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Abstract—We present measurements of the transparency, refractive index dispersion, nonlinear coefficient,
damage threshold, and two-photon absorption of mixed GaS,Se; _ , crystals and show that GaS 4Se, ¢ is a
promising nonlinear material for down conversion of pulsed 1064 nm radiation to the mid-IR above 5 pm

without significant two-photon absorption.
DOI: 10.1134/S1054660X11070255

1. INTRODUCTION

The nonlinear optical properties of mixed
GaS,Se, _, crystals with x = 0.2 and 0.4 were studied
as early as 1982 [1]. A Q-switched CO, laser operating
at 130 Hz, with a peak power of ~400 W, was used for
second-harmonic generation (SHG) and relative
measurements of the efficiency led to dy(x = 0.2) =
(0.525 £ 0.05)d,,(GaSe) and d,,(x = 0.4) = (0.31 £
0.05)d,,(GaSe) for the nonlinear coefficients. In addi-
tion, the authors of [1] demonstrated difference-fre-
quency generation from 7 to 12.5 um with GaS ,Se) .
Index of refraction was measured and Sellmeier equa-
tions were fitted forx = 0, 0.2, 0.4, 0.8, and 1.0 in the
range 0.63 pm < A < 20 pum. The observed strong
reduction of the nonlinear coupling constant with
increasing S content and deterioration of the crystal
quality in comparison to the two parent compounds,
GaS and GaSe obviously contributed to the lacking
interest in further investigation of such solid solutions.
A phase transition from the non-centrosymmetric (g)

phase of GaSe, corresponding to the 6m2 point
group, to a centrosymmetric (3) phase, corresponding
to the 6/mmm point group, is indicated in [1] for 0.2 <
x < 0.3. The limits of the possible polytypes occurring
in the GaS,Se, _ solid solutions were given more sys-
tematically in [2] as:

gforx=0(GaSe)tox=0.01

€—y mixture for x between ~0.01 and =0.03

! The article is published in the original.

v for x between ~0.05 and ~0.4
B for x from =0.5 to 1 (GaS).

Above, the y phase corresponds to the non-cen-
trosymmetric point group 3m. These results were con-
firmed in the more recent work [3] where the mixed
phase g—y is associated with 0 < x < 0.4, a mixture of
e—y and 3 was observed for x = 0.5 and pure 3 phase for
GaS, see [4] for an overview. However, the question
about the transitions between the phases is very com-
plex and has not found a satisfactory solution, yet.
Four phases are identified for GaSe itself in the litera-
ture while GaS crystallizes only in the B-phase. The
literature on GaS,Se,_, compounds is often contro-
versial concerning this issue and it seems that there is
some dependence on the growth conditions [5, 6].
Recently the phase-matching properties of a series of
solid solutions with x ranging from 0.04 to 0.412 were
measured for SHG of 2.79 um (Er : YSGG laser) and
9.56/9.58 um (CO, laser) radiation [7, 8]. The phase-
matching angle varied only little with the composition
but these authors speculated that the conversion effi-
ciency with GaS yoSe o; is 2.4 times higher than that
of pure GaSe [8] and approximately so much higher in
comparison to In-doped GaSe [7]. Both results are
rather unexpected since they contradict the general
trends observed as a function of the band-gap, which
grows with S-content but decreases with In-content
[9], as well as the conclusions in [1], thus a direct eval-
uation of the nonlinear coefficients of GaS,Se, _,
crystals is desirable.
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Table 1. Average composition and compositions with
extreme content of components
Ga N Se A, at. %
1.008 0.407 0.585 0
0.978(min) 0.438(max) 0.584 3.7
1.021(max) 0.404 0.575(min) 1.3
1.010 0.391(min) 0.599(max) 2.2

Two essential advantages can be expected from
adding S to the well known nonlinear crystal GaSe:
increase of the band-gap value or the short wave cut-
off limit [10, 11] and increased hardness [12] which is
one of the basic limitations of GaSe. A microhardness
of ~40 kgf/mm? (2.9—3.0 in the Mori’s scale) can be
found in [12] for a composition of GaS, ,Se 4. Stron-
ger dependence on the composition and an increase
from 7—8 to 15 kgf/mm? with x from 0 to 0.09 has been
reported in [13]. Note that while In-doping could also
be useful for improvement of the opto-mechanical
properties of GaSe, its distribution coefficient is low
[14, 15] and such mixed crystals do not show extended
transparency [13].

The present study focuses on measurements of the
transmission, dispersion, nonlinear coefficient, dam-
age threshold, and two-photon absorption (TPA) of
GaS,Se, _,inthe 0 <x <0.4 range. The motivation for
this work is the expectation that around x = 0.4, a
number of characteristics such as band-gap, transpar-
ency, effective nonlinearity, damage threshold, and
microhardness will make this solid solution suitable
for nanosecond/picosecond pumping of optical para-
metric oscillators (OPO) or optical parametric gener-
ators/amplifiers (OPG/OPA) at 1064 nm (Nd : YAG
laser systems) without the onset of TPA. Note that
TPA is an unwanted higher-order nonlinear process,
which can be avoided at 1064 nm only in very few
chalcogenide compounds, most of them with modest
nonlinearity [16]. For operation at higher repetition
rates, the thermal conductivity is another property
that has to be taken into account. According to [17],
the thermal conductivity of GaSe and GaS are rather
high (~11 and ~9 W/mK, respectively) parallel to the
plane of the crystal layers. Although the conductivity
along the crystal axis is 6 to 9 times lower, this seems
not to be a serious disadvantage, because phase-match-
ing in these crystals, due to the large birefringence, is
often confined to small internal angles with respect to
the c-axis and thermal lensing will be suppressed. How-
ever, one cannot rule out the possibility that solid solu-
tions in the GaS—GaSe system exhibit lower conduc-
tivity than the two parent compounds [18].

2. CRYSTAL GROWTH AND COMPOSITION

GaS,Se, _, crystals were grown for compositions
x= 10, 0.05, 0.10, 0.40 in the charge. The elemental
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purity was Ga(99.9999%), Se(99.999%) and
S(99.999%). The measured melting temperatures for
these compounds were (960 = 10)°C. Single crystals
were grown by the Bridgman—Stockbarger method in
quartz ampoules with a diameter of 14 mm. The crys-
tallization front velocity was 3 mm/day and the whole
growth process took 20—25 days. Uniform single crys-
tals up to 60 mm in length were grown, see Fig. 1.
Interestingly, it was observed that for the composition
with x = 0.4 the crystals grow without any “cap” at the
top of the boule. This means that the charge and crys-
tal compositions are identical. This observation could
possibly mean congruent melting character, which is
equivalent to the existence of a separate compound in
the system of solid solutions, and deserves further
investigation.

The composition of the crystals grown was studied
by electron microanalysis using INCA energy analyti-
cal system (Oxford Instruments) attached to a scan-
ning electron microscope (JEOL JSM-5910LV).
Plates of GaSe and GaS, 4,Se, s were used for this pur-
pose, which were cleaved from the central parts of the
boules. Six points spread over an area of 1.5 cm? were
tested for GaSe and eight points spreads over an area
of 2 cm? were tested in GaS, ,Se .

The average composition of GaSe was found to
correspond to the chemical formula Ga, (;55¢ ¢35- The
composition with minimum Ga content corresponded
to the stoichiometric one, GaSe, whereas the compo-
sition with maximum Ga content had a chemical for-
mula of Ga, §335€,¢¢7. These results deviate substan-
tially from the observations in [6] where a typical crys-
tal composition of say Ga, ¢,Se; (g means much larger
and opposite in sign deviation from stoichiometry.

The average composition determined for x = 0.4
was Ga; 40550 4075€0.585- The excess of Ga indicates the
same direction of deviation from stoichiometry as in
GaSe but this deviation is twice smaller. The Se and S
deviations are in opposite directions leading to an
average cation—anion deviation of 0.8 at. %. The com-
position with minimum Ga content corresponds to
the one with maximum S content and the chemical
formula Gay ¢755 4355€0. 534 Whereas the composition
with maximum Ga content corresponds to the one
with minimum Se content and the chemical formula
Ga| 02150 4045€0.575 (Table 1). The composition with
minimum S content is Ga, ;050391 5€¢.599, the same for
which the Se content is maximized.

For the three components of GaS, 4Se 4 it is useful
to introduce average absolute deviations, these devia-
tions A (in at. %) are included in Table 1. As could be
expected, on the average (2.4 at. %), these deviations
are larger than in GaSe (1.65 at. %). It is interesting to
note that, according to Table 1, the maximum of the
one component of GaS,, ,Se, ; corresponds to the min-
imum of another one while the third component is
close to the average value in that case.
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Fig. 1. Cleaved plate from an as grown crystal of
GaS 4Se ¢ with a thickness of 3.5 mm.

3. BAND-GAP AND TRANSMISSION

For measurement of the visible absorption edge
and estimation of the band-gap, thin plates with faces
perpendicular to the c-axis and thickness between 50
and 600 um were cleaved from the different crystals.
Characteristic unpolarized spectra corresponding to
the o-wave are shown in Fig. 2. They were used to
compute the absorption coefficients a(hv) and o(A)
near the band-edge. The value of the direct band-gap
was obtained from the linear fit to the (ahv)? depen-
dence on Av. There is good agreement with the results
from [11] which are included in brackets in Table 2. It
can be seen that the band-gap of GaS,,Se, 4 corre-
sponds to a wavelength very close to 532 nm which
means that TPA will be greatly suppressed in this crys-
tal for a pump wavelength of 1064 nm.

The full transmission spectrum was measured only
forx=0and 0.4 using samples of 1.15 mm (GaSe) and
1.10 mm (GaS; 4Se ) thickness with the same orien-
tation. The spectra were recorded on two spectropho-
tometers (visible/near-1R and Fourier transform) and
the absolute values were calibrated (refined) by a laser
measurement at 1564 nm. This measurement was per-
formed by a highly stable diode-pumped femtosecond
Er-fiber laser/amplifier to avoid interference effects
from the two surfaces and the accuracy was better than
1%. Thus the calibrated transmission curves can be
directly compared with the theoretical transmission,
calculated by taking into account multiple reflections
but neglecting the phase, which is also shown in Fig. 3
for both compounds.

It can be seen from Fig. 3 that both GaSe and
GaS, 4Se ¢ have almost vanishing absorption losses in
the regions of high transparency in the mid-1R. The

Transmission, %
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40 | GaS, 4Seq ¢/ [ GaSg4Seg 6
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20
GaSO.OSSeo_% GaSe
80 Hml 310 Ium |
0
500 550 600 650 700
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Fig. 2. Transmission of some GaS,Se; _, mixed crystals
close to the band-gap (o-polarization).

3 ¢cm~! transmission limits for the two crystals extend
from 0.64 to 18 um for GaSe and from 0.57 to 14.2 uym
for GaS, ,Se, 4. As for GaSe, it is believed that the long
wave transmission cut-off and also the absorption
band of GaS,, ,Se,, s around 16 pm, which sets an upper
wavelength limit for practical applications, are deter-
mined by multi-phonon processes. Like GaSe,
GaS; ,Se, ¢ also has an absorption feature before this
band but it starts at shorter wavelengths, from about
10 um, and the absorption at 10.6 pm amounts to
0.34 cm™!, higher than in GaSe where it is 0.08 cm™!.
However, at 1064 nm GaS,,Se,¢ exhibits about
5 times lower residual absorption (~0.12 cm™~! against
~0.6 cm™!) than GaSe. This essential advantage comes
from the fact that the absorption feature observed in
GaSe in this wavelength range has disappeared in
GaS; ,Sey 4. We note that this absorption feature has
been present in most measurements of the GaSe trans-
mission with sufficiently thick samples: from the earli-
est work [19] where the feature is well seen for a thick-
ness of 1.5 and 6.0 mm, to more recent measurements
[20, 21], where it transforms into an absorption arm
for a thickness of 10 mm. Although absorption less
than 0.25 cm™! at 1064 nm has been reported for
selected samples of GaSe [22], we are not aware of the
physical mechanisms responsible for this residual
absorption which seems to disappear in GaS, 4,Se .

Table 2. Room temperature band-gap parameters of GaSe and GaS 4Se 4, the data in brackets are from [11]

Composition Sample thickness, pm Eg, eV kg, nm a=3cm tatA, nm
x=0 310 1.972(1.986) 629(625) 638
x=0.4 125 2.278(2.276) 545(545) 569
LASER PHYSICS Vol. 21 No. 4 2011
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Transmission, %
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Fig. 3. Full measured transmission of GaSe and
GaS 4Se ¢ for o-polarization (thick lines), and theoreti-

cal calculation taking into account multiple reflections
(thin lines).

4. DISPERSION AND BIREFRINGENCE

We measured the index of refraction of GaS, ,Se, ¢
in the 0.633—10.0 um spectral range using the auto-
collimation technique on a prism with aperture 15 x
15 mm and apex angle of 13.737°, shown in Fig. 4.

Table 3. Measured refractive indices and birefringence of
GaS; 4Se ¢ at room temperature

A, pm n, n, n,—n,
0.6328 2.788 2.446 0.342
0.700 2.755 2.418 0.337
0.800 2.723 2.390 0.333
0.900 2.701 2.371 0.330
1.000 2.686 2.357 0.329
1.100 2.676 2.347 0.329
1.200 2.667 2.340 0.327
1.300 2.661 2.334 0.327
1.400 2.656 2.329 0.327
1.500 2.651 2.326 0.325
1.600 2.647 2.323 0.324
1.700 2.643 2.320 0.323
2.000 2.639 2.315 0.324
3.000 2.629 2.305 0.324
4.000 2.624 2.300 0.324
5.000 2.619 2.296 0.323
6.000 2.614 2.291 0.323
7.000 2.609 2.286 0.323
8.000 2.603 2.280 0.323
9.000 2.595 2.273 0.322
10.00 2.588 2.265 0.323
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Fig. 4. Prism of GaS 4Se, ¢ used for measurement of the
two refractive indices.

The two refractive indices measured and the birefrin-
gence are included in Table 3. From this data we fitted
the following Sellmeier equations for GaS; 4Se 4:

n, = 9.550489 + 0.303723 /(1" - 0.054331)
+3738.138 /(A" — 1408.38),

n’ = 7.335355 + 0.247335/(\” — 0.037580)
+2580.856/(1° — 1268.56),

where the wavelength A is in microns.

We did not try to refine the Sellmeier equations by
using SHG phase-matching data since the accuracy of
angle measurement far from normal incidence is lim-
ited [8]. Figure 5 shows a comparison of the predic-
tions of the above Sellmeier equations for type-I
(0oo-e) SHG with experimental data. For complete-
ness, similar curve and data are added for GaSe, with
Sellmeier equations taken from [23]. The deviations in
the case of GaS, ,Se, ¢ are larger.

5. NONLINEAR COEFFICIENTS

The nonlinear coefficient of the mixed GaS,Se, _
compounds was measured by comparing the second
harmonic conversion efficiency to that of pure GaSe.
A KNbO;-based femtosecond OPA was used as a laser
source, operating at 4.65 um at a repetition rate of
1 kHz, see Fig. 6. Direct generation of this wavelength
is impossible starting from an ~800 nm, 45-fs Ti : sap-
phire regenerative amplifier system. Instead, a BBO
type-II OPA was pumped near 800 nm and its idler
output was frequency doubled in a BBO type-I crystal
to provide a seed at the signal wavelength near 1 um for
the KNbO; crystal (6-mm, type-1I, 6 = 41.9°), which
was also pumped near 800 nm by the same regenera-
tive amplifier. The idler pulses of the KNbO; OPA
were temporally broadened to about 350 fs but simul-
taneously spectrally narrowed (typical FWHM of
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Fig. 5. SHG phase-matching in GaSe and GaS,Se; _ :
calculation and experimental data from [8] (open symbols).

100 nm). The second harmonic generated in
GaS,Se, _, crystals was detected by a pyroelectric
energy meter after the fundamental had been sup-
pressed by 2 cm of BK7 glass.

All GaS,Se, _, samples were cleaved with faces per-
pendicular to the c-axis and their thickness varied

from 0.27 to 0.77 mm. Care was taken to have suffi-
cient spectral and angular acceptance. For a funda-
mental energy of 3—4 pJ, the spot size was selected
large enough so that spatial walk-off was negligible and
the internal energy conversion efficiency remained
below 10% (small signal approximation). The
observed phase-matching angles for the different sam-
ples were very close and for calculation of the relative
nonlinearities we only took into account the effect of
the different index of refraction on the Fresnel losses
and the coupling coefficient. For x =0, 0.05, 0.1, and
0.4, two different samples of each kind were measured
but the deviation for d,, was less than +2%. For each
sample the result was an average of 6 measurements
rotating it about the c-axis (angle @) with steps of 60°
according to the symmetry (d,,. = d,,cos0sin3¢ for
type-I phase-matching). Note that the second har-
monic signal, scanned with a step of 2° in ¢, dropped
to zero between these angles which suggests that the

symmetry of GaSe (6m?2 or € phase as the main mod-
ification obtained from the melt [4]) is preserved or the
d-coefficient which is independent of the azimuthal
angle ¢ (in 3m symmetry or y modification) has a neg-
ligible contribution. Thus, the results can be summa-
rized as:

dy(GaS,psSeggs) = 0.89dy(GaSe),

Ti:sapphire regenerative amplifier,

1 kHz, <45 fs, 804 nm, 2 mJ

400 pJ 400 pJ
H Y0\
Telescope
S —
o
| Dela
3 y
[aa)
m
SHG BBO Pyroelectric
3mm . spectrometer
N
~10 WJ, ~1 um KNbO; Pump Signal
S b PRE Ge-filter
He—Ne laser % 7 - L l 7 Idler |
. TN o
pilot beam =1 pMiI DM2 DM3  ~4.65 um, ~5 uJ
Delay =
2 cm BK7
Pyroelectric foop 34w g
energy meter — 4 U /)
L2 SHG L1

Fig. 6. Experimental setup for relative measurement of the SHG efficiency: DM, dichroic mirrors, L, lenses.
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d22(GaSO_ISCO'9) = 086d22(GaSe),

and

Thus, we conclude that the mixed crystals of
GaS,Se, _, possess very high effective nonlinearity,
comparable to that of pure GaSe. This contradicts
both the underestimations in [1] and the obviously
overestimated SHG efficiencies given in [7, 8] without
details.

6. DAMAGE THRESHOLD

Laser damage in GaSe and GaS, ,Se, 4 was studied
at 1064 nm, both with nanosecond pulses and contin-
uous-wave (CW) radiation. The nanosecond pump
source was a diode-pumped, electro-optically Q-
switched Nd : YAG laser (Innolas GmbH, Germany)
optimized for a repetition rate of 100 Hz. According to
the specifications, its linewidth amounts to 1 cm~!, M?
< 1.5 and the divergence is <0.5 mrad. The laser gen-
erated 100 mJ, 14 ns (FWHM) pulses with an average
power of 10 W. The measured energy stability was
+1%. Test plates with a thickness between 0.3 and
1.0 mm were irradiated without focusing the pump
beam which had a diameter of 2W; = 3.8 mm. Dam-
age in the form of surface damage and through the
plate occurred at 0.48 + 0.03 J/cm? for GaSe and
0.68 + 0.03 J/cm? for GaS, ,Se, s. These values corre-
spond to peak (on-axis) incident fluence. They were
averaged for measurements at 5 different points which
corresponds to the deviations specified. The peak (on-
axis) incident intensities are 34 and 49 MW/cm?,
respectively. It is difficult to compare these values with
the literature because normally damage in GaSe was
characterized at longer wavelengths [14, 15]: although
the value of 35 MW/cm?, often found in the literature
[4] as damage threshold of GaSe at 1064 nm for 10 ns
pulses, is consistent with our measurements, it might
be a result of erroneous cross citations [24]. Neverthe-
less, we can conclude that GaS, ,Se, 4 possesses higher
damage threshold than GaSe, as could be expected
from its larger band-gap, although its thermal conduc-
tivity could be slightly lower [17]. It should be noted
that also gray tracks occurred in GaS,,Se, ¢ at a flu-
ence/intensity level roughly corresponding to 80% of
the above specified values. Their occurrence seems not
related to the surface damage and cracking. Such gray
tracks were not observed in GaSe simply because of its
deep red color.

The same test plates were irradiated also with a CW
Nd : YVO, laser operating at 1064 nm. With a 30-mm
best shape lens we measured a waist diameter in the
focus of 2W, = 18 um and estimated M?> = 1.6. The
maximum power applied, measured after the lens, was
8.5 W which gives a peak intensity of 6.6 MW/cm? in
the focus. Averaging three measurements at different
positions for each sample, we obtained characteristic
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damage thresholds of 0.6 MW/cm? for GaSe and
1 MW/cm? for GaS, ,Se, 4, at which the front surface
was destroyed.

7. TWO-PHOTON ABSORPTION

We investigated the TPA of GaS, ,Se, ¢ relative to
pure GaSe using the picosecond open-aperture (OA)
z-scan technique at A = 1064 nm. In the OA z-scan
experiment, the nonlinear transmission is measured
by detecting the intensity-dependent transmission
changes when translating the sample along the beam.
A 10-Hz passive/active mode-locked Nd : YAG laser
(B. M. Industries) with M? = 1.3 was used. The pulse
duration (FWHM) measured by SHG autocorrelation
with a BBO crystal, was © = 38 ps. The output was
divided into two beams by a 1 : 5 beam splitter. The
beam with higher energy was focused by a 20 cm con-
vex lens on the sample and the other beam served as a
reference. The sample was then translated near the
focal point. The incident pulse energy in the measure-
ments varied between g, = 10.6 and 11.9 pJ, which
corresponds to external (incident) peak on-axis inten-

sity at the focus, I, = 4./In2¢,/(n” W;t), from 18.3

to 20.5 GW/cm? for a beam waist of W, = Mw, =
30.2 um (w, = 26.5 um). The pulse energy transmitted
through the sample was detected by a large area pyro-
electric energy meter.

For Gaussian beams, both in space and time, the
normalized transmission Ty = g,/[e /(1 — R)%,] in
the OA z-scan measurement can be expressed as a
function of the TPA coefficient 3. Here g, denotes the
transmitted energy, R the Fresnel reflection (21—
22%), a.is the linear absorption (see Section 3), and d
is the sample thickness. The expression is simplified
assuming that the sample thickness d is much shorter

than the Rayleigh length z; = Tcwg /A [25]:

b

TW(2) = 24/In2/m ltan/Tt Iln(l + qe_mzr_/T )dt

(1= R)Blodc

1+ (z/2p)°

d.gs= (1 — e ) /o and z is the translation coordinate.
For Gaussian beams, both in space and time, the nor-
malized transmission Ty in the OA z-scan measure-
ment is usually expressed as a simple function of
assuming that the nonlinear losses are small, (1 —
R)PBlyd.s<<1]25]:

where g = with the effective length

(1=RBlydey
22(1 + (z/28)")

The samples available were a 1.13-mm-thick plate
of GaS,Sey¢ (der = 1.12 mm) and a 0.9-mm-thick

Ty(z) = 1-



780

(@)

—_
(e}
T

o
oo
T

<
[=)
T

<
~

- GaSg 4Seg ¢

e
N}

Fd=1.13mm

Normalized transmission

I, =20.5 GW/cm?

PETROV et al.

1.2 (b)
1.0
0.8
0.6

0.4

-20 -10 0 10 20
Z, mm

02 | 1 | | |
-10 0 10 20

Fig. 7. Open-aperture z-scan signals of GaS 4Se( ¢ (a) and GaSe (b) with fit curves. [, denotes the peak on-axis intensity incident

on the samples.

plate of GaSe (d = 0.88 mm), both cleaved with faces
perpendicular to the c-axis, and thus only the o-polar-
ization could be studied.

In Figs. 7a and 7b, the OA z-scan signals of
GaS 4Sey ¢ and GaSe are depicted, showing transmis-
sion reduction with increasing intensities. The mea-
sured data could be well-fitted as a function of the
translation coordinate by the last formula. For GaSe
the result obtained from Fig. 7b is B = 1.58 *
0.04 cm/GW. This value is very close to the B =
1.4 cm/GW, measured in [26] for the same geometry,
with 10 ps long pulses at a repetition rate of 81 MHz.
The value obtained by us for GaS, ,Se, s was smaller,
B =1.20£0.03 cm/GW, which can be attributed to the
larger band-gap. Since GaSe and GaS,,4Se, ¢ are neg-
ative crystals, in a practical OPO scheme, the pump
will be e-polarized. The two polarizations were com-
pared in [26] for the same GaSe sample by simply
rotating it, and thus the ratio of 1.76 for the TPA coef-
ficients can be considered to be very reliable. Assum-
ing a similar ratio for GaS,,Se,¢ one arrives at 3 ~
2.1 cm/GW for the e-polarization. Due to the large
birefringence, phase matching angles are, however,
small and for generation of idler wavelengths, e.g.,
around 6.45 um (6 ~ 15° for oo-e interaction), the
resulting value at the pump wavelength would be § ~
1.3 cm/GW. Peak on-axis intensities in the nanosec-
ond (OPO) regime, in any crystal, usually do not
exceed 50 MW/cm? in order to avoid surface damage
(see previous section). Thus the nonlinear losses in
GaS, ,Se, ¢ will be still about two times smaller than
the linear losses for a crystal length of 1 cm which
seems feasible for OPO having in mind the high effec-
tive nonlinearity. The good agreement of the present
TPA results for GaSe with other measurements [26]
does not mean that the absolute values obtained are
reliable. In fact the TPA coefficient is obtained in [26]
from transmission measurements where (i) the maxi-
mum applied intensity is limited to 120 MW/cm?,
(ii) it remains unclear how the spatial beam profile has
been taken into account, and (iii) thermal effects may

play a role at 81 MHz repetition rate. Older measure-
ments by the same method as in [26] but with a system
very similar to ours (35 ps pulse duration and repeti-
tion rate of 10 Hz) gave substantially higher values for
the o-polarization in GaSe, 6.3 £ 2.2 cm/GW [27]
while the value of 110 cm/GW obtained with 20-ns
pulses in a very early experiment [28] is generally
accepted to have been affected by poor sample quality,
impurities, small dynamic range and free-carrier
absorption. Even worse, very recent experimental data
of others [29] is just another contribution to the chaos
on this issue: with 65 ps pulse duration and 10 Hz rep-
etition rate the authors of [29] give values between 3 =
32 and 43.2 cm/GW for the o-polarization in GaSe,
which increase with the incident intensity (varied from
49 to 106 MW/cm?). In fact this means that fitting of
the z-scan traces should be impossible and the process
observed cannot be described by pure TPA.

On the other hand, our fitting procedure for Fig. 7
obviously violates the assumption for small transmis-
sion changes, (1 — R)Plyd. << 1 stated above. We
attempted to fit our experimental results using semi-
analytical polynomial expressions developed to
account for higher values of this parameter [30] but we
were unable to obtain satisfactory fits neither with pure
TPA or three-photon absorption process nor with
combinations of them. It can be speculated that our
experimental data in Fig. 7 was recorded at very high
intensities (in fact they reached in some cases the
damage threshold with 38 ps long pulse) but the signal
to noise ratio, related to the poor pulse-to-pulse stabil-
ity of such kind of laser sources, prevented us from
recording reliable z-scans at substantially lower inten-
sity levels.

It is clear that our TPA results in Fig. 7 are not so
relevant to OPO operation but rather to travelling-
wave schemes like OPG and OPA [31, 32] which
require higher pump intensities. At present it can be
only speculated if they are affected by different type of
nonlinear processes such as free-carrier excitation and
absorption at such high intensities [33]. This could
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possibly explain the weaker than expected difference
in the TPA coefficients that we obtain for GaSe and
GaS, ,Se; ¢ having in mind the fact that GaSe is
excited at energies well above half the band-gap.

8. CONCLUSIONS

In conclusion, we demonstrated that the mixed
nonlinear crystal GaS, ,Se, ; exhibits promising opti-
cal properties including large band-gap, good trans-
parency in the mid-IR, sufficient birefringence for
phase-matching, large nonlinear coefficient, large
damage threshold and low TPA that make it a good
candidate for application in 1064 nm pumped OPOs,
OPGs or OPAs. Higher hardness in comparison to
GaSe will make it easier for cutting and polishing
while the good thermal conductivity could enable
operation at high repetition rates. This opens new per-
spectives for development of such devices operating in
the 5—14 pum spectral range which can be directly
pumped by Nd:YAG laser systems.
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