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Abstract: Intracavity continuous-wave (CW) multiple stimulated-Raman-
scattering emissions have been successfully demonstrated in a KTP crystal 
pumped by a Nd:YVO4 1064-nm laser for the first time. Three different 
output couplers (OCs) with high-reflection (HR) coating in the range of 1-
1.1, 1-1.13, and 1-1.15 μm are employed in the experiment to generate 
lasing wavelengths at 1095 (the first-Stokes emission of the 266 cm−1 
Raman shift), 1095 + 1128 (the first- and second-Stokes emission of the 
266 cm−1 Raman shift), and 1095 + 1128 + 1149 nm (the first two Stokes 
emissions of the 266 cm−1 Raman shift and the first-Stokes emission of the 
694 cm−1 Raman shift), separately. This Raman laser paves a way to 
produce more-closely spaced set of CW emission in the green-yellow 
region. 
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1. Introduction 

Lasers with simultaneous multi-wavelength emission are of scientific interest and have led to 
many potential applications, including holography, medical instrumentation, laser 
spectroscopy, LIDAR, and nonlinear optical mixers [1–6]. Recently, simultaneous multi-color 
emission have been successfully achieved by physically combining dual crystals as a 
composite gain medium [7,8] or directly employing a series of disordered crystals, which are 
characterized by multiple fluorescent peaks with comparable intensities, as the gain medium 
[9,10]. Another possible approach for the the multi-wavelength emission is exploiting laser 
crystals with a broad gain bandwidth, such as Ytterbium-doped media [11]. Based on the 
temperature-dependent fluorescence spectrum, the multi-wavelength operation can also be 
accomplished in Neodymium-doped lasers at cryogenic temperatures [12,13]. Moreover, 
nonlinear frequency conversions are widely used method to realize multi-wavelength 
emission [14–17]. 

Stimulated Raman scattering (SRS) is a well-known third-order nonlinear optical process 
to generate laser output in new spectral lines which are hard to reach directly for conventional 
solid-state lasers. A variety of crystals such as YVO4 [18,19], GdVO4 [20], KGd(WO4)2 [21], 
SrWO4 [22], and BaWO4 [23] are found to be promising candidates for efficient SRS. 
Recently, potassium titanyl phosphate (KTP) and its isomorph potassium titanyl arsenate 
(KTA) which are famous nonlinear optical crystals for second-order nonlinear optical 
processes have been experimentally demonstrated to be prominent Raman-active media 
[14,15]. Compared with the aforementioned Raman-active crystals, KTP and KTA crystals 
possess smaller primary Raman shift which is beneficial to generate multi-frequency radiation 
through cascade SRS [14,15]. Although the multi-wavelength emission created by the KTP-
based intracavity cascade SRS have been developed in the Q-switched approach [14], the 
continuous-wave (CW) operation has not been demonstrated so far. 

In this work, three different output couplers are exploited to realize the intracavity CW 
SRS wavelength conversions with the single and multiple Raman shifts in a KTP crystal 
pumped by a Nd:YVO4 1064-nm laser for the first time. The first output coupler (OC1) with 
the high-reflection coating in the range of 1000-1100 nm is used to produce the first-Stokes 
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1095-nm emission of the Raman shift of 266 cm−1. The output power can be up to 0.81 W at a 
pump power of 16.5 W. The second output coupler (OC2) with high reflectivity in the range 
of 1000-1130 nm is employed to simultaneously generate the first-Stokes 1095-nm and the 
second-Stokes 1128-nm emissions of the Raman shift of 266 cm−1. The output powers of 0.15 
W at 1095 nm and 0.68 W at 1128 nm can be obtained at a pump power of 16.5 W. The third 
output coupler (OC3) with the high reflectivity in a wider range of 1000-1500 nm is utilized 
to simultaneously generate the first two Stokes emissions of the Raman shift of 266 cm−1 and 
the first Stokes emission of the Raman shift of 694 cm−1. At a pump power of 15 W, the 
generated output powers are 0.06 W at 1095 nm, 0.15 W at 1128 nm, and 0.35 W at 1149 nm. 
Experimental results reveal that it is feasible for generating multiple SRS emissions with a 
KTP crystal as the Raman-active medium in CW operation. We believe that the reflectivity of 
output coupler and the length of KTP crystal can be further optimized for power scaling. 

2. Experimental setup 

The experimental configuration was schematically depicted in Fig. 1. The laser resonator was 
composed of a front mirror, a gain medium, a Raman-active medium, and an output coupler. 
The gain medium was an a-cut 0.3 at.% Nd:YVO4 crystal with a length of 8 mm and a 
transverse aperture of 3 × 3 mm2 diffusion bonded with a 2.5-mm undoped YVO4 crystal at 
the pump end. Both end facets of the composite crystal were antireflection (AR) coated at the 
fundamental wavelength of 1064 nm. The Raman-active medium was an x-cut (θ = 90° and φ 
= 0°) 5 × 5 × 30 mm3 KTP crystal with AR coating at 1064 nm on both end surfaces. The 
crystallographic z axis of the KTP crystal was oriented to be parallel to the c axis of the 
Nd:YVO4 crystal due to the higher Raman gain coefficient compared to the X(YZ)X 
configuration as shown in Fig. 2. The spontaneous Raman spectrum was measured by a laser 
Raman spectrometer (Avantes, AvaRaman-532). Referring to Fig. 2, the primary and 
secondary Raman shifts can be found to locate at 266 and 694 cm−1, respectively. The Raman 
gain coefficient for KTP crystal was approximately 2.5 cm/GW, which was similar to KTA 
crystal [24] but was slightly smaller than that for the other popular Raman media listed above 
(i.e. YVO4, GdVO4, KGd(WO4)2, BaWO4, and SrWO4) [18,25,26]. Both the YVO4/Nd:YVO4 
composite crystal and KTP crystal were wrapped with indium foils and housed in water-
cooled copper blocks to ensure laser working in stable operation. The water temperature was 
maintained at 16 °C. 

 

Fig. 1. Experimental configuration for an end-pumped YVO4/Nd:YVO4 laser with KTP 
crystal as an intra-cavity Raman crystal. 
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Fig. 2. The spontaneous Raman spectra of the KTP crystal in the X(ZZ)X and X(YZ)X 
configurations. 

The pump source was a 20-W fiber-coupled 808-nm diode laser with a fiber core diameter 
of 200 μm and a numerical aperture of 0.22. A focusing lens set with 50-mm focal length and 
85% coupling efficiency was used to reimage the pump beam into the laser crystal. The 
averaged pump spot size was approximately 100 μm. The front mirror was a 200-mm radius-
of-curvature plano-concave mirror with AR coating at 808 nm on the entrance facet and with 
HR coating in the range of 1000-1200 nm (R > 99.5%) together with high-transmittance 
coating at 808 nm on the second facet. Three flat output couplers with different HR coated 
range as plotted in Fig. 3 were utilized to generate numerous CW SRS multi-wavelength 
emissions through the experiment. The reflection spectrum was measured by the 
monochromator (Jobin-Yvon, Triax 320). The reflectivities at wavelengths of 1064, 1095, 
1128, and 1149 nm were 99.8%, 99.7%, 85.8% and 36.4% for OC1, and were 99.8%, 99.7%, 
99.0%, and 54.6% for OC2, and were 99.8%, 99.7%, 99.6%, and 99.1% for OC3, 
respectively. All the optical components were arranged as compact as possible with a cavity 
length of 45 mm. With ABCD matrix, the cavity mode sizes for the fundamental and different 
Stokes waves were calculated to be around 150 μm. 

 

Fig. 3. The reflection spectra for the used output couplers. 
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3. Experimental results 

To reach the high SRS threshold, it is important to utilize HR coated cavity mirrors for 
forming a high-Q Fabry-Perot cavity in CW Raman lasers. Therefore, three output couplers 
with different HR coated ranges were employed in our experiment. At first, we used OC1 
with HR coating in the range from 1000 to 1100 nm to generate the first-Stokes emission line 
at 1095 nm, corresponding to the Raman shift of 266 cm−1. The average output powers for the 
fundamental and first-Stokes emissions with respect to the incident pump powers are plotted 
in Fig. 4(a). The lasing thresholds were approximately 0.5 and 3.4 W for the fundamental and 
first-Stokes waves, respectively. As we can see that the fundamental average output power is 
clamped at a level of around 40 mW when the incident pump power beyond the threshold 
power of the first-Stokes wave. Once the pump power exceeded the SRS threshold of 3.4 W, 
the first-Stokes radiation began to emit and increased linearly with the pump power. At an 
incident pump power of 16.5 W, a maximum SRS output power of 0.81 W was obtained, 
which corresponds to the diode-to-Stokes conversion efficiency of approximately 5%. Figure 
5(a) shows the optical spectrum of the laser output at the same pump power. The spectral 
information was monitored by an optical spectrum analyzer (Advantest, Q8347) which 
employs a Michelson interferometer with a resolution of 0.117 nm in the scanning region of 
1000-1200 nm. Referring to Fig. 5(a), we can obviously find that no the second-Stokes 
wavelength at 1128 nm or the first-Stokes wavelength at 1149 nm, corresponding to the 
Raman shift of 694 cm−1, is detected. It is the fact that the relatively lower reflectivities at 
these two wavelengths, compared to 1095 nm, cause a lower Q factor for the resonator and 
result in significantly higher SRS thresholds. 

To obtain the second-Stokes emission line at 1128 nm, OC1 was replaced by OC2, which 
was HR coated from 1000 to 1130 nm with the reflectivity of 99.0% at 1128 nm. The average 
output powers for the fundamental and individual Stokes components versus the incident 
pump powers and the optical spectrum measured at an incident pump power of 16.5 W are 
displayed in Fig. 4(b) and 5(b), respectively. Owing to the increase of the reflectivity at 1128 
nm, the second-Stokes wave of the 266 cm−1 Raman shift could be experimentally found 
when the pump power surpassed 9 W. The lasing thresholds for emission lines at 1064 and 
1095 nm were almost the same as that of OC1 due to the same reflectivities. Different from 
the results of OC1, the output power for the first-Stokes field was suppressed and saturated at 
a level of around 0.15 W according to the appearance of the second-Stokes wave, as shown in 
Fig. 4(b). After the second-Stokes emission line at 1128 nm appeared, the SRS output power 
at this wavelength increased quickly with the pump power and eventually became the 
dominant portion of the Raman output, as shown in Fig. 5(b). The total SRS output power of 
0.81 W, including the first- and second-Stokes waves of 0.67 and 0.14 W, was measured at 
the maximum pump power of 16.5 W. 

Finally, in the case of utilizing OC3 with HR coating in the range of 1000-1150 nm, in 
addition to the Stokes wavelengths generated by the primary Raman shift of 266 cm−1, the 
SRS emission line based the secondary Raman shift of 694 cm−1 could also be created. As 
depicted in Fig. 4(c), we could see that the lasing threshold for the wavelength at 1149 nm 
was approximately 11 W. The overall performances of the fundamental and Stokes waves for 
OC3 was similar to that of OC2 except the threshold power at 1128 nm was decreased to 
approximately 5 W due to a higher reflectivity of 99.6% at this wavelength. When the 
incident pump power exceeded 15.1 W, the thermal induced roll-over phenomenon for KTP 
crystal was experimentally observed because of the additional generation of the first-Stokes 
wave at 1149 nm. Therefore, the maximum pump power for OC3 was limited to be 15.1 W. 
At the pump power of 15.1 W, a total SRS output power of 0.56 W was obtained, containing 
the first- and second-Stokes components of 0.06 and 0.15 W for the primary Raman shift and 
the first-Stokes component of 0.35 W for the secondary Raman shift. Figure 5(c) displays the 
optical spectrum for OC3 under the pump power of 15.1 W. Once again, we can find that the 
emission line at 1149 nm eventually becomes the dominant portion of the laser output. With 
the experimental results represented here, various CW multi-wavelength emissions have been 
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successfully achieved by the intracavity SRS wavelength conversion with the single and 
multiple Raman shift in a KTP crystal. 

 

Fig. 4. Average output powers of the Stokes waves and the fundamental wave with respect to 
incident pump powers for different output couplers. 

 

Fig. 5. Lasing spectra for (a) OC1 at incident pump power of 16.5 W, (b) OC2 at incident 
pump power of 16.5 W, and (c) OC3 at incident pump power of 15.1 W. 

4. Conclusion 

In summary, we utilize three output couplers to realize for the first time to our knowledge the 
intracavity CW SRS multiple emissions with the single and multiple Raman shift in a KTP 
crystal pumped by a Nd:YVO4 1064-nm laser. The OC1 with HR coating in the range of 
1000-1100 nm is employed to produce the first-Stokes 1095-nm emission of the Raman shift 
of 266 cm−1. The OC2 with HR coating in the range of 1000-1130 nm is applied to 
simultaneously generate the first-Stokes 1095-nm and the second-Stokes 1128-nm emissions 
of the 266 cm−1 Raman shift. Finally, the OC3 with the high reflectivity in a wider range of 
1000-1150 nm is exploited to simultaneously generate the first two Stokes emissions of the 
266 cm−1 and the first-Stokes 1149-nm emission of the Raman shift of 694 cm−1. These 
experimental results shown here pave a way to create more-closely spaced set of CW 
emission in the green-yellow region. 
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