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We report on self-starting passively mode-locked diode-pumped 1.3-um lasers obtained by use of semiconductor

saturable absorbers.

We achieved pulses as short as 4.6 ps in Nd:YVO, and 5.7 ps in Nd:YLF with average

output powers of 50 and 130 mW, respectively. [0 1996 Optical Society of America

The development of a simple, compact, diode-pumped,
mode-locked, solid-state laser at 1.3 um is of wide
interest. Applications of high-repetition-rate, ultra-
short, high-power pulsed lasers are found in fiber-
optic applications (telecommunications), fiber sensing,
or ranging. Mode locking at 1.3 um in Nd:YLF has
been previously achieved both actively! and passively
in a coupled-cavity (additive-pulse mode-locked) sys-
tem.?2 Nd:YVO, was recently mode locked at 1 um
(Ref. 3) but has not been mode locked at 1.3 um, to our
knowledge.

In this Letter we demonstrate self-starting pas-
sively mode-locked Nd:YLF at 1314 and 1321 nm and
Nd:YVOy at 1342 nm, using only an intracavity semi-
conductor saturable absorber. This permits a simple
cavity design without an additional external cavity or
drive and stabilization electronics. Pulse durations
as short as 4.6 and 5.7 ps were achieved with Nd:YVO,
and with Nd:YLF, respectively. Passive mode locking
was achieved with either a high- or a low-finesse
antiresonant Fabry—Perot saturable absorber (AF-
PSA) design.*® This is our first demonstration of an
AFPSA at 1.3 um.

There are two key points to be considered for a
1.3-um laser mode locked with a semiconductor satu-
rable absorber. The first is the choice of the laser
material in terms of gain cross section and upper-state
lifetime, factors that determine the attainment of high
gain and low pump threshold. The second considera-
tion is the design and growth of the semiconductor
saturable absorber, which are important for pure cw
passive mode locking.

For most materials the gain cross section of the
1.3-pum transition is much smaller than the gain cross
section of the 1-um transition. Normally we wish to
maximize the product of gain cross section and upper-
state lifetime to achieve high small-signal gain and low
pump threshold. But for passive mode locking a large
gain cross section and a small upper-state lifetime are
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preferred to prevent @ switching.®” We considered
the Nd-doped laser crystals YLF and YVO,. Nd:YVO,
has a large gain cross section (=6 X 1071 ¢m?), com-
parable with that of YAG at 1 um, and a relatively
small upper-state lifetime (100 wus).® Therefore it
should be easier to passively mode lock. Additionally,
its large absorption coefficient at 808 nm is attractive
for diode pumping and further increases the small-
signal gain when end pumped. Nd:YLF has a smaller
gain cross section and a higher upper-state lifetime
(450 us) than Nd:YVOy4. Nevertheless, we have cho-
sen to investigate Nd:YLF because of its better thermal
properties and its wavelength, which better matches
the transmission window of silica optical fiber.

We passively mode locked our lasers with an
AFPSA, which consists of an intracavity saturable
absorber lying between a highly reflecting Bragg
bottom mirror and a top reflector. The nonlinearity
is due to absorption bleaching of the semiconductor.
Because we still want to benefit from the good quality
of AlAs/GaAs Bragg mirrors, we need to grow the
1.3-um saturable absorber layer upon a GaAs sub-
strate. To achieve saturable absorption at 1.3 um,
the In concentration in the InGaAs absorber mate-
rial must be increased to approximately 40%, which
results in a significant lattice mismatch to the GaAs
substrate. This lattice mismatch reduces the surface
quality, resulting in higher insertion losses. The
absorber material is grown by molecular-beam epitaxy
at low temperature. There are two motivations for
low-temperature growth. First, it partially relieves
the lattice mismatch, which improves the optical
quality of the absorber layer. Second, the lifetime
of the absorber decreases into the picosecond regime,
permitting the device to act as a fast saturable ab-
sorber to mode lock the laser.

In the experiments we used either a high-finesse
[Fig. 1(a)] or low-finesse [Fig. 1(b)] AFPSA design,
both of which have been well described by previous
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studies.*® In our specific low-finesse design the

spacer layer is one half of a standing wave, and the
saturable absorber is positioned near the peak of
the wave for maximum modulation depth. The half-
wave spacer layer permits the saturable absorber to
be easily positioned at the peak of the standing wave
for maximum modulation depth. This design is simi-
lar to the saturable Bragg reflector design,” which
simply uses a quarter-wave spacer layer and an
embedded absorber. Note that both devices are in-
termediate designs between the previously reported
high-finesse AFPSA (Ref. 4) and the antireflection-
coated thin saturable absorber.” It is also worth
noting that the Bragg reflector is not fundamentally
necessary for these devices and is often a limitation for
very short pulse widths; for example, a metal-mirror
saturable device has produced 10-fs pulse widths.™

We measured the impulse response (Fig. 2), satu-
ration fluence, insertion loss, and maximum modu-
lation depth of the high- and low-finesse AFPSA’s,
using 150-fs-long pulses at 1.32 um.> For picosec-
ond pulses we would expect a slightly lower modula-
tion depth but no change in the carrier lifetime and no
significant change in the saturation fluence. For the
high-finesse device we measured a lifetime of 9.5 ps, a
maximum modulation depth of 0.2%, and a saturation
fluence of 30 mJ/cm?, whereas for the low-finesse de-
vice we measured a lifetime of 4 ps, a maximal modu-
lation depth of =2%, and a saturation fluence of
0.4 mJ/cm?. The maximum modulation depth is ob-
tained well above the saturation fluence (i.e., typically
greater than three times the saturation fluence'?) and
is approximately ten times larger for the low-finesse
device. On the other hand, the nonsaturable losses of
the high-finesse AFPSA are lower, i.e., only =0.1%,
compared with that of the low-finesse device (=4%),
which leads to higher output power. However, the in-
sertion loss of the low-finesse AFPSA was too high for
the Nd:YLF laser to yield stable mode locking with the
available pump power.

We used a standard end-pumped cavity with a flat/
Brewster-cut laser crystal and a 50-cm radius-of-
curvature mirror. The laser crystals were 4-mm-long
1.5%-doped Nd:YLF and 3.5-mm-long 2%-doped
Nd:YVO,. As pump sources we used two 1-W
100-um stripe-width pump diodes, which we focused
toa 150 um X 40 pwm radius inside the Nd:YLF and a
80 um X 30 um radius inside the Nd:YVOy,. To pas-
sively mode lock the laser we replaced a high reflector
by an AFPSA and a curved mirror to focus onto it.
By varying the curvature of this mirror we are able
to adjust the laser beam spot size of the AFPSA and
therefore control the available incident pulse energy
density with respect to the saturation fluence of the
device. The spot size on the high-finesse AFPSA was
set to a radius of approximately 30 um with a 7.5-cm
curved mirror and to approximately 100 um with a
30-cm curved mirror for the low-finesse AFPSA. The
output coupler was a fold mirror, producing two output
beams, and the output coupling was 1% total (0.5%
per beam).

Nd:YLF has two lasing transition lines at
1.3 um. We preferred the o line at 1314 nm be-
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cause it showed a higher peak value in the measured
fluorescence spectrum. The cw laser spectrum of
Nd:YLF was tunable over a 6-nm bandwidth by use of
a 1-um-thick étalon. We mode locked Nd:YLF with a
high-finesse AFPSA, achieving pulse widths of 5.7 ps
(Fig. 3) at a repetition rate of 98 MHz. The average
output power was 130 mW (one beam) at an absorbing
pump power of 1.1 W. The lasing threshold was at
46 mW, and the optical slope efficiency was 30% cw.
The peak power was 230 W, and the pulse energy
density on the absorber was 9.3 mJ/cm?, approxi-
mately three times less than the saturation fluence,
resulting in only an =0.07% reflection modulation
of the high-finesse AFPSA. The time-—bandwidth
product was 0.8 and thus was not transform limited,
as expected from an end-pumped laser.'®
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Fig. 1. Schematic structure and refractive-index profile
with the standing-wave intensity distribution of (a) the
high-finesse and (b) the low-finesse AFPSA.
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Fig. 2. Lifetime measurements with 150-fs pulses at a
wavelength of =1.3 um and a pulse energy density of
approximately the saturation fluence for the high- and low-
finesse AFPSA’s. The maximum modulation depth of the
low-finesse AFPSA is approximately ten times higher than
that of the high-finesse device.
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Fig. 3. Autocorrelation trace and spectrum of Nd:YLF
when a high-finesse low-insertion-loss AFPSA is used, with
and without nitrogen purging.
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Fig. 4. Autocorrelation trace and spectrum of Nd:YVO,
when a low-finesse AFPSA is used.
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Fig. 5. Laser spectrum of Nd:YLF overlapped with the
calculated water-vapor absorption lines.

With Nd:YVO, and the low-finesse AFPSA we
achieved 4.6-ps pulses (Fig. 4) at a repetition rate
of 93 MHz and a corresponding peak power of
120 W. The average output power was 50 mW (one
beam) at an absorbed pump power of 1.2 W. The
pulse energy density of the absorber was 340 wJ/cm?2,
slightly below the saturation fluence, resulting in
an =~0.6% reflection modulation of the low-finesse
AFPSA. The time—bandwidth product was 0.5, the
lasing threshold was at 43 mW, and the optical slope
efficiency was 21% cw.

Typically, shorter pulses can be achieved with the
low-finesse AFPSA because of the higher modulation
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depth. But we could not achieve cw mode locking with
Nd:YLF by using the low-finesse AFPSA because of the
higher loss of this device and the small gain cross sec-
tion of the laser material. By use of a high-finesse
AFPSA with either Nd:YLF or Nd:YVOy, the spectrum
and autocorrelation were modulated. The holes in the
measured lasing spectrum (Fig. 5) correspond to the
water-vapor absorption lines. Our experimental re-
sults indicate that the modulation of the high-finesse
AFPSA was too small to overcome the extra absorption
of the water vapor in air, which was strong enough to
modulate the spectrum and lead to longer pulses with
significant pedestals or wings (Fig. 3). Clean pulses
were achieved only after we purged the laser cavity
with dry nitrogen. In contrast, no nitrogen purging
was required when we used the low-finesse AFPSA
with the Nd:YVO, laser. This most likely is the re-
sult of the larger modulation depth of the low-finesse
AFPSA and the higher gain cross section of the laser
material, which overcomes the residual water absorp-
tion lines in the spectrum.

In conclusion, we have demonstrated self-starting
passive mode-locking with Nd:YVO, and Nd:YLF at
1.3 um, using a low- and a high-finesse AFPSA with
a lattice-mismatched InGaAs absorber layer on a GaAs
substrate. Nd:YVO, was easier to mode lock because
of its larger gain cross section, short upper-state life-
time, and large pump absorption coefficient. Nd:YLF
has a relatively large fluorescence bandwidth, better
thermal characteristics, and offers wavelengths closer
to standard fiber applications.

This study was supported by the Swiss National
Science Foundation.
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