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Spectral phase effects on nonlinear resonant photochemistry
of 1,3-cyclohexadiene in solution
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We have investigated the ring opening of 1,3-cyclohexadiene to form 1,3,5-cis-hexatriene �Z-HT�
using optical pulse shaping to enhance multiphoton excitation. A closed-loop learning algorithm was
used to search for an optimal spectral phase function, with the effectiveness or fitness of each optical
pulse assessed using the UV absorption spectrum. The learning algorithm was able to identify pulses
that increased the formation of Z-HT by as much as a factor of 2 and to identify pulse shapes that
decreased solvent fragmentation while leaving the formation of Z-HT essentially unaffected. The
highest yields of Z-HT did not occur for the highest peak intensity laser pulses. Rather, negative
quadratic phase was identified as an important control parameter in the formation of Z-HT. © 2006
American Institute of Physics. �DOI: 10.1063/1.2168454�
I. INTRODUCTION

Control over physical processes in molecules via phase
shaping of an ultrafast laser pulse has now been widely
demonstrated.1 Experiments reported in the literature range
from strong-field multiphoton control of molecular rear-
rangements in the gas phase2 to control of excited-state
populations in resonant transitions in liquids.3,5 These experi-
ments represent important steps toward the ultimate goal:
optical control of chemical reactivity. However, coherent
control of molecular rearrangement and chemical reactivity
in the condensed phase faces several challenges that distin-
guish it from control in atomic systems or simple control of
an excited-state population. These challenges include dissi-
pation, dephasing, and interference by nonlinear interactions
of high intensity pulses with solvent molecules. In the face of
these complexities, the optical control of solution phase re-
activity remains an important active field of research. A sig-
nificant advance was recently reported on this subject: the
control of a solution phase cis-trans photoisomerization fol-
lowing “one-photon” excitation.6 In this paper we report on a
series of experiments exploring the pulse-shape dependence
of the multiphoton photochemistry of 1,3-cyclohexadiene in
solution.

1,3-cyclohexadiene �CHD� undergoes an optically in-
duced ring-opening reaction to form 1,3,5-cis-hexatriene �Z-
HT�. This ring opening is analogous to the chromophore dy-
namics through which 7-dehydrocholesterol forms
previtamin D, a reaction that occurs in human skin.7 A sche-
matic of the CHD ring opening and the absorption spectra of
CHD and Z-HT are shown in Fig. 1. Extensive experimental8

and theoretical investigations9–14 have led to a detailed un-
derstanding of the CHD isomerization: Upon excitation in
the UV absorption band, the electronic population is trans-
ferred from the 1A ground state to the 1B excited state. The
wave packet produced in this excitation process accelerates
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along the torsional reaction coordinate.15 Before significant
nuclear motion can occur on the 1B surface the wave packet
is funneled through a conical intersection onto the 2A excited
state where most of the nuclear ring-opening dynamics oc-
cur. CHD returns to the ground state through several conical
intersections between the 1A and 2A potential-energy
surfaces.9,16 The internal conversion to the ground electronic
state is complete within a few hundred femtoseconds of ex-
citation to the one-photon-allowed electronic state. Sixty per-
cent of the excited molecules relax back to form vibra-
tionally hot CHD, while the remaining 40% isomerize to
form cZc-HT with cis �or more precisely, gauche� configu-
rations around both of the single bonds. Within 50 ps most of
the vibrationally excited Z-HT undergoes conformational re-
laxation to the stable tZt-HT form with trans configurations

FIG. 1. �Color online� Steady-state absorption spectra of 1,3-cyclohexadiene
�CHD, dot-dashed line� and cis-1,3,5-hexatriene �Z-HT, solid line�. The os-
cillator strength of HT is approximately eight times that of CHD �Ref. 6�. A
cartoon �not to scale� of the electronic states and molecular conformations

playing a role in the photochemistry of CHD is also shown in the figure.
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around both of the single bonds, while a few percent is
trapped as cZt-HT, relaxing to the tZt-HT ground-state con-
figuration within a nanosecond.17

Recently CHD has been recognized as a candidate for
coherent control and for potential use as a molecular logic
switch.18 Direct one-photon 1A→2A transitions are effec-
tively forbidden. With linear excitation, dynamics on the 2A
state must proceed under the momentum of the wave packet
shaped on the optically accessible 1B state. Therefore, theo-
retical investigations of coherent control in CHD have fo-
cused on wave-packet shaping on the time scale of the 1B
lifetime, 10–30 fs.10,19,20 de Vivie-Riedle and co-workers
have developed wave-packet propagation simulations show-
ing that the quantum yield of the Z-HT formation depends on
the initial condition of the wave packet on the 2A
surface.10–13

In the CHD→Z-HT reaction out-of-plane torsional mo-
tions account for much of the nuclear dynamics in the ring-
opening process. The primary difference between the equi-
librium geometry of CHD and the open-ring structure of
cZc-HT is an increase in the distortion from planarity in the
latter molecule. Although the ring-opening reaction occurs
on the 2A state, torsional distortion is already active in the
1B state as evidenced in the resonance Raman excitation
profile.15 The lowest ground-state vibrational modes detected
in resonance Raman, at 203 and 507 cm−1, were assigned to
CvC torsions.

It is reasonable to expect that excited state coherent in-
tramolecular dynamics will influence the CHD ring-opening
reaction. Complete active space self-consistent field �CAS-
SCF� and multistate complete active space second order per-
turbation theory �MS-CASPT2� calculations have identified
two conical intersections �CIs� connecting the S1 �2A� and
the S0 �1A� potential-energy surfaces.9,16,21 Hoffman et al.
pointed out that the minimum-energy excited-state configu-
ration corresponding to these two primary S1 /S0 conical in-
tersections can be reproduced relatively well by six dominant
vibrational modes, where the lowest-frequency mode,
196 cm−1, projects strongly onto the torsional CvC reaction
coordinate.11,14 These two conical intersections represent dif-
ferent reaction pathways. The higher-energy CI dominates
the ultrafast internal conversion and is consistent with the
observed 40% yield for the Z-HT formation under linear ex-
citation conditions. Hoffman and de Vivie-Riedle,12 and
Geppert and de Vivie-Riedle19 determined that passage
through the lower-energy CI is slower and results in lower
yield for Z-HT �ca. 30%�. Following internal conversion
from the 1B state to the 2A state the reaction proceeds
through both pathways. To effect control via excitation to the
1B state, approximately 30 000 cm−1 of coherent bandwidth
was required in the calculations of Geppert and de
Vivie-Riedle.19 In this broad bandwidth limit, hexatriene pro-
duction depends on the shape of the laser pulse. Though
these theoretical results demonstrate the potential for coher-
ent control of CHD, the optimal pulse shapes are not easily
attained in the laboratory.

Multiphoton excitation of CHD can result in direct exci-
tation of the 2A state, bypassing the limitation of the 1B

lifetime. Thus, a significant question is whether coherent
control of the CHD to Z-HT photoisomerization is possible
in the case of multiphoton absorption with longer pulses. To
study this problem we employed narrower bandwidth pulses,
125 and 310 cm−1, with a central wavelength of 800 nm
�1.25�104 cm−1�. The transform limits of these pulses are
ca. 120 and 50 fs, respectively. Resonant excitation of the
��* transition requires simultaneous absorption of three
photons. The limited bandwidth available forbids impulsive
excitation of all but the lowest-frequency modes of CHD.
Nonetheless we have found that spectral phase affects the
production of Z-HT through multiphoton excitation, even
when the pulse features are on the time scale of the ring
opening. Negative chirp is identified as an important control
parameter in the formation of Z-HT.

II. EXPERIMENT

Experiments were conducted independently on two dif-
ferent Ti:sapphire laser systems. Both laser systems pro-
duced amplified pulses with a maximum energy of 1 mJ and
a central wavelength of 800 nm. One laser system operates at
a repetition rate of 10 Hz and has 8 nm �125 cm−1� full
width at half maximum �FWHM� of spectral bandwidth. The
second laser system operates at 1 kHz and has a bandwidth
of 20 nm FWHM �310 cm−1�. All experiments were con-
ducted in a pump-probe configuration with a probe pulse at a
fixed time delay, nanoseconds after the shaped pump pulse.
Thus, the probe detects the formation of the permanent Z-HT
product long after relaxation to the stable tZt-HT conformer.
Differential absorption of the probe pulse is a direct measure
of the concentration of Z-HT created by the pump pulse.

Two types of optical probes were used in these experi-
ments �Fig. 2�. For the experiments carried out using the
narrower bandwidth laser, the fourth harmonic of a Nd:YAG
�yttrium aluminum garnet� laser was focused into a 1 m cell

FIG. 2. Comparison of the probe pulses used for detection of the photopro-
duct Z-HT. The anticipated difference spectrum for the production of Z-HT
from CHD in cyclohexane �dashed line� is shown for comparison. The dis-
crete probe using the UV lines generated in a high-pressure CO2 Raman cell
consists of narrow peaks at 266, 276, 287, 299, and 312 nm. The dot-dashed
line illustrates a typical UV continuum probe. The points represent a differ-
ence spectrum obtained using the UV continuum probe and a transform-
limited pump pulse ��=268 nm�. This spectrum shows resolution of the full
0-0 peak of Z-HT.
containing CO2 at high pressure. Stimulated Raman scatter-
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ing in the CO2 gas produced five narrow lines in the ultra-
violet �UV�. The 10 ns probe pulses were centered at a time
delay of 20 ns after the pump pulse.

Experiments conducted with the 1 kHz laser system with
a 20 nm bandwidth used a femtosecond ultraviolet con-
tinuum probe. The compressed fundamental of the laser was
focused into a 1 cm cell of ethylene glycol where self-phase
modulation �SPM� and other nonlinear effects22 broadened
the spectrum into a white light continuum. The white light
was collimated and focused by a fast achromatic lens �f
=30 mm� into a beta barium borate �BBO� crystal for type-I
doubling. Typically, a bandwidth of 60–80 nm of visible ra-
diation was adequately phase matched for second-harmonic
generation �SHG� producing a continuum tunable from
�260 to 320 nm. The probe pulses were delayed to arrive at
the sample either 1 or 12 ns after the pump pulse. Compen-
sation for temporal dispersion in the probe pulse was unnec-
essary because the dispersion was insignificant compared
with the nanosecond delay between the pump and probe
pulses in these experiments.

Control of the spectral phase of the 800 nm laser pulse
was realized with a pulse shaping system based on a zero-
dispersion Fourier filter design using an acousto-optic modu-
lator �AOM� as introduced by Warren et al.23 The shaped
pulse was amplified further in a two-to-five-pass Ti:sapphire
amplifier and compressed using a grating pair.24

Accurate optimal control theory calculations of the CHD
system in solution are challenging research problems in their
own right, stretching present capabilities. Instead, full time-
dependent solutions for laser-induced photoisomerization
can be found by experimental searches using a learning al-
gorithm in conjunction with a closed feedback loop.25 The
learning algorithm used in these experiments is a modified
genetic algorithm �GA� and is described in detail
elsewhere.24

For feedback into the learning algorithm, the optical
probe transmitted through the CHD sample was collected
with a multichannel spectrometer �Ocean Optics S2000�. An
optical chopper was used to block the pump pulse to alter-
nately obtain a pumped photoproduct spectrum �Isig� or ref-
erence spectrum �Iref� for the transmitted probe. From each
pair of spectra a difference spectrum was calculated as
�A���=−log�Isig��� / Iref����.

Two control goals were used. The first control goal �goal
1� monitored Z-HT production defined in terms of the objec-
tive functional J�E�,

J�E� = �
260

280

�A��,E�d� , �1�

where � is the probe wavelength and E is the applied electric
field of the optical pulse. Because both of the probes used in
these experiments sample the regions of the spectrum inside
and outside of the expected hexatriene absorption, the second
control goal was designed with a penalty for absorption out-

side of the region of the Z-HT spectrum,
C�E� = �
280

300

�A��,E�d� . �2�

Goal 2, defined as J�E�-C�E�, permits some discrimination
between signals corresponding to the formation of Z-HT and
signals corresponding to the background effects in the sol-
vent.

The samples were prepared by diluting 1,3-
cyclohexadiene �Aldrich� with spectroscopic grade cyclohex-
ane or hexane to a concentration of 4 mM. The sample was
flowed though a 1-mm-thick quartz flow cell at a rate suffi-
cient to replenish the sample between laser pulses. Immedi-
ately following the search algorithm, a fresh sample of the
solution was irradiated with pulses having the highest fitness
pulse shape. Steady-state spectra for the samples were ob-
tained using a Shimadzu UV-1601 UV-VIS spectrometer.

III. RESULTS

A. Feedback control

Genetic algorithm searches were successful in increasing
the transient absorption signature for Z-HT. Pulse fitness im-
proved by as much as an order of magnitude or more be-
tween the first and last generations of the GA �Fig. 3�.
Among the set of GA solutions, certain common attributes
were robust under variations in pulse energy and bandwidth.
Notably, in all of these experiments the pulse that produced
the strongest transient absorption in the CHD solution was
not transform limited despite the fact that excitation was a
multiphoton process.

Difference spectra from a typical GA run using the Ra-
man probe are summarized in Fig. 4. The pulse found to best
satisfy control goal 2 results in the absorption of the 266 and
276 nm lines more than a factor of 2 stronger than the
transform-limited pulse. The transmission of the 287, 299,
and 312 nm lines was not significantly affected. A second
run with a higher pulse energy reproduced these results and
recovered a nearly identical optimal pulse shape. These ex-
periments demonstrated a clear ability of the GA to generate

FIG. 3. Trajectory illustrating the fitness of the best pulse for each genera-
tion �filled� and median fitness of each generation �open circles� of a typical
experiment. Fitness is normalized to the plateau rather than absolute best
fitness.
pulse shapes resulting in optimized differential photoproduct
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absorption in solution. However, the sparse probe spectrum
is insufficient to uniquely identify the products contributing
to the difference spectrum.

Peak structure in the difference spectrum corresponding
to Z-HT becomes clear when the UV continuum probe pulse
is used. Data obtained during one series of experiments are
plotted in Fig. 5. Randomly generated pulse shapes typically
produced weak, featureless absorption extending over all
probe wavelengths. This broad background is not part of the
expected Z-HT absorption spectrum �see Fig. 2�, but was
observed in all multiphoton experiments.

Excitation of a solvent-only sample with a transform-
limited pulse results in an enhanced background signal. The
solvent-only difference spectrum is slowly varying over this
spectral region and does not exhibit the characteristic 0-0
transition of Z-HT. Excitation of CHD in hexane results in a

FIG. 4. �Color online� Sample difference spectra that best met the control
goal in GA searches using the CO2 Raman probe. The dashed line is the
expected difference spectrum for the production of cis-1,3,5-hexatriene from
CHD. The pulse optimized under control goal 2 produced strong absorption
for two of the probe lines �triangles� compared with the transform-limited
pulse �circles�.

FIG. 5. �Color online� Difference spectra observed following excitation of
CHD in hexane with an 800 nm pulse. The time delay of the probe was 1 ns.
Dashed line: the difference between the steady-state spectra of Z-HT and
CHD. Solid line: fit to the difference spectra observed following excitation
of solvent-only samples with transform-limited pulses. Filled circles: the
difference spectrum produced by excitation of CHD in hexane with ran-
domly generated pulse shapes. Diamonds: the difference spectrum observed
following excitation of CHD in hexane with transform-limited pulses. Open
circles: the difference spectrum obtained by the GA with the control goal 1.

Triangles: the difference spectrum obtained by the GA with control goal 2.
difference spectrum with a broad background, similar to that
observed in solvent only, with the addition of a distinct ab-
sorption peak characteristic of the 0-0 transition of Z-HT.
Analysis of the optimized difference spectra requires fitting
the data to a linear combination of the background spectrum
obtained from the solvent-only scans and the known Z-HT–
CHD difference spectrum. The spectral structure of the sol-
vent transient is assumed to be invariant with pulse shape for
pulses with high fitness.

The GA algorithm with control goal 1 results in a modest
increase in the background ��13% �, but a significant in-
crease in the 0-0 transition of Z-HT ��100% � �see Fig. 5�.
Control goal 2 was designed to suppress the absorption back-
ground or favor pulse shapes that discriminated between ab-
sorption regions. For the data plotted in Fig. 5, the GA suc-
cessfully suppressed the background ��50% reduction�
while leaving the signal due to the 0-0 transition of Z-HT
essentially the same as for the transform-limited pulse ��5%
increase�. In a second set of experiments comparing control
goals 1 and 2, data not shown, the optimization resulted in a
33% suppression of background for goal 2 over goal 1 at the
expense of a corresponding decrease in the Z-HT signal. For
all of the experiments, control goal 1 was effective in in-
creasing the 0-0 Z-HT peak, often with a significant con-
comitant increase in the background signal. Control goal 2
reduced solvent background processes, sometimes at the ex-
pense of the Z-HT signal. The definition of the search goal
clearly influenced the solutions found by the GA.

B. Steady-state spectroscopy

Steady-state UV absorption spectroscopy was used to
analyze photoproducts produced by multiphoton excitation
of the solvent and to confirm the enhanced production of
Z-HT by the optimized laser pulses. Although absorption to
electronic states of the solvent is a higher-order process than
excitation of CHD �requiring at least four or five photons�,
the broad backgrounds observed in Figs. 4 and 5 demonstrate
the presence of additional photoproducts formed in these sol-

FIG. 6. UV-VIS spectra obtained from irradiated samples of the CHD so-
lution �solid� and neat hexane �dashed�. The 800 nm pulse is transform
limited. The structure of the hexatriene spectrum is clearly resolved follow-
ing excitation of CHD. Additional photoproducts are seen in both the CHD
solution and pure hexane. However, Z-HT is observed only in the CHD
solution.
vents. To clarify the solvent photochemistry the samples of
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pure solvent and the samples of CHD solution were irradi-
ated under identical experimental conditions. A similar deep
UV background was observed in both the CHD solution and
in pure hexane �Fig. 6�. Photoproducts can be difficult to
identify by linear spectroscopy due to the broad and rela-
tively featureless UV absorption spectra of most small al-
kanes, alkenes, and alkynes. However, the peaks at 221 and
227 nm are consistent with the formation of hex-3-en-1-yne
�C6H8� and possibly 1,3-pentadiene.26 In general, the deep
UV background suggests complex fragmentation and rear-
rangement of the solvent. These higher-order processes are
probably in competition with the formation of, and certainly
complicated detection of, the desired photoproduct, Z-HT. To
some extent, pulse shapes favoring Z-HT production also
favor solvent excitation.

On the other hand, Z-HT was detected only in the CHD
solution. We can therefore conclude that Z-HT is produced
from CHD rather than fragmentation or rearrangement of the
solvent. As an aside, the experiments described above were
carried out in hexane rather than cyclohexane because irra-
diation of neat cyclohexane resulted in small yields of HT in
the absence of CHD.

Steady-state UV-VIS spectra of the samples irradiated
with the optimal pulse shapes were acquired to assess the
effectiveness of the pulses found by the GA. Difference
spectra were obtained comparing the CHD samples irradi-
ated with either by the optimal pulse shape determined by
the GA or by a reference pulse shape that was close to trans-

FIG. 7. �Color online� UV-VIS difference spectra were obtained as the
difference between a sample irradiated with the optimal pulse and a refer-
ence sample irradiated with a nearly transform-limited pulse. Difference
spectra for three pairs of pulse shapes are shown �solid, small dashes, and
dot-dashed lines�. A reference spectrum for Z-HT is also shown �large
dashes�. The inset shows the phase ����� responsible for the corresponding
difference spectra. Negative chirp is a common feature among the pulses
with higher Z-HT yield. A phase function with pure linear chirp, �����=
−2.0�104, is shown in the inset for reference �large dashes�.
form limited. Difference spectra for three independent runs
are shown in Fig. 7. The difference in phase for each pair,
�����=����GA−����ref, is responsible for a positive net
yield in Z-HT. Because the reference pulse in each pair is
nearly transform limited �����������GA�, we can con-
clude that the difference in phase represents an important
control parameter in the multiphoton production of Z-HT.
Negative chirp is a common feature among the pulses pro-
ducing a higher Z-HT yield. The relatively low intensity of
the optimal pulse suggests that multiphoton absorption is in
competition with the mechanisms of interest in the ring
opening. A more detailed analysis of the optimized pulse
shapes is considered in the Discussion section below.

IV. DISCUSSION

The data described above illustrate the production of
Z-HT from CHD through interaction with 800 nm pulses.
Because these experiments rely on multiphoton absorption to
initiate the CHD ring opening, we can expect that the tran-
sient absorption will depend strongly on pulse intensity I.
The probability for three-photon absorption scales is I3.
Therefore we expected to find that the optimal pulse had the
highest peak intensity, i.e., a Fourier-transform-limited pulse.
This was not found. Instead, the production of Z-HT is opti-
mized for specific non-transform-limited pulses. Clearly,
high peak power is not the only important criterion for the
production of Z-HT in the CHD solution.

Conclusions need not be drawn from only the limited
number of optimal pulses. While the optimal pulses found in
these experiments exhibit several obvious common features,
each GA search tests several hundred different pulse shapes.
Phase and amplitude information were saved for every pulse
shape tested. As a result the GA search set comprises a data
set much larger than the set of optimal pulse shapes. Impor-
tant insights may arise from a systematic analysis of corre-
lations between pulse characteristics and pulse performance
for all of the pulses in this search set.27 Duplicate pulse
shapes, tested multiple times �clones�, have been removed
from the data sets and are represented by an average fitness.

A. Comparison of pulse fitness and peak power

The influence of peak power can be estimated by calcu-
lating the nonlinear power spectrum of each pulse.28 The
nth-order nonlinear power spectrum is proportional to an nth
order convolution of fields where the complex field of the
fundamental pulse is given by E���=A���exp�i�����, where
A��� and ���� represent the amplitude and phase pro-
grammed onto the AOM.

Several multiphoton experiments in the literature com-
pensate for the intrinsic intensity dependence by taking the
fitness as a ratio between two nonlinear processes of the
same order.5,29,30 The common dependence of the nonlinear
processes on the integrated nonlinear power spectrum,
�Sn���d� cancels in the ratio, leaving the fitness function
dependent only on the properties of the molecular system
under study. This method has proved useful in isolating small
pulse-shape dependencies, in experiments which would oth-

erwise have discovered only the trivial result of a transform-
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limited pulse. In the present experiments, effective, non-
trivial pulses were found despite the intensity dependence.

The intrinsic pulse intensity can easily be calculated
from the known values of A��� and ���� and compared with
the observed fitness. An application of this analysis to a GA
search on second-harmonic generation is illustrated in Fig. 8.
A 1-mm-thick BBO crystal was placed at the position of the
CHD sample. Second-harmonic power was measured by a
photodiode and was fed back to the learning algorithm. As-
suming that second-harmonic efficiency is independent of
wavelength over the bandwidth of the laser, the second-
harmonic signal should be proportional to the integrated non-
linear power spectrum P2�=�S2���d�, where

S2��� = 	�
−�

�

d�A���A�� − ��ei�����+���−���	2

�3�

is the spectral density of the square of the shaped electro-
magnetic field.

The measurements and the calculated nonlinear inte-
grated power show strong correlation �Fig. 8�. Deviations
from a line of unit slope reflect collective errors due to
propagation of the shaped pulse, saturation effects in the
post-AOM amplification, imperfect calibration of the pulse
shaper, and, to a lesser effect, imperfect alignment of the
doubling crystal. Taking into account all sources of experi-
mental noise, we can be confident that the pulse at the
sample has peak power within 20% of the calibrated value.
The pulse shape with the highest conversion efficiency was
used to calibrate the phase of the AOM in the CHD experi-
ments described in the next paragraph.

A similar analysis is now applied to the GA searches for
optimal Z-HT formation from CHD. Because at least three
photons are required for excitation of CHD to the lowest
excited electronic states, pulse fitness is plotted with respect
to the integrated third-order nonlinear power P3�

FIG. 8. Correlation between the pulse fitness and the calculated nonlinear
power for a GA experiment with the goal of doubling 800 nm pulses in a
BBO crystal. The nonlinear power spectrum was calculated using calibrated
phase and amplitude profiles for every pulse tested in the algorithm. Both
the measured and calculated powers have been normalized to the pulse with
the highest conversion efficiency. The measured second-harmonic power is
highly correlated �r=0.97� with the calculated P2�.
=�S3���d�. The effective third-order power spectrum is
S3��� = 	� � d�1d�2A��1�A��2�A�� − �1 − �2�

�ei�	��1�+	��2�+	��−�1−�2�−	TL�	2

. �4�

The results from two GA searches are summarized in
Fig. 9. These two searches were conducted with similar pulse
energy, pulse bandwidth, and the same experimental goal.
They differed in the time delay between the pump and probe
pulses. Figure 9�a�, with a time delay of 1 ns, showed a clear
but weak correlation between pulse fitness and P3�. When
the time delay is extended to 12 ns in Fig. 9�b�, this correla-
tion is no longer present. These trends are easily distin-
guished above the experimental noise.

Since the Z-HT product absorption is not influenced by
the delay of the probe, we conclude that the correlation with
third-order power is dominated by the interaction of the
pulse with the solvent, which produces a transient back-
ground absorption in the spectral region of the target due to
the solvent fragmentation and rearrangement processes de-
scribed above. When the probe is delayed by 1 ns the solvent
background between 260 and 300 nm is of more significance
than at the longer 12 ns time delay. No solvent background is
observed in this wavelength region in the steady-state mea-
surements plotted in Fig. 6, indicating that the absorption
arises from intermediate photoproducts that relax or undergo
further reaction and fragmentation on a time scale longer
than 1 ns.

B. Comparison of pulse fitness and pulse shape

It is apparent from the experimental data and analysis
that high peak power is not the only important criterion for
the production of Z-HT in the CHD solution. Specific pulse
characteristics, such as spectral phase, must also be impor-
tant. Typical high-performance pulse shapes are illustrated in
Fig. 10. The most successful pulse shapes in these experi-
ments tend to have negative quadratic phase �linear chirp�.
This was observed in the comparison of pulses summarized
in Fig. 7 and is also evident in the Wigner representation

FIG. 9. Correlation between the pulse fitness and calculated nonlinear
power for two different GA experiments using control goal 1. The nonlinear
power spectrum was calculated using calibrated phase and amplitude pro-
files for every pulse tested in the algorithm. The GA experiment in �a� had
the probe at a relatively short delay of ca. 1 ns, while the GA experiment in
�b� had the probe at a long time delay of ca. 12 ns.
plots of optimal pulses shown in Fig. 10.
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To analyze the role of chirp in more detail, we consider
a Taylor-series expansion in the spectral phase,

���� = ���0� + ����0��� − �0� +
1

2!
����0��� − �0�2

+
1

3!
����0��� − �0�3 + ¯ . �5�

The terms of interest are those representing quadratic and
cubic phases, represented by the linear chirp parameter
����0� and the quadratic chirp parameter ����0�. We can

TABLE I. Chirp parameters for best pulse shapes. Unless otherwise speci-
fied the delay time between the pump and probe is at least 10 ns and the
solvent was hexane. Pulse energies increase moving down the table. All
pulse energies are within a factor of 2.

Control
goal ������fs2� 
SD

a �������fs3� 
SD
a

2b,c −5.6�104 4�103 −2.9�106 1.9�106

1c −2.4�104 9�103 2.8�105 6.4�105

2b,c −6.9�103 3.0�104 −3.9�105 2.2�106

1a −8.5�103 1.9�103 1.5�105 2.2�105

1 −2.0�104 2.4�103 −3.2�104 9.8�104

2 −2.2�104 2.8�103 −2.7�105 1.5�105

1d −1.6�103 1.4�103 −8.1�104 1.1�104

2d 5.9�103 4.5�103 −9.0�104 2.0�104

aThe standard deviation for pulses with normalized fitness �0.8. This quan-
tity gives an indication of how well the GA solution represents the entire set
of pulses tested.
bNarrow bandwidth, 8 nm, pump pulses.
cSolvent was cyclohexane.
d

FIG. 10. Wigner representation plots of optimal pulses from a narrow band-
width experiment �top left� and a broad bandwidth experiment �top right�.
Each pulse exhibits a negative quadratic phase with �����=−5.6�104 fs2

�left� and �����=−2.2�104 fs2 �right�. Negative cubic phase is responsible
for the prepulse train evident in the intensity profiles for the two pulses
�bottom�.
Delay time between the pump and probe is 1 ns
ignore the absolute phase ���0� and the group delay incurred
by the ����0� term because they are small compared to the
long time delay at which the system is probed. A standard
least-squares curve-fitting algorithm was used to fit a fourth-
order polynomial to the phase of each optimal pulse shape
and to all high-fitness pulses. The chirp parameters derived
from the polynomial coefficients for the optical pulses ana-
lyzed are summarized in Table I.

Analysis of the entire GA data set indicates that high-
fitness pulses tend to converge to the chirp parameters of the
optimal pulse. Such convergence is expected in the space of
an important control parameter. The results of this analysis
for a typical data set are plotted in Fig. 11. Because there is
significant scatter in the data, Table I summarizes both the
chirp parameters of the optimal pulse and the variance 
SD in
the chirp parameters for pulses with fitness values within
20% of the best pulse for each GA experiment. It should be
noted that the polynomial fit was not well suited to some
pulse shapes. The polynomial fit was considered poor if the
least-squares value deviated from the minimum value by
more than 30%. GA runs where a significant percentage
��50% � of high-fitness pulse shapes had unacceptable least-
squares values have been omitted from Table I.

Examination of Table I shows that searches guided by
control goal 2 found solutions with large negative cubic
phase compared to analogous goal 1 searches. Third-order
phase is typically responsible for modulating the pulse inten-
sity at the beat frequency of phase-synchronized optical
components. The sign of the chirp ����� determines
whether the resulting pulse train precedes or succeeds the
main pulse. The finding that control goal 2 found optimal
pulses with low peak intensity is consistent with the obser-
vation that background solvent processes exhibit stronger in-
tensity dependence than the Z-HT formation.

It is worth noting that the search space is limited by a

FIG. 11. Pulse performance is compared with the second-order �top� and
third-order �bottom� terms from a polynomial fit. Pulse fitness converged to
a linear chirp parameter, ����0�=−2.2�104 fs2. Convergence was less clear
in the cubic chirp parameter.
restriction on the algorithm that the change in phase between
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two “pixels” should not exceed �. The chirp subspace acces-
sible to the pulse shaper has a maximum linear chirp of

�����
�8�104 fs2, while the maximum quadratic change
is 
�����
�4�106 fs3. It is clear that the stochastic sam-
pling of phase space by the GA, as illustrated in Fig. 11, is
effectively testing most of the space spanned by the basis
vectors ��2 ,�3 ,�4�. Although the set of pulse shapes in Fig.
11 does not represent an exhaustive search of chirp space,
enough chirps were tested to determine that positive chirp
was not a region of high fitness.

C. Multiphoton control mechanisms in CHD

Though detailed analysis of both optimal pulse shapes
and the correlation between pulse shape and fitness can elu-
cidate optical control parameters, interpretation of the con-
trol mechanisms for a complex system remains a challenging
task. In the context of nonlinear resonant excitation of a mo-
lecular system, phase relationships between components of
the optical field can be important in at least three circum-
stances. In addition, it is possible that the interaction of the
intense 800 nm pulses with the solvent influences the forma-
tion of Z-HT indirectly. These four methods of interaction
and their application to the CHD→Z-HT ring-opening reac-
tion are discussed below.

1. Spectral filtering

The pulse bandwidth may provide multiple n-photon
pairs to satisfy a single molecular transition. Interference be-
tween components of the fundamental field effectively
shapes the nonlinear power spectrum governing the dipole
response of the molecular system. Meshulach and Silberberg
have demonstrated the effect of shaping the nonlinear power
spectrum for a narrow-band transition in an atomic vapor.31

In a more complex condensed phase system, Lozovoy et al.
demonstrated that nonlinear spectral filtering could be used
to select excitation in a mixture of dyes with similar one-
photon absorption spectra.32 In this case, the nonlinear inter-
action creates a narrow-band nonlinear filter tuned to the
spectral region where the two species are most distinguish-
able.

An important consideration for the experiments on CHD
is whether the production of Z-HT is influenced by compe-
tition between three-photon excitation to the 1B state and the
2A state. Though the absorption bands for both states are
broad, the spectrum 2A state is expected to be redshifted.
The nonlinear power spectrum could potentially exploit dif-
ferences in the absorption spectra of the two multiphoton
excitation pathways 1A→1B or 1A→2A. However, the GA
data sets showed little evidence for pressure toward narrow
third-order nonlinear spectral features. Therefore, nonlinear
spectrum filtering alone is not a dominant mechanism in the
optimization of pulse shapes for the production of Z-HT
from CHD.

2. Excited-state population

Molecular systems often have broad absorption features
where the density of states is sufficiently large that the band-

width of the ultrafast laser will encompass many resonances.
In this situation a shaped optical pulse may satisfy multiple
resonances in a molecular system and influence excited-state
population and/or wave-packet dynamics. Optical manipula-
tion of excited-state population has been described for sev-
eral systems. In one-photon resonant experiments probing
the emission of dye molecules it is determined that a positive
linear chirp enhances fluorescence for intense pump pulses,
while negative chirp suppresses fluorescence.33 The suppres-
sion of excited-state population by negative chirp is com-
monly attributed to the dumping by the excitation pulse as
the frequency sweep of the laser pulse follows the Stokes
shift of the dye.4,33,34 This process has been described as an
intrapulse version of the well-known “pump-dump” model,35

where the timing of spectral components within the pulse
replaces the explicit time delay of Tannor and Rice.

Recently, Geppert and de Vivie-Riedle19 used optimal
control theory in a calculation to force the CHD reaction to
proceed through the less favorable minimum-energy conical
intersection described in the Introduction above. The optimal
pulse is negatively chirped, with a very broad spectrum �ca.
3�104 cm−1�. They conclude that the frequency sweep of
the external field assists stimulated emission. The high-
frequency components of the wave packet are dumped back
to the CHD ground state, leaving the remaining wave packet
without enough momentum along the torsional coordinate to
reach the higher-energy C2 symmetric conical intersection.
Instead, the wave packet relaxes toward the targeted less-
efficient minimum-energy conical intersection. These results
underscore the role of wave-packet momentum in the CHD
isomerization, particularly along the torsional reaction coor-
dinate.

Linear chirp is not a universally effective control param-
eter, however. In a recent experiment attempting control of a
photoisomerization reaction, linear chirp was not an effective
control parameter in the formation of the cis-isomer of 3-
3�-diethyl-2-2�-thiacyanine iodide following ca. 400 nm
excitation.6 Instead, the optimal pulse found for the isomer-
ization of this cyanine molecule was nearly transform lim-
ited. In their interpretation of this result Vogt et al. cite ma-
nipulation of excited-state population via higher electronic
states. An intensity dependence in the resonant multiphoton
absorption to higher electronic states may account for the
near-transform-limited optimal pulse.

A pump-dump mechanism influencing excited-state
population is unlikely to play a significant role in the CHD
ring-opening reaction investigated in this paper. All of the
interactions for excitation of the CHD reactant are multipho-
ton, thus a mechanism for dumping population involving the
ground and excited states is problematic. A mechanism in-
volving two excited states is also unlikely as there is not a
strong excited-state absorption, S1 or S2→Sn, at 800 nm or
indeed anywhere in the visible spectrum.

3. Third-order response of a solution

In addition to the direct three-photon absorption by the
CHD solute, it is also possible that the interaction of the
intense 800 nm pulses with the solvent influences the forma-
tion of Z-HT indirectly. Several third-order effects are ob-

served in the experiments described here, most significantly
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SPM. The continuum generated by 800 nm pulses incident
on the sample spans the spectral range from the near infrared
to the near ultraviolet and appears the same in solution and in
pure solvent. It is reasonable to assume that continuum gen-
eration deposits some energy in the solvent and the solute,
either through stimulated or impulsive Raman scattering at
the difference frequencies of the continuum.

The extra energy deposited in the sample likely contrib-
utes to the solvent photochemistry and fragmentation ob-
served in these experiments. One of the photoproducts ob-
served in our measurements on pure solvent is consistent
with the formation of hex-3-en-1-yne �C6H8�. Production of
C6H8 from hexane �C6H14� would involve a removal of three
pairs of hydrogen atoms, perhaps facilitated by stimulated
Raman scattering in the solvent. In a gas phase experiment,
Muller et al. observed that spectral broadening of the 800 nm
pump pulse increased the degree of fragmentation in the
multiphoton ionization of toluene vapor. They reasoned that
stimulated Raman scattering deposited extra energy in the
vibrational modes, making the molecules more prone to
fragmentation.36

Though not explicitly observed, third-harmonic genera-
tion in the solvent may have also contributed to the CHD
reaction. Because pure hexane does not guarantee phase
matching, third harmonic generation would not propagate or
experience gain over a distance longer than the coherence
length, given by Lc=c /��. However, for a CHD molecule to
absorb an UV photon, the UV need only propagate on the
order of the distance between solute molecules. In a 4 mM
solution, the average distance between CHD molecules is
approximately 10 nm, whereas the coherence length is more
than 30 m for the bandwidths used in these experiments.
Even at low efficiency, third-harmonic generation in the sol-
vent provides a way for the system to produce a more favor-
able single-photon resonant excitation scheme.

4. Wave-packet dynamics

Perhaps the most enticing explanation for the influence
of optical pulse shape on a molecular system lies in the con-
trol of coherent wave-packet dynamics. In one experiment
Brixner et al.5 found pulse-shape dependence in the two-
photon fluorescence from �Ru�dpb�3�2+ and the styrene laser
dye, DCM, that could not be explained by a nonlinear am-
plitude filter. Their results point to the importance of coher-
ent intramolecular dynamics in a nonlinear excitation
scheme. Wave-packet dynamics can be intrinsically impor-
tant in a chemical reaction where reaction pathways are often
determined on a femtosecond time scale.

Lee et al. also reported an experiment to control fluores-
cence following two-photon excitation of DCM.30 Following
excitation, DCM undergoes a cis-trans isomerization about a
central CvC bond. The stable ground-state conformation is
the trans-isomer, while the emission band is attributed to an
electronic state associated with the cis-isomer. Thus, the
fluorescence yield provides a measure of the efficiency of the
cis-trans isomerization. Lee et al. found that negative chirp
enhanced the fluorescence signal in DCM. In this study, the
efficiency of emission is attributed to the localization or nar-

rowing of the wave packet on the initially excited state. A
narrow wave packet is proposed to enhance crossing to the
emissive state and minimize nonradiative losses on the ini-
tially excited state.

In contrast to the one-photon resonant excitation to the
1B state assumed in the theoretical simulations of the CHD
→Z-HT reaction, the multiphoton excitation of the experi-
ments described here may access either the 2A or the 1B
state. While the bandwidth is limited, impulsive excitation of
low-frequency torsional modes on the 2A state is possible,
especially with the kilohertz laser system where the pulse
bandwidth was 310 cm−1.

In the narrowest bandwidth experiments reported here,
significant third-order phase results in a pulse train with a
period of approximately 250 fs. This feature was reproduc-
ible and observed in several independent GA experiments.
Weiner et al. demonstrated that matching the repetition rate
of a pulse train to a vibrational frequency is an effective
method of mode selectively through multipulse impulsive
stimulated Raman scattering, and that the impulse is
cumulative.37 The pulse trains are slower than lowest-
frequency Raman modes of CHD, but the period represents
the most complex modulation attainable with the bandwidth
�125 cm−1�. On the other hand, the pulse train repetition is
also close to the duration of the CHD reaction, and may
simply represent repumping molecules which have already
moved through the excited-state dynamics and returned to
the CHD ground state.

The GA experiments carried out with broader optical
pulses also found a solution with significant negative chirp,
but did not reproduce the extended pulse train obtained with
the narrower bandwidth pulses. This may reflect additional
pathways accessible to the broader pulses. It is interesting
that negative chirp is a common feature of the optimal pulses
found in the ring-opening reaction of CHD reported here and
the pulses found by Lee et al. to optimize DCM
isomerization.30 Localization or narrowing of the wave
packet on the initially excited state of CHD may enhance
absorption and photoproduct formation.

V. CONCLUSIONS

We have explored spectral phase effects in the photo-
chemistry of CHD in solution. These experiments demon-
strate that it is possible to use optical pulse shaping and
three-photon absorption to influence the formation of Z-HT
from CHD in solution. Using closed-loop feedback, a learn-
ing algorithm was able to identify pulses that increased the
formation of Z-HT by as much as a factor of 2 over the
transform-limited pulse. The genetic algorithm was also able
to identify pulse shapes that decreased solvent fragmenta-
tion, while leaving the formation of Z-HT essentially unaf-
fected. The highest yields of Z-HT did not occur for the
highest peak intensity laser pulses and did not conform to the
I3 power law naively expected. Genetic algorithm searches
consistently found that negative quadratic phase optimized
the Z-HT production.

From these experiments we conclude that extremely
broadband coherent pulses do not appear to be required for

multiphoton production of Z-HT. This is based on the obser-



114506-10 Carroll et al. J. Chem. Phys. 124, 114506 �2006�
vation that shaped pulses could effectively increase the Z-HT
yield even if the pulse durations were considerably longer
than the B-state lifetime. The nonlinear absorption of 800 nm
light which leads to the Z-HT formation is not dominated by
the third-order process required to reach the B state. This
might indicate other reaction pathways or the importance of
wave-packet manipulation following direct excitation to the
A state. Further work is required to sort out these possibili-
ties.

The mechanisms for control of the Z-HT formation,
however, are difficult to interpret. The types of coherent con-
trol theoretically investigated in CHD are intricately tied to
wave-packet shaping. In a real condensed phase system, self-
phase modulation and/or third-harmonic generation in the
solvent will also play a role. These experiments also high-
light the importance of carefully chosen fitness goals to op-
timize the desired product while minimizing side reactions in
the solute and in the solvent.
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