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Operation of a GaS0:4Se0:6 optical parametric amplifier is demonstrated with a 5–11 μm idler tuning range, maximum
energies of ∼10 μJ for sub-30-ps pulse durations, and performance ∼3 times better than with pure GaSe. © 2011
Optical Society of America
OCIS codes: 190.4970, 190.4400.

Nonlinear optical crystals with composition GaSxSe1−x,
x ¼ 0:2 and 0.4, were studied as early as 1982 [1]. Relative
measurements of the second-harmonic generation (SHG)
conversion efficiency with a Q-switched CO2 laser
indicated substantial reduction of the nonlinear coeffi-
cient with the S content, d22ðx ¼ 0:2Þ ¼ ð0:525 �
0:05Þd22ðGaSeÞ and d22ðx¼0:4Þ¼ð0:31�0:05Þd22ðGaSeÞ,
which obviously contributed to the lack of interest in
further investigation of such solid solutions.
According to [1], a phase transition from the noncen-

trosymmetric (ε) phase of GaSe, corresponding to the
�6m2 point group, to a centrosymmetric (β) phase, corre-
sponding to the 6=mmm point group, takes place for
0:2 < x < 0:3. In [2], the limits of the possible polytypes
occurring in the GaSxSe1−x solid solutions were given as ε
for x ¼ 0 (GaSe) to x ∼ 0:01, ε–γ mixture for x between
∼0:01 and ∼0:03, γ for x between ∼0:05 and ∼0:4, and β
for x from ∼0:5 to 1 (GaS). Here, the γ phase corresponds
to the noncentrosymmetric point group 3m. More recent
studies associated the mixed ε–γ phase with 0 ≤ x ≤ 0:4, a
mixture of ε–γ and β was observed for x ¼ 0:5 and pure β
phase for GaS [3]; see [4] for an overview. Nevertheless,
the question about the transitions between the phases is
very complex and has not yet found a satisfactory solu-
tion. Four phases were identified for GaSe itself in the
literature, while GaS crystallizes only in the β phase.
The literature on GaSxSe1−x compounds is often contro-
versial concerning this issue and it seems that there is
some dependence on the growth conditions [5,6].
The first phase-matched nonlinear frequency con-

version process realized with GaSxSe1−x crystals was
difference-frequency generation from 7 to 12:5 μm using
GaS0:2Se0:8 [1]. More recently, the phase-matching prop-
erties of a series of solid solutions with x ranging
from 0.04 to 0.412 were measured for SHG of 2:79 μm
(Er:YSGG laser) and 9:56=9:58 μm (CO2 laser) radiation
[7,8]. Our estimations of the nonlinearity for x ¼ 0:4
by SHG with femtosecond pulses at 4:65 μm gave
d22ðGaS0:4Se0:6Þ ¼ 0:76 d22ðGaSeÞ [9]. This result, to-
gether with the large bandgap of GaS0:4Se0:6 or, in brief,
GaSSe (the composition close to the maximum S content
in the noncentrosymmetric structure), means that such
nonlinear crystals are good candidates for application

in 1064 nm pumped optical parametric oscillators
(OPOs), generators (OPGs), and amplifiers (OPAs).

Two essential advantages can be expected from adding
S to the well-known nonlinear crystal GaSe: increase of
the bandgap value or the short wave cutoff limit [10,11]
and increased hardness [12], which is one of the basic
limitations of GaSe. In [9], we estimated a bandgap of
2:278 eV (545 nm) for GaSSe and a useful transparency
range at the 3 cm−1 absorption level of 0:57–14:2 μm.
These parameters are 1:972 eV (629 nm) and 0.64 to
18 μm, respectively, for GaSe. In accordance with the lar-
ger bandgap, the damage threshold for GaSSe, both for
nanosecond pulses and cw radiation, was roughly 50%
higher than for pure GaSe [9]. Furthermore, in [13], we
refined the Sellmeier equations for GaSSe based on
phase-matched SHG data, showed that its two-photon-
absorption (TPA) coefficient at 1064 nm is 3.5 times low-
er than in GaSe, and its microhardness is increased by
30% relative to GaSe. Unfortunately, the problems related
to cutting, polishing, and coating of such crystals are still
to be solved, and application in OPOs depends on the
stability and damage resistivity of antireflection (AR)
coatings. However, in OPAs pumped by high-energy
ultrashort pulses, cleaved uncoated crystals can be em-
ployed and, in this work, we present such results with
GaSSe using a pump system operating at 1:064 μm. This
is the first real application of GaSSe in nonlinear optics,
to our knowledge, and we compare the results with pure
GaSe under identical experimental conditions. GaSe
has been used in the past in similar schemes (pump at
1:053 μm and tunable dye laser as a seed signal) to
cover the 6–18 μm idler range [14], but saturation was ob-
served already at pump intensities beyond 0:1GW=cm2.
Although improved results were reported later with an
OPG providing the seed signal [15], as we demonstrate
here, the use of GaSe is ultimately limited by TPA when
pumped near 1 μm, which is not the case with GaSSe.
Note that, in the low pump limit (0:1GW=cm2), GaSe was
successfully employed and yielded sufficient parametric
gain even with unamplified picosecond pump pulses [16].

As a pump source for the present OPA, we employed a
mode-locked Nd:YAG laser–amplifier system at 1:064 μm
with a pulse duration of 58 ps (FWHM) at a repetition rate
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of 10Hz. The seed source was derived from another OPA
pumped by the second-harmonic (SH) beam from the
same system at 0:532 μm (horizontal polarization), con-
sisting of a 6-mm-long β-BaB2O4 (BBO) and 5-mm-long
BiB3O6 (BIBO) crystals used in tandem for Type I (ooe)
and Type II (oeo) interactions, respectively. In this OPA
system, used in a double-pass configuration, the BBO
serves as an OPG in the first pass and as a broadband
amplifier in the second pass, which is seeded by the nar-
row signal spectrum from Type II OPA in BIBO with an
appropriate pump delay realized by translation of the M3
mirror in Fig. 1.The vertically polarized idler beam from
the OPA system, with energy in the 1–10 μJ range, de-
pending on the wavelength, which could be varied be-
tween 1.175 and 1:4 μm, is then collinearly mixed in
GaSSe or GaSe with the collimated fundamental beam
at 1:064 μm (horizontal polarization) through the bending
mirror M5. In the present OPA experiment, the Type II
(eoe) process is chosen rather than the Type 1 (ooe) pro-
cess, considering the fact that it provides higher idler out-
put in the absence of an AR coating because of the much
lower surface reflection for p polarization (this was con-
firmed by comparing the idler output for both processes
under the same experimental conditions).
Figure 2(a) shows the idler energy measured at a wave-

length of 6:45 μm versus pump intensity at 1:064 μm at
fixed SH energy of 1:6mJ (after the bending mirror
M1) for pumping the BBO–BIBO seeder. At the actual
phase-matching angles, effective nonlinearities of 38 and
49pm=V are estimated for GaSSe and GaSe, respectively.
Taking into account the ∼20% lower figure of merit of
GaSSe, a 4:7-mm-long c-cut sample was prepared for fair
comparison with a 3:9-mm-long GaSe sample. For the
beam diameters and pulse durations in the present ex-
periment, spatial and temporal walk-off effects can be ne-
glected. At low pump intensity (<0:2GW=cm2), the idler
energies with GaSSe and GaSe were very similar, as ex-
pected from the calculated parametric gain factors. How-
ever, when the pump intensity was further increased,
GaSSe showed superior performance. At a pump inten-
sity of 1:08GW=cm2 (∼2:8mJ incident pump energy at
1:064 μm), the idler energy reached 9:1 μJ, about 3 times
higher than with GaSe. The behavior of GaSe was simi-

lar to that observed in [14]; however, we attribute
the “saturation” not to pump depletion but to non-
linear pump losses, e.g., TPA at 1:064 μm, as confirmed
experimentally.

The tuning performance of GaSSe (5–11 μm) is deter-
mined in the present experiment to a great extent by the
available seed energy at the signal wavelength [Fig. 2(b)].
The pulse duration was estimated from autocorrelation
measurements using noncollinear SHG in an ∼3-mm-
thick Type I GaSe crystal. The estimated idler pulse
FWHM (fitting with Gaussian pulse shapes) was 26 ps
at 4:8 μm and 29 ps at 6:45 μm [Figs. 3(a) and 3(b)], short-
er than the pump pulse duration, as could be expected.

Since our TPA studies in [13] were confined to the
o-polarization (c-cut crystals used at normal incidence),
we remeasured the nonlinear losses for the samples used
in the present experiment with the p-polarized pump at
1064 nm, which represents a mixed polarization (e and o)
at the actual OPA phase-matching angle. The linear
losses, which were independently determined using a
cw Nd:YVO4 laser, were substantially higher (absorption
coefficient α ∼ 0:29 cm−1) in GaSe as compared to GaSSe

Fig. 2. (Color online) (a) Idler energy at 6:45 μm versus pump
intensity of the GaSSe and GaSe OPAs and (b) idler tuning
achieved with GaSSe at maximum pump level. The peak on-axis
pump intensity inside the crystal is calculated by using the ac-
tual value of the pump pulse duration of 76ps (as a result of SH
depletion), the beam size inside the crystal, and by correcting
by the Fresnel reflection at the input surface.

Fig. 1. (Color online) Schematic of the experimental setup for
OPA in GaSSe and GaSe. M1–M3, 0:532 μm highly reflective
(HR) dichroic mirrors; M4, metallic mirror; M5, 1:15–1:4 μm
HR dichroic mirror; M6, 1:064 μm HR dichroic ZnSe mirror;
F, 2:5 μm cut-on filter; DL, delay line.
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(α ∼ 0:07 cm−1). At a peak on-axis pump intensity of
1GW=cm2 inside the crystal, the TPA coefficient esti-
mated for GaSe was β ∼ 4 cm=GW �15%, roughly 1 order
of magnitude higher than the corresponding value
estimated for GaSSe. Thus, the superior performance
of the GaSSe OPA in Fig. 2(a) is attributed to the sup-
pressed TPA effect at the pump wavelength due to its
larger bandgap.
In conclusion, we demonstrated that the mixed GaSSe

crystal can be used for downconversion to the mid-IR
with powerful ∼1 μm pump sources. In comparison

to the few other nonlinear chalcogenide crystals that
exhibit no TPA at this wavelength (e.g., AgGaS2), GaSSe
possesses the best potential to cover deep mid-IR wave-
lengths, reaching ∼14 μm.

The research leading to these results has received
funding from the European Community’s Seventh Frame-
work Programme FP7/2007-2011 under grant agreement
n°224042.
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Fig. 3. (Color online) Autocorrelation functions recorded
for the GaSSe OPA at idler wavelengths of (a) 4.8 and
(b) 6:45 μm.
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