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We report cw yellow emission from a miniature self-Raman laser using highly doped Nd:YVO4 crystals combined
with intracavity frequency doubling. Pump-limited 587:8 nm output of 220mW was obtained from an 18mm long
resonator, pumped by a 3:8W diode laser. © 2011 Optical Society of America
OCIS codes: 140.3550, 190.2620, 140.3380.

All-solid-state cw laser sources in the 550–600 nm spec-
tral region based on simultaneous stimulated Raman
scattering (SRS) and nonlinear sum-frequency genera-
tion (SFG) within the resonator of diode-pumped Nd3þ
lasers have attracted much interest since the first report
of such a device in 2007 [1]. Motivated by applications for
multiwatt cw yellow–orange lasers in ophthalmology and
other medical therapies and display and sensing technol-
ogies, most effort has so far been directed at scaling to
high powers. Now cw powers of ∼5W have been demon-
strated at a variety of wavelengths corresponding to SFG
from the 1:06 μm fundamental and the first-Stokes Raman
lines and second-harmonic generation (SHG) from first
Stokes, at diode-visible optical conversion efficiencies
of 21% and 17% for SFG and SHG, respectively [2].
Applications for miniature low-power (<100mW) cw

lasers in the yellow–orange spectral region abound in
areas such as biomedical and industrial diagnostics, and
small-scale displays. However, there are significant chal-
lenges to efficient power downscaling of these devices:
achieving acceptable thresholds and overall diode-visible
optical conversion efficiencies for simultaneous SRS and
SFG in the cw regime at low pump powers (a few watts)
requires a reappraisal of the methods that have been used
to date to generate high-power cw visible emission.
In contrast to the conventional use of long (≥10mm)

and weakly doped (in the case of self-Raman lasers)
Raman crystals for high-power operation, here we study
the application of short (≤3mm), highly doped (1% Nd3þ)
self-Raman laser crystals to demonstrate efficient, minia-
ture cw yellow Raman lasers. The use of short, self-
Raman crystals has many benefits. Very short resonator
lengths are possible with small cavity mode sizes, which
lead to high power densities and higher SRS efficiency.
Also, the resonator losses are lower due to fewer intra-
cavity surfaces and lower bulk crystal losses.
In this Letter we report design and operating charac-

teristics of novel miniaturized cw yellow Raman lasers
using highly doped (Nd3þ) yttrium vanadate as a self-
Raman laser medium and beta barium borate (BBO) as
the intracavity nonlinear frequency-doubling crystal.
Nd:YVO4 was chosen as the self-Raman medium due to

its high Raman gain (4:5 cm=GW [3]) and high emission

cross section (14:1 × 10−19 cm2 [4]),which in end-pumping
configurations give a lower threshold and higher funda-
mental powers for modest pump powers, and because
the fundamental is polarized. We chose to use 1 at:%
Nd:YVO4, for which the absorption coefficient for 808 nm
pump light polarized along the c axis of the crystal is
48:4 cm−1 [4], approximately four times larger than that
of the a axis. A polarized diode pump source is used to
pumpwith light polarized parallel to the c axis of the crys-
tal, so as to access the higher absorption cross section.
BBO was chosen as the intracavity frequency-doubling
crystal for its high effective nonlinear coefficient of
2:20 pm=V [5] {compared to lithium triborate (LBO):
0:85 pm=V [6]}, offering high conversion efficiency from
the fundamental to the second harmonic from a short
crystal.

The pump source used in this work was a high-
brightness free-space diode laser (UniqueMode, UM4200-
M20-CB-TEC), providing horizontally polarized pump
light with a maximum output power of 3:8W at 808 nm.
We used a telescope arrangement for expanding and col-
limating the diode output and then focusing it into the
Nd:YVO4 crystal through a 50mm focal-length lens. We
measured the spot size at focus and used this in conjunc-
tion with the pump beam quality to estimate a focal spot
radius of 80 μm, averaged over two absorption depths. A
characteristic of this pump source that should be noted is
that when the current of the diode laser reached 3:5–4A,
corresponding to an output power of 2:0–2:5W, there was
a wavelength jump from 804 to 808:8 nm, resulting in
power-scaling plots that were not linear (most noticeable
for shorter laser crystals).

We have investigated two a-cut, 1 at:% Nd:YVO4 crys-
tals with dimensions of 4mm × 4mm × 3mm and 4mm ×
4mm × 1mm , for which we predicted >99% and ∼95%
absorption of pump light, respectively. The crystals (from
Castech Crystals), had antireflection (AR) coatings for
808, 1064, and 1176 nm and were mounted in water-
cooled copper blocks maintained at a temperature of
20 °C. We measured the unabsorbed pump and found the
3mm long crystal to have stronger absorption than the
1mm long crystal (∼99% versus ∼91%).
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The intracavity BBO crystal had dimensions of 4mm ×
4mm × 5mm and was AR coated for 1064, 1176, and
588 nm. It was cut for type I critical phase matching
(θ ¼ 21:5°, φ ¼ 0°), and was angle tuned in our experi-
ments by mechanically rotating the crystal.
Two compact resonators were used in our work, a

10mm long linear resonator configuration without
BBO was used to investigate the performance at the fun-
damental (1064 nm) and first-Stokes wavelengths
(1176 nm), and a 15mm long resonator including BBO
(see Fig. 1) was used to achieve frequency-doubled
first-Stokes (yellow) output. The total length of the yel-
low resonator increased to 18mm when an intracavity
mirror was added to facilitate more efficient collection
of the yellow light. Details of cavity mirror curvatures
and coatings are summarized in Table 1. In contrast to
the combination of low-doped vanadates and LBO crys-
tals (each 10mm long) used in a previous work [7], the
whole cavity length in this work has been effectively
shortened, which is very important to achieve stable las-
ing in a resonator suffering strong thermal lensing ef-
fects. As discussed in [8] for a self-Raman laser, strong
thermal lensing in the laser/Raman crystal results from
the combined effects of pump heating, the inelastic nat-
ure of SRS, and absorption of yellow light not coupled
from the resonator. Thermal lensing limits the length of
the cavity for which stability can be maintained, and we
achieved the best performance by keeping the cavity as
short as possible. Using finite element analysis in
LASCAD [9], we estimated the thermal lenses (for 3:5W
pump power) to be 29 and 25mm for the 1 and 3mm long
crystals, respectively.
The (TEM00) resonator mode radius for the first-Stokes

Raman laser was calculated to be ∼70 μm, varying only
weakly along the resonator length. We estimate the cir-
culating power density for the first Stokes to be of the
order of 0:3MW=cm2 for diode pump powers of 3:4W.
Because of the small mode sizes in this laser, the circu-
lating power densities are very similar to those of multi-
watt Raman lasers [2], despite the much lower pump
powers used here.
First we set up the fundamental resonator for 3 and

1mm long Nd:YVO4 crystals, respectively, using the same
cavity mirror combination of M1 and M2 and the same
cavity length of 10mm for comparison. The thresholds
for lasing at the fundamental in both cases were observed
to be ∼0:2W of incident pump power. At the maximum
incident pump power of 3:5W, the resonator including
the 3mm Nd:YVO4 crystal gave 1:4W output at 1064 nm
with diode-to-optical-conversion efficiency of 40%. When
using the 1mm crystal, this was 1:2W. We attribute the
better performance of the 3mm crystal to its slightly
higher pump absorption.

Next the output coupler was changed to M3, providing
high Q for both fundamental and first-Stokes optical
fields, for operation at 1176 nm. We could only achieve
cw first-Stokes emission from the 3mm 1 at:% Nd:YVO4
crystal, for which threshold was reached at 1:4W inci-
dent pump power, and the pump-limited maximum out-
put power was 160mW with incident pump power of
3:4W. For the 1mm long crystal, we were unable to reach
threshold for SRS, and this is most likely due to low
Raman gain, because the Raman gain is proportional
to the crystal length. Much lower Raman laser thresholds
can be obtained using very-low-loss resonator optics, as
was the case when the first-Stokes coupling mirror M3
was replaced by mirror M4 (transmission losses at funda-
mental and first-Stokes <0:006%) as in our subsequent
experiments with intracavity frequency doubling.

For these experiments, the BBO crystal was inserted
inside the cavity formed by M1 and M4, with all compo-
nents positioned as close to one another as possible to
minimize the cavity length, which was either 15 or 18mm
according to whether the intracavity mirror (M5) was in-
cluded. The spectral properties of the emission were
monitored using a CCD spectrometer (Ocean Optics,
USB 2000) to ensure that the angle of the BBO crystal
was accurately tuned to produce only the second harmo-
nic of the first Stokes at 587:8nm. Figure 2(a) shows cw
yellow output power at 587:8 nm as a function of incident
pump power from the resonators without the intracavity
mirror (M5). For the 3mm long 1 at:% Nd:YVO4 crystal,
the maximum cw yellow output power was 135mW for
an incident pump power of 3:8W, and the threshold of
yellow emission was as low as 0:4W. For the 1mm long
1 at:% Nd:YVO4 crystal, the threshold for yellow emission
increased to 0:7W, and maximum cw yellow output
power was 109mW at 3:6W incident pump power. The
lower threshold and higher efficiency provided by the
3mm crystal can be explained by its longer length (higher
pump absorption and higher Raman gain).

Figure 2(b) shows yellow output power scaling when
mirror M5 is inserted between the Nd:YVO4 and BBO
crystals. This mirror was used to maximize the yellow
output collected through the output coupler with the
added benefit of preventing the absorption of backward-
propagating yellow emission in the Nd:YVO4 crystal. This
resulted in significant improvement in power extraction:

Fig. 1. (Color online) Cavity layout for self-Raman experimen-
tal laser.

Table 1. Summary of Cavity Mirrors (Reflectivities Are as Specified by the Supplier)

Mirror Details

M1 Flat mirror: R > 99:994% at 1064 nm and 1176nm, T ¼ 98% at 808 nm
M2 300mm radius of curvature (ROC) mirror: T ¼ 5% at 1064 nm
M3 250mm ROC mirror: R ¼ 99:91% at 1064 nm, R ¼ 99:6% at 1176nm.
M4 50mm ROC mirror: R > 99:994% at 1064 nm and 1176nm, T ¼ 98:9% at 588nm.
M5 Flat intracavity mirror: R < 0:12% at 1064nm and 1176 nm, R ¼ 98:7% at 587:8 nm

April 15, 2011 / Vol. 36, No. 8 / OPTICS LETTERS 1429



220mW cw yellow emission was obtained using the 3mm
long Nd:YVO4 crystal with an overall diode-to-yellow
conversion efficiency of 5.8%, representing a 63% in-
crease over the maximum power observed without
M5. For the 1mm long crystal, the maximum yellow out-
put power increased from 109 to 154mW for 3:6W inci-
dent pump power. Pump power thresholds for yellow
output using the 3 and 1mm crystals increased to 0.5
and 1:4W, respectively (due to the additional insertion
loss caused by the inclusion of the intracavity mirror),
but slope efficiencies increased significantly, from ap-
proximately 4% without the intracavity mirror to more
than 7% with M5 included.
Beam quality measurements were performed without

the intracavity mirror (M5) using an automated beam
profiler (Gentec-EO, Inc., BeamScope-P8) for both cases,
which revealed anM2 value of ∼1:22 at maximum output
from the 3mmNd:YVO4 crystal, andM2

∼ 1:6 in the 1mm
crystal case. Inclusion of the intracavity mirror degraded
the beam quality (M2 > 3).

The spectral characteristics of the cw output were in-
vestigated by using an optical spectrum analyzer with
0:05 nm resolution (Ocean Optics, USB HR4000). At
maximum output power for the 3mm long crystal, the yel-
low spectrum was found to consist of a single peak at
587:8nm with <0:1 nm bandwidth. The peak-to-peak
amplitude noise of the yellow was measured (with a fast,
nanosecond photodiode) to be approximately 8% (2σ=av)
over a period of 4 s. By further analyzing the noise using an
RF spectrum analyzer (Tektronix, 2792 10KHz–21GHz),
we noted a low-frequency peak at ∼50Hz, which we attri-
bute to mechanical vibration caused by the chiller. We
also noted high-frequency peaks in the range of 50KHz–
2MHz, which we attribute to mode competition [10].

In conclusion, we have reported efficient cw yellow
emission (at 587:8nm) from a miniature intracavity-
doubled self-Raman laser based on a 1% doped Nd:YVO4
crystal and using a low-power pump diode. To the best of
our knowledge, this is the first demonstration of a min-
iature, crystalline, cw yellow laser operating with a crys-
talline Raman medium of length ≤3mm (see previous
reports with media ≥10mm in length). This has led to
yellow laser operation with thresholds as low as 0:4W,
a factor of 2 below the best previously reported [11]
Pump-limited maximum yellow output of 220mW has
been achieved with a corresponding overall diode-to-
yellow conversion efficiency of 5.8%. We expect that
lower thresholds and higher slope and overall efficien-
cies may be achieved by applying high-reflectivity
coatings directly to the surface of crystals to reduce re-
sonator losses and by redesigning the crystal mounts to
reduce the overall cavity length to less than 10mm.
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Fig. 2. (Color online) cw yellow output power as a function of
incident pump power (a) without mirror M5 and (b) with mirror
M5.
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