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Fig.1 Experimental setup of multi-wavelength diamond Raman laser in red
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Tab.1 Coating parameters of cavity mirrors
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Fig.2 The fundamental transverse modes of various Stokes orders in the

diamond Raman oscillator

2 XRERSHN

FIHYCEFJEEY (Toshiba 23], 145 TCD1304AP)
XA TR ZE W T 23R i ik b AT T R4, 45 R
K3 s . YA RER O 343, 437, 1165 pJ i}, 5351
KA F T B Stokes Y . [ Al = B Stokes, .
Br~PU B Stokes JEAYGIE(E B, £ B Stokes Jt =2 [H] 1Y
WA R 1332 em™, 5 4 WA b R 14 3R 1 2 0 RS i
Wi . S H 6 — B Stokes 6 R 3 IR (R>
99.97%) B M5%, JIr LA A 7 4 1 ' v WL 4% 8 R 4 31
A1 | R MR B, R A B T X — B
573 nm Y BRGSO

Pl 4 Sk R AS [m) #800E K 8 B R X 45 B
Stokes YGREH M i W25 S . B ZEW AR I K, T
T J B 9% A WF— By Stokes Y611 & I B RAT R, A
2 T8 R BE B9 ) — B Stokes Y37, M 4R 5 ZE
JEIFE IR, I & B Stokes Y. 4 i i YL

SRR RGN, S GO BOR RS N, BR
V%, BAREWRER RN 1738 W o
T, 345 T4 632.4 W M Z KA EAFOE T, Lo
AR R 36.38%

K FHOGHLERI #8 (Thorlabs 23 7, %15 DET025A)
XoF AR Y 532 nm FE I 6 A IR K B BE A N
Hi 1 45 B Stokes & 14 I 38 8 64T T 0 2, 25 2 4n
K5 s, HOBKSE kRl 11.43, 10.41, 3.75, 2.45 ns,

—_
(=]

(=]

Pump energy of 343 pJ
0.5
2z 0
‘g
; 1.0 Pump energy of 437 pJ
:‘i 05 1332 cm’!
5
E

1.0 + Pump energy of 1 165 uJ
05 1332 cm". 1332 cm™
; | ..

500 550 600 650 700 750 800 850
Wavelength/nm

P 3 RIEIZERE S T WA SRR S BOGAS Ao D61
Fig.3 Output laser spectra of diamond cascade Raman lasers at different

pump energies

20230329-3



ISk A2

% 84 www.irla.cn %52 A
(a) 500
—u&— 2nd Stokes —a— Combined Stokes 1 40%
—e— 3rd Stokes ° 600 r —e— Conversion efficiency °
400 r —a—4th Stokes / o— o
Q
2 A 2 450 1% 2
& 300 o 2 5
20 / 20 =
[ Q o
5 o 5 {20% §
g / g 300 °.Q
g 200 o g &
J—
100 | /°/ " 150 {1 10% 3
—
e -/l /A
l—'/./ /‘_-’-’A /-
0 w87 e 0 (o= . , , 0
400 800 1200 1 600 400 800 1200 1 600
Pump energy/pJ Pump energy/pJ
4 (a) £ Stokes YGRE 5 AL AE R C R E]; (b) & Stokes JERERE . HOR G A BE R KR K
Fig.4 (a) Stokes energy versus pump energy for each wavelength; (b) Total Stokes energy, efficiency versus pump energy
@ 1.0} - —Pump| (b) 10} n —2nd Stokes| (c) 10} n —3rd Stokes| (d) 10} n —4th Stokes
2 08} 2 08} z 08} z 08}
g 5 g 5
S 0.6 s 0.6} s 0.6 s 0.6 |
< < < <
> 04 > 04t > 04 > 04t
5 02} 5 02} 5 02 5 02}
R= = = =
0 0 P 0 FaasWMgprrmns? 0
-0.2 0.2 —0.2 -0.2

50 -25 0 25
Time/ns

50 25 0 25 50
Time/ns

50

50 25 0 25 50
Time/ns

50 25 0 25 50
Time/ns

5 WKIIE BOGEBE: (a) ZEWDG; (b) K Stokes J6; (c) =F Stokes Jt;; (d) PUBY Stokes Jt

Fig.5 Temporal behavior and near-field spot : (a) Pump; (b) Second-order Stokes; (c) Third-order Stokes; (d) Fourth-order Stokes

R B 0 A5 A B4 ik b R R A 2 7R AR B9 620, 676,
743 nm = By 21 0% 1Y 0 {8 T 43 il O 125, 40.8,
17.4 kW, 45 B Stokes JEAHEE T2 LT 7, Wk 58 46
B8 TSR R B B R 48, B B2 Bk 93 m, 45
RO R W . S AR BT Stokes J Y g £ % JiE 1k
FII 75 B Stokes Y& (1) [ {E B, &5 B Stokes Yt 2 #E S AIK
B Stokes JEMYAER, H1 L3 EMIKPY Stokes JEFEIIE I
25 B O v R BE R A R, R — SR A R T
W R R —AN S5V 6 B4, Hir 620 nm Jik vh %
T TV ARV AE B FP g . an &L S w4 1 e
7, £ B Stokes Y6 3T 376 BE TG BA i W AR, SEBEIE A
KA.

LIRS, R HAMERL2 IR G 3 L T 2
AN b/ Gyt 1 AN S B TR oy = e T i
FRPEHEAT T 208 o s WFgerh, SR S b 286
(SR A2 h Stokes JE I A LA L, Akl 1 10 5%
T RIS PO SR X D il A 2Rk — 4R T HDE
AROR . AL, IR IR T i S0 B K B R 1

AREELA L TR A A 77 3, BB RS Z I K
OGRS G A G R T L T A PR
SERLH AT B

3 &

SCHREEE T — 6 532 nm ke A E S R S
WOERS, FE T SRR AR i T G hr 2 S0t i fig
i OGTE AR R, IRZN ST 620, 676, 743 nm
MR . EAH R R R 1 738 I R L
T, 620 nm fg & A 142.7 uJ, 676 nm g & 424.6 pJ,
743 nm fE R 65.1 pl, P T AL 632.4 p 2K
ZLEBOEH ), SO EOR N 36.38%. it B4 B
YT S O ik 5 3 AR T 1 238 Y R B 0 R 4
X o e KR4 e ik 4.7 4% (11.43 ns@ 532 nm, 2.45 ns
@743 nm), H45 B Stokes Y1 70 CHE Y HA BAF Y
25 (A5 A, W TR E 10 kW LI B )5, 25
R G841 37 o 1S 5 2 5 00 DL AR B0 R il 1B D' SRR IR T
JEIRAMIFE, 310 52 DA B4 A 4525 B Stokes DG Y fE It

202303294



% 84

s Gk A2

www.irla.cn

% 52 %

AR B w8 22 K O'e A 2 1) 1 (8] 40 4% i g

o Gk

P, A A e )7 2 0 4 AR LA R A R RO Pk
J5t, VA4 WA i AP g 7 55 8 4 A T ] LI o
SHOGAR, T8I Az 1 A/ N AE 22 K P AR
ot I A RIS

S 3k

(1]

[10]

AteS G B, Ak A, Garipcan B, et al. Methylene blue mediated
photobiomodulation on human osteoblast cells [J]. Lasers in
Medical Science, 2017, 32: 1847-1855.

Nuiiez S C, Franga C M, Silva D F T, et al. The influence of red
laser irradiation timeline on burn healing in rats [J]. Lasers in
Medical Science, 2013, 28: 633-641.

Chandran A, Battle R, Murray R, et al. Watt-level 743 nm
source by second-harmonic generation of a cascaded
phosphosilicate Raman fiber amplifier [J]. Optics Express, 2021,
29(25): 41467-41474.

Li Yihan, Chen Shanzhuo, Guo Hao. Generation and application
of multi-wavelength optical carriers based on stimulated
Brillouin scattering [J]. Chinese Journal of Lasers, 2022,
49(19): 1906003. (in Chinese)

Zhang Qiang, Yao Jianquan, Wen Wulin, et al. High power laser
diode pumped Nd:YAG continuous wave dual-wavelength laser
[J]. Chinese Journal of Lasers, 2006, 33(5): 577-581. (in
Chinese)

Huo Xiaowei, Qi Yaoyao, Li Yuqi, et al. Research progress of
LD-pumped Pr’*-doped solid-state laser in visible wavelength
[J]. Electro-Optic Technology Application, 2019, 34(5): 7-15.
(in Chinese)

Xu Bin, Zhang Teng, Zou Jinhai, et al. Research progress of
direct generation lasers in visible spectral range [J]. Journal of
Xiamen University (Natural Science), 2021, 60(3): 484-496. (in
Chinese)

Lin X, Chen M, Feng Q, et al. LD-pumped high-power CW Pr**:
YLF Laguerre-Gaussian lasers at 639 nm [J]. Optics & Laser
Technology, 2021, 142: 107273.

Zhou H, Bi X, Zhu S, et al. Multi-wavelength passively Q-
switched red lasers with Nd*:YAG/YAG/V*':YAG/YAG
composite crystal [J]. Optical and Quantum Electronics, 2018,
50(2): 56.

Guo Yangyang, Sun Rui, Jin Guangyong. Research on LBO
frequency-double 659.5 nm/669 nm all-solid-state laser [J].
Journal of Changchun University of Science and Technology,

2019, 42(5): 9-12. (in Chinese)

[11]

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(23]

20230329-5

Bao Yushuo, Huang Haitao, Chen Haiwei, et al. 1.7 um laser
with a low frequency shifted Raman mode cascade connection
[J]. Infrared and Laser Engineering, 2022, 51(7): 20210507.
(in Chinese)

Williams R J, Kitzler O, Bai Z, et al. High power diamond
Raman lasers [J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2018, 24(5): 1602214.

Bai Z, Williams R J, Jasbeer H, et al. Large brightness
enhancement for quasi-continuous beams by diamond Raman
laser conversion [J]. Opt Lett, 2018, 43(3): 563-566.

Yang Ce, Chen Meng, Ma Ning, et al. Picosecond multi-pulse
burst pump KGW infrared multi-wavelength Raman laser [J].
Infrared and Laser Engineering, 2020, 49(11): 20200044. (in
Chinese)

Granados E, Pask H M, Esposito E, et al. Multi-wavelength, all-
solid-state, continuous wave mode locked picosecond Raman
laser [J]. Opt Express, 2010, 18(5): 5289-5294.

Lin H, Pan X, Huang X, et al. Multi-wavelength passively Q-
switched c-cut Nd: YVO, self-Raman laser with Cr*":YAG
saturable absorber [J]. Optics Communications, 2016, 368: 39-
42.

Frank M, Jelinek M, Vyhlidal D, et al. Multi-wavelength
picosecond BaWO, Raman laser with long and short Raman
shifts and 12-fold pulse shortening down to 3 ps at 1227 nm [J].
Laser Physics, 2018, 28(2): 025403.

Zhang Ximei, Chen Simeng, Shi Shencheng, et al. Study on the
performance of cascaded Nd:GdVO, self-Raman laser at
1 309 nm [J]. Infrared and Laser Engineering, 2019, 48(11):
1105002. (in Chinese)

Bai Zhenxu, Chen Hui, Li Yuqi, et al. Development of beam
brightness enhancement based on diamond Raman conversion
[J]. Infrared and Laser Engineering, 2021, 50(1): 20200098.
(in Chinese)

Bai Zhenxu, Chen Hui, Zhang Zhanpeng, et al. Hundred-watt
dual-wavelength diamond Raman laserat 1.2/1.5 pum (Invited)
[J]. Infrared and Laser Engineering, 2021, 50(12): 20210685.
(in Chinese)

Bai Zhenxu, Yang Xuezong, Chen Hui, et al. Research progress
of high-power diamond laser technology (Invited) [J]. Infrared
and Laser Engineering, 2020, 49(12): 20201076. (in Chinese)
Wang Y, Peng W, Yang X, et al. Efficient operation near the
quantum limit in external cavity diamond Raman laser [J]. Laser
Physics, 2020, 30(9): 095002.

Li M, Kitzler O, Spence D J. Investigating single-longitudinal-


https://doi.org/10.1007/s10103-017-2286-7
https://doi.org/10.1007/s10103-017-2286-7
https://doi.org/10.1007/s10103-012-1105-4
https://doi.org/10.1007/s10103-012-1105-4
https://doi.org/10.1364/OE.441623
https://doi.org/10.1007/s11082-018-1326-2
https://doi.org/10.3788/IRLA20210507
https://doi.org/10.1364/OL.43.000563
https://doi.org/10.3788/IRLA20200044
https://doi.org/10.1364/OE.18.005289
https://doi.org/10.1016/j.optcom.2016.01.083
https://doi.org/10.1088/1555-6611/aa9814
https://doi.org/10.3788/IRLA201948.1105002
https://doi.org/10.3788/IRLA20200098
https://doi.org/10.3788/IRLA20210685
https://doi.org/10.3788/IRLA20201076
https://doi.org/10.3788/IRLA20201076
https://doi.org/10.1088/1555-6611/ab9d76
https://doi.org/10.1088/1555-6611/ab9d76

ISk A2

% 8 www.irla.cn % 52 A
mode operation of a continuous wave second Stokes diamond [27] Sabella A, Piper J A, Mildren R P. Efficient conversion of a
Raman ring laser [J]. Opt Express, 2020, 28(2): 1738-1744. 1.064 pm Nd:YAG laser to the eye-safe region using a diamond

[24] Yang X, Kitzler O, Spence D J, et al. Single-frequency 620 nm Raman laser [J]. Opt Express, 2011, 19(23): 23554-23560.
diamond laser at high power, stabilized via harmonic self- [28] Mildren R P, Sabella A. Highly efficient diamond Raman laser
suppression and spatial-hole-burning-free gain [J]. Opt Lett, [J]. Opt Lert, 2009, 34(18): 2811-2813.

2019, 44(4): 839-842. [29] Tu H, Ma S, Hu Z, et al. Efficient monolithic diamond Raman

[25] Chen Y, Liu J, Zhu X, et al. Intracavity frequency-doubled yellow laser at 572.5nm [J]. Optical Materials, 2021, 114:
pulsed diamond Raman laser emitting at 620 nm [J]. Appl Phys 110912.

B, 2022, 128(10): 186. [30] Sabella A, Piper J A, Mildren R P. 1240 nm diamond Raman

[26] Spence D J, Granados E, Mildren R P. Mode-locked picosecond laser operating near the quantum limit [J]. Opt Lett, 2010,
diamond Raman laser [J]. Opt Lett, 2010, 35(4): 556-558. 35(23): 3874-3876.

Multi-wavelength red diamond Raman laser

Zhang Yakai'?, Chen Hui'?, Bai Zhenao™, Pang Yajun'?, Wang Yulei'?, Lv Zhiwei'?, Bai Zhenxu"*

(1. Center for Advanced Laser Technology, Hebei University of Technology, Tianjin 300401, China;
2. Hebei Key Laboratory of Advanced Laser Technology and Equipment, Tianjin 300401, China;

3. Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094, China)

Abstract:

Objective The all-solid-state multi-wavelength red laser has significant applications in laser color large-screen
displays, high-density holographic storage, measurement, and medical treatment. Its multi-wavelength
characteristics also enable it to serve as a terahertz light source through difference-frequency generation.
Currently, the multi-wavelength red laser can be generated by combining the emission spectrum of an inversion
particle gain medium with second-order nonlinear effects. However, these methods typically have lower
conversion efficiency. Stimulated Raman scattering (SRS) is a high-intensity third-order nonlinear effect that
offers flexible wavelength conversion, automatic phase matching, and beam cleanup. The cascaded frequency
shift property of Raman crystals is an effective method for achieving multi-wavelength output using a single
pump wavelength. Diamond crystals have a high Raman gain coefficient in the visible wavelength range
compared to conventional Raman crystals. Pumping diamond with a well-established 532 nm laser has great
potential for obtaining efficient, high-energy, high-beam quality multi-wavelength red laser output. In this study,
we investigate the generation of multi-wavelength red laser output using cascaded diamond Raman oscillators

pumped by a 532 nm laser and explore their output characteristics.

Methods The setup of the multi-wavelength red diamond Raman laser is shown (Fig.1). The pump source is a
self-built 532 nm frequency doubled nanosecond laser. The pump beam is collimated by the lens group F1 and F2.
A half-wave plate (HWP) is used to adjust the polarization direction of the pump to be parallel to the <111> axis
of the diamond crystal for the maximum Raman gain. The diamond Raman oscillator uses a plane-concave cavity
with a curvature radius of 200 mm as the output mirror. The diamond size is 2 mmx 4 mmx 7 mm. The coating
parameters of the two cavity mirrors are shown (Tab.1). The cavity mirrors are high reflection coated at first-order
Stokes to increase the conversion efficiency and obtain pure higher-order Stokes output. The lens F3 is used to
control the pump radius in the diamond crystal to about 350 um. The total length of the Raman cavity is

60 mm, and the distance from the output coupler to the end surface of the diamond is 7 mm. The intrinsic modes

20230329-6
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of the Raman cavity for each order of Stokes are shown (Fig.2), with a diamond between the purple dashed lines.
The radius of the TEM,;, modes of the first, second, third and fourth-order Stokes are 128, 133, 139, 146 pm,

respectively.

Results and Discussions The spectra of second-order Stokes, second- and third-order Stokes, and second- to
fourth-order Stokes were collected at pump energies of 343, 437, 1165 pJ, respectively (Fig.3). The frequency
shift between each Stokes order was 1 332 cm™', consistent with the inherent Raman frequency shift of diamond.
With a maximum pump energy of 1 738 pJ (Fig.4(a)), three wavelength lasing in red with energies of 143, 425,
65 wJ were obtained, with slope efficiencies of 9.7%, 31.3%, and 8.7%, respectively. The conversion efficiency
increases with pump energy and levels off (Fig.4(b)). A multi-wavelength red laser output energy of 633 pJ was
obtained at a maximum pump energy of 1 738 pJ, with a slope efficiency of 45.3% and an optical-to-optical
conversion efficiency of 36.4%. The temporal waveform of the incident pump at 532 nm and the output Stokes of
each order at maximum pump energy were measured to be 11.43, 10.41, 3.75, 2.45 ns, respectively (Fig.5). The
pulse width of each Stokes order is compressed compared to the pump, with more evident compression as the
Raman order increases. The near-field spot of each Stokes order has no obvious distortion. The optical-to-optical
conversion efficiency can be improved by optimizing the Raman cavity mode-matching degree, and the energy

ratio of each wavelength in the multi-wavelength output can be controlled by designing the mirror coating.

Conclusions In this study, we developed a 532 nm pumped multi-wavelength diamond Raman laser and
investigated its cascaded Raman laser output energy, spectrum, and pulse characteristics at different pump
energies. Cascaded Raman outputs of 620, 676, and 743 nm were successfully demonstrated. With a maximum
pump energy of 1 738 pJ, the output energies of 143 pJ at 620 nm, 425 pJ at 676 nm, and 65 pJ at
743 nm were achieved, with pulse widths of 10.41, 3.75, and 2.45 ns, respectively. Meanwhile, the near-field
beams of all the orders exhibit good spatial distribution. The output energy of the combined multi-wavelength red
laser was 633 pJ, with an optical-optical conversion efficiency of 36.4%. The results show that the visible light-
pumped diamond Raman laser has tremendous potential for efficient all-solid-state miniaturized multi-wavelength
lasers in red due to its extremely high Raman gain coefficient and excellent photothermal properties. This study

can also provide guidance for the development of multi-wavelength Raman lasers pumped by other wavelengths.
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