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We investigate the adaptive optimization of broadband laser pulses, using a closed-loop learning algorithm

in which the merit function is derived from two-photon absorption in semiconductors.

Photoluminescence

experiments with CdS thin films and photocurrent measurements of a GaAsP photodiode have been per-
formed. The experimental data demonstrate that reliable and accurate pulse compression to the bandwidth

limit can be achieved, unperturbed by nontrivial phase effects.

Therefore two-photon absorption proves to

be an easy-to-implement alternative to second-harmonic generation for the compression of broadband laser

pulses. © 2002 Optical Society of America
OCIS codes: 320.5520, 320.7130.

Adaptive feedback learning algorithms were originally
proposed as a tool to control the interaction between
light and matter.! Soon, however, it was realized that
adaptive feedback control could also be used to improve
the generation of ultrashort laser pulses.? Since then,
several groups of researchers have experimentally
demonstrated adaptive compression of ultrashort
pulses from mode-locked lasers®® and chirped-pulse
amplifiers.®® Recently, adaptive feedback control
was utilized to generate 7-fs pulses with an optical
parametric amplifier’ and to optimize pulse propa-
gation in optical fibers."* In adaptive feedback experi-
ments, an optimization algorithm directs the shaping
of optical pulses to maximize a merit function. The
published experimental results were obtained by
use of second-harmonic generation (SHG) signals as
the merit function for pulse compression.® ' This
approach has been validated by theoretical studies®
and can be considered an established method. With
broadband pulses, however, SHG has its difficulties.
Proper phase matching and a constant conversion
efficiency have to be ensured over a large spectral
range to prevent spectral filtering of the broadband
pulses.'*? Therefore, thin SHG crystals, which are
costly and difficult to produce and yield only small
SHG signals, have to be used. As a consequence,
other ways to derive a merit function in adaptive
pulse compression experiments are desirable.
Two-photon absorption (TPA) is a process that
depends on the pulse intensity and, therefore, on the
temporal width of the pulse for a fixed pulse energy.
At first glance, one would expect the highest TPA sig-
nal for the shortest, bandwidth-limited pulse. When
this holds true, the TPA signal can be used as a merit
function for adaptive pulse compression.’* However,
nontrivial phase effects can occur in TPA experiments
that will preclude the use of TPA signals as merit
functions. In atomic systems the TPA probability for
non-bandwidth-limited pulses with an asymmetric
spectral phase is as high as that for bandwidth-limited
pulses (assuming a fixed pulse energy and power
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spectrum).!*1> Moreover, if a real intermediate state
is involved in the TPA process, non-bandwidth-limited
pulses with appropriate spectral phases can give rise
to even stronger TPA than can bandwidth-limited
pulses.!¢

So far, there has been no experimental investiga-
tion of which we were aware of whether nontrivial
phase effects can occur in TPA experiments with
semiconductors. The theories in Refs. 14—16 apply
to noninteracting two-level or multilevel atoms and
cannot be applied to strongly Coulomb correlated
semiconductors'™® in a straightforward way. In
particular, a semiconductor cannot be adequately
described as an inhomogeneously broadened ensemble
of independent two-level systems, for which nontrivial
phase effects can be ruled out on theoretical grounds.'

In this Letter we show that the TPA signal in
semiconductors is maximized by the shortest possible
bandwidth-limited pulse and therefore can be used as
a merit function for adaptive pulse compression. We
performed photoluminescence experiments with CdS
thin films and made photocurrent measurements of
a GaAsP photodiode. The results show that reliable
and accurate pulse compression to the bandwidth limit
is achieved, unperturbed by nontrivial phase effects.
Because TPA does not require phase matching, it is
an easy-to-implement alternative to SHG for adaptive
compression of broadband laser pulses. Using photo-
diodes, we obtained a compact setup for measurements
of the merit function.

Our experiments were performed at room tem-
perature with a home-built titanium:sapphire laser,
generating pulses with a 50—60-nm broad spectrum
(full width at half-maximum) near 800 nm at a
91.5-MHz repetition rate. The pulses propagate
through a four-prism sequence so a bias group-delay
dispersion (GDD) can be imposed. The pulses are
then passed through a 4-f pulse shaper? with a
liquid-crystal spatial light modulator with 128 inde-
pendent pixels?* (SLM-256-NIR, Cambridge Research
& Instrumentation) at the Fourier plane. The setup
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is capable of amplitude and phase shaping; however,
only the spectral phase is modulated in the present
experiments. The pulse shaping is directed by an
evolution strategy that controls the phase differ-
ence between adjacent pixels to maximize the merit
function. Choosing discrete crossover as the recom-
bination mechanism,?! we achieved convergence after
fewer than 50 iterations. A detailed description of the
pulse shaper and the optimization algorithm can be
found in Ref. 21. The optimization algorithm showed
excellent performance in earlier adaptive control
experiments with semiconductor nonlinearities.?>%2

To validate TPA-based adaptive pulse compression,
we compare the phase that maximizes the time-
integrated SHG signal and the phase that maximizes
the TPA signal. If the two phases are equal, one can
conclude that reliable and accurate pulse compres-
sion to the bandwidth limit is achieved by use of a
TPA signal as a merit function. Here we used the
fact that SHG optimization results in a bandwidth-
limited pulse with a flat temporal phase.>” A first
experiment was performed on a polycrystalline CdS
(bandgap, 2.42 eV, corresponding to 512 nm) thin film
of 1.8-um thickness. The sample was excited near
800 nm with an average laser power P, = 21.5 mW.
In this experiment, as well as in all our other ex-
periments, the laser beam was focused to a spot
with a 18-um diameter. The photoluminescence
(PL) from the sample was collected over a 7-nm-wide
band centered at 515 nm. We verified that this PL
signal scales with P,2 for a fixed pulse shape, as
expected for TPA. The PL signal was then iteratively
maximized by the optimization algorithm to yield the
optimum phase. Likewise, the time-integrated SHG
signal from a 15-um-thick ammonium dihydrogen
phosphate crystal was maximized at the laser power
P, =215 mW.%

Figure 1 shows the optimum spectral phases found
for TPA and SHG optimization for three settings
of the prism sequence, along with the pulse spec-
trum.?* From top to bottom, the bias GDD at 800 nm
increases by 207 fs? from curve to curve. In all cases,
the TPA and the SHG phases agree very well in the
spectral range in which the power is sufficiently high
for optimization of the phase. Figure 1 demonstrates
that reliable adaptive pulse compression is achieved
by use of TPA-induced PL signals as merit functions.
This result implies that phase distortions, which are
introduced by dispersive optical elements, are accu-
rately compensated for by the optimization algorithm
if TPA signals are used as merit functions.

In a second experiment, we chose a TPA-induced
photocurrent (PC) signal as the merit function. The
PC was generated in a commercial GaAsP photodiode
(Hamamatsu G1115, peak sensitivity at 640 nm) with
an average laser power P, = 10 mW. As a result of
the TPA process, the PC signal scales with P,? for a
fixed pulse shape under our experimental conditions,
as we experimentally verified. Again, a SHG opti-
mization experiment was performed for comparison (at
P, =7mW). The optimum phases found for TPA and
SHG optimization are plotted in Fig. 2 for two settings
of the prism sequence. The bias GDD at 800 nm in-

creases by 207 fs? from top to bottom. The spectrum
of the pulses, also shown in Fig. 2, differs slightly from
that used in the PL experiment. In the independent
PC experiment we found again that the TPA and the
SHG phases agree well in the spectral range in which
the power is sufficiently high for phase optimization.
Figure 2 confirms that reliable and accurate adaptive
pulse compression can be obtained by use of TPA sig-
nals from semiconductors as merit functions.

Next we compared the experimental results with
theoretical predictions. For this purpose we sub-
tracted the reference spectral phase from the optimum
phases for +207-fs? bias GDD, using the TPA data of
Fig. 1. The experimental difference phases obtained
in this way reflect the excess spectral phase that we
introduced by changing the settings of the four-prism
sequence. The experimental difference phases were
compared with the phase differences that could be cal-
culated following the theoretical treatment in Ref. 25.
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Fig. 1. Spectral phase that maximizes the TPA-induced
photoluminescence signal from a CdS thin film and the
SHG signal. Terms that are linear in frequency and con-
stant terms have been subtracted. From top to bottom,
the bias group-delay dispersion of the setup at 800 nm in-
creases by 207 fs>. Shaded area, power spectrum of the
laser pulses. Number of iterations, 100.
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Fig. 2. Spectral phase that maximizes the TPA-induced
photocurrent signal from a GaAsP photodiode and the SHG

signal. Number of iterations, 50. All other conditions as
in Fig. 1.
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Fig. 3. TPA experiments: Optimum phase minus refer-
ence phase for the photoluminescence experiment with
the CdS thin film and the photocurrent experiment
with the GaAsP photodiode. Filled triangles, (phase for
+207-fs> bias GDD) — (reference phase); open triangles,
(phase for —207-fs> bias GDD) — (reference phase). The
solid curves were calculated for a four-prism sequence; see
text for details. Shaded areas, power spectra of the laser
pulses.

More specifically, we calculated the spectral phases
introduced by the various settings of the four-prism
sequence that were used in the experiments. From
these phases the phase differences between the prism
settings were easily obtained. At the top of Fig. 3
the experimentally determined phase differences
are compared with those predicted by theory for the
experiment with the CdS thin film. Good agreement
is found, confirming again that TPA-based adaptive
pulse compression can accurately compensate for
phase distortions introduced by dispersive optical ele-
ments. This conclusion was reconfirmed by analysis
of the TPA experiment with the GaAsP photodiode.
Following the procedure outlined above, we obtained
the experimental and the theoretical phase differ-
ences shown at the bottom in Fig. 3. These data
match well.

In summary, we have demonstrated that two-
photon absorption in semiconductors can be utilized
for the adaptive compression of ultrashort broadband
laser pulses. Reliable compression to the bandwidth
limit is achieved with this approach.
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