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A watt-level continuous wave (CW) orange-red laser with wavelength tunable properties is experimentally implemented 

based on sum-frequency generation (SFG) in a composite cavity. The cavity is composed of an 880 nm laser diode (LD) 

side-pumped Nd: GdVO4 p-polarized 1062.9 nm cavity and a single-resonant optical parametric oscillator (SRO) of 

signal light using a magnesium oxide-doped periodically-poled LiNbO3 (MgO: PPLN) crystal with a poling period of 

29.1 μm. In the overlap region of the two cavities, orange-red laser is generated by using a type-II critical phase-matched 

potassium titanyl phosphate crystal (KTP) crystal. In the temperature tuning range of the MgO: PPLN crystal (from 

30 °C to 200 °C), the CW orange-red laser beams are generated in a tunable waveband from 612.24 nm to 620.72 nm 

(Δλ = 8.48 nm), corresponding to the mid-infrared idler light is also obtained with tunable wavelength from 4027.5 nm 

to 3708.2 nm (Δλ = 319.3 nm). At the lowest tuning temperature of 30 °C, the maximum CW output power of the 

orange-red laser at 612.24 nm and the idler light at 4027.5 nm are obtained, which are 1.145 W and 2.83 W, 

respectively. 
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1. INTRODUCTION  

High power orange-red lasers in the 600 – 650 nm 

region are strongly desirable visible laser sources can be 

utilized in such important applications as spectral analysis, 

biomedicine, optical pumping, and laser projection 

displays etc [1 – 3]. Conventionally, high power orange-red 

lasers can be realized by intracavity sum-frequency 

generation (SFG) via various approaches, such as laser 

diode (LD) pumped Nd3+-doped crystals [4, 5], Pr3+-doped 

crystals pumped by the intracavity frequency doubled Nd3+ 

laser [6, 7], GaInNAs/GaAs semiconductor disk laser 

based second-harmonic generation (SHG) [8, 9], or Raman 

frequency shift technology [10, 11]. However, such lasers 

usually output a single wavelength, which is not satisfied 

to the applications where wide band wavelength is 

required. Recently, orange-red laser with tunable 

wavelength has been demonstrated by using an optical 

parametric oscillation (OPO) through pump laser and 

signal light in the intracavity SFG process [12 – 14]. 

However, in the above report, the difficulty of the method 

is greatly increased when the device is aligned to achieve 

synchronous phase matching of two nonlinear frequency 

conversion processes in one periodically-poled crystal. The 

pump laser acts as pump laser for the OPOs and 

fundamental laser for the SFG process. Therefore, the 

double functions of the pump laser force the output power 
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is dispersed to two nonlinear frequency conversion 

processes, and finally lead to a low power continuous wave 

(CW) output of wavelength tunable orange-red laser.  

Here, we demonstrate a wavelength tunable orange-red 

laser source with a tunable waveband from 612.24 nm to 

620.72 nm, which has a compound cavity structure 

consisting of a p-polarized CW 1062.9 nm fundamental 

frequency laser and a single-resonant optical parametric 

oscillator (SRO) using a magnesium oxide-doped 

periodically-poled LiNbO3 (MgO: PPLN) crystal. The 

wavelength tunable orange-red laser is realized through the 

intracavity-SFG of the two independently oscillating laser 

beams mentioned above. The ABCD matrix theory is used 

to design and optimize the structure parameters of the 

compound cavity, in order to make the mode volume 

matching between the signal light and the 1062.9 nm 

fundamental frequency laser better. Our results show 

potential application of the composite cavity structure 

based on the SRO and intracavity-SFG on designing 

orange-red laser with high CW power and tunable 

wavelength. 

2. EXPERIMENTAL SETUP  

The wavelength tunable orange-red laser system was 

designed as a composite cavity structure. The experimental 

setup is schematically illustrated in Fig. 1. The composite 

cavity contains three main components: a cavity of  

p – polarized 1062.9 nm fundamental frequency laser, an  

s – polarized signal SRO based on quasi-phase-matching 
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1/λs-polarized pump→1/λs-polarized signal + 1/λs-polarized idler [15] and 

its pump source. 

The pump source of the s-polarized signal SRO is an s-

polarized 1062.9 nm laser with a linewidth (full width at 

full width at half maximum of the spectral line type 

measured by the experiment, referred to as FWHM) of ~ 

0.3 nm. It is formed by a plane mirror M1 (reflectivity: 

R > 99.9 % at s – polarized 1062.9 nm), a 880 nm-LD side 

pumped module-1(880 nm-LDSPM-1), and a planar output 

coupler M2 with a transmittance of 15 % at s – polarized 

1062.9 nm. A 0.5 at.% Nd3+ doped Nd: GdVO4 crystal rod 

(Φ 2 × 65 mm rod) was used as the gain medium, which 

was side pumped by three 880 nm LD arrays and water 

cooled to 20 °C. The diode pump wavelengths that have 

been used effectively with Nd:vanadate crystals include 

808 nm, 880 nm, and 888 nm [16]. The pumping 

absorption at 888 nm of Nd:vanadate crystals is very weak 

compared with that at 808 nm and 880 nm [16, 17]. The 

effective absorption cross sections of Nd: GdVO4 crystal at 

808 nm and 880 nm were 5.2 × 10-19 cm2 and  

2.7 × 10-19 cm2 [18], respectively. Compared to 808 nm 

pumping, which populates the 4F5/2 level of Neodymium, 

pumping at 880 nm populates the upper laser level 4F3/2 

directly, leading to important benefits of lower quantum 

deficiency and weaker absorption coefficient, alleviating 

thermal loading. Therefore, the 880 nm laser diode acts as 

a pump source, which  can reduce quantum losses and 

radically reduce the thermal load generated in the laser 

crystal [18 – 20]. Thereby, the thermal effect in laser 

crystal can be partially alleviated, and the output power 

and beam quality can be improved. The Maximum total 

pump power of the 880 nm LD arrays is 70 W. The 

1064 nm fundamental frequency laser produced by 

stimulated radiation of the Nd: GdVO4 crystal has high 

polarization properties [21, 22]. Therefore, the polarization 

direction of the 1062.9 nm fundamental frequency laser is 

rotated by two 1/2 waveplates were rotated in order to 

meet the type-II phase matching condition of the two 

polarization states (s-polarized form or the p-polarized 

form) in the SFG process [18]. 

 

Fig. 1. Diagram of the experimental setup 

The s – polarized signal SRO including mirrors M4, 

M5, M6, M7, M8 and a MgO: PPLN crystal with a grating 

period of 29.1 μm forms a U-type cavity. Between the 

mirrors M4 and M5, the MgO: PPLN crystal 

(50 × 3 × 1 mm3, MgO doping concentration of 5 mol %) 

was placed in a high precision temperature controller with 

a precise temperature control range from 30 °C to 200 °C 

(Exceeding this range, the control accuracy of the 

temperature furnace will be greatly reduced, resulting in 

large fluctuations in the center wavelengths of the signal 

light and the idler light), its two end surfaces were anti-

reflection (AR) coated for the pump laser (R < 5 % at 

1062.9 nm), signal light (R < 5 % at 1410 – 1510 nm) and 

idler light (R < 5 % at 3650 – 4100 nm). The fine tuning of 

the A 1/2 waveplate ensures that the polarization of the 

pump laser was still s-polarized after passing through the 

lens with 80 mm focal length. The incident face of the 

plane-concave mirror M4 was AR coated for the pump 

laser (R < 2 % at 1062.9 nm), and its concave side was HR 

coated for the signal light (R > 99.5 % at 1410 – 1510 nm) 

and idler light (R > 96.5 % at 3650 – 4100 nm). Mirror M5 

is a plane harmonic beam splitting mirror. It was HR 

coated for the pump laser (R > 98 % at 1062.9 nm) on the 

side close to the MgO: PPLN crystal and AR coated for the 

signal light (R < 1 % at 1410 – 1510 nm) and idler light 

(R < 3.5 % at 3650 – 4100 nm) on the other side. 

The reflection of the pump laser at 1062.9 nm can 

improve the conversion efficiency of the SRO, but this 

may also cause damage to the 880 nm-LDSPM-1. 

Therefore, in order to protect the 880 nm-LDSPM-1, it is 

necessary to insert a high power polarization-dependent 

optical isolator (at 1064 nm center wavelength, 85 W 

maximum input power and 7 mm maximum beam 

diameter) between the 1/2 waveplate and mirror M3. The 

plane mirror M6 was HR coated on the side close to the 

mirror M5 for the signal light (R > 99.3 % at  

1410 – 1510 nm) and idler light (R > 97.8 % at  

3650 – 4100 nm), and coated 45° incident-AR for the 

fundamental frequency laser (R < 1.5 % at 1062.9 nm). 

The other face was coated 45° incident-AR for the 

fundamental frequency laser (R < 0.5 % at 1062.9 nm). 

The plane-concave mirror M7 was used as an output 

coupling mirror. Its concave side was coated 15° incident-

HR for the signal light (R > 99.5 % at 1410 – 1510 nm) and 

fundamental frequency laser (R > 99.5 % at 1062.9 nm), 

and 15° incident-AR for the orange-red laser (R < 3 % at 

600 – 630 nm) and idler light (R < 10 % at  

3650 – 4100 nm). The plane-concave M8 was HR coated 

for the fundamental frequency laser (R > 99.6 % at 

1062.9 nm), signal light (R > 99.6 % at 1410 – 1510 nm), 

and orange-red laser (R > 99 % at 600 – 630 nm). As 

shown in Fig. 1, a V-type cavity of fundamental frequency 

laser at the p – polarized 1062.9 nm was configured by a 

plane-concave mirror M9, a 880 nm-LD side pumped 

module-2 (880 nm-LDSPM-2, it is identical to  

880 nm-LDSPM-1), a 1/2 waveplate, M6, M7 and M8, 

respectively. The concave side of M9 was HR coated for 

the fundamental frequency laser (R > 99.8 % at 

1062.9 nm). Between mirrors M7 and M8, a critical phase-

matched type-II KTP crystal with dimension of 

5 × 5 × 7 mm3 (θ = 68.5o, φ = 0o) was placed in the beam 

waist overlapped region of the signal light (s – polarized) 

and fundamental frequency laser (p – polarized) to generate 

p – polarized orange-red laser through SFG  

(1/λp-polarized orange-red →1/λs-polarized signal + 1/λp-polarized 1062.9 nm ). 

Its two faces were AR coated for the fundamental 

frequency laser (R < 99.5 % at 1062.9 nm), signal light 

(R < 99.5 % at 1410 – 1510 nm), and orange-red laser 

(R < 1.5 % at 600 – 630 nm), respectively. 
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3. OPTIMIZATION OF CAVITY PARAMETERS 

Obviously, the off-axis placed plane-concave mirrors 

in folded cavities will cause the astigmation and the 

thermal focal length of the fundamental frequency laser 

(p – polarized) and signal light (s – polarized) to be 

different, thereby causing the mode volume of the two 

light beams to be mismatched and their beam waists cannot 

achieve effective overlap in the type-II KTP crystal. 

Therefore, the conversion efficiency of orange-red laser 

will not be further improved by SFG method [23]. Here, 

ABCD matrix theory is employed to design and optimize 

the cavity parameters by using the laser cavity analysis and 

design software (LASCAD). In the numerical simulation 

process, the curvature radius of M4, M7, M8 and M9 were 

defined as 1000 mm, 200 mm, 100 mm and 1000 mm, 

respectively. The length of the signal SRO is ~ 400 mm. 

Among them, the distances between adjacent two optical 

elements in M4, MgO: PPLN crystal, M5, M6, M7, and M8 

are 26 mm, 4 mm, 45 mm, 142 mm, 77 mm and 49 mm, 

respectively. The cavity length of the p – polarized 

1062.9 nm fundamental frequency light was the same as 

that of the signal SRO. The distances between M9 and Nd: 

GdVO4 crystal and between Nd: GdVO4 crystal and M6 are 

30 mm. As shown in Fig. 2, we can observe how the spot 

sizes of the p – polarized 1062.9 nm fundamental 

frequency light and s – polarized signal light change along 

the cavity. The radii of the fundamental frequency light 

and signal light are approximately constants. This result 

indicates that the astigmation of the folded composite 

cavity was compensated. The radii of the s-polarized signal 

light and the p – polarized 1062.9 nm fundamental 

frequency light in the KTP crystal were calculated to be 

∼ 150 µm, respectively. An optimum model volume 

matching could reduce the diffraction loss, lower the 

threshold and improve the conversion efficiency of the 

intracavity-SFG. 

 

Fig. 2. Simulated curves of spot size variation of s-polarized 

signal light and p – polarized 1062.9 nm fundamental 

frequency laser along the cavity 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

Temperature control of the MgO: PPLN crystal 

enables the tunable spectra for the idler light, as shown in 

the inset in Fig. 3 a. When the temperature was increased 

from 30 °C to 200 °C, the measured center wavelength of 

the idler light blue shifted from 4027.5 nm to 3708.2 nm 

using a grating spectrometer equipped with  

a liquid-nitrogen-cooled InSb detector (Omni-λ7515, 

wavelength range: 400 nm – 5.0 μm, resolution:  

0.01 nm@400 nm – 1.0 μm and 0.1 nm@1.0 μm – 5.0 μm, 

Beijing Zolix Instruments Co., Ltd), showing a tuning 

range of 319.3 nm. The linewidth of the idler lights was 

measured to be ~ 15 nm. The corresponding theoretical 

center wavelength of the signal light was from 1443.98 nm 

to 1489.98 nm. The center wavelength of the idler light 

was shifted toward the long wavelength direction with the 

tuning temperature increasing of MgO: PPLN crystal. 

Meanwhile, the thermal effect and phase mismatch of 

MgO: PPLN crystal were increased. This phenomenon 

caused the maximum CW output power of the idler light 

and the maximum intracavity power density of the signal 

light were decreased with the increase of the tuning 

temperature or the pump power of the 880 nm-LDSPM-1, 

as shown in Fig. 3 a. Fig. 3 b shows that the CW output 

power of the idler light was increased approximately 

linearly with the increase of pump power of the  

880 nm-LD side pump module-1 at four different tuning 

temperatures of 30 °C, 90 °C, 150 °C and 200 °C, 

respectively. From 30 °C to 200 °C, the center 

wavelengths of the idler lights corresponding to the four 

temperature points were 4027.5 nm, 3917.3 nm, 3814.2 nm 

and 3708.2 nm, respectively.  

 

a 

 

b 

Fig. 3. a – center wavelengths and maximum CW output powers 

of idler lights as a function of the temperature tuning 

range from 30 °C to 200 °C; b – CW output powers 

variation of idler lights with pump power of  

880 nm-LDSPM-1 at and four tuning temperatures of 

30 °C, 90 °C, 150 °C and 200 °C 

Their maximum CW output powers were 2.83 W, 

2.41 W, 1.78 W and 1.14 W measured by using a laser 

power probe (S415C, wavelength range: 190 nm – 20 μm, 

resolution: 100 μW, Thorlabs Co., Ltd), respectively, and 

the corresponding optical-to-optical (880 nm LD to idler 

light) conversion efficiencies were 4.04 %, 3.44 %, 2.54 % 

and 1.63 %, respectively. In 20 minutes, the CW power 
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was measured in 10 seconds time step. The power 

instabilities of the idler lights were calculated as ± 2.27 %, 

± 2.64 %, ± 3.08 % and ± 3.57 %, respectively, identifying 

a good stability of the proposed composite cavity. 

In the SFG process, the gain matching principle must 

be followed (i.e., the photon ratio of the 1062.9 nm 

fundamental frequency laser and the optical signal is 1: 1). 

However, the maximum intracavity power density of the 

signal light was decreased with the increase of the tuning 

temperature. Therefore, the pump power of the 880 nm-

LDSPM-2 was adjusted with the change of tuning 

temperature. This ensures that the optimum intracavity 

power density of the 1062.9 nm fundamental frequency 

laser was matched with the maximum intracavity power 

density of the signal light at a fixed temperature. By this 

method, the maximum output power of the orange-red 

laser was easily obtained.  

At 70.0 W maximum pump power of the  

880 nm-LDSPM-1, the characteristics of the center 

wavelength and maximum CW output power for the 

orange-red laser were presented in Fig. 4 a, as the tuning 

temperature was tuned from 30 °C to 200 °C. It should be 

noted that the measured center wavelength of  

the orange-red laser slightly red shifts compared  

to the theoretical value by formula  

λorange-red = (λsignal – λ1062.9 nm)/(λsignal  + λ1062.9 nm).  

 

a 

 

b 

Fig. 4. a – center wavelengths and maximum CW output powers 

of the orange-red laser as a function of the temperature 

tuning range from 30 °C to 200 °C; b – CW output powers 

variation of the orange-red laser with pump power of 

880 nm-LDSPM-2 at and four tuning temperatures of 

30 °C, 90 °C, 150 °C and 200 °C 

This can be attributed to stimulated Raman scattering 

red-shift in the MgO: PPLN crystal [24] when the 

intracavity power density is high. As expected, the 

maximum CW output power of the orange-red laser also 

exhibits decreases linearly with increasing tuning 

temperature, witch is due to the decrease in the maximum 

intracavity photon number of the s – polarized signal light 

with increasing tuning temperature. When  

880 nm-LDSPM-1 workd at the maximum value of 

70.0 W, the output power characteristics of the orange-red 

laser as the function of the 880 nm-LDSPM-2 pump power 

was presented in Fig. 4 b at different tuning temperatures 

of 30 °C, 90 °C, 150 °C and 200 °C, respectively. When 

the pump power of the 880 nm-LDSPM-2 for producing 

the p – polarized 1062.9 nm laser continuously increased, 

the CW output power of the orange-red laser was appear 

saturated due to the more serious thermal effect and the 

saturation of the s-polarized signal light photon number in 

the cavity. And as the tuning temperature increased, the 

saturation of the laser output power became more apparent. 

In addition, it needs to be explained that the central 

wavelength change of the signal light in our experiment 

caused a slight error between the best phase matching 

angle of the SFG process the and the fixed phase matching 

angle of the type-II KTP crystal. This also somewhat 

affected the CW output power of the orange-red laser to 

further increase. The measured center wavelengths of the 

orange-red laser beams were 612.24 nm, 614.90 nm, 

617.61 nm, and 620.72 nm, respectively, which in turn 

correspond to four temperature points of 30 °C, 90 °C, 

150 °C, and 200 °C. From 30 °C to 200 °C, the maximum 

CW output power of 1.145 W, 0.972 W, 0.742 W, and 

0.423 W was obtained when the pumping power of the 

880 nm-LDSPM-2 was 26.8 W, 24.7 W, 22.5 W and 

20.2 W, respectively. The corresponding total optical-to-

optical (880 nm LD to orange-red laser) conversion 

efficiencies were about 1.18 %, 1.02 %, 0.80 %, and 

0.47 %, respectively. In addition, the power instability of 

the orange-red laser beam in 20 minutes was calculated as 

± 2.31 %, ± 2.68 %, ± 3.12 % and ± 3.63 %, respectively, 

giving a comparable stability performance to the 

corresponding idler light.  

Additionally, using a laser beam quality analyzer 

without power attenuation (ModeScan1740, Photon USA 

Inc.), the beam quality factors M2 of the orange-red laser at 

612.24 nm and 620.72 nm were measured as Mx
2 and My

2 

of (4.1, 4.7) and (4.8, 5.1), corresponding to the tuning 

temperature 30 °C and 200 °C, respectively. The real spot 

photos taken by the camera, the 2D and 3D near field beam 

profiles of the orange-red laser beams are shown in Fig. 5.  

    

a b 

Fig. 5. Real spot photos taken by the camera, 2D and 3D near 

field beam profiles of the orange-red laser at: a –

 612.24 nm; b – 620.72 nm 

The results show that the orange-red laser beams had a 

good Gauss distribution because the astigmatism of the 

folded cavity is compensated. The elliptical spots were the 
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consequence of spatial walk-off in type-II critical phase-

matched KTP crystal. 

5. CONCLUSIONS 

In conclusion, we have reported a wavelength tunable 

orange-red laser source with a tunable waveband from 

612.24 nm to 620.72 nm (Δλ = 8.48 nm) and a CW output 

power up to watt level. The laser source was also capable 

of outputting a multi-watt level wavelength tunable CW 

mid-infrared laser with a tunable waveband from 

4027.5 nm to 3708.2 nm (Δλ = 319.3 nm). We have shown 

experimentally that by taking advantage of the composite 

cavity, MgO: PPLN crystal temperature tuning and 

intracavity-SHG, a wavelength tunable high power CW 

orange-red laser could be constructed. The simple, 

compact and wavelength tunable orange-red laser with 

flexible outputs can meet many potential applications such 

as biomedicine, laser measurement, laser displays, spectral 

analysis, etc. 
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