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ulsed diodes for the operation of powerful OPOs
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Abstract

Picosecond pulse trains from a quasi cw Nd: YLF oscillator are amplified by a multipass system pumped by a pulsed 100
W peak power laser diode. Gain factors in the order of 100 are achieved with input pulses of 100 nJ energy and 2 ps
duration. The high power of the amplified pulse trains allows the operation of a quasi-cw synchronously pumped KTP
optical parametric oscillator (OPO) at high output coupling. Pumping by the second harmonic provides OPO pulses of 2.1 ps

duration trains consisting of 25 pulses with a noteworthy flat top of the envelone. The conversion efficiency of 139
auralion in ramns Consisting o 22 puises th a notewortny riat top of U veicpe. 1 conversion erliciensy of 2%

corresponds to a total energy of 50 wJ in the trains. The parameters promise wide applications of the system in ultrafast

spectroscopy.

Optical Parametric Oscillators (OPO) and Optical Para-
metric Generators (OPG) are becoming well established
and widely used coherent sources of picosecond and fem-
tosecond light pulses tunable in the visible and IR wave-
length region [1]. Nevertheless, there are new problems
arising with the advent of diode-pumped picosecond
solid-state lasers.

The high stability and brightness of such lasers moti-
vated numerous research efforts on holosteric (all-solid-
state) synchronously pumped laser—OPO systems starting
in 1990 with mode-locked and Q-switched laser sources
(2l They generate pulses with strongly varying parameters
throughout the OPO output train. Continuous pulse trains
of high stability are emitted from cw picosecond OPOs.
Development of holosteric cw modelocked systems begun
in 1992, Their typical output parameters are pulse widths

in the order of a3 few ps and enercies up to 1 nl 21
i e OrGer of a Iew pS anc energies up o : 12J

Because of the low output peak power applications of such
OPOs in ultrafast spectroscopy particularly in pump- and
probe-experiments have been very limited.

' E-mail; peter.heinz@uni-bayreuth.de; Fax: +49-921-55-3172.

Higher output powers are achieved by increasing the
average power of cw diode-pumped picosecond lasers [4].
However, in cw operation strong thermal loading is an
obstacle difficult to overcome in attaining average powers
on the level of several watt. Moreover, there are many
spectroscopic experiments where high average power is
unfavorabie but high peak power is preferred. These prob-
lems can be overcome by quasi-cw multipass amplifiers.
Such systems pumped by cw diodes have been realized for
cw and ns-lasers [5,6] and for ps-lasers with moderate
output powers [71.

10 Llllb cnu we l'ldVC cmoorateu a new dppl'Ud(.ll 10 our
best knowledge not used before and based on a solid-state
laser [8] and multipass amplifier system pumped by quasi-
cw diodes of 100 W peak power. This approach generates
short trains of picosecond pulses with a nearly flat enve-

Ione in contrast to O-switched lacer eources [21 and cinele
10pe In contrast 1o {J)-swilCned 1aser SOUrces {45 and singie

pulse energies 5 X 10?2 times higher than quasi-cw ampli-
fiers pumped by cw diodes [7].

To demonstrate the potential of such a system the
output was frequency doubled and was used to drive a
synchronously pumped KTP [9] OPO built up in a linear
folded geometry. Pumping by these intense pulses makes
alignment of an OPO very easy and enables us to boost the

single puise output energy of an OPO to 200 nJ at 2.1 ps
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Fig. 1. Schematic of the pulsed, holosteric, synchronously pumped
iaser—OPO sysiem. The opiical parameiric oscillator with a linear
folded cavity is pumped by an additive-pulse mode-locked (FC-
APM) Nd:YLF osciilator/multipass amplifier arrangement. PC:
Pockels cell for selecting the number of pulses in a pulse train;

SHG: KTP crystal for frequency doubling.

pulse duration. We demonstrate optical parametric oscilla-
tion with output parameters very suitable for ultrafast
spectroscopy and nonlinear optics.

The scheme of the laser system is depicted in Fig. 1.
Trains of several hundreds of individual pulses are gener-
ated in an additive-pulse mode-locked, amplitude-con-
trolled (FC-APM) Nd:YLF oscillator [10] pumped by

quasi-cw laser diodes at a 30 Hz repetition rate [5]. At its

output coupler stable trains of ~ 400 pulses {repetition

rate of 100 MHz) of 150 nJ energy and 2.0 ps duration are
available. They are fed through a Pockels cell (PC), which
selects a train consisting of an adjustable number of indi-
vidual pulses.

The selected pulse train is injected into a three-mirror
ring multipass amplifier similar to that in Ref. [t1]. Tt
consists of two dielectric mirrors (radius of curvature 50
cm) and a flat gold-coated mirror of 11 ¢m length. The two
curved mirrors are separated by the sum of their focal
lengths (50 cm). The amplifier medium located in the focal
position of the mirrors is a w-cut Nd:YLF slab [2 mm
(height) X 5 mm (width) X 15 mm (length)] doped with 1
at.% Nd.

The slab is pumped by a single 100 W thermoelectri-
cally cooled pulsed diode laser bar (Spectra Diode Labs
SDL-3251-A1). Its emission is temperature tuned to meet
the absorption peak of the laser medium at 797 nm. A

haif-wave piate is piaced between the diode and the crystai
in order to utilize the larger absorption of pump light
polarized parallel to the Nd:YLF c-axis [12]. The pump
light is focused into the crystal with the help of a mi-
crolens [13]. Approximatcly 90% of the 40 mJ pump pulse
cncigy is absorbed in the Cl‘yStcu The maximum small
signal gain per transit is measured to be 2.5. The beam
diameter in the crystal is ~ 180 wm (FWHM).

The input energy of 100 nJ per pulse is boosted in 8
transits by about two orders of magnitude to the 10 pJ
regime ruupxuyius a block of 150 individual yu}SGS, the
total energy extracted is ~ 1 mJ with a high short term
reproducibility of ~ 2%. In this situation the optical effi-
ciency of the amplifier is 2.5%.

At maximum total amplification, the envelope of the

nulce train ic influenced h\l aain caturation. The nulce
Puise amn 1S nnuenced gamn sawuraien. 1a¢ puise

amplitude drops by a factor of 2 within 100 amplified
pulses. An increase of the pulse duration to 4.8 ps by the
amplification process is measured. These observations
nicely compare with numerical estimates on gain satura-

50 ns/div

Fig. 2. Oscilloscope traces of (a) the pump pulse train at the
second harmonic of the Nd:YLF laser and (b) the OPO output
pulse train. The time scales are 50 ns/division. The pump pulse
train consists of ~ 25 pulses. The pulse energy in (a) drops on
account of gain saturation in the amplifier.
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tion and gain narrowing. E.g., a rise of the pulse duration
to 4.1 ps is predicted by the calculations.

The amplified pulse trains are frequency doubled by a
KTP crystal (SHG in Fig. 1) with a conversion efficiency
of 20%. As an example, a pulse train consisting of 27
pulses is depicted in Fig. 2a. Here we observe a more
pronounced decrease of the energy along the train which is
explained by a drop of second harmonic conversion effi-
ciency with decreasing intensity. The SH pulse duration is
calculated to ~ 4.5 ps. The average energy of a single
second harmonic pulse is ~ 2 pJ. M2 is measured to be
1.12.

The second harmonic pulses are applied to syn-
chronously pump an OPO in linear folded resonator geom-
etry (see Fig. 1). It consists of a KTP crystal (type Il phase
matching, / =7 mm, 6= 90°, ¢ = 25°), two HR spherical
mirrors ( = 35 c¢m) and a plane output coupler (T = 20%)
mounted on an adjustable translation stage. The SH radia-
tion is focused into the nonlinear crystal, which is placed
in the focal plane of the two curved mirrors. The peak
intensity of the pump beam in the crystal is ~ 0.45
GW /cm?, which is high enough to produce observable
parametric fluorescence.

Tunability of the OPO was out of our concem and was
limited to the range of 1044—1050 nm by the angular
aperture of the nonlinear crystal. The output parameters are
measured to be as follows: pulse duration 2.1 ps (averaged
along the train), time—bandwidth product 1, X A% =0.4
and a total conversion efficiency of 13% corresponding to
a single pulse energy of ~ 200 nJ. We did not observe any
significant pulse shortening effects [14] what is consistent

with numerical simulations for this type of KTP OPO in
the high gain regime.

Fig. 2b shows the pulse train generated by the OPO. A
comparison with the pump pulse train in Fig. 2a shows two
interesting features: (i) The lengths of the pulse trains are
the same within two pulses. Obviously the build-up time of
OPO emission is very short which is expected for a high
gain system. (ii) The envelope of the OPO output pulse
train shows a nearly flat top. Simultaneously the depletion
of the pump pulses at the beginning of the train is more
pronounced similarly to observations in modelocked Q-
switched systems [15] and the residual pump pulse train
shows also a flattened envelope. The reason for these flat
top envelopes is not completely understood at the moment.
Nonlinear losses in the KTP crystal or gain dynamics
under the presence of a decreasing pump intensity may
result in the observed behavior.

Fig. 3 shows the dependence of the energy conversion
on the cavity length detuning of the OPO at degeneracy.
Nearly constant output energy is observed while varying
the cavity length by 800 pm. Such a large tolerance of the
cavity length is typical for an OPO operated far above
threshold. The maximum mismatch per round-trip approxi-
mately corresponds to a separation of the pump pulse and
the OPO pulse of the order of a pulse duration. The
findings are in qualitative agreement with the results de-
rived from numerical simulations at a pump intensity of
0.45 GW/cm? (see dashed line in Fig. 3). However, a
profile of the theoretical curve feawres a pronounced
modulation which we did not observe in the experiment.
We attribute this to the plane wave approximation used in

Efficiency [%]

600 800
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Fig. 3. Energy conversion efficiency versus cavity length detuning of the optical parametric oscillator. The intensity of the pump pulses was
Loump = 045 GW /cm?. The nearly constant conversion efficiency within a cavity detuning of A/ = 800 pwm indicates strong saturation of

the OPO. The dashed line represents numerical simulations with 7

pump

= 0.45 GW /cm?.
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the numerical simuiation. The Gaussian transversai profiie
of the beam and the beam walk-off produce the total
flattening of the cavity detuning curve observed experi-
mentally.

In conclusion, we have demonstrated a Nd:YLF diode-
pum‘pEU mumpass ampmier which boosts the smgle pulac
energy of pulse trains by two orders of magnitude from
100 nJ to 10 pJ. Input puises from quasi-cw or cw diode
pumped Nd:YLF lasers can be applied. A KTP OPO has
been synchronously pumped by the trains of this new
pump source after frequency doubling. The approach pro-
vided an OPO output energy of 200 nJ/pulse in flat-top
trains of a total energy reaching 5 pJ. It should be
mentioned that due to the high power of the pump pulses
an alignment of parametric oscillator is straightforward

. ith hinh 1
and the OPO operates even with high cavity losses.
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