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Abstract

In this paper, we describe the experimental validation of the technique of correction of wavefront aberration in the middle
of the laser amplifying chain. This technique allows the correction of the aberrations from the first part of the laser system,
and the pre-compensation of the aberrations built in the second part. This approach will allow an effective aberration
management in the laser chain, to protect the optical surfaces and optimize performances, and is the only possible
approach for multi-petawatt laser system from the technical and economical point of view. This approach is now
possible after the introduction of new deformable mirrors with lower static aberrations and higher dynamic than the
standard devices.
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1. INTRODUCTION

Chirped pulse amplification (CPA) (Strickland & Mourou,
1985) has paved the way for high power femtosecond
lasers. These laser systems in turn have opened an exciting
new research field experimentally, as well a for theoretical
studies (Anwar et al., 2006; Danson et al., 2005; Fisher
et al., 2006; Flippo et al., 2007; Fuerbach et al., 2005;
Kalashnikov et al., 2007; Neumayer et al., 2005; Osvay
et al., 2005; Ozaki et al., 2006; Petrov, 2005; Wu et al.,
2005). Wavefront correction in high intensity laser chains
is a bottleneck on the way to highest intensities (Cowan
et al., 1999; Gauthier et al., 1999). The actual trend of
laser facilities is to move to increasingly powerful systems,
up to the tenth of petawatt. These new systems have more
amplification stages, larger beam sizes and complicated
CPA schemes, and introduce hundreds of optical surfaces

on the beam path. Wavefront correction of the laser beam
is of fundamental importance in modern high intensity
laser for two reasons: to optimize the experimental focal
spot, so to obtain the maximum intensity for laser-matter
interaction, and to address the problem of damage of
optical components by spatial modulations and hot-spots.
Recent works (Planchon et al., 2005; Bahk et al., 2004;
Danson et al., 2005; Neumayer et al., 2005) demonstrated
that is possible, by using a deformable mirror to correct aber-
rations at the end of the amplification chain, to obtain an
improvement of the Strehl ratio up to 90%. The problem of
damage of optical components by spatial modulations and
hot spot, especially in CPA laser chain, is usually underesti-
mated, due to the difficulty of correlating the damages
induced on the optical surfaces to the beam modulations.

A new approach to the problem of damage in CPA laser
chain, based on the analysis of temporal and spatial modu-
lations of the stretched beam (Canova et al., 2005), enhances
the importance of the evolution of the static aberrations of the
deformable mirror, responsible for hot spots formation. The
first “classical” solution, to protect the elements in the laser
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system and to optimize the wavefront, is to filter the aberra-
tions with spatial filters (mainly under vacuum), and relay
image all the optical surfaces. This solution induce a huge
loss of energy (up to 30% in a spatial filter) and introduces
a very complicated optical systems (relay image configur-
ation introduce the danger of ghost foci, for example). The
other classical solution is to introduce the deformable
mirror at the end of the laser chain. This solution optimizes
the focal spot but can’t protect the final optics, crystals and
diffraction grating. The “AO (adaptive optics) inside” sol-
ution guarantees to solve this problem by a change of
paradigm.

In the first part of the article, we demonstrate, in an analyti-
cal way, the interest of pre-compensation in order to mini-
mize the absolute value of the aberration that builds up in
the typical laser amplification chain. Then, in the second
part, we define the characteristics that a deformable mirror
must have to be used in this configuration, and we show
some preliminary characterization of the MIRAO (from
Imagine Optics company, Orsay, France) deformable
mirror to validate the performances. Finally, in the third
part, we show experimental results of the implementation
of this configuration on CPA terawatt laser system (100 fs,
80 mJ) to confirm the efficiency of this approach.

2. A NEW ABERRATIONS CORRECTION
PARADIGM: THE MINIMIZATION
OF THE ABSOLUTE ABERRATION

The usual aberration correction technique is based on a close
loop approach with the deformable mirror at the end of the
laser chain, just before the final focusing optics (Fig. 1).

This technique is well established in the literature and can
offer excellent results from the point of view of the Strehl ratio
optimization (Planchon et al., 2003); however, such an
approach to aberration correction, closing the loop at the
end of the laser chain, has two major drawbacks, both from
a technological and an economical point of view: (1) The
size of the deformable mirror is scaled with the laser
energy, due to the damage threshold of the optical elements

and coatings, and the price of the device increase correspond-
ingly. (2) The deformable mirror, installed at the end of the
amplifying chain, corrects the beam after the full propagation
of the aberrations. Aberrations build up while the beam passes
through the amplification stages and the effects of the defor-
mations increase linearly with the distance. Therefore, at the
end of all of the propagation lines, one has to correct for all
the defects that the beam wavefront has accumulated.

These two drawbacks of the present wavefront correction
technique open the way to a new approach: instead of com-
pensating the defects at the end, where the size of the beam
is large (tens of centimeters in petawatt lasers), and the
amplitude of the modulations are maximum (Fig. 2a), we
propose to place the deformable mirror and compensate the
aberrations in the middle of the CPA laser chain. This sol-
ution allows to compensate the aberrations due to the part
of the chain before the mirror, and to pre-compensate the
aberrations that will build up in the last part of the laser.
Choosing this solution allows using a small mirror while
minimizing the absolute aberration (Fig. 2b).

The absolute value of the aberrations in Figures 2a and 2b
is the same, but in the first case, the mirror should compen-
sate them with the full dynamics, while in the second case,
the corrected part and the pre-corrected part relax the con-
straints in the mirror deformation.

The high spatial frequencies are a special problem, as cal-
culated in Planchon et al. (2005), because the deformable
mirror can’t correct them. In Figure 2, the configuration (a)
represents “classical configuration” with the DM at the end
of the laser path and filtering stages to cut the high frequency
modulations, with large pinholes to reduce the energy loss. A
configuration with spatial filter cutting even the low fre-
quency is possible, but the energy loss are high (in the
example of Salle Jaune 100 TW laser at Laboratoire
d’Optique Appliquée, France, the beam energy goes down

Fig. 1. Typical scheme of close loop aberrations correction, with a deform-
able mirror. The deformable mirror is placed before the final focusing optic
(the experimental optic) and the wavefront sensor is placed after the focal
spot.

Fig. 2. Graphs showing the effects of the correction of the aberrations at two
different place of the amplifying laser chain ((a) representing the correction
at the end, and (b) the correction in the middle). This scheme represents the
evolution of the high spatial frequencies and the low spatial frequencies of
the beam front. WFE represents the wavefront envelope, “pinholes” represent
the spatial filtering, installed between the amplifying stages in a CPA laser
chain, LF and HF represent the low and the high spatial frequencies, and
DM the position of the deformable mirror on the laser path.
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from 2 mJ to 0.5 mJ for the first filter, on a 3 mm beam, and
from 200 mJ to 150 mJ for the second filter, on a 10 mm
beam).

In Figure 2, the configuration (b) represents the effects of
the proposed configuration with the deformable mirror on the
laser path: the spatial filters, used to eliminate the high fre-
quency modulations, are optional, and depend on the static
aberrations of the deformable mirror. In any case, in the con-
figuration (b), to eliminate high frequency modulations we
need large filters, with a reduced energy loss.

In the near future, petawatt CPA laser systems will use
tight focusing optics to obtain higher intensity on the target
and reach new physical regimes, and this kind of optics
may introduce a large amount of aberrations (Bahk et al.,
2004; in this case, our approach will allow for the use of
an additional deformable mirror, at the end of the laser
chain, compensating for the aberrations of the focusing
optics directly on the target). The advantage of this setup is
the possibility to compensate the aberrations before the
target with two different mirrors, one for the laser chain
and another for the focusing optics. This approach is
already used on laser chains as laser megajoule (LMJ)
project in France; however it has never been implemented
with relatively small and high repetition rate Ti:Sapphire
CPA laser chains.

To be realistically, considered as a device able to work in a
high intensity environment, typical of a CPA laser chains, the
deformable mirror needs to prove special performances and
characteristics. The two most important are: (1) Low phase
residues; (2) High damage threshold for the mirror membrane.

The phase residues from the deformable mirror introduce
high frequency modulations after compensation, and are
usually due to membrane imperfections and to the presence
of the edges of the actuators (the mirror “footprint”). These
modulations are usually independent from the correction
induced by the mirror and may induce deep modulations in
the reflected beam after some meters of propagation. Such
modulations must be low enough, not to become hot spots,
which could damage and destroy the most delicate optics
(Canova et al., 2005), including the diffraction gratings.
Therefore, the modulations amplitude is fundamental for
the choice of the best device for this configuration, and rep-
resents, as it is specified later, the optimal variable (par-
ameter) to judge the performances of the candidate
deformable mirrors. On the other side, the damage threshold
for a deformable mirror membrane is an issue depending on a
trade-off between efficiency and energy: the final position of
the mirror inside the laser chain is defined by the need of a
complete illumination of the active surface of the device,
necessary to maximize the correction effect, and the
maximum fluency that the system can bear without melting.

To validate the feasibility of this new approach, it is
necessary to estimate: (1) The modulations dues to the stati-
cal phase aberrations of the mirror, that became amplitude
modulations out of the Rayleigh zone of the beam; (2) The
evolution of these modulations, when the deformable

mirror attempts to correct some optical distortions (which
corresponds to introducing low frequencies deformations of
the phase front).

We used a laser propagation code (MIRO CODE, from
commissanat à l’énergie atomique (CEAO) (Morice, 2003))
to simulate beam propagation after the deformable mirrors
(i.e., after introducing the mirror static aberrations). This
code simulates the laser beam propagation solving the
Kirchhoff-Fresnel integral at each considered plane. The
idea is to define a simulation environment that has the same
characteristics of a petawatt laser system. This was used as a
benchmark to test the performances of the MIRAO deform-
able mirror as compared to a more classical bimorph 31 actua-
tors (BIM31) deformable mirror (Planchon et al., 2003). After
the validation of the performances we used these simulations
to test the pre-compensation configuration.

2.1. Propagation of the phase residues

The residual wavefront introduced by deformable mirrors were
recorded with a Shack- Hartmann wavefront sensor (HASO,
Imagine Optics, Orsay, France). Such phase residues were
then introduced as a phase perturbation at the beginning of
the laser chain in the MIRAO simulation. The simulation is a
replica of the typical petawatt CPA amplifying chain: the equiv-
alent length, 36 m, is maintained, as well as all the surfaces and
the different materials, including the beam resizing during the
propagation. Amplification effects are excluded from this first
works, because taking them into account would slow down
the simulation drastically without any further improvement in
the understanding of the phase residue effect. After the propa-
gation of the beam through the whole laser chain, the simulated
beam profile shows about 40% peak-to valley (PV) modulation
for BIM31 and less than 10% modulations for the MIRAO
(Fig. 3). These data show that the amplitude of the modulations
induced by the MIRAO deformable mirror, after 36 m of propa-
gation, are small enough to allow the pre-compensation of the
aberrations without a major danger for the following optics,
especially for the diffraction gratings of the compressor.

2.2. Effects of pre-compensation

The second part of the simulation consisted in testing the effect
of pre-compensation on the phase residue. Therefore, we intro-
duced a deep deformation of the mirror, pre-correcting a 4l
astigmatism aberration, and studied the phase residues at the
final distance (36 m) as before. In this case, the simulation
shows that the high frequency modulations due to the static
aberrations are the same as in the ideal configuration, where
only the residues are propagated (Fig. 4).

3. THE MIRAO DEFORMABLE MIRROR

In the experiment described in this paper, we have used a new
deformable mirror called MIRAO produced by Imagine
Optics whose specification can be found in Table 1.
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4. EXPERIMENTAL VALIDATION OF THE “AO
INSIDE” TECHNIQUE

The technique correcting the aberrations with the adaptive
mirror in the middle of the laser chain was tested on a terawatt
CPA laser system delivering a recompressed pulse of 80 mJ
at 100 fs (Fig. 5). The deformable mirror was placed between
the multi-pass amplifiers, where the beam is stretched up to

600 ps, has a diameter of 5 mm, and the energy is 1 mJ.
To optimize the spot on the mirror, a double focal system,
to up-collimate and down-collimate the diameter, to cover
the whole active area, was installed. The Shack-Hartmann
wavefront sensor is installed at the output of the compressor.
Relay image optics is installed to obtain pupil conjugation
between the deformable mirror and the sensor.

Fig. 3. (Color online) Beam intensity two-dimensional image and profile obtained after the propagation for the phase residues of the
MIRAO and the BIM31 deformable mirrors. The part (a) of this scheme shows the result for the BIM31: the modulation depth about
40%. The part (b) of this scheme shows the result for the MIRAO: the modulation depth is about 10%.

Fig. 4. (Color online) Amplitude profile after propagation of 4l of astigmatism and of the static aberrations of the MIRAO deformable
mirror. The high frequency modulations due to the phase residues have the same amplitude that in the case of the propagation of the phase
residues alone. This simulation shows that the amplitude of the modulations dues to the static aberrations are independent of the correction.
The beam profile is elliptical due to the strong value of astigmatism pre-corrected (4l).
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4.1. Pupil conjugation and close loop action

Commonly, there is no relay image between the amplifiers in
femtosecond CPA laser systems (Pittman et al., 2002). The
pupil conjugation between the deformable mirror and the
Shack-Hartmann wavefront sensor needs special attention
because the thermal lensing in the amplifiers changes the
position of the conjugation plane after each multipass.
Once the Ti:Sapphire crystals are thermalized, the conju-
gation plane can be defined for the working conditions of
the laser, but each pump configuration (no pumped ampli-
fiers, just one amplifier pumped, both amplifiers pumped),
we need to realign the system. We estimated the thermal
lens from a simple thermal load model and we compare the
predictions with the wavefront sensor measures (Table 2)
(Chenais et al., 2003).

4.2. Result of the close loop correction

The close loop system was used to correct the wavefront and
optimize the focal spot in three-main configurations. (1)
Static aberration correction: the oscillator beam pass

Table 2. Ti:Sapphire crystals thermal lens was measured
experimentally with the Shack-Hartmann wavefront sensor and
estimated from an analytical equation. Pump Power represents
the thermal load on the crystals

Ti:Sapphire thermal
lens

Pump
power

Estimated
(Shack-Hartmann) Calculated

First amplifier 0.7 W 62 m 53 m
Second amplifier 4 W 10 m 12 m

Table 1. Main characteristics of the MIRAO deformable mirrors

Characteristic MIRAO

Deformation tests (low spatial frequencies) +50 mm
WFE residuals (25% of dynamic) 15 nm
Size of the useful aperture 15 mm
Number of actuators 52
Surface coating damage threshold measured 1 J/cm2 at 100 fs

estimated 100 J/cm2 at
1 ns

Membrane CW melting threshold 10 W

Table 3. Experimental results of the wavefront correction

Configuration: oscillator only RMS / PV SR

– non corrected 62 nm / 294 nm 0.66
– corrected 23 nm / 108 nm 0.91
Configuration: First amplifier only
– non corrected 69 nm / 287 nm 0.60
– corrected 23 nm / 108 nm 0.89
Configuration: First and Second amplifiers
– non corrected 58 nm / 213 nm 0.51
– corrected 29 nm / 149 nm 0.89

Fig. 5. (Color online) Experimental setup used to test the “AO inside” approach. The deformable mirror is between the two multipass
amplifiers and the close loop is guarantee by a Shack-Hartman sensor and a wavefront correction algorithm (HASO and CSO,
Imagine Optic).

Deformable mirror in the middle of a petawatt-class CPA laser system 653



through all of the system, and the multi-pass amplifier are not
pumped; (2) The first amplifier pumped: the beam is ampli-
fied from a few nJ to 1 mJ and pass through a passive second
amplifier; (3). Fist and second amplifiers pumped: the system
is full power and the second stage amplify the beam from
1 mJ to 80 mJ. In all of the three experimental conditions,
we were able to correct the aberration and enhance the far-
field intensity, and to obtain an improvement in the Strehl
ratio (Table 3).

The main objection to this technique was the danger of
spatial modulations dues to the high frequencies (HF). The
experimental profile measures at different distances with
and without the mirror (and with or without corrections)
show that the near field profile is not modulated by the
mirror footprint (Fig. 6). Observing the spatial profiles, we
recognize an increase in the energy in the central Gaussian
part of the beam. This effect was confirmed by extraction
efficiency: in the unsaturated multi-pass amplifier (the
second amplifier), the extraction efficiency increased by
10% once the wavefront was corrected. The pre-
compensation approach showed that we were able to intro-
duce 3l of astigmatism with no arm for the system.

5. CONCLUSIONS

In this paper, we demonstrated the feasibility of the wavefront
correction approach based on the installation of the deform-
able mirror in the middle of the laser chain. Numerical simu-
lations helped us to develop a benchmark to identify the
necessary performances of the candidate mirror. The “AO
inside” concept has been validated in CPA amplifiers, with
excellent performance from the point of view of the Strehl
ratio and with no harm to the optics or the diffraction

gratings. Unexpectedly the intermediary field shows an
increased amount of energy in the central part of the beam,
confirmed by the increase of extracted energy in the unsatu-
rated amplifier. The technique of wavefront correction is vali-
dated to be as performing any other technique from the Strehl
ratio point of view, and is less expensive and more robust
from the laser engineering point of view.
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