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Table 1

Fitting Sellmeier equations of nf =A, +A, /Q*—A;)+ A, /(Q*—A,) in Refs. [8-10] and

nt=A,+A, /(A" —A,)—A;A" in Ref. [11] for BGSe crystals, where i=x, y, and =, and A is in pm

Validity range n A, A, A, A, A, Ref.
. 7.410040 0.293340 0.051215 1265. 119 1896. 441
0.48-10.4 pm n, 7.323096 0.292889 0.052725 1182. 324 1573. 474 [8]
n. 7.764197 0.326812 0.069734 1297.079 1975. 857
n, 5.952953 0.250172 0.081614 0.001709 -
0.5-2.5 pm n, 6.021794 0.256951 0.079191 0.001925 - [11]
n. 6.293976 0.282648 0. 094057 0.002579 —
n, 7.405114 0.225316 0.051215 1782. 091 1170. 528
2-11 pm n, 7.388458 0.224481 0.052725 1778. 441 1238. 145 [9]
. 7.622884 0.238018 0.069734 1885. 307 1303. 370
n, 6.72431 0.26375 0.04248 602. 97 749. 87
0.901-10. 591 pm n, 6. 86603 0.26816 0.04259 682.97 781.78 [10]
n. 7.16709 0. 32681 0.06973 731. 86 790. 16
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* 2 BGSe WHIEEE T dn, /dT=(B ;A *—By,A *+B,A '"+B,)X10 "(CC D, Hhi =2, y, z;1 FEAH pm
Table 2 Thermal-optical dispersion equation of dn,/dT=(B,,A"°—B,A *+B,A""+B,) X110 ' ("C™") for BGSe

crystals, where i= z, y, and 2z, and A is in pm

Validity ranges dn/dT B, B, B, B, Ref.
dn,/dT 0. 6837 1. 7607 1.6316 0.0318

25—-150 C dn,/dT 0.2692 0.3112 0.2201 0.4867 [12]
dn./dT 0.7223 1.5170 1. 2953 0.1296
dn,/dT 0.60868 1.26368 1. 05624 0.19583

20-120 °C dn,/dT 0.63935 1. 31762 1. 08950 0.24079 [13]
dn./dT 0.63141 1. 30790 1. 08486 0.20758

Kostyukova " F AT 51 R E 0 vy HEZRL R E
T A AL R B =i IR AR d s T
BAMRIAS . d WEUES d,, Y, HiE KT
d 5. Guo ZEH7 5 b e s M AV DG B U 3 D % 0 L
REIEPE WKW RE LR, B T BGSe AEZ M

RBGE G AF S . A R PR A B BGSe JE
AMEREFR 3 Pron, Ho e R B HESR XYZ
PR AL RS oy HEZR T, SR . 8 X
SERIF ST 0 ol o (B3 BEAIR L ¥E LA B BGSe 8
(A5 R T e ek BE Y

F 3 BGSe ALY RE d,; (d;; WIBAALHN pm/ V) A 45 R EHH RS 532 nm

Table 3 Nonlinear coefficients d;; of BGSe, with all results rescaled to 532 nm, where d; is in pm/V
Tensor Theory: converted to Maker fringes: OPO laser Phase-matched
component xyz (assumption) converted to xyz experiment, in xyz SHG, in xyz
) ) comparable to d,; ;
dy =d -+5.2 oppzsne Zlgn to lager than d 5 ; 5.3 0.8
B o same sign to d ,;

d,, +18.2 +24.3+1.5 - 6.2 = 0.9
dyy=d s, —20.6 +20.441.5 - —14.240.8
dy=d; +14.3 - - +2.040.3
dsy=dy —15.2 - - —5.0£0.4

d —2.2 - - -

Ref. [7] [14] [16] [15,17]
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Table 4 Laser damage threshold measurements of BGSe

Test condition

Laser damage threshold

Wavelength of light Pulse width Beam Repea‘t frequency Fo/Geem D) I,/ Ref.
source /pm T /ns diameter /mm frp/Hz ! (MWeem b)
1.064 5 0.4 1 2.8 557 [19]
2.09 27 - 500 3.3 122.2 [20]
1.064 14 ~4 100 1.4 100 [16]
100 2.04+0.39 254. 6
1.053 16 0.2 150 2.02 +£0.31 252 [21]
200 1.8140. 25 225.6
7.240.4 100 2.30 319
1. 053 8.3+0.5 0.15—0.16 500 1.75 211 [22]
10.040.3 1000 1.56 156

0101005-3



LES S EE P E49% F1H/2022F 1 A/HEEN

2.2 WEHIAI R A AR AR RS R (R 5HEHE: DL 1064 pm,

AT SR L [ AN 5T 3 3 T BGSe SR SE R T 10 Hz Ye VRS i ad T %Y B A48 47 VT i 7 =X 52 3t
WIS R/ B KR NS EIRG 20 BN/ K, T 21.5m] @3.8 pm Al 1.05 mJ] @11 pm # ik e
S/ koo D A5 Z2 RO 3 B Dk BEATAMBORAR BRI L2009 pm 1 kHz SR L 4 Bl
R P N R T Z MRS Bk MO S Gl TR R A f B A A7 DC A )7 X =4 5. 12 W@
SO R, O 2 M0t B . H A% A A R A 4.3 pum F 0. 31 W @ 9 pm A O LU
frVEHC 7 =X 35 A A A 7 VT I RUIR B AR AL DT 2,79 pm 10 Hz SGIRZE @ ik T % #f 4R 437 UC AL
Jic o A s A A DC i O SO A BE AR DU L iR L PR AR R KB b R 3.5 m] @5. 03 pm A
J3 57 DE JE Y 1% /0. Yang 25179 F 2013 4E 6 LE SRR 1. 064 pm G IR FIER 52 A 00O 25 05
UL B T BGSe fb M 19 21 40 0ot B L b )5 3 Wk T RYff B AR A DC e 5 7 4 3.15~7.92 pm
T BGSe i (A 1) £1 40 6 01 56 2 $8 S5 56 S 1T 9 R o,

F 5 YRR BGSe b RSO R L e S5 HE

Table 5 Recent progress in laser frequency conversion experiment of BGSe crystal

Type of experiment Pump source Output wavelength ~ Maximum input-output energy or power Ref.
OPO 1. 064 pm, 10 ns, 10 Hz 8§—14 pm 40 mJ@1 pm—>1.05 mJ@11 pm [25]
OPO 1.064 pm, 11 ns, 20 Hz 3.3-4.1 pm 101.3 mJ@1 pm—>21.5 mJ@3. 8 pm [24]
OPO 2.09 pm, 16 ns, 1 kHz 8-9 pm 9.58 W@2. 09 pm—0. 314 W@8. 93 um [26]
OPO 2.09 um, 28 ns, 1 kHz 3-5 pm 28 W@2 pm— 5.1 W@4 pm [27]
OPO 1.064 pm, 10 ns, 10 Hz 2.7-17 pm 61l mJ@1 pm—>3.7 mJ@7.2 pm [16]
OPO 2.79 pm, 21 ns, 10 Hz  3.94-9.55 um 18 mJ@2. 79 pm—>3.5 mJ@5.03 um [28]
DFG 850 nm, 50 kHz 3.15-7. 92 pm 1.5 W@850 nm—>1. 41 yW@5 pm [29]
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Fig. 4 Schematic of BGSe-OPO™ . (a) Schematic of BGSe OPO in a linear cavity; (b) schematic of BGSe OPO in a ring
cavity; (c) linear cavity output power versus incident pump power; (d) ring cavity OPO M? of signal light in the x

and y directions
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Table 6 Comparison of main properties between BGSe crystal and common infrared nonlinear optical crystals
Crystal AGS AGSe CdSe 7ZGP BGSe
Nonlinear coefficient /(pm+V ') 13 33 18 72 31.5
Laser damage threshold Low Low Low High Very high
Pump source /pm” 1-2 1.5-2 2 2 1-3
Output wavelength range /pm” 3-9 3-15 3-18 3-9 3-15
Output line width /nm 10 10 10 150 10
Melting point /°C 993 860 1350 1025 1020
Phase transition No No Yes No No
Thermal conductivity /(Wem '+K ") 1.5 1 6.5 36 0.7
Electron beam irradiation No No No Yes No
Ref. [32] [33] [34] [34] [7]

Note:" The pump light source and output wavelength range are obtained by comprehensively considering the light

transmission range of the material, multi phonon absorption, and refractive index dispersion equation.

*7

TV £ AP AR 2 A 0 2 AT E O AR B £ vl g St 2R R T

Table 7 Representative laser output results of commonly used infrared nonlinear optical crystals

Pump source /

Output wavelength /

Crystal  Type of experiment pm um Maximum output energy or power Ref.
AGS OPO 1. 064 2.35-5.27 21 mJ@1 pm—>0.58 mJ@4 pm [35]
AGS DFG 0. 780 5-12.5 40 mW@0. 780 pm—>66 nW@8. 06 pm  [36]
AGSe OPO 1.57 4-8 12 mW@1.57 pm—0.8 mW @4.11 pm  [37]
AGSe DFG 1.97 6-18 30 mJ@1. 06 pm—>0. 34 mJ@9 pm [38]
CdSe OPO 2,097 10. 5-12 18. 2W@2.097 pm—>0.8 W@11 pm  [34]
ZGP OPA 2.097 3-5 120 W@2., 097 pm—>102 W@3, 92 pm [39]
ZGP OPA 2.097 4.3-8.3 116 W@2,097 pm—>11.4 W@ 8.3 um [40]

Note: CdGeAs, requires pump light source more than 3 pm, and there have been no reports on laser conversion in recent

ten years.
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Abstract

Significance Mid-far infrared (IR) laser is widely used in fields such as IR remote sensing, laser communication,
medical detection, and semiconductor processing. IR nonlinear optical (NLO) crystal can convert existing near IR
lasers (1-2 pm) to mid-far IR range (3-20 pm) through frequency down-conversion technologies, such as optical
parametric oscillation (OPO) and optical parametric amplification (OPA). Therefore, exploring mid-far IR NLO
crystals that can realize continuous frequency conversion is essential and imminent.

Currently, the commercially available IR NLO crystals are merely restricted to some chalcopyrite-type
semiconductors, such as AgGaS, (AGS), AgGaSe, (AGSe), and ZnGeP, (ZGP). It will take years of development to
obtain some high-quality crystals and devices. However, some inherent performance defects limit their application in
laser frequency conversion. For example, the laser damage thresholds of AGS and AGSe are only 25 MW/cm’ and
11 MW/cm”, respectively, under 1.06-pum wavelength and 35-ns pulse width; hence, they cannot be pumped by
high-power laser. Moreover, ZGP cannot use the conventional 1. 064-pum laser (Nd: YAG) as the pump source
because of its strong absorption in the range of 1-2 pm. New IR NLO crystals with excellent comprehensive
properties are urgently needed to meet the development requirements of mid-far IR lasers.

In 2010, we had first discovered and reported BaGa,Se, (BGSe) as a new IR NLO crystal. BGSe is a positive
biaxial crystal that crystallizes in the monoclinic Pc space group (No. 7), it owns a three-dimensional network
structure composed of parallelly aligned GaSe, tetrahedra with Ba®" in the interstices, and has a large band gap
(2.64 €V); wide transmission range (0.47-18 pm); large nonlinear coefficient (d,, =24.3 pm/V, d,; = 20.4 pm/V,
xyz frame); moderate birefringence (An =0.06 at 2 pm); and high laser-damage threshold. It can be pumped by a
1-3-pm light source to produce up to 18 pm of tunable IR laser. Unlike ZGP, BGSe can obtain large-aperture devices
without needing to apply electron irradiation treatment. Recently, the BGSe crystal has attracted extensive attention
in the terms of crystal growth and processing, property characterization, and laser frequency conversion from
researchers at home and abroad. The obtained experimental results explicitly show that the BGSe crystal has good
application prospects in high-power and wide-band IR laser frequency conversion via OPO, OPA, and various
differential frequency (DFG) methods (e. g., intracavity/out of cavity and continuous/pulse pumping). Hence,
summarizing the recent research results of property characterization and laser frequency conversion is very essential
and helpful in mastering the future research direction for the BGSe crystal.

Progress In the terms of property characterization, the experimental results obtained by Yao et al. in 2010 showed
that the BGSe crystal has a high transmittance that ranges from 0.47 pm to 18 pm, but an absorption peak at 15 pm.
Yao et al. also reported the calculated nonlinear coefficients of d,; =18.2 pm/V, dy; = —15.2 pm/V, dy;, =5.2 pm/V,
dy;=—20.6 pm/V, dy =14.3 pm/V, and dy; = — 2.2 pm/V under the XYZ frame. Subsequently, in 2015, Zhang
et al. measured partial nonlinear coefficients using the Maker fringe method, but failed to obtain the relative symbol.
Thereafter, Boursier, Boulanger, Kostyukova, and Guo. also studied the magnitude and the relative sign of the
nonlinear coefficients of BGSe. Table 3 summarizes the nonlinear coefficients of BGSe measured by different
research groups. In 2012, Yao et al. measured the damage threshold of BGSe under Nd: YAG laser (5 ns, 1 Hz, D =
0.4 mm), obtaining a value of 557 MW/cm®, which is 3.6 times that of AGS (155 MW/cm’). Since then, the
research groups at home and abroad have further studied the laser-damage threshold of BGSe under different test
conditions (Table 4).

In the application of laser frequency conversion, Yang et al. realized the IR laser frequency conversion based on
the BGSe crystal for the first time in 2013. Thereafter, IR laser frequency conversion experiments based on the
BGSe crystal were successively performed. Recently, the representative results include the following: 21.5 m] at
3.8 pm and 1. 05 mJ at 11 pm laser realized by 1. 064 pm, 10 Hz pumping source under Type I angle phase
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matching; 5.12 W and 0.31 W at 4.3 pm and 9 pm laser realized by 2.09 pm, 500 Hz pumping source under Types
I and II angle phase matching, respectively; 3.5 m]J at 5.03 pum realized by 2.79 pm, 10 Hz pumping under Type I
angle phase matching; and IR laser in the range of 3.15-7.92 um produced by differential frequency generation using
1.064 pm and Ti: sapphire laser under Type I angle phase matching. The latest laser experimental results obtained
in 2020 include: a coherent broadband mid-IR continuum spanning from 6 pm to 18 pm that was obtained by Zhang et
al. using a Cr: ZnS laser system; and the temperature tuning of BGSe first reported by Kong et al. with a
temperature range of 30 C to 140 ‘C and an idler light wavelength of 3637 nm to 3989 nm.

Conclusions and Prospects The BGSe crystal is a new type of wide-bandgap IR NLO material with unique
advantages and good application prospects in mid-far IR laser output via the frequency down-conversion process. The
future research direction of BGSe mainly focuses on improving the crystal quality, searching for the optimal phase-
matching direction, and solving the matching problem between the different types of pump sources and the optical
properties of BGSe.

Key words laser optics; BGSe; property characterization; laser frequency conversion
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