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Intense self-compressed, self-phase-stabilized
few-cycle pulses at 2 m from an optical ﬁlament
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We report the compression of intense, carrier-envelope phase stable mid-IR pulses down to few-cycle duration using an optical ﬁlament. A ﬁlament in xenon gas is formed by using self-phase stabilized 330 J 55 fs
pulses at 2 m produced via difference-frequency generation in a Ti:sapphire-pumped optical parametric
ampliﬁer. The ultrabroadband 2 m carrier-wavelength output is self-compressed below 3 optical cycles and
has a 270 J pulse energy. The self-locked phase offset of the 2 m difference-frequency ﬁeld is preserved
after ﬁlamentation. This is to our knowledge the ﬁrst experimental realization of pulse compression in optical ﬁlaments at mid-IR wavelengths 共 ⬎ 0.8 m兲. © 2007 Optical Society of America
OCIS codes: 190.5530, 320.5520.

Progress in strong-ﬁeld physics has been accelerated
by the development of lasers operating near the
0.8 m wavelength that feature high peak power,
few-cycle duration, and reliable control over the
carrier-envelope phase1 (CEP). Furthermore, the fundamental scaling laws2,3 governing the intense laser–
atom interaction suggest that the advancement of
longer-wavelength mid-IR laser sources capable of
similar optical quality will have a major impact in
strong-ﬁeld physics. The most compelling examples
include the generation of shorter attosecond x-ray
bursts and the rescattering of electrons at kilovolt
energies.3–5
A recently demonstrated 80 J, 2 m prototype
system6 based on optical parametric chirped-pulse
ampliﬁcation via difference-frequency generation deﬁnes a standard for future development of longwavelength drivers. However, the optical parametric
chirped-pulse ampliﬁcation architecture is faced with
important technical challenges,7 such as the need for
speciﬁc pump laser design and unwanted generation
of parasitic ﬂuorescence underlying the primary
pulse for high parametric gain conﬁgurations.6
Currently, femtosecond optical parametric ampliﬁers (OPAs) pumped by multimillijoule Ti:sapphire
chirped-pulse ampliﬁcation systems can deliver multicycle pulses in the mid-IR with sufﬁcient peak
power to investigate the efﬁcacy of the nonlinear
pulse compression techniques developed at shorter
wavelengths. In particular, optical ﬁlaments formed
in a noble gas by intense 0.8 m pulses have demonstrated pulse compression down to the few-cycle regime with excellent beam stability and spatial mode
quality.8
This Letter demonstrates, for the ﬁrst time to our
knowledge, the self-compression in an optical ﬁla0146-9592/07/070868-3/$15.00

ment of high-peak-power mid-IR pulses derived by
difference-frequency generation in a Ti:sapphire
pumped OPA. This efﬁcient scheme produces
ﬂuorescence-free, sub-3 optical cycle pulses near the
2 m wavelength with 270 J energy at a 1 kHz repetition rate. The intense 2 m ﬁeld carries a constant
CEP offset, thus making it an attractive longwavelength driver for benchmark strong-ﬁeld experiments.
A schematic of the experimental setup is shown in
Fig. 1. High-peak-power multicycle mid-IR pulses are
produced in a slightly modiﬁed traveling-wave OPA
(TOPAS, Light Conversion) pumped by 4 mJ, 55 fs
pulses from a home-built kilohertz Ti:sapphire ampliﬁer operating at 0.81 m. Initially, superﬂuorescence
is generated in a ␤-barium borate (BBO) crystal
pumped by a small fraction of the Ti:sapphire light.
The same crystal also acts as a subsequent preampliﬁer of the signal beam 共⬃1.3 m兲. Finally, a 2 mm
long BBO crystal, which acts as a power ampliﬁer, is
synchronously seeded by the ampliﬁed signal and the

Fig. 1. (Color online) Mid-IR ﬁlament pulse compression
setup, showing superﬂuorescence generator (SF), dualstage OPA, gas cell for ﬁlamentation and diagnostics. Inset,
ﬂuorescence from a xenon ﬁlament. DFG, differencefrequency generation; IAC, interferometric autocorrelator.
© 2007 Optical Society of America
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Fig. 2. (Color online) Measured interferogram (inset), resulting power spectrum (solid black), best-ﬁt power spectrum (dashed blue), and best-ﬁt spectral phase (dotted red).

remaining 0.81 m pump beam, yielding 500 J of
2 m light. The ﬁnal ampliﬁer’s noncollinear geometry allows spatial separation of pump, signal, and
idler beams, thereby eliminating the need for spectral ﬁltering.
Our OPA scheme provides two crucial elements.
First, passive synchronization produces an intrinsically small temporal jitter between signal and pump
pulses, thus resulting in exquisite pulse-to-pulse stability. Second, since both the pump and the signal
ﬁelds originate from the same coherent source, the
CEP offset of the generated mid-IR idler ﬁeld is constant for consecutive pulses9–11 despite the absence of
any active stabilization of the pump laser. The 50 nm
(FWHM) OPA output spectrum at 2 m is consistent
with the 55 fs pump pulse duration. Once focused,
the pulses can reach the threshold for self-focusing
and therefore warrant nonlinear spectral broadening
and pulse compression via ﬁlamentation.
An optical ﬁlament is produced by weakly focusing
the mid-IR light with an 0.5 m focal length spherical
mirror into a 1 m long cell ﬁlled with xenon 共2.15
⫻ 105 Pa兲. Filamentary propagation is veriﬁed by recording the plasma ﬂuorescence (Fig. 1) and reveals
the presence of two consecutive nonlinear focusing–
defocusing cycles within the roughly 10 cm long ﬁlament. Segments with strong ﬂuorescence emission
(brightest regions in the photograph) imply regions
with larger ionization and therefore higher intensities. Initially, the strong self-focused beam (ﬁrst section) is mediated by the equally strong defocusing of
the plasma electrons. This results in a lowering of the
intensity and thus a reduction in ﬂuorescence before
self-focusing starts another focusing–defocusing
cycle. Finally, diffraction terminates both nonlinear
propagation and spectral broadening. However, during propagation through the ﬁlament the beam undergoes extreme spectral broadening, emerging with
an octave of bandwidth (solid curve, Fig. 2).
In addition to the spectral broadening, the selfguided beam undergoes signiﬁcant spatial mode
shaping during ﬁlamentation. This results in an improvement of the intrinsically poor beam quality of
the idler, yielding better focusing for high-ﬁeld applications.
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Temporal characterization of the ultrabroadband
mid-IR pulses was performed using an interferometric autocorrelation (IAC) technique. 2 m thick pellicle with a broadband coating at 2 m acts as a
50/ 50 beam splitter in a Michelson interferometer.
As shown in the inset in Fig. 2, an interferogram was
recorded by using the linear response of an InGaAs
photodiode, and the resulting spectrum is also shown
in the ﬁgure. The pulse duration is measured by using a second-order autocorrelator based on a twophoton-induced photocurrent12 from a saturated InGaAs diode and is shown in Fig. 3. The pulse is
reconstructed from the measured spectrum and
second-order autocorrelation by the PICASO
method13 with an adaptive genetic algorithm14 as our
functional minimization routine. Brieﬂy, the PICASO
method seeks the optimum spectral phase to minimize the rms error ⌬ between the measured autocorrelation and the autocorrelation from the reconstructed pulse. Due to shot-to-shot power
ﬂuctuations in the OPA’s output 共±5 % rms兲, the selfphase-modulation-broadened spectrum is expected to
reﬂect the variations in power. Consequently, the
measured interferogram and autocorrelation contains a source of noise that cannot be removed with
simple frequency-domain ﬁlters. To retrieve an improved ﬁt to the measured autocorrelation, we parameterized the spectral power, in addition to the
spectral phase, using the initial interferogramderived power spectrum as a baseline and bounding
the search space to exclude the consideration of unreasonable spectra. Figure 2 displays the best-ﬁt
power spectrum and spectral phase; the ﬁt deviates
from the measured second-order autocorrelation by
an rms error of ⌬ = 0.062, as shown in Fig. 3. The inset in Fig. 3 shows that the retrieved pulse has a
FWHM duration of 17.9 fs, while the frequency spectrum supports a 12.2 fs transform-limited pulse. The
absence of any external compression elements suggests that the pulse is self-compressed during ﬁlamentation. In fact, the (negative) dispersion of the
cell exit window (1.5 mm thick CaF2) compensates
for the (positive) dispersion introduced by propaga-

Fig. 3. (Color online) Measured second-order autocorrelation (solid) and best-ﬁt second-order autocorrelation
(dashed). Inset, transform-limited intensity proﬁle (solid)
and best-ﬁt intensity proﬁle (dashed). The reduced fringe
contrast ratio for the second-order autocorrelation trace is
due to beam pointing instabilities.
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tion in air 共2 m兲, preserving the few-cycle pulse shape
in our autocorrelator.
Characterization of the CEP stability after the ﬁlament was measured by using a f-to-2f spectral interferometer. In contrast to other CEP measurements,
no additional white-light generation was required,
since the ﬁlament generates an octave-spanning
spectrum. A 0.5 mm thick BBO crystal was used to
frequency double the central portion of the fundamental spectrum, which interfered with the blue side
of the ultrabroadband white light near 0.9 m. Figure 4(a) plots a series of high-contrast interferograms
(each trace integrated over 10 ms) as a function of
time and shows excellent fringe stability for 8800
consecutive shots, while Fig. 4(b) shows an averaged
interferogram trace over a 120 s. The residual rms
CEP drift is smaller than 0.1 rad, which is unexpected for an OPA seeded by ﬂuorescence.9 However,
the measurement clearly shows that not only is the
CEP offset preserved through propagation but also
that the ﬁlament dynamics is conducive to long-term
stability. Similar measurements have been performed using the signal 共 = 1.3 m兲 for driving ﬁlamentation. In this conﬁguration the CEP offset was
measured to be random. We therefore conclude that
ﬁlamentation does not stabilize but only preserves
the CEP offset.
In conclusion we have demonstrated the use of selfguided ﬁlamentation for spectral broadening and

Fig. 4. (a) Time series of f-to-2f interferograms acquired
for 8,800 consecutive laser shots. Each individual interference pattern was integrated over 10 ms (10 shots). (b)
Fringe pattern integrated over 12⫻ 104 consecutive laser
shots 共120 s兲.

pulse compression of a mid-IR pulse. The pulse originating from an optical parametric ampliﬁer is artiﬁcially broadened in a xenon cell, producing a 17 fs,
0.27 mJ pulse at 2 m. The high peak power, good
spatial beam proﬁle, and excellent CEP stability preserved during ﬁlamentary propagation provides an
attractive source for investigating strong-ﬁeld physics at mid-IR wavelengths.
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