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Abstract A 80 µJ, 6 fs, CEP-stable high-contrast injector
is demonstrated. The device relies on standard pulse post-
compression in hollow-core fiber followed by a temporal fil-
ter based on cross-polarized wave generation. Pulses with a
Gaussian spectrum over 350 nm, centered at 750 nm, are
generated. Temporal measurements show that the contrast
of the few-cycle pulses is enhanced on a femtosecond and
picosecond time scale. The carrier-envelope phase stabil-
ity is preserved (0.3 rad RMS). These performances make
the system an ideal seed laser for high-power, high-contrast
OPCPA systems.

Multi-terawatt few-cycle light pulses offer attractive pros-
pects in high-energy density physics [1]. Recently, the ac-
celeration of bright and quasi mono-energetic bunches of
electrons by few-cycle, multi-millijoule laser pulses, has
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been predicted and experimentally realized [2, 3]. Signifi-
cant developments are expected for the generation of ener-
getic attosecond pulses, via the interaction of intense pulses
with solid density plasmas [4–7]. This technique should lead
to orders of magnitude gain in the attosecond pulse en-
ergy. Furthermore, multi-terawatt few-cycle chains are de-
veloped as front-end injectors of future ultrashort petawatt-
scale peak power lasers [8, 9].

Optical parametric chirped pulse amplification (OPCPA)
provides a larger amplification spectral bandwidth than con-
ventional femtosecond Ti:Sa lasers and therefore constitutes
the main technique for the production of multi-millijoule
sub-10 fs pulses [10–12]. As the temporal contrast of the
laser pulses is a major requirement for laser-solid targets
interactions [6, 13, 14], sources of low energy (∼100 µJ),
high-temporal quality few-cycle pulses are needed as in-
jectors for high-power OPCPA systems to enhance the fi-
nal contrast [15]. Ideally, such ultrashort seed pulses should
feature a very low level of ASE (amplified spontaneous
emission, incoherent contrast) and a high spectral quality
in order to minimize the intensity of the coherent pedestal
and satellite pulses (coherent contrast). The preservation of
the carrier-envelope phase (CEP) stability is also required.
Currently, high-power OPCPA systems are seeded with a
CEP-stable Ti:Sa lasers followed by post-compression in a
hollow-core fiber (HCF). Millijoule-level Ti:Sa lasers typi-
cally exhibit an ASE background relative to the main peak
between 10−6 and 10−8. The subsequent spectral broad-
ening through the HCF leads to strong modulations and
sharp features of the spectral amplitude and distorted spec-
tral phase [16, 17]. The resulting few-cycle pulses present a
poor temporal quality on the few-ps to few-fs range [18, 19].
As a consequence, the temporal quality of current OPCPA
systems has still to be improved [6, 12].
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Fig. 1 Experimental setup

Cross-polarized wave (XPW) generation in χ(3)-anisotro-
pic crystals (typically BaF2) is a well-known technique lead-
ing to significant improvement of the contrast of femtosec-
ond pulses and to remarkable spectral smoothing and broad-
ening [20–22]. Furthermore, it has been recently shown that
XPW generation preserves the CEP [23]. In a previous pub-
lication, we demonstrated the possibility of extending XPW
filtering to the few-cycle regime [24]. As a proof of prin-
ciple, 8 fs, 150 µJ pulses with a modulated spectrum were
seeded to a single-crystal XPW filter, with an overall en-
ergy efficiency of 10%. It was experimentally and theoreti-
cally found that the optimization of the pulse compression
enabled preserving the input spectral bandwidth while the
XPW spectrum exhibited a smooth near-Gaussian shape.

In this paper, we characterize an ideal front-end for high-
power contrasted lasers based on standard hollow-core fiber
post-compression combined with XPW technique. We scale
the few-cycle XPW filter to shorter (5 fs) and higher-energy
(550 µJ) pulses. We demonstrate that fine dispersion con-
trol provides high transmission (15%) and a quasi-Gaussian
XPW spectrum over 350 nm. The resulting injector gener-
ates on a day-to-day basis 80 µJ pulses with a duration of
5.9 fs. Temporal characterization of the generated pulses
shows significantly enhanced coherent contrast, which is a
critical feature of few-cycle pulses. Furthermore, we pro-
vide an estimation of the expected improvement of inco-
herent contrast. We finally demonstrate that the front-end is
CEP-stable with a RMS error signal of 0.3 rad RMS.

The experimental setup (Fig. 1) features a commercial
1 kHz CEP-stabilized laser (FemtoPower Compact Pro CE-
Phase, Femtolasers GmbH). The oscillator pulses are CEP
locked via pump-laser amplitude modulation, stretched to
∼10 ps through a SF57 glass block unit and amplified in a
ten-pass amplifier. The pulses are then compressed in a com-
pact transmission grating compressor preserving the CEP
stability [25, 26]. After compensation of the slow drift via
feedback on the stretcher, the typical RMS CEP stability
value is 0.2 rad. The 25 fs pulses, with an energy set to
1.2 mJ, are focused into a hollow-core fiber (HCF, 1 m
length, 250 µm diameter) filled with neon (about 1 bar) [27].
The setup dispersion is then over-compensated with a set of
broadband chirped mirrors (∼–580 fs2) which was found

Fig. 2 Experimental spectra of the pulses out of the HCF (grey area)
and after XPW (red). The XPW spectrum is measured when the dis-
persion compensation of the input pulse yields the optimum spectral
shape and highest efficiency (15%). The dashed red line is a Gaussian
fit of the XPW spectral energy distribution

to minimize high-order spectral phase (Femtolasers GmbH
and Layertec GmbH). A pair of fused-silica wedges is used
to fine tune pulse compression. The compressed 550 µJ, 5 fs
pulses are then sent into in the XPW filter. The beam is fo-
cused by a f = 2 m mirror into a small vacuum chamber
with coated 500 µm fused-silica windows. The nonlinear
crystal is 1 mm thick (BaF2, [011] crystallographic orien-
tation) and placed after the focus (50 cm) to reach the ade-
quate peak intensity for XPW generation (the beam diameter
is 2 mm). Thanks to the excellent spatial quality of the beam
after propagation through the HCF, the spatial profile stays
smooth and un-modulated after the focus. The XPW sig-
nal is then discriminated by a broadband thin film polarizer
(Femtolasers GmbH). This polarizer induces low dispersion
and has a good transmission over a broad spectral bandwidth
but its polarizing efficiency is limited, which will directly
affect the overall contrast enhancement [20]. With an input
Glan polarizer placed before the HCF, the global extinction
ratio of the setup is 102 : 1, limited by the output polarizer.
This value could be improved by using an output Glan po-
larizer if the temporal compression of the XPW pulse is not
necessary (for example before seeding OPCPA stages). To
perform temporal characterization, a second set of chirped
mirror (Femtolasers, ∼–500 fs2) and wedges compensates
the dispersion introduced by the BaF2 crystal, the output
window, the polarizer and propagation in air.



High-fidelity front-end for high-power, high temporal quality few-cycle lasers 771

Fig. 3 Original (left) and
retrieved (right) SHG-FROG
traces measured after the HCF
(a) and after XPW (b), with a
respective retrieval error of
0.5% and 0.3% (grid size
256 × 256). Measured (dashed
lines) and retrieved (solid lines)
spectral amplitude and phase
(dotted lines) after the HCF (c)
and after XPW (d). Temporal
profile of the few-cycle pulses
after the HCF (e) and after
XPW (f). (g) Temporal profiles
(log scale) of the few-cycle
pulses after calculated
propagation in fused-silica glass
of the pulses retrieved by the
FROG measurement. Black:
after the HCF (+50 µm). Red:
after XPW (−200 µm)
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According to our previous investigations, an accurate
tuning of the input pulse dispersion (wedges) optimizes the
XPW process in terms of efficiency and spectral cleaning.
An analysis of the dynamics of the XPW generation process
as a function of the input chirp and the effects of the dis-
persion of the nonlinear medium is detailed in [24]. The
1 mm nonlinear crystal introduces some temporal broaden-
ing of the input few-cycle pulse and the resulting chirped
temporal structure of the propagating pulse in some parts
of the BaF2 limits the XPW spectral bandwidth. In partic-
ular, no spectral broadening is observed, unlike for longer
input pulses. It was found that weak negative residual input
chirp, leading to temporal compression of the fundamental
pulse roughly halfway through the nonlinear crystal, enables
preserving the input spectral bandwidth. In that case, most
of the conversion occurs on an almost compressed pulse,
optimizing the efficiency and output spectrum. In the cur-
rent experiment, the precise window for optimum compres-
sion (±4 fs2) is experimentally determined by the XPW
spectral behavior: the spectral bandwidth is preserved dur-
ing the nonlinear process and the output shape is quasi-
Gaussian over 350 nm (Fig. 2). The cleaning of the input
spectral energy distribution is remarkable. Outside this com-
pression window, the XPW spectrum is either narrower than
the fundamental (negative residual chirp), or square-shaped
(positive residual chirp). The optimum spectral shape cor-
responds to the maximum XPW efficiency (15%, XPW
pulse energy: 80 µJ). The transmission decreases rapidly
outside the optimum compression configuration. The final
energy level is comparable with the reported energy of other
OPCPA injectors [8, 12] and enables temporal characteriza-
tion of the pulses after the XPW cleaning process.

Temporal characterization of the pulses before and af-
ter XPW confirms that the excellent spectral properties of
the XPW pulse are the consequence of the temporal qual-
ity enhancement occurring during the process. Figure 3
presents the χ(2)-based frequency-resolved optical gating
(SHG-FROG) measurements [28]. Comparison between the
FROG traces underscores the reduction by the XPW process
of the temporal side lobes and sharp features typical of
few-cycle pulses (Fig. 3(a), (b)). The spectro-temporal en-
ergy distribution is more balanced and homogeneous. To
confirm the accuracy of the FROG reconstruction, the re-
trieved spectrum is shown together with the measured spec-
trum (Fig. 3(c), (d)). The temporal intensity profiles of
both pulses appear in Fig. 3(e), (f). The coherent back-
ground is clearly attenuated on a femtosecond time scale
after XPW. In this case, the main peak (Gaussian pulse
with the same duration) contains 90% of the pulse energy,
compared with only 75% after the HCF. This feature rep-
resents a significant improvement of the usual characteris-
tics of few-cycle pulses, which can be further improved by
adequate high-order spectral phase compensation. Although

the whole spectral bandwidth of the pulse is preserved dur-
ing the process, the measured duration of the XPW pulse is
5.9 fs, a little longer than the initial one (5 fs). Indeed, the
FROG data analysis requires to run a non real-time algo-
rithm, thus precluding a precise duration optimization dur-
ing the experiment. Calculated propagation in fused-silica
glass of the measured pulses indicates the shortest acces-
sible duration: 4.5 fs in both cases (after HCF and XPW)
(Fig. 3(g)). The resulting plot emphasizes again the im-
proved temporal quality of the XPW pulse on a femtosecond
time scale.

Besides, the XPW process is known to enable enhance-
ment of the temporal contrast on a picosecond time scale,
limited by the polarization extinction ratio. Consequently,
we expect the contrast to be improved by 2 orders of magni-
tude after XPW. However, the measurement of the absolute
contrast ratio with a high-dynamic third-order correlator re-
mains technically challenging in the proposed experiment,
because of the weak pulse energy and the involved spectral
bandwidth. The optical components in the employed stan-
dard correlator (SEQUOIA type) introduces important spec-
tral clipping. This spectral clipping, together with the dis-
persion introduced by various optical elements, unavoidably
induces a reduced pulse contrast measurement [11]. This ef-
fect is shown in the inset of Fig. 4, representing the cor-
relation curves of the laser pulse and measured after pulse
compression in the HCF. The temporal features on the lead-
ing edge of both pulses are similar, except a degradation of
the contrast ratio of the 5 fs pulse. This can be attributed
to the peak power degradation due to spectral clipping in

Fig. 4 Temporal contrast of the few-cycle pulses before (black) and
after (red) XPW. The dashed lines indicate the dynamic range of the
measurement in both cases (10−10 after the HCF and 10−8 after XPW).
The dotted curve is the calculated contrast after XPW. The inset shows
the measured contrast of the laser pulse (grey area) and the pulse after
HCF (black line). The temporal resolution of the correlator does not
allow to make statements about the time structure of the main peak
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Fig. 5 Measured stabilized
CEP drift of the XPW pulse
with feedback control

the correlator. Anyway, this does not prevent to perform
a relative measurement of the contrast enhancement after
XPW in the few-cycle regime. The results shown in Fig. 4
indicate a 2 orders of magnitude contrast improvement by
the diminution of the intensity of the parasitic features at
t = −5 ps and t = −1 ps. The ASE background value can-
not be measured because of the dynamic range limitation
of the apparatus (8 orders of magnitude for a seed energy
of 80 µJ). Anyway, considering previous work on XPW, we
expect a similar contrast improvement (10−2), as suggested
by the calculated XPW contrast ratio (Fig. 4). This calcula-
tion is performed via the model proposed in [29], including
the experimental parameters (extinction ratio: 10−2; overall
efficiency: 15%). A good agreement with the experimental
measurement above the detection limit is obtained.

Finally, we demonstrate that the proposed setup preserves
the relative CEP stability. A part of the compressed XPW
pulse is sent into a collinear f-to-2f interferometer. The pulse
is focused into a 0.5 mm thick BBO crystal preceded by a
sapphire plate to slightly enhance the spectral bandwidth.
The interference fringes are acquired by a spectrometer (in-
tegration time: 1 ms) and analyzed by the APS 800 soft-
ware (Menlo Systems, cycle loop time: 100 ms). The sig-
nal is then fed back to the laser stretcher to compensate for
the phase slow drift. The resulting CEP drift measured over
200 s is shown in Fig. 5. The CEP stability is preserved
after quite a long propagation distance and two successive
nonlinear stages. This feature is the ultimate proof of the
high fidelity and reliability of the injector. The CEP stability
(0.3 rad RMS) could be improved by simple covering of the
whole experimental setup to avoid air fluctuations.

To conclude, we have demonstrated the generation of
high temporal quality, CEP-stable, 5 fs, 80 µJ pulses.
The technique relies on spectro-temporal cleaning of high-
energy few-cycle pulses by an optimized vacuum XPW fil-
ter. For the first time, the enhancement of the temporal qual-
ity of the 5 fs pulses by the XPW process is demonstrated by
FROG measurement. We believe that the proposed system is
an ideal front-end for high-energy, high-contrast few-cycle
lasers.
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