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We passively @ switched a diode-pumped Nd:YVO, microchip crystal with an antiresonant Fabry-—Perot

saturable absorber and achieved single-frequency pulses as short as 56 ps.

We can vary the pulse width

from 56 ps to 30 ns and the repetition rate from 27 kHz up to 7 MHz by changing the design parameters of the

saturable absorber and the pump power.

Motivated by the compactness and simplicity of @-
switched microchip lasers, many research efforts are
directed toward shorter pulses and higher pulse ener-
gies. Previously, passive @ switching with Cr*":YAG
saturable absorbers has generated pulses as short
as 218 ps,! and with a semiconductor antiresonant
Fabry—Perot saturable absorber?~* (A-FPSA) pulses as
short as 180 ps (Ref. 5) have been obtained. In addi-
tion, active @ switching with an electro-optic modulator
resulted in pulses as short as 115 ps.® Further opti-
mization of the design parameters of the A-FPSA with
respect to saturable and nonsaturable losses led to a
significant improvement of our earlier results. In this
Letter we demonstrate passively @-switched single-
frequency pulses as short as 56 ps (Fig. 1) with a diode-
pumped Nd:YVO, microchip laser. To our knowledge
these are the shortest @-switched pulses ever reported
from a solid-state laser. The compact and simple mi-
crochip laser can provide high peak power with a
diffraction-limited output beam, which makes it inter-
esting for a variety of scientific and industrial applica-
tions, such as in medicine or lidar.

The use of a semiconductor saturable absorber
mirror to passively @ switch microchip lasers has
several advantages. First, there is no significant
increase in the cavity length. Thus, short pulses
can be achieved because the pulse width is directly
proportional to the cavity round-trip time. Second,
the bandgap of the absorber layer can be adapted
to laser crystals at different lasing wavelengths.
Finally, there is enough design freedom to adjust the
saturation intensity and the maximum modulation
depth independently. These are the absorber parame-
ters that determine pulse width and repetition rate.
Thus the pulse width as well as the repetition rate can
be designed in a deterministic way over several orders
of magnitude.

A schematic of the experimental setup is shown
in Fig. 2 (for further details see Ref. 5). The pump
source is a linearly polarized 200-um-wide, 2-W
diode array focused to radii of 20 and 50 um inside
the Nd:YVO, crystal for the fast and the slow axes,
respectively. The pump wavelength is 808 nm. The
microchip crystal is a 3%-doped Nd:YVO, crystal
with a thickness of 200 um, a nominal absorption
length of 100 um, and an emitting wavelength of
1064 nm. The crystal is sandwiched between an
A-FPSA and a 10% output coupler.
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The A-FPSA has a high-reflection coating for the
pump wavelength and a designed reflection for the
laser wavelength. For the experiments described here
a SiOy/HfO, dielectric top reflector with a reflectivity
of 25, 50, or 75% is used. The absorber is grown either
by metal-organic chemical-vapor deposition (MOCVD)
at normal growth temperature or by molecular beam
epitaxy (MBE) at a below-normal growth tempera-
ture of 480°C. Both types of A-FPSA consist of an
InGaAs/GaAs multiple-quantum-well absorber layer
grown on top of a highly reflecting Al1As/GaAs Bragg
mirror. The thickness of the absorber layer is ad-
justed to the antiresonance condition of the Fabry-—
Perot saturable absorber, which is formed by the lower
Bragg mirror and a dielectric top reflector. The MBE-
grown A-FPSA has 35 quantum wells and only one
specific top reflector of 50%, which provides a maxi-
mum modulation depth of 13%. The MOCVD-grown
absorber consists of either 9 or 18 quantum wells with
different dielectric top reflectors of 25, 50, or 75%.
Because InGaAs with a band gap at =1 um is not
lattice matched to GaAs, there is a critical thickness
for the absorber layer, above which crosshatches that
are due to strain appear and significantly degrade the
surface quality.” This critical thickness is generally
larger for MBE growth at low to intermediate tempera-
tures, but at the expense of a smaller modulation depth
and higher nonsaturable losses.® We had to reduce the
absorber thickness for the normally grown MOCVD
sample to prevent degradation of the surface quality
and introduce less nonsaturable loss. We typically ob-
tained a 5:1 or better ratio between modulation depth
and nonsaturable losses.
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Fig. 1. Oscilloscope trace of the single-frequency, 56-ps-
long, @-switched pulse with a peak power of 1.1 kW and a
repetition rate of 85 kHz.
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Fig. 2. Layout of the @-switched Nd:YVO, laser with an
A-FPSA in direct contact with the crystal.

As expected, we achieved the shortest pulses with
the MBE-grown A-FPSA, which provided the largest
modulation depth of 13%. With a 10% output coupler
and an incident pump power of 460 mW, we obtained
single-frequency @-switched pulses of 56 ps FWHM
and a peak power of 1.1 kW (Fig. 1). The average
output power was 5.3 mW, the repetition rate 85 kHz,
and the pulse energy 62 nJ. With the MOCVD-grown
A-FPSA with 18 InGaAs/GaAs quantum wells, a 25%
top reflector, and a maximum modulation depth of
11%, we achieved slightly longer single-frequency
pulses of 68 ps FWHM but with a significantly larger
average output power of 58 mW and a peak power
of 5.4 kW with 940 mW of pump power. The repe-
tition rate was 160 kHz, and the pulse energy was
0.37 ud. For both results, the same 10% output cou-
pler and the same 200-um-thick Nd:YVOy crystal were
used. The pulse widths were measured with a 50-GHz
sampling oscilloscope and a 40-GHz photodetector with
a time resolution better than 20 ps.

Numerical simulations of the @-switching dynamics
show that we obtain the largest extracted pulse energy
under given pumping conditions if the modulation
depth of the absorber is as large as the output coupling
and the absorber is fully bleached by the pulse energy.
For this case we find that the center portion of the pulse
is proportional to a sech?(t/7) with a FWHM pulse
width of

2Tg
AR

where T is the cavity round-trip time and AR the
maximum modulation depth with respect to the in-
tensity. Therefore, for a fully saturated absorber, the
pulse duration will be constant with increased pump
power. This equation is identical with the expression
derived by Zayhowski and Dill.°

As long as the pulse repetition rate fy.p, is much
greater than the inverse of the upper-state lifetime 77,
of the laser (i.e., frep = 2/71), it can be shown that

= go 9
frer = 97R7,

where gy is the small-signal gain coefficient with go =
rlot, with r being the pump parameter and I the total
intensity loss coefficient including AR. Since frep is
a linear function of gy, the pulse repetition rate is
proportional to the pump power, and the pulse energy
is expected to be constant as a function of the pump
power.

A simple explanation for the expression of the pulse
width and the repetition rate can be given with the
numerical results shown in Fig. 3. Figure 3 shows

7, = 1.767 = 1.76 1)

(2)

the @-switched pulse power P(¢), the power-gain coef-
ficient g(¢), the power-loss coefficient of the saturable
absorber ¢(¢), and the constant total unsaturated
power-loss coefficient [ (including the output
coupling) per round trip as a function of time.
The maximum modulation depth AR is given by
AR =1 — exp(—Aq) = Aq. Here we assume that the
saturable absorber is fully saturated and AR is smaller
than the total unsaturated loss of the cavity. During
the pulse build-up time, we can assume in the zeroth-
order approximation that g — I — ¢ = AR is constant.
For this approximation we obtain an initial exponential
power growth rate of AR/Tg. For the pulse decay we
can assume again in the zeroth-order approximation
that ¢ — [ — ¢ = —AR. The decay is not domi-
nated by the cavity decay rate for Ag < [, because
the pulse reaches maximum power for g = / and then
continues to saturate the gain further by roughly
the same amount (assuming symmetric pulses). The
initial growth and final decay rate would give an
estimated pulse duration of 2T, /AR. The additional
factor of =2 in Eq. (1) takes into account the decrease
in growth and decay of the pulse during saturation
of the gain, as was similarly noted by Zayhowski and
Kelley for the case of a rapidly @-switched laser.'
The growth rate of the gain between the @-switched
pulses is given by go/7r. Given Tyep < 71, the gain
grows approximately linear during the build-up time.
Because the gain has to recover by approximately 2AR,
the pulse repetition rate is then given by Eq. (2).

The amount of modulation depth allows us to ad-
just the pulse width, whereas the increase of the pump
power linearly increases the repetition rate. For short
pulses, AR has to be as large as possible. In addi-
tion, simulations show that, in contrast to mode lock-
ing, use of a fast saturable absorber with a short
recovery time does not help to achieve shorter pulses.
The absorber switches faster from a high loss value
to a low loss value with a long recovery time 74 of
the absorber and thus with a small saturation inten-
sity (Isat = hv/20474, where hv is the photon en-
ergy and o4 the absorber cross section). Therefore
the saturation intensity has to be small but still large
enough to satisfy the @-switching condition, i.e., large
enough that the absorber is not bleached in cw op-
eration.'"'? Increasing the MBE- or MOCVD-growth
temperature results in a larger absorber recovery time
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Fig. 3. Numerical simulation of the @-switching dynamics
of a passively @-switched laser.
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Fig. 4. (a) Pulse width, (b) repetition rate, and (c) pulse

energy of the @-switched Nd:YVO, laser as a function of
the pump power for different top reflectors on the A-FPSA.

and therefore a lower saturation intensity as well as
a better optical quality of the absorber. By using
absorbers grown at higher temperature, we could sig-
nificantly reduce the nonsaturable losses.® For the ex-
periments discussed here we did not observe damage to
the A-FPSA.

In Fig. 4, we changed the saturation intensity and
the modulation depth of the A-FPSA by choosing dif-
ferent top reflectors of one specific MOCVD-grown sat-
urable absorber with nine InGaAs quantum wells. We
obtained AR values of ~10, 3, and 1%, correspond-
ing to top reflectors of 25, 50, and 75%, respectively.
We measured the modulation depth as a function
of the incident pulse-energy density with a passively
mode-locked Nd:glass laser at 1.061 um. Using these
A-FPSA’s, we could vary the pulse width from 7, =
100 ps for R, = 25% (7Theory = 100 ps) and 7, =
500 ps (Ttheory = 350 ps) for R, = 50% up to 7, = 4 ns
for R, = 75% (Ttheory = 1 ns) [Fig. 4(a)l. The the-
oretical predictions made with Eq. (1) are given in
parentheses and show the correct order of magnitude.
Because the A-FPSA’s are fully bleached for higher
pump-power levels, we obtained an approximately con-
stant pulse duration as predicted by Eq. (1) and shown
in Fig. 4(a). The repetition rate varies from 30 kHz
up to 3 MHz [Fig. 4(b)] and increases approximately
linearly with increased pump power as expected from
Eq. (2), assuming a fully saturated absorber. The ini-

March 15, 1997 / Vol. 22, No. 6 / OPTICS LETTERS 383

tial decrease in the repetition rate of the R; = 75%
sample indicates that it is not fully saturated at low
pump-power levels. The corresponding pulse energies
are plotted in Fig. 4(c). For all results shown the out-
put was single frequency. The pulse-to-pulse timing
jitteris typically less than 1%. The output beam of the
cw-running laser is circular and TEMg, up to a pump
power of ~400 mW. At higher pump powers the out-
put beam becomes slightly elliptical, with an M2 value
that is always less than 1.2 for the y axis (fast axis of
the pump diode) and an M? value rising to 2.9 for the x
axis at a pump power of 1 W. The waist radius of the
output beam is 35 um at low pump-power levels. The
waist decreases to 30 um for the y axis and increases
to 45 pm for the x axis at higher pumping levels. This
has to be expected, since the pump is elliptical with a
spot size of (20 um X 50 um X 7). Thus, at higher
pumping levels higher-order transverse modes can lase.

In conclusion, we have demonstrated single-
frequency @-switched pulses as short as 56 ps. The
use of an A-FPSA as a saturable absorber does not
significantly increase the cavity length and thus can
lead to extremely short pulses when combined with
microchip lasers. The important absorber parameters
to optimize the @-switching dynamics can be adjusted
for many different pulse widths, repetition rates, and
pulse energies. In addition, this technique can be
easily adapted to other laser wavelengths.
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