the resonant cascading effects,
including cascaded DFG and sum frequency generation
(SFG); (ii) angular dispersion (AD) and material dispersion
(MD); (iii) linear absorption and FCA at the terahertz fre-
quency caused by three-photon absorption (3PA); (iv) SPM;
(v) pre-chirping of the input pump pulses. On this basis,
the evolution of terahertz and optical waves was analyzed
quantitatively. Ultimately, ultra-widely tunable (up to over
14 THz), high-efficiency (~10~ 2y and strong-field (MV/cm)
terahertz generation was predicted by illuminating well-
chirped ultrashort (30 fs) laser pulses at 800 nm to 4H-SiC
crystals. It was shown that single- and multi-cycle terahertz
pulses can be modulated by pre-chirping and the central
frequency of the terahertz spectrum is tunable by varying
the TPF angle. The results indicate that 4H-SiC enables the
terahertz frequency extending to an unprecedent range by
OR, which has extremely important potential in strong-field
terahertz applications.

2. Theoretical model
Matching between the group velocity of ultrashort optical

pulses and the phase velocity of terahertz waves determines
the OR efficiency, where the main influence factors include
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the pump wavelength, polarization and crystal orientation.
The TPF gives another freedom, the TPF angle y, to fulfill
the matching condition with variable optical wavelength and
terahertz frequency. The requirement of y is calculated by
cosy = ng/nTHZ[32], where ng and 1y, are the group refractive
index of the optical pulse and phase refractive index of
terahertz waves, respectively. Based on the Sellmeier equa-
tions of 4H-SiC!%-%!, the typical TPF angle of y = 32°
is obtained by substituting n, = 2.7610 (A,, = 800 nm)
and nry, = 3.2445 (Arg, = 60 wm) for the e-e—e PM
condition. Such a TPF angle is half that in LiNbOj3, which
highly benefits the TPF OR process. In addition to increasing
the effective interaction length, improving spatial uniformity
and alleviating distortion, a smaller TPF angle also promises
better simulation accuracy. A variety of theoretical models
have been developed so far***¥! basically including 1D to
3D spatial models with/without considering the cascading
effects, among which the 1D model with cascading effects is
believed to best fit the situation here. On one hand, the 1D
model greatly simplifies the complexity while ensuring accu-
racy in the case of a small TPF angle. On the other hand, the
spectral re-shaping of the optical pump pulse via cascading
effects requires consideration, otherwise the conversion effi-
ciency will be overestimated. Finally, when illuminated by
strong laser pulses, complex nonlinear processes including
SPM and the photon absorption-induced FCA of terahertz
waves, cannot be neglected. The 1D coupled wave equations
of TPF OR with cascading, SPM and FCA effects are given
by the following*>-*1:

dATH,(R.2) _ _ arH(Q) i Q)
&z T T2 ATHZ(Q’Z)_2c2k(Q)Xeff

[Aop (w+ Q,2) A%, (@, 2) exp{—j[k (0 + ) —k(w) —k(Q)]z} do,
0
(1a)

dAgp(w,2) _ oop(2) jw2 (2)
—d; - T2 Aop (@,2) — 22k w) Xeff

o0
. { JAop (@+2.2) Ay, (R.2) exp{—j[k (@0 + Q) —k(w) —k(2)]z}
0

z
Z

oo
+ [ Aop (@ — 2,2) ATHz (2. 2) exp{—j[k (0 — Q) — k(@) +k ()]} 1 dQ2
0
,Ft[jwplop (Zat)|2Aop (Z,t):|, (lb)
and the wave numbers of the terahertz and optical fields are

as follows:

(@9
k(Q2) = P (2a)

N2 2
k() = 1 n(ww B (w—wp)” 7y (wo) tanzy, (2b)
cosy ¢ 2 wocn(wo)

respectively, where w and 2 represent the angular frequen-
cies of the optical and terahertz waves, respectively, Aoy
and Arg, are the envelopes of the optical and terahertz
fields, respectively, o, and oy, are the absorptions in the
optical and terahertz regions, respectively, ¢ is the speed
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of light in the vacuum, Xe(fzf) is the effective second-order
nonlinear susceptibility, &y is the vacuum permittivity, wy
is the central optical angular frequency and n and n, are
the refractive index and nonlinear refractive index!>>-%61,
respectively. Equation (la) describes terahertz generation
by DFG between different optical frequency components,
while Equation (1b) indicates the DFG and SFG processes
between optical and terahertz frequencies. The last term of
the Equation (1b) shows the SPM effect, which would widen
the optical spectrum significantly under intense pumping,
resulting in a decrease of pump spectral intensities and hin-
dering terahertz generation seriously. The spectral widening
caused by stimulated Raman scattering (SRS) was ignored
because the major Raman peak of 4H-SiC locates at around
23 THz, beyond the bandwidth of typical Ti:sapphire laser
pulses with a Fourier-transform-limited (FTL) duration of
30 £s'%%!. The second term of the Equation (2b) corresponds
to GVD due to AD, which deteriorates the PM condition
with the red shifting pump spectrum.

The SPM effect can be relieved effectively via pre-chirping
before injecting the pump beam because of the reduction
of pump intensity due to pulse broadening. Given that the
Gaussian envelope of the electric field is A(?), its frequency-
domain expression after chirping is as follows:

A(w) =Ft[A(n)]exp[—job ()], (3a)

where ¢(w) is the frequency-dependent additional phase,
given by the following:

¢ (@) = @@ — o)’ + ?(a) —w)’,  (3b)
where GDD and TOD are the group delay dispersion and
third-order dispersion, respectively. Here, ¢(w) leads to the
broadening of the pulse duration and further affects the PM
condition, as shown in Equation (1).

Unlike the photogenerated carriers in the photo-Dember
effect, which help screen the doping-induced interfacial elec-
tric field and generate terahertz radiation in the form of the
time derivative of the net current®>4, the photogenerated
carriers in OR tend to exhibit the absorption of photons.
Under intense pumping, the increase of free-carrier density
caused by photon absorption leads to a serious FCA effect,
and thus the absorption is increased to oy, + o instead of
the original ey, in Equation (1)/%1. The density of the free
carrier Ny, is given by the following!®:

Ne = L + it tar s 4)
c=—— o1+ -« —o N
T heag U 27 3T

where / is the time-averaged pump pulse intensity over the
pulse duration, A is the central pump wavelength and o, o
and o3 are the linear, 2PA and 3PA coefficients, respectively.
Only 3PA is considered because of the large band gap of
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4H-SiC!°!l, Here, T, is the pump pulse duration in the crystal
that may vary with propagation distance due to dispersion,
called the pulse-stretching effect*®]; T} is regarded as a con-
stant here since pulse-stretching in 4H-SiC can be relieved by
pre-chirping the pump laser pulse!®!. The FCA cross-section
o is assumed to be 5 x 107® cm?®, and thus the pump
absorption could be estimated by the saturated 3PA model(®”!
under intense pumping, where pre-chirping is also proved
effective to reduce the pump absorption until negligible.
Since the pump pulse duration 7, and intensity / are both
unchanged under pre-chirping, the free-carrier density Ny
in the crystal is also regarded as invariant along the pump
direction. However, compared with the pump absorption,
the terahertz absorption is much more serious even if pre-
chirping is present. Therefore, the terahertz absorption by
free carriers oy, must be considered, which is calculated by
the Drude model:

2Q w?
de=—Im| |ex|l—=—2—]1, (5)
c Q2 +ZQ/TSC

where ¢ 1s the high-frequency dielectric constant, 7y is the
electron scattering time, w, = e+/Ni./€o€coMett is the plasma
frequency, e is the electron charge and mg is the electron
effective mass.

3. Results and analysis

3.1. TPF OR without pre-chirping

In order to compare the performance of TPF OR in LiNbOs
and 4H-SiC, the terahertz output and pump evolution in
LiNbOs (at 100 K) and 4H-SiC (room temperature) were
studied and are shown in Figure 1, respectively, both in
the absence of pre-chirping. The difference between two
crystals can be observed from the same low pump intensity
at 50 GW/cm?2, where the serious SPM and FCA effects
are reflected by high-intensity pumping at 500 GW/cm? in
4H-SiC. The FTL pump pulse durations corresponding to
LiNbOs and 4H-SiC were 350 and 30 fs, respectively, the for-
mer of which was a recognized value for LiNbO;**! and the
latter was designated for high-frequency terahertz generation
with mature ultrafast Ti:sapphire amplifiers. For comparison,
the LiNbO; crystal pumping at the FTL pulse duration of
30 fs was also studied. The other parameters are given in
Table 1, where those in parentheses represent the input of
LiNbOjs. Note that the Xéfzf) of 4H-SiC was calculated via
Miller’s rulel® by considering ds3 = 11.7 pm/V for second
harmonic generation at 1064 nm!®!. The linear absorption
coefficients of 4H-SiC in the optical and terahertz regions
were both ignored.

According to Figure 1(a), the maximum OR efficiencies
are 0.10% (at 0.60 mm), 2.18% (at 1.38 mm), 0.27% (at
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1.44 mm) and 0.07% (at 0.19 mm) under the condition of
LiNbO; pumped by 30 and 350 fs pulses at 50 GW/cm? and
4H-SiC pumped by 30 fs pulses at 50 and 500 GW/cm?,
respectively. The high efficiency of LiNbO; pumped at
350 fs originates from the strong spectral intensity and
large nonlinear susceptibility. While pumping at 30 fs, the
efficiency is low because a narrower FTL pulse duration cor-
responds to a wider spectrum, which leads to lower spectral
intensity and spectral waste out of the PM bandwidth. The
efficiency decline with LiNbO; after the maximum point
is mainly caused by linear absorption and back conversion,
which can be observed from Figure 1(c) where shorter pump
wavelengths are produced through SFG. As for 4H-SiC, the
OR efficiency is extremely low with a small propagation
distance L (hundred-pm level) even if the pump intensity
is as high as 500 GW/cm?, because serious SPM and FCA
effects limit the cascading effect and lead to strong terahertz
absorption. Despite the low efficiency, the obvious advan-
tage of 4H-SiC over LiNbQs is apparent, that is, the capabil-
ity to generate a wide terahertz spectrum benefitting from
a flat dispersion curve in the terahertz range. Figure 1(b)
shows the spectrum obtained at the optimal L. The terahertz
frequency is extended to over 12 THz with the 4H-SiC
crystal, much wider than that of LiNbOs, which is limited
to below 3 THz. A shorter 4H-SiC crystal would produce
an even wider spectrum, but frequencies below 5 THz are
strongly absorbed by the FCA effect in the case of high-
intensity pumping. Furthermore, the widening and red shift
of the pump spectrum in 4H-SiC caused by the cascading
effect are not apparent, as shown in Figure 1(d), but SPM
dominates, which also leads to the decline of terahertz
intensity, as shown in Figure 1(b). Besides, the larger red
shift in Figure 1(d) implies higher conversion efficiency
in Figure 1(a), even if under low-intensity pumping. Com-
pared with 4H-SiC, the efficient cascading effect in LiNbO;
pumped at 350 fs results in remarkable spectrum widening
and red shift, while SPM can be ignored*’!. In contrast, the
spectrum widening and red shift are both inconspicuous in
LiNbO; pumped at 30 fs, which can be explained by the
low efficiency and short propagation distance. Another fact
that requires consideration is the effective interaction length,
which is related to the dispersion, TPF angle, FTL pulse
duration, etc. It will intrinsically decrease using an ultrashort
FTL pulse duration due to the dispersion in NLO crystals"*®!.
Pre-chirping the incident pump pulse is an effective way to
increase the effective interaction length.

3.2. TPF OR in 4H-SiC with pre-chirping

Strong SPM and FCA effects seriously limit terahertz gen-
eration under intense pumping, so that coherent terahertz
radiation can only be generated in thin 4H-SiC wafers with
poor efficiency. Pre-chirping the pump pulse provides an
effective solution to improve the OR efficiency with at least
the following advantages: (i) relieving spectrum widening
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Figure 1. Comparison of terahertz output and pump evolution in LiNbO3 and 4H-SiC crystals without pre-chirping. (a) Conversion efficiencies of terahertz
generation versus propagation distance L along the z direction. (b) Terahertz spectra |ATy,|* in the linear scale at the optimal L in (a), multiplied by 1, 107
and 1071, respectively. (c), (d) The corresponding pump evolution processes influenced by cascading and SPM effects, including depletion, widening and
frequency shift compared with the input pump. In (d), low- and high-intensity input pumps are normalized to distinguish their difference more clearly.

originated from SPM; (ii) reducing pump and terahertz
absorption caused by FCA; (iii) increasing the effective
interaction length; (iv) lowering the risk of damage to the
4H-SiC crystal and other optical elements; (v) modulat-
ing the terahertz spectrum and temporal waveform, etc. A
comprehensive 1D model has been developed considering
the pre-chirping of the incident pump pulse, which can be
realized by adding variable GDD through the acousto-optic

Table 1. Input parameters for analyzing TPF OR in LiNbOs and
4H-SiC crystals.

Parameter Value
Central pump wavelength Ao 800 nm
FTL duration 30 fs (30, 350 fs)
TPF angle y 32° (61.64°)
Nonlinear refractive index n 107 m2/w
Nonlinear susceptibility X;fzf) 37.6 pm/V (360 pm/V)
Absorption coefficient o 0(6cm™)
GDD 0 fs?
Peak intensity /qp 50 and 500 GW/cm?
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programmable dispersion filter. The peak pump intensity
is Iop = 500 GW/cm? before pre-chirping, while the other
parameters are given in Table 1. Six typical TPF angles (31°,
31.5°, 32°, 33°, 35° and 38°) were simulated and analyzed
with the 2D plots of OR efficiency shown in Figure 2.

Clearly, the OR efficiency is significantly improved by
pre-chirping the pump pulse. The linear increase of optimal
GDD with L brings the benefit that dispersion-induced pulse
stretching is greatly weakened, which is consistent with the
assumption of a constant pulse duration through the crystal.
Tuning the TPF angle from 31° to 38° allows the generation
of a higher terahertz frequency (which will be described
later), accompanied by requiring more GDD at a certain
L. Meanwhile, the nn.x curve becomes easier to saturate,
gradually decreasing from more than 2% (TPF angle 31°)
to 0.23% (TPF angle 38°). In order to reveal the physical
process, each 2D efficiency distribution plot can be divided
into three areas.

Area I: excessive pre-chirping. Pre-chirping the pump
pulse results in the change of the pump spectral phase ¢(w),
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Figure 2. TPF OR conversion efficiency (color scale) along the propagation distance L for various GDD values at six TPF angles from 31° to 38°. The white
curves represent the maximum efficiency (7max) obtained by optimizing the GDD at each L. Areas I, II and III indicate different OR efficiencies affected by

GDD, defined as excessive, insufficient and suitable pre-chirping, respectively.

inducing the phase mismatch reflected in the Equation (1),
and the OR efficiency is extremely low.

Area II: insufficient pre-chirping. SPM and FCA dominate
and affect the OR efficiency. The former causes spectral
widening while the latter leads to strong terahertz absorp-
tion, especially in the low-frequency range. Therefore, this
area (low efficiency) is larger at smaller TPF angles.

Area III: suitable pre-chirping. The OR efficiency
increases with L until saturation. Obvious efficiency
oscillations can be noticed at TPF angles from 31.5° to
33° after the saturation of 7nyn.x. More GDD and a larger
TPF angle tend to generate more and denser oscillations.
The oscillation characteristics are related to the terahertz
spectrum splitting, widening and absorption, which will be
explained later from viewpoint of the spectral evolution.

In order to study the influence of pre-chirping on terahertz
generation and optimize the pump parameters, the 2D plots
of terahertz spectrum intensity |Ary,|> versus GDD at six
TPF angles are calculated and shown in Figure 3. Benefiting
from the flat dispersion and high transparency of 4H-SiC
in the whole terahertz band, a widely tunable terahertz
spectrum can be achieved by precisely varying the TPF angle
and pre-chirping. Here the optimal condition is defined as the
values of GDD and L that guarantee the efficient generation
of a smooth and intensity-concentrated terahertz spectrum.
It can be noticed that increasing the TPF angle shifts the
terahertz spectrum towards a higher frequency and shrinks
the bandwidth, while the optimal GDD should be larger as
well. An intense pump pulse with insufficient GDD would
lead to spectral widening and terahertz absorption due to
SPM and FCA effects, respectively. In particular, in the
low-frequency range, more spectrum splitting and widening
emerge because of the larger PM allowance together with

https://doi.org/10.1017/hpl.2023.52 Published online by Cambridge University Press

higher absorption, resulting in declined efficiency and dete-
rioration of the terahertz spectrum. On the other hand, exces-
sive GDD destroys the PM condition, so that the cascading
effect cannot be delivered within the L of 4 mm, showing
as a rapid decline in efficiency, although the SPM and FCA
are both relatively weak. In this case, effective terahertz gen-
eration requires longer L, as shown in Figure 2. In general,
with the increase of GDD, the terahertz spectra experience
splitting and widening with low efficiency, towards smooth
and concentrated with high efficiency and, finally, decay
rapidly due to the destruction of the PM condition. Only
when the optimal GDD is satisfied, that is, 3900, 4200, 4500,
5050, 6000 and 7550 fs? for the six TPF angles, respectively,
can a high-quality terahertz spectrum be generated. Figure 3
shows the evolution and basic parameters to modulate a
terahertz spectrum by pre-chirping the pump pulse.

An intuitional demonstration of the widely tunable and
smooth terahertz spectrum is shown in Figure 4, where
optimal pre-chirping is applied and all the terahertz spectra
are in a linear scale. Basically, the higher central terahertz
frequency, the narrower the spectrum, for example, the
3-dB spectral ranges are 2.40-4.83, 3.29-6.14, 5.24-7.29,
7.71-9.05, 10.86-11.64 and 13.83-14.33 THz for the TPF
angles at 31°, 31.5°, 32°, 33°, 35° and 38°, respectively. The
bandwidth of the TPF angle at 31° is narrower than that at
31.5° because the FCA effect has stronger absorption to low
terahertz frequencies. The FCA effect also contributes to
shifting the terahertz spectrum towards the high-frequency
part, as shown in Figure 4(b). The simulation results of
peak frequency using the 1D model deviate more at low
frequencies, which is another proof that the FCA effect has
restrictions on the terahertz spectral intensity and overall
efficiency in this range.
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The evolution of terahertz spectra versus L at different TPF
angles is shown in Figure 5. Consistent with the previous
analysis, a lower frequency corresponds to more remarkable
terahertz spectral splitting, widening and absorption due
to the frequency-dependent PM allowance and FCA effect.
Less GDD aggravates the absorption, resulting in more
efficiency decline and spectrum deterioration after reaching
the maximum efficiency. It can be observed that there is
similar oscillation and attenuation in efficiency to that shown
in Figure 2. The oscillation period and amplitude depend on
the PM bandwidth, reflecting the speed and strength of spec-
trum splitting and widening, while the efficiency attenuation
mainly originates from FCA. Specially, obvious attenuation
rather than oscillation appears at the low-frequency part
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due to serious absorption (TPF angle < 33°). As for the
high-frequency part (TPF angle > 33°), there is neither
obvious oscillation nor efficiency attenuation due to the
small PM bandwidth and absorption. The simulation results
also accord with Figure 3 very well. With the increase of
L, it fails to produce a terahertz spectrum effectively under
excessive pre-chirping, and reaches the optimal condition
at L = 4 mm. Finally, spectrum splitting, widening and
attenuation under insufficient pre-chirping appear, especially
for the low-frequency part at the small TPF angle.

For a better understanding of the evolution of terahertz
radiation with L under pre-chirping, the terahertz spectrum
and temporal waveform at two different conditions are ana-
lyzed, as shown in Figure 6. For the first case, y = 31.5° and


https://doi.org/10.1017/hpl.2023.52

14 MK
&l 3900fs?
10

31.5°
4200fs?

N A O ©®

] 5050fs?

Terahertz frequency (THz)

% (©)

F. Lietal.

32°
4500fs?

7550fs? ol 2

Spectrum intensity |Am|?

Propagation distance L (mm)

Figure 5. The evolution of terahertz spectrum intensity |Atp, |> (color scale) along the propagation distance L at six TPF angles, under optimal GDD and at
L =4 mm. The white curve indicates the conversion efficiency as a function of L.

GDD = 4200 fs?, and the results are given in Figures 6(a) and
6(b). When L is short (e.g., 1.5 mm), only low frequencies
centered at 1.6 THz are generated and the spectral intensity
is very low due to excessive pre-chirping, corresponding to a
single-cycle terahertz pulse with the electric field amplitude
of approximately 0.1 MV/cm. As the interaction continues
in a longer crystal, the terahertz pulse grows stronger and
transforms into multi-cycle. The subsequent denser cycles
are amplified faster, corresponding to the shift of peak
frequency towards the higher frequency range (desired ter-
ahertz frequency at y = 31.5°) and increase the spectrum
intensity gradually. When L = 4 mm, the electric field
amplitude of the multi-cycle pulse reaches approximately
1 MV/cm with an intensity-concentrated spectrum. If L is
further increased to beyond the optimal value (e.g., 5.8 mm,
the next oscillation peak in Figure 5), both the spectrum
and temporal waveform are split and widened because of
insufficient pre-chirping, as well as more absorption to
lower frequencies. We can notice that there is only one
continuous terahertz pulse throughout the crystal. However,
the evolution of high-frequency terahertz waves includes two
independent temporal pulses in the crystal, which is the
second case. Taking ¥ = 33° and GDD = 5050 fs?, for
example, the results are shown in Figures 6(c) and 6(d).
Similar to the previous discussion, when the pre-chirped
pulse just enters the crystal, the terahertz pulse was single-
cycle and only low frequencies were produced. With a longer
propagation distance (e.g., 2.87 mm), periodical oscillation
starts to appear after the initial single-cycle pulse, forming
the other temporal pulse shown in Figure 6(d). The second
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pulse mainly contributes to the high-frequency range and
greatly widens the spectral width together with the initial
one, although the spectral intensity is still low. When L
reaches the optimal value of 4 mm, we can observe the initial
terahertz pulse and a clear amplified multi-cycle pulse in
the temporal waveform. This proves that the generation and
evolution of these two terahertz pulses are independent of
each other. If L exceeds the optimal value (e.g., 4.85 mm,
the next oscillation peak in Figure 5), both the terahertz
spectrum and temporal waveform become split and widened,
similar to the first case.

Based on the above analysis, a scheme to modulate ter-
ahertz generation by pre-chirping can be proposed. Given
y = 32° and L = 4 mm, the terahertz spectra and temporal
waveforms with different GDDs are as shown in Figure 7.
The optimal GDD of 4500 fs*> corresponds to an efficient,
smooth and concentrated terahertz spectrum with strong
multi-cycle electric field amplitude up to approximately
0.8 MV/cm. Tuning the GDD to 7000 fs* leads to the gen-
eration of a near single-cycle terahertz pulse (~0.2 MV/cm)
with a narrow spectrum centering at 1.4 THz. If the GDD is
varied to 6000 fs?, a flat-top broadband terahertz spectrum
(1-7.5 THz, full width at half maximum (FWHM)) can
be obtained with considerably high intensity. Note that the
bandwidth can be even wider under a larger TPF angle, but
the spectral intensity and flatness will be degraded, similar to
the above situation of y = 33°. When the GDD is reduced to
3500 fs?, it turns into a split and widened terahertz spectrum
and temporal waveform, in which the low-frequency part
suffers attenuation due to the FCA effect.
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Generally, generating high-frequency terahertz waves by
TPF OR in 4H-SiC is always accompanied by more and
narrower temporal cycles with suitable GDD, which is
demonstrated in Figure 6. Since the central frequency is
tunable by the TPF angle, two typical cases, y = 31° and
y = 38°, are discussed and the simulation results are shown

https://doi.org/10.1017/hpl.2023.52 Published online by Cambridge University Press

in Figure 8. The GDDs are 800, 4000 and 8000 fs? for
both cases, while the optimal L values are 0.62, 4.12 and
8 mm for y = 31°, and 0.445, 2.1 and 4.19 mm for y =
38°, respectively. A larger GDD with longer L excites more
pulse cycles and a longer pulse duration, corresponding
to a narrower and more concentrated terahertz spectrum.
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enters the crystal.

The blue shift of the terahertz spectrum and low-frequency
attenuation in Figure 8(a) are caused by a strong FCA effect
with low pre-chirping, while FCA exhibits little influence
in Figure 8(c) because the high-frequency absorption by
photocarriers is relatively weak. It is further confirmed here
that a higher frequency corresponds to a narrower temporal
cycle, where the cycle intervals for y = 31° and y = 38° are
around 200 and 70 fs, respectively. The generation of a multi-
cycle terahertz pulse can be explained by the fact that the
pump pulse is intensity-resonant, modulated by the initial
pre-chirping and self-produced terahertz fields, which in
turn produce multi-cycle terahertz waves efficiently during
the interaction’]. According to Figure 2, the maximum
efficiency nmax for y = 38° stops increasing at L &~ 1 mm so
that the terahertz field amplitude would decrease to produce
more pulse cycles and a longer duration. It reveals the
method of effective modulation on a terahertz spectrum and
waveform by pre-chirping (at optimal L), that is, even if the
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OR efficiency is saturated, a narrower but more concentrated
terahertz spectrum with the temporal waveform of more
cycles is still achievable by increasing the pre-chirping and L.
The envelope fluctuation and enlarged interval between the
initial pulse and the long multi-cycle pulse are observed
with larger GDD and L, as shown in Figure 8(d). This phe-
nomenon is also ascribed to the NLO interaction between the
highly pre-chirped pump pulse and terahertz fields through
adequate propagation distance. Compared with the other
methods for multi-cycle terahertz generation, for example,
OR in periodically poled lithium niobate (PPLN)"%!1 with
intensity-modulated laser pulses!’>’”?! and with chirped laser
pulses!’!, the distinct advantages of TPF OR in 4H-SiC
include ultra-widely tunable bandwidth and flexibility in
manipulating the temporal waveform, which is of significant

value in terahertz-driven X-ray sources’, compact
accelerators””~71, resonant control over materials®],
etc.
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4. Conclusion

Considering the excellent physical and optical properties
of 4H-SiC, TPF OR based on this crystal was studied for
the first time via the 1D model, accounting for coupled
NLO interaction of the terahertz and optical waves, AD
and MD, linear absorption, FCA at the terahertz frequency,
SPM and pre-chirping of the pump pulse. Compared with
LiNbOs, 4H-SiC-based TPF OR demonstrates great poten-
tial in producing ultra-widely tunable (up to over 14 THz)
terahertz waves with high efficiency (~1072) and strong
field (~MV/cm), while the TPF angle is only half of that
in LiNbO;. The terahertz field can be further enhanced
by focusing in experiments. The small TPF angle is a
significant advantage to increase the effective interaction
length and spatial uniformity, and reduce the GVD-AD
and beam distortion, which greatly favors the contact grat-
ing (CG) design®"*>*1, Pre-chirping the pump pulse was
proved effective in modulating the terahertz spectrum and
temporal pulse waveform. Flat-top broadband, efficient and
concentrated or split and widened spectra are flexibly tunable
by presetting the TPF angle, GDD and L properly. The
corresponding terahertz pulse can be single-cycle or multi-
cycle with the minimum interval of tens of femtoseconds.
4H-SiC-based TPF OR has extremely important potential in
strong-field and ultra-wide bandwidth terahertz applications,
including nonlinear terahertz spectroscopy, strong-field ter-
ahertz physics, electron acceleration, etc. In particular, the
multi-cycle terahertz pulse combines high acceleration gra-
dient and long interaction distance, which is favorable for
waveguide-based electron acceleration! 7%, The multi-cycle
narrowband terahertz pulse in the high-frequency range also
provides a good solution for compact and efficient acceler-
ation structurest’”l. It should be noted that since 4H-SiC is
a commercialized material in the semiconductor industry,
large size crystals are readily available, benefitting from
the mature growing and manufacturing technology, so that
scaling the terahertz pulse energy is straightforward as long
as the pump laser is powerful enough.
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