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Eyesafe pulsed microchip laser using semiconductor saturable absorber
mirrors

R. Fluck,a) R. Häring,b) R. Paschotta, E. Gini, H. Melchior, and U. Keller
Institute of Quantum Electronics, Swiss Federal Institute of Technology, ETH Ho¨nggerberg-HPT,
CH-8093 Zu¨rich, Switzerland

~Received 30 January 1998; accepted for publication 23 April 1998!

We passivelyQ-switched a diode-pumped Er/Yb:glass microchip laser at a 1.535mm wavelength
using semiconductor saturable absorber mirrors and demonstrated pulses as short as 1.2 ns. By
varying the design parameters of the saturable absorber, the pump power, and the pump spot size,
we achieved repetition rates from 300 Hz to 100 kHz with pulse energies up to 4mJ. © 1998
American Institute of Physics.@S0003-6951~98!03725-5#
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There is considerable interest in compact pulsed h
peak power laser sources emitting at wavelengths near
mm. Range finders and other applications with free-sp
propagation could strongly benefit from such a device. T
wavelength of around 1.55mm is in the eyesafe regim
where significantly higher pulse energies can be used w
out damaging the human eyes.

A pulsed microchip laser is compact and simple to re
ize and can provide high peak power in a diffraction-limit
beam. We developed a diode-pumped, passivelyQ-switched
Er/Yb:glass microchip laser at 1.535mm ~Fig. 1!. We
achieved 5.6 ns pulses with 4mJ pulse energy at a repetitio
rate of 320 Hz, resulting in a peak power of 725 W. T
average output power was 1.3 mW. As a pass
Q-switching device, we used a metal-organic chemical va
deposition ~MOCVD! grown InGaAsP/InP semiconducto
saturable absorber mirror~SESAM!.1,2

In earlier work, we already demonstrated passiveQ-
switching of microchip lasers at'1 mm ~Refs. 3 and 4! and
'1.3 mm ~Ref. 5! using SESAMs. Previously, cw operatio
of Er/Yb:glass microchip lasers at'1.5 mm has been
reported.6,7 So far, to the best of our knowledge, no passiv
Q-switched microchip laser at 1.5mm has been demon
strated, even though several solid-state saturable abso
such as Co:YSGG, Er:CaF, U:SrF, and Co:ZnSe, are av
able at 1.5mm.8–12These passiveQ-switches have been use
in Er/Yb:glass lasers with a typical resonator length of a f
centimeters, and therefore, produce pulses longer than 1
In our microchip lasers, the SESAM is directly attached
the gain material. The penetration depth into the SESAM
only a few microns.13 Thus, the cavity length is just define
by the length of the gain material. This approach has lea
pulses as short as 1.2 ns, so far.

A schematic of the experimental setup is shown in F
1. The 1 mm thick Er/Yb:glass~Kigre, QX/Er! is sandwiched
between the output coupler and the SESAM. The ytterbi
codoping of the glass makes possible the efficient absorp
of the pump light within the short length of glass which
required for short pulse generation.14 A 500 mW, 30 mm
stripe-width diode emitting at 975 nm~Uniphase Laser En

a!Electronic mail: rfluck@iqe.phys.ethz.ch
b!Electronic mail: haring@iqe.phys.ethz.ch
3270003-6951/98/72(25)/3273/3/$15.00
Downloaded 20 Jul 2001 to 129.132.22.177. Redistribution subject to A
h
55
e
e

h-

l-

e
r

ers
il-

ns.

is

to

.

n

terprise! is focused into the glass through a dichroic bea
splitter that transmits the pump light and reflects the out
beam at 1.5mm. The SESAM is mounted on a copper bloc
which acts as a heat sink. No active cooling was require

The parameters of the SESAMs we used in this work
listed in Table I. All SESAMs consist of an absorber lay
embedded between a highly reflecting bottom Bragg mir
and a top reflector. These two mirrors form a Fabry-Pe
The thickness of the absorber is designed to be in antire
nance in order to minimize the insertion losses, and to be
sensitive to thermal shifts of the Fabry-Perot structure. T
specific design of the SESAM is also referred to as an a
resonant Fabry-Perot saturable absorber.1,2 We used an
InGaAsP/InP SESAM to obtain a higher modulation dep
than for an InGaAs/GaAs SESAM.15 The InGaAsP/InP
SESAM is MOCVD grown and lattice matched to an In
substrate. The bottom Bragg mirror consists of 40 pairs
In0.65Ga0.35As0.73P0.27/InP (lgap'1.4 mm! quarter-wave lay-
ers. We use absorbers of different thicknesses which con
of In0.58Ga0.42As0.9P0.1 ~lgap '1.55mm!. The SiO2/HfO2 top
coatings have 50% and 70% reflectivities with respect to
at the laser wavelength of 1.53mm and are highly reflecting
at the pump wavelength of 975 nm. This allows for a dou
pass of the pump and leads to an increase in the absorp
efficiency.

For Q-switching, it is desirable to have a long recove

FIG. 1. Schematic of the Er/Yb:glass microchip laser. The 1.2
Q-switched output pulse is measured with a 25 GHz photodetector and
GHz sampling oscilloscope.
3 © 1998 American Institute of Physics
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time which leads to a lower saturation intensity and a be
efficiency. Therefore, we measured the recovery times
various saturable absorbers in a standard degenerate p
probe setup, using 150 fs pulses from a synchronou
pumped optical parametric oscillator~OPO! at 1.52mm. The
recovery times of the absorbers were between 100 ps an
ns ~Fig. 2!. For a SESAM with a pure bulk InGaAsP ab
sorber, the recovery time increased with the absorber th
ness. This indicates surface trapping and recombination
could be ascribed to nonlocalized states at the surface o
quarternary InGaAsP. With an InP cap layer~20–30 nm! on
top of the InGaAsP absorber layer, we achieved longer
sorber lifetimes (.1 ns! independent of the absorber thic
ness. We believe this effect happens due to confinemen
the carriers below the surface.

Figure 3 shows the reflectivity of the SESAM~No. 5! as
a function of the incident pulse energy density. This kind
saturation measurement provides the amount of nonsatu
and saturable losses. The saturable losses determine
maximum modulation depth, a key parameter for the la
performance. Pulse width and repetition rate are invers
proportional to the modulation depth.4 Because the pulse en
ergy density of the used OPO is not high enough to fu
saturate the SESAMs~Fig. 3, squares!, we usually use the
absorbers with an antireflection~AR! coating~Fig. 3, circles!
to perform the pump-probe and saturation fluence meas
ments. Afterwards, we scale the results according to the
reflector as described in Ref. 16. The modulation depthsDR
of the SESAMs are between 1% and 5% with residual ins
tion losses of 0.5% and 3%, respectively.

As expected from theory,4 we obtained the shortes

FIG. 2. Recovery time measurements of AR-coated SESAMs accordin
Table I with and without an InP cap layer.

TABLE I. Design parameters of the different SESAMs used in this workd
is the thickness of the absorber layer,tabsorberis the measured recovery tim
of the absorber,Rtop is the reflectivity of the top reflector,DR is the maxi-
mum modulation depth of the SESAM, andtpulse is the measured full width
at half maximum pulse width out of the microchip laser using a 40 G
sampling scope with a 25 GHz photodetector.

SESAM No. d ~nm! InP cap tabsorber~ns! Rtop ~%! DR ~%! tpulse ~ns!

1 108 No 0.139 50 5 1.2
2 324 No 0.474 ¯ ¯ ¯

3 757 No 1.1 ¯ ¯ ¯

4 40 Yes 6.8 70 1.1 5.6
5 310 Yes 5.0 70 3.0 2.7
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pulses of 1.2 ns using the SESAM~No. 1! with the largest
modulation depth of 5%. The pulse width was measured
ing a 40 GHz Tektronix sampling oscilloscope and a 25 G
photodetector with a time resolution of 14 ps. The pump s
radii were 45 and 20mm. With a 1% output coupler and a
incident pump power of 200 mW, we obtained pulses of
ns at a repetition rate of 47 kHz. We measured an aver
output power of 2.1 mW, resulting in a pulse energy of 45
and a peak power of 37 W. In this regime, however, we of
observed damage of the SESAM. In order to obtain relia
operation, we used a SESAM~No. 4! with higher top mirror
reflectivity ~70% instead of 50%!. This reduced the tendenc
for damage by reducing the pulse fluence in the cavity a
even more in the absorber. We could, nevertheless, incr
the externally measured pulse energy and peak power
mJ and 730 W, respectively, by using larger pump spot ra
of 135 and 70mm ~which also increased the laser mode siz!
and an output coupler with higher transmission of 5%, th
improving the output coupling efficiency. However, the a
erage power was then only 1.3 mW and the repetition r
320 Hz at 300 mW pump power because of the increa
threshold power. The pulse width was 5.6 ns, longer th
before due to the reduced modulation depth of 1.1%. T
transverse beam mode was close to an ideal Gaussian,
anM2 value of about 1.2 and 1.3 with respect to the fast a
the slow axes of the pump diode, respectively. The la
output was linearly polarized due to the anisotropy induc
by the nonuniform pump distribution of the diode lase
However, for pumping with the circular spot of a Ti:sapphi
laser we obtained an unpolarized laser output.

For a comparison of experimental data with the theor
ical model of Ref. 4, we used a Ti:sapphire pump laser
cause of its well-defined mode and spectrum. As expec
from the theory, the pulse width, pulse energy and pe
power remain independent of the pump power whereas
repetition rate increases linearly with increasing pump pow
~Fig. 4!. A simple analytical expression for the pulse widt
given in Ref. 4, predicts a pulse width oft theory51.2 ns for a
fully bleached absorber withDR53% ~No. 5!, to be com-
pared with a measured pulse width of 2.7 ns. We explain
discrepancy with an effective reduction of the modulati
depth, caused by an interference effect at the air gap betw
the SESAM and the~uncoated! gain material. Assuming the
reduced modulation depth which explains the 2.7 ns pu
width, we estimated a pulse energy of 6mJ, which is in
reasonable agreement with the measured 3.8mJ, given the
fact that the model assumes a top-hat beam profile. The m

to

FIG. 3. Measured and fitted reflectivity of the SESAMs as a function
incident pulse energy.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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sured slope efficiency of 39% is in good agreement with
estimate based on the pump absorption efficiency, the q
tum defect and the output coupling efficiency~5% output
coupling and 1.5% nonsaturable losses!. The intracavity
pulse fluence of roughly 150 mJ/cm2 is approaching the dam
age threshold of the SESAM.

Single-frequency operation of the Er/Yb:glass microch
laser is difficult to achieve because of the broad gain sp
trum which covers many longitudinal modes of the reso
tor. The mode spacing of 0.75 nm cannot be increased m
further because an even shorter gain medium could not
ciently absorb the pump power and provide sufficient ga

Note added in proof:In the meantime, we have achieve
Q-switched operation on a single longitudinal mode by

FIG. 4. Pulse width, repetition rate, pulse energy and peak power of
Q-switched Er/Yb:glass laser as a function of the pump power.
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corporating a 0.5 nm thick piece of LiNbO3 in the cavity,
which introduces spectral filtering by a Fabry-Perot effec
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3B. Braun, F. X. Kärtner, U. Keller, J.-P. Meyn, and G. Huber, Opt. Let
21, 405 ~1996!.
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