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Abstract
We measure the wavefront distortions of a high peak power ultrashort (23 fs) laser system under high average power load. 
After 6 min—100 Hz operation of the laser at full average power (> 22 W after compression), the thermally induced wave-
front distortions reach a steady state and the far-field profile of the laser beam no longer changes. By means of a deformable 
mirror located after the vacuum compressor, we apply a static pre-compensation to correct those aberrations allowing us to 
demonstrate a dramatic improvement of the far-field profile at 100 Hz with the reduction of the residual wavefront distortions 
below λ/16 before focusing. The applied technique provides 100 Hz operation of the femtosecond laser chain with stable 
pulse characteristics, corresponding to peak intensity above  1019 W/cm2 and average power of 19 W on target, which enables 
the study of relativistic optics at high repetition rate using a moderate f-number focusing optics (f/4.5).

1 Introduction

Over the past decades, the rapid progress in generating laser 
pulses with high peak power enabling peak intensities in 
excess of  1018 W/cm2 has opened up a new field of physics. 
Such laser pulses are used for various applications, such as 
high energy physics or the production of highly energetic 
particles and photons. In particular, laser-driven electrons 
[1], ion-acceleration [2] and the generation of X-ray via 
laser-plasma interaction [3] are currently under intense 
investigation as these laser-induced secondary sources 
could enable easy access to low cost, table-top particle 
accelerator and radiation generator devices. Nevertheless, 
the relatively low conversion efficiency of these processes 
limits the radiant intensity of the laser-induced second-
ary sources. Its enhancement requires the development of 
laser systems with sufficiently high peak power (> TW) to 
efficiently generate them and the access to high repetition 
rate (> 10 Hz) to increase their average flux in view of the 
development of applications. However, some technological 
issues impede to produce high peak power lasers and simul-
taneously high repetition rate lasers [4]. The management 
of the thermal load within the laser is the main difficulty for 

high repetition rate laser [5] while the main challenge in the 
case of high peak power lasers is to manage the optical non-
linearities inherent to the propagation of high peak power 
pulses through optical media. Current developments tend to 
reach high peak power at high repetition rate by reducing the 
pulse duration (few cycle pulses) using, for instance, hollow 
fiber compressor devices but the pulse energy remains mod-
est (< 10 mJ per pulse) [6–8]. Reaching high peak power 
and high average power simultaneously can be obtained 
using complex architecture, such as coherent combination 
[9], pulse stacking [10] or divided pulse amplification [11]. 
One of the most promising routes to the generation of high 
peak power and high repetition rate simultaneously is based 
on OPCPA technology driven by TW-scale pump pulses 
from Ytterbium-based laser at kW scale average power 
[12, 13]. Indeed, the management and the control of ther-
mally induced wavefront distortions have been intensively 
studied not only in Yb:YAG amplifier systems [14–16] but 
also in different amplifier media such as Nd:glass [17] or 
Ti:Sa [18–20]. These technologies are now mature and 
high average power ranging from tens to hundreds of watts 
recently became available from diode-pumped fiber, slab and 
cryogenically cooled thin disk lasers [4] allowing to scale 
OPCPA-based laser systems towards combined high peak 
power (> 5 TW) and high average power (> 50 W) perfor-
mances [12].

However, for CPA-based femtosecond laser machines 
implying the delivery of high average and high peak power 
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on target, the high thermal load needs to be managed not 
only along the laser chain, but also along the beam transport 
until the target. Indeed, thermally induced phase aberrations 
degrade the wavefront of the laser pulses and affect the over-
all laser performances [21]. Only few studies devoted to the 
management of thermal effects during the beam transport 
(after amplification) can be found. They mostly deal with 
the management of thermal effects taking place in the com-
pressor of high average power CPA laser chains [22–24]. 
Indeed, the laser energy absorption and subsequent heat 
removal from diffraction gratings in CPA compressors is 
challenging in the context of the development of high repeti-
tion rate, high peak power laser systems. Active cooling of 
diffraction gratings [25] is considered to solve this issue but 
this technique is complex and costly. Bulk compressors and 
down-chirped amplification [12, 26] are alternative strate-
gies to avoid the use of metallic gratings. However, they 
have been so far limited to modest pulse energy (< 100 mJ) 
because of the high accumulated B-integral. For high aver-
age power (> 10 W) high energy (> 100 mJ per pulse) femto-
second CPA lasers, it has been shown that thermally-related 
wavefront distortions are mainly composed of low frequency 
aberrations, such as defocus [23]. A straightforward way to 
manage those phase aberrations is to compensate them using 
adaptive optics.

In this article, we present experimental results of the 
characterization of a laser system combining unique perfor-
mances: a peak power above 9.5 TW, a high repetition rate 
(100 Hz), a high average power (32 W before compression, 
22 W after compression) and an ASE contrast ratio around 
 1010. We investigate the wavefront distortions induced by the 
high thermal load on optical components located in vacuum 

after the power amplifier. We find that our adaptive optic 
system can not only compensate for the static wavefront 
distortions accumulated along the laser chain, but also for 
most of the thermally-induced wavefront distortions, which 
are significant for average power higher than 10 W. After 
compensation of the wavefront aberrations, we demonstrate 
the delivery of a stable 100 Hz train of pulses with an aver-
age power of 19 W on target and peak intensity higher than 
 1019 W/cm2 using a moderate f-number (f/4.5) parabolic 
mirror.

2  Laser system description

A schematic figure of the laser system is shown in Fig. 1. 
The system is a commercial prototype built by Amplitude 
Technologies based on Ti:Sa technology and CPA architec-
ture. A preamplifier, pumped by a 100 Hz diode-pumped 
frequency-doubled (532 nm) Nd:YAG laser (Centurion from 
Quantel, 20 mJ) and incorporating a saturable absorber (SA) 
and 100 Hz pulse picker, is inserted between the oscillator 
and the stretcher. This configuration provides clean high-
energy (~ 10 µJ) seed-pulse injection in the regenerative 
amplifier [27] and allows keeping the amplified spontane-
ous emission (ASE) level as low as possible. The cleaned 
seed pulse is then stretched up to about 600 ps FWHM in 
an Öffner type stretcher [28]. In order to pre-compensate 
for the modifications of the spectral amplitude induced by 
amplification but also for the modification of the spectral 
phase due to the propagation in dispersive element along the 
laser chain, a combination of a high-resolution acousto-optic 
programmable dispersive filter (DAZZLER from Fastlite) 

Fig. 1  The 100  Hz multi-TW laser set-up. SA1, SA2 and SA3 are 
saturable absorbers (RG-850 long pass filters, 2  mm thick for SA1, 
1  mm thick for SA2 and SA3), SH1 is an electronic fast shutter 
(Newport, model 76992) whose aperture diameter is 6 mm, with an 
opening time < 1 ms. The pulse energy is measured at 10 µJ after the 

Booster, at 0.7 mJ after the regenerative amplifier, at 5 mJ after the 
multipass1 and at 25 mJ after multipass2. It should be mentioned that 
a set of beam splitters (not shown in Fig.  1) is inserted after multi-
pass1 and only 1 mJ is sent into the multipass2
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[29] and of an acousto-optic programmable gain control fil-
ter (MAZZLER from Fastlite) [30] is used in the laser chain. 
The Dazzler is inserted after the Öffner stretcher and enables 
to control the spectral phase of the pulse. The Mazzler is 
inserted inside the regenerative cavity to compensate for the 
red-shift induced by the amplification, the spectral gain nar-
rowing and the red-shift induced by the saturable absorbers 
located along the laser chain. A Pockels cell (3 ns rise time) 
and a Brewster polarizer are placed just after the regen-
erative amplifier to filter pre-pulses in the ns range. Two 
successive 5-pass multipass amplifiers pumped by 100 Hz 
diode-pumped frequency-doubled (532 nm) Nd:YAG lasers 
(Centurion from Quantel-20 mJ and DPSS250 from Inno-
las-100 mJ) produce a 100 Hz pulse train with 25 mJ pulse 
energy before the final power amplifier. To further increase 
the laser-intensity contrast ratio, we insert two other similar 
SA in the laser chain. The beam is transmitted through the 
first SA after the regenerative cavity with an incident fluence 
around 15 mJ/cm2. After the first multipass amplifier, the 
beam is transmitted through the second SA with an incident 
fluence around 30 mJ/cm2. The beam transmission coeffi-
cient is around 70% for each SA.

The last 100 Hz amplifier is pumped by ten 100 Hz 
flashlamp-pumped frequency doubled (532 nm) Nd:YAG 
lasers (Nano-TRL 250 by Litron) delivering 100 mJ each, 
as described in Fig. 1. To avoid the thermally induced spa-
tial distortions produced by the high average pump power 
(100 W), the Ti:Sa crystal is housed in a cryogenic cham-
ber and cooled down at a temperature of 100 K to improve 
the evacuation of the residual heat related to the pumping 
power and to reduce both the refractive index gradient and 
the thermo-mechanical stress [31].

Pulses are amplified up to 324 mJ at 100 Hz with an 
energy stability of 0.9% rms, as shown in Fig. 2a. The pulse 
energy can be continuously adjusted before the compressor 
without any change in the temporal and spatial beam profile 
by the use of a half-waveplate and two Brewster polarizers. 

According this mode of operation, the laser chain is run 
at full power (32 W) until the attenuation system located 
just before the compressor chamber. The transmission coef-
ficient of the vacuum compressor was measured at 69% with 
low pulse energy (30 mJ) and at atmospheric pressure. This 
coefficient is considered in first approximation independent 
of the incoming pulse energy. The maximum pulse energy 
after compression is, therefore, ~ 220 mJ. Figure 2b shows 
the spectral amplitude and phase measured after compres-
sion using self-reference spectral interferometry (Wizzler, 
Fastlite) [32] and Fig. 2c shows the resulting pulse temporal 
profile, with a pulse duration of 23 fs (FWHM). Consider-
ing the measured energy and pulse duration, the pulse peak 
power is higher than 9.5 TW at 100 Hz repetition rate, with 
an average power greater than 22 W. After compression, the 
collimated beam has a beam diameter of ~ 33 mm at 1/e2.

The pulse temporal contrast has been analyzed in the 
nanosecond time range with a fast photodiode (150 ps rise 
time) coupled to a 3.5-GHz oscilloscope and a set of cali-
brated neutral density filters at 800 nm, in a similar manner 
we did on our 10 Hz–20 TW laser system [33]. We observed 
pre-pulses at 15, 9.8 and 5 ns before the main pulse. The pre-
pulse at − 9.8 ns is generated inside the regenerative ampli-
fier by the leakage of the polarizer/Pockels cell combination. 
The two other pre-pulses at – 5 and − 15 ns are not detected 
before the final power amplifier. They are presumably due to 
laser beam scattering on the Ti:Sa crystal or mirrors during 
the power amplification stage [34]. All these ns pre-pulses 
have a temporal contrast higher than 5 × 107. Considering a 
target having an ionization threshold around  1012 W/cm2, 
none of these pre-pulses will affect the latter as long as the 
main pulse peak intensity is not higher than 5 × 1019 W/cm2.

The pulse temporal contrast was measured on a time 
scale up to 0.5 ns using a third-order autocorrelator from 
Amplitude Technologies (Sequoia). Figure 3 shows the 
normalized intensity profile of the laser for time delay 
ranging from − 480 ps to the main pulse. At − 480 ps, the 

Fig. 2  a Evolution of the pulse energy before compression. The aver-
age energy is ~ 324 mJ per pulse with an energy stability of 0.9% rms. 
b Spectral intensity (solid lines) and phase (dot line) of the amplified 

compressed beam, measured by self-referenced spectral interferom-
etry and c temporal intensity profile
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ASE intensity contrast ratio, defined as the ratio between 
the main peak intensity and the ASE intensity, is meas-
ured at  1010. A slight increase of the ASE pedestal level is 
observed from − 480 to − 50 ps while one would expect a 
flat ASE temporal profile in this temporal time scale. This 
is due to the two SA (SA2 and SA3) which are inserted 
in the laser chain before the compressor, where the laser 
pulse is chirped (~ 600 ps FWHM) and temporally over-
lapped with the ASE. The absorption of each SA is pro-
gressively saturated by the stretched pulse. As a conse-
quence, the ASE absorption decreases progressively when 
approaching the main pulse.

We also note that because of the limited spectral accept-
ance of the non-linear crystals used in the autocorrela-
tor, the intensity of the main pulse is underestimated by 
a factor ~ 5 with respect to the ASE intensity. Therefore, 
the ASE intensity contrast ratio is underestimated by the 
same factor.

Regarding the peaks positioned at short picosecond time-
scale on the ASE pedestal, we believe that the pre-pulses 
beyond − 10 ps are artifacts induced by our third-order 
autocorrelator (Sequoia) as a slight change of the Sequoia 
alignment induces a change in the temporal position of those 
peaks. They are, therefore, likely to be induced by scattering 
of the pulse on the numerous optics of the Sequoia. How-
ever, it is conceivable that the pre-pulse at − 10 ps is a real 
pre-pulse which would be generated in the different ampli-
fication stages by energy transfer from an initial post-pulse 
(generated by the 1 mm thick SA) [35, 36]. Further studies 
are necessary to conclude about the nature (pre/post) of this 
pulse, which could be eliminated, if needed, using post-
compression contrast enhancement technique, like double 
plasma mirror for instance [37].

3  Thermally induced aberrations: 
characterization and management

Figure 4 shows the experimental set-up for high-intensity 
experiments comprising diagnostics and optical devices 
for control and management of the laser beam properties. 
After the attenuation stage and the Treacy type compres-
sor, the beam is directed in a vacuum chamber where an 
adaptive optic system (ILAO, Imagine Optic [38]) is used 
to correct for the wavefront aberrations of the amplified 
compressed beam. In this chamber, the beam is reflected 
by a set of large bandwidth dielectric mirrors and a 
deformable mirror (DM) with a protected silver coating. 
To measure the wavefront, the beam on the DM is image 
relayed onto a Shack–Hartmann wavefront sensor (WFS) 
from the leak of a high reflectivity mirror located after 
the DM. The beam is then propagated into the interaction 
chamber where the beam is focused by a f/4.5 off-axis 
parabolic mirror (OAP). In order to measure the beam spa-
tial profile in the focal plane even at the maximum pulse 
energy, we install two parallel planar optical uncoated sub-
strates (Ws) at 45° incident angle to redirect the reflected 
beam for spatial characterization. The laser focal spot is 
then image relayed by an achromatic doublet lens on the 
surface of a CCD camera with a magnification factor of 
8.6.

We first run the laser chain at low compressed energy 
(30 mJ − 3W). In this operating condition, the adaptive 
optics loop correction system allows us to compensate 
for the low frequency wavefront distortions accumulated 
along the laser chain. The beam radius at the focal plane 
(averaged along the two orthogonal axes) is measured at 
5.2 µm (1/e2).This adjustment of the deformable mirror 
defines the reference wavefront which allows us to get 
the focused spot of the highest quality in the focal plane 
of the parabola. This strategy takes into account all the 
aberrations of the laser chain and of the optics positioned 
until the plane in which the high-intensity applications are 
developed [36].

In order to evaluate the importance of the wavefront 
distortions at the maximum energy capability of the laser 
system [~ 320 mJ (32W) before compressor], we study the 
differential wavefront distortions corresponding to the sub-
traction of the actual measured wavefront to the wavefront 
reference which was determined beforehand when the laser 
was attenuated to a low average power (3 W). The evolu-
tion of the wavefront aberrations as a function of time 
upon opening the shutter SH1 is shown in Fig. 5 by fitting 
the measured wavefront with orthonormal Zernike poly-
nomials [39]. We consider the time-dependent evolution 
of the following low-order Zernike modes [40]: defocus, 
astigmatism (0° and 45°) and coma (0° and 90°). They 

Fig. 3  Third order autocorrelation trace of the amplified pulse for 
delay up to 480 ps before the main pulse. The dip near − 50 ps shows 
the actual noise level of this measurement
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are indeed representative of the low-frequency aberra-
tions of the wavefront of high average power femtosecond 
laser systems [12]. For instance, in this reference, it was 

concluded on the primary importance of defocus, which 
is in agreement with our evaluation of the wavefront aber-
rations shown on Fig. 5.

Fig. 4  Experimental set-up for high-intensity experiments. It is made 
of an energy attenuator, the compressor chamber, the adaptive optics 
chamber and the interaction chamber. The propagation of the laser 
beam is represented by the red line. HWP half-waveplate, RP Brew-
ster cut reflective polarizer, G diffraction grating, RM roof mirror, 
M dielectric coating mirror Rmax in 750–850 nm spectral range, DM 

deformable mirror, OAP off-axis (90°) parabolic mirror (focal length 
of 150 mm), WFS wavefront sensor, CCD beam analyzer, Ws paral-
lel planar optical window, L1 achromatic doublet lens f = 400  mm, 
L2 achromatic doublet lens f = 35  mm, L3 achromatic doublet lens 
f = 50 mm

Fig. 5  Time-dependent evolution of the Zernike polynomial coeffi-
cients for an average power of 32 W before compressor (pulse energy 
of 320  mJ) with the deformable mirror (a) and with a dielectric 

coated mirror instead of the deformable mirror (b). In both figures, 
the inset shows the final wavefront measured after 1270s (~ 21 min) 
of laser operation
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For an average power of 32 W before compressor (320 mJ 
per pulse), the evolution of the low-order Zernike polyno-
mial coefficients are plotted in Fig. 5a, b. In order to identify 
the respective influence of the compressor diffraction grat-
ings and of the deformable mirror, we removed the deform-
able mirror and replaced it by a mirror with dielectric coat-
ing (R > 99.9% in the 750–850 nm spectral range). Note that 
in this study, we consider the thermally induced distortions 
associated with the compressor as a whole, without analyz-
ing separately the influence of each compressor grating.

After an operating time of approximately 800 s, all the 
aberration components are entering in a stationary regime 
(see Fig. 5) which corresponds to reaching thermal equilib-
rium between laser-induced heating and residual heat dis-
sipation by the optical elements of the laser chain. Moreo-
ver, we clearly attribute these wavefront distortions to both 
the compressor and the deformable mirror system. Indeed, 
as the energy attenuation system is implemented after the 
last power amplifier, the latter is constantly operated at 
maximum average power (~ 32 W). As we do not detect 
any aberrations at low average power (see the 3 W case in 
Fig. 6), we can conclude that the only optical elements able 
to induce significant aberrations are located in the com-
pression chamber and/or the adaptive optics chamber. The 
laser compressor is made of gratings and dielectric mirrors. 
We rule out the influence of the dielectric mirrors because 
of extremely low absorption of their coatings (R > 99.9% 
over 750–850 nm bandwidth). Moreover, some of them 
are implemented for beam transport in the power amplifier 
working at the nominal average power of 32 W and it has 
been shown that the latter was not inducing any wavefront 
aberrations. So these observations allow us to conclude that 

the optical elements responsible for the degradation of the 
wavefront at high average power are the gratings of the com-
pressor and also the deformable mirror because the amount 
of wavefront distortions is slightly higher when these both 
elements are considered (compare Fig. 5a, b). As a similar 
coating (protected silver coating) is used for the OAP located 
in the interaction chamber, we presume also of the impor-
tance of this optics in our operating conditions.

According to Fig. 5a, b, the wavefront distortions are pri-
marily composed of the two low-order Zernike polynomials, 
defocus and astigmatism at 0°. Figure 5a, b also shows that 
the diffraction gratings of the compressor are responsible 
for the main part of the thermally induced aberrations: for 
instance, after 20 min of operation, the defocus coefficient 
reaches 420 nm without the deformable mirror while it 
reaches 630 nm with the deformable mirror. The diffraction 
gratings (Horiba Jobin–Yvon, 1480 grooves/mm, 65° inci-
dence angle) are based on a low expansion glass substrate 
(zerodur) with an Au reflective coating deposited on top of 
a resin layer. The reflection efficiency of the gratings in the 
zero and − 1 diffraction order is measured at 1 and 91% per 
pass respectively, which means that at maximum 8% of the 
initial incoming power is absorbed by the diffraction grat-
ings. In our 4-pass Treacy type compressor, a maximum of 
27.5% of the incoming pulse energy is thereby absorbed by 
the diffraction gratings. The deformable mirror is working 
at 45° incidence and has a protected silver coating depos-
ited on a membrane whose composition is not specified by 
the manufacturer. The reflection efficiency of the mirror is 
measured at 93%. We consider that at maximum the remain-
ing 7% are absorbed by the deformable mirror. So a higher 
amount of absorbed energy needs to be dissipated in the 
compressor (27.5%) as compared with the absorbed energy 
to be dissipated in the deformable mirror (7%) which sup-
ports the observation that the compression gratings are the 
main contributing elements to the wavefront distortions. 
Note, however, that the saturation is reached more rapidly 
when only the diffraction gratings are considered (compare 
the slopes before the saturation in Fig. 5a, b), thus suggest-
ing that the rate of thermal dissipation is more efficient for 
the gratings.

We also point out the absence of thermally induced astig-
matism (90°) without the deformable mirror which indicates 
that the negative value of the astigmatism (90°) in Fig. 5a is 
caused by the deformable mirror. Moreover, the coma (90°) 
induced by the compressor gratings and the deformable mir-
ror (Fig. 5a) has a different sign than the one induced by 
the compressor gratings only (Fig. 5b). We should also note 
that using a DM with a dielectric coating with reflectivity 
close to 100% would reduce the thermal load on the DM to 
an insignificant level.

We now focus on the evolution of the defocus, the most 
important thermally induced aberration in our laser system, 

Fig. 6  Time-dependent thermally induced defocus for different aver-
age powers before the compressor. Note that the configuration studied 
includes the deformable mirror (whole laser chain)
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as a function of the average power incoming on the compres-
sor gratings (see Fig. 6). Note that similar qualitative behav-
ior was observed for the other Zernike coefficients relevant 
to this study. We notice that the defocus aberration starts to 
be significant from an average power of 10 W (100 mJ per 
pulse at 100 Hz in our case). Indeed, for 10 W average power 
before the compressor, the Zernike polynomial coefficient 
corresponding to defocus exceeds λ/10 (80 nm).

For average powers above 10 W before the compres-
sor, the compressor gratings and the deformable mirror are 
responsible for the development of significant low-frequency 
thermally induced aberrations. At the maximum average 
power before compression (32 W @ 100 Hz) and approxi-
mately 20 min after turning the system on, we observed the 
saturation of the thermally induced distortions (Fig. 5a). At 
lower average power, the saturation is reached much ear-
lier (see Fig. 6). For instance, this time is equal to ~ 600 s 
(10 min) for 15 W average power.

In order to improve the laser operability and its quality of 
focusing, we now investigate the capability of the deform-
able mirror itself to compensate the development of these 
thermally induced aberrations.

When the beam energy is increased above 100 mJ per 
pulse (10 W average power), large wavefront distortions 
are indeed detected leading to changes of the beam pro-
file in the focal plane. They are of different amplitude 
and inertia depending on the average power at which the 
laser is operated. However, their characteristics are fully 
known from our previous analysis making easy their pre-
compensation with the deformable mirror through appro-
priate adjustment of the latter. We then block the beam 

with the mechanical shutter SH1, and we wait for sev-
eral minutes for allowing the heat on the different optical 
components to be fully dissipated and the complete sys-
tem to return at its initial rest state. We then open again 
the shutter SH1 and we let the amplified beam propa-
gating in the whole laser chain to observe the progres-
sive evolution of the beam wavefront as a function of 
time. This is described in Fig. 7a showing the evolution 
of the differential wavefront distortions (peak-to-valley 
and RMS) corresponding to the subtraction of the actual 
measured wavefront to the wavefront reference which was 
determined beforehand when the laser was attenuated to a 
low average power (3 W). For further characterization in 
view of the development of high-intensity experiments, 
we also evaluate the peak intensity at the focus of the 
off-axis parabola (see Fig. 7b). We built a home-made 
code which takes into account the real 2D spatial profile 
of the beam at the focal point, the pulse energy on target 
and the pulse duration (measured in Fig. 2). For that cal-
culation, we neglect any spatio-temporal coupling of the 
beam. We consider the losses induced by the compressor 
(31%), the deformable mirror and the parabolic mirror 
coatings (~ 7% each): the maximum pulse energy at the 
focal plane is 190 mJ. Moreover, to perform this measure-
ment at high incident energy, the distance between the 
two gratings of the compressor is varied to significantly 
increase the pulse duration (> 1 ps) in order to reduce the 
peak intensity. Indeed, when working at full energy and 
at the shortest pulse duration, it was observed that the 
beam propagating through the first optical window (Ws) 
was intense enough to induce an irreversible damage of 

Fig. 7  a Evolution of the differential beam wavefront measured 
at high energy (320  mJ per pulse) as compared with the wavefront 
measured at low energy (< 30 mJ per pulse) after pre-compensation 
of the thermally induced wavefront distortions. b Evolution of the 
peak intensity delivered on target as a function of time. Snapshots 
of the beam profile in the focal plane are displayed to show the cor-

responding evolution of the beam intensity distribution in the focal 
plane of the parabola. A linear colormap on the side of each 2D beam 
profile is used to assess the beam intensity distribution. No more evo-
lution of the peak intensity is observed after around 360  s (36,000 
shots), demonstrating the successful pre-compensation of the ther-
mally induced wavefront distortions
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the substrate. Significantly decreasing the peak intensity 
enables to record the real beam profile without damaging 
Ws, even at the maximum available energy. Note that the 
thermally induced wavefront distortions analyzed in the 
current study are primarily affected by the high average 
power and not by the high peak intensity of the beam.

Just after opening the shutter, the differential wave-
front is important [higher than 2λ (PV) and higher than 
λ/2 (rms)] because of the choice to pre-compensate the 
thermally induced distortions corresponding to those 
reached in the stationary regime when the system is fully 
thermalized. After around 300 s of operation, the wave-
front distortions are reduced to a residual level below λ/3 
(PV) and λ/10 (RMS) (see Fig. 7a). After around 500 s, 
the wavefront distortions reach a steady state to a final 
value around λ/4 (PV) and λ/16 (RMS) which corresponds 
to a calculated Strehl ratio of 0.85.

Figure 7b shows the corresponding evolution of the 
peak intensity available on target in the conditions when 
static pre-compensation strategy is used. At the begin-
ning of the operation, the focal spot is distorted as the 
time-dependent thermal aberrations have not reached 
their final value corresponding to the stationary regime 
in the laser chain. After running the system for more than 
6 min (36,000 laser shots), the beam profile no longer 
significantly evolves. In this steady-state regime, the 
beam radius is 5.3 µm in the vertical plane and 7.6 µm 
in the horizontal plane (@1/e2) which is around twice 
the diffraction limit size in the vertical axis, and three 
times in the horizontal axis. This is slightly larger and 
more asymmetric than the one measured at low power 
(5.1 µm in the vertical plane and 5.3 µm in the horizontal 
plane). We believe that this difference could be explained 
by the occurrence of thermal aberrations induced by the 
protected silver coating of the focusing parabolic mirror, 
which are not taken into account in the current study as 
this optics is located downstream of the wavefront sen-
sor. Further studies needs to be performed to compensate 
for the wavefront distortions induced by the high thermal 
load on the parabolic mirror.

Finally, in the conditions corresponding to the station-
ary regime, approximately after 6 min operation for our 
laser system, we demonstrate that our strategy of pre-com-
pensation allows us to provide a stable 100 Hz train of 
pulses with a peak intensity higher than 1.1 × 1019 W/cm2 
on target. The average displacement of the beam centroid 
was less than 700 nm over 100 shots, corresponding to a 
beam pointing stability of 10 µrad. Note that the period 
of 6 min could be considerably shortened by using differ-
ent strategy of pre-compensation of the thermally induced 
wavefront aberrations, for instance by applying a dynamic 
adaptive loop correction. However, such strategy is cur-
rently out of reach of our adaptive correction system.

4  Conclusion

We report the characterization of a high average power 
(> 22 W after compression), high peak power (> 9.5 TW) 
laser chain with an ASE intensity contrast ratio of  1010 
at 100 Hz repetition rate. We studied the thermal distor-
tions of the laser wavefront induced under high power load 
(P > 10 W) applied to the compressor diffraction gratings 
and to the deformable mirror. The deformable mirror ena-
bles the compensation of the thermal distortions, as they are 
mostly made of low-frequency aberrations. A few minutes 
after operating the laser at full power, the thermally induced 
wavefront distortions reach a steady state and the applied 
correction technique based on static pre-compensation of the 
wavefront aberrations provides 100 Hz laser femtosecond 
operation with stable pulse performances, namely a peak 
intensity above  1019 W/cm2 and an average power around 
19 W on target which correspond to the best actual standards 
worldwide combining simultaneously high repetition rate 
(> 10 Hz) and high peak intensity (> 1019 W/cm2).

In the near future, we intend to study the wavefront 
distortions induced by the high thermal load on the focus-
ing parabolic mirror which are not analyzed in the current 
study. We also plan to study the spatio-temporal coupling 
of the beam potentially induced under high average power 
operation, which was neglected in the present study. Such 
a system paves the way to the study of relativistic optics 
at high repetition rate using moderate f-number focusing 
optics. Currently, it is used for the generation of sub-pico-
second hard X-ray  Kα sources at 100 Hz.
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