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Fig. 1 Schematic diagram of Z-folded off-axis hybrid unstable resonator. (a) Gas flow direction of gain medium (X direction) ;

(b) height direction of gain medium (Y direction). Laser optical axis direction is Z direction
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Fig. 2 Virtual assembly diagram of gain generation module

and optical cavity module
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Fig. 3 Schematic diagram of monitoring optical path for power, far-field spot and spectrum of output beam
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Fig. 4 Far-field spots of output beam in numerical calculation. (a) Gain size in gas flow direction is limited to 10 mm;

(b) gain size in gas flow direction is limited to 8 mm; (c¢) gain size in gas flow direction is limited to 6.5 mm
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Fig. 5 Far-field spots of output beam in experiment. (a) Gain size in gas flow direction is limited to 10 mm;

(b) gain size in gas flow direction is limited to 8 mm; (c¢) gain size in gas flow direction is limited to 6.5 mm

7

6 F

Intensity /(10 arb. units)
)
T

1_

) ) ) ) " il m )

0
3100 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100 4200 4300
Wavelength /nm

K6 oL OLiE

Fig. 6 Laser spectrum

Nd:YVO, slab laser with hybrid resonator at 1064 nm and 1342

4 éljj: ib nm[J]. Chinese Journal of Lasers, 2010, 37(11): 2766-2768.
[5] #ifEde, skfEF], BK, 2. 160 W Smia iz IE IR A B &
T T /NG DF B35 kA AR O 25 IR B WOCH TS I] . WEEHR, 2016, 65(19): 194206,
30 mm X 40 mm X 125 mm) %ﬂ}m%%ﬂiﬁﬁi . %m%\z Yuan J] H, Zhang H L., Mao Y F, et al. 160 W laser-diode end-
N N NN umped Nd . YVO, slab laser with positive branch hybrid
E/‘J ':Pélﬁl\{}%(%%ﬁm ’ZIKK%'LH *”ﬁj%‘mﬁﬁ m Z ﬂ?ﬁé fcsorl;)ator[]]. Acta I;hysica Sinica, 20161, 65(19): 19/1206Ay
%%{E%E‘F%%’Vﬁjﬂ DF ’ﬂﬁi{% )lﬂﬁzéé B EKJ )K%i%ﬁ [6] Guo YD, Peng QJ, BoY, etal. 24.6 kW near diffraction limit
p& ’jfl:xrj-lzﬁ,ﬂlz/_:‘hbﬁjj‘ fﬁl T El/tj %Eﬁﬁﬁiﬁ’/ﬁi T EE‘L/E\JI% ;‘; quasi-continuous-wave Nd . YAG slab laser based on a stable-

unstable hybrid cavity[J]. Optics Letters, 2020, 45(5): 1136-

SAFSE S T R 550 W OB R B 1. 8 1139
(FROERrm fER 1.5 ARRERE I m pEA 1.9 (7] VPR, REAEMOCA AR [FUSRE (0]. WEOE SR TR,

NS N 7 A 2020, 32(1):011007.

el B 3% 3680 ~ 4089 nm {9 4T Ah ¥ L5 WO T . |
. Hﬂ o L, Xu X J. Retrospect and prospect on 60-year development of high
TZYE%E{EE%\% E"Jﬁﬁ'ﬁﬁjfﬁﬁﬁj}ﬂ;ﬁﬁ Zj] ':F' élﬁl\ DF = energy laser[J]. High Power Laser and Particle Beams, 2020,

AL EHOC I E BB A N T )i 32(1): 011007.
[8] Sziklas E A, Siegman A E. Mode calculations in unstable

resonators with flowing saturable gain 2: fast Fourier transform

;95 % j[ fﬁk method[J]. Applied Optics, 1975, 14(8): 1874-1889.
[1] Kuba K, Yamamoto T, Yagi S. Improvement of slab-laser [9] Goodman J] W. Introduction to Fourier optics[M]. New York:
beam divergence by using an off-axis unstable-stable resonator McGraw-Hill, 1968.
[J]. Optics Letters, 1990, 15(2): 121-123. [10]  Z=0m, XUBEEL, AEBEET, 5. KT 5E 08 5% X G Rz 5 fL B Y
[2] Handke J, Schall W O, Hall T, et al. Chemical oxygen-iodine s [J]. PEBOE, 2020, 47(11): 1105001.
laser power generation with an off-axis hybrid resonator [J]. Li Q, Liu X K, Ren X M, et al. Effect of cylindrical mirror
Applied Optics, 2006, 45(16): 3831-3838. rotation on the far-field spot of a shaping beam [J]. Chinese
[3] Pargmann C, Hall T, Duschek F, et al. Hybrid resonator in a Journal of Lasers, 2020, 47(11): 1105001.
double-pass configuration for a chemical oxygen iodine laser[]]. [11]  mXEAF, SR, T4, 4. CW DF/HF fb¥ 0ot tEfie 5
Applied Optics, 2008, 47(35): 6644-6649. MBHSBNME LRI, PEBEOE, 2001, 28(5): 402-406.
(4] kiR, B2, X, & BOE AR BES) o 2 R A Nd: Yuan S F, Zhao Y J, Hua W H, et al. Dependence of CW DE/
YVO, #4k 1064 nm A1 1342 nm BEOCREDF 52 ] . A E O, HF chemical laser performance on the flow field parameters[J].
2010, 37(11): 2766-2768. Chinese Journal of Lasers, 2001, 28(5): 402-406.

Zhang H L, Yan Y, Liu Y, et al. Laser diode stack end-pumped [12] #:aens. M2 A8l bR ()], it 5k 1

2301007-5



R £ 49% F 23 H1/2022 &£ 12 A/FEBEx

. 2000, 12(¢3): 301-305. diagnosis of high-power laser beam quality [J]. Infrared and
Du Y Y. Simulation of confocal unstable resonators using thin Laser Engineering, 2003, 32(1): 61-64.
gain sheet[]J]. High Power Laser & Particle Beams, 2000, 12 [16] FLs, =EAF, 250, & Mm% s:)k HF/DF 4 b2 %
(3): 301-305. Jedothn R L1, Ot 5k T A, 2006, 18(8): 1257-
[13] Morin M. Graded reflectivity mirror unstable laser resonators 1260.
[J]. Optical and Quantum Electronics, 1997, 29(8): 819-866. Wang H Y, Yuan S F, Li Q, et al. Choosing cavity axis for a
(141 s, SR, BoBE M de st BB Tk Bk, 2017 discharge driven CW line-selected HF/DF chemical laser[J]. High
49-56. Power Laser and Particle Beams, 2006, 18(8): 1257-1260.
Zhou B K, Gao Y Z. The principle of laser [M]. Beijing: [17]  FEA, SRk Bk, 4. BW B ELS I DF BO6 i ok
National Defense Industry Press, 2017: 49-56. T T . SETFaER, 2018, 47(12): 1214002.
[15] @\, E=M, 250t SRt g & WA & 5 g afse (] . Wang J, Guo J Z, Yan F X, et al. Analysis of output spectrum
LIAN SO T8, 2003, 32(1): 61-64. in nitrogen diluted continuous wave DF laser[J]. Acta Photonica
Gao W, Wang Y P, Li B. Study on characterization and Sinica, 2018, 47(12): 1214002.

Off-Axis Hybrid Unstable Resonator with Z-Fold in Gas Flow Direction

L1 Qing*, Liu Xiankui, Ren Xiaoming, Qiu Xiongfei, Li Jinxue, Guo Jianzeng
The 718th Research Institute of China Shipbuilding Industry Corporation, Handan 056027, Hebei, China

Abstract

Objective Hybrid unstable resonators have been widely used in slab solid-state lasers and gas laser systems in recent
years due to their high extraction efficiency and high beam quality. So far, hybrid unstable resonators have not been used
in DF gas flow chemical laser devices to achieve high-power, high-beam quality mid-infrared continuous wave (CW) laser
output. In addition, the beam quality in the direction of stable resonator is always poor and hard to handle, and the
physical process of far-field spot from high-order transverse mode oscillation to single fundamental transverse mode
oscillation should be studied theoretically and experimentally.

Methods A kind of off-axis hybrid unstable resonator with Z-fold in the flow direction is proposed and studied. The
Z-folded off-axis hybrid unstable resonator is a flat concave stable resonator in the gas flow direction, and Z-folded to
reduce the gain size in the direction of the stable resonator. In the height direction, it is a positive branch confocal
unstable resonator, as shown in Fig. 1. The magnification in the direction of unstable cavity is 1.2. The gain medium is
generated by the DF gain generator driven by combustion. Nitrogen is used as diluent, and the static pressure of the gain
air flow is generally less than 666.7 Pa. The gain size is about 30 mm in the air flow direction and 40 mm in the height
direction, and the gain length of the laser single pass is 125 mm, while after Z-folding the gain length becomes 375 mm.
The virtual assembly diagram of the gain generator module and the optical cavity module is shown in Fig. 2. Figure 3
shows the schematic diagram of the monitoring optical path, with which the output power, far-field spot, output spectrum
and near-field spot are monitored. We calculate the oscillatory self-reproducing modes of Z-folded off-axis hybrid unstable
cavities by means of fast Fourier transform based on the diffraction theory of plane-wave angular spectra. In the
calculation, the seed beam used for the optical cavity oscillation is a rectangular parallel plane wave conforming to the
cross section of the gain medium (30 mm X 45 mm). There are four mirrors in the optical cavity, and the seed beam
oscillates back and forth between the concave spherical mirror 4 and the convex cylindrical mirror 1. After the gain
saturation, a self-reproducing mode with stable intensity and phase distribution is formed. The calculation process is
shown in Egs. (1)-(10).

Results and Discussions The mid-infrared CW laser output with average power of 550 W, beam quality 8 value of 1.8
(the B value is 1.5 in the stable resonator direction and 1.9 in the unstable resonator direction), and spectral coverage of
3680-4089 nm is realized in a miniaturized DF gas flow chemical laser device (size of gain medium: 30 mm X 40 mm X
125 mm), as shown in Figs. 4-6. The calculation results of the far-field spot are shown in Fig. 4. Figures 4(a), 4(b)
and 4(c) respectively correspond to the gain size in the direction of the air flow, which is determined by the rectangular
apertures in front of the concave spherical mirror 4, being limited to 10 mm, 8 mm, and 6.5 mm. High-order transverse
mode oscillations appear in the X direction for the far-field light spots in Figs. 4(a) and 4(b). Figure 5 shows the
experimental results of the far-field spots. When the gain size in the air flow direction is limited to 10 mm and 8 mm, the
intensity distributions of the near-field spot (10 mm X 6.6 mm, 8 mm X 6.6 mm) and the far-field spot in the experiment
have the characteristics of three bright spots and two bright spots, respectively. The bright spot appears as a Hermitian-
Gaussian high-order transverse mode, and the beam quality 3 values of the far-field spots in the air flow direction are 4.2
and 3.4, respectively. As the gain size in the air flow direction is limited to 6.5 mm, we experimentally obtained a high
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beam quality CW laser output with a beam quality 8 value of 1.8, and the beam quality in the air flow direction, i.e., the

direction of the stable cavity, is 1.5.

Conclusions In order to achieve high-beam quality and high-power mid-infrared laser output based on a miniaturized DF
gain generator (gain volume is 30 mm X 40 mm X 125 mm), we propose and study a Z-folded off-axis hybrid unstable
resonator in the gas flow direction as the optical resonator of DF chemical laser device, and the beam quality in the gas
flow direction of the resonator is studied theoretically and experimentally. Finally, mid-infrared CW laser output with an
average power of 550 W, a high beam quality 3 value of 1.8 (the 3 value is 1.5 in the stable cavity direction and 1.9 in
the unstable resonator direction), and a spectral coverage of 3680-4089 nm is achieved.

Key words lasers; off-axis hybrid unstable resonator; DF gas flow chemical laser; beam quality; mid-infrared laser
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