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EXTREME LASER RADIATION: PHYSICS AND FUNDAMENTAL APPLICATIONS
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100 J-level pulse compression for peak power enhancement

S.Yu. Mironov, J. Wheeler, R. Gonin, G. Cojocaru, R. Ungureanu, R. Banici,
M. Serbanescu, R. Dabu, G. Mourou, E.A. Khazanov

Abstract. A possibility of using self-phase modulation and cas-
caded quadratic nonlinearity effects for the enhancement of the
temporal intensity profile is analysed theoretically in application to
petawatt pulses at a kJ energy level. Preliminary experiments at a
petawatt CETAL laser facility demonstrate the reduction of a
pulse duration from 46 fs down to 29 fs by using the self-phase mod-
ulation effect and consequent spectral phase correction. These effi-
cient methods offer an opportunity to economically enhance exist-
ing laser facility intensities and offer a broader range of high-inten-
sity physics to become more readily attainable.

Keywords: compression of femtosecond pulses, petawatt pulses,
self-phase modulation, second harmonic.

1. Introduction

Enhancing the peak intensity of high-energy pulsed laser sys-
tems typically involves a large investment in upgrades and
additional amplification stages with the goal of increasing the
useful energy contained within the pulse. Another option is to
further compress the existing pulse energy within reduced
time duration. The motivation for an efficient method to
post-compress J-level laser systems is multifold. The initial,
most straightforward reason, especially for the highest energy
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laser systems with durations greater than 50 fs, is for an inex-
pensive peak intensity enhancement without the need for
large investments to extend beyond current pulse energies.
This suggests that the peak power of current petawatt, or
near-petawatt, systems have the capacity to be extended up to
and beyond 7—10 PW, which makes possible previously inac-
cessible experiments such as the study of nonlinear properties
of vacuum, generation of electron—positron pairs and effi-
cient generation of optical harmonics.

The brightest examples of lasers with a kilojoule energy
level are the Texas petawatt laser [1] and the PETAL laser
facility in Bordeaux, France [2, 3]. Both systems utilise chirped
pulse amplification (CPA) in neodymium doped laser glass.
To date, the record peak intensity at 1022 W cm™2 is set by the
HERCULES laser in Michigan, which becomes possible by
using a high-energy, short-pulse scheme (9 J, 30 fs) with tight
focusing [4]. The post-compression of existing laser systems
that contain a greater pulse energy toward similar short pulse
durations will allow for even greater peak intensities in the
near future.

In this paper, we analyse the possibility of peak power
enhancement of long-pulse laser systems taking as an example
the PETAL laser facility. The feasibility of three techniques is
considered: self-phase modulation (SPM) [5, 6], second har-
monic generation (SHG) and self-compression through a cas-
caded quadratic nonlinearity in a KDP crystal [cascaded self-
compression (CSC)]. The PETAL laser has the following out-
put radiation parameters: transverse beam size of ~400 mm,
centre wavelength of 1053 nm and pulse duration shorter
than 0.5 ps. The laser pulse peak power is ~2 PW.

After discussion of the compression methods, the results
of preliminary experiments conducted at the petawatt CETAL
laser facility on the SPM compression technique are pre-
sented.

2. Techniques for peak power enhancement

2.1. Self-phase modulation

One of the most promising ways of increasing peak power is a
method based on the self-phase modulation effect. During the
propagation of intense optical pulses in media with cubic
nonlinearity, their parameters are modified, i.e. the spectrum
is broadened and the phase is modulated. Correction of the
quadratic component of the spectral phase by means of
chirped mirrors reduces the duration by several times, thereby
increasing the peak power [6].

Evolution of the parameters of a laser pulse propagating
in a medium with cubic nonlinearity is described by the equa-
tion in the second approximation of the dispersion theory:
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where A(t — z/u, z) is the complex amplitude of the field; y, =
3nkoyd/(2n3); @ is the nonlinear susceptibility; kq is the
wave vector; n is the linear part of the refractive index; ¢ is the
time; z is the longitudinal propagation coordinate; k, =
0%k/ow? | w, 18 the group velocity dispersion (GVD) parameter;
and u is the group velocity. Equation (1) may be solved
numerically using the split-step method [7] in combination
with difference schemes. We assume that the spectral phase is
managed by dispersive mirrors that correct the quadratic
phase dependence of the frequency. Mathematically, the opera-
tion is described by

A(f) = F~!

exp<— 10‘2‘”2>F(A(,ul (t, L))]. 2)

Here, F and F~! are the operators of the direct and inverse
Fourier transform; « is the group delay dispersion (GDD)
parameter of the phase corrector; w is the centre frequency
offset; and A4,,(¢,z = L) is the field amplitude at the nonlinear
medium output.

Spectral broadening during the propagation of intense
radiation through a medium with cubic nonlinearity is deter-
mined by both the initial pulse phase and the accumulated
nonlinear phase (B-integral) B =y, | Apyax|>L, where L is the
thickness of the nonlinear medium [8]. For B < 1 rad, the
spectral change is insignificant and this case is of no interest
for the solution of the problem on peak power enhancement.
It is known [9] that for B > 2 rad, small-scale self-focusing
may develop, leading to appreciable modulation of the trans-
verse distribution of the beam and, finally, to destruction of
the nonlinear element. However, for intense (~TW cm™)
radiation there is a simple method for suppressing this unde-
sirable effect using a beam free path in vacuum for filtering
spatial harmonic perturbations that are most amplified [10].

Currently, plane-parallel plates made of optical glass,
fused silica as well as transparent polymers with a thickness of
~1 mm at an aperture of ~400 mm are available. Moreover,
the thickness of polymers can be significantly less than 1 mm
with an unlimited aperture for the observed laser beams [11].

Results of numerical simulation of spectrum broadening
in a sample of 3-mm-thick fused silica are presented in Fig. 1.
The following parameters of the material were used: cubic
nonlinearity of fused silica 2.43x107 cm? GW~! [12] and
parameter of group velocity dispersion k, =20.1 fs> mm™'. We
assume that at the input of the nonlinear medium the Fourier
transform-limited pulse has a Gaussian shape with a duration
of 500 fs (FWHM intensity), a pulse energy of 1 kJ and a
transverse beam size of 400 mm. Assuming that the transverse
intensity distribution in space is plane, the peak intensity of
the radiation for the above mentioned parameters will be
1.5 TW cm™2. In the course of pulse propagation in a sample
of fused silica the pulse accumulates a B-integral equal to
6.5 rad.

The intensity distributions of the spectra of the initial
pulse and of the pulse transmitted through the silica nonlinear
element are plotted in Fig. 1a. Cubic nonlinearity (B-integral
in particular) leads to spectrum broadening and modulation.
At the same time, the difference between the temporal inten-

sity distribution before and after the nonlinear element is
insignificant (Figs 1b and 1c). By correcting the quadratic
phase component of output radiation, the pulse duration may
be reduced down to 108 fs and the peak intensity may be
increased up to 6 TW cm™ in the unfocused beam. In this
case, the GDD parameter that gives the greatest peak power
enhancement is ¢ = —10* fs%. Such a phase correction may be
realised in experiments using commercial chirped mirrors
with anomalous group velocity dispersion.

It is important to note that this method increases the tem-
poral contrast of radiation in the near region of the main
pulse (Fig. 1c), the contrast in the far region of the main max-
imum remaining unchanged. It is well known that the tempo-
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Figure 1. (a) Spectral intensity distributions and (b, ¢) time intensity
profiles: (/) initial pulse, (2) at the nonlinear medium output, and (3)
after correction of the quadratic component of the phase.
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ral contrast in the far region may be increased significantly
(by a power of two) by means of the second harmonic genera-
tion (SHG).

2.2. Second harmonic generation

The SHG of high-energy laser radiation results not only in a
twofold decrease in the wavelength but also in a pronounced
increase in the temporal contrast in the region far from the
main pulse. A shorter wavelength allows for the reduction in
the laser beam focus size, which leads to a corresponding
enhancement of the peak intensity. The improvement in tem-
poral contrast is due to both the intrinsic nonlinearity of the
SHG process as well as to the fact that laser super-lumines-
cence propagating outside the SHG angular band does not
contribute to the conversion to the second harmonic radia-
tion. Moreover, when SHG occurs along with the conditions
of the cubic nonlinearity effect, it becomes possible to also
reduce the pulse duration and to increase the peak power. We
will show that the second harmonic pulse may have a higher
peak power than the initial pulse of the fundamental har-
monic, as well as an improved temporal contrast by about a
power of two. Numerical simulations rely on the parameters
for the PETAL laser facility given above.

A KDP crystal will be introduced as the nonlinear crystal
in the calculations. This crystal has a number of merits: it may
be grown with a transverse size up to 400 mm; the difference
between group velocities of the fundamental and second har-
monics is very small in this crystal (1/u; — 1/u, = 3 fs mm™" at
A =1053 nm for an oo—e interaction). Another very important
feature of this crystal worth noting is that the GVD parame-
ter for an ordinary wave at 1053 nm is negative (k, =
—17.1 fs> mm™"), while the cubic susceptibility tensor is posi-
tive. Actually, this crystal may be also used in the regime of
intensity self-compression of the pulse at the fundamental
harmonic when the effects of cubic nonlinearity come into
play [13]. This issue will be addressed elsewhere. The para-
meter k, for the second harmonic pulse is 71 fs> mm'.

The process of conversion to the second harmonic is
described by a system of coupled equations [14, 15]:
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where 4;(¢,z) and 4,(t, z) are the field envelopes of the funda-
mental and second harmonics; «; and u, are the group veloci-
ties; k{"? are the parameters of the dispersion of group veloc-
ities of the fundamental and second harmonic; 8 and y;; (i,j =
1,2) are the coefficients of nonlinear wave coupling; and Ak =
ky — 2k is the wave vector detuning. According to work [15],
for the o—oe interaction the optimal conversion to the second
harmonic occurs for the offset from the phase matching angle
An ni’—ng’

2

A =
Ne —nfz

; (4)

ni (ni> —ng?)

where An =2 A4,0|*(2y11 + 2712 =721 —722)/(87); and 4 is the
amplitude of the field of the fundamental wave at the input of
the nonlinear medium. The angular offset (4) allows one to
compensate for the contribution of the nonlinear phase to the
reduced conversion efficiency. For the given parameters, AQ =
—2.68 mrad.

The dependence of the efficiency of conversion to the sec-
ond harmonic on the thickness of a KDP nonlinear element is
given in Fig. 2a. The values of the coefficients y;; were bor-
rowed from work [14], where their analytical forms were pre-
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Figure 2. (a) Efficiency of energy conversion as a function of thickness
of KDP nonlinear element and (b, c¢) temporal intensity profiles of (/)
the initial pulse, (2) second harmonic pulse at the nonlinear medium
output and (3) second harmonic pulse after correction of the quadratic
component of the spectrum phase.
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sented as a function of propagation angles in a crystal.
According to the results of numerical simulations, the energy
conversion efficiency is over 80%. The profiles of the initial
radiation and the second harmonic pulse at the crystal output
and after correction of the quadratic component of the spec-
trum phase at ¢ = —1.77-10* fs? are presented in Figs 2b and
2c. The pulse duration of the second harmonic at the output
of the nonlinear crystal is 460 fs, whereas the duration of the
compressed pulse of the second harmonic is 200 fs. Conversion
to the second harmonic and correction of the quadratic com-
ponent of the spectrum phase enable enhancing the peak
power approximately by a factor of 2.

According to Fig. 2c the time contrast of the second har-
monic pulse is higher by approximately a power of two than
the pulse of the fundamental harmonic. Note also that the
correction of the quadratic component of the spectrum phase
affects only the contrast close to the main peak of the second
harmonic pulse and has no impact on the contrast of the pulse
wings.

2.3. Self-compression in KDP crystal with using cascaded
quadratic nonlinearity

The nonlinear interaction between the fundamental and sec-
ond harmonic waves in the KDP crystal can also be used for
peak power enhancement of the initial/fundamental laser
pulse. The method is based on the implementation of a cas-
caded quadratic nonlinearity and has been successfully applied
for the enhancement of the peak power in low-energy laser
systems [16].

The value of an accumulated phase in the process of sec-
ond harmonic generation depends on the value and sign of Ak
[see Eqn (3)]. Both can be easily varied in experiments by
detuning the direction of propagation for the beam through

the crystal. It should be noted that the phase obtained due to
the cascaded quadratic nonlinearity is proportional to the
intensity of the fundamental pulse as well as the phase
obtained due to self-action effects. As a result, the cascaded
quadratic nonlinearity can be used for compensation or mag-
nification of cubic polarisation effects [16, 17].

For the same PETAL beam parameters presented above,
Fig. 3 demonstrates the possibility of using a single KDP crys-
tal for the efficient energy conversion to second harmonic and
pulse recompression at the fundamental harmonic. Numerical
simulations were performed for the above parameters of the
PETAL laser facility. The cascaded quadratic nonlinearity
permits the compression of an initial first-harmonic pulse
from 500 fs down to 220 fs (see Fig. 3e), while insignificantly
changing the contrast ratio of the temporal intensity (Fig. 3f).

3. Experimental study of SPM compression

Initial studies of the nonlinear interaction of a short, high-
energy pulse have been conducted on the petawatt CETAL
laser located at the INFLPR in Magurele-Bucharest, Romania.
This preliminary work is carried out using the frontend of the
1 PW laser system, which provided a pulse of 200 mJ, 50 fs at
a repetition rate of 10 Hz. To achieve the properties of the full
PW beam the size of the beam is reduced to an area of 1 cm?
by using a reducing telescope based on large-diameter silver
and small-diameter dielectric coated spherical mirrors (see
Fig. 4). An upper limit for the pulse fluence was placed at
120 mJ cm2 in order to stay below the damage threshold for
the coatings of the dispersive controlled, chirped mirrors.
Any large variations in the beam spatial profile led to a dam-
age of the smaller re-collimating spherical mirror at these
intensities. In this connection, for the problem in question, a
uniform pulse intensity profile is of importance not only for
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Figure 3. Second harmonic generation vs. angular detuning: peak intensity of (a) the first (1w) and (b) second (2w) harmonics as functions of the
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Figure 4. Experimental setup installed at the frontend of the petawatt
CETAL laser facility with areas in gray denoting sections within the
vacuum chamber. The beam is reduced in size to approximate the full
propagation intensity of the petawatt beam. It is then expanded and
attenuated through reflection before exiting vacuum for post-compres-
sion by the negative dispersive chirped mirrors during transport to the
diagnostics instrumets.

controlling the nonlinear distortions of the pulse but also for
protecting the transport optics from potential damage.

3.1. Methods

The diameter of the beam from the frontend of the petawatt
CETAL laser is reduced from 65 mm to approximately 11 mm
to achieve an energy density typical of unfocused petawatt
pulses. To this end, use is made of spherical mirrors SM1 (f'=
500 mm) and SM2 (f' = —100 mm) before interaction with a
0.5-mm-thick film sample of cellulose acetate, followed by
expansion by a similar telescope. After expansion the beam is
attenuated by surface reflection from an uncoated wedge. The
resulting pulse is re-compressed by negative-dispersion chirped
mirror pairs place outside of a vacuum chamber. The spectral
and temporal parameters of the pulses are measures using a
combination of a USB spectrometer and a WIZZLER
(Fastlite). These diagnostics measure the pulse’s spectrum
and relative spectral phase allowing for the reconstruction of
the pulse temporal intensity profile from this information.

3.2. Results

The original pulse duration is measured with the thin film
removed, and after recompression with three pairs of chirped
mirrors (a = —40 fs?> per bounce) it was 46+ 2 fs. Figure 5a
shows the resultant pulse spectra after interaction with
0.5-mm-thick films of cellulose acetate with increasing pulse
energy. The measured spectral amplitude and phase for a
pulse of intensity of 1.4 TW cm™ are shown in Fig. 5b both
with and without the thin film. The reconstructed pulse inten-
sity envelope is shown in Fig. 5c. The results of post-compres-
sion by combinations of chirped mirrors to compensate for
the combination of the material interaction, dispersion within
the vacuum window, and the transport through air to the
measurement device are compared and the optimum com-
pression (Fig. 5b) under the current conditions is achievable
with a single pair of chirped mirrors that provided a GDD of
-250 fs? per bounce. The pulse is compressed from approxi-
mately 46+ 2 fs to 29+ 1 fs. It was observed during the experi-
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Figure 5. (a) Spectral broadening with increasing pulse intensity, (b)
comparison of the spectral amplitude (solid curves) and phase (dashed
curves) with (top) and without (bottom) a cellulose acetate film at an
intensity of 1.4 TW cm™ and (c) reconstructed temporal intensities cor-
responding to the measured spectra.
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ment that shorter pulses were achievable but the measure-
ment seemed limited due to the condition of the initial beam
and the bandwidth limit of the WIZZLER diagnostic unit.
Also it should be noticed that the used cellulose acetate plane-
parallel plate changed the beam profile insignificantly for the
mentioned laser parameters.

4. Conclusions

We have considered three methods of additional pulse com-
pression after the standard grating compressor: self-phase
modulation and spectral phase correction by a chirped mir-
ror, second harmonic generation and spectral phase correc-
tion by a chirped mirror, and cascaded quadratic nonlinearity
that permits self-compression. The first method has been suc-
cessfully tested at the petawatt CETAL laser facility. All three
methods clearly demonstrate the possibility of enhancing the
peak power of pulses delivered by modern high-energy pet-
awatt laser facilities. These techniques can be applied with
sufficient ease following the optical compressor at any types
of powerful laser systems. This has great promise in extending
the intensities that a laser facility might attain without requir-
ing costly upgrades to the amplification chain.
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