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Adaptive real-time femtosecond pulse shaping
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Experimental results of a practical self-learning pulse-shaping system are presented. Real-time adaptive
pulse shaping of uncharacterized pulses is achieved. A cross-correlation feedback measurement of the output
pulses is used by a simulated-annealing algorithm to modify the pulses iteratively toward target shapes. This
scheme can readily be used for coherent control of quantum dynamics. © 1998 Optical Society of America
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1. INTRODUCTION

Shaping of ultrashort optical pulses into desired wave-
forms has been a subject of extensive work in recent
years. The most successful techniques for ultrashort
pulse shaping involve Fourier synthesis, where the opti-
cal field is modified by filtering of its spatially dispersed
frequency components.® These techniques now allow for
shaping of sub-20-fs pulses,>® and dynamic computer-
controlled pulse shaping was achieved by liquid-crystal
modulators and acousto-optic modulators.*® In all these
pulse-shaping demonstrations the spectral filter was cal-
culated according to a fully characterized input pulse, to
match a desired, well-defined output pulse. However, in
some situations the optical field to be used for an experi-
ment is difficult or even impossible to be determined be-
fore hand, and consequently, the corresponding spectral
filter cannot be calculated. In other situations the per-
formance of these pulse shapers is limited by the need to
constantly update the spectral filter in order to account
for variations of the laser source. These limitations can
be overcome by use of an adaptive approach.5~1°

The ability to shape ultrashort pulses into arbitrary
waveforms has inspired the research on manipulation
and control of quantum-mechanical phenomena. Much
theoretical work has been directed toward the design of
waveforms that can drive reactions into thermally inac-
cessible final states.!! The design of such waveforms re-
quires complete knowledge of the Hamiltonian of the
quantum system, which is generally unknown exactly
even for simple systems having two or three atoms. Con-
sequently, the filters needed to generate the desired field
for specific tasks cannot be directly computed. In such
situations a self-learning process can be used to adap-
tively tailor pulses to optimize quantum processes.

It is the purpose of this work to demonstrate experi-
mentally, for the first time to our knowledge, a femtosec-
ond pulse-shaping system in which a self-learning process
is used to drive it to produce desired pulse shapes. In our
previous work!? we have shown that adaptive techniques
can be used successfully to compress femtosecond pulses,
by tailoring of the spectral phase of the incoming pulses,
to cancel any spectral-phase distortions. In this work we
generalize the technique of adaptive pulse compression to
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adaptive pulse shaping, to generate almost arbitrary
waveforms. While here we use a predefined pulse shape
as our target, in principle a measurement of a physical
process induced by the shaped pulses, such as second-
harmonic generation as in Ref. 10, or fluorescence, can be
used as a feedback signal to drive the system to perform a
specific task.

2. THEORY

Adaptive ultrashort pulse compression and shaping in-
volve the use of a dynamic pulse shaper and a feedback
measurement. In general, a computer is used to opti-
mize a cost function that indicates the adequacy of the
output pulses to perform a desired task. In our adaptive
pulse-shaping scheme the input pulses, which need not be
characterized, are modified iteratively to match desired
pulse shapes by minimization of a cost function that indi-
cates the deviation of the output pulses from the desired
shapes. As in our previous work on adaptive
compression,'® we used a programmable pulse shaper
that allows for independent control of the individual spec-
tral components of the incoming pulses, to realize almost
arbitrary waveforms. A cross-correlation measurement
of the output pulses was used as a feedback to evaluate a
cost function that was minimized by a simulated-
annealing optimization procedure.” In this work we
characterized the output pulses by an intensity cross-
correlation measurement, and therefore this scheme was
insensitive to the phase structure of the output field.

A. Optimization of the Phase Filter

We used a simulated-annealing algorithm similar to that
described in our previous work,>1? to optimize the pixel-
ized spectral phase mask of our femtosecond pulse shaper
(see Section 3). The optimization procedure, illustrated
in Fig. 1, begins by setting the predetermined number of
iterations N, and by assigning a zero phase delay to an
initial trial phase vector ®@. In each iteration a random
phase change vector 6® is generated according to

5P = a(l - ]%)r @.1)
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Fig. 1. Optimization procedure for adaptive pulse shaping.
The dashed boxes describe operations that are performed by the
experimental optical setup. In each iteration a random phase
change vector is generated and added to the current phase vector
to form a trial phase filter, which is applied to the SLM. The
output shaped pulse is measured, a cost is calculated, and the
change is accepted if the cost is smaller than that of the last ac-
cepted change, and rejected otherwise.

where i is the iteration number, r is a random variable
vector, whose elements are uniformly distributed between
—m/2 and 7/2, and « is an adjustable constant parameter.
Both N and « are set to improve the rate of convergence.
The random phase change vector 6® is added to the cur-
rent phase vector ®, to form a trial phase solution vector
@, and this phase vector is applied to the program-
mable pulse shaper, to generate the shaped output
pulses. The intensity cross-correlation signal of the out-
put shaped pulse G¥(7) is then measured:

GW(7) = f IO (), (t + 7dt, (2.2)

where I ffu)t(t) and I,.(¢) are the intensities of the output
pulse and a short reference pulse obtained directly from
the laser, respectively. Next, the cost C*¥) is calculated,
as described in the following subsection. The new phase
change is always accepted if the new cost is smaller than
that of the last accepted phase change, and rejected oth-
erwise.
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B. Cost Functions

The simulated-annealing algorithm, used for the optimi-
zation of the phase filter, requires the use of a cost func-
tion, which provides a measure of the deviation of the
shaped pulses from the target shapes. In defining the
cost function, considerations such as the target-shape
symmetry, limitations imposed by the experimental
setup, and convergence rate of the optimization procedure
should be taken into account. For this work we investi-
gated the use of three cost functions. First, we calculate
the intensity cross correlation between the desired output
pulse and a short reference pulse, to form the target
shape G, (7). A straightforward definition for the cost
function is

CWZJWWﬂ—Qﬂm%- (2.3)

The minimization of this cost function requires that the
shaped pulse matches the target shape. However, Eq.
(2.3) does not allow for any temporal shifts between the
shaped pulse and the target shape, which are of no impor-
tance in most experimental situations. This constraint
reduces the solution space and hence the rate of conver-
gence. Furthermore, mechanical instabilities such as
synchronization jitter of the cross-correlation measure-
ment may significantly alter the cost and prevent the pro-
cess from converging. A time-invariant cost function can
be defined as follows:

C" = min f |G (7 + 67) — Gia(D)|d7,  (2.4)
|87 |<T

where 67 is a time shift, and 7' is a small time window.
The cost function, given by Eq. (2.4), overcomes the time-
invariance problem, but introduces additional complexity
to the optimization algorithm, and may increase the over-
all time needed for the optimization process.

We have also used an alternative definition for a time-
invariant cost function:

o = J

where ¥ 9(w) and %,,,(w) are the Fourier transforms of
GP(7) and Gy,(7), respectively. The time-invariant
property simply follows from the fact that the power spec-
trum of a signal is identical to the power spectrum of its
time-shifted replica. However, since both G, (7) and
G.(—7) have the same power spectrum, the algorithm
might converge to a time-reversed version of the target
shape, as we have observed in some experiments. The
cost function given by Eq. (2.5) is suited for symmetrical
target shapes.

7 D(w)| —

Ztar(0)||dw, (2.5)

3. EXPERIMENTAL RESULTS

The layout of our experimental setup for adaptive pulse
shaping is shown in Fig. 2. The setup is composed of a
programmable pulse shaper, a cross-correlation measure-
ment arrangement, a digital oscilloscope, and a computer
used for calculating and updating the spectral filter. The
femtosecond pulse source for the experiment was a mode-
locked Ti:sapphire laser, which produced 27-fs FWHM
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Fourier-limited sech? intensity pulses, centered at 800
nm. The programmable 4-f pulse shaper! was composed
of a pair of diffraction gratings with 1200 lines/mm and a
pair of achromat lenses with a 100-mm focal length. A
programmable one-dimensional liquid-crystal spatial
light modulator (SLM) array (SLM-256, Cambridge Re-
search & Instrumentation, Inc.) was placed at the Fourier
plane of the shaper and was used as an updatable filter
for spectral manipulation of the incoming pulses. This
SLM allows for independent control of the phase and the
amplitude for each of its 128 pixels,'? although in this
work it was used as a phase-only filter.?®> The width of
each pixel was 97 um, the interpixel gap was 3 um, and
the spot size at the Fourier plane was ~80 um. A real-
time background-free intensity cross-correlation mea-
surement was performed to characterize the output
pulses. We achieved this by focusing the output pulses
and the short reference pulse, obtained directly from the
laser, using a lens with 50-mm focal length, onto a 100-
pm-thick frequency-doubling B barium borate crystal.
The second-harmonic signal was detected by a photomul-
tiplier, sampled by a digital oscilloscope, and displayed in
real-time. A computer served for reading this signal, for
evaluating the cost function, for optimizing the spectral
filter, and for updating the SLM. To demonstrate the po-
tential of adaptive shaping, we numerically generated a
variety of desired pulse shapes, and the intensity distri-
bution of each of them was numerically cross correlated
with a 27-fs sech? intensity pulse, to form target shapes.
We then closed the feedback loop, and monitored, during
each run, the evolution of the cost function as the process
progressed.

The experimentally obtained cross-correlation mea-
surements of the shaped output pulses and the target
shapes for three different cases are shown in Fig. 3. The
target shapes (dashed), correspond to (a) a sequence of
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Fig. 2. Experimental setup for adaptive pulse shaping. The
setup consists of a 4-f pulse shaper, a programmable liquid-
crystal SLM, a background-free intensity cross-correlation ar-
rangement, a digital oscilloscope, and a computer. The com-
puter was used for acquiring the cross-correlation measurement,
for calculating the cost function, and for updating the spectral fil-
ter of the SLM accordingly.
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Fig. 3. Experimental cross-correlation signals of the shaped
pulses (solid) and the target signals (dashed): (a) A sequence of
few nonidentical features. (b) A pulse doublet, each pulse of 54-
fs-long duration, separated by 450 fs. (c) A square pulse of 190-
fs-long duration. The results were obtained by a simulated-
annealing algorithm after 1000 iterations.

few nonidentical features, (b) a pulse doublet, each pulse
of 54-fs-long duration, separated by 450 fs, and (c) a
square pulse of 190-fs-long duration. The corresponding
shaped output pulses, shown in Figs. 3(a)-3(c) (solid),
were obtained by use of the simulated-annealing algo-
rithm with 1000 iterations, and the cost was calculated
according to Eq. (2.5) for case (a) and according to Eq.
(2.4) for cases (b) and (c). As can be verified by compar-
ing the shaped pulses with the target shapes, the location
of the features of the output pulses, their duration, and
their heights well match those of the target shapes.
However, in case (c) the top of the shaped pulse is not flat.
This result is mainly attributed to fundamental limita-
tions of phase-only filtering, since it is well known, in gen-
eral, that phase-only filtering can be used only to approxi-
mate desired pulses. Indeed, our experimental results
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agree with the results of square pulse shaping obtained
by phase-only filtering reported in Ref. 13. In order to
analyze the performance of our adaptive pulse-shaping
scheme, as well as to provide an insight to the adaptive
shaping process, we performed simulations of the adap-
tive process and calculated the shaping of pulses into the
same target shapes used in the experiment. Figure 4
presents the target shapes (dashed) and the correspond-
ing calculated shaped output pulses (solid). These re-
sults were obtained by use of the simulated-annealing al-
gorithm with 1000 iterations. Finally, as a typical
example, we present in Fig. 5 the convergence process as
reflected through the decrease of the cost function for the
shaping procedure toward the shape shown in Fig. 3(a).
Interestingly, this type of convergence was typical for all
runs, and it was also observed in the numerical simula-
tions.

1.2

(@

Intensity [au]

500

1.2
1.0 (b)
0.8
0.6

0.4

Intensity [au]

0.2

0.0

-500 0 500
1.2

1.0 (c)
0.8
06

0.4

Intensity [au]

0.2

0.0

300 0 "~ 300
Delay [fs]
Fig. 4. Calculated cross-correlation signals of the shaped pulses

(solid) and the target signals (dashed), corresponding to the ex-
perimental results shown in Figs. 3(a)-3(c).
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Fig. 5. Convergence of the cost function for the case of adaptive
shaping, where the final shaped pulse is shown in Fig. 3(a).

Although the cross correlation of the shaped pulses
well approximates the target shapes, the results should
be carefully interpreted. In this work the pulses were
adaptively shaped to approximate the intensity cross cor-
relation between a desired pulse and a short reference
pulse. Consequently, the shaped pulses were character-
ized by their intensity distribution, and not by their com-
plex field. However, this is not a fundamental limitation
of the adaptive pulse-shaping approach. Essentially, any
real-time technique for full characterization of the shaped
pulses, such as real-time frequency-resolved optical
gating!® or real-time temporal analysis by dispersing a
pair of light e fields'® can be used to calculate a cost func-
tion to approximate any complex target field distribution,
rather than an intensity distribution. Such complete
control of temporal amplitude and phase requires both
amplitude and phase modulation of the spectral compo-
nents, which doubles the degrees of freedom for optimiza-
tion.

Adaptive pulse shaping by this SLM is subject to a
number of limitations, as we have already discussed in
our adaptive compression demonstration.'® Since spec-
tral filtering is accomplished by control over 128 discrete
pixels of the SLM, continuous filters cannot be realized,
and strong spectral phase variations cannot be applied.
Furthermore, owing to the pixilation, some modulation of
the spectrum was observed. As a result, low-intensity
pulses separated by ~3 ps from the shaped pulse were
measured. Although these pulses were small, they could
interfere with the pulse when its features overlap with
them. Consequently, pulse shaping by our SLM in this
configuration was limited to generate shaped pulses
within an ~3-ps temporal window. An important issue
regarding any practical implementation of the adaptive
scheme is the overall time needed for the process. In this
work the bottleneck of the process was the updating time
of the SLM, which was ~500 ms, limited by the electron-
ics driver of the SLM, so that the time needed for a single
iteration was ~1 s. In this work, 1000 iterations were
performed at each run, setting the overall time needed for
the shaping process to ~15 min. The update time can be
significantly reduced with higher update rates and faster
SLM’s.
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4. CONCLUSIONS

In summary, we have shown first experimental results of
adaptive femtosecond pulse shaping. A practical self-
learning scheme was used for shaping of uncharacterized
pulses into desired waveforms. We expect that this tech-
nique, with appropriate feedback signals, will play an im-
portant role in the field of coherent control of quantum
dynamics, by use of the experimental setup as an analog
computer to exactly solve Schrodinger’s equation in real
time.
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