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Influence of Electronic Resonances on Mode Selective Excitation with Tailored Laser Pulses
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Femtosecond time-resolved coherent anti-Stokes Raman scattering (fs-CARS) gives access to ultrafast molecular
dynamics. However, the gain of the temporal resolution entails a poor spectral resolution due to the inherent
spectral width of the femtosecond excitation pulses. Modifications of the phase shape of one of the exciting
pulses results in dramatic changes of the mode distribution reflected in coherent anti-Stokes Raman spectra.
A feedback-controlled optimization of specific modes making use of phase and/or amplitude modulation of
the pump laser pulse is applied to selectively influence the anti-Stokes signal spectrum. The optimization
experiments are performed under electronically nonresonant and resonant conditions. The results are compared
and the role of electronic resonances is analyzed. It can be clearly demonstrated that these resonances are of
importance for a selective excitation by means of phase and amplitude modulation. The mode selective
excitation under nonresonant conditions is determined mainly by the variation of the spectral phase of the
laser pulse. Here, the modulation of the spectral amplitudes only has little influence on the mode ratios. In
contrast to this, the phase as well as amplitude modulation contributes considerably to the control process
under resonant conditions. A careful analysis of the experimental results reveals information about the
mechanisms of the mode control, which partially involve molecular dynamics in the electronic states.

Introduction pulses are excited coherentlifthe detected signal results from

a coherent superposition of several excited mdéde3he
analysis of a particular mode in a polyatomic molecule is often
complicated due to the contributions arising from other vibra-
tional modes of the molecule. Hence, a technique, which helps
rﬁo filter out the contributions from unwanted modes and to

The investigation of the elementary molecular dynamics
following an excitation of complex systems is of considerable
interest. A chemical reaction is determined by the breaking and
forming of chemical bonds resulting from energy flow within
the molecule. Theses fundamental processes are occurring o - : e
the ultrashort time scale of molecular vibrations. Raman enhance the S|gna_1l obtained from a specific vibrational state
spectroscopy yields information about the vibrational and would be _O_f great interest. ) o )
rotational modes of molecules with high-frequency resolution. A Promising approach for mode-selective excitation even in
However, the dynamics in most cases is not accessible inCOMplex systems is the application of coherent coriffof
frequency domain spectroscopy. The application of femtosecondUsing this technique, the molecular dynamics are guided with
laser pulses allows for a direct observation of molecular SPecifically designed light fields:!*1° The wide spectra of
dynamicé3 on ultrashort time scale. Different time-resolved fémtosecond laser pulses are manipulated by a pulse shaper
spectroscopical techniques used to get insight into dynamicaldevicé® to generate an electric field profile adapted to the
aspects of photochemical reactions were developed recently.desired result. The coherence properties of the laser field are
Since the high powers of femtosecond laser pulses favor epr0|te_d to achieve constructive interference for d_e§|red states
nonlinear optical processes, also the higher order nonlinear©r réaction channels via a phase correct superposition of wave
spectroscopical techniques like four wave mixing (FWM) are functions. Recent works of the groups of Gefbe#® and
widely used. In particular, coherent anti-Stokes Raman scatteringSilberberd”=* illustrate several fundamental and practical
(CARSY—12is a widely used FWM technique for the study of aspects of coherent control in gas as well as liquid phase. In an
the vibrational motion in a molecule, where the molecule is €arlier publication we have reported also the drastically changed
prepared by two coherent lasers and probed by another laserfemtosecond CARS spectra and transients obtained from single
Using femtosecond laser pulses, the vibrational dynamics in Crystals of polydiacetylene (PDA)due to slight variations of
ground as well as excited electronic states are acce$sible. the chirps of pump and/or Stokes laser pulses. Consequently, it
However, the gain of temporal resolution entails a poor spectral S€€ms to be possible to “focus” the excitation on one or more
resolution due to the inherent spectral width of the femtosecond Selected vibrational modes using suitable shaped laser pulses
excitation pulse$2 Since several molecular states (e.g., vibra- O pulse sequence.
tional modes) falling within the broad spectrum of the laser  The electric field required for such mode-selective excitation
can be predicted by optimal control the&tgtarting from the
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use of a self-learning loop approach as suggested by Judsoras the probe pulse and has a frequengy, which in our
and RabitZ8 Here, the search of the optimal control field is experiments was chosen to be equakig. The probe laser
guided by an optimization algorithm, which employs the direct interacts with the coherently excited vibrational states to create
feedback from the experimental output and controls the pulse a third-order polarization. The anti-Stokes signal arising from
shaper device. Experimentally, the optimization algorithm can this nonlinear interaction is coherent and directed. The direction
be realized by applying evolutionary strategies, which use the of CARS signal is determined by the phase matching condition
feedback signal as a fitness function measuring the success ofesulting from momentum conservation. A variation of the time
the optimizatior?? Since the experimental response of the delay between the exciting and probing pulses, gives access to
molecule is directly interrogated, a prior knowledge of the information about coherent dynamics taking place in the excited
molecular Hamiltonian is not required. The electronic and molecules. The excitation of vibrational modes may occur
vibrational properties of the molecular system as well as resonantly via excited electronic states as well as nonresonantly
necessary corrections to the experimental conditions are allwithout the involvement of electronic transitions. For an
“taken into consideration” by the feedback-controlled optimiza- electronically resonant excitation the frequencies of pump and
tion. Adaptive control was first reported by Wilson efaHere, probe lasers are tuned to the electronic transition of the
by shaping the femtosecond pulses, the fluorescence signal fronmolecular system, which results in a considerable enhancement
a dye molecule could be maximized. of the signal intensity. B 3

Recently, we have presented the results obtained from mode-_ The nonlinear interaction of puntg,,, Stokests, and probe
selective excitation in femtosecond CARS specfitnif per- E,r pulses is described by the complete expression of third-
formed on various molecular systems by means of a pure phaseorder polarizatio#? in the time domain. In the model introduced
modulation of the Stokes pulse. In all cases, we have observedin the following3%4Cthe third-order polarization in the frequency
drastic changes of the CARS spectra resulting from the domain is described by a separation into nonresonant and
optimization. E.g., in mixtures of different molecules, the resonant contributions. The nonresonant background is caused
selected vibrational modes could be excited exclusively, i.e., by the instantaneous electronic response of the molecular sample
the contribution from a molecular component in the mixture and lasts for the duration of the cross-correlation time of the
could be enhanced relatively while the modes of the other pump and Stokes pulses. The resonant CARS signal reflects
component were suppressed. The “focusing” of the excitation the vibrational structure of the molecule. For the nonresonant
occurred for the complete coherence lifetime of the time contribution it is assumed that all intermediate states are far
dependent CARS signal. from resonance. The third-order polarization is then ap-

While in our former experiments the spectral phases of the Proximated by
exciting laser pulses, exclusively, were modulated, the present " .
contribution reports the influence of an additional degree of Pf;) (w) O jg dQ E, (v — Q) j(’) dw, ES (w0, — Q)E, (wy)
freedom. In our recent complementary experiméhtge also Q)
have varied the amplitudes of the spectral components. In order ) . ) . )
to demonstrate the role of the electronic transition on the control FOr @ singly resonant Raman transition via the intermediate level
process in the following, we discuss the results of experiments liCithe nonlinear polarization is given by the expression:
performed on toluene under nonresol&ebnditions and on E o
crystal violet under resonant conditions. The feedback-controlled (3) * @ ~ Q) ° * —

Stalvio _ _ P (w) O [ dQ — [ dw, ES(,
optimization was carried out by modulating the spectral phases 0 (wg — Q) +iI'J0
and amplitudes laser pulses exclusively or in combination. We Q) E_(w) (2)
will demonstrate that for the mode control in the nonresonant P
case, the complete spectrum of the pulse is required and hencyhereqwg is the resonance frequency alds the bandwidth of
amplitude modulation does not improve the result. However, he Raman line. The integral term of the complex field
when dynamics on an excited potential energy surface is gmplitudes included in both expressions describes the second-
involved, the selection of certain spectral components is of great order polarization responsible for the excitation of the molecular
importance for the success of the optimization. Here, not only yibrations. This convolution integral &s(w) andEp(w) yields
relative changes of the mode contributions to the CARS spectraine excitation amplitude for a certain Raman mode induced by

could be observed, but also absolute enhancements of thene ponlinear interaction of pump and Stokes pulses having a
optimized nonlinear Raman lines. Like in our former experi- frequency difference of:

ments, in many cases only very small changes of the pulse
shapes resulted in drastic spectral changes. AQ) = foo do, E4 (0, — Q) E, () 3)
0 1=s\*1 pu

Theory In the time-domain the second-order polarization of the

Femtosecond coherent anti-Stokes Raman scattering (CARS)stimulated Raman excitation is given by the product of the real
is a four-wave mixing (FWM) process induced by the nonlinear €lectric fields of the pump and Stokes pulsgg(t) andEs(t),
interaction of three ultrashort laser pulses with the sample respectively:
molecules. The first two pulses having frequencigsandws B L
are labeled as pump and Stokes pulses, respectively. Their Al =F Y(AQ)) = Es(Eu® 4)
nonlinear interaction induces a second-order polarization result-
ing in the coherent excitation of vibrational modes in the ground ~ Taking into account the time-delayr;, between pump and
electronic state. The frequency differen€e = wp, — ws Stokes pulses, the excitation of the Raman mode with the
corresponds to the frequency of the vibrational states excited Stimulated Raman frequen€yis given by the Fourier transform
by the stimulated Raman process. Owing to the broad spectralof the product of the electric fields in the time-domain:
bandwidth of the femtosecond pulses, several molecular vibra- ~ ~
tional modes are excited simultaneously. The third pulse acts AQ, Aty) = F(E,(DEG(t + Aty)) (5)
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Figure 1. Optimal control setup: Schematic representation of the feedback-controlled optimization experiment. Starting with an initial guess, the
optimization algorithm realized by evolutionary strategies controls the settings of a liquid crystal spatial light modulator(LC SLM) placed in the
Fourier plane of a #zero-dispersive grating arrangement. The shaped pulses are used for the coherent anti-Stokes Raman scattering (CARS)
experiment and the ratio of certain Raman line intensities in the resulting spectrum serves as fitness function for the optimization algorghm. On th
basis of the feedback signal, the control software proposes new phase mask parameters in order to find the extremum of the fitness function.

Analogously, the third-order polarization in the frequency arrangement, the resulting temporal width of the probe pulse
domain is given by the Fourier transform of the product of the was in the range between 85 and 95 fs. The pump pulse was
electrical fields of pump, Stokes, and probe pulses in the time- spectrally phase and amplitude modulated by the pulse shaper
domain: device?941 In the pulse shaper, the input pulse was dispersed

into its spectral components by a combination of a grating (1800

PO (w, Aty, Aty = F(Epr(t + ATZ)Epu(t)ES(t + A1) I/mm) and a cylindrical mirror (focal length= 300 mm). A
(6) second pair of identical grating and mirror recombined the pulse
spectrum in a zero-dispersion compressor setup. The first

Using this expression the complete CARS spectrum can be cylindrical mirror forms an image of the spectrum parallel onto
calculated in the time-domain, taking into account the delay the Fourier plane, the second focuses it onto the second grating.
between pump and Stokes pulses as well as that between prob@ liquid crystal (LC) spatial light modulator (SLM-S640d,

pulse and stimulated Raman excitation. Jenoptik}? placed in the Fourier plane of the setup modulated
_ . the spectral features of the pulse. The phase and/or amplitude
Experimental Section of certain spectral components could be varied by applying

The investigations were performed on liquid toluene and on suitable voltages to the 640 individual strigé3he compressed
an aqueous solution of crystal violet (CV). The samples were Stokes and probe pulses, and the shaped pump pulse were

obtained from Aldrich and used as received. The toluene filled @PPlied for the CARS experiments. The phase matching
in 2 mm thin quartz cell was used without further purification. condition was fulfill in a folded BoxCARS configuratidfiHere,

The CV was diluted in distilled water. The resulting CV solution, the excitation beams were arranged in the three edges of a square
having a concentration of5 x 10-5 M, was used in a quartz p(_arpendlcular to the optical axes of the parallel _beams. Lenses
cell with cell length of 1 mm. with focal lengths of 100 mm focused the lasers into the sample
Figure 1 shows a schematic presentation of the optimal control 'éSpectively made the transmitted laser beams together with the
setup based on a feedback-controlled self-learning loop. The_ann-Stokes signal parallel again. The anti-Stokes s_lgnal appeared
three basic components are the creation and shaping of thdn the fourth edge of the square and was well spatially separated
femtosecond laser pulse, the experimental setup for time-from the laser beams. The laser background was suppressed by
resolved CARS spectroscopy, and the optimization algorithm, Using a pinhole for the CARS signal, which was detected
which is linked to the other two components. As a source for Spectrally resolved using a single monochromator (TRIAX 180,
the three femtosecond laser pulses required for the four-waveHORIBA Jobin Yvon) and a peltier-cooled CCD camera.
mixing (FWM) experiment we have employed two optical In the experiments discussed in the following section, we have
parametrical amplifiers (OPA; Light Conversion, TOPAS) applied an evolutionary algoriththto control the optimization
pumped by a commercial Ti:sapphire laser system (Clark-MXR process. For this, 64 different pulse shapes were used for each
Inc., CPA-2010, 1 kHz repetition rate). The output beam from generation. Each of these individuals is represented by a set of
one OPA was compressed to approximately 80 fs with a pair free parameters, which determine the modulation of the shaped
of prisms and served as Stokes pulse. The output of the otherpulses. How many and which parameters were varied during
OPA was split into two equal parts by a beam splitter to create the optimization depended on the modulation function and on
pump and probe pulses. After the compression by a prism whether phase and/or amplitude modulation were applied to the
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pulse spectrum. The eight best individuals were used to create HiCS O
a new generation by crossover. Four of these individuals were |
changed by mutation. In general, convergence could be achieved N B ‘
after only few loops. Therefore, in most cases, the number of

I

loops could be limited to approximately 10 generations. As a
feedback signal for the optimization of a specific mode O O

contribution, the relative intensities of the vibrational modes HaCy, ~CHs

covered by the CARS excitation were used. ] ]

Before starting the experiments, the pgmp puls_e Was. com- Figure 2. Molecular structures of toluene (A) and crystal violet (B).
pressed by means of pure phase modulation. The intensity of a
second harmonic generation (SHG) generated by the pump puls
in a BBO crystal served as fitness function for this optimization.

The compressed pump and Stokes pulses were overlappecgeometry and focused into a thin sapphire plate. The resulting

tehmporallﬁl a!“‘ then flxedt. Rfl?;'ve tent1p(|)ral zh'fttﬁ dufe to thet TG signal was detected by a spectrometer equipped with a CCD

Eo%seenssa?gén%seegebe‘?g\:v) OThe ?recon ro ?jnﬁ ere gret O -amera and the spectra were recorded with respect to the delay
P ’ requency difierence beween e, o of the beams. The resulting FROG traces were evaluated

pump and Stokes pulse determines which modes are excite sing the commercial software FROG 3.0.9 (Femtosoft Tech-

o e e e oot s, 10105128)an e ne iormaton about specral hase and
Y. amplitude as well as the electrical field of the pulse.

tion to the CARS spectrum at zero time, a fixed delay time

petween probe pullse. aqd stimulated Raman excitation Waspasylts and Discussion

introduced. The optimization and the recording of the resulting i ) _ )

spectra were performed at 1.2 ps probe time delay for the The results discussed in the following were obtained from

investigation on toluene and at 900 fs for CV. The time-resolved the application of the optimal control scheme for mode selective

CARS spectra were recorded before and after Op[imization by excitation described above. As mentioned earlier, the SpeCtraIIy

scanning the time delay of the probe pulse relative to the pump broad femtosecond laser pulses excite several vibrational modes

and Stokes pulse pair. simultaneously. The nonlinear character of the coherent anti-
The results presented in the following were obtained from Stokes Raman excitation causes the relative enhancement of

the optimization using phase and/or amplitude modulation of lines, which are strong in the linear Raman spectrum and relative

simplified by a polynomial representation as described below: Mmodes was performed by optimizing line ratios. That means
34 that not the absolute line intensities were maximized. Therefore,

if we talk about “enhancement” or “suppression” of modes in
K n— N\ the fol!owing, we uspally refer (if .not explicitly mentioned
— Z Ck( ) withn=0, ....N—1=639 otherwise) to the relative line intensities. The pl_JIses were shgped
& by means of phase and/or amplitude modulation. The contribu-
(7) tions of the two different modulations will be compared to learn
more about their role in the optimization process. Also, the
This polynomial of ordeiK determined by the coefficients  excitation of the CARS process was performed on molecular
c« specifies a phase value for each liquid crystal (LC) stripe. systems, where the femtosecond laser pulses were in resonance
The variabledN andn describe the number of LC stripes and with an electronic transition. The comparison of these results
the individual stripe, respectively. Since the linear term With  helps to better understand the role of electronic resonances for
= 1 results in a pure temporal shift of the shaped pump pulse, the control process.
we have omitted this order. The lowest polynomial order is  The molecular model systems considered in the following
represented by the quadratic term. The paranijié the offset are liquid toluene and an aqueous solution of crystal violet (CV).
of the phase function, which determines the spectral componentTheir vibrational spectra are characterized by several strong well
with unchanged phase. Initially, the offset coincides with the separated lines within the bandwidth of the excitation. The
center of the spectrum on the LCD. The variation of this assignment of these Raman active modes is well-krt§wh.
parameter introduces also a linear phase shift and consequentlyrhe molecular structures of toluene and CV are given in Figure
a temporal shift of the pulse. In our experiments, a fifth order 2. Toluene (panel A of Figure 2) is absorbing in the UV spectral
polynomial was used to describe the modulation of the phaseregion. Therefore, the pulse wavelengths applied in the CARS
of the pump pulses. For the amplitude modulation of the pump experiments are not in resonance with an electronic transition.
pulse we have tested different mathematical functions (free For the electronically nonresonant excitation the central wave-
optimization of stripes, polynomial, Gaussian, etc.). The best length for pump and pulses was tuned to 562 nm. The Stokes
results were obtained by using a rectangular or Gaussian functionlaser was set to 593 nm resulting in a Raman excitation at a
for the transmission and blocking of specific parts of the pulse wavenumber difference of 950 crhbetween pump and Stokes
spectrum. In the following we will restrict our discussion to lasers. Both laser wavelengths are far off resonance with the
results obtained from such amplitude functions. The offget UV absorption. CV is a nonplanar molecule (panel B of Figure
and four coefficientsy for the phase, the central position, and 2) and is characterized by three phenyl rings forming a propeller-
the width of the spectral windows served as fitting parameters like structure twisted with respect to each other. The absorption
for the optimization guided by the evolutionary algorithm. of CV is in the visible spectral range having its maximum at
The pulse shapes obtained from the optimizations were 590 nm. The wavelengths of the pump and probe pulses applied
analyzed by means of the frequency-resolved optical gating for the control experiment on CV were tuned to resonance with
(FROG) techniqué® The home-built FROG device used in our the electronic transition from ground to first excited state.
experiments is based on a transient-grating (TG) FWM con- Selecting a central wavelength of 592 nm for pump and probe

(?iguration. Here, the input pulse is split into three beams of
gual intensity. These beams are arranged in a folded BoxCARS

n
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Figure 3. Femtosecond CARS spectra of liquid toluene (A) and aqueous solution of crystal violet (B). The spectrum in panel A is recorded under
electronically nonresonant conditions using pump and probe pulses spectrally centered at 562 nm and Stokes pulse at 593 nm. For the CARS
spectrum in panel B, electronically resonant conditions were chosen using a central wavelength of 592 nm for the Stokes pulse.
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pulses and 642.5 nm for the Stokes pulse resulted in a stimulatedalready mentioned earlier. Under these conditions Bmarly
Raman excitation centered spectrally at approximately 1350 vanishes. Nevertheless, in the following we will also give the
cm L, intensity values for ban€® for the sake of completeness.

The starting point for our investigation are the femtosecond  The optimization results are presented in Figure 4. The fithess
CARS spectra taken with compressed pulses. The initial CARS functions used by the evolutionary algorithm were measuring
spectra of toluene and CV are shown in panels A and B of the intensity ratios of the bands. Again, while the optimizations
Figure 3, respectively. In agreement with our earlier re3utts worked for band$D and®, a relative enhancement of band
this spectrum is characterized by a dominant mode at 1000 cm @ could not be achieved. However, the efficiency of the control
in the following referred to as bar@®. Band® at 800 cn! by pump pulse shaping was clearly less than that observed earlier
was observed in our previous experiméntmly as a shoulder  for Stokes pulse modulation. As will be obvious from the
red-shifted by 200 crrt relatively to band®. We have shifted experimental results discussed in the following, the efficiency
the resonance of the stimulated Raman excitation to further of the control by phase modulation of the pulse decreases if
enhance bané®. The blue-shifted shoulder observed previ- the bandwidth of the pulse is reduced. This is in accordance
ously?5:38 at approximately 1200 cm (band®) can only be with results reported previousand could in principle explain
seen here as an asymmetry in the line shape of K&ndhe the reduced efficiency for the mode excitation control by shaping
reason for this choice of pump-Stokes wavelength difference the pump pulse if the pump pulse would be spectrally narrower
is explained below. The nonoptimized spectrum of CV shown than the Stokes pulse. However, both a slight shift of the central
in panel B of Figure 3 is characterized by three well separated wavelength of the pump pulse and an increase of its bandwidth
bands. In the following, the strong peak at 1600 ¢is referred could not significantly improve the efficiency of the control
to as band®. It arises from the unresolved contributions of process. Up to now, we have no plausible explanation for the
the Raman modes at 1537, 1589, and 1622 cth The different role of pump and Stokes laser pulses in the nonresonant
simultaneous excitation of the vibrational modes at 1371, 1390, case. Theoretical work is in progress; however, it has proven
1443, and 1484 cni results in a broad band at approximately to be very demanding.

1400 cnt?, labeled as ban®. And finally, the band® of the The graphs on the left-hand side of Figure 4 show the
CV CARS spectrum observed at approximately 1200-tm femtosecond CARS spectra optimized for b&hd(panels C,
corresponds to the molecular vibrations having wavenumbersE, and G) and for bant® (panels B, D, and F). Spectrum A,
1177 and 1299 cni. recorded with a transform limited pump pulse, is given for

Mode-Selective Excitation under Nonresonant Conditions. comparison. The pump pulses resulting from the optimization
We begin our systematic study by analyzing the optimization were analyzed using the TG FROG. The corresponding spec-
results for the Raman lines of liquid toluene. Previously, we trograms are given in the respective panels-@) on the right-
have demonstrated the selective excitation of the vibrational hand side of Figure 4. All optimized spectra are characterized
bands®, @, and® in the CARS spectrum of toluer§e38 by a drastically reduced intensity of the overall signal relative
There, high efficiency of the optimization was achieved by to the initial spectrum shown in panel A. The numbers in the
means of pure phase modulation of the Stokes laser pulse. Thebrackets above the different bands indicate the intensities of
wavenumber difference between the pump and Stokes pulse washese modes relative to the intensity of b&Rdobtained from
tuned to the Raman resonances at approximately 1066.cm the measurement with transform limited pump pulse, which was
The experiments presented in the following were investigating set to unity. Panels B and C show the results of a mode selective
the influence of the pump laser pulse shape on the CARS excitation by pure phase modulation. Spectrum C, optimized
spectra. We started with the same stimulated Raman excitationfor band®, is characterized by a complete suppression of band
wavenumber, 1060 cmd, which in contrast to the CARS ®. The mode selective excitation of band yields a drastic
spectrum shown in panel B of Figure 3A also resulted in a well- reduction of band®, as shown in spectrum B. The selected
separated ban® contribution. The efficiency of the control  band is dominating the spectrum. However, in contrast to earlier
was found to be extremely small. In particular, for b&8da results3s band@® was not completely suppressed. As already
relative enhancement only could be observed when the overalldiscussed above, for the electronically nonresonant stimulated
intensity of the CARS spectrum was drastically reduced. Since Raman process, the pump laser modulation was less efficient
reasonable control results could only be obtained from experi- for the selective excitation of modes than the shaping of the
ments trying to optimize band® or @, we decided to shift Stokes laser pulse. The pump pulses resulting in spectra B and
the Raman excitation to a center wavenumber of 950'cas C are characterized by a negative linear chirp with nonlinear



Influence of Electronic Resonances J. Phys. Chem. A, Vol. 112, No. 7, 2008385

m iﬂ] 1.2 610
A | ‘ 10
E 10 A | |08 ’E W

. [ )
0E hEY i 04 ]
B el

1

=

=

ity
Wavelength / nm

g £

g
Intensity / arbitr. unil

[ |
0.20) | | |
?w | o

02 |
/\_.l

500 | EJ0 1000 1300 D0 2
Wavenumber { om’’

g

0.20 —r——r————r— 020 026 T _a.z;
g ] B O 0w C (0:20) T |
Sms- o0 = o0 £
k i 10 &
(0.114) 0.05 [ lons §
& (ose2), 015 flﬁ)l' o003y ‘al-mim ;.
Zoo (0.085) - '_I",I e L
M| | qp 00 lo20 &
£ / @“\ a\aann (0435} 5 155y (05 JI \0.02) (0.15) :?: £
@ 0.05 I ACPAT ES | | | : s
o0 J .J\—' 3 .‘”“ 0.05 {°(£1‘f '\‘@ .a.mg
o ol 005 ] \ | 0.05) g o5
T oo | oot} oo m*—-——"“/ S PO § 717} [ [
0'25 600 B0 1000 1200 00 @ @ @ ozs op 0 S0 W00 w40 2 © @
% /D | (.17} oz E (0.70} oS! a.ag 2
;a.zn‘. — | 5:':: 06 f\ 04 g E 5
; | 16 | i | X
| (0.0a) lo.os oz € = s
ki | 0.05, won =
= | A LW S, /G)\ m % ﬁ
20! [A | 0.63) @ -
goe T L o o an) (02 i @ g 2 >
.4 ' | \%2 s, ©10)[  \o.o7) e = ‘s
% 005+ o 3 010 @ | &) - g 5
= ___/\_/ 0,05 _‘_//\) © 02 €
- N ©80  o W oon| £
" e00 B0 1000 1200 1400 (@ @ @ T B0 B0O 1000 1200 M0 0@ 2@ @&
e 0.27) "' s (0.28) e
i | ln2s . ;
goss| | o 02| @ i
;uze || @10y o1y f::: 025 a:wg
; | | ! 0.21 010
g (0.15) II (1-\"!' . [oﬂa_p!'ms 020 ( ) |oan (0.04} g5 ™
Z015 | 4 = c .00 0.00 (]
2 /\ | } | pzs 015 6, 029 0.30 2
2o @) | \oosy || oz o f oz € »
a / I'\."I \‘@_] @13 14y 015 (0.01)/ (0.02) ::?:. =
gu.us f 010 508 @/ \\@3 :D.nr;n.mi "
u,..-l“ o | lfﬂ-mwﬂ e —ir 0001 i = - -t
" en B0 1000 1200 140 2@ @ 0@ "7 s0 800 100 1200 1400 @ @ 2@ @ 40
Wavenumber { e’ ‘Wavenumber / cm’’ Time/ fs

Figure 4. Optimization results in a control experiment on liquid toluene, where the pure spectral phaSg (Bire spectral amplitude (D and E),

and both spectral phase and amplitude @) of the pump pulse were modulated. The graphs on the left-hand side show the spectra obtained from
the optimization, recorded at 1200 fs time delay of the probe laser pulse. The numbers in brackets above the different bands indicate their intensitie
using equal scales for each panel. Panel A shows the spectrum taken with transform-limited pulses for comparison. Panels B, D, and F show the
spectra optimized for ban®. The spectra in panels C, E, and G are optimized for K8ndhe bar diagrams on the right-hand side of the each
spectrum show the line intensities predicted from the nonresonant CARS spectrum taken from a thin glass plate (upper diagrams) and obtained
from a calculation (bottom diagrams), which used the electric fields of the pulses derived from the FROG traces. The intensit§Ddf hzaree

A is normalized. The corresponding spectrograms are shown in the respective pai@@lerAthe right-hand side.

components. Their temporal widths are approximately 110 and certain point on a further increase of the number of parameters
160 fs, respectively. The femtosecond CARS spectra shown invaried by the evolutionary algorithm (e.g., higher order poly-
panels D and E are obtained from the optimization by pure nomial) makes it more difficult for the program to find the
amplitude modulation. Only slight changes in the optimized optimal result. This was already observed during our earlier
spectra relative to spectrum A obtained before pulse shapingexperiments. The optimizations achieved by the combined phase
are observed. The optimized pulse shapes are clearly modifiedand amplitude modulation resulted in pump pulse shapes (see
compared to the initial pulse. The pulse spectrum is narrowed corresponding FROG traces), which show a clear similarity to
and the spectral intensity maxima are shifted relative to the the phase-only optimized pulses. This points to the major contri-
original pump center wavelength toward a position close to a bution of phase modulation to the mode selective excitation.
wavenumber difference of pump and Stokes in resonance with In literature different mechanisms are discussed, which are
the selected band. While the optimizations by means of pure capable of influencing the mode excitation. (i) Weiner e&P
phase modulation result in clearly changed CARS spectra, thehave demonstrated the application of an “impulsive stimulated
ratio of the Raman line intensities is only slightly varied by Raman excitation” for the selective excitation of vibrational
amplitude-only modulated pump pulses. The involvement of a modes. This technique utilizes a sequence of pulses in order to
spectral phase modulation as control parameter seems to be@esonantly drive a selected mode if the frequency of the pulse
required for an efficient excitation of selected vibrational modes sequence is equal to the vibrational frequency of the respective
under electronically nonresonant conditions. In order to confirm mode2®-52 None of shaped pulses shown in Figure 4, which
this observation, an optimization with both phase and amplitude were obtained from the optimization shows such a pulse
modulation was used to excite baf® or @ selectively. The structure. The impulsive stimulated Raman process does there-
resulting spectra are shown in panels F and G. One would expecfore not have to be considered as mechanism for the spectrum
an even better optimization result compared to the phase-onlycontrol performed by feedback-controlled optimization as long
and amplitude-only modulation experiments. However, the as pulse sequences are not enforced by certain pulse modulation
additional degree of freedom even decreased the optimizationfunctions. (ii) Another possibility to excite vibrational modes
efficiency. As already observed earli@B8any reduction of the  selectively was reported by Silberberg and co-work&rg.
pulse spectrum results in a limitation of the ability to influence These authors have successfully applied a phase modulation on
the mode excitation by pulse shaping. Additionally, from a the exciting pulses to enhance selected vibrational modes and
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to suppress nonresonant background in a CARS spectrum. Usingom) obtained nonresonant spectra. The line intensity of band
a pulse shaper setup equipped with an LCD, rectan§ffbor @ in the spectrum taken with a transform limited pump pulse
stepliké® 7 phase shifts were introduced to both pump and was normalized. All other bars are giving the predicted line
Stokes pulses or to the probe pulse. This method makes use ofntensities relative to this normalized band. The changes in
the fact that a driven oscillator if excited off resonance is out excitation intensity obtained from the vibrationally nonresonant
of phase with its driving field bytz/2. The adjustment of the  spectra were applied to the Raman line intensities obtained for
phase step position to the resonance frequency of the vibrationa Fourier transform limited pump pulse (panel A) yielding the
utilizes the off-resonant part of the spectrum to enhance the predicted CARS spectra. Since the theoretical model based on
selected mode contribution. The pulses resulting from our eq 6 yields no information about the absolute intensity of the
optimization attempts in no case show phase steps, which wouldanti-Stokes signal, the associated bar diagrams were scaled such
explain a mode enhancement as described by Silberberg’s groupthat the intensities of ban@® always are equal to the experi-
(iii) The third and perhaps simplest and most straightforward mentally obtained bar diagram value obtained for the same pulse
mechanism was recently demonstrated by Zumbusch and coshape. Except for the results shown in panel D, the predicted
workers®? In their experiments, they used a Fourier-transform line intensities taken from the experimentally obtained non-
limited pump and a linearly chirped Stokes pulse. The time delay resonant glass spectra (upper diagrams) and those obtained from
between these pulses and consequently their spectral overlaphe calculations using the measured pulse shapes (bottom dia-
were varied. This results in a shift of the wavenumber difference grams) are in good agreement. The spectrum in panel D was
of the pulses and such in a change of the stimulated Ramanobtained by pure amplitude modulation. The resulting pump
excitation resonance. Also in our experiments, the variation of pulse has a considerably reduced spectral width. As mentioned
the optimization parameté, in particular, results in atemporal  above, the quality of the calculation decreases in such cases,
shift of the shaped pump pulse relative to the transform limited which might be an explanation for the deviation of the theo-
Stokes pulse. It could therefore be that the observed variationretical predicted ban® intensity from that one obtained from
of line intensity ratios is due to this trivial shift of excitation  the experimental approach. Both the relative and absolute inten-
wavenumbers. Such a shift would even more efficiently be sity values from the bar diagrams are very close to the intensities
achieved by an appropriate change of the pulse spectrum byseen in the CARS spectra obtained from the toluene control
means of an amplitude modulation. experiments. This points to a domination of ESM and SSM in

In order to find out to what extent the simple “excitation shift the mode excitation process. As mentioned above, the results
mechanism” (ESM) due to phase modulation and the “spectral of our earlier experiments, where the control was achieved by
selection mechanism” (SSM) due to amplitude modulation a shaping of the Stokes laser pulse, could only be explained by
contribute to our optimization results, additional experiments assuming a direct influence on the ground state dynamics.
as well as a theoretical approach are used. Both methods providé@bviously, the pump laser only influences the mode excitation
comparable results as was already shown edfli€o. character- by a variation of the Raman resonant excitation due to its
ize the spectral overlap of the shaped and unshaped laser pulsespectral changes.
experimentally, the pulses were before and after optimization  yUsing the pump pulses optimized for specific vibrational
also used to record (electronically and vibrationally) nonresonant modes, we also recorded the CARS spectra of toluene as a
CARS spectra from a thin glass plate. Since here the laser pulsegunction of the probe pulse delay. The results are displayed in
interact with the glass medium without any electronic or Raman Figure 5. The experimental data shown in the different panels
resonances, the resulting nonresonant anti-Stokes signal directlyefer to the CARS spectra in the respective panels of 4. The
gives the cross-correlation and such also any possible influenceyansients shown in panel A of Figure 5 were recorded with the
of ESM or SSM. On the basis of these nonresonant CARS spec-transform limited pump pulse. Here and in following, the time-
tra, we have calculated the expected intensities at the wave-gependent intensity of the anti-Stokes signal was recorded at
number positions of the Raman modes under consideration.the spectral positions of ban€B, @, and®. Panels B and C
From this the prediction of enhancement or suppression of ashow the results obtained with phase-only modulated pulses.
mode due to ESM or SSM should be possible, if these mech- The application of amplitude only modulated pulses yields the
anisms really determine the outcome of the optimization experi- transients in panels D and E. All transients are characterized
ment. Additionally, a simple theoretical approach was used 10 py clear beating structures, which result from the quantum
estimate the influence of ESM and SSM. For a calculation of peating of molecular modes coherently excited by the femto-
the expected (nonresonant) CARS spectrum by eq 6 the electrisecond laser pulsé$: The fast Fourier transformation (FFT)
cal fields of the pulses gained from the FROG traces were em- gpactra on the right-hand side yield information about the modes,
ployed. Also here, a change of line intensities due to a different \yhich contribute to the beating structure in the respective
excitation via ESM or SSM should be detectable. However, the ransjents. The assignment of the beating frequencies observed
calculations based on the FROG traces proved to be less precisg, the FFT spectra is summarized in Table 1 and was already
if the pulse spectra became too narrow. Therefore, in general, jiscyssed in detalil in refs 6 and 35. As observed in our earlier
the experimentally obtained cross-correlations are more reliable.,yqrk 35 the optimization of certain vibrational modes is also

In our earlier worké” we have investigated the importance reflected in the beating structure. If a certain vibrational mode
of optimization parameters on the control process. We could in the CARS spectrum is suppressed, the beating with this mode
demonstrate, that the observed resonant CARS spectral changesompletely vanishes or is clearly reduced. The transients show
can completely deviate from the predictions made according to that a relative suppression or enhancement of modes persists
the ESM (phase-only modulation). This pointed to a nontrivial over the full coherence life time of the CARS signal. This is in
mechanism involving the molecular dynamics, which was driven perfect agreement with our earlier observations reported for
by the shaped laser pulses into the desired direction. electronically nonresonalit®8 and resona@t excitation. The

The bar diagrams on the right-hand side of each CARS spec-changes observed in the FFT spectra for pure amplitude
trum in Figure 4 show the relative Raman line intensities as modulation are smaller than those obtained from phase-only
predicted from the experimentally (top) and theoretically (bot- optimizations.



Influence of Electronic Resonances

J. Phys. Chem. A, Vol. 112, No. 7, 2008387

08 — 2
2o A &1 rer ﬂ n 2
A c
:? o i._—. | ~to 3
:‘: 0.2 l| \ I\:l-_'l A
2 o - -l 5§
@ 4l il '?I E
> Euh g WIFFT a0 O
g o i i~ Ah g
£ ) | -
w 8| A FET I w £
% 03 | e I
O | || 2 TH
0 ULARS LLRLS 1 ! o1 | |
. 1T 2 4 4 & & 7T 100 200 300
Time delay / ps Wavenumber / cm”
B 08 3 % 08 £
/_' I(—.
= 08 B S Eer nd Z 08 D Y1 T nd
35 04 5 5 o4 =
5 02 @y & 2 B
‘3 U e it s st = " al = ! el 8. =
E 0.0 lJII = '8 'g Lir . 5 ot
06 (1) 8 [ 1) N @
= |rI "|"|1 A FFT G o8 (! r"h"l'.. [ = 1 EEF ~
2 o4 [l 2 W M 2
1A i ~ Pl \ ' ) . >
g 0.2 W "Iimlll‘ll"‘l""" N \ﬂ‘ A—L ] 10:% fg 03 LA VY1 P (1) 10"%
- L PNV s AP i e e S
% 0.0 W Wi ._\, = E FE) 00 el S . 5
b= an 8 = s 8
n 06 \2) FFT n E o 02 2) EFT |] 6 £
C g3l { W 1nL__ Z g | f\‘t
< | I {2) < 2} 2
% . Wi I Lo x o, O Ml ™
W4 @ & & & § 1 W a0 w0 %1 £ I % & § 10 200 30
Time delay / ps Wavenumber / cm” Time delay / ps Wavenumber / cm’”
" 0.4 - 10 ” 08 .
£ 03 (3 80 = 08 (3) 1 2}
£ C = LEET n - E ~ L FFT I w =
3 02 | 4 5 3 04 _..Il g
g bt o LML O e
2 00 — 05 0.0 — e o 3§
m N 'E o 4 775 4 =
15 | 60 b i 1
= P i S = ot o LT FET m O
2wl SN o> 2 0\ N s B
= LS\ A By g NAN 1 o Hoo 2
2 08 Vv NS N Mfaz 8 o W RN { A" o
S oo it S e —hE 8¢ I e ity =
E @ i £ @l | g
o 06 SFFT n E o 06 “~1FFT aE
14 | R ¢ - === | ol
< 03 i (2) 10 <« 03 1 i @ 10
8 ol — e S, ! : ] PR
i ' R . T 100 200 300 = 1 2 3 4 5 & 7 100 200 300
Time delay / ps Wavenumber / cm’' Time delay / ps Wavenumber / cm”

Figure 5. Transients obtained from the femtosecond time-resolved CARS experiments on toluene using the pump pulses described by their
spectrograms in panels—E on the right-hand side of Figure 4. The CARS transients were recorded by scanning the time delay between the
temporally overlapped pump and Stokes pulses and the probe laser pulse. The time-dependent CARS signals are given at the spectral position of
bands®, @, and®. A fast Fourier transformation (FFT) has been attached to the right of each transient. The beating peaks observed in the FFT
spectra and their assignment to the contributing modes are summarized in Table 1.

of a modulation of the pump laser pulse shape. We have
demonstrate that the mode selective excitation under electroni-

TABLE 1. Transients Taken at the Wavenumber Positions
of the Different Bands Show a Beating Structuré

beating modes Avlcm contributing to bands cally nonresonant conditions is much more efficient if the Stokes

alkyl and¥10a 25 ® laser pulse is shaped by the control algorithm. An efficient
P10 andiiga 25 @ control based on a variation of Stokes and pump laser pulse
CeHsC group andsa 30 ® shapes is mainly determined by the phase modulation of the
S‘ﬂ% g;gﬂg Zzgﬁ 12% % ® pulses. The stimulated Raman excitation process suggests that

615 18a ’ H H B H H H
71> and GHsC group 205 oXe) _the S|tuat|9n should be different if an (_electronlc_resonance is
alkyl and?y, 215 @, involved since here also the dynamics in the excited electronic
alkyl and¥ig, 240 0,0 state will play a role.

aThe transients can be assigned to those modes contributing to these N order to investigate the influence of electronic transitions
bands’® The table lists the beating wavenumbé® observed in the
CARS transients of toluene given in Figure 5 (compare refs 35 and experiments on different molecular systems. As a characteristic
38) and their assignment to the observed bands. A detailed descr'pt'onexample we present results obtained from control experiments

and visualization of the vibrational modes of toluene is given in ref 46

from where the notation was also taken.

Mode-Selective Excitation under Resonant Conditions.
The optimization results presented in Figures 4 and 5 confirm figures. The corresponding spectrograms of the pulses obtained

our previous observatioffsand give new insight into the effect

on the optimization process, we have performed a number of

on crystal violet (CV) under resonant conditions. The results
of the control experiments are presented in Figures 6 and 7.
The resulting spectra are shown in the left-hand panels of these

from the optimizations are given in the respective panels on
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Figure 6. Optimization results in a control experiment on an aqueous solution of crystal violet (CV), where the pure spectral phase of the pump
pulse was modulated. The graphs on the left-hand side show the spectra obtained from the optimization, recorded at 900 fs time delay of the probe
laser pulse. The numbers in brackets above the different bands indicate their intensities using equal scales for each panel. Panel A shows the
spectrum taken with transform-limited pulses for comparison. Panel3 8how the spectra optimized for bari@ls @, and®, respectively. Panel

E shows the spectrum optimized for a suppression of Endihe bar diagrams on the right-hand side of the each spectrum show the line intensities
predicted from the nonresonant CARS spectrum taken from a thin glass plate (upper diagrams) and obtained from a calculation (bottom diagrams),
which used the electric fields of the pulses derived from the FROG traces. The intensity dfbampanel A is normalized. The corresponding
spectrograms are shown in the respective panel& An the right-hand side.

the right-hand side. The numbers in the brackets over a certainspectra as can be seen from panels C and D, respectively. The
band in Figures 6 and 7 indicate the ratio of the intensity of intensity ratio of bands® and ® cannot be influenced
these modes relatively to the intensity of ba@¥ given in considerably with pure amplitude modulation. Obviously, only
spectrum A. Spectra A in Figures 6 and 7 are recorded with a the spectral phase change allows for a relative optimization of
transform limited pump pulse. A pure phase modulation of the bands® and®. In order to verify this observation, after the
pulses was used to obtain spectralBshown in Figure 6, where  amplitude-only modulation we also have admitted fitting
a selective excitation of band®, @, and® was attempted, parameters influencing the phase of the pump laser pulse. The
respectively. Also without changing the spectral amplitude, resulting spectra for an optimization of bardy @, and®
drastic changes of the CARS spectra could be achieved by phasare shown in panels-EG. Now, a relative and for band®
modulation similar to the results obtained from electronically and ® even an absolute enhancement could be achieved. A
nonresonant CARS on toluene and other molecular systems.comparison of the results presented in Figures 6 and 7 reveal
While the selected vibrational bant® and® are dominating the combined modulation of pump pulse as most effective
the optimized spectra C and D, respectively, bédds even mechanism for selective excitation of vibrational modes under
exclusively excited in spectrum B as a result of the optimization. resonant conditions. The comparison of the FROG traces shown
Using phase-only modulated pulses we also were able to reducen Figure 6 and 7 shows that for the electronically resonant case
the intensity of the middle ban® selectively, as shown in  the amplitude modulation has a considerable influence on the
panel E of Figure 6. optimization for specific vibrational modes. Without amplitude
The results presented in Figure 7 were obtained from control modulation, no absolute enhancement was achieved. Even higher
experiments performed including amplitude modulation. The absolute values are possible if the fitness function used by the
resulting spectra optimized for ban@3, @, and® by means evolutionary algorithm also includes an evaluation of the
of pure amplitude modulation are shown in panelsB absolute line strengths. Contrary to the electronically nonreso-
respectively. In contrast to the optimization under electronically nant case, the best results are obtained by a combination of phase
nonresonant conditions, the pure amplitude modulation of the and amplitude modulation. A restriction of the spectral width
pump pulse results in drastically changed spectra. However,can in the resonant case have advantages. This was already
good optimization results only can be achieved for some of the observed earlier for polydiacetylenes. Here, the mode optimiza-
Raman lines. For CV ban® can be easily varied in intensity  tion was more efficient, if pulses had a narrower spectrum.
while the other bands only can be relatively enhanced when The pulse shapes obtained from the optimization experiments
also phase modulation is performed. The spectrum in panel B all are considerably changed compared to the initial pulse shown
is characterized not only by a relative but also by an absolute for panels A (right-hand side) of Figures 6 and 7. The pulses
enhancement of the selected b&dThe contributions of bands ~ obtained from the optimization by means of pure phase
and are nearly completely suppressed. The selective excitatiormodulation shown in Figure 6 are characterized by a strong
of bands®@ and® yields not a full suppression of barf®, chirp having considerable nonlinear contributions. The pure
but a considerably decreased contribution to the optimized amplitude modulation results in a spectral limitation of the
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Figure 7. Optimization results in a control experiment on an aqueous solution of crystal violet (CV), where the pure spectral amplitude as well

as both the spectral phase and amplitude of the pump pulse were modulated. The graphs on the left-hand side show the spectra obtained from the
optimization, recorded at 900 fs time delay of the probe laser pulse. The numbers in brackets above the different bands indicate their intensities
using equal scales for each panel. Panels A shows the spectrum taken with transform-limited pulses for comparison-[Pahels Bie spectra

optimized for band€D, @, and® by pure amplitude modulation, respectively. PanelsGEshow the spectra optimized for barl@s ®, and®

by combined amplitude and phase modulation, respectively. The bar diagrams on the right-hand side of the each spectrum show the line intensities
predicted from the nonresonant CARS spectrum taken from a thin glass plate (upper diagrams) and obtained from a calculation (bottom diagrams),
which used the electric fields of the pulses derived from the FROG traces. The intensity dfbampanel A is normalized. The corresponding
spectrograms are shown in the respective panel&An the right-hand side.

shaped pulse, as seen in the spectrograms displayed in panel§-carotene or polydiacetylene), the CARS excitation takes place
B—D of Figure 7. Additionally, the spectral intensity maxima in resonance with an electronic transition of the molecule. Here,
are shifted relative to the original pump laser pulse. The FROG ESM and SSM at first sight also play a considerable role.
traces of the shaped pulses shown in the spectrograms displayed In Figures 6 and 7 on the right-hand side of each spectrum
in panels E-G reflect clearly the contributions of phase as well the predictions based on the experimentally obtained glass
as amplitude modulation to the control process. The pulses inspectrum (top) and on the calculation using the light fields
panels B and E, which result from the optimization of b&bd (bottom) are given as bar diagrams. Again, the intensity of band
are almost identical. This points to the dominating contribution @ obtained with transform-limited pulses was normalized,
of the amplitude modulation. In contrast to this, the shapes of which can be seen in panels A. All other intensities are presented
the pulses displayed in panels F and G obtained from the with the same scaling factor. As was described above, also the
optimizations of band® and®, respectively are clearly phase predicted intensities shown in the bar diagrams were rescaled
and amplitude modulated. This combined variation of spectral to fit the intensity of band® in panels A. The differences
phase and amplitude seems to be required to improve thebetween experimental and theoretical predictions are again more
efficiency of the optimization of these bands. pronounced for narrowed pulse spectra. In general, the experi-
For electronically nonresonant excitation we have found mentally obtained nonresonant glass spectra yield better predic-
different mechanisms responsible for the control. If the Stokes tions than the calculations. This might have to do with errors
laser is shaped, a simple explanation of the control results byintroduced by the FROG measurements. A further source of
means of the ESM or SSM was not possible. There, the uncertainty is the determination of the exact time zero for the
predictions made either from the nonresonant measurements oroverlap of the laser pulses, which is needed for the calculation
a glass plate nor the calculations using the electric fields of the of the CARS intensities. However, this value is difficult to
laser pulses were explaining the CARS spetifi Above, we determine whether the pulse shapes are not transform limited.
have discussed the results obtained when modulating the pump The comparison of the line intensities of the bar diagrams
laser. Here, ESM and SSM are sufficient to predict the band with the line intensities obtained from the CARS experiments
intensities arising from the CARS process initiated by the after optimization shows that in nearly all cases the qualitative
optimized pulses. In the case of CV (and similar systems like relativ intensity changes are predicted correctly. This points to



1390 J. Phys. Chem. A, Vol. 112, No. 7, 2008 Konradi et al.

the involvement of ESM and SSM in the control process. coherence life time of the signal (not shown here). Since this
However, a closer look reveals partially drastic deviations if behavior was observed in all our present as well as earlier
absolute intensities are taken into account. Striking examplesexperiments, we believe that it is a characteristic feature of this
are the spectra obtained for an optimization of béhdpanel type of control.
B of Figure 6; panels B and E of Figure 7). Here, the predictions
of the respective intensity of baff® are wide off the mark. A Summary and Conclusions
simple ESM or SSM does not explain the big enhancement
factor of this band. This demonstrates the importance of the In this contribution we have discussed results obtained from
electronic resonances for the efficiency of the control process. optimal control experiments. By shaping the pump laser of the
Similar observations were reported by the group of MotZRds$. stimulated Raman excitation process of femtosecond time-
They have demonstrated the absolute enhancement of theesolved coherent anti-Stokes Raman scattering (CARS), the
vibrational motio* and selected vibrational modésusing mode excitation is influenced. Guided by an evolutionary
multipulse excitation under electronically resonant conditions. algorithm in a feedback-controlled self-learning loop arrange-
The observed absolute enhancement induced by the excitatiorment, specific molecular modes were enhanced or suppressed
with periodically phase modulated pulses was explained by the relative to other contributions in the nonlinear Raman spectrum.
enhanced population transfer to the excited 8taad by the We have focused on two new aspects in the spectrum control
creation of stronger vibrational cohereriédhe pulses obtained based on CARS spectroscopy: (i) the investigation of the
from the optimization experiments discussed in the presentinfluence of the pump laser pulse shape on the mode excitation
publication do not show any periodic structure in the time and (ii) the influence of electronic resonances on the control
domain, which excludes the possibility of the impulsive excita- efficiency. All experimental results were compared to the results
tion process by pulse sequences. An other approach to exploitof earlier experiments where, e.g., the Stokes laser pulse was
the resonant transition involved in a two-photon process in order shaped. Experiments were performed on different molecular
to enhance the population of a final state was suggested bysystems having absorptions in the visible as well as UV spectral
Silberberg and co-workeP8.These authors reported resonant region. As examples we have discussed the outcome of control
two-photon absorption in rubidium gas. Here, the authors have experiments performed on toluene (electronically nonresonant
symmetrically blocked the spectral components of the pulse case) and crystal violet (CV; electronically resonant case).
around the resonance frequency of the intermediate state. This while for toluene a mode control could be performed very
prevents the destructive interference of spectral componentssyccessfully when the Stokes laser was shaped, the pump laser
around the resonance frequency and results in an absolutemodulation only had a limited influence on the relative mode
enhancement of the fluorescence signal. In contrast to Rb, whichintensities. While a variation of the spectral phase of the laser
is characterized by spectrally narrow transitions to the inter- pulse was capable of changing the intensity ratios of the different
mediate state involved in the two-photon process, the absorptioncARS bands, a pure amplitude modulation was not efficient.
of crystal violet is spectrally broad. Therefore, this mechanism |n contrary, every reduction of the spectra| width of the laser
can be excluded as well. pulses resulted in a worse control result. In all cases, the change
As was already pointed out above, the control does not work of intensity ratio resulted in an overall decrease of the absolute
equally good for all molecular modes and also depends on theline intensities. The situation was found to be different, if an
molecule under investigation. In our earlier control experiments electronic resonance is involved in the CARS process. For CV
on polymers of diacetylene we were able to strongly change the pump laser pulse modulation was efficiently changing the
the intensity ratios for all polymer backbone modes excited by relative mode intensities. When varying the amplitudes of the
the stimulated excitation proce¥sin the present case, for CV  spectral components, even drastic absolute enhancements of
especially bandD can be enhanced or suppressed while the specific modes could be detected. The best results were here
control of the other modes is less efficient. On the one hand obtained when both phase and amplitude modulation was
the dynamics along the complicated excited potential energy optimized by the evolutionary algorithm.
surface will be influenced by the interaction with the shaped |n order to find out whether the control is accomplished by
laser pulses due to the changed wave packet preparation. Onmerely shifting the spectral overlap of pump and Stokes laser
the other hand also the correct timing of pump and Stokes (phase modulation; “excitation shift mechanism”, ESM) or
interaction might in the resonant case result in a more faVOfablechanging the spectral pulse center (amplitude modulation;
Franck-Condon overlap for certain mode excitations. The “Spectra| selection mechanism”, SSM), we have made a
influence of the excited-state dynamics was already demon- prediction of the CARS spectra assuming no contribution from
strated previously in CARS experiments on polydiacetyfne. molecular dynamics. For this, the laser pulses after optimization
Here, a time delay between pump and Stokes laser resulted inyere used to take an electronically and vibrationally nonresonant
drastically changed mode excitations, which could be explained CARS spectrum from a glass plate. Additionally, we have
by the ultrafast dynamics along the excited excitonic polymer calculated the expected band intensities using the electric fields
states. Pinkas et &.improved the FranckCondon overlap for  of the laser pulses obtained from the FROG traces. While for
higher lying overtones in the electronic ground state of iodine the pump laser control in toluene the ESM and SSM were the
by d8|aying the Stokes interaction. The interaction with the wave C|ear|y dominating control mechanismS, for the resonant CARS
packet having propagated along the excited B state during theprocess only the qualitative changes could be related to them.
delay time of the Stokes pulse, allowed for an access to theseThe absolute values of the band intensities cannot be explained
high-energy vibrational states. Another well-known effect is the by only assuming a change of the excitation frequency window.
focusing of wave packets to certain positions on the potential Earlier time-resolved CARS results on polymers suggest the
energy surface after a wave packet preparation with a suitably jnvolvement of excited-state dynamics as well as changes in
shaped laser pul$g. the Franck-Condon overlap due to wave packet focusing at
Like in the case of the toluene CARS experiments also for certain positions of the excited-state potential energy surface
CV the changed mode selection survives during the full as important factor for the mode control.
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