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Multi-wavelength continuous-wave (CW) Raman lasers in a
laser diode pumped Yb:YAG∕Nd3�:YVO4 microchip
Raman laser have been demonstrated for the first time to
our best knowledge. The multi-wavelength laser of the first
Stokes radiation around 1.08 μm has been achieved with a
Raman shift of 261 cm−1 for a-cut Nd:YVO4 crystal corre-
sponding to the fundamental wavelength at 1.05 μm.
Multi-wavelength laser operation simultaneously around
1.05 and 1.08 μm has been achieved under the incident
pump power between 1.5 and 1.7 W. Multi-wavelength
Raman laser with frequency separation of 1 THz around
1.08 μm has been obtained when the incident pump power
is higher than 1.7 W. The maximum Raman laser output
power of 260 mW at 1.08 μm is obtained and the corre-
sponding optical-to-optical conversion efficiency is 4.2%.
Elliptically polarized fundamental laser and linearly polar-
ized Raman laser were observed in an Yb:YAG∕Nd:YVO4
CW microchip Raman laser. The experimental results of
linearly polarized, multi-wavelength Yb:YAG∕Nd:YVO4
CW microchip Raman laser with adjustable frequency sep-
aration provide a novel approach for developing potential
compact laser sources for Terahertz generation. © 2016
Optical Society of America
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Stimulated Raman scattering (SRS) is a very effective traditional
method for frequency conversion with the rapid development
of Raman media. The spectra obtained with SRS cover wide
wavelength from infrared to ultra-violet regions. Since the
first CW self-Raman laser utilizing a Nd3�:KGd�WO4�2
(Nd:KGW) crystal was demonstrated [1], one promising appli-
cation of the Raman laser is to generate continuous-wave (CW)
dual-wavelength laser with a small wavelength separation [2,3],
which has been potentially used to generate terahertz radiation
for applications on spectroscopy, optical communication, bio-
logical diagnosis, and imaging [4,5]. Various vanadates

(YVO4 [6–9], GdVO4 [10–12], LuVO4 [13–15]) doped with
Nd3� or Yb3� ions with excellent laser and Raman character-
istics have been widely used in laser diode pumped self-Raman
lasers. The a-cut Nd:YVO4 crystal has been widely used as
Raman medium to generate Raman laser with the strong
Raman shift lines at 893 cm−1 or 840 cm−1 [16]. Pulsed
Raman laser at 1097 nm has been generated in actively
Q-switched c-cut Nd:YVO4 self-Raman laser with 259 cm−1

Raman shift line [17]. Ytterbium ions doped laser materials
with broad absorption bandwidth, high doping concentration,
low quantum defect, and good thermal properties have been
demonstrated to be favorable candidates for high power laser
operation [18]. CW [19] and passively Q-switched [20–24]
Yb-doped self-Raman lasers have been demonstrated by
using Yb3�:KGd�WO4�2 [19,20], Yb3�:KY�WO4�2 [21,22],
Yb:KLu�WO4�2 [23], and Yb3�:YVO4 [24] crystals as Raman
gain media. However, the performance of the self-Raman lasers
is restricted by severe thermal loading because the self-Raman
crystals are used as laser gain media and Raman media simul-
taneously. A CW Raman laser with 261 cm−1 Raman shift line
by using Yb:YAG crystal as gain medium andNd:YVO4 crystal
as Raman medium provides more flexible selection of the
Raman laser wavelengths.

In this Letter, a CW microchip Raman laser utilizing Yb:
YAG crystal as gain medium and a-cut Nd:YVO4 crystal as
Raman medium with the Raman conversion from 1.05 to
1.08 μm corresponding to the Raman shift of 261 cm−1 for
a-cutNd:YVO4 crystal has been demonstrated for the first time
to the best of our knowledge. Multi-wavelength oscillation of
the fundamental wavelength laser at 1.05 μm and Stokes radi-
ation at 1.08 μm was obtained. The maximum Raman laser
output power of 260 mW was achieved at the incident pump
power of 6.28 W. The polarization states of the fundamental
laser and Raman laser have been investigated.

The schematic diagram of the experimental setup for laser
diode end pumped Yb:YAG∕Nd:YVO4 CWmicrochip Raman
laser is shown in Fig. 1. A fiber-coupled 940 nm laser diode
with a core diameter of 200 μm and numerical aperture of
0.22 was used as the pump source. Two lenses with 8 mm focal
length were used to collimate and focus the pump beam on the
Yb:YAG crystal rear surface. The focused pump beam diameter
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is 100 μm incident on the Yb:YAG surface after the optics cou-
pling system. The laser gain medium used in the experiment
was a 1.2-mm-thick, 10 at. % doped Yb:YAG crystal grown
by the Czochralski method along h111i direction. One
surface of the Yb:YAG crystal was coated with antireflection
at 940 nm and high reflection at 1030 to 1100 nm to act
as the rear cavity mirror, the other surface was coated with anti-
reflection at 1030 to 1100 nm to reduce the intracavity loss. A
1-mm-thick a-cut Nd:YVO4 crystal doped with 1 at.%
Nd3� ions was used as the Raman medium. The intracavity
surface of the Nd:YVO4 crystal was antireflection coated at
1030 to 1100 nm, and the other surface of Nd:YVO4 crystal
was specially designed as the output mirror with high reflection
at the fundamental laser region (HR at 1030–1060 nm) and a
slight transmission (about 0.4%) at 1080 nm. The Nd:YVO4

crystal was tightly attached to the Yb:YAG crystal and was held
with two copper blocks with a 3 mm diameter hole in the
center. The cavity length is 2.2 mm. The laser experiment
was operated at room temperature without actively cooling
elements. The output power was measured with a Thorlabs
PM200 power meter. The output spectra of the laser were mea-
sured with an Anritsu optical spectral analyzer (MS9740A).

The Yb:YAG∕Nd:YVO4 microchip Raman laser oscillates
at a fundamental wavelength of 1050 nm when the incident
pump power is higher than 0.9 W. The first Stokes laser at
1076 nm oscillates when the incident pump power increases
up to 1.5 W. Figure 2 shows the evolution of the laser emitting
spectra of the fundamental and Stokes laser wavelength for
Yb:YAG∕Nd:YVO4 CW microchip Raman laser at different
incident pump power. The fundamental laser oscillated at
1049.9 and 1052.6 nm wavelengths when the incident pump
power was 0.92 W, as shown in Fig. 2(a). The frequency sep-
aration of multi-wavelength lines is about 0.8 THz for
1050 nm fundamental laser. The emission peak cross-section
at 1030 nm is much higher than that at 1050 nm for
Yb:YAG crystal. However, there is a reabsorption peak centered
at 1030 nm due to the quasi-three-level nature of Yb:YAG
material. The laser-oscillating threshold for fundamental laser
at 1030 nm increases because of the significant reabsorption
loss at 1030 nm in a high Q resonator for fundamental laser
with highly reflective coating directly in the laser crystal and
Raman crystal facets. Therefore, the fundamental laser at
1050 nm oscillates in high Q Yb:YAG∕Nd:YVO4 microchip
laser resonator. When the incident pump power was increased
above 1.5 W, the first Stokes laser oscillated at 1076 nm with
full width at half-maximum of 0.03 nm. The first Stokes laser
oscillating at 1076 nm is corresponding to the Raman shift of
261 cm−1 for a-cut Nd:YVO4 crystal. At the same time, fun-
damental laser oscillated at 1053, 1056, and 1059 nm when the
incident pump power was 1.51 W, as shown in Fig. 2(b).
When the incident pump power was increased to 1.58 W,

the Stokes laser oscillated at 1071, 1074.7, 1076, and
1078 nm while the fundamental laser still oscillated at three
wavelengths of 1052.6, 1056, and 1059.4 nm, as shown in
Fig. 2(c). With further increase of the incident pump power,
the fundamental laser oscillated at 1052 and 1056 nm, while
the Raman laser oscillated at 1072, 1075.5, 1079, and
1082 nm, as shown in Fig. 2(d). When the incident pump
power was between 1.5 and 1.65 W, multi-wavelength oscilla-
tion around 1050 and 1080 nm was dominant, as shown in
Figs. 2(b)–2(d). When the incident pump power is increased
from 0.92 to 1.7 W, the oscillating wavelengths of the funda-
mental laser and the oscillating wavelengths of the Raman laser
tend to shift to longer wavelength. The red-shift laser wave-
length with the incident pump power is attributed to the tem-
perature dependent emission spectra of Yb:YAG crystal [18].
The fundamental laser is more effectively converted to a
Raman laser with 261 cm−1 Raman line, and only the first
Stokes laser oscillates with further increasing the incident pump
power when the incident pump power is higher than 1.7 W.
The Raman laser oscillates at multi-wavelength lines around
1080 nm and the number of the oscillating wavelengths increase
with the incident pump power, which is attributed to the
multi-wavelength oscillation of Yb:YAG crystal at 1050 nm.
The Raman laser oscillates at 1076.5, 1080, 1083.5, and
1087 nm for the incident pump power of 2.88 W, as shown
in Fig. 2(e). The Raman laser oscillates at 1077.5, 1081,
1084, 1087.5, and 1091 nm for the incident pump power
of 3.54 W, as shown in Fig. 2(f ). The frequency separation
of multi-wavelength lines is about 1 THz for 1080 nm
Raman laser.

When the incident pump power is increased to 4.25 W, two
new weak spectral lines of 1104 and 1123 nm (frequency sep-
aration is 4.6 THz) were observed, as shown in Fig. 3(a). The
Raman laser oscillating at 1104 nm is corresponding to the sec-
ond Stokes wavelength of the Raman shift of 261 cm−1 for the
fundamental laser wavelength at 1050 nm. For the oscillation
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Fig. 2. Evolution of the laser emitting spectra of Yb:YAG∕
Nd:YVO4 microchip Raman laser oscillating at fundamental laser
and Stokes laser for different incident pump powers.

940 nm 
Laser diode 

f1 f2
Yb:YAG Nd:YVO4

Raman laser

Fig. 1. Schematic diagram for a 940 nm laser diode end pumped
Yb:YAG∕Nd:YVO4 CWmicrochip Raman laser. f 1 and f 2 are focus
lenses with 8 mm focal length.
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of 1123 nm, Raman laser is obtained by using the Raman shift
of 261 cm−1 (to 1080 nm) combined with another Raman shift
of 379 cm−1 (to 1123 nm) for the fundamental laser wave-
length at 1050 nm. The oscillating wavelengths of second
Stokes lasers at 1104 and 1123 nm is changed owing to the
laser modes competition for the Raman gain. The second
Stokes laser around 1123 nm disappears and only the second
Stokes laser at 1108 nm oscillates when the incident pump
power reaches up to 6.28 W, as shown in Fig. 3(b). The
multi-wavelength Stokes lines of Yb:YAG∕Nd:YVO4 micro-
chip Raman laser oscillate under high pump power due to
low resonator losses for both fundamental laser and Raman la-
ser provided by the high-reflectivity coatings directly to the sur-
face of the crystals and the short cavity length of 2.2 mm used
in the experiments. Therefore, the weak Stokes lines can reach
the lasing thresholds for SRS. No Raman wavelength at
1158 nm corresponding to the 893 cm−1 Raman shift was ob-
served in the experiment because the low reflectivity of the
output surface of Nd:YVO4 at this wavelength suppresses
the 1158 nm Raman laser to reach the lasing threshold.

Both the fundamental lasers and Stokes lasers of
Yb:YAG∕Nd:YVO4 CW microchip Raman laser oscillate in
multi-longitudinal-mode at different incident pump power.
The separation of longitudinal modes for fundamental laser
is measured to be 0.26 nm and the separation of longitudinal
modes for Stokes laser is measured to be 0.27 nm. The sepa-
ration between longitudinal modes of fundamental and Raman
laser are about 2 times of the free spectral range (FSR) of the
Yb:YAG∕Nd:YVO4 CW microchip Raman laser. The FSR of
Yb:YAG∕Nd:YVO4 CWmicrochip Raman laser is determined
by the resonator filled with gain medium and Raman gain
medium by Δλ � λ2∕2LC [25], where LC is the optical length
of the Raman laser resonator and λ is the wavelength of the
fundamental laser or Raman laser. The FSR of the Yb:YAG∕
Nd:YVO4 CW microchip Raman laser is 0.127 nm at
1050 nm and 0.133 nm at 1080 nm, respectively. The wide
separation between the longitudinal modes is attributed to
the thin intracavity Raman gain medium of 1-mm-thick
Nd:YVO4 crystal, which acts as a tilted etalon and selects
the output longitudinal modes [25]. The linewidth (full width
at half-maximum) of the fundamental or Raman laser mode
was less than 0.03 nm, which was restricted by the resolution
of available optical spectra analyzer.

Figure 4 shows the output power of the fundamental laser
and Stokes laser with respect to the incident pump power. The
pump power thresholds for the fundamental and Stokes laser
wavelength were about 0.9 W and 1.5 W, respectively. The
total output power increases linearly with the incident pump
power when the incident pump power reaches the threshold
of the fundamental laser. The slope efficiency is 4.7% with re-
spect to the incident pump power. No saturation of the total
output power was observed under the available pump power,
indicating that the total output power can be further scaled
by increasing the pump power. Simultaneous oscillating of
the fundamental laser and first Stokes laser has been achieved
in Yb:YAG∕Nd:YVO4 CW microchip Raman laser when the
incident pump power was between 1.5 and 1.7 W. The typical
fundamental laser and the first Stokes laser simultaneously os-
cillating spectra at different incident pump power were shown
in Figs. 2(b)–2(d). The total output power of 26.4 mW was
obtained at the incident pump power of 1.58 W, the output
powers at fundamental laser wavelength and first Stokes laser
wavelength were measured to be 11 mW and 15.4 mW, respec-
tively. The maximum output power for Stokes radiation of
260 mW was obtained at the incident pumped power of
6.28 W, the corresponding optical-to-optical efficiency was
4.2%. The performance of the Yb:YAG∕Nd:YVO4 CWmicro-
chip Raman laser can be further improved by using longer
Raman crystal and optimizing the coating parameters of both
the laser gain medium and Raman crystal.

The polarization states of fundamental laser and Raman la-
ser were also investigated by measuring the output power after
the Glan–Thomson prism. The stable elliptically polarized
fundamental laser and linearly polarized Raman laser were
observed in Yb:YAG∕Nd:YVO4 CW microchip Raman laser.
Figure 5 shows the typical polarization states of fundamental
laser at the incident pump power of 0.92 W and the
Raman laser at the incident pump power of 3.54 W of
Yb:YAG∕Nd:YVO4 CW microchip Raman laser. The crystal-
line orientation dependent polarization states in the laser diode
pumped Yb:YAG microchip laser have been investigated and
found that the linearly, elliptically and circularly polarized states
could be obtained by selecting different crystalline orientation
in (111) plane [26–28]. Laser diode pumped Yb:YAG micro-
chip lasers generally exhibit elliptical polarization state,
while circular polarization and linearly polarization states are
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Fig. 3. Laser emitting spectra of a Yb:YAG∕Nd:YVO4 microchip
Raman laser oscillating at first Stokes and second Stokes Raman lines.

Fig. 4. Output power of Yb:YAG∕Nd:YVO4 CW microchip
Raman laser versus the incident pump power.
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generated only in the situation of the transition dipole moment
of Yb:YAG crystal in (111) plane satisfying the three-fold D2

symmetry in the YAG crystal [27]. The special orientations of
h111i Yb:YAG crystal for linearly polarized laser output was
not chosen in the Yb:YAG∕Nd:YVO4 CW microchip
Raman laser experiment, therefore, stable elliptical polarized
fundamental laser was observed when the incident pump power
was lower than that for the Raman laser oscillation, as shown in
Fig. 5(a) at the incident pump power of 0.92 W. Owing to the
natural birefringence characteristic of the a-cut Nd:YVO4 crys-
tal, linear polarized Raman laser was observed when the incident
pump power were highly sufficient to overcome the laser thresh-
old of Raman laser. The linearly polarization state of Yb:YAG∕
Nd:YVO4 CW microchip Raman laser is not changed with the
incident pump power, as shown in Fig. 5(b) at the incident
pump power of 3.54 W. The polarization direction of the lin-
early polarized Raman laser depends on the orientation of
Nd:YVO4 crystal when the Nd:YVO4 crystal is rotated in
Yb:YAG∕Nd:YVO4 CW microchip Raman laser, which also
confirms that the linearly polarization state of Raman laser is
determined by the birefringence characteristic of the
Nd:YVO4 crystal. The performance of Yb:YAG∕Nd:YVO4

CWmicrochip Raman laser could be further enhanced by care-
fully selecting the orientation of h111i-Yb:YAG crystal to couple
with the linearly polarized orientation of Nd:YVO4 crystal.
Multi-wavelength laser oscillation with frequency separation
of about 1 THz in linearly polarized Yb:YAG∕Nd:YVO4

CWmicrochip Raman laser around 1.08 μm provides potential
laser sources for developing THz radiation sources.

In conclusion, a laser diode end-pumped Yb:YAG∕
Nd:YVO4 CW microchip Raman laser has been demonstrated
for the first time to the best of our knowledge. Multi-wave-
length oscillation of the fundamental laser around 1.05 μm
and Stokes radiation around 1.08 μm was obtained under
the incident pump power between 1.5 and 1.7 W. The maxi-
mum Raman laser output power of 260 mW was measured at
the incident pump power of 6.28 W; the corresponding
optical-to-optical efficiency is 4.2%. The linearly polarized
Raman laser has been obtained in laser diode pumped
Yb:YAG∕Nd:YVO4 CW microchip Raman laser. Multi-
wavelength laser oscillation with adjustable frequency separa-
tion around 1.05, 1.08, and 1.11 μm in laser diode pumped
Yb:YAG∕Nd:YVO4 CW microchip Raman laser opens a new

window for designing a compact laser source for terahertz
generation.
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Fig. 5. Polarization states of laser diode pumped Yb:YAG∕
Nd:YVO4 CW microchip Raman laser, (a) fundamental laser at the
incident pump power of 0.92 W and (b) Raman laser at the incident
pump power of 3.54 W.
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