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Femtosecond pulse-shape modulation
at nanosecond rates

E. Frumker, E. Tal, and Y. Silberberg
Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel

D. Majer
Chiaro Networks, Ltd., 5 Nahum Heftzadi Street, Jerusalem 95484, Israel

Received May 26, 2005; accepted June 13, 2005

We report high-rate, computer-controlled femtosecond pulse shaping by use of an electro-optical gallium ar-
senide optical phased-array modulator with 2304 controlled waveguides. It provides fast modulation speed
of both spectral phases and amplitudes. Limited by the driving electronics of our current setup, we were able
to update a pulse shape in �30 ns. This technique paves the way toward individual shaping of every single
pulse of typical femtosecond mode-locked oscillators. © 2005 Optical Society of America
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Femtosecond Fourier-domain pulse shaping1 facili-
tates numerous exciting advances in many research
fields. Applications have been proposed in areas such
as optical communications,2 selective chemistry and
quantum coherent control,3,4 femtosecond microscopy
and spectroscopy.5,6 Many of these applications re-
quire dynamic control over the pulse shape.

A variety of techniques for dynamic Fourier-
domain phase and (or) amplitude control were dem-
onstrated to date, including liquid-crystal spatial
light modulators,7 deformable mirrors,8 acousto-optic
modulators,9 and scanning over fixed masks.10 In the
most widespread method, a one-dimensional array of
liquid-crystal elements is placed in the Fourier plane
of a zero-dispersion 4-f grating–lens system.7 Al-
though this approach provides significant flexibility
for pulse-shape control, permitting a practically con-
tinuous phase, amplitude, or polarization11 setting at
every pixel, it is often limited by the slow modulation
rate of a few tens of milliseconds. A deformable mir-
ror shaper is most suitable for providing smoothly
varying phase variations because of the upper limit
on curvature that can be induced in the membrane
mirror, and it, too, is limited to slow rates by the dy-
namic properties of the system. In acousto-optic
modulators the acoustic grating wave, which fills the
modulator’s aperture, is not fixed. In spite of the fact
that for every single femtosecond pulse the acoustic
wave appears frozen on the time scale of propagation
of that pulse, the pattern changes noticeably during
the time between pulses for a typical mode-locked os-
cillator (100 MHz). That practically limits the usage
of the acousto-optic shapers to lower repetition rate
systems such as femtosecond amplifiers. The scan-
ning femtosecond pulse-shaping technique10 allows
pulse shapes to be modulated at kilohertz rates but
limits them to a predetermined set of waveforms
(typically several hundreds) for any given two-
dimensional mask.

For many of the proposed applications for pulse
shaping it would be desirable to get much higher up-
dating rates than those offered by existing pulse-

shaping techniques. For example, by significantly in-
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creasing the modulation speed in adaptive closed-
loop control schemes for selective chemistry and
coherent control,3 one could achieve faster conver-
gence in the self-learning algorithms and open up
new opportunities for the control of fast dynamics
processes. Similarly, increased switching speed be-
tween different pulse shapes would result in further
improvement of the signal-to-noise ratio in pulse-
shape lock-in detection10 that could eventually facili-
tate efficient nonlinear scanning microscopy. In opti-
cal communications the modulation speed
enhancement can be directly translated into in-
creases in bandwidth and switching speed, which
could be particularly useful for optical code-division
multiple access.2

In this Letter we demonstrate a novel pulse shaper
based on a gallium arsenide (GaAs) optical phased
array that is capable of updating both spectral
phases and amplitudes on a nanosecond time scale.
We present experimental data that demonstrate both
successful pulse-shape modulation and the update
time scale.

A schematic representation of our shaper is shown
in Fig. 1. The critical component in the system is an

Fig. 1. Schematic representation of the optical phased-

array pulse shaper: SHG, second-harmonic generation.
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electro-optical GaAs–AlGaAs waveguide optical
phased array fabricated on a single chip by Chiaro
Networks.12 It contains a set of 18 subarrays, each
comprising 128 waveguides that can be individually
electrically biased by means of a set of digital-to-
analog converters. The device is used by Chiaro for
optical switching and was modified to serve as an ar-
ray of 18�128=2304 phase modulators by removal of
the fibers and part of the fiber-to-waveguide coupling
optics. The 12.5 mm long ridge waveguides were cre-
ated by photolithography and subsequent reactive-
ion etching. Each waveguide is 9 �m wide, and the
separation between waveguides is 2 �m, eliminating
waveguide-to-waveguide coupling. The gaps (dead
zones) between adjacent subarrays are 194 �m wide.
These gaps are the result of the specific Chiaro appli-
cation requirements and are not due to any techno-
logical limitations. The structures were formed upon
a multilayer AlGaAs structure grown on an N+-doped
GaAs wafer. Details of the fabrication method can be
found elsewhere.13

The optical components that were not removed
from Chiaro’s device are aspheric cylindrical lenses
(L4 and L5; Fig. 1) used for coupling light into and
out of the waveguides along the vertical axis. For
best coupling into the waveguide array, we had to
produce a flat phase front spot with vertical dimen-
sions of 450 �m on lens L4. For that purpose we used
a telescopic relay with cylindrical lenses L1 and L2
that imaged the output coupler of the laser onto lens
L4. Aspheric cylindrical lens L4 then focused the
beam down to about 2 �m, coupling the light effi-
ciently into the waveguide. To decrease the Fresnel
reflection losses from the waveguides, we coated the
device edges with single-layer antireflection coating.
The overall loss of the phased array of �7 dB is due
mainly to free-space-to-waveguide coupling loss,
Fresnel reflection loss from the waveguide’s facets,
and the dead zones. We believe that we could signifi-
cantly reduce the loss by optimizing the lens design
and customizing the waveguide array for this specific
application. Note that in this design the cylindrical
optics separate the functions of the Fourier lenses
(obtained by 250 mm cylindrical lenses L3 and L6)
and the coupling into the 2 �m waveguides over the
entire spectral bandwidth in the Fourier plane;
830 mm−1 gold-coated gratings blazed for 1260 nm
(G1, G2) were used to spectrally disperse the light.

The horizontal spot size of a single-wavelength
component was �50 �m. It covered approximately
five individual waveguides. This 5:1 ratio of spot size
to waveguide width enables both phase and ampli-
tude to be manipulated on the individual spectral
components.1 High diffraction orders resulting from
the discreteness of the waveguides are blocked by the
finite aperture of Fourier lens L6. We used a mode-
locked Cr:F laser centered about 1250 nm with an
�27 nm bandwidth. This spectrum spanned �10 mm
horizontally in the Fourier plane, illuminating �6
subarrays (a total of �700 waveguides), permitting
700/5=140 degrees of freedom for complete (phase
and amplitude) modulation. Note that this device can
provide as many as 2304/5�460 degrees of freedom
if the laser spectrum is spanned over the entire array.

The light emerging from the unbiased waveguides
shows phase variations that result from stress in-
duced by electrical contacts on the individual guides.
Therefore, by maximizing a second-harmonic signal,
we calibrated the device to flatten the output phases.
The resultant lookup table was used as the zero-
phase starting point in further experiments.

To test the shaping capability of the device, we en-
coded various phase functions into the array. The
shaped pulses were cross correlated with unshaped
pulses from the laser in a noncollinear second-
harmonic setup. Typical results are shown in Fig. 2.
Figure 2(a) shows cross-correlation traces with just
zero-phase voltages encoded into the phase array.
Figure 2(b) shows a typical result for a cosine phase
mask, i.e., ����=A cos�B��−�0��. Such harmonic
phase modulation produces a series of pulses with
relative amplitude proportional to Jn�A� for the nth
pulse. This relative amplitude distribution is further
apodized as the result of the finite spot size in the
Fourier plane.1 In Fig. 2(b) the three cross-
correlation peaks are due to the zero and first orders.
The distance between the pulses is �1.9 ps, as ex-
pected. Other sinusoidal phase masks with different
periods and (or) modulation depths �A� yielded re-
sults that were predicted by theory. To experimen-
tally verify the modulation capability of the shaper
we encoded a binary phase grating with a period (two
waveguides) that is smaller than the single-
wavelength spot size (approximately five
waveguides). By varying the relative phase �� be-
tween adjacent waveguides, one can precisely control
the ratio between the amount of light that is dif-
fracted to the zeroth order and higher orders. We
therefore have precise control of the amplitude, as
only the zeroth order is within the temporal window
defined by the single-wavelength spot size. Using this
technique, one could theoretically obtain complete at-
tenuation of a specific frequency component for ��
=�. We experimentally achieved an intensity attenu-
ation of 15 dB.

Fig. 2. Experimental cross-correlation results. (a) Only
lookup table voltages encoded into the phase array. (b) Co-
sine phase-modulated mask encoded into the phase array.
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In a second experiment we tested the update
speed. The electronics that we used limited us to
changing the phases of only one subarray for each
computer command. Therefore we narrowed the spec-
trum to just three subarrays (a total of 384
waveguides), using a slit in the Fourier plane and
thus utilizing �15 nm of the pulse spectrum. We
then encoded a � step into the central waveguide ar-
ray. The output of the shaper was focused by a 50 mm
lens into a 1 mm thick lithium iodate crystal. The
second harmonic from the crystal was filtered and di-
rected into a fast photomultiplier tube. However, the
nonlinear signal produced in a single-shot experi-
ment turned out to be quite weak and noisy. We
therefore averaged our measurements over 1000
events.

Figure 3 shows the drop in the second-harmonic
generation (SHG) signal as the phase-step command
is applied. The top figure shows the 100 MHz mode-
locked pulse train and the voltage step applied to the
device. The lower figure shows the SHG response.
The pulse shape was configured in �30 ns, a time
that was limited only by the driving electronics. The
ratio of second-harmonic signal amplitudes for un-
shaped and shaped pulses is 1.6, in excellent agree-
ment with the expected decrease in the SHG signal
for this pulse shape. Along with the second-harmonic
measurements we also measured the linear intensity
for shaped and unshaped pulses. We found the
shaped pulse intensity to be �3% less than that of an
unshaped pulse. We attribute this loss to the diffrac-
tion in the Fourier plane that is due to the � phase
steps in the case of the shaped pulse.

In summary, we have shown that a GaAs phased-

Fig. 3. Rise-time measurements. (a) Trigger signals: laser
pulses and voltage on the waveguide. (b) Second-harmonic
transient measurement.
array modulator can be used as a phase-and-
amplitude pulse shaper with a large number of con-
trolled degrees of freedom, comparable to today’s
high-end liquid-crystal modulators. The modulation
speed is many orders of magnitude higher than any
other technique used today and is close to the desired
sub-10 ns scale on which every single pulse from the
femtosecond oscillator could be independently
shaped. The experimentally demonstrated �30 ns
update time scale is far from being a physical limit in
this device and is simply due to limitations of the
driving electronics that are currently available. We
estimate that modulation speeds of the order of 1 ns,
similar to that of typical electro-optical modulators,
are attainable. On the downside, we note the neces-
sity to couple the light in a vertical direction into the
waveguides, requiring special precision mechanical
assembly. We expect that such fast-rate shaping
modulation will open new avenues in fields of re-
search such as selective chemistry, coherent control,
nonlinear scanning microscopy, and optical communi-
cations.
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