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We present a chirped pulse amplification (CPA) Ti:Sa laser generating sub-15 fs pulses with expected
high temporal quality. Gain-narrowing in the pre-amplifier is balanced by a variable spectral reflectivity
mirror and by a fine adaptation of the saturation conditions. A crossed polarized wave generation (XPW)
filter is introduced to enhance the contrast, reduce the pulse duration and improve the spectral quality.
The pulses are generated at 10 Hz repetition rate, with pulse energy of 110 lJ and very clean Gaussian
spectrum. The temporal contrast is evaluated by a measurement before the XPW filter and calculations
of the enhancement by the filter. The potential temporal incoherent contrast is 1012 and the coherent
contrast 1010. The performance of the system makes it suitable as an injector for petawatt lasers operat-
ing in the double-CPA scheme.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Recently, much effort has been expended towards achieving ul-
tra-high power lasers. In addition to increasing the energy, an
important issue for many applications such as high-order harmon-
ics generation and X-ray laser sources is to reduce the pulse dura-
tion to the sub-15 fs domain. For particle acceleration, although
short pulse duration is not explicitly required, this feature enables
one to reach dense plasma conditions with reduced energy. An-
other important topical research domain is the ultra-relativistic la-
ser-matter interaction at intensities above 1022 W/cm2 that are
supplied by the new-generation petawatt (PW) lasers [1].

A critical characteristic of ultra-intense femtosecond pulses for
most of the associated experiments is the temporal contrast, to
prevent any modification of the target before the arrival of the
main pulse, like pre-plasma formation. The temporal contrast in-
cludes coherent and incoherent contributions. A good coherent
contrast is obtained by the compression of a Gaussian spectrum
without any residual spectral phase. Residual high-order phase,
spectral modulations or a super-Gaussian spectrum generally give
rise to poor coherent contrast [2]. With regard to amplified sponta-
neous emission (ASE), the incoherent contrast of PW lasers has to
be higher than 1011. Consequently, an adequate pulse temporal
ll rights reserved.

ucci).
quality involves both short duration and excellent coherent and
incoherent contrast.

High-contrast in state-of-the-art high-intensity Ti:Sa femtosec-
ond lasers is reached through temporal filtering, via different
schemes. One solution is to supplement a classical CPA system
[3] with a temporal filter (plasma mirrors) positioned after the
compression stage [4]: the contrast can then be improved by four
orders of magnitude but at the expense of 50% of the energy.
Unfortunately, such losses can not be compensated for since the fil-
ter is the last element in the laser chain. Another solution is to in-
sert a temporal filter before seeding the CPA laser, at the lJ energy
level [5]. A third option is to use a double-CPA set-up including a
temporal filter in between the two CPA systems, at the mJ energy
level [6]. An advantage of this scheme is that the filtering effect oc-
curs after the pre-amplifier, where most of the ASE is generated.
Moreover, the energy losses introduced by the filter can be recov-
ered by the subsequent power amplifiers. In particular, the suit-
ability of nonlinear filters, based on cross-polarized wave (XPW)
generation, for efficient ASE cleaning has already been demon-
strated several times [5,7,8].

Regarding short pulse generation, pulses in the 10-fs regime
with a Ti:Sa CPA system have been recently demonstrated though
with poor peak-to-background contrast [9], while common high-
contrast laser systems deliver pulses with durations exceeding
several tens of femtoseconds. In view of short durations, optical
parametric CPA (OPCPA) is also an interesting technique, since
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Fig. 1. Experimental set-up consisting of a large-band oscillator, an Öffner
stretcher, a 10-pass pre-amplifier including a gain-flattening mirror, a grating
compressor (20 fs), a XPW filter with improved efficiency thanks to the flat-top
spatial shape of the injected beam and a single prism compressor (14 fs).
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the spectral gain is relatively flat over a broad spectral bandwidth
and sub-10 fs pulses can be generated and amplified [10]. Never-
theless, parametric fluorescence, analogously to ASE in Ti:Sa
amplifiers, can reduce the incoherent contrast, while the coherent
contrast is generally poor because of spectral modulations and
phase distortions [11].

In this paper, we present a full study of an operational Ti:Sa
injector for PW class lasers which offers both short pulse duration
(sub-15 fs) and spectro-temporal quality. This front-end, including
a pre-amplifier stage and a temporal filter, is designed to seed a PW
laser in a double-CPA scheme. Besides contrast enhancement, the
XPW temporal filter is here also employed as a pulse shortening
device [12] and spectral shaper. The compression of 110 lJ pulses
at 14 fs with quasi-Gaussian spectral distribution over more than
200 nm bandwidth is demonstrated. Previously validated models
about XPW generation [13–16] allow us to expect 1012 incoherent
contrast. The paper is organized as follows. We first present the
experimental laser layout. Then, the employed methods to produce
sub-15 fs pulses and the associated spatio-temporal effects are dis-
cussed. The last part of the paper focuses on temporal contrast
characterization.
2. Experimental set-up

The proposed laser system takes advantage of the long knowl-
edge of Ti:Sa amplification [17,18]. In particular, critical care is ta-
ken for the pulse temporal quality in the first amplification stage,
where high gain usually results in a large amount of ASE and in-
duces spectral narrowing. An advantage of the proposed system
is the absence of active elements, often employed to limit spectral
gain narrowing [19]. Solutions against gain narrowing without
employing active devices are spectral filters in regenerative pre-
amplifiers [9,20–23], or negatively and positively chirped pulse
amplification in multi-pass pre-amplifiers [24].

Here, a spectral filter consisting of a specially designed mirror
with variable spectral reflectivity (also termed gain-flattening mir-
ror) is used to limit gain narrowing in a 10-pass pre-amplifier.
Compared to a complex electronic device the reliability is in-
creased, the alignment is straightforward, the injected energy is
higher, and the cost is considerably reduced. The pre-amplification
stage is followed by an optimized nonlinear filtering device relying
on cross-polarized wave generation [13,25]. The XPW generation is
a nonlinear phenomenon occurring in cubic crystals with aniso-
tropic v(3) susceptibility, such as BaF2 [14,26]. Its main benefits
are an improvement of the temporal contrast and a reduction of
the duration of the input pulse [8,27].

The experimental set-up is depicted in Fig. 1. The seed pulse is
produced by a homemade ultra-broadband Ti:Sa oscillator based
on Kerr lens mode-locking [28]. Group velocity dispersion (GVD)
in the cavity of the Ti:Sa oscillator is compensated for by the use
of negatively chirped mirrors and of a pair of fused silica prisms
allowing a precise control of the spectrum. The prism pair gener-
ates a slightly positive GVD in order to shorten the distance be-
tween the prism apexes (separation of 28 cm) which makes the
cavity less sensitive to beam pointing instability. The 4 mm long
crystal is pumped by 3.5 W CW frequency doubled Nd:YVO4 laser
(Verdi, Coherent). In this configuration, pulses with an energy of
4 nJ and a spectral bandwidth of 225 nm (centered at 804 nm)
are produced.

The pulses are stretched in an Öffner type stretcher (0.7 ps/nm)
consisting of a 1400 lines/mm diffraction grating (92% diffraction
efficiency) and two spherical mirrors whose radii of curvature
are 600 mm and 300 mm, respectively. Pulses at a repetition rate
of 10 Hz are selected by a set of two high extinction ratio polarizers
(105) and a KD*P Pockels cell.
The stretched pulses are injected in a 10-pass pre-amplifier
(configuration described in Ref. [29]) by using two pairs of co-focal
concave mirrors (500 mm and 400 mm focal lengths). The variable
reflectivity mirror (described in Section 3) is inserted after the fifth
passage. The 6 mm long crystal is pumped by 7.5 mJ pulses at a
repetition rate of 10 Hz with a highly super-Gaussian spatial beam
profile (Surelite, Continuum), and the extracted energy is 2.5 mJ.
Spatial filters are placed after the first, the fourth and the eighth
passages for a fine adaptation of the infrared mode to the pump
size. The amplification regime is highly saturated (1.8 J/cm2). After
the pre-amplifier, the pulse is compressed (20 fs) by a 1400 lines/
mm gratings compressor presenting an overall efficiency of 50%
and sent to the cross-polarized wave generation filter.

The XPW set-up is composed of two crossed polarizers, one
focusing lens and one collimating lens, both with a 2000 mm focal
length, and two BaF2 crystals (crystallographic orientation [001],
2 mm thickness). The crystals are placed in a vacuum chamber
(10�2 mbar) in order to avoid nonlinear effects in air. The distance
between the two crystals is 25 cm and the first crystal is positioned
5 cm after the focal point. At this position the focusing systems
images the amplifier output with a magnification factor of 0.5.
The beam diameter is 1.8 mm at 13.5% of the maximum, leading
to 500 lJ being injected into the filter to reach the optimal inten-
sity (1012 W/cm2) for conversion to orthogonal polarization. The
conversion efficiency is 22% (loss-corrected from the uncoated
faces of the crystals: 25%) and we were able to generate pulses of
110 lJ with a sub-15 fs duration.
3. Short pulse production

It is well-known that when the gain of an amplifier medium is
not constant over the whole spectrum of the seed pulse, amplifica-
tion tends to reduce the spectrum and to shift the central wave-
length towards the gain maximum. This effect of spectral gain
narrowing is dominant in the first amplifier of a Ti:Sa laser, since
the gain is typically above 106. For this reason, even though seeding
the amplifier with sub-10 fs pulses, it is difficult to amplify pulses
shorter than 30 fs without special tricks. Another important effect
happens when operating an amplifier above the saturation fluence:
the leading edge of the pulse experiences a larger gain than the
trailing edge. In the case of a positively dispersed pulse, like in a
classical CPA, if the seeding spectrum is red-shifted compared to
the gain maximum, the spectral gain tends to favor short wave-
lengths while saturation tends to mainly amplify long wavelengths.
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Fig. 2. Variable reflectivity mirror: (a) Target reflectivity (black dashed line) and measured reflectivity (black solid line) for the gain-flattening mirror design. Comparison of
the amplified spectra with a silver mirror after the fifth passage (grey solid line) or with a gain-flattening mirror at the same position (grey dotted line). (b) Group delay. (c)
Group delay dispersion.
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Consequently, the two phenomena can partially compensate each
other allowing the amplification of large spectra [30].

In our pre-amplifier, we reduced the spectral gain narrowing by
a specifically designed mirror with variable spectral reflectivity. At
the same time we injected a pulse that is spectrally centered at
804 nm for a gain maximum at 794 nm. We adjusted the satura-
tion regime of the pre-amplifier to optimize the XPW filter opera-
tion. The result is high-contrast pulses production with almost
200 nm quasi-Gaussian spectral bandwidth.

3.1. Limiting gain narrowing: variable reflectivity mirrors

Gain-flattening mirrors were designed to compensate for spec-
tral gain narrowing associated with amplification. The goal is to
virtually flatten the gain curve by creating losses on the most
amplified wavelengths, following a target spectral reflectivity
(Fig. 2a), while exhibiting a very low group delay and GVD
(Fig. 2b and c). The optimization procedure is to find a sequence
of thin layers (and their thicknesses) reproducing as closely as pos-
sible the given target spectral reflectivity in amplitude and phase.
Such a problem is similar to chirped mirrors optimization [31–33].
However, the spectral reflectivity target function has here a much
stronger influence on the optimization process and the obtainable
design, because the reflectivity is required to be 100% at both ends
of the spectrum and varies smoothly to form a dip in the center. In
contrast, a chirped mirror is normally intended to present a high
reflectivity (e.g. 99.9% in the visible range) over a large bandwidth
while providing at the same time for the prescribed dispersion.
Chirped mirrors designed for femtosecond lasers in the visible
and near-infrared spectral range are based on the alternation of
two dielectric materials with high index contrast. The computation
of the spectral reflectivity and phase of a stack of plane layers with
complex refractive indices, i.e. including wavelength-dependent
attenuation, can be performed with usual matrix methods [34]
based on Maxwell’s equations. Various optimization algorithms
are also available. Here, we have used a Gibbs sampler optimiza-
tion algorithm to obtain an optimal sequence of layer thicknesses,
as described in reference [35]. The global error minimized by the
algorithm is a linear weighted combination of a reflectivity crite-
rion and of a phase criterion, as follows:

E ¼ aE½ðR� R0Þ2� þ bE½ðtg � tg0 � E½tg � tg0�Þ2� ð1Þ

where a and b are trade-off constants and E(z) =
R

Bdxz(w)/
R

Bdx is
the mean value of the function z over the target bandwidth B. In this
equation, R is the reflectivity of the mirror under optimization and
tg is its group delay on reflection, while R0 is the target reflectivity
and tg0 is the target group delay.

Initial numerical experiments indicated that a strong index con-
trast is required for the variable reflectivity mirrors considered
here, since the reflectivity on both edges of the spectral range
should be close to unity. We chose to work with the silica (SiO2)
– tantalum oxide (Ta2O5) material system for its high index con-
trast and resistance to high power laser pulses. The wavelength
dependence of the refraction index was precisely measured by
ellipsometry and the experimental values included in the optimi-
zation program. We further observed that including a spectrally
varying dispersion target in addition to the reflectivity target did
not result in satisfying designs. Consequently, the target group de-
lay variation was set to zero (no dispersion) in the final design.
Reasonable convergence was obtained with 30 pairs of SiO2 and
Ta2O5 layers. The optimized result is shown in Fig. 2. The residual
group delay and group delay dispersion do not affect the pulse
duration: the temporal increase after one reflection is calculated
to be lower than 0.1 fs, which is negligible compared to the effect
of other dispersive elements in the system.

One variable reflectivity mirror was introduced after the fifth
passage on the 10-pass pre-amplifier. In Fig. 2a, the grey dotted
line curve and the grey solid line curve represent the amplified
spectra using either the gain-flattening mirror or a common silver
mirror. It is clear that in the first case a larger spectrum (44 nm in-
stead of 37 nm FWHM) can be amplified and consequently a short-
er pulse is produced. The two spectra have been obtained with a
non-saturated amplification, in order to separate the influence of
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the gain-flattening mirror from the saturation effects that will be
presented afterwards.

3.2. Saturation: spectral and spatial beam shaping

As previously mentioned, the saturation phenomenon can help
amplify large spectra when the central wavelength of the input
pulse is red-shifted compared to the gain maximum like in our
case. Another effect of the saturation concerns the spatial shape
of the output beam that reproduces the super-Gaussian spatial
profile of the pump beam (Fig. 3a).

Spectra of more than 60 nm FWHM have been measured after
the pre-amplifier. Nevertheless, performing a spectrum measure-
ment at different points of the spot beam, we noticed that satura-
tion creates a spatial inhomogeneity in the spectral distribution. In
Fig. 3b, we have reported the spectra measured along the vertical
axis of the profile in the near-field, after amplification (Fig. 3a). It
is worth pointing out that the spectra in the center of the spot
are broader than at the sides. In Fig. 3c, the grey curve depicts
the duration estimated by performing a FFT of each spectrum as
a function of the spatial position: as expected, the pulse duration
is shorter in the center (the minimum calculated duration is
17.8 fs). Moreover, the values of the duration and the values of
the spatial intensity as functions of the position in the spot show
essentially the same variations. This can be intuitively understood
by the fact that saturation depends on the spatial intensity. Conse-
quently, each point in the beam experiences a different degree of
saturation producing a different amplification of long wavelengths
as compared to short ones. We emphasize that the same experi-
ence was repeated in a non-saturated configuration and that no
spatial inhomogeneity was observed in this case.

Further measurements were performed in the far field where
the beam is focused. The resulting spectrum, identical in each part
of the beam, is shown in Fig. 3b. The bandwidth is 44 nm FWHM
and is comparable to the non-saturated case. Consequently, for
immediate far-field applications, the advantage of the large band-
width amplification due to saturation is canceled by spatial inho-
mogeneity and spectral averaging occurring at the focus.
Nevertheless, interactions performed in the near or intermediate
fields, like XPW filtering in our configuration, can benefit from
the shortest duration at the central part of the beam.

3.3. Spatio-temporal characteristics of the XPW signal

In most cases the XPW filter is designed by positioning the first
crystal at the beam waist, because of the good spatial beam quality
at this position. In the present case the output of the pre-amplifier,
almost top-hat shaped, is imaged in a plane after the focus, where
the first BaF2 crystal is positioned. This choice is motivated by
three main reasons. First, the beam size enables us to seed the
XPW filter with relatively high energy (500 lJ). Second, the conver-
sion efficiency is increased as compared to a usual Gaussian shape
[12]: while the common conversion efficiency for a Gaussian beam
is around 15%, we converted 110 lJ from 500 lJ (25% internal effi-
ciency) with a top-hat beam. Third, as previously underlined, the
shortest duration is mapped in the spatial domain to the flat-top
high intensity part of the beam. Since XPW generation depends
on the cube of the input intensity, the shortest part of the beam
will be mainly converted. Consequently, the spectral distribution
is spatially homogenized and one can obtain a shortest final dura-
tion than by filtering at the focus.

This is illustrated in Fig. 4 where the spectra measured along
the vertical axis of the beam after XPW (Fig. 4a) and the associated
collimated beam profile (Fig. 4b) are reported. The homogeneity is
significantly improved and the spectral shape is smooth and nearly
Gaussian over a bandwidth of more than 200 nm. This spectral
improvement is a consequence of the temporal cleaning achieved
by the XPW process: the pulse wings related to a modulated spec-
trum with a square shape are decreased compared to the peak. This
feature is then translated into the spectral domain as a more
Gaussian spectrum. In Fig. 4c, the XPW spectrum is compared to
the largest spectrum of the input pulse (evaluated in the center
of the beam in the crystal plane) The total bandwidth of the
XPW spectrum is about 1.6 times broader than the total bandwidth
of the input spectrum, and about 1.8 times broader than the one of
the spectrum at the focal point.

For a proof-of-principle, the pulse was compressed with a single
silica prism compressor [36] to compensate for phase dispersion
accumulated through the crystals, vacuum window, lens and
essentially the second polarizer. The system does not allow a full
compensation and a third order residual phase is present. The SPI-
DER measurement gives a temporal duration of 14 fs (Fig. 4d)
while the Fourier transformed limited duration is estimated to be
12 fs, which corresponds to a pulse shortening in accordance with
the measured spectral broadening.
4. High temporal quality

The obtained short duration is combined with high temporal
quality, as discussed in this section. The high dynamical third order
cross-correlation curve, measured after the pre-amplifier, is
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depicted in Fig. 5. Despite the strong saturation regime, the con-
trast is kept at values that are common for pre-amplifiers: 108

for the incoherent contrast and 106 for the wings due to imperfect
compression and spectral distortions. Regarding the incoherent
contrast of the amplified beam, two reasons explain the good value
that is obtained: first, the good matching between the pump mode
and the seeding mode favors the amplification of the main pulse as
compared to spontaneous emission; second, the gain-flattening
mirror introduces losses on the ASE bandwidth and thereby limits
its amplification.

The contrast measurement after the XPW filter is unrealizable
for the energy level of 110 lJ at 10 Hz repetition rate. Nevertheless,
it has already been demonstrated for this kind of filter that the ASE
contrast enhancement is mainly limited by the extinction ratio be-
tween the two crossed polarizers [13].

We performed a theoretical calculation to estimate the poten-
tial improvement of coherent and incoherent contrast in our
experimental scheme. The output signal Iout(t) after filtering is
composed of the XPW signal and the leakage of the input signal
Iin(t) through the crossed polarizers:

IoutðtÞ ¼ IinðtÞðgðIinðtÞÞð1� sÞ þ sÞ ð2Þ

where s is the extinction ratio of the crossed polarizers and
g(Iin(t)) is the conversion efficiency of the XPW process as a func-
tion of the intensity Iin(t).The input and output contrasts are de-
fined as:
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CoutðtÞ ¼ Ioutmax=IoutðtÞ ð3Þ
CinðtÞ ¼ Iinmax=IinðtÞ ð4Þ

Iinmaxðresp: IoutmaxÞ is the maximum input (resp. output) intensity.
The output contrast is deduced from (2):

CoutðtÞ ¼ CinðtÞgmax=ðgðIinðtÞÞ þ sÞ ð5Þ

with gmax, the conversion efficiency for the maximum input inten-
sity (at the peak of the pulse, gmax = Ioutmax/Iinmax). We have s� 1
and gmax � 1.

To evaluate Cout(t), g(Iin(t)) can be determined by solving
numerically the complete system of equations describing the
XPW process [15,16]. In the temporal region of interest (ASE and
temporal wings) Iin(t) is low (<10�6Iinmax). For this low intensity re-
gime, as XPW generation is a third order nonlinear effect, Iout(t) is
proportional to the third power of Iin(t) [14],

IoutðtÞ ¼ kIinðtÞ3 ¼ c2
2L2ð2=ce0nÞ2IinðtÞ3 ð6Þ

with L the length of the crystal, n the index of refraction and
c2 = n2ce0np/kr/4sin(4b). n2 is the nonlinear index, r the nonlinear
anisotropy of the crystal and b the angle between the incident
polarization and the crystallographic axis of the crystal.

Consequently, we have:

gðIinðtÞÞ ¼ IoutðtÞ=IinðtÞ ¼ kIinðtÞ3=IinðtÞ ¼ kIinðtÞ2

¼ kI2
inmax=CinðtÞ2 ð7Þ

From Eqs. (5) and (7) the output contrast is rewritten:

CoutðtÞ ¼ CinðtÞ3gmax=ðCinðtÞ2sþ kI2
inmaxÞ ð8Þ

k depends on the nonlinear crystal characteristics (BaF2, b = 22.5�,
r = �1.2, n2 = 2 � 10�20 m2/W, L = 4 mm), we have k = 2.1 �
10�32 m4 W�2.

In our experimental configuration, we estimate the intensity
Iinmax = 1012 W/cm2. The measured extinction factor between the
two crossed polarizers lies between 3 � 10�4 and 10�4. In Fig. 5b
is reported the evolution of Cout(t) as a function of Cin(t) for these
two values of s. One can see that for both ASE (108) and coherent
temporal wings (106), the contrast enhancement is only limited
by the polarizers extinction ratio: Cout = Cingmax/s.

We have calculated the expected and potential contrast after
XPW filtering for s = 10�4 using the simplified expression and the
numerical resolution of the complete set of equations. The two
methods give the same result. The corresponding curve is depicted
on Fig. 5a.

It leads us to conclude that the expected final incoherent
contrast is 1012 and the coherent contrast is 1010.

5. Conclusion

We have presented a full injector system designed for a PW
level laser in a double-CPA configuration. The characteristics of
the saturated pre-amplifier are optimized to seed the XPW tempo-
ral filter, which offers control of the ASE level, pulse duration and
spectral quality. The characteristics that make the presented injec-
tor suitable for the PW application are: the sub-15 fs duration, for
operation at ultra-high intensities, in conjunction with a very good
spectral quality for a good coherent contrast; the expected 1012

incoherent contrast makes it possible to amplify the pulse up to
the PW level, while retaining the ASE pedestal below the plasma
threshold; finally the fact that all elements are passive assures ro-
bust operation, easy alignment and relative low cost.

A further challenge is to preserve the pulse temporal duration
and quality in the second PW level CPA. Here the incoherent con-
trast is supposed to be essentially preserved, since the typical gain
of power amplifiers is of a few orders of magnitude (103 at the
most) [4]. Moreover, a DAZZLER [37] will be used to finely tune
the compression and to consequently improve the coherent con-
trast. Regarding duration, most of gain narrowing has been avoided
in the first CPA. Nevertheless, efforts must be done in the second
CPA to preserve the sub-15 fs duration at least in the first power
amplifiers, which increases the energy from 110 lJ to the multi-
mJ level.
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