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We demonstrate phase-matched difference frequency
generation in the emerging nonlinear crystal
LazGassTaos014 (LGT). Continuously tunable wavelengths
between 1.4 and 4.7 pm are generated by using
femtosecond sources. We also report on measurements
of optical damage threshold in the femtosecond regime
and on the nonlinear refractive index n,.
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Many applications such as linear and multidimensional infrared
spectroscopy require the generation of widely tunable
femtosecond pulses with high average power covering the
atmospheric transmission window (3 - 5 um). Furthermore, long
wavelength few-cycle pulses are of prime importance in strong
field physics especially when carrier-envelope phase effects are
investigated. Since too few laser materials with sufficient
bandwidth in this spectral domain has been developed yet, the
only alternative is phase-matched difference frequency generation
(DFG) and optical parametric amplification (OPA) in nonlinear
crystals pumped by powerful high beam quality laser sources.
Both DFG and OPA covering the SWIR (1.4 - 3 pm) and part of the
MIR (3 - 5 pm) bands have been successfully demonstrated in
widespread nonlinear crystals such as BaB204 (BBO), KTi0AsO4
(KTA), and LiNbOs (LNB) [1-11] associated with commercial
femtosecond pump laser sources based on Yb*- or Nd3*-doped

materials (~ 1 pm) or Ti:Sa laser (~ 0.8 um). Recently, we
identified Langatate LasGassTaosO14 (LGT), initially known for its
piezoelectric properties, as another promising nonlinear crystal
with a transparency window ranging from 0.3 up to 6 pm [12, 13].
Czochralski growth method may provide centimeter-size
Langatate crystals with very good optical quality and homogeneity.
LGT belongs to the trigonal 32 point group and is a positive
uniaxial crystal. The Sellmeier coefficients retrieved by the sphere
method are reported in [13] with a nonlinear coefficient di1=2.4 +
0.4 pm/V at A = 0.67 um. Optical damage appeared at 4.3 GW/cm?,
ie. 21.7 ]/cm? when illuminated by a 1.064 um (10 Hz, 5 ns)
Nd:YAG laser with a 220 pm beam diameter [13]. Calculations
showed that a LGT slab cut along a phase-matching (PM) direction
(@pp =56° and @y = 90°) and pumped at 0.967 pm can generate
broadband pulses spanning from 1.5 to 3.5 pm [13].

In this Letter, we report to the best of our knowledge, on the first
study of middle infrared difference frequency generation in LGT
crystal using uhrashert femtosecond pulses in—thefemtosecond
regime. The investigations carried out at low intensity in this Letter
highlight the potentiality of LGT as a novel nonlinear crystal for
DFG and optical parametric amplification in the middle infrared.
Two kinds of sources provided the incoming pump and signal
beams. One was an amplified continuum generator pumped
around ~1 pm by using a high-repetition-rate and high-average-
power laser based on Yb3*-doped material. The second source was
a TOPAS® OPA pumped by a Ti:Sa laser. The tunability of the
generated wavelength was measured in the same rotating LGT
slab, from three experimental configurations. We also determined
the optical damage threshold and the nonlinear refractive index n,
of LGT.



Our calculations, using Sellmeier coefficients from ref. [13], predict
that phase-matched Type-1 DFG/OPA (19, A%, A7) can be generated
ina LGT slab cutat fpy; = 58.3°inthe y-z plane (¢p), = 90°) by
combining two incoming beams collinearly. It generates a beam
continuously tunable while rotating the slab. Here 4,, and A, are
the incoming pump and signal wavelengths, respectively, while 4;
is the corresponding idler wavelength, with the convention 4,, <
As < A;. Then during the DFG/OPA process, the beam at A
exhibits an amplification (OPA) while the beam at 4; is generated
(DFG). The superscripts o and e stand for the ordinary and
extraordinary waves, respectively.

In order to validate our calculations and to evaluate the full
potential of LGT, three different experimental configurations (a),
(b) and (c) were implemented, as shown in Fig. 1. In (a), a
broadband pump at 1, = 0.7 um is mixed with a narrowband
signal at A; = 1.03 um. In (b), a narrowband pump at 4, = 1.03
um is mixed with a broadband signal at 1; = 1.5 pm. Finally in (c),
abroadband (80 nm) pump at 4, = 1.3 um and a broadband (135
nm) signal at ¢ = 1.9 um are mixed together.

FCPA laser Ti:Sa laser
350 fs, 100 kHz, 40W 535 fs, 2.5 kHz, 4.5W|
2=1.03 um : A=0.78 um
Amplified continuum Continuum .
generation generation : TOPAS™ OPA
“_MLI;"-M hlu-‘i":—?‘).l”“ t A,=1.03 pm | A~13 um )~1.9 um
2,~0.7 pm
A~1.5 um
" | agm) |- _ . .
0 10 1.2 14 16 18 12 14 18 18 20 »(um)

S

() .
@ : wor || @ g Ler [ @ . LGT
DFG 3~2 pm DFG »~3 pm DFG i~4 pm
+ OPA + OPA

Fig. 1. Schematic drawing of the three experimental configurations (a),
(b) and (c), using the same LGT crystal cutat (6py =58.3° @py =90°).

In (a) and (b), we used a homemade Yb3*-doped fiber chirped-
pulse amplification (FCPA) source based on a rod-type large mode
area fibers operating at 100 kHz. The 350 fs (FWHM) laser pulses
emitted at A = 1.03 pum are here considered as narrowband (~6
nm), and the measured energy was about 60 pJ at the input of the
LGT sample. One part of the 1.03 um beam is smoothly focused in
an undoped YAG (Y3Als012) rod in order to generate a broadband
continuum (0.6 - 1.8 um). Out of this continuum, we can either
select a broadband (90 nm FWHM) visible beam centered at 0.7
um using (a), or a broadband (436 nm FWHM) IR spectrum
centered at 1.5 pm using (b). Consequently, the weak visible beam
was first amplified by OPA in a #-BBO crystal pumped at 0.515 pm
(SHG of 1.03 pm) in order to reach about 60 nJ. The 1.5 pm beam
energy was less than 5 nj, and the beam sizes at 1/e* were about
180 pm for both beams in case of (a) and (b). For (c), we used a
commercial 2.5 kHz repetition rate and 35 fs pulse width TOPAS®

OPA pumped by A = 0.78 um of a Ti:Sa laser. The incoming beams
size at 1/e* was 180 um with 1 pJ energy level.

Depending on the central wavelength, the spectra of the incoming
pump and signal beams are recorded with an Ocean Optics
HR2000 spectrometer (0.4 - 1.1 pm, AA = 1 nm) and a NIRQuest
(0.9 - 2.5 pm, AL = 7 nm). The idler spectra are measured with a
Mozza® Fastlite™ monochromator (1 - 5 um, Ac = 5 cm?) in (a)
and (b), and a homemade scanning monochromator (1.5 - 5 pm,
AA = 2 nm) in (c). Figures 2a, 3a and 4a show spectra of the
incoming beams and of the phase-matched idler beam by rotating
LGT. Note that for sake of clarity, the measured amplified signal
spectra in configuration (b) are not shown.

The LGT slab is cut at the predicted optimal angle 8py = 58.3° in
the y-z plane, and controlled using X-Rays in backscattering
geometry. In order to limit the group-velocity mismatch between
the pump and signal beams, a slab thickness of L = 3.84 mm was
used in the three experiments. It was polished to optical quality
and mounted on a rotating stage. The incident angle was measured
by using the incident-to-reflected beam angle method. This
technique results in +1° error on the measured angle.
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Fig. 2. Experimental data for the generated beam at 4; (red) usinga
broadband pump at,= 0.7 pm (blue) and a narrowband signal at As=
1.03 um (green) as incoming beams in a LGT slab using configuration
(a).a) Incoming and idler beams normalized intensities, and b) internal
angles are plotted as a function of the wavelength. Blue circles are the
associated selected pump wavelengths, and lines are calculations from
ref. [13].

The phase-matching conditions are recovered by determining the
wavelength of the maximum value of all recorded spectra. Then
we plotted the tuning curves in LGT based on the internal angle as
a function of the phase-matching wavelength 4; (see Figs. 2b, 3b
and 4b) and A; (see Fig. 3b). Due to the weak signal gain in
configurations (a) and (c), it was not possible to observe any
significant spectral modification with the spectrometers. However
in (c), the corresponding tuning curve was calculated using energy
conservation between the measured idler wavelength and the
pump set at Ap=1.32 pm, which corresponds to the peak value of
the pump spectrum (see dots in Fig. 4b). Based on the same



principle, we also determined in configuration (a) the pump
wavelengths from the broadband spectrum shown in Fig. 2a that
were combined with the narrowband signal, in order to generate
the phase-matched idler wavelengths shown in Fig. 2b.
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Fig. 3. Experimental data of the idler (red) and-signal{green}; using a
narrowband pump 4,, = 1.03 um (blue) and a broadband signal 4, =

1.5 um (green) as incoming beams. a) Incoming and idler generated
normalized intensities, and b) internal angles are plotted as a function
of the wavelength in LGT slab. Lines are calculations after ref. [13].

Figs. 2b, 3b and 4b show that the same LGT slab cutat fpy; = 58.3°
is able to generate or amplify wavelengths between 1.4 and 4.7 um
by tilting the crystal in the y-z plane over 21° with different pump
sources. Depending on the pump source, a continuous tunability is
demonstrated from 2.1 to 2.6 pm, 1.4 to 3.6 pm, and 3.4 to 4.7 ym.
Calculations based on ref. [13] agree very well with our
experimental data within the precision of our measurements in
the three experimental configurations. For the sake of clarity, in the
case of broadband pump and signal (configuration (c)), we have
calculated the phase-matching curves (see Fig. 4b) corresponding
to three pump wavelengths: 1,, = 132 pm (maximum of the
pump spectrum), A,; =118 pm, and A,; =141 pm
(wavelengths corresponding to 50 % of pump maximum spectral
intensity). All recorded data fit within the internal phase-matching
curves.

Note that the measured spectral bandwidth of the idler waves
matches with the simulated curve after considering all the
incoming experimental parameters, i.e. pulse duration, beam sizes,
pulse energy, and sample characteristics. Thinner crystal would
certainly provide broader spectra at all wavelengths.

In Fig. 5 we compare the spectral range of the generated
wavelengths in LGT with that obtained in (-BaB:0: (BBO),
KTiOAsO4 (KTA) and Periodically-Poled LiNbOs (PPLN) from refs.
[1-11]. The transparency range of each crystal is shown with the
dashed white bars and the measured spectral range of the

generated wavelengths through the blue and red colored bars. The
later corresponds to cases for which the nonlinear crystals are
pumped by two femtosecond commercial laser sources around
either 0.8 um (blue bars) or 1 um (red bars). Figure 5 points out
that the measured spectral ranges of LGT are comparable to that of
PPLN when pumped around 1 um. In comparison BBO and KTA
are much more limited in this aspect.
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Fig. 4. Experimental data of the idler (red) using a broadband pump
Ap = 1.3 pm (blue) and a broadband signal 4; = 1.9 um (green) as
incoming beams. a) Incoming and idler normalized intensities and b)
internal angles plotted as a function of the wavelength in LGT slab.
Lines are calculations after ref. [13] for three selected quasi-
monochromatic pump wavelengths 4,; = 1.18 um, 4,; = 1.32 um
and 4,3 = 1.41 pm from the pump spectral width.

The optical damage threshold was studied by using a 500 pm thick
slab cut at & = 9° in the y-z plane where we found no phase-
matching condition [13]. We used a sub-15 fs pulse duration, 100
Hz repetition rate Ti:Sa laser (800 nm) and the same experimental
setup asinref[14].
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Fig. 5. Transparency ranges (dashed white bars) and measured
spectral ranges generated in BBO, KTA, PPLN and LGT when pumped
around 0.8 pm (blue bars) and around 1 pm (red bars).

The energy was very low, ie. around 1 pJ, and the beam was tightly
focused at the surface of the sample using an off-axis parabola
mirror. Accurate calibration and measurement givea 10 um + 5 %
beam waist diameter [14]. The LGT slab sits on a 3-axis motorized



translation stage in order to control the optimal focusing position.
We adopted a so-called 1-on-1 protocol, ie. one shot per site and
ten tested sites per considered fluence, while maintaining a normal
incidence and sufficient spacing to avoid crosstalk. The energy, and
thus the fluence, were the only varying parameters. A preliminary
calibration was achieved with fused silica as a reference material.
Then, the LGT crystal was processed to determine the damage
probability by increasing the fluence continuously.

A fluence of 425 mJ/cm? still led to 0 % damage while the
probability reached 80 % at 500 m]/cm?, setting then the optical
damage threshold. This result corroborates the optical damage
threshold measured in nanosecond regime [13] if corrected for the
pulse duration difference [15]. Fig. 6 plots the damage fluence as a
function of the nonlinear parameter for widespread nonlinear
crystals in the nanosecond regime. LGT is represented by the plain
(ns) and light (fs) red disks. The different chemical families of
nonlinear crystals are distinguished by different colors.
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Fig. 6. Damage threshold as a function of the highest nonlinear
coefficient d; ; for Alkali Metal Oxides (AMO3), Metal Semiconductor
Diphosphide (MSP2), II-11I/V-VI =1I/VI and 11I/V semiconductors, Li III-
IV = LiGaS, LiInSz and LilnSe; crystals in the nanosecond regime.

Finally, we directly measured the third-order nonlinear electric

susceptibility )(,(Ci)xx of LGT at 0.343 um from third-harmonic
generation performed at the surface of a 820 um thick slab cut at
(6 = 57° ¢ = 90°). For this purpose, we used an Amplitude
Systemes t-Pulse® oscillator (390 fs, Aw = 1.030 pm, 9 MHz) with a
linear polarization oriented parallel to x-axis of LGT, and
implemented the setup described in ref [16]. We took into account
the Fresnel losses, the third-harmonic transmission, the nonlinear
interaction length and the refractive indices corrections at A, and
A3w = Aw/3 = 0.343 pm [16]. We studied a fused silica slab in the
same conditions, to use y5.o2(0.343 pm) = 2.48x10%2 m2V?
from [17] as a reference. We found for LGT that y ., (0.343 pm) =
18 x3o2(0.343 pm) = (4.5+05)x1021 m2V2 The nonlinear
refractive index n, is linked to )(S()xx by the relation n,(A3,) =
3XxxxxA30)
4ng(A3p)€0€
LGT, c is the light speed and &, the vacuum dielectric constant.
Then we found for LGT that n,(0.343 um) = (6.3£0.7) x 101
m2W-, which is about ten times that of BBO and three times that
of KTA or PPLN at 0.780 um [13,18]. It means that LGT may be
associated with stronger self-focusing due to Kerr effect and then

where no stands for the ordinary refractive index of

lead to potential damage. However, it is worth to mention that LGT
can be grown in the largest sizes and the greatest homogeinity [13]
if compared to KTA for which inhomogeneity is a real issue.

In conclusion, we performed the optical characterization of LGT in
the femtosecond regime. Three experimental configurations of
DFG/OPA were studied and led to the angular tuned generation of
wavelengths ranging between 1.2 and 4.7 pm. These results show
that LGT stands as a serious competitor of BBO, KTA and PPLN for
parametric generation in the atmospheric transmission window.
In particular the high optical damage thresholds of LGT we
estimated may favor this crystal compared to well-known
nonlinear crystals. Finally we directly measured the third-order
nonlinear electric susceptibility of LGT and determined the
corresponding value of the nonlinear refractive index n, of LGT.
Further investigations will study the experimental parametric gain
and evaluate the potential of LGT for large aperture high beam
quality OPA in the femtosecond regime.
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