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We passively mode locked a diode-pumped neodymium lanthanum scandium borate laser with an antiresonant
Fabry—Perot saturable absorber and achieved 2.8-ps pulses at an average output power of 400 mW and a pump

power of 1.2 W. With Ti:sapphire laser pumping we obtained pulses as short as 1.6 ps.

Intracavity doubling

produced 190 mW of 531-nm light for a diode-pump power of 1.2 W, resulting in a conversion efficiency of 48%

with respect to the fundamental and 16% with respect to the diode-pump power.
the laser demonstrates a trade-off between high conversion efficiency and low intensity noise.
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Many applications, such as ranging, printing, and
displays, can benefit from visible-wavelength lasers.
Second-harmonic generation (SHG) is one method to
generate light in the visible. Intracavity SHG is at-
tractive for the low to intermediate power regimes,
where typical intensities are insufficient to obtain high
efficiency in extracavity nonlinear conversion. How-
ever, intracavity SHG suffers from the “green prob-
lem,” i.e., chaotic intensity noise, making these lasers
inappropriate for many applications. Many methods
have been demonstrated to overcome the green prob-
lem, such as operating the laser at a single frequency,’
using an external resonator for SHG,2-® maintaining a
sufficiently low conversion efficiency,”® balancing the
birefringence of gain and nonlinear crystal,>!’ operat-
ing the laser with many (>100) longitudinal modes,!
and mode locking the laser to phase lock the longi-
tudinal modes together. Intracavity SHG of both ac-
tively'®2-15 and passively mode-locked (i.e., Kerr lens
mode-locked)'® lasers has been demonstrated.

In this Letter we demonstrate efficient intra-
cavity SHG of a passively mode-locked neodymium
lanthanum scandium borate!”® (Nd:LSB) laser pro-
ducing 190 mW of 531-nm light with a diode-pump
power of 1.2 W. An antiresonant Fabry—Perot satu-
rable absorber'®?® (A-FPSA) provides self-starting
passive mode locking and generates pulses as short
as 2.8 ps with diode pumping and 1.6 ps with
Ti:sapphire pumping at a wavelength of 1.062 um.
At a diode-pump power of 1.2 W, we obtained
400 mW of average output power at 1.062 um, corre-
sponding to a 48% fundamental-to-green and a 16%
pump-to-green conversion efficiency.

For comparison, a single-frequency ring laser pro-
duced 780 mW of green light at a pump power of
4 W (19% pump-to-green conversion efficiency).”> In
addition, external-resonator SHG has produced
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200 mW of green light at a diode-pump power of 1 W
(20% pump-to-green conversion efficiency).® Both
techniques demonstrate slightly higher conversion
efficiencies but also require special features such as
extremely low intracavity losses and an electronic
feedback system for the coupled cavities. Previously
reported pump-to-green conversion efficiencies of
intracavity-doubled actively mode-locked lasers are as
high as 5.5% for Nd:YAG," 3.3% for Nd:YLF,"” and
5.2% for Ti:sapphire lasers.!* The pump-to-green effi-
ciency of an intracavity-doubled passively mode-locked
Ti:sapphire laser was ~1%.°

Figure 1 shows the schematic of the laser. We
used an end-pumped astigmatically compensated cav-
ity with a flat—Brewster-cut Nd:LSB laser crystal
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Fig. 1. Schematic of the experimental setup with the
structure of the low-finesse A-FPSA (not to scale).
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that is 2.5 mm long and 10% doped. As a pump
source we used a 2-W, 200-um stripe-width diode ar-
ray (SDL 2372 P1) at a lasing wavelength of 808 nm,
which we focused to a 64 um X 20 um radius inside
Nd:LSB. Close to 100% of the pump power was ab-
sorbed. We calculated the laser mode radius at the
crystal flat to be 70 um X 130 um, using ABCD ma-
trix formalism. The distance between curved mir-
ror M; with a radius of curvature of 15 c¢m and
the crystal was set to 10 cm. Thus a second fo-
cus of 180-um radius was obtained between M; and
Ms, at which we inserted the nonlinear crystal, a
7-mm-long antireflection-coated beta barium borate
(BBO) crystal. We used BBO instead of KTP because
type I phase matching in BBO maintains polarization,
whereas type II phase matching in KTP can lead to de-
polarization of the fundamental. Another curved mir-
ror, M3, with a radius of curvature of 15 cm focuses the
laser mode onto the A-FPSA to an =38-um radius. For
mode locking without intracavity SHG, M; is a high
reflector and M; is a 2% output coupler for 1.06 um
(1% for each beam). For mode locking with intracavity
SHG, mirrors M; and M, are coated for high reflec-
tion at the fundamental wavelength of 1.062 um and
for high transmission at the frequency-doubled wave-
length of 531 nm. We therefore obtained two output
beams for the intracavity-doubled light.

The saturable absorber in our laser (Fig. 1) is a
low-finesse A-FPSA%2-2* that consists of a bottom re-
flector (25 pairs of AlAs/GaAs layers), two absorbing
InGaAs quantum wells (8.3 nm thick) placed between
transparent GaAs layers with a thickness adjusted for
antiresonance, and a top reflector formed by the semi-
conductor—air interface. A nominal molecular beam
epitaxy growth temperature of =350 °C reduces the re-
covery time of the A-FPSA to 8 ps, which was deter-
mined from a standard pump-probe technique by use
of 200-fs pulses from a Nd:glass laser. Therefore the
A-FPSA acts as a fast saturable absorber in the picosec-
ond mode-locking regime. The position of the quan-
tum wells is set to the peak of the intensity standing
wave inside the A-FPSA to reduce the effective satu-
ration fluence and maximize the modulation depth of
the device for the available pump power. The modula-
tion depth of the A-FPSA is ~0.5%, sufficient for stable
mode locking even with a SHG crystal inside the cavity.
Because intracavity frequency doubling is a loss mecha-
nism that is proportional to the laser peak intensity,
it introduces higher loss for pulsed than for cw opera-
tion and is, therefore, a competing process to passive
mode locking. Thus the intracavity SHG conversion
efficiency per round trip has to be lower than the modu-
lation depth of the A-FPSA. As we will discuss at the
end, there is a trade-off between high conversion effi-
ciency and low intensity noise for a given modulation
depth of the saturable absorber. A higher conversion
efficiency could be obtained with a higher modulation
depth of the A-FPSA.

With no BBO crystal in the laser, we obtained stable,
self-starting passively mode-locked pulses of 2.8 ps
at 1.06 um, a spectral width of 1.1 nm, or 290 GHz
(Fig. 2), with an average output power of 400 mW
at a pump power of 1.2 W. With Ti:sapphire laser
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pumping, we previously obtained pulses as short
as 1.6 ps.?? According to Fig. 2, the pulses are not
transform limited and have a time—bandwidth product
of 0.8, which is typical for enhanced spatial-hole
burning in gain-at-the-end lasers®*?” We measured a
lasing pump threshold of 50 mW, a mode-locking
threshold of 500 mW, and a cw slope efficiency of 32%.
A small-signal gain coefficient of 0.76 for a pump
power of 1.2 W can be determined? from the frequency
of the relaxation oscillations at 166 kHz, an Nd:L.SB
upper-state lifetime of 120 us,'® a pulse-repetition rate
of 177 MHz, and an estimated total cavity loss of =~3%),
taking into account the 2% output coupler and a non-
saturable 0.5% loss from the A-FPSA. The relaxation
oscillations, and therefore the @-switching instabili-
ties, are typically suppressed by =90 dB below the
carrier signal at the first harmonic of the mode-locked
pulse train (Fig. 3).

With the BBO crystal in the laser, we measured
a total average output power of 190 mW of TEM,,
green light at 531 nm at a pump power of 1.2 W. The
corresponding spectrum of the green light was mea-
sured in an optical microchannel analyzer and has a
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Fig. 2. Passive mode-locking results without intracavity
frequency doubling: (a) noncollinear autocorrelation; (b)
optical spectrum, resulting in a time—bandwidth product of
0.8.
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Fig. 3. Intensity noise spectral density measured with a
photodiode and a microwave spectrum analyzer in dBc
(1 Hz), i.e., the number of decibels below the first laser
harmonic signal with a 1-Hz bandwidth. (a) The system
noise floor (with the incident laser beam blocked at the
photodiode). Also shown are noise sidebands for (b) the
passively mode-locked Nd:LSB laser without the BBO
crystal (0.8% rms noise integrated from 10 Hz to 1 MHz),
(c) the intracavity-doubled green laser with 130-mW output
power (2.5% rms noise integrated from 10 Hz to 1 MHz),
and (d) the intracavity-doubled green laser with 190-mW
output power (12% rms noise integrated from 10 Hz to
1 MHz).
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Fig. 4. Low-frequency green intensity noise at 190-mW
power measured with a digital oscilloscope for 10 s with
500 data points.

FWHM of 0.37 nm, or 390 GHz, i.e., an ~+/2 broader
spectrum for the SHG signal, which would indicate a
V2 shorter pulse duration at 531 nm. However, we
could not measure the pulse width because we did not
have an autocorrelator for this wavelength. We obtain
a fundamental-to-green conversion efficiency of 48%;
this is the green power with respect to the fundamen-
tal power at 1.062 um from the passively mode-locked
Nd:LSB laser without the BBO crystal.

Figure 3 shows the single-sideband noise spectral
density around the first laser harmonic at 177 MHz in
units of dBe (1 Hz), i.e., the number of decibels below
the carrier in a 1-Hz bandwidth, measured with a
silicon photodiode and a microwave spectrum analyzer
from 10 Hz to 1 MHz. Without the BBO crystal, the
intensity noise [trace (b) in Fig. 3] rolls off below the
system noise floor [trace (a) in Fig. 3] at a frequency
offset of =1 kHz. The excess noise at higher frequen-
cies is caused by the diode-pump laser. The rms in-
tensity noise, integrated from 10 Hz to 1 MHz, is 0.8%.
Intracavity doubling increases the intensity noise to
~100 kHz. Figure 3 shows the noise sidebands for an
average green output power of 130 mW [trace (c)] and
190 mW [trace (d)], where only the BBO crystal angle
was slightly detuned to change the conversion effi-
ciency. This measurement demonstrates the increase
of intensity noise at higher conversion efficiencies.
The rms intensity noise of the green beam, inte-
grated from 10 Hz to 1 MHz, increased from 2.5% for
130 mW to 12% for 190 mW, where the conversion ef-
ficiency approached the modulation depth of the satu-
rable absorber. The low-frequency peak-to-peak
intensity noise of the 190-mW green light was 6.3%,
as measured with a digital oscilloscope over 10 s with
500 data points, i.e., with integrated noise from 0.1 to
50 Hz (Fig. 4). A further increase of the conversion
efficiency rapidly caused more intensity noise and at
the end completely suppressed mode locking. At this
point the green output power dropped drastically to a
much lower value.

We have demonstrated both stable passive mode
locking of a diode-pumped Nd:LSB laser and effi-
cient intracavity frequency doubling. Pulses as short
as 2.8 ps have been generated at 1.06 um with no
frequency-doubling crystal in the cavity. With a BBO
crystal in the cavity, we obtained a green output power
of 190 mW at 531 nm for a pump power of 1.2 W. The
passive all-solid-state approach as well as the high con-
version efficiency at a low pump power at relatively
high pulse-repetition rates (=180 MHz) makes this vis-
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ible light source potentially interesting for projection
display applications.
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