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ABSTRACT We have developed a new Brewster-cut acousto-optic programmable gain
control filter to optimize the spectral losses inside a regenerative cavity. This spec-
tral amplitude control combined with an acousto-optic programmable dispersive filter
for the spectral phase control optimizes, in a few steps of a direct algorithm, the per-
formance of a 10-Hz CPA Ti:sapphire laser to 18-fs pulse duration, 1.2% RMS energy

stability and 107 contrast ratio.

PACS 42.65.Re; 42.79.]q

Chirped-pulse amplification (CPA) cur-
rently produces multiterawatt pulses
of approximately 30-fs duration which
are used for a variety of high-intensity
(> 10" W/cm?) and high-field applica-
tions such as the generation of ultra-fast
soft or hard X-ray radiation [1], the gen-
eration of high-order harmonics [2] and
the realization of table-top sources of
high-energy electrons or protons [3].
Higher intensities can be reached by
either increasing pulse energies or short-
ening pulse durations. The high cost
of raising the pulse energy favors the
shorter pulse duration approach.

Shorter pulse durations (sub-20 fs)
in CPA lasers have been demonstrated
by areduction of gain narrowing in three
ways:

1. Pre-compensation of the gain nar-
rowing by the use of an acousto-
optic programmable dispersive filter
(AOPDF) before the amplifier [4].

2. Introduction of spectral filters, such
as Fabry—Pérot etalons [5], bire-
fringent filters, spatial masks in be-
tween Brewster prisms [6] or spec-

tral loss managed multiple dielectric
layers [7].

3. Wavelength-selective pumping of
a multipass amplifier [8].

The AOPDF approach is limited be-
cause large enhancements of the band-
width require strong reduction of the
energy of the seed pulses. The draw-
backs of the intracavity spectral filters
are the lack of programmability and the
generation of artifacts. The wavelength-
selective pumping scheme adds com-
plexity to the laser setup and may lead
to significant spatial chirp requiring
amultipass configuration and cryogenic
cooling.

In this letter we report the devel-
opment of a new intracavity acousto-
optic programmable gain control fil-
ter (AOPGCEF) for ultra-wide-band re-
generative amplification. We have de-
veloped a new Brewster-cut acousto-
optic collinear beam filter that accu-
rately controls the spectral losses of
a linear regenerative cavity. The spec-
tral losses are introduced through par-
tial diffraction of the unwanted spec-
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tral components. The spectral trans-
mission of the filter is thus modified
by the diffraction: total diffraction of
a wavelength corresponds to zero trans-
mission and no diffraction of a wave-
length corresponds to total transmis-
sion of this wavelength. To optimize
diffraction efficiency and spectral reso-
lution, the AOPGCEF is based on the
same collinear beam interaction geom-
etry as the AOPDF [9]. In this geom-
etry, the incident, diffracted and acous-
tic beams are nearly collinear in energy
directions leading to a long interaction
length, i.e. a high diffraction efficiency
and a high resolution. As the physi-
cal constants of the crystal used (TeO,)
are well known, the calibration is car-
ried out by either an acoustic frequency
tuning or a crystal tilt in the main in-
teraction plane. Calibration accuracy
is directly checked on the spectrum:
complete diffraction of a narrow wave-
length range generates a hole in the
output spectrum; matching the meas-
ured wavelength of the hole and the
wavelength programmed by the device
control software allows one to calibrate
the AOPGCF. The Brewster cut of op-
tical faces avoids insertion losses and
spurious pulse replicas.

The main drawback of this device is
the dispersion of the 25-mm-long TeO,
crystal (12406 fs?, 8114 fs3, 4700 fs* at
800 nm for 25 mm), which is amplified
by 24 passes through the crystal in the
regenerative cavity. A simple tuning of
the compressor allows compensation of
the second order, but not for the huge
third order (&~ 200000 fs*) and higher-
order terms. To optimally compress the
pulse we have used a high-resolution
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FIGURE 1 Schematic of the complete laser setup. TFP, thin-film polarizer; P, Pockels cell; AOPGCF,
acousto-optic programmable gain control filter. The figure shows the seeding arrangement and the layout
of the regenerative amplifier cavity containing the AOPGCF device. OUT1 is the output beam after pulse
compression. OUT2 is the zero-order diffracted beam used for monitoring the spectrum for feedback

control of the AOPGCEF (see text)

AOPDF system (DAZZLER HR-800
from Fastlite).

The layout of the complete laser
is shown in Fig. 1. The oscillator is
an ultra-broad-band Femtolasers os-
cillator (> 100 nm FWHM) for good
seeding over the complete bandwidth
of the system. The stretcher is a con-
ventional Offner-type stretcher with
a 1200-lines/mm grating. The optical
components limit the stretcher band-
width to approximately 110nm. At
the output of the stretcher, we intro-
duce the high-resolution AOPDF sys-
tem (DAZZLER HR-800) to compen-
sate for the phase over a temporal ex-
cursion of 8 ps. After the Faraday iso-
lator, the AOPDF diffracted pulses are
injected into the cavity through the thin-
film polarizer TFP1. Pulsing the Pock-
els cell (P1) to its quarter-wave voltage
traps a single pulse inside the cavity. At
each round trip in the cavity, the pulse
passes twice through the Ti:sapphire rod
and the AOPGCF. The diffracted beam
is lost and only the non-diffracted beam
is amplified. The losses introduced by
the AOPGCF are compensated by in-
creasing the gain in the Ti:sapphire rod
in order to keep the number of passes
nearly constant. After approximately 24
passes (compared with ~ 15 without
the AOPGCEF), the pulse is ejected from
the cavity through the thin-film polar-
izer TFP2 by application of an electrical
pulse to the second Pockels cell (P2).
The output pulse is then re-compressed

by a 1480-lines/mm grating compressor
with a limited bandwidth of approxi-
mately 105 nm.

Many applications of sub-20-fs high-
power laser systems require good sta-
bility and a high contrast ratio. We have
characterized the spectrum, stability,
contrast ratio and temporal intensity for
each AOPGCEF setup. The contrast ratio
was measured by a high dynamic range
third-order cross correlator (SEQUOIA

Amplitude loop

from Amplitude Technologies) and the
temporal intensity was measured by
a Spectral Phase Interferometry for Dir-
ect Electric-field Reconstruction appa-
ratus (SPIDER 20-80fs from APE).
The implementation of these diagnos-
tics is sketched in Fig. 2. The spectrum
is measured on the zero-order diffrac-
tion of the first compressor grating,
which is also used to feed back to the
AOPGCEF for the control of the spectral
amplitude. The pulse energy stability
and temporal intensities are measured
on the compressed pulse. In every ex-
periment, the measured spectral phase
is fed back to the AOPDF to flatten
the phase [10]. The contrast measure-
ment by a high dynamic range third-
order cross correlator is of prime interest
because of known spurious pulse ap-
paritions in the former techniques using
Fabry—Pérot etalons or birefringent fil-
ters and the importance of a good ampli-
fied spontaneous emission (ASE) con-
trast ratio for such high-power lasers.
The pulse energy stability is measured
by a photodiode and an oscilloscope.
The free-running spectrum of the
laser, without an AOPGCEF inside the
cavity and with only AOPDF phase
modulation, is measured to be 33 nm at
full width at half maximum (FWHM),
with pulse duration 29 fs FWHM, con-
trast ratio about 107 and pulse energy

1

_ Spectrometer

ouT2
0 order of

1st diffraction
grating of
compressor

4

AOPDF

4

ouT1
main output
compressed
pulse

Phase loop

(Ocean optics HR4000)

Large area
photodiode Oscilloscope
—>D/ (Tektronix)

High Dynamic Third order
cross-correlator
(Sequoia,
Amplitude Technologies,
>1010)

\ 4

SPIDER
(APE, 20-80fs)

\ 4

|

FIGURE 2  Schematic of the diagnostics setup with spectral amplitude and phase optimization loops
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FIGURE 3 (a) Spectra, (b) temporal intensities and (c¢) high dynamic range third-order cross-

correlator measurements for free-running system with AOPDF phase modulation only (dotted curve,
33 nm FWHM), with AOPDF amplitude and phase modulation (thin solid curve, 65 nm FWHM) and
with AOPGCEF optimization (thick solid curve, 80 nm FWHM). The pre-pulse at around —1 ps is prob-
ably due to Pockels cell misalignment and does not depend upon the AOPDF and AOPGCF setups

stability 2.6% root-mean square (RMS)
(Fig. 3). Optimization of the bandwidth
to 65nm FWHM and the compressed
pulse duration to 26.2fs FWHM by
AOPDF amplitude and phase modula-
tion of the seed pulse degraded the con-
trast ratio to about 10° and the stability

to 7.5% RMS. The deteriorations of the
contrast ratio and the stability are due to
the significant decrease in the seed pulse
energy introduced by the AOPDF am-
plitude modulation. The small change
in the pulse duration compared to the
spectrum enlargement is due to the spec-

tral amplitude shape modification from
a Gaussian to a square shape. Fourier
transforms of these spectra with flat
phase lead to 28.5 fs for AOPDF phase
modulation only and 24.3 fs for AOPDF
phase and amplitude modulation.

The minimization of the laser pulse
duration using the AOPGCEF for spectral
amplitude and the AOPDF for spectral
phase optimizations necessitates only
simple, direct, few-steps algorithms.
Blind algorithm optimizations are not
needed for spectral amplitude or phase
optimizations.

The amplitude optimization is ob-
tained by the direct feedback of the
spectrum to the AOPGCEF. The spectral
amplitude of the output pulse is used
directly as the spectral amplitude to be
diffracted by the AOPGCF. Thus, the
peaks are more attenuated and the spec-
trum converges onto a square shape. In
fact, our goal is to determine the spectral
losses that completely flatten the global
gain of the amplifier. For 100-nm band-
width, this process needs only a few
steps (< 20). The final spectral losses
thus determined can be used as long as
the cavity does not change. Day to day
fluctuations are small enough not to re-
quire major re-optimization. With the
spectral losses determined, the amplifier
acts as a flat-gain amplifier except for its
saturation. An arbitrary spectral ampli-
tude shape can then be obtained through
four or five steps of spectral ampli-
tude shaping with the AOPDF. All these
optimizations were semi-automatically
done in this experiment, necessitating
approval of the end user. Complete au-
tomation of the optimization should lead
to a less than a minute optimization pro-
cess on a 10-Hz laser.

The flat phase optimization was
simply obtained by introducing in the
AOPDF the opposite of the phase meas-
ured by the SPIDER. For very large
phase variations, more than one opti-
mization loop was necessary.

The key point of these two optimiza-
tions is the calibration of the control
systems (AOPDF and AOPGCF) with
the measurement devices (SPIDER and
spectrometer).

The bandwidth is limited by the
compressor grating size to 105nm.
Thus, the best result we obtain is close
to this bandwidth (80 nm FWHM). The
500-wJ pulse is sub-20 fs (18 fs FWHM)
in duration and clean on its leading
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edge; the contrast ratio is as good
as without regenerative pulse shaping
(107) and the energy stability better
(1.2% RMS).

Theoretically, we expect these re-
sults because the ASE contrast ratio de-
pends principally upon the seeding en-
ergy [11] and the stability of the laser
could be largely improved by fine tun-
ing of the global cavity losses [12]. The
seeding energy is not decreased when
using the AOPGCF because gain nar-
rowing is compensated on each pass,
unlike an AOPDF gain narrowing com-
pensation where the seed pulse is sub-
ject to large amplitude modulation. The
improvement of the pulse energy stabil-
ity by a factor of two is obtained as the
global loss tuning by the AOPGCF en-
ables optimum saturation of the cavity
for stabilization to be reached. This sta-
bility should be improved even further,
but we have not optimized the global
losses for this purpose.

The output pulse energy was limited
to about 500 wJ to avoid any damage
in the AOPGCEF crystal. A higher en-
ergy level necessitates a larger spot size
in the crystal, decreasing the simpli-
city and stability of the cavity. Joule-
level pulses should be possible by post-

amplification through a multipass am-
plifier. Gain narrowing is then pre-
compensated by amplitude shaping of
the 500-pJ pulse. The stability im-
provement will not be kept through
post-amplification, but the contrast ratio
should not degrade as it is mostly due
to the first amplifier seeding energy.
Pre-compensation of the gain narrowing
on the scale of four orders of magni-
tude amplification (from 500 wJ to 51J)
should not affect the ASE contrast ratio.

In conclusion, we have developed
a new intracavity acousto-optic pro-
grammable gain control filter (AOP-
GCF). We have demonstrated a broad
amplified spectrum of 500-pJ, sub-20-fs
optical pulses without contrast degra-
dation and with stability enhancement.
Even shorter pulses around 15 fs should
be obtained by changing bandwidth-
limiting optical components (Faraday
isolator, gratings, mirrors, etc.). The de-
vice is fully software controlled and
optimization of the laser bandwidth is
completely done by software. Com-
plete automation of the optimization is
possible and requires only a few steps

(< 30). The flexibility makes possible
any kind of amplitude shaping, includ-

ing two-color femtosecond pulses.
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