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Repetition rate increase and diffraction-limited focal spots
for a nonthermal-equilibrium

100-TW Nd:glass laser chain by use of adaptive optics
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Dynamic wave-front correction is applied before each shot on a 100-TW, 30-J�300-fs high-power laser facility by
use of an adaptive-optics system. This system allows us to increase the repetition rate of high-energy lasers
while maintaining excellent and constant beam focusability with a Strehl ratio of .0.75 despite the amplifiers’
not being in thermal equilibrium. The best results in terms of the highest Strehl ratio and intensities are
obtained when locking the system on wave-front sensing after pulse recompression. © 2004 Optical Society
of America
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Ultraintense lasers using the chirped-pulse amplif ica-
tion (CPA) technique1 are currently mainly limited in
terms of achievable repetition rate and focusability.
Indeed spectral distortion can nowadays be precom-
pensated for by spectral shaping2 to produce a
compressed pulse that is as short as possible. Also,
higher levels of recompressed energy are now available
by use of higher-damage-threshold dielectric-coated
diffraction gratings. Enhancement in the repeti-
tion rate and focusability for an optimal use of the
delivered power is limited by thermal load in the
amplifiers. Thermal load in high-repetition-rate
systems can be eff iciently handled by cooling the
Ti:sapphire amplif iers.3 However, for glass systems
with a lower repetition rate, even for a single shot,
thermal load induces wave-front distortions. If one
tries to increase the repetition rate above the dissipa-
tion time of the thermal load, cumulative thermal load
appears and the focusability worsens. This is why
most f lash-lamp-pumped high-energy laser chains,
with long thermalization time, have a low repetition
rate. In this Letter we show for the f irst time to our
knowledge that, by use of an adaptive-optics (AO) sys-
tem4 – 6 that dynamically corrects the laser wave front
for each shot, we are able to increase the repetition
rate of a high-energy 100-TW laser while maintaining
excellent and reproducible focusability on every shot.

In the Laboratoire pour l’Utilisation des Lasers
Intenses (LULI) 100-TW facility,7 stretched pulses are
preamplified in a Ti:sapphire linear regenerative am-
plifier up to 1 mJ; then they seed single-pass mixed-
glass Nd:glass rods and disk amplif iers (see Fig. 1)
with a final beam diameter of 90 mm. To abate
propagation effects that cause intensity modulations,
low-pass spatial filtering and relay imaging between
the amplifiers is applied. Only after the disk ampli-
fier does the beam freely propagate to and through
the compressor and toward the target chamber. The
chain delivers recompressed pulses (in vacuum) of
�30 J in �300 fs (as measured by second-order auto-
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correlation) at a l � 1057 nm central wavelength,
resulting in laser power as high as 100 TW.

The repetition rate is imposed by the relaxation time
of the thermal load in the amplif iers. Monitoring the
evolution of wave-front distortions after a full-energy
shot, as shown in Fig. 2(a), we find that the time it
takes to reduce distortions to levels observed pre-
vious to a shot is 40 min. As a probe, we use the
1 mJ�10 Hz beam from the regenerative Ti:sapphire
preamplifier that propagates through the whole chain.
Using the CPA system at a higher repetition rate in-
duces a rapid degradation of the laser beam intrinsic
focusability, as illustrated in Figs. 2(b) and 2(c). In
this case note that no wave-front corrector is imple-
mented in the laser chain. After f ive full-energy shots
every 20 min, the central peak of the focal spot becomes
strongly asymmetric [see Fig. 2(c)]. The wave front
becomes predominately aberrated by thermal lens ef-
fects and thermal birefringence astigmatism. Static
compensation of the aberrations could not maintain
the focusability since the aberrations are cumulative.

Dynamic wave-front correction is provided by an AO
system that includes a 100-mm-diameter dielectric-
coated deformable mirror (DM). The DM is posi-
tioned before compression as the ref lector at the end
of the double-pass disk amplif ier (see Fig. 1). It is
coupled to wave-front measurements (see Fig. 1) to
lock the wave front toward a reference (usually f lat).
The DM has a high damage threshold that allows
correction after the last amplif ier, avoiding issues
associated with aberration precompensation.5 The
home-designed convergence loop is described in detail
in Ref. 9. The electrode pattern of the DM allows
30 independent wave-front correction channels for
low-order aberration correction with strokes of 65 mm.
To have an optimum correction capability, we apodized
the laser beam to a diameter 20% smaller than the
mirror aperture.9

As shown in Fig. 1, to evaluate the importance of
wave-front degradation induced by the large optics
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Fig. 1. Layout of the LULI 100-TW facility amplifiers and of the implementation of the AO system. SID-1 and SID-2
are the two achromatic three-wave lateral shearing interferometers8 used as wave-front sensors.
Fig. 2. (a) Time evolution of the peak to valley (PtV) of the
wave front after a full-energy shot as recorded by SID-1.
(b), (c) Measured focal spot after pulse compression for the
first and fifth shots of five full-energy shots every 20 min
and without wave-front correction. The focusing is done
by an f � 1200 mm diffraction-limited lens positioned after
a leak through a mirror to test the intrinsic focusability.
The spot at the lower right is due to ref lection. Strehl
ratios (SR) are as indicated.

inside the compressor, such as diffraction gratings,
the closed-loop is performed either with a wave-front
sensor placed before the compressor (SID-1) or with
one placed after (SID-2). To optimize the wave-front
correction, the DM should ideally be imaged on the
wave-front sensor’s entrance pupil. This is the case
for SID-1. Since there is no image relay after the last
disk amplif ier, it was not possible to image the DM
plane on SID-2; it images a plane between the two
gratings inside the compressor. For each sensor,
before each shot, by use of the low-energy 10-Hz beam
of the regenerative amplif ier that propagates through
the whole optical chain, the loop is made to converge
toward the recorded f lat reference wave front. Con-
vergence is typically achieved in two or three iterations
at 10 Hz. Phase correction is performed several sec-
onds before each shot to avoid deviation of the phase.

To test the effectiveness of the AO loop in improv-
ing the laser’s repetition rate while keeping a good fo-
cusability, we carried out a sequence of full-energy
shots every 20 min, so that the laser was away from
thermal equilibrium.

When correction is performed with SID-1, the phase
in the sensor’s plane is repeatedly f lattened to the f luc-
tuation level, i.e., 0.15l PtV and 0.03l rms typically.
Also, the focal spots recorded in the same plane are
nearly diffraction limited and reproducible over the se-
ries of f ive shots with a Strehl ratio of .0.9, as shown
in Figs. 3(a) and 3(b). This is expected since the plane
of observation is equivalent to the one in which the
phase maps are observed to be nearly f lat. The fo-
cusability degradation from shot to shot illustrated in
Fig. 2 is thus canceled out by dynamic correction of the
wave front before each shot every 20 min: The laser
chain can be used at a higher repetition rate than the
one imposed by the amplif iers’ cooling time. However,
the compression and focusing optics degrade the ex-
cellent focusability observed before compression: One
observes after compression a lower intrinsic (i.e., mea-
sured with a long focal lens) focusability than what is
measured before compression [see Fig. 4(d)], because of
the aberrations in the compressor and the target area.

Performing wave-front correction with SID-2 allows
us to obtain both an improved repetition rate and an
excellent intrinsic focusability. This is achieved by
first performing a convergence with SID-1. Then,
when the level of aberrations as seen after compres-
sion is already low, we switch to locking the loop on
SID-2. The wave-front PtV is reduced compared with
when the correction is performed before compression
from 1l to 0.3l [see Fig. 4(a)]. The Strehl ratio of the
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Fig. 3. (a), (b) Measured focal spot (with a lens) before
pulse compression for the f irst and fifth shots of f ive
full-energy shots every 20 min and with wave-front cor-
rection locked on SID-1. (c) Phase map and (d) focal spot
(with a lens) measured after compression for the same
shot as (b). Gray scales for the focal spot images are in
logarithmic scale.

Fig. 4. (a) Phase map and (b) focal spot measured (with a
lens) after compression for the fifth shot of f ive full-energy
shots every 20 min and with wave-front correction locked
on SID-2. (c) Encircled energy for a perfect Airy spot, for
the average spot with wave-front correction [i.e., the spot in
(b)], and for the average spot without wave-front correction
(i.e., the spot in Fig. 2). (d) Same as (b), but the focusing
is done with an f�4.5 off-axis parabola. Gray scales for
the focal spot images are in logarithmic scale.

focal spot evolves around 0.75 and can reach 0.9 [see
Fig. 4(b)], still depending on the residual wave-front
f luctuations after correction. This variation, higher
than when locking on SID-1, may originate from
the lesser stability of the loop that uses SID-2. The
result of this convergence is to compare with Fig. 3(d)
when correction was provided by SID-1 (Strehl ratio
of 0.5) and with Fig. 2 without correction (Strehl
ratio of 0.25 after five shots). This represents an
improvement of a factor .3 in the peak intensity. If
we average the encircled energy curves [see Fig. 4(c)],
we find that for noncorrected shots less than 30% of
the energy was contained in the central disk. With
dynamic wave-front correction this grows to more than
70%, and the focusing pattern in the far f ield can be
reproduced reliably for each shot. Under the same
conditions, at full energy, we tested the focusability in
more realistic conditions for experiments, i.e., using an
off-axis parabola. This also yields an excellent focus,
as shown in Fig. 4(d). The FWHM of the focal spot is
4.9 mm, and the peak intensity is .1.5 3 1020 W cm22.
With this correction an f�1 off-axis parabola would
yield a peak intensity as high as 3.4 3 1021 W cm22.

In conclusion, using an adaptive-optics system on a
100-TW CPA laser system has allowed us to increase
the repetition rate by a factor 2 while obtaining excel-
lent (Strehl ratio of .0.75) and reproducible focusing,
although the laser chain is under the inf luence of cu-
mulative thermal effects. This represents a signifi-
cant enhancement of the performance of a high-power
laser facility such as the one used for this study. The
reduction of the repetition rate in the present study is
limited by the induced birefringence in the amplif iers.
Since the laser chain outputs 100 J, it is foreseeable to
further increase the repetition rate by increasing the
birefringence while still having 40 J in p polarization
(which is the present acceptable limit for the compres-
sor) in the output of the amplif iers.
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