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Generation of broadband 17-puJ mid-infrared femtosecond
pulses at 3.75 pm by silicon carbide crystal
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In this contribution, we report the generation of 17-pJ mid-infrared (MIR) pulses with duration of 70 fs and bandwidth
of 550 nm centered at 3.75 pm at 1-kHz repetition rate, by a two-stage femtosecond optical parametric amplifier uti-
lizing 4H-silicon carbide crystal as the nonlinear medium. The crystal is selected as it processes orders of magnitude
higher damage threshold than traditional MIR nonlinear crystals, and it supports extreme broad parametric
bandwidth. With its distinguished features such as MIR central wavelength, ultra-broad bandwidth, self-stable
carrier-envelope phase, and potential for energy scaling, this kind of MIR source holds promise for new approaches

to extreme short isolated attosecond pulse generation as well as MIR spectroscopy applications.
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Mid-infrared (MIR) light sources in the molecular “finger-
print” region are of paticular importance in a number of
disciplines, including industrial process monitoring, envi-
ronmental monitoring, and molecular identification [1].
Driven by intense carrier-envelope phase-stable MIR
pulses, high-order harmonic generation process exhibits
higher cut-off energy, supporting shorter isolated atto-
second pulses [2]. Broadband MIR light sources are also
essential in optical coherence tomography [3,4], since
broad spectrum leads to ultrahigh resolution and longer
wavelength results in better penetration depth.

As MIR light sources have widespread applications,
several approaches are made to obtain laser radiations
at this wavelength region. Lead-salt diodes exhibit two
orders of magnitude lower Auger recombination rate
compared with other materials, but they are hindered
in applications by a low working temperature require-
ment, especially for continuous wave operation [5,6].
Unlike lead-salt lasers, the main nonradiative channel
for quantum cascade lasers [7,8] is optical phonon emis-
sion rather than the Auger effect. That offers opportuni-
ties for room temperature operation. However, quantum
cascade lasers suffer from their low wall plug efficiency,
which sets limitation to applications such as portable
sensors and infrared counter measurements [9].
Additionally, generation of lasers with wavelength longer
than 3 pm based on solid-state lasers is limited by the
multiphonon relaxation process in gain media at room
temperature [10].

Different from the laser radiation obtained by stimu-
lated emission process mentioned above, nonlinear fre-
quency conversion techniques as the third-generation
femtosecond technology [11] have been developed to
acquire MIR pulses. By utilizing virtual energy levels
for amplification, they are free of cooling systems as no
energy accumulates inside the gain media. Among
these techniques, optical parametric amplification (OPA)
[12-18], owing to its distinguished advantages including
ultra-broad parametric bandwidth and ultrahigh gain per
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pass, has become an ideal way to generate MIR pulses,
compared with other nonlinear processes [19-25].

A series of nonlinear crystals are employed to serve in
these systems. Crystals like AgGaS, [26] and ZnGeP; [27]
have transparency to the far-infrared region and satisfy
phase matching condition near or beyond 10 pm. Mean-
while, periodically poled crystals such as MgO:PPLN
[16,20] and PPSLT [13] usually possess large nonlinear
coefficients, leading to high conversion -efficiency.
However the final output MIR pulse energy from these
crystals are hindered by their limited apertures. None
of these MIR nonlinear crystals possesses damage thresh-
old over 1 GW/cm?.

4H-silicon carbide (4H-SiC) crystal, belonging to 6-mm
point group, is a kind of positive uniaxial crystal. It
exhibits two intrinsic superiorities in intense few-cycle
MIR pulse generation. First, it possesses orders of mag-
nitude higher damage threshold (80 GW/cm?) [28] than
traditional MIR nonlinear crystals partly because of its
strong C-Si covalent bond. Second, based on the Sellme-
ier equations of 4H-SiC crystal [29], type II phase match-
ing condition can be satisfied [Fig. 1(a)]. Pumped by 800-
nm pulses, 4H-SiC shows intrinsic ultra-broad parametric
bandwidth when the phase matching angle (PMA) is
close to 90°. Besides the bandwidth concern, 90° PMA
is selected to avoid walk-off effect [Fig. 1(a) inset] and
to easily polish the crystal with high angular accuracy.
Broadband parametric amplification can only be achi-
eved when group velocities of the signal and the idler
are matched. Figure 1(b) shows group velocity mismatch
(GVM) and corresponding idler parametric bandwidth
for different noncollinear angle when signal wavelength
is centered around 1 pm. A slight noncollinear scheme is
intentionally employed to make sure that signal wave and
idler wave temporally overlap each other throughout the
crystal. Ultrabroad parametric bandwidth of more than
500 nm for idler wave can be obtained theoretically
utilizing optimized noncollinear angle. The angular
dispersion (AD) of the idler from a noncollinear optical

© 2014 Optical Society of America
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Fig. 1. Characteristics of 4H-SiC crystal. (a) Type II phase
matching curve of 4H-SiC crystal (inset: walk-off angle for
different phase-matching angle). (b) Calculated group velocity
delay between signal and idler wave, and corresponding para-
metric bandwidth for the idler. (¢) Angular dispersion intro-
duced by NOPA and its compensation by a 4H-SiC prism
(d) Transmittance of 3-mm-thick 4H-SiC crystal from 2.5 to
6 pm.

parametric amplifier (NOPA) can not be avoided. As 2.3°
noncollinear angle is set for bandwidth concern, the AD
is calculated to be 52 mrad throughout the MIR spectrum
(from 3250 to 4250 nm). The blue line in Fig. 1(c)
indicates that the AD is approximately linear, since the
noncollinear angle is relatively small. That offers oppor-
tunities to compensate it by use of a 4H-SiC prism, which
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gives also nearly linear AD when working at minimum
deviation angle [Fig. 1(c), red line]. After the compensa-
tion of a prism with optimized 41° apex angle, the AD of
the idler can be reduced to less than 2 mrad throughout
the whole 1000-nm-wide MIR spectrum [Fig. 1(c), black
line]. As a key parameter of the crystal used as gain
medium, the transmittance can directly influence the en-
ergy efficiency of OPA system. By utilizing Fourier trans-
form infrared spectrometer (FTS-60V), transmission rate
of 4H-SiC crystal [Fig. 1(d)] is obtained and it exhibits
high transmittance below 4 pm. In fact, as one of our pre-
vious works, femtosecond MIR pulses generated by dif-
ference frequency generation (DFG) process using 4H-
SiC has been reported [29].

The experimental setup illustrated in Fig. 2 consists of
two stages of NOPAs and a sum-frequency generation
stage used for pulse width characterization. A home-built
Ti:sapphire regenerative amplifier, which delivers laser
pulses with 1.8-mJ energy and 52-fs duration (measured
by a commercial single shot auto-correlator Everfsmeter,
Daheng Inc.) at 1 kHz repetition rate, is utilized as the
pump source. A 50:50 beam splitter is placed to separate
the pump beam into two parts with same pulse
energy. One half of the 800-nm pump pulses is frequency
doubled by a 1-mm-thick BBO crystal (¢ = 29.2°, ¢ = 0°
CASTECH Inc. Fujian). Laser energy of 250 pJ is gener-
ated at 400-nm wavelength to pump the first stage of
NOPA. The energy of residual 800-nm laser pulses is ad-
justed by a combination of a half-wave plate and a Glan-
prism and focused on a 2-mm-thick undoped YAG plate
to generate single filament white light continuum (WLC).
The 1-ym component of the WLC spectrum is amplified to
15 pJ with approximately 60-nm bandwidth [Fig. 3(a)] by
utilizing a 3-mm-thick type I BBO crystal (¢ = 28.6°,
¢ = 0° CASTECH Inc. Fujian) in the first stage, accom-
panied by the appearance of bright signal pulses centered
around 660 nm. After the first stage of NOPA, the 1-pm
part pulses are collimated and fed into the second stage,
in which a 3-mm-thick type II 4H-SiC crystal (¢ = 90°,
¢ = 0° Tankeblue Co. Ltd., Beijing) is used for paramet-
ric amplification. An optimized 2.3° noncollinear angle

— 400 nm
— 660 nm
— 800 nm

—— 1lpum
— 3.'}5 pm

PD

Fig. 2. Schematic layout of two-stage NOPA system and sum-
frequency generation stage. (Delay line ignored) BS, beam
splitter; 1/2, half-wave plate; DM, dichroic mirror; PD, photo
diode



—_
S
=
—
T

' —1um seed spectrum

o
fo:]
T

=
o)
T

FWHM 60 nm

S
o
T

ot
[S)
T

Normalized Intensity (a.u.)

940 960 980 1000 1020 1040 1060 1080 1100
Wavelength (nm)

—_

=

~
=

[ —MIR Spectrum

Normalized Intensity (a.u.,
)

100

0
Delay (fs)

FWHM 550 nm

Normalized Intensity (a.u.)

0 n L s
3000 3250 3500 3750 4000 4250
Wavelength (nm)

4500 4750 5000

©

o Cross-correlation
experiment data

’5 Theoretical curve
©.0.8F —assuming MIR
> pulse width = 70 fs
‘B
S o6t
£
3
N 0.4F
©
E
© 0.2f
z

-1900 - -300 -2(I)0 -160 6 1(IJO 260 300 400

Delay (fs)
@) 25 T —
iy —Energy stability

20 ]
3 AeTep VP g AT IV v TV Py gV
@15- 1
@
| =
o 10
8 RMS deviation = 0.26 pJ
g Energy fluctuation = 1.48%

[$)]

% 600 1200 1800 2400 _ 3000 3600

Time (s)

Fig. 3. Experiment results. (a) 1-pm seed spectrum of the
second NOPA, (b) MIR spectrum (inset: corresponding FT
Limited pulse). (c¢) Intensity distribution of cross-correlation
signal at 660 nm (points: experiment data, line: calculated
cross-correlation intensity between 52-fs near infrared
pump pulses and 70-fs MIR pulses). (d) Energy stability of
MIR pulses.

calculated above is employed in order to achieve ultra-
broadband parametric amplification. The beam size of
the pump and the signal is matched at around 1.5 mm
throughout the crystal, corresponding to nearly
1 GW/cm? intensity. Pumped by 900-uJ laser pulses at
800 nm, the energy of signal is boosted from 15 pJ to
more than 130 pJ with bandwidth of approximately
40 nm, generating 17-pJ idler pulses on the other side
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of the pump pulses at 3.75 pm simultaneously. The spec-
trum of the MIR idler, shown in Fig. 3(b), is acquired by a
monochromator (Omni-4 150, Zolix Instruments Ltd.)
combined with an HgCdTeZn infrared detector (Vigo
System) and DSP lock-in amplifier (SR830 Stanford
Research Systems). Centered at 3.75 pm, the spectrum
has a extremely broad bandwidth of 550 nm (full width
at half-maximum, FWHM), which is consistent with the
theoretical results in Fig. 1(b). That spectrum supports
Fourier Transform limited (FT Limited) pulses with
56-fs pulse duration [Fig. 3(b), inset], assuming hyper-
bolic secant electric field distribution.

An additional sum-frequency generation stage is built
to illustrate the temporal character of MIR pulses. The
residual 800-nm pump pulses after the second NOPA
pass through a half-wave plate to change its polarization.
Meanwhile the MIR pulses go through a 2-mm-thick ger-
manium plate to filter pulses with shorter wavelength
and to partly compensate the dispersion, as germanium
has roughly the same amount but opposite sign of
second-order dispersion compared with 4H-SiC crystal at
3.75-pm region. Bright cross-correlation signal centered
at 660 nm appears when the near-infrared and MIR pulses
overlap temporally and spatially in a 1-mm-thick 4H-SiC
crystal (¢ = 90°, ¢ = 0° Tankeblue Co. Ltd., Beijing). The
intensity distribution of cross-correlation signal depends
mainly on the GVM between two pulses with fundamen-
tal frequencies, and their pulse durations [30]. The
experimental data of the intensity distribution of 660-nm
cross-correlation signal is obtained by scanning the time
delay between two pulses with fundamental frequencies.
Ilustrated in Fig. 3(c), they match well with theoretical
line with the assumption of 70-fs MIR pulse duration,
indicating the electric field oscillates only six cycles
within the FWHM intensity. In addition, the energy stabil-
ity of MIR pulses is measured to be 1.48% (RMS) within
1 h [Fig. 3(d)].

In conclusion, we have theoretically illustrated the op-
tical character of 4H-SiC crystal as an ideal parametric
medium for intense few-cycle MIR pulse generation in
OPA system, and experimentally demonstrated a two-
stage NOPA system delivering 17-pJ, 70-fs MIR pulses
with 550-nm bandwidth centered at 3.75 pm at 1-kHz rep-
etition rate. Additionally, the MIR pulses, generated by
difference frequency between two near-infrared pulses
derived from the same source, are expected to have a
stable carrier-envelope phase [31], which is crucial in
strong field physics and extreme short isolated attosec-
ond pulses generation.
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