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ABSTRACT Continuous-wave operation of a diode-pumped
Nd:YVO4 laser with self-frequency Raman conversion is
demonstrated. The threshold of Raman generation was meas-
ured to be 1.3 W of laser diode power. The maximum output
power of Stokes radiation at the wavelength of 1177 nm was up
to 50 mW at a laser diode pump power of 2.3 W, correspond-
ing to the slope efficiency of 5%. The beam quality M2 of the
Stokes radiation was about 1.4. The fluctuations of the Stokes
power were minimised down to 4%.

PACS 42.55.Ye; 42.60.Pk; 42.65.Dr

1 Introduction

The neodymium-doped yttrium ortho-vanadate
(Nd:YVO4) crystal is an excellent medium for stable and
effective diode-pumped solid-state lasers, especially in end-
pumped configurations. This crystal possesses such advan-
tages as the broad pump absorption band at 808.7 nm (the
line width at room temperature is about 2.5 nm FWHM [1]),
large pump absorption cross section (2.7 ×10−19 cm2 for
Nd:YVO4 crystal and 0.7 ×10−19 cm2 for Nd:YAG crys-
tal [2]), large stimulated emission cross section (15 ×
10−19 cm2 at 1064 nm for an a-axis cut, being about four
times larger than that of Nd:YAG), a higher allowable dop-
ing level and anisotropic gain which provides the polarised
output. These advantages simplify wavelength tuning and
the pump beam collimating requirements for diode pump-
ing. The short upper-state lifetime of Nd:YVO4 crystal allows
faster Q-switching [3], mode-locking operation [4] and sim-
ultaneous Q-switching and mode locking [5, 6]. The efficient
high-power continuous-wave (cw) laser operation was also
demonstrated with the end-pumped Nd:YVO4 laser [7]. Up
to 11 W of output radiation was generated at a diode pump
power of 22 W.

YVO4 crystal is also a perspective medium for stimulated
Raman scattering (SRS) [8] with two SRS active vibration
modes: 890 cm−1 and 815 cm−1. Application of Nd:YVO4
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crystal for self-frequency Raman conversion in passively
Q-switched microchip lasers with cw diode pumping was
first successfully demonstrated in [9]. The Raman gain co-
efficient of Nd:YVO4, comparable to or even higher [8, 10]
than those of double-tungstate crystals, and short dephasing
time (about 3.5 ps) for the 890-cm−1 mode provide a rela-
tively high conversion efficiency (3%) of diode laser power
to Stokes power and subnanosecond pulse generation at the
Stokes wavelength. Later, in similar conditions, the conver-
sion efficiency was increased up to 6.3% [11] due to the use
of a more powerful (up to 2 W) pump source. Also, the high-
energy self-frequency Raman generation in Nd:GdVO4 crys-
tal (which is similar to Nd:YVO4 crystal) was successfully
demonstrated [12].

In recent years, the possibility of cw generation in
lasers with Raman crystals has been attracting great atten-
tion [13–17]. Recently, the possibility for cw self-frequency
Raman conversion in a Nd:KGW laser with cw diode pump-
ing has been demonstrated for the first time [15]. It was shown
that the use of lasers with high-reflective mirrors both at laser
and first Stokes wavelengths allows the Raman threshold to
be reached even in the cw regime. The cw intracavity Raman
conversion was also first demonstrated with Ba(NO3)2 [16]
and PbWO4 [17] crystals placed in a diode-pumped Nd:YVO4
laser. Later, the cw Raman generation was also obtained
in KGW crystal placed in the cavity of a diode-pumped
Nd:YAG laser [18].

Compared to Nd:KGW, the Nd:YVO4 crystal is more
applicable for cw self-frequency Raman conversion due to
the relatively high thermal conductivity, symmetrical thermal
lens and narrow spectral line width of generation typical for
this crystal, which are important for obtaining the high spec-
tral brightness favourable for reaching the Raman threshold.
In this paper we demonstrate for the first time the cw self-
frequency Raman conversion in a Nd:YVO4 laser with diode
pumping.

2 Experimental setup

The optical scheme of the laser with cw self-
frequency Raman conversion based on Nd:YVO4 crystal is
presented in Fig. 1. A fibre-coupled (100 µm) laser diode
(2.4 W at 0.8075 mm, model ML151 from Milon Laser) con-
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FIGURE 1 Experimental scheme of diode-pumped laser with self-
frequency Raman conversion on the base of Nd:YVO4 crystal. 1 – diode
laser; 2 – driver; 3 – lenses; 4 – active element; 5 – input mirror; 6 – output
coupler; 7 – beam splitters; 8 – power meters; 9 – interference filters

nected to the laser driver (model LDD-10 from ATC SD,
Russia) was used for a pump source. The beam exiting the
fibre was imaged onto the laser crystal by a two-lens coup-
ling system installed in front of the optical fibre, providing
a nearly Gaussian intensity profile with a diameter of 100 µm
(M2 = 42).

The laser comprised an active element placed between two
mirrors. The active element was a Nd(0.8 at. %):YVO4 (a-cut)
crystal with the length of 22 mm. The crystal was mounted
on a copper heat sink with use of heat-conducting paste. The
flat input mirror was coated on a pumpable facet of the active
element. This mirror had a reflectance of 99.6% and 99.94% at
1064-nm and 1175-nm wavelengths, respectively, and a trans-
mittance of 97.5% at the pump wavelength. The other facet
of the active crystal had an antireflective coating for a spec-
tral range of 1060–1200 nm (R < 0.1%). The output spherical
coupler with a radius of curvature of 46 mm had a reflectance
of 99.95% at the laser wavelength of 1064 nm and 99.85% at
the 1175-nm wavelength. The geometrical length of the cav-
ity was about 50 mm. The output power at fundamental and
Stokes wavelengths was measured at both sides of the laser
cavity. For this purpose the beam splitters were used. They dir-
ected some part of the generated radiation to power meters.
To separate laser and Stokes radiation, the interference filters
were used.

3 Results and discussion

The generation threshold at the fundamental wave-
length of the Nd:YVO4 laser was reached at a pump power
of ∼ 0.05 W of the laser diode power. The laser cavity mir-
rors used in the experiments provide a lower threshold. The
relatively high threshold obtained can be explained by the low
quality of the laser crystal. The lowest Raman threshold es-
tablished in the experiments was nearly 1.3 W of the pump
power. Figure 2 presents the spectrum of the Nd:YVO4 laser
output with the laser and Stokes lines. The Stokes line was
observed at 1175 nm with a shift of 890 cm−1 towards the fun-
damental laser line at 1064 nm. No more Stokes lines were
observed in the experiments. The line widths (FWHM) of the
laser and Stokes wavelengths were 4.5 and 1.2 cm−1, respec-
tively. No noticeable line broadening or structure formation
in the Stokes spectrum was observed with increasing pump
power up to the maximum available level.

FIGURE 2 Emission spectrum of diode-pumped Nd:YVO4 laser at funda-
mental and Stokes wavelengths for maximum pump power

FIGURE 3 Oscilloscope traces for laser and Stokes evolution for different
pump powers: (a) 0.8 W, (b) 1.4 W, (c) 2.3 W

Typical oscilloscope traces at the start of laser and Ra-
man generation are presented in Fig. 3. Figure 3a shows the
start of laser generation at the pump power when no Stokes
generation occurs. The relaxation oscillations related to the
initiation of laser generation and continuous transition to the
steady-state level are observable. The duration of these os-
cillations reduces when the pump power increases (Fig. 3b
and c). The oscilloscope traces for laser and Stokes radiation
not far and far from the Raman threshold are presented in
Fig. 3b and c, respectively. The significant (more than 40 µs)
delay of the Stokes rise edge relative to the moment when the
laser power reaches the level needed for attaining the Raman
threshold is seen (Fig. 3b). This delay is the specific behaviour
of SRS in the cw regime [15] that corresponds to the evolu-
tion of Stokes radiation from the noise level to the steady-state
level. Because the single-pass gain of Stokes radiation is small
with cw Raman lasers, the Stokes photons are accumulated
in the laser cavity slowly, and therefore the time needed for
the development of Stokes radiation can be substantial. The
higher the laser power and, as a consequence, the higher the
gain of Stokes radiation, the shorter the time for Stokes radi-
ation buildup (Fig. 3c).
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The dependence of the time for Stokes radiation buildup
(TB) on the laser power can be expressed as [15]

TB = 25
LC

c

1

GS PP − LS
, (1)

where PP – intracavity power at laser wavelength, LC – opti-
cal length of laser cavity, c – light velocity, GS – single-pass
gain of Stokes radiation per unit pump power and LS – single-
pass losses of Stokes radiation. The experimentally measured
dependence of delay time TB on pump power and its approx-
imation with expression (1) is presented in Fig. 4. The good
fitting between the experimental and calculated curves can
be observed. The approximation with expression (1) allows
estimation of the value LS (25LC/c)−1. Taking into account
the optical length of the laser cavity (7.2 cm), the single-
pass losses of Stokes radiation (LS) were calculated to be
about 0.7%–1%.

Figure 3 also shows that there are significant fluctuations
in Stokes radiation near the Raman threshold compared to
those in laser radiation (Fig. 3a and b). The increase in the
pump power leads to the stabilisation of Stokes radiation
(Fig. 3c). The dependences of standard deviation (σ) nor-
malised to the mean value of laser and Stokes radiation on
the pump power are plotted in Fig. 5. It can be seen that the
fluctuations for Stokes radiation at the Raman threshold are
significantly larger than those for laser radiation. This be-
haviour was observed for SRS at a nanosecond multimode
pulse pump [19] and can be explained by the dramatic effect of
power fluctuations for multimode radiation at the fundamen-
tal wavelength in the threshold condition. This effect was also
demonstrated for cw Raman generation with external multi-
mode pumping [13, 14]. At higher pump power, the strong
stabilisation of the Stokes power occurs. The normalised stan-
dard deviation of Stokes radiation decreases from 40% to 4%,
which is very close to the standard deviation of fundamental
radiation (2.8%).

The fundamental and Stokes beams had a smooth, nearly
Gaussian spatial intensity distribution. The Stokes beam
quality factor M2 did not exceed 1.4. Figure 6 gives the
total output power from the two mirrors at fundamental
and Stokes wavelengths as a function of the laser diode

FIGURE 4 The dependence of delay time for the Raman signal on the
average power of laser radiation. Squares – experimental data, curve – their
approximation with expression (1)

FIGURE 5 The dependences of normalised standard deviation for laser and
Stokes powers on laser diode power

FIGURE 6 The dependences for powers of laser and Stokes radiation and
for conversion efficiency on laser diode power

power. The maximum Stokes total power was measured as
53 mW at the incident diode power of 2.3 W, correspond-
ing to a slope efficiency of about 5%. The dependence of
the conversion efficiency of laser diode power to Stokes
power is also plotted in Fig. 6. It can be seen that the con-
version efficiency reached 2.2%. The maximum intracav-
ity laser power and intensity were estimated as 11 W and
49 kW/cm2, respectively. The Stokes intracavity power and
intensity were 25 W and 106 kW/cm2, respectively. It is ev-
ident from Fig. 6 that with the reached Raman threshold,
the growth of laser intensity slows down slightly. This be-
haviour was also observed in a previous work [17] and is
due to the strong conversion of laser power to Stokes power.
Basically, at the Raman threshold, the laser power in the
cavity should be equal to that of the Raman threshold and,
actually, should not increase any more [20]. The increase
in the laser power after the Raman threshold which we ob-
served in our experiment can be explained by the wider
spectral bandwidth of laser radiation compared to that of
Stokes radiation.

The Stokes generation efficiency and power can be in-
creased by optimising the cavity parameters, decreasing the
laser fundamental line width to the line-width value of spon-
taneous Raman scattering for YVO4 crystal and by utilising
a longer Raman Nd:YVO4 crystal of better quality. Our esti-
mations show that the two times increase in the active Raman
crystal length leads to nearly the two times decrease in the Ra-
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man threshold power and correspondingly to the increase in
the Stokes power up to 90 mW and the generation efficiency
from 2.2% up to 4.9% at the specified value of laser diode
power.

4 Conclusion

In conclusion, continuous-wave operation of a dio-
de-pumped Nd:YVO4 laser with self-frequency Raman con-
version is reported for the first time. The Raman threshold
was measured at 1.3 W of the laser diode power. The highest
output power obtained at the Stokes wavelength was 53 mW
for a slope efficiency of 5%. The temporal behaviour of the
generated Stokes radiation was studied. The analysis of the
obtained results shows that Nd:YVO4 can be a very perspec-
tive material for creation of efficient and powerful cw self-
Raman lasers if the laser cavity parameters are optimised by
increasing the laser crystal length, decreasing the losses at
laser and Stokes frequencies and increasing the laser diode
power.
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