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Generation of sub-three-cycle, 16 TW light pulses
by using noncollinear optical parametric

chirped-pulse amplification
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We present a two-stage noncollinear optical parametric chirped-pulse amplification system that generates
7.9 fs pulses containing 130 mJ of energy at an 805 nm central wavelength and 10 Hz repetition rate. These
16 TW light pulses are compressed to within 5% of their Fourier limit and are carefully characterized by the
use of home-built pulse diagnostics. The contrast ratio before the main pulse has been measured as 10−4,
10−8, and 10−11 at t=−3.3 ps, t=−5 ps, and t=−30 ps, respectively. This source allows for experiments in a
regime of relativistic light–matter interactions and attosecond science. © 2009 Optical Society of America
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Multiterawatt few-cycle light pulses offer the poten-
tial of pushing the frontiers of attosecond science
[1,2], quantum coherent control [3], and laser-based
particle acceleration [4]. Phase-controlled, intense,
few-cycle light pulses can be used to generate power-
ful isolated attosecond pulses in the extreme UV
(XUV) range [5,6], providing photon flux levels ad-
equate for the autocorrelation of XUV pulses and
XUV-pump–XUV-probe investigations [7]. For this
purpose, carrier-envelope phase effects with few-
cycle pulses have been demonstrated [8].

The invention of optical parametric chirped-pulse
amplification (OPCPA) offered the prospect of gener-
ating few-cycle light pulses by providing sufficient
gain-bandwidth to approach the terawatt level [9,10].
Noncollinear OPCPA (NOPCPA) offers many advan-
tages over chirped pulse amplifiers (CPAs), such as a
broad gain-bandwidth, high single-pass gain, wave-
length tunability, low thermal effects, and a reduced
stretching and compression factor [11]. Because of
the many challenges, the amplification and compres-
sion of few-cycle, terawatt-class pulses were only re-
cently demonstrated in the near-IR [12–15], and few-
cycle pulses with less energy in the IR [16,17]. Few-
cycle NOPCPA systems require accurate dispersion
control during stretching and compression over a
broad bandwidth, along with optimum phase-
matching conditions, and a high-quality picosecond
pump laser. This is needed to achieve an efficient con-
version, to ensure a good spatial signal profile, to
reach high pulse contrast, and to minimize optical
parametric fluorescence (OPF), which can occur
within the duration of the pump pulse. NOPCPA is
also an efficient method to generate high-quality seed
pulses in hybrid NOPCPA–CPA systems, which can
eventually reach the petawatt level [18–21].

In this Letter, we report a NOPCPA system, which
we call Light-Wave-Synthesizer-20 (LWS-20). It gen-

erates 7.9 fs, 130 mJ �16 TW� pulses at an 805 nm
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center wavelength and 10 Hz repetition rate with
high contrast and an excellent beam profile for tight
focusing.

The schematic of our LWS-20 NOPCPA setup is
presented in Fig. 1. The setup starts with a
Ti:sapphire oscillator (Rainbow, Femtolasers GmbH).
Its central wavelength is 800 nm, and its bandwidth
spans 350 nm with an output pulse energy of 4 nJ
and a pulse duration of 5.5 fs at a 10 Hz repetition
rate. 60% �2.4 nJ� of the oscillator output is used to
generate the seed for the NOPCPA. The remaining
40% �1.6 nJ� is used to seed the flashlamp-pumped
Nd:YAG pump laser amplifier (EKSPLA) providing
all-optical synchronization.

The seed radiation for the pump amplifier, cen-
tered at 1064 nm with several picojoules of energy, is
produced by soliton self-frequency shift in a photonic
crystal fiber and is subsequently coupled into a re-
generative Nd:YAG amplifier [22]. The output of the
regenerative amplifier is split, each half being led to
Fig. 1. Schematic layout of the NOPCPA setup.
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a Nd:YAG amplifier chain consisting of a double- and
two single-pass rods with increasing diameters (8, 12,
and 18 mm, respectively). Via noncollinear Type II
second-harmonic generation (SHG) in a DKDP crys-
tal, both amplified beams are used to generate a
single beam at 532 nm with a conversion efficiency of
45%, comprising pulses with 78 ps duration and 1 J
of energy at a repetition rate of 10 Hz as pump for
the NOPCPA. This beam is relay imaged onto two
BBO crystals, which represent the NOPCPA stages.

In case of OPCPA, the contrast ratio between com-
pressed pulse peak and OPF background strongly de-
pends on the seed energy and on the OPCPA gain
[23,24]. To enhance the pulse contrast, we use a new
source to generate more energetic seed pulses com-
pared with our previous work [13]. The oscillator out-
put is first led through a 9-pass, 1 kHz Ti:sapphire
CPA system (Femtopower Compact Pro, Femtolasers
GmbH) and then coupled into a hollow-core fiber
filled with neon gas at 2 bar �1500 Torr� absolute
pressure, thereby achieving a broadened seed pulse
spectrum ranging from 500 to 1000 nm. This spec-
trum corresponds to a 5 fs Fourier limit, and the
pulse contains an energy of 0.35 mJ. We use a
negative-dispersion reflection grism pair (10% effi-
ciency) and an acousto-optic modulator (Dazzler,
Fastlite, 10% transmission) to stretch the seed pulse
to 25 ps with 3 �J energy at a 10 Hz repetition rate
for seeding the single-pass two-stage NOPCPA setup
(phase-matching angle �=23.62°, internal noncol-
linear angle �=2.23°). The first NOPCPA stage con-
sists of a 5 mm�5 mm�5 mm Type I BBO crystal, is
pumped by 15 mJ pulses at 532 nm with a peak in-
tensity of 13 GW/cm2, and amplifies the seed pulse to
1 mJ. The second NOPCPA stage is operated in
saturation and consists of a 23 mm�23 mm�5 mm
Type I BBO crystal and is pumped by 780 mJ pulses
at 532 nm with a peak intensity of 8.2 GW/cm2. After
the second NOPCPA stage, the amplified signal pulse
energy is 170 mJ with energy fluctuations within 3%
rms (limited by 2% rms fluctuations of the pump en-
ergy) and negligible OPF. The pump-to-signal conver-
sion is 22%.

Subsequently, the amplified signal beam is ex-
panded from about 16 mm to 140 mm in diameter
and compressed in bulk material consisting of
160-mm-long SF57 (Schott) and 100-mm-long fused
silica. After the bulk compressor, the beam is down-
collimated to a diameter of about 50 mm, sent to an
adaptive mirror, and led into a vacuum compression
chamber for final compression with four positive-
dispersion chirped mirrors. The compressor has a cal-
culated B integral below 1 and a throughput of 75%
(including several silver mirrors). The pulse duration
and residual phase are measured with a home-built
all-reflective second-order single-shot autocorrelator
and a home-built single-shot SHG frequency-resolved
optical gating device (SHG-FROG). The autocorrela-
tion trace is shown in Fig. 2(a) and reveals a 7.7 fs
FWHM pulse duration with a deconvolution factor of
1.35, calculated from the spectrum. The shot-to-shot

FWHM pulse duration fluctuations are measured
with the single-shot autocorrelator to be within 4%
rms. The SHG-FROG inversion results with removed
time ambiguity are shown in Fig. 3. A pulse duration
of 7.9 fs FWHM is measured while showing a fairly
flat phase over the spectrum of the amplified pulse
with a FROG error of 0.6%. The Fourier limit typi-
cally shows a duration of 7.5 fs FWHM. Therefore,
compression is typically achieved to within 5% of the
Fourier limit. The main pulse contains 83.5% (taken
between the adjacent minima around the main peak)

Fig. 2. (a) Second-order single-shot autocorrelation mea-
surement (solid curve) and calculated autocorrelation
trace, assuming a Fourier-limited pulse (dotted curve). (b)
Focus of the amplified and compressed signal using an f
=500 mm achromatic lens; the horizontal and vertical
FWHM diameters are 10.58 and 10.25 �m, respectively.

Fig. 3. FROG inversion results of the recompressed
130 mJ pulse (FROG error 0.6%): (a) temporal pulse inten-
sity (solid curve) with removed time ambiguity, residual
phase (crosses) and the Fourier-limited pulse (dotted
curve). (b) Measured spectrum (696–994 nm, solid curve),
retrieved residual phase (triangles), and unamplified

stretched seed pulse spectrum (dotted curve).
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of the total energy; in the case of a Fourier-limited
pulse it is 94.7%. The contrast with respect to the
main pulse is measured with an upgraded home-built
third-harmonic generation autocorrelator (detection
limit 10−11 [23]), and the results are shown in Fig. 4.
The contrast ratio before the main pulse is measured
as 10−4 at t=−3.3 ps, �10−8 at t=−5 ps, and �10−11 at
t=−30 ps. We expect the contrast before t=−30 ps to
be 10−12–10−13, calculated with a contrast of
10−7–10−8 for the NOPCPA seed and a subsequent
amplification factor of �105. The postpulse at t
=18.8 ps originates from a reflection inside the nine-
pass amplifier, while the contribution between t
=−30 ps and t=−5 ps was experimentally verified as
a result of amplified spontaneous emission from the
front end, which becomes amplified within the tem-
poral window of the NOPCPA pump pulse.

Wavefront aberrations are corrected by using an
adaptive mirror in a closed-loop configuration. The
focus of the amplified and compressed super-
Gaussian signal beam, using an f=500 mm achro-
matic lens, is shown in Fig. 2(b). The M2 is measured
as 2.7, and the Strehl ratio is 0.8.

In summary, we demonstrated for the first time, to
our knowledge, the generation of 7.9 fs, 130 mJ
�16 TW� light pulses at a central wavelength of
805 nm and a repetition rate of 10 Hz, achieved with
our broadband LWS-20 NOPCPA system. This tech-
nology permits exploring attosecond physics and
high-field interactions in a so far inaccessible param-
eter regime.
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Fig. 4. (Color online) Third-order autocorrelation (nega-
tive delays correspond to the pulse leading edge): contrast
of the amplified and compressed pulse; the peak at −18.8 ps
is a measurement artifact belonging to the corresponding
postpulse, and contributions for t�−30 ps are background
noise.
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