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The paper is devoted to investigation of adaptive optical delay lines, intended for femtosecond pulse
shaping. Experiments were performed in the sub PW laser system, based on optical parametrical chirped pulse
amplification. The experimental device has revealed high spectral resolution (0.6 nm at 1250 nm) high efficiency,
(70% over a 120 nm spectral width at 1250 nm) and flexibility of seed pulse amplitude control. Proper shaping of
the transmission function of adaptive optical delay line allows to double the femtosecond pulse spectrum band width.

PACS numbers: 42.65.Re, 42.79.Jq, 43.38.Zp

1. Introduction

The advancement of femtosecond laser systems would
provide a wide range of new applications in physics,
chemistry, biology, etc. In most of applications the qual-
ity of amplified pulse (lack of pre-pulses, high contrast ra-
tio, pulse duration) is critical. Two femtosecond laser ar-
chitectures are used now: one based on optical paramet-
rical chirped pulse amplification (OPCPA) and the other
on chirped pulse amplification. In both architectures the
pulse quality is determined by a non-compensated high
order dispersion and a spectral deformation in amplifiers.
An adaptive device modifying spectral amplitude and
phase of seed femtosecond pulse should be used to im-
prove the duration of the compressed pulse and suppress
the pre-pulses.

Acousto-optical delay lines (AODL) are almost ideal
adaptive devices for independent and simultaneous con-
trol of both amplitude and phase of spectral compo-
nents of femtosecond laser pulses [1–5]. An AODL op-
erates on the principle of light diffraction by ultrasound
waves in birefrigent crystal. The interaction of light with
sound provides a direct incoming spectrum conversion.
Collinear [6] and quasicollinear [7–10] acousto-optical in-
teractions in crystals seem to be most suitable for pulse
controlling.
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The collinear acousto-optical delay lines for compres-
sion of ultrashort light pulses was first proposed by Pus-
tovoit and Pozhar [1, 2] in 1986. According to their orig-
inal concept the anisotropic acousto-optical interaction
converts the polarization of “fast” incoming spectral com-
ponent into the diffracted orthogonal “slow” one. The
amplitude and the phase of each spectral component is
determined by the spatial position of the sound spectral
amplitudes and the frequencies in the crystal. This con-
cept proved to be very viable. Ten years later Tournois
et al. [3, 4] proposed the identical technical solution for
femtosecond pulse shaping. Now this device (DAZZLER,
Fastlite) is widely used in femtosecond laser systems.

The paratellurite single crystal is the most promis-
ing material for adaptive delay lines. The material pos-
sesses a unique combination of constants physical proper-
ties and is characterized by very high acoustical, optical
and photoelastic anisotropies. In recent years the quasi-
collinear light–sound interaction in paratellurite became
the subject matter of various articles [11–14]. However, of
problems relating to an optimal delay line design remain
unclarified until now. Recently an effective approach for
designing delay lines was developed [5, 15]. Several ex-
perimental devices were designed and fabricated. One
of these devices was preliminary tested in OPCPA laser
facility.

The purpose of this paper is to perform further in-
vestigation of adaptive delay line designed according to
that approach. The experiments were carried out in a
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sub PW laser system based on optical parametric pulse
amplification in KD*P crystal [16].

2. Features of adaptive optical delay line

In the typical femtosecond OPCPA laser system the
AODL is implemented between femtosecond oscillator
and the stretcher. The optical parametric amplifier
(OPA) is pumped by a single frequency laser operating at
wavelength λp. In the OPA one of the pulses diffracted by
the AODF was transformed into signal radiation on the
wavelength λs determined by relation 1/λs = 1/λp−1/λi,
where λi — wavelength radiating by femtosecond oscil-
lator. The adaptive control of sound wave in AODL pro-
vides the light pulse shaping both in the spectral phase
delay and the amplitude.

The drawing that helps to make design of AODL [5]
clear is presented in Fig. 1.

Fig. 1. Optical scheme of AODL: 1 — incoming laser
radiation; 2 — diffracted beam; 3 — non-diffracted
beam; 4 — paratellurite crystal; 5 — input optical facet;
6 — output facet; 7 — piezotransducer; 8 — acoustic
absorber.

We assume that the input facet (5) of the crystal (4) is
orthogonal to the wave vector (1) of the incoming laser
radiation (Fig. 1). We consider the pure shear acoustic
mode propagating in paratellurite in plane (1–10) with
the polarization vector orthogonal to that plane and cor-
responding to very high value of merit M2. Polarization
of laser radiation is shown schematically in Fig. 1.

We further assume that the acoustic wave generating
by piezotransducer (7) reflects from the input facet (5) of
crystal. We introduce the main parameter of AODL α1

as an angle between phase velocity of the acoustic wave
reflected from the input facet of the crystal and the axis
of the crystal [110]. The quasicollinear interaction takes
place within the sound column reflected from the input
optical facet (5) of the AODL in a such manner when
phase velocity of laser radiation is strictly collinear to
the group velocity of sound. After reflecting from output
optical facet (6) the sound column is dissipated by acous-
tic absorber (8). All experimental devices were fabricated
by bonding method of our own utilizing the interdiffusion
in In–Au nanostructures in vacuum [17].

The angular dispersion in adaptive dispersive devices
leading to an angular chirp of femtosecond laser beam
originates from the angular spectral dependence of Bragg
synchronism and defines the chromatic aberrations of
AODL. The reduction of chromatic aberration can be
done by adding a compensating prism with inverse dis-

persion to the output facet (6) of the crystal as it is shown
in Fig. 1.

In practice it is convenient to employ acousto-optical
delay lines when the diffracted beam (2) propagates
collinear to the input beam (1). In this case the an-
gular chirp compensation will be not so perfect. The
angular beam spreading will be nevertheless essentially
smaller than a typical divergence of femtosecond laser
beam. The tilt angle value between input (5) and onput
(6) faces of the device is about 2.7 degrees.

The spectral transmission function band width of the
AODL measured in a single frequency regime by optical
spectrum analyzer of the Agilent Technologies at −3 dB
level is about 0.6 nm at 1550 nm. The crystal length is
53 mm, the optical aperture is 4×4 mm, α1 = 3.8◦. Other
specifications are as follows: central laser wavelength —
1250 nm, maximum optical delay — 15 ps. The frequency
of the Bragg synchronism at 1550 nm is 42 MHz. Owing
to our own transducers bonding technology the driving
RF power was extremely low (about 30 mW) that permit-
ted to control the whole femtosecond pulse spectrum up
to the 200 nm in a multifrequency mode with efficiency
exceeding 70% without temperature gradients. The gen-
eral view of experimental AODL is presented in Fig. 2.

Fig. 2. General view of AODL.

3. Pulse shaping in OPCPA laser system
using AODL

The study of an AODL operating in multifrequency
regime has been carried out on the front end of a sub
PW OPCPA laser system created by the IAP RAS [16].
The block diagram of the experimental system is shown
in Fig. 3.

The front end of the system was founded on one
double-pass OPA (4) operating at repetition rate of 1 Hz.
The femtosecond master oscillator (1) was a Cr:forsterite
laser, generating 40 fs pulses of 2 nJ at a central wave-
length of 1250 nm. An AODL cell (2) was placed be-
tween a femtosecond oscillator (1) and a stretcher (3).
The diffracted beam D was directed toward the stretcher
(3) without any deviation from the initial direction.
The stretcher had the transmission band of 1000 cm−1

(1250 ± 60 nm). It expanded the pulse duration up to
600 ps. The OPA (4) was pumped by a single-mode
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Fig. 3. Block diagram of the experimental setup: 1 —
femtosecond oscillator; 2 — AODL; 3 — stretcher; 4 —
OPA; 5 — photodiode; 6 — oscilloscope; 7 — synchro-
nization system; 8 — pumping laser; 9 — spectrograph;
D — diffracted beam; N — non-diffracted beam.

Fig. 4. Efficiency of AODL over the whole spectral
band width.

single-frequency Nd:YLF laser (8) on the second har-
monic at a wavelength of λp = 527 nm, up to 1 J in
a 1.2 ns pulse. The nonlinear KD*P element in the OPA
was 95 mm in length. During the first pass the OPA
performed the broadband conversion of chirped pulses at
λi = 1250 nm into pulses of signal radiation at 910 nm.
During the second pass the λs = 910 nm radiation was
amplified. The spectrum of signal radiation after the
OPA was measured by a custom-made spectrograph (9).

The efficiency of AODL measurements in the multifre-
quency regime were performed on Infinium oscilloscope
(6) of the Agilent Technologies with the use of fast pho-
todiode (5) SIR5 of the Thorlabs.

A two-stage synchronization scheme [18] provided the
simultaneous (within ≈ 50 ps) passage of the pulses of
pumping and the pulses of single radiation through the
nonlinear OPA crystals. The laser system had an optical
jitter of ±12 µs relative to the trigger pulse of the starting
AODL.

Figure 4 shows the position of the pumping pulse
within the graphic valley in the curve of non-diffracted
femtosecond pulses.

The AODL was tuned to transform the whole spectrum
of femtosecond pulses (the sound amplitude was constant
and the sound frequency changed linearly). The time
range of the valley was about 60 µs, which was enough

Fig. 5. The whole femtosecond pulse signal spectrum
parallel processing by AODL without shaping.

Fig. 6. Amplitude shaping of femtosecond pulse signal
spectrum: (a) Gaussian hole-shaping; (b) π-shaping.

to hold all pulses injected into the OPA. The depth of
valley corresponds to the AODL’s efficiency of 70% over
the whole spectral band.

In order to avoid the saturation of parametric ampli-
fication that may noticeably distort the pattern of spec-
trum of the signal the pumping pulse energy was not used
above 0.4 J.

The band width of signal spectrum without AODL was
about 12 nm at −3 dB level. This value was smaller than
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the band width of injected pulses due to temporal non-
-uniformity of the pumping pulse (wings of signal spec-
trum amplified under pumping with smaller intensity).

The spectrum of the signal in the case when the AODL
was tuned to transform the whole spectrum of femtosec-
ond pulses is presented in Fig. 5.

That spectrum is coincident to the spectrum of the
signal without an AODL. Shaping of the sound ampli-
tude distribution in form 1−d exp(−(λ−λ0)2/w2) which
provides Gaussian valley (d = 1.0, w = 4 nm) produced
corresponding modifications in signal laser spectrum (see
Fig. 6a).

Proper selection of values of the valley’s depth
(d = 0.6) and width (w = 28 nm) allows to provide
π-shaping of the spectrum. Figure 6b demonstrates
clearly that the band width of signal spectrum is dou-
bled and exceeds 23 nm at −3 dB level.

4. Conclusion

Adaptive optical delay lines operating in femtosecond
laser systems are the only class among all other types of
acousto-optical devices providing parallel but not consis-
tent continuous optical spectra processing.

The experimental AODL system has revealed high
spectral resolution (0.6 nm at 1250 nm), high efficiency
(70% over a 120 nm spectral width at 1250 nm), and
flexibility of seed pulse amplitude control. One more
important practical advantage of the designed AODL is
collinearity of the diffracted beam to the incident one.
The AODL application offers the prospect of optimiza-
tion of the whole OPCPA laser system by increasing
the efficiency of parametric amplification, expanding the
spectrum band width and improving parameters of the
compressed pulse.
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