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ABSTRACT We report the first demonstration of a non-degenerate optical parametric
chirped pulse amplification at 1 kHz, utilizing a Cr:forsterite laser as the seed source.
Using periodically poled stoichiometric LiTaO3 as the gain medium, signal and idler
pulses at the µJ-energy level could be generated near 935 nm and 1235 nm in a single-
pass operation, respectively. The spectral bandwidth of 9 nm obtained near 1235 nm
and a compressed pulse duration as short as 360 fs in a compact scheme suggest
a possible alternative to 1 kHz femtosecond Cr:forsterite regenerative amplifiers.

PACS 42.65.Ky; 42.65.Yj; 42.70.Mp

1 Introduction

Ultrashort pulses are widely
used in various applications such as ul-
trafast spectroscopy, imaging and mate-
rial processing. Recently, optical para-
metric chirped pulse amplification, de-
monstrated for the first time by Dubietis
et al. [1], turned out to be an efficient
method to amplify ultrashort pulses.
With this technique, energies of in-
tensive nanosecond or sub-nanosecond
pump pulses can be efficiently trans-
ferred to spatially and temporally syn-
chronized stretched low-energy seed
pulses in a suitable nonlinear crys-
tal. As previously reviewed in [2], re-
cent activities in the development of
optical parametric amplifiers (OPC-
PA’s) were mainly concentrated with
the realization of exceptionally high
peak power systems at low repetition
rates, delivering powers up to the TW-
level. Such high-energy OPCPA’s were
mostly seeded near 1 µm in degener-
ate schemes, whereas nonlinear crys-
tals such as β-BaB2O4 (BBO), LiB3O5
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(LBO) and KH2PO4 (KDP) were used
for amplification in multiple stages
[3–5]. Compared to low repetition rate
high-energy systems, recent develop-
ment of compact OPCPA operating at
kHz repetition rates was limited due
to the availability of powerful pump
sources with comparable pulse widths
to that of stretched seed pulses. Up to
now, OPCPA’s operating near 1.55 µm
in the kHz regime were demonstrated
for generation of sub-ps or fs pulses with
µJ-energies [6–9]. Most recently, few-
cycle pulses at 1 kHz could be gener-
ated near 2.1 µm with a carrier-envelop
phase stabilization technique [10]. Quasi
phase matching (QPM) in periodically
poled (PP) ferroelectric crystals such as
PP LiNbO3 (PPLN), PP KTiOPO4 (PP-
KTP), PP LiTaO3 (PPLT) and PP stoi-
chiometric LiTaO3 (PPSLT) was used
for efficient amplification at kHz repeti-
tion rates.

In this work, we demonstrate a non-
degenerate Cr:forsterite OPCPA in
a compact single-pass scheme, which
we believe to be the first demonstra-

tion at kHz repetition rates. It deliv-
ers µJ-pulses both at the signal and
idler wavelengths. Subsequently, the
amplified idler pulses near 1235 nm
were recompressed. Recently, a com-
plex multi-cascade Cr:forsterite OPCPA
was demonstrated at a low repetition
rate of 2 Hz with slightly different pump
and seed wavelengths to generate high-
energy ultrashort pulses, whereas the
compression of the signal pulses near
910 nm was performed [11, 12].

2 Experimental

The compact non-degenerate
OPCPA system presented in this work
is schematically depicted in Fig. 1. As
the pump source, a kHz-tunable diode-
pumped frequency-doubled Nd:YVO4
Q-switched laser (DS20H-532, Pho-
tonics Industries) was used. The pump
laser operating at 532 nm delivers 10-ns
pulses with the maximum single pulse
energy of 1.5-mJ at 1 kHz. A home-
made Cr:forsterite seed oscillator op-
erating near 1235 nm delivers 70-fs
output pulses at 83 MHz with a spec-
tral bandwidth ∆νFWHM of 32 nm. The
seed pulses from the oscillator were
sent to an all-reflective single grating
stretcher. For efficient energy transfer
from the 10 ns pump to the seed pulses,
the stretcher was designed to expand
the seed pulses up to the ns range after
four-fold diffraction on the grating. The
appropriate stretching factor was chosen
by taking into account the obtainable
output pulse energy from the stretcher
and the overall jitter (< 1.5 ns) includ-
ing contributions from the synchroniza-
tion unit and the pump laser. The com-
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FIGURE 1 Experimental setup of the 1 kHz non-degenerate Cr:forsterite OPCPA in PPSLT

bination of a grating (1400 l/mm blazed
for 1250 µm, Spectrogon) and protected
gold mirrors including a parabolic mir-
ror with f = 91.4 cm enabled stretching
of the input pulses up to 1.2 ns.

The spectral bandwidth of the seed
pulse behind the stretcher was reduced
down to 20 nm due to spectral clipping
in the parabolic mirror as well as in
the retroreflector. This reduced band-
width, however, plays no role in the
present parametric amplification since
the nonlinear crystal used possesses
a narrower gain bandwidth. Time syn-
chronization between the 1 kHz pump
and the free running seed pulses was
realized by using a pulse train divider
and a digital delay generator. The aver-
age seed power measured in front of
the gain medium amounted to 25 mW,
which corresponds a the single pulse
energy of ∼ 300 pJ. The beam sizes of
the pump and the seed pulses were con-
trolled with separate focusing lenses
for optimum spatial overlap. After the
single-pass amplification with seeding
at the idler wavelength, the amplified
idler and the concurrently generated
signal pulses were separated by using
dichroic mirrors.

The PPSLT used for efficient am-
plification was grown by the double-
crucible Czochralski method with
1 mol % Mg-doping. Compared to LN
and KTP, a much lower coercive field
is required for polarization reversal in
SLT [13]. This enables fabrication of

thick uniform QPM samples for high-
power applications. As previously re-
ported [14, 15], the nonlinear coeffi-
cient d33 of SLT is larger than that of
congruent LiTaO3 (CLT) and KTP. Ad-
ditionally, SLT exhibits a higher damage
threshold and a smaller photorefractiv-
ity. We prepared a photoresist pattern
of 8 µm period and deposited a plane
metal electrode on the pattern. Initial
micro-domains induced by pyroelectric
effects were eliminated by the electric

FIGURE 2 Temperature dependent QPM-period of PPSLT for 532 nm pumping

field before periodical poling. Electric
pulses of 1.4 kV/mm were applied at
room temperature for polarization re-
versal. Electric charge for each pulse
was monitored to determine the end
point of the poling. The quality of the
domain structure was checked with an
optical microscope after surface etch-
ing in HF acid. The uncoated 20 mm
long and 0.5 mm thick PPSLT sam-
ple with a grating period of 8.0 µm
used in the experiment was mounted
in an oven and heated for a better
QPM. The temperature dependence of
the QPM period for 532 nm pumping,
shown in Fig. 2, was calculated with
the temperature-dependent Sellmeier
dispersion relation from [16]. The suit-
able temperature for the QPM period
of 8.0 µm was experimentally found to
be ∼ 100 ◦C by monitoring the max-
imum parametric gain and the evolution
of the phase-matched spectra at the idler
and signal wavelengths. It turned out
that the determined QPM temperature
agreed very well with the theoretical
calculation.

3 Results and discussion

The surface damage of the
PPSLT was first verified with 10 ns
pump pulses at 532 nm near the edge
of the used sample. At pump inten-
sities of about 200 MW/ cm2, dam-
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FIGURE 3 Amplified idler and total (signal + idler) energies obtained with the single-pass OPCPA at
1 kHz. The QPM period of the PPSLT used was 8.0 µm

age spots were generated on the crys-
tal surface. As expected, the idler-
seeded parametric process already be-
gan at lower intensities. The threshold
of the parametric gain was observed
at a peak on-axis pump intensity of
15 MW/cm2, whereas the unseeded
spontaneous parametric fluorescence
was generated first at higher intensities
above 25 MW/cm2.

Figure 3 shows output energies ob-
tained with the idler-seeded single-pass
amplification in PPSLT. Because the
thickness of PPSLT used was limited
to 0.5 mm, the pump beam had to be
tightly focused. At present, only a part
of the total available 1.5 mJ pump en-
ergy could be used due to the limited
aperture size. At the pump energy of
200 µJ, corresponding to a pump inten-
sity of 100 MW/cm2, the amplified idler
pulses with 1.1 µJ energy were gener-
ated. This energy corresponds to a para-
metric gain of ∼ 5 ×103 taking into
account the Fresnel losses at the front
and rear surfaces of the PPSLT. The total
(signal+ idler) output energy amounted
to 2.5 µJ. Higher energies could be ob-
tained with pump energies of > 200 µJ,
but unwanted competing parametric
processes were dominant and the spec-
tral qualities became poor. In this case,
the amplified pulses cannot be recom-
pressed to the bandwidth-limited pulse

duration. The solid curves in Fig. 4 show
the signal and amplified idler spec-
tra (∆λs = 4.5 nm and ∆λi = 9.0 nm)
which are simultaneously recorded with
two separate spectrometers. The spec-
tral bandwidths approximately agreed
with the calculated values for the sig-

FIGURE 4 Signal and idler spectra obtained with a 20 mm long PPSLT. Solid curves show measured
spectra with idler-seeding. Dashed and dotted curves were obtained without seeding at pump intensities
of < 100 MW/cm2 and > 200 MW/cm2, respectively

nal (4.2 nm) and idler pulses (7.7 nm)
near 935 nm and 1235 nm, respectively.
In unseeded cases with pump intensi-
ties < 100 MW/cm2, narrower spectra
at the signal and idler wavelengths were
observed with small side-peaks caused
by the off-axially phase-matched para-
metric fluorescence (dashed curves). At
increased pump intensities near to the
damage threshold (< 200 MW/cm2),
both signal and idler spectra became
much more broader with strong fluctu-
ations and modulations. The unseeded
parametric processes could not be fur-
ther suppressed and controlled by
seeding.

As the next step, the repetition rate
of the pump laser was tuned up to
2 kHz. At this repetition rate, paramet-
ric amplification could also be obtained
with pump energies > 60 µJ. The spec-
tral shapes of the amplified idler and
signal pulses were similar to those at
1 kHz. Detailed output characteristics at
higher repetition rates than 1 kHz will be
studied in the near future with improved
output energies.

Subsequently, the amplified idler
pulses were compressed in a compres-
sor. It mainly consisted of a grating
with an analogous dispersive line such
as that of the stretcher. The overall
transmission through the compressor
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FIGURE 5 Second-harmonic autocorrelation trace of the amplified idler pulses. Deconvolution as-
suming a Gaussian pulse shape leads to a pulse width of 360 fs

was about 65%. Figure 5 shows the
second-harmonic autocorrelation trace
measured in 1 mm-thick type-I LBO.
It corresponds to a pulse width of
360 fs assuming a Gaussian pulse shape.
The exceeded time-bandwidth product
of ∼ 0.64 from the Fourier-limitation
is mostly attributed to the imperfect
recompression of the amplified idler
pulses due to the residual parts of the
unseeded parametric fluorescence in the
idler spectrum. As can be seen in Fig. 4,
it caused modulations of the idler spec-
trum and broader spectral bandwidth as
expected.

4 Conclusion

In conclusion, we were suc-
cessful in demonstrating, for the first
time, a compact non-degenerate 1 kHz
OPCPA with a Cr:forsterite seed laser.
Due to the high effective nonlinearity
of PPSLT, pulses with µJ-energies were

generated near 935 nm and 1235 nm in
a compact single-pass operation. Sig-
nificant improvements of the parametric
amplification and output energies re-
quire a larger aperture size of the PP-
SLT and two amplifier stages. A shorter
pulse duration can be obtained with
shorter PPSLT, or two PPSLT devices
with slightly different QPM-periods
for the amplifier stages. Extension of
OPCPA to a double-stage configura-
tion with thicker PPSLT samples is
in progress. The Cr:forsterite OPCPA
using PPSLT in the compact perform-
ance with improved output energies and
reduced pulse width can be considered
as an alternative to Cr:forsterite regen-
erative amplifiers at 1 kHz in which
there are always thermal problems to be
solved.
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