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12 The orthorhombic biaxial crystal BaGa4S7 has been employed in a 1064 nm pumped optical parametric oscillator
13 generating <6 ns long idler pulses with energies as high as 0.5 mJ at 6.217 μm and average power of ∼50 mW at
14 100 Hz. Notwithstanding the relatively low nonlinearity, ∼3 times above threshold operation has been achieved
15 at pump intensities more than 5 times below the crystal surface damage limit. © 2012 Optical Society of America
16 OCIS codes: 190.4970, 160.4330.

17
18 Nonoxide nonlinear optical crystals are indispensable for
19 frequency conversion of high-power, solid-state laser sys-
20 tems operating near 1 μm (e.g., Nd:YAG at 1064 nm) to
21 the mid IR above ∼5 μm, the upper wavelength cutoff
22 limit of oxide-based materials. In order to avoid two
23 photon absorption when using short or ultrashort pulses
24 for high efficiency, the bandgap of such crystals should
25 correspond to<532 nm, a condition which is met by only
26 few chalcogenide compounds. The most prominent of
27 them is the commercially available chalcopyrite type
28 AgGaS2 (AGS). Other such crystals with relatively wide
29 bandgap are the related defect chalcopyrite HgGa2S4,
30 which is extremely difficult to grow; the orthorhombic
31 LiGaS2, LiInS2, LiGaSe2 and LiInSe2, which exhibit rela-
32 tively low nonlinearities; the recently developed chalco-
33 pyrite CdSiP2 (CSP), which is highly nonlinear and
34 noncritically phase matchable but transparent only up
35 to ∼6.5 μm; as well as few solid solutions whose compo-
36 sition is almost impossible to control during growth [1,2].
37 BaGa4S7 (BGS) is another chalcogenide nonlinear
38 crystal which is a new candidate for such applications.
39 Its noncentrosymmetric orthorhombic mm2 structure
40 was identified as early as 1983 [3]. The BaS-Ga2S3 binary
41 phase diagram has been studied in [4]. Single crystals of
42 BGS were grown by the Bridgman–Stockbarger techni-
43 que in [5] and the SHG effect was confirmed by the Kurtz
44 powder test. The bandgap estimated in [5] corresponds
45 to ∼350 nm (3.54 eV) and the transparency extends up
46 to 13.7 μm at the 0 level. In [6], we measured the three
47 refractive indices of BGS in the 0.42–9.5 μm spectral
48 range and constructed the first set of Sellmeier equa-
49 tions. The correspondence between the dielectric (prin-
50 cipal optical) axes xyz and the crystallographic axes abc
51 of BGS, in which c coincides with the twofold symmetry
52 axis, is xyz � cab if the convention c0 < a0 < b0 is used
53 for the lattice parameters and nx<ny < nz [6]. Further-
54 more, the angle Ω between the optic axes and the z prin-
55 cipal (dielectric) axis was measured to be Ω � 45.6° at
56 633 nm [6]. With high optical quality material, we esti-
57 mated the good transmission limits of BGS, at an absorp-
58 tion level of 0.3 cm−1, to be 0.545–9.4 μm [7]. The two
59 nondiagonal elements of the nonlinear tensor (assuming

60Kleinman symmetry) were determined by SHG for a fun-
61damental wavelength of 2.26 μm [7]: d31�5.1� 0.3� pm ∕V
62and d32 � �5.7� 0.3� pm ∕V, where d31 ∕ d32 > 0. Finally,
63BGS showed extremely high surface damage threshold
64at 1064 nm with 14 ns long pulses corresponding to
653.7 J ∕ cm2 of incident on-axis fluence (or 264 MW ∕ cm2

66of peak on-axis intensity) [7]. Thus, while its effective
67nonlinearity for downconversion processes is roughly
682 times lower in comparison to the commercially avail-
69able AGS, the advantage of BGS is its much higher (by
70an order of magnitude) surface damage threshold. This
71property, which is related to the large bandgap value ren-
72ders BGS similar to the isostructural LiGaS2 (both mm2

73point group); however, BGS is easier to grow in large
74sizes with good optical quality. Here we demonstrate,
75for the first time to our knowledge, optical parametric
76oscillation in the mid IR based on BGS pumped at
771064 nm.
78The BGS sample employed was grown by the
79Bridgman–Stockbarger method using raw materials with
80high purity, 6Ns for Ga and S, and 99% for Ba; more de-
81tails can be found in [6,7]. The as-grown crystals are nor-
82mally colorless; however, the large size sample available
83for the present experiment (Fig. 1) had a yellow tinge.
84The processed 14.05 mm long element had an aperture
85of 9.8 × 9.5 mm2. It was cut in the x-z plane at θ � 9.2° for
86oo-e type I phase matching with the 9.8 mm edge parallel
87to the y axis (vertical in the present case), to ensure
88maximum effective nonlinearity deff [7]. The actual cut
89angle was established by Dr. K. Kato using tunable
90SHG for propagation near the z axis [8]. At such a small

F1:1Fig. 1. (Color online) Photograph of the AR-coated BGS
F1:2element.
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91 angle deff � d31 cos θ ≈ d31 for normal incidence, for
92 which the predicted idler wavelength is 6.2144 μm [8].
93 The walk off angle for the e-polarized pump does not
94 exceed 10 mrad in the possible tuning range and can
95 be neglected.
96 The single layer Al2O3 antireflection (AR) coating was
97 specified by the supplier (ELAN Ltd.) with reflectivity of
98 2–3% for the pump (1064 nm) and signal (∼1.3 μm)
99 wavelengths. These values were confirmed by transmis-

100 sion measurements of the AR-coated sample (Fig. 2), tak-
101 ing into account that the crystal absorption (measured
102 prior to coating) did not exceed 0.01 cm−1 at all three
103 wavelengths. The obtained residual surface reflectivity
104 at the idler wavelength near 6 μm (∼15%) is thus totally
105 attributed to Fresnel reflection (n ∼ 2.25), see Fig. 2.
106 The optical parametric oscillator (OPO) was pumped
107 by a diode-pumped Q-switched Nd:YAG laser/amplifier
108 system (Innolas GmbH) delivering up to 250 mJ per pulse
109 at 100 Hz (Fig. 3). The pump pulse duration was typically
110 ∼8 ns and the M2 factor was measured to be ∼1.4. A half-
111 wave plate (λ ∕ 2) and a polarizer (P) were used to attenu-
112 ate the pump beam and a telescope (T) was applied to
113 expand it to a diameter of ∼5.5 and ∼8.8 mm in the hor-
114 izontal and vertical directions, respectively. The pump
115 beam reached the BGS crystal after reflection at a ZnSe
116 bending mirror (BM) and passing through the plane out-
117 put coupler (OC), which transmitted 82%. The OC had a
118 transmission of 18–22% at the signal wave and ∼73–84%
119 in the idler tuning range. An Ag mirror was used as a total
120 reflector (TR) for all three waves in a double pump pass
121 singly resonant OPO configuration. The diaphragm (D) in
122 Fig. 3 served to align the OPO and the filters (F) were
123 used for suppression of the residual pump and signal
124 pulses.

125Figure 4 shows the input–output characteristics
126obtained at normal incidence for a minimum cavity
127length of 17 mm. The threshold of 25 mJ corresponds
128to an axial fluence of 0.134 J ∕ cm2 or a peak on-axis in-
129tensity of 16.7 MW ∕ cm2. The slope efficiency in the initial
130stage is ∼1% with respect to the idler output but some
131saturation can be seen at higher powers. Nevertheless,
132an average idler power of ∼50 mW was obtained
133at 100 Hz.
134In the present experiment we were limited by the da-
135mage of the Ag mirror, which occurred at >50 MW ∕ cm2

136peak pump intensity (about 5 times lower than the limit
137set by the BGS damage resistivity). Still this allowed us to
138reach 3 times above threshold pumping of the OPO. Since
139we tested different metallic mirrors and the situation
140could not be improved, the most straightforward solution
141to this problem seems the use of longer (>20 mm) BGS
142elements in the future which will reduce the OPO thresh-
143old. This should be possible with BGS, in contrast to
144some other nonoxide materials, due to the relatively
145low residual absorption losses (Fig. 2).
146The idler wavelength at normal incidence was
1476.217 μm, in excellent agreement with calculations [8].
148The OPO linewidth, measured at the signal wavelength
149using a 1 mm thick Ag-coated CaF2 Fabry–Perot etalon,
150was ∼60 GHz�∼2 cm−1�.
151Tuning was studied by tilting the crystal at a slightly
152lengthened cavity (Fig. 5). The idler wavelength range
153extended from ∼5.5 to ∼7.3 μm with a pronounced en-
154hancement at normal incidence due to the idler reflection
155by the crystal surfaces. This makes the OPO quasi-doubly
156resonant at normal incidence. The minimum idler wave-
157length reached at θ � 0° (noncritical interaction) was
1585.47 μm while calculations predict 5.38 μm [8]. While
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F2:1 Fig. 2. (Color online) Transmission of the AR-coated BGS ele-
F2:2 ment measured with unpolarized light.

F3:1 Fig. 3. (Color online) OPO experimental setup.
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F4:1Fig. 4. (Color online) Input–output characteristics of the BGS
F4:2OPO at normal incidence for a cavity length of 17 mm.
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F5:1Fig. 5. Tuning characteristics of the BGS OPO for a cavity
F5:2length of 20 mm recorded at an incident pump energy of 58 mJ.
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159 the refined Sellmeier equations predict a longest idler
160 wavelength of 8.4 μm at the retracing point of θ �
161 13.2° [8], the longest wavelength reached for which a
162 similar phase-matching angle could be experimentally
163 measured was ∼7.5 μm. Careful analysis of the tuning be-
164 havior in Fig. 5 showed that the decreasing deff and
165 parametric gain alone cannot account for the strong de-
166 crease of the conversion efficiency at long idler wave-
167 lengths. The parameter that drastically changes from
168 noncritical phase matching (θ � 0°) to the retracing
169 point (θ � 13.2°) is the angular acceptance, decreasing
170 by more than an order of magnitude to a value of
171 ∼3 mrad, comparable to the collimation accuracy of the
172 pump beam. This effect could be easily avoided in the
173 future by improved alignment of the pump telescope.
174 The temporal characteristics of the BGS OPO were
175 measured at maximum pump level using fast photo-
176 diodes and 2 GHz oscilloscope. The (HgCdZn)Te detec-
177 tor used for the idler (Vigo systems model PCI-9) had a
178 time constant of <2 ns. As can be seen from Fig. 6, both
179 signal and idler exhibit shorter durations compared to
180 the pump which is typical for the intensity-dependent
181 nonlinear process in the OPO. The actual idler pulse
182 duration should be <6 ns due to the finite detector
183 response.
184 As with CSP [9], the M2 value obtained with the BGS
185 OPO in this short cavity was far above the value cor-
186 responding to diffraction-limited beams: for the nonreso-
187 nated idler we measured M2 ∼ 10. This can be attributed
188 to a combination of factors, including the large pump dia-
189 meter, short pump pulse duration and cavity length, and
190 the operation ∼3 times above threshold. However, in
191 contrast to CSP, the interaction in BGS is critical and sub-
192 stantial improvement of this parameter can be expected
193 implementing the RISTRA concept [9].
194 In conclusion, we demonstrated that chalcogenide
195 nonlinear crystals with relatively low nonlinearity but
196 wide bandgap and high damage resistivity are very attrac-
197 tive for OPOs pumped at 1064 nm for frequency con-
198 version to the mid IR above ∼5 μm. In fact, comparing
199 with our previous experience with crystals of AGS and
200 LiInSe2, with the present BGS crystal we reached the

201highest ratio of pump power above threshold (∼3) with-
202out surface damage. In the present experiment, the da-
203mage limit was set by the Ag total reflector. Thus, we
204were able to reach with BGS the same level of idler pulse
205energy as with the highly nonlinear CSP [10] for which
206the threshold in terms of pump energy was lower by
207about an order of magnitude. Since there were no
208thermal problems with BGS and no cumulative damage
209occurred, we were able to pump it also at increased
210repetition rate of 100 Hz (most previous experiments
211with such 1064 nm pumped chalcogenide crystals were
212performed at 10 Hz [2]) achieving the highest ever aver-
213age powers (∼50 mW) in the 6 μm spectral range with
214such an OPO.
215The results of the present experiment indicate that a
216tradeoff should be searched in the quest for new non-
217linear materials for the mid IR: we reached similar OPO
218output energy limits with BGS and CSP, although CSP
219has >16 times higher effective nonlinearity since the da-
220mage resistivity of BGS is at least 10 times better. In ad-
221dition, while critical phase matching has to be applied
222with BGS, its tuning potential is much broader. Future
223work will be directed toward increasing the crystal size
224of good optical quality BGS elements and the study of
225the related monoclinic BaGa4Se7, which exhibits higher
226nonlinearity [6].
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F6:1 Fig. 6. (Color online) Simultaneously measured temporal
F6:2 pulse profiles of the pump, signal, and idler.
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257 Queries

258
259 1. AU: Please check this unit throughout for correctness.

260
261 2. Please spell-out SHG in first occurrence.

262
263 3. Please clarify 6Ns. Is it denotes “numbers”

264
265 4. Please expand “oo-e”

266
267 5. This query was generated by an automatic reference checking system. References [r3, r5, r9] could not be located in
268 the databases used by the system. While the references may be correct, we ask that you check them so we can
269 provide as many links to the referenced articles as possible.
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