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Abstract

Pulses of 20 TW power have been generated at 1064 nm using the
Chirped Pulse Amplification technique coupled to a 90 mm output aperture
powerful Nd:silicate glass amplification line. This system delivers 60 J in a
chirped pulse of 600 ps duration with a capacity of maintening 3.5 nm output
bandwidth. These chirped pulses have been compressed to 1.2 ps with an energy
of 24J using large holographic diffraction gratings. After presenting the results we
discuss the expected applications in atomic and plasma physics.



1. Introduction

Interaction of very high power lasers with matter, at power
density larger than 10*"w/cm^, looks very promising for plasma or atomic
physics, X ray lasers and particle acceleration devices. At such values of power
density for 1.06jim light on targets, the electron oscillation energy becomes twice
larger than the electron energy at rest, leading to relativistic effects. Using an
existing neodymium high power laser facility, it is possible to deliver such power
density. However a neodymium glass laser system is well adapted for the
amplification of pulse duration in the range of lns-Sns. The amplification of
ultrashort pulse, typically lps or less, needs news concepts. Fews years ago,
G.MOUROU and coworkers proposed and demonstrated on a Nd:glass laser
the Chirped Pulse Amplification concept (CPA) / 1 / . This technique consists to
generate a chirped pulse of few nanoseconds in duration with a broadband
compatible with a temporal compression. We have recently demonstrated the
possibility of adapting the CPA concept to an existing large scale power chain
/2 / . By this technique we have produced a 20TW pulse. However the key
parameter for experiments is not the power but the peak intensity. We are now
exploring its capability in term of focusing. Assuming a diffraction limited beam,
we are expecting a power density above 10^W/cm . If we want to estimate the
ability for focusing this large and intense beam at best, we have to take several
limitations into account such as wave front distortion, self-focusing effect and
chromatic aberration.

First experiments will be devoted to the evidencing of relativistic
effects such as multiple Compton Scattering. This should produce high order
harmonics of the fondamental beam. Soft X-ray emission should also be
obtained in ultradense plasma.

2. Description of a 20TW pulse generation in a power chain.

A CW mode-locked Nd:YAG oscillator (fig.l) produces 120 ps
pulses at a repetition rate of 76 MHz. These pulses are injected through a
Faraday rotator in a 8um core monomode optical fiber with a length of 2SOOm.
Due to group velocity dispersion and self phase modulation in the fiber, the
duration of the pulses is increased from 120 to 600 ps while the overall spectrum
broadens from a width of O.lnm to a 3.5 nm one. The input power is adjusted
with a waveplate and a dielectric polarisor. Another waveplate placed just before
the fiber allows to change the power inserted in the two degenerated polarisation



modes. One important aspect is that with this waveplate we can adjust the
spectrotemporal output shape. This effect results from the modal birefringence of
the fiber. One pulse is then admitted by a fast Pockels cell into a regenerative
Nd: silicate glass amplifier where it oscillates 40 times until its energy is increased
from 1 nJ to 0.5 mJ. We avoid any substantial reduction of its bandwidth by
compensating the effects of wavelength gain dependence. This is obtained by
shaping the incident spectrotemporal profile.

After a further amplification in a 7 mm diameter rod, the pulse is
injected in the existing facility called P102. It consists of four stages of different
amplifying rod size : three of 16mm, two of 45mm, two of 64, and two of 90mm
diameter. All similar size components are arranged to form one stage connected
to the next one by a spatial filter and isolated by spark-gap Pockels cell or
Faraday rotator. This system is able to amplify a one nanosecond pulse up to
100J. It is used routinely between 50J and 80J.

Absorption of flashlamp energy in rods amplifiers induces a radial
heating in rods. The thermal expansion produces at large radii a beam diverging
away from the axis of the rod and therefore spherical aberration. When the beam
left the last rod with a 83mm diameter, we have mesured a divergence of
0.96mrad in good agreement with a theoretical model. After these considerations
we have reduce the clear aperture of the laser beam in the chain. In the last stage
of amplification the beam diameter is 75mm to limit the wave front distortion. A
spatial filter at the end expands the beam to 90mm to fully cover the gratings used
in the final compression stage where the output pulse is finally temporally
compressed with a dispersive delay line consisting of a double pass grating pair.
This JOBIN V/ON manufactured holographic gratings have 1740 lines/mm with
an effective area 350xl85mm^. They are gold coated and their efficiencies are
90% and 80% for a p-polarized lum light respectively. After the last spatial filter
two mirrors are used to adapt the polarisation of the beam to the gratings. A
streak camera and a single-shot autocorrelator allows us to adjust the grating
separation for a best compression. For a 75° incident 6OJ beam on the first
grating and a distance of 1. Im between the gratings, the output energy is 24J and
the pulse is compressed to 1.2ps which correspond to a power of 20TW (fig2).

3. Limitations in the focusing.

With a 20TW beam and assuming a diffraction limited spot we
estimate the maximum intensity delivered by P102 to be 1019W/cm2. However,



we have to take several limitations into account: wavefront distortions
introduced by optical components of the power chain and by the compression
stage, chromatic aberration of the lens and effects of self-focusing in the lens and
during the propagation in air.

The focal spot is observed with a CCD camera in the image plane
of a 15m focal lenght lens after two reflections on uncoated mirrors. At high
power the signal is attenuated in front of the camera with an optical quality
neutral density.

Above all, we observe a strong astigmatism which limits the
intensity to about 2xlO^W/cm^. The wave distortion of the power chain has
been tested by the Hartmann technique. In this method the beam aperture is
decomposed in several subapertures and the local tilts are measured. At the end
of P102 the wavefront exhibits a small spherical aberration induced by thermal
effect in laser rods. The main distortion comes from the double-pass grating pair.
Investigation of grating surfaces by Fizeau interferometer shows a distortion of
the equiphase lines of about 0.5X. This distortion could easily explains the
observed astigmatism when we used the gratings with a great incidence. As a
matter of fact, we have calculated with a matrix formalism the astigmatism
produced by cylindrical gratings working in double pass : a 15km radius of
curvature brings the calculations into agreement with the measurements. This
radius corresponds to a distortion of 0.5A of the grating surfaces. In our case an
incident angle of 74° yields the observed spot area of 4500MnA A solution to
lessen astigmatism with our gratings is to decrease the angle of incidence. We
notice that working around 62° would reduced this spot area by a factor ten,
which means only two times the diffraction limit. However this would imply that
we reduced the grating distance to less than 40cm. This is geometrically
incompatible with our 9cm beam diameter, unless we could stretch the pulse
duration to well above Ins. This is our next objective.

The broad spectrum of ultrashort pulses may alter the focalisation
by a lens. Due to the chromatic aberration, temporal and spatial distortions
occurs when the beam propagates in lens. The change of the focal lens, due to a
change in the refractive index versus wavelength induces a difference between the
phase and the pulse fronts / 3 / . It results a lenghtening of the pulse duration and
a spreading of the focal spot. These two dynamical effects reduce the actual
available peak intensity. In our case the delay occuring with a 640mm focal lens
between the phase and pulse front is in the order of 160fs which is relatively low
as compared to the lps pulse duration. In this respect obtention of shorter pulse,
typically 300fs, is possible in Nd-glass power chain by CPA technique, however



this would increase the power but not necessarily the focused intensity if we use
chromatic lenses.

The third limitation is the small scale focusing. Experiment and
numerical calculation suggest that, with multiterawatt beam, amplitude
perturbations of the light beam will grow exponentially even in the air
propagation. For instance, just after the compression stage the 20TW-90mm
beam breaks up into a large number of filaments during 10m of propagation in
air. Critical spatial frequency grows as eB where B is the well-known break-up
integral

where y is the non-linear index, L the length of the medium, and I
the power density.

Taking y=0.5xl0"18cm2/W for air, we obtain B=10rad for L=IOm,
that is to say a gain of 2x104 !

4. Conclusion

In conclusion, the developments of methods to solve geometrical
aberrations become a predominant issue. The manufacturing of large optical
quality gratings will represent a significant challenge to the optical industry. In
an other way, adaptative optics can be used to compensate wavefront distortion
achieving near-diffraction focal pattern. Chromatic effects and self-focusing can
be avoid by using a mirror in place of focal lens and by installing compression
stage in vacuum with the target room.
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Figure 1. Experimental set up of oscillator room
Upper part : CW mode-locked Nd:YAG oscillator and injection of pulses in a
2.5km single mode fiber. (F.O.)
Lower part: output of the fiber and regenerative amplifier (A:aperture,
M's:mirrors, LV. lenses, WPl: quarter ware plate, WP2: half ware plate, H: Nd-
silicate head)
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Figure 2. Results at the output of the grating pair


