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►s\riul Tills paper leviews results on wuvepackel dynamics invesrigiited by means ol femtosecond lime-resolved four-wave-mixing (FWM)
L(\uNcopv First. II IS shown that by making use of the various degrees of freedom which arc offered by these nonlinear Ruman or transient grating 
Imî iucs inloiIllation about molecular dynamics on differem potential energy surfaces cun be accessed and separated from each other. By varying the 
iiiiL̂ aiuJ vvavcicngth.s of the laser pulses us well a.s the wavelength of the detection window for the FWM .signal, different dynamics arc cohercntely 
-iiLil and probed by the nonlinear spectroscopy As a model system iodine m the gus pha,se was used Second we report about selective excitation of 

vihiaiional modes in the electronic ground state of porphyrin systems by means of a femtosecond iimc-resolved CARS (coherent anti-Stokes 
I,in scaiieiing) scheme By detecting the spectrum of the transient CARS signal, a detailed mapping of the dynamics initiated by the stimulated 
i.m p u m p  pioccss IS achieved The mcihod is able to yield the dephasmg behaviour and S|K'ctial inlormation of the investigated system at the same 

T h u  dilfeieni contiiluitions to the gioiiiul slate vibiational dynamics uie selected hy changing the direction of the CARS signal analyzer in the 
l.iii/.ilmii a r r a n g e n i e n i  used
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InlrtKluction

ncc ihc discovery of ihe Raman effecl [ 11 in 1928 many special 
Llinic|iics, and myriads of applications lor Raman 
•ccirnscopy were developed. Of particular interest has been 
c inelastic, nonlinear scattering in which the vibrational 
grees ol freedom in molecular systems arc measured using 

ionan methodologies, Siticc the first observation of coherent 
iinian scattering via the mixing of four electromagnetic waves 

in 196.*), several other nonlinear Raman phenomena have 
eii observed and developed as spectroscopic methods. These 
’bcicni Raman spectroscopies, especially those involving four- 
»̂vc mixing (FWM) phenomena have been widely used for 
inicmus applications in condensed- and gas-phase analysis, 
Insnia diagnostics, investigations of molecular relaxation 
roccsses, temperature and concentration measurements, 
^ndensed phase studies, and, very recently in femtochemistry. 
iinilar to Irequency tunable sources of coherent radiation, which 

‘’iuijomzed nonlinear optics in its early days, allowing many 
|>pliisticaied spectroscopic experiments including nonlinear 

itsponding Author

spectroscopic studies, to be pert'onned, the impressive progress 
of femtosecond laser in the 1990s has resulted in the 
breakthrough of non-linear Raman spectroscopy to new 
unexplored areas, giving rise to several elegant new ideas and 
approaches, pennilling more complicated systems and problems 
to be studied, and leading to the measurements of fundamental 
importance.

The high intensity achieved by femtosecond lasers favors 
the application of nonlinear methods like four-wave mixing 
(FWM) spectroscopies for the study of ultrafast intramolecular 
dynamical processes. Since Leonhardt et al. [3] applied 
femtosecond laser pulses to the observation of time-resolved 
coherent anti-Stokes Raman scattering (CARS), several groups 
have reported sub-picosecond and femtosecond time-resolved 
CARS measurements [4-13]. Theories for these time-resolved 
nonlinear spectroscopical methods were developed by several 
researchers [7,14-17], Time-resolved coherent Raman scattering 
techniques have been widely employed in condensed phase 
.studies of vibrational dephasing [3,4,8,18-26]. However, these 
methods have not been exploited on the subpicosecond time
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scale for gas phase studies until recently Hayden and Chan
dler 113| reported the application of femtosecond timc-rcsolved 
coherent Raman techniques to excite and monitor the evolution 
of vibrational coherence in gas phase samples of benzene as 
well as 1,3,5-hcxairienc. Recently, nonlinear four-wave mixing 
(FWM) techniques were incorporated in different temporal pulse 
schemes to extract the dynamics of atomic, unimolecular, and 
bimolecular systems in the gas phase by Zewail and co-workers 
127], For the FWM a three dimensional forward geometry (folded 
BOXCARS arrangement) 128- 301 was chosen Degenerate FWM 
(Df"WM) as well as a two-color grating experiment [311 were 
used to replace the probe pulse in a pump-probe scheme. Also 
the FWM process itself was used to gain information on the 
decay dynamics of atomic Na.

More recently, fs-CARS has been extended in our group to 
the study of molecular systems in the gas phase, where it has 
proven to be a valuable tool in the excitation and probing of 
coherent nuclear motion in the electronic ground as well as 
excited slate in simple molecular systems 132-42].

In the present paper we review the work on femtosecond 
time-resolved FWM spectroscopy performed in our laboratories 
recently. We would like to point out the mam advantages of this 
technique and to emphasize its capability for investigating 
ground slate dynamics. We have demonstrated that by the CARS 
method one can observe the dynamics of a wavepacket either 
evolving on the ground or an excited state potential energy 
surface (PES) 132]. The dynamics which shows itself in the CARS 
transient depends on the relative timing of the three laser pulses 
giving rise to the nonlinear FWM process. Next to the timing of 
the laser pul.scs there are other degrees of ficedom which can be 
varied in order to gain even more information on the ultrafast 
ro-vibralional dynamics evolving m the excited molecules. The 
following points will be discussed below (i) we will deinon.slrate 
that the timing of the laser pulses can be used to obtain 
inlomiation about dynamics evolving on different PESs of iodine 
molecules; (ii) the laser wavelengths which determine the 
electronic as well as rovibrational re.sonances and through this 
the preparation of the wavepackets on the PES of the molecules 
also detenmne which FWM pr(x:ess lakes place (CARS, or CSRS, 
which is the Stokes analogue to CARS —coherent Stokes Raman 
scattering and DFWM = degcrncraie four-wave mixing); (iii) the 
wavelength window which is opened for the detection of the 
FWM signal detects different dynamical information contained 
in the transients; (iv) we demonstrate that also for more complex 
molecules (porphyrins) mode dynamics are accessible making 
use of the spectral components of the transient FWM signal 
143-45], We show that even a controlled selective excitation of 
modes on the femtosecond time scale can be performed.

2. Theory and methodology
In the following, the formalism necessary for the description of 
third order optical interactions in the form of coherent Raman

techniques and transient grating, is presented in a time-resolved 
scenario using third order perturbation theory in the weak field 
limit.

We consider the interaction of three pulsed laser fields
and denoted by their respective wave vectors with an 

electronic two state system, namely the ground state |g) and 
an excited state |e) . The frequencies of the fields are resonani 
with the I g) ^  |e) electronic transition so that the interaction 
with the ultrashort pulses prepares nuclear wavepackets within 
the two states. Since the spectral bandwidth of the femtosecond 
laser pulses employed in the experiments de.scribed in this work 
can be characterized with a FWHM of approximately 200-25G 
cm "' , the coherent superposition of multiple vibrational stalej 
within an electronic state is possible. The phase coupled 
excitation of vibrational states to a nuclear wavepacket allows 
for the vibrational dynamics taking place within the excited 
molecular system to be observed via their influence on the 
transient FWM-signal. [34, 35] The mechanism with whicli 
vibrational wavepackets manifest them.selves in the transieni 
FWM-signal will be shown in the next section.

Two pulses At, arc fired simultaneously while a third pulse 
k^ is time delayed with respect to the lime coincident pulse pair 
The fields induce a time dependent polarization which can be 
written iis:

P(t) = {\i/(/)\^i\y/(0)

where y/(t) is the wavefunction of the system /i is the dipole 
moment and the bra-kets denote inlegration over the molecular 
coordinates.

Due to energy conservation : -  cô  -  cOj has
to be fulfilled. Additionally, due to the phase matching condition 
^FWM = ^1 + ^3 ‘dso has to be fuHilled and the k  vectors of
the lasers and the signal must not be arranged arbitrarily. In the 
experiments presented here the socallcd folded BOXCARS 
arrangement, which allows for a spatial separation of all la.ser 
beams and the signal has been chosen [30J. The polarization 
emitted in direction At, -  Ac, + Aĉ is detected so that of all 
components of P{t) we need to consider the third-order leinib

(/, ^, -  A:,, + A:,) only. The experimental signal irobtained via 
lime integrating over a finite interval and explicitly depends 
on the delay time A t  between the time coincident pulse pair 
and k^ and ky . Detection of the emitted radiation yields the 
signal

5 (4 0  = (2)

where we have noted the dependence on the delay time | 
explicitly.

The time-delay between the simultaneously acting pulses 
Ac,, Acj and the third pulse Ac, might be either positive 
before ky) or negative (A,, ^2 after ky).
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For iion-overlnpping pulses and posilivc delay times the 

)ulscs with A:, ancl^, prepare a wavepacket + * 3))
n the ground stale. The time delayed third pulse then prepares 

he first order state i in the excited slate |e) . The
l alar product of tlicse slates contributes to the third order 
uilai i/aiion. There is a second and third conlribution to (t) 
vhich correlates ihe unperturbed ground state wavelunclion j

with the third order slate +Al2 +Aco) and the

ccond order wavefunction | (“ Ati + with the fji-st order

liiic . respectively so that the polarization is given
IS ihc sum;

- * 2  + * 0  = {(«**'(*! (3)

\
Noic that if the arguments ( / = I ; 2; 3) appear in the hra- 

cLiois, their corresponding signs arc changed compared with 
he kei-statcs, so that the phase matching condition = Ac, -  

IS iLilfillcd. As discussed above the first term of equation 
idlccls ground stale motion. 'I'hc third order wavefunction

M ihc excited stale -A:-» + of the second term in
HU.iiion (3) IS prepared m a first step via the simultaneous 
jiing pulses AT| and Af, which yields a ground stale wavepacket

.1̂ '"’(A:,-Ati which alterwaids evolves in lime. The one 
ilmion probe process hy the pulse Ar, which oiiginatcs from 
his initial stale results in a third order wavefunction in I c >

A'liich IS projected on ■ As a consequence the second
Cl in in equation (3) also rcllccts the dynamics of the ground 
t̂:̂ lc I > On the other hand the third term contains an excited 

aaic wavepacket (which actually has two components 
.‘nncspondiiig to excitation with Ac, and Ac, ). This wavepacket 
lien serves as initial stale for llie stimulated emission process 
Jnwn to the ground stale.

for negative delay4ij"nes a single pulse Aĉ prepares a 
a\ epacket (Ac,) > in the upper excited electronic stale which 
< piobed by the time-delayed combination of pulses Ac, and Aĉ. 
cre wc find the third-order polarization to be of the form:

+*,))}+«•■. (4)

licrc fJ IS the projection of the transition dipole moment for 

" I  A*) |e) transition on the electric field vector.

The single contributions of P for positive and negative 
lily limes differ with respect to absorption and emission 
ocesses induced by the different pulses.

The FWM techniquett applied to the investigation of 
molecular dynamics throughout this work were the coherent 
Raman techniques CARS (coherent anti-Stokes Raman 
scattering) and CSRS (coherent Stokes Raman scattering) and 
the degenerate four-wave mixing spectroscopy (DFWM). One 
signal transfonns into the other by changing the frequencies
(0),, 0)3 , G), = 0),) (CARSfor tu, > to, orCSRSfor £0 , < 0)2 ) 
into (o), = q>2 =a>,) (DFWM). The molecular states prepared, 
propagated and interrogated by introducing different scenarios 
of variable time delays and color schemes (CARS, CSRS and 
DFWM) between the laser pulses involved in these forms of 
FWM will be discussed in the results and discussion chapter.

3. Experimental
Tlic setup used for the femtosecond FWM experiments is shown 
in Figure I and is described in the following. Tlie laser system is
ba.scd on a TiiSapphire oscillator (Coherent MIRA) pumped by 
the multiline output of an Ar^ ion laser (Coherent Innova 310) 
running at about 8 W. The pulses were produced by the oscillator 
at a repetition rale of 83 MHz having temporal pulse widths of 
about l(X) fs. The pul.se energy was less than 10 nJ and the 
pulses were centered at about 800 nm having a spectral width 
(FWHM) of 14 nm. For the amplification of the pulses a 
regenerative Ti:Sapphire amplifier system (Clark-MXR) was 
used. The pulses were stretched to a duration of > 200 ps before 
ampliiication. The regenerative Ti:Sapphire amplifier was pumped 
by a frequency doubled Nd.YAG laser at a repetition rate of I 
kHz. After recompression the pulses had energies of about 1.5 
mJ and temporal widths of less than 100 fs.

Figure 1. Experimental setup showing the femtosecond loser system luid 
the beam path of the tiine-̂ resolved BOXCARS arrangement. Computer 
controlled actuators are used to vary the relative arrival time of the 
femtosecond puLscs at the sample. The mnochromator is equipped with 
both photomultiplier tube (PMT) and CCD camera.

In order to have two different coloris available, the 800 nm 
pulse train was split into two parts by means o f a beam splitier.
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Using two four-path OPAs (optical parametric amplifiers, Light 
Conversion) two independent wavelengths could he chosen. 
The laser pulses were produced using sum frequency generation 
between signal and idler output of the OPA as well as second 
harmonic generation of cither the signal or the idler light. The 
pulses were finally compressed in double-pass two-prism 
arrangements resulting in temporal pulse widths of about 70 fs 
(assuming Gaussian pulse profiles).

One of the OPA outputs was branched by a I: I beam splitter 
to produce the two pul.ses Hr, and . These two beams were 
then aligned parallel to one another and spatially overlapped at 
the common focus in the sample cell by the achromatic lens L I, 
The third beam (output of the second OPA) was aligned 
parallel to and spatially separated from the two pulses A:, and Hr, 
and passed through the top of lens LI, focussing m the same 
region as the two pump beams. This folded BOXCARS 
configuration was employed in order to seperatc the signal from 
the incoming pump and probe beams [3()|. In this geometry the 
phase-matching condition is fulfilled.

The pulses could he delayed in time relative to each other 
by means of Michelson interferometer arrangements. In the 
experiments presented in this paper, the pulses He, and He, were 
kept temporally overlapped and fixed. The FWM transients were 
recorded as a function of delay time A t  between the pulse Hr, 
and the two fixed and time coincident pulses Hr, and Hr, . The 
relative timing between the different pulses was varied with a 
computer-controlled actuator that allowed lor optical delay up 
to 3 ns with a minimal step si/c of 6 is. The determination of the 
position of temporal overlap (time zero) between the different 
beam pairs was made using across correlation setup with second 
harmonic generation as well as sum frequency mixing in a thin, 
phase-matched BBC crystal.

The fs FWM signal pulse generated in the sample travels in 
a direction determined by the pha.se- tnalching condition. As 
this direction is different from that of the incident laser beams 
the signal can easily be separated by a spatial filter. The FWM 
beam was collimated by a second achromatic lens L2. In order to 
remove the stray laser light and to spectrally analyze the signal 
a monochromator (Acton SpectraPro-500) is used. The detection 
is performed in two ways: (i) a fast photomultiplier tube (RCA 
C31024 A) measures the light leaving the monochromator. The 
signal-lo-noise ratio is enhanced by means of a boxcar 
integrator (EGcfeG model 4 121B) in gated-integrator mode, as 
well as by numerical averaging of several pulses. The latter is 
also used to smooth the multichannel output of (ii) a CCD camera 
(Photometries) which is attached to the monochromator without 
exit slit. The broadband detection offers many advantages as 
the whole spectral range of the FWM signal can be resolved for 
each pulse.

In this review, we present results on femtosecond 
investigations of iodine in the gas phase as well as on porphyrin 
solutions. The gas phase iodine sample was kept in a quartz cell

and heated to « 80'C in order to increase the vapor pressure. 
Forthistemperature, the vapor pressure of iodine was » 2kPa. 
The investigated porphyrin samples have been used as 
purchased (Porphyrin Products). All measurements have been 
performed on solutions, using a flow-type cuvette built from a 
rectangular glass capillary (Vitro Dynamics Inc.). As solvent we 
chose dichloromethane, because it possesses only weak 
vibrational bands in the excitation region and is relatively inert 
and non-polar compared with other solvents. Sample 
concentrations have been adjusted to yield a linear absorption 
of typically 1.2 OD for the strongest Q-band in a I mm path- 
length cuvette.

4. Re.sults and discussion

Here, we demonstrate the mam advantages of femtosecond time- 
resol ved FWM spectroscopy by discussing some of the 
experimental results on different molecules obtained in our 
laboratories. We present results which give a flavor of the wide 
capabilities of the FWM techniques. First, for iodine in the gas 
phase, we show that by just varying the wavelengths and/or 
timing of the la.ser pulses selectively different dynamics can be 
accessed. Second, we demonstrate that by using the excitation 
scheme of the nonlinear Raman spectroscopy also a controlled 
mode excitation in the ground slate of complex molecular systems 
is possible. As example we used the excitation of vibrational 
modes of porphyrins.

4 J  Fem tosecond tim e-reso lved  fo u r-w a ve  miMni> 
spectroscopy in }»aseotis ioditie :

The DFWM transient discussed in the following was recorded | 
using three la.ser fields having the .same central wavelength . 
which is resonant with discrete ro-vib eigenstates in the excilcd | 
B stale ol iodine. While two la.ser pulses (Hr, and k^ 
coincident in time the third pulse (Hr., ) arrives with a variable 
lime delay. Figure 2(A) shows a typical DFWM transient ol 
iodine as a function of the delay lime At  between the variable 
laser pulse, k ^ , and the fixed, simultaneous laser pulses Hr, and 
k^. The transient exhibits well deiined 3(K) fs beats, corresponding 
to a vibrational energy spacing of about J 1 1 cm”* . This agrees 
well with the experimental vibrational energy sp rings in the 
excited B state of gaseous iodine accessed by the 620 nm lasers 
around v' « 7 ■ positive delay limes ( A t  > 0) additional 
beats having about twice this wavenumber appear. These 
oscillations show a period of 155 fs, which corresponds to an 
energy spacing of 215 cm”* and reflects the dynamics ol a 
wavcpacket within the electronic ground state of iodine around 
v" s; 7 . The Fast Fourier Transform (FFT) spectrum (not shown 
in this paper) also confinns the above mentioned interpretation

In the fs-CARS experiment two laser pulses (Hr, and k} 
which are referred to as pump-lasers have the same wavelengiĥ
A, = A3 . The third laser pulse (*2 ) referred to as Stokes^li^^ 
is tuhed to a lower wavelength A2 in such a way that 1 

difference between A, and A2 is resonant with a vibratio
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^aman transition in the iodine molecule in the ground state, 
-igurc 2(B) shows the experimentally observed CARS intensity 
IS a (unction of delay lime 4 1 between the pump pulse and 
he two time coincident pulses A, and Xj vapour. The 
ransient was obtained for a pump wavelength A, = Aj =620 
iin and a Stokes wavelength Â  = 645 nm detecting the coherent 
mil-Stokes signal («S) at Â ,y = 596 nm with tlie PMT tube, 
'or negative delay times (A t  < 0 ) of , the transient is 
:lvaractci ized by beats with a period of approximately 300 fs, 
vtiich ct)rresponds to an energy difference of 11 1  cn r '. This 
/alue agrees with the energy spacing found between the 
/ihiational eigenstates of iodine in the excited B stale, which 
lie I cached by the A , = 620 nm laser pulse from the ground 
>iatc For positive delay times ( A t  > 0) the signal shows 

illations ut about twice the frequency of the oscillations at 
iclMtive delay limes ( At  < 0). These short lime oscillations for 
A A > 0 show a period ol‘ 160 fs, corresponding to the wavepacket 
rnuVni prepared by coherent two photon pumping (/Cj and ) 
muitid the third vibrational level in the ground X stale of iodine, 
x’canse the wavelength difference between k^ and Ac, laser was 
lined to the second overtone ( Av"  = 3) of the I, ground slate 
iihralion The average period of the oscillations corresponds 
.0 .1 vibrational wavenumber spacing of about 208 cm"'. This

urc 2. Femtosecond FWM transients of gaseous iodine; (A) fs-DFWM 
( ;i„ = 620 nm). (B) fs-CARS transient ( A, ;i, * 620 nm, A j 

= 596 nm). (C) fs-CSRS transient ( A, « A ,  ̂615 nm. Â
«nv A, = 641 nm).

agrees with the vibrational energy spacing in the ground X 
state of iodine around y" -  3 as observed from continuum 
resonance Raman experiments [46].

y :
The fs--CSRS transient displayed in Figure 2(C) shows a 

completely different time behaviour than the DFWM [see Figure 
3(A)] or the CARS [see Figure 2(B)] transient. In the fs-CSRS 
experiment also three laser fields interact with the ensemble of 
12 molecules. Two laser pulses (k  ̂ and k^ ) have the same 
wavelengths, A, = A, , and furtheron will be referred to, in 
consistency with the CARS experiment, as pump lasers. The 
third laser (k^ ) (anti-Stokes) is tuned, in contrast to the CARS 
experiment, to a lower wavelength, Aj .such that the difference 
between pump and anti-Stokes laser wavelength is resonant 
with a vibrational transition in the ground state. Figure 2(C) 
shows a fs-CSRS transient for gaseous iodine as a function of 
the delay time At  between the pulse k^ and the two time 
coincident pulses A| and ^2 • pump wavelength A, = A3 

= 615 nm and an anti-Stokes wavelength A3 =591 nm the 
coherent Stokes signal is detected by means of a PMT tube at 
A ̂  = 641 nm. As in the ca.se for the CARS transient also here 
the wavelengths of the pump lasers A, and k^ determine where 
the interaction with the excited state potential takes place. The 
difference of the wavelengths between pump (fc| ) and anti- 
Stokes (ky) laser (A 3 -  A, ), which was chosen to be resonant 
with the second overtone Av*^ = 3  within the ground state of 
the iodine molecules, gives the position accessed in the ground 
state potential. The transient shows neither a signal nor a beating 
structure for negative delay times ( 4 f  < 0). For positive delay 
times ( A t  >t)) the transient exhibits well defined 320 fs beats, 
corrc.sponding to a vibrational energy spacing of about 104 
cm'*'. This agrees well with the experimental vibrational energy 
spacings in the excited B state of gaseous iodine accessed by 
the 615 nm pump lasers around v '«« 7 . Also beats having about 
twice this wavenumber appear. These can be assigned to the 
electronic ground state. The FFT spectrum of the CSRS transient 
(not shown here) also exhibits two distinct components at 1 1 1 
and 208 cm’ ' . The peak at 1 1 1 cm’ ' can be assigned to the 
vibrational coherences in the B state of iodine around v' = 7» 
while the peak at 208 cm"' corresponds to the second overtone 
(Av"  = 3 ) of iodine in the electronic ground state. That is 
exactly what could be expected from the experimental conditions 
as mentioned above.

DFWM where all laser pulses possess the same frequency 
making them indistinguishable in their temporal sequence, apart 
from their phase conjugation is the most general form of the 
FWM. By introducing different color schemes into the FWM 
process, the pulses become differentiable, allowing for the 
variation of their temporal sequence in the FWM process. This 
makes the selective preparation and probing of different 
molecular states possible. Of particular interest is the temporal 
sequence of the laser pulses that was classified as positive



54 M Schmitt, TSichcrt unci W Kiefer

delay limes ( A t  > 0 ) since ihc preparalion of a molecular slate 
by the a pulse pair (k  ̂; ) brings ihc influence of a Raman
resonance into the selectivity ot the stales prepared by the 
respective FWM process. The consideration of Raman 
resonances in the multi-color schemes of CARS and CSRS call 
for the comparison of schemes that ulili/c virtual states for the 
realization of these processes versus schemes that take place in 
resonance to the molecular stales cdl'ered by ihe system.

■M
■ t:

Diagram A

U)

U-) (y|

■k.
At

i5>....
■<.>> w

Diagram 0

(■■I

Diagram C

k) At

(4-I

'‘S ....

k /  U) (sh-k*

At

.......
|4') (4 'r-k .

(4'i

F i l l i n '  3 .  H i a g r a i i i s  A-C ' s lm v \  i h r t ' c  p o s s i h k '  t t p l i c a l  p m c c s s c s  in  I h c  

c o l o r  s c l i c m c  o f  a CAKS c s p c i i m c n t  in  a  s U i c i i i a l K  p o t e n t i a l  e n e r g y  

d i a g r a m  ( lo p ) ,  a n d  J o u b l c - s i d e d  r c y m n . i n  d i a g i a m  ih o i U n n )  i c p t c s c n i a h o n  

n i a g i a m  A  s h o w s  a  p i o t c s s  th a t  is m  lu l l  i c s t m a n i c  w i i h  m o l e c u l a r  s t a l e s  

( s o l id  h o n / o n l a l  l i n e s ) ,  w h i l e  d i a g i a m s  l i  a n d  C  i i i i l i / e  v i i i n a l  s ta l e s  ( d a s h e d  
l i o i i / o n i a l  l i n e s )

In Figure 3. the optical pioccsscs associated with lime- 
lesolvcd coherent aiili-Slokcs Raman scallcring (CARS) arc 
shown in potential energy diagrams along wiih ihc relevant 
double-sided Feynman diagrams lor this FWM process. 13.3- 
35. 40, 47-511 F̂ or the case that the piimp/Stokcs pulse pair {k^, 
k, ) interacts first with the sample {At > 0 ), three possible 
Feynman diagrams can he rorniiilalcd that lead to ihe formation 
of a third-order polari/alion {A-C  in Figuic 3). Experimental and 
iheorclieal work in the literature and rcsulls presented above in 
Figure 2(B) shows that diagianM describes the optical process 
that primarily conii ibulcs to the third-order polarization m the 
coloi scheme of CARS while the contribution of the processes 
de.scribcd by diagrams B and C can be neglected. [32-36, 38- 
42, 5 1 ] Briclly, the selection of diagrams that coniribulc to the 
CARS signal is founded in the necessity of processes described 
by diagrams B and C to utilize virtual states rather than being in 
full resonance to the tiuanlum stales offered by the respective 
molecular system. The lack of the Raman resonance makes 
processes of this type ineffective and therefore, they do not 
contribute significantly lo the CARS signal intensity. Diagram 
A showsMhe preparation and interrogation of a wavepaeket in 
the electronic ground stale that is in full resonance to the 
molecular states of the system in all lour optical transitions and 
will therefore primarily describe the CARS process. Here, the

interaction of the pump (k^) and Stokes pulse (k^) projecU the 

initial ensemble into an excited vibrational stale in the

g (/c, -  A:2 )) , via the electronically

excited state . This state develops in time until the
second pump pulse (k^) probes this state at a parametric delay 
time, A t , The probing of this stale is realized by projecting ii 
into a vihralionally excited stale in the excited electronic slate,
^e'^^^{k^~k2 +k^)^ and thereby inducing the third-order 

polarization between this stale and that has developed
in lime during A t . As shown in the potential energy diagram 
describing the CARS process and the Feynman diagram A 
(Figure 3), the ihird-oidcr polarization is given by the anti-Stoke.s 
transition, which is blue shifted relative to the wavelength of 
the pump lasers and described by the transition dipole momeni.
/̂ n.V :

- A , +*•,) = + * o )  + cr.(5)

The DF"WM iransicnt for At > i) shows that there is no 
preference between preparation and inlcrrogalion of 
wavcpackels on the electronically excited and ground .stale 
potential. Since the utilization of Raman resonances is not 
p(Kssiblc fi>r DFWM, there is no preference between the 
foniialion of giouiid slate versus B-stale i)opulalion gratings, 
by the interaction ofA:, and A:,. Despite the possibility ol Raman 
resonances in the CSRS process, the transient of this process 
for Z\/ > 0 shown in panel C of Figure 2 shows wavepaeket 
dynamics m the excited B and ground stale polcnlial. Figure \ 
shows the polcnlial energy diagrams and relevant double-sided 
Feynman diagrams for time-resolved coherent Stokes Raman 
Scattering (CSRS). At firsi. this FWM technique appears very
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Figure 4. Diagrams A-C  show three po.ssibIe optical processes in rhe 
color scheme of a CSRS experiment in a potential energy diagram (lopi- 
and double-.sidcd Feynman diagram (bot(om) represcnlation. DiagramN  ̂
and C show processes that are in full resonance with molecular states 
(solid horizontal lines), while diagrams A utilize virtual states (dashed 
horizontal lines).
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simi lar to CARS but the process shows u much higher complexity 
ihan CARS in its interpretation. For this configuration, the 
Pcynman diagrams B and C in Figure 4 show the relevant 
contributions to the CSRS signal. Here all optical transitions are 
in i c.sonancc to the quantum state of the system, while diagram 
.4 utilizes virtual states and will therefore not contribute 
signil icantly to the CSRS signal 133-35,40-42,511 However the 
coniiibulion of Feynman diagram A to the CSRS process, 
sh(nvmg a scenario that utilizes a virtual state is difficult to 
c\aluaic since both potentials are already accessed by the 
icsonant processes given by diagrams B  and C. The latter show 
[he loimation and propagation of an excited electronic state,

c or and an electronic ground state,

+ * 2 ) ) ' respectively. Both ground and electronic 
cxcilcd state dynamics will be observed m the transient signal 
as a 1 unction of At  and must both be considered in the 
cxpicssion lor the third-order polarization of the CSRS process. 
Ilcic. diagram B is described by the first term in equation (6), 
where the dynamics of the electronically excited stale,

arc interrogated by projecting into

j V ‘ + ^.0 ) with the lime variable pump laser, . Diagram
r  coiunbules to the .second term of equation (6), where the 

ilvnainics of the electronic ground state, + ^ | arc

iniciIogaicd by projecting into with the time
\  .11 lahlc pump laser, / c , .  For both cases, the third-order polarization 
IS ‘̂ iven by the Stokes iransiliim, which is spectrally red shifted 
u )  I he wavelength of the pump  lasers and described by the 
ii.insiiion dipole moment for the Stokes transition, . With 
Miiiilar considerations (hat were made for the formulation of the 
C ARS signal, the third-order polarization of CSRS process can 
hi developed as follows :

P' " (4 r , k , - k .  + * ,)  =

+{^n'^'\k2 + (6)

111 summary, for the CARS process, the Raman resonance 
allows for a higher selectivity than in the case of DFWM and
CSRS

The femtosecond laser pulses, employed in generating the 
Iniii-wavc mixing signal, possess a spectral bandwidth that 
'̂xeccds the energy spacing of the vibrational states accessed 

m molecular iodine. This opens the possibility of generating a 
'variety of multi-color schemes such as CARS and CSRS parallel 

the DFWM process, since the necessary wavelengths for 
multi-color schemes are included in the bandwidth of the 

•‘‘"'Cl pulses. The different FWM processes will show themselves 
II different spectral positions of the broadband signal and a 
TCD multichannel detector allows for the dynamics generated

by these processes to be characterized simultaneously by the 
broadband detection of the spectrally dispersed signal. The 
simultaneous generation and detection of a CARS, CSRS and 
DFWM process in a time-resolved scheme allows for a direct 
comparison of the molecular states that are prepared, propagated 
and interrogated by these processes under identical experimental 
conditions.

The FWM signal intensity can be plotted as a function of 
the respective detection wavelength, and the delay time. 
A t  of the time variable laser pulse k ^ . A contour plot of this 
type is shown in Figure 5. The modulations of the intensity 
along the time axis can be seen across the full spectral width of 
the recorded FWM signal. In order to obtain a more detailed 
view of the time domain behavior of the signal, cross-.sections 
of the contour plot along the time axis at a fixed detection 
wavelength are made. An analysis of the different dynamics 
observed within the FWM signals with the help of these cross- 
sections shows that there are three characteristic contributions 
within the spectral components of the signjil pulse.

CARS Detection 
Xm  = 566.6 nm

DFWM Detection 
= 572.4 nm

CSRS Detection 
X,^ *  578.9 nm

570 575

Detection Wavelength, X^at /  nm

580

Figure 5. Coniour plot of the DFWM iiitcii.sity as a funciion ot (he delay 
time. A/ and the detection wavelength, X̂  ̂ acquired by CCD multichannel 
detection of the DFWM spectrum for varying delay times, Cuts made 
along the time axis .show that the DFWM signal shows dynamics 
characteristic for DFWM as well as CARS und CSRS processes (Sec 
Figure 6).

The spectral position o f these three distinct contributions 
arc marked in Figure 5 and the dynamics are plotted in panels 
A - C  in Figure 6 for the central wavelength o f the pulse ( =  
S7Z.4 nm), blue shifted from the central wavelength ( s  566.6 
nm) and another shifted to the red flank o f the pulse ( A^, =578.9 
nm). Generally, this change in the behavior o f the signal with
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respect to the detection wavelength can he attributed to the 
polychromatic nature of the broadband fs laser pulses employed 
in the experiment. The different wavelcngth.s incorporated in 
the spectral profile of the laser pulses allow for three different 
FWM processes, CARS, DFWM and CSRS, to be generated 
simultaneously in the sample. The identification of the three 
FWM processes at different wavelengths of the broadband 
signal can be made when the characteristic stale selectivity, 
that manifests itself in the preparation of vibrational wavepackcls 
on different electronic potentials of the molecular system, is 
compared to experiments presented in Figure 2(A)-(C), where 
these three FWM processes are explicitly carried out on gaseous 
iodine [33-35,40^2,511.

-3 0 1 
Delay Time, At / ps

Figure 6. niagiams A-C s h o w  ilucc u o s s < s e t l i o n s  made along i h c  time 
axis of the coiuoui plot in Figum S A. At A., , = 566 6 itni, the dynamics 
reriecl the state selectivity ol a C-ARS piocc.s.s B. At a detection wavelength 
of A.,,, = 572 4 nm, the observed dynamics are rcprescnialive of a DFWM 
process C. A shift to the ivd side ol the FWM spectrum shows dynamics 
of a CSRS process at A.̂  ̂ -  S7S 0 nm

The detection at the central wavelength of the signal, =
572.4 nm corresponds to a classical DFWM experiment, where 
the detection wavelength is equivalent to the central wavelength 
of the three laser pulses. The transient signal at this detection 
wavelength is shown in panel B of Figure 6 . For negative delay 
times (A t  < 0), the development of a first-order polarization 
prepared by can be observed. This first-order polarization is

modulated by a vibrational wavcpacket with a period of 355 Is, 
which corresponds to the vibrational period in the excited B- 
state of iodine. This assignment is confirmed by the Fourier 
transformation of the transient for /I f < 0 in panel C of Figure 7. 
Here, the two peaks at 92 and 185 cm*', give the energy spacing 
between two neighboring vibrational eigenstates ( Av '  s  i) 
and the first overtone (Av* =2) accessed in the excited B state 
by a laser pulse with A = -"̂ 73 nm. [52. 53] For positive delay 
limes ( A t  > 0), the transient shows the dynamics prepared by 
the pulse pair (it,; it, ). Here the superposition of oscillations 
can he seen that possess a period of approximately 160 fs, 
corresponding to the period of a vibrational wavepackel in the 
electronic ground state of iodine around v'' » 0 • ŝ nd oscillations 
of 355 fs showing dynamics that can be attributed to the excited 
B-stalc. Again, this assignment can be confirmed by the Fourier 
iransfomiation in panel D of Figure 7, which shows a peak at 211 
cm*', corresponding to the energy spacing of the vibrational 
eigenstates in the ground slate around the vibrational quantum 
number y/' = | . [54] The two peaks at 93 and 185 cm ' ai(e 
representative of the excited B state as described above. Thest 
findings correspond to the stale selectivity expected of thd 
DFWM process shown in Figure 1(A) [33-35, 38-42, 51].

The transient behavior in the blue flank of the FWM signal 
at Ajj., = 566.6 nm is shown in panel A of Figure 6. Here, different 
dynamics arc observed in comparison to the transient at Aĵ ., =
572.4 nm. With a comparison to CARS experiments on gaseous 
iodine presented in Figure 1(B), the dynamics observed at this 
detection wavelength can be attributed to the superposition ol 
a CARS and DFWM process [33-35,38-42,51 ]. In the case ol 
the CARS process, a wavelength near the maximum of the spectral 
profile of it, will act as a pump laser while the spectral region in 
the red Hank of k, serves as a Stokes laser. The lime variable 
laser, acts as the second pump laser and the coherent anii- 
Stokes signal is generated in the blue flank of the signal. The
o.scillations at At  < 0  with a period of approximately 355 fs are 
the result of a first-order polarization modulated by the vibrational 
wavepacket dynamics of the excited /?-slale. This is confirmed 
by the appropriate peaks in the Fourier transformation at 94 and 
185 cm*' shown in panel A of Figure 7. For At >0, the transient 
and the Fourier transform ation show a much stronger 
contribution of the electronic ground state dynamics than (he 
DFWM transient recorded at Â,̂ ,, = 572:4 nm, with oscillations 
of 160 fs and a corresponding peak in the Fourier transformation 
in panel B in Figure 7 at 2 1 1 cm '.  This rising contribution of the 
ground state dynamics is attributed to the growing contribution 
of a CARS process. This will be discussed in greater detail below. 
Furthermore, the Fourier transformation shows two peaks at 93 
and 185 cm"' which cannot be attributed to a CARS process. 
These peaks are designated to a DFWM process driven by the 
blue flanks of the laser pulses, and reflect the dynamics of the 
excited fl-statc. The components at 27, 124 and 280 cm’’ can 
roughly be assigned to the sum and difference wavenumbers
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iK'iwcen the wavenumber componcnls of the GARS process at 
11 cm ' and the components of the DFWM process at 93 and 

1 S3 cm '.  A detection wavelength located on the red side of the 
sicnal at = 578.9 nm also shows dynamics different than 
observed at the central wavelength of the signal. Here, the 
behavior of the transient signal, displayed in panel C of Figure 
(). shows the state selectivity that is characteristic of a coherent 
Siokcs Raman scattering process (CSRS). For the GSRS process, 
A wavelength near the maximum of the spectral profile of 7k  will 
ai l as a pump laser while the spectral region in the blue flank of 
 ̂ serves as an anti-Stokes laser. The time variable laser, k̂  acts 
as ihe second pump laser and the coherent Stokes signal is 
ncncraled in the red flank of the signal. For At <0, the transient 
aiul ihe corresponding Fourier transformation show that 
Miiiially no dynamics arc present for these delay limes. This 
(ciimrc IS characteristic of a CSRS process observed in Figure 
1 ( C )  133--35, 38-42. 51]. At positive delay times. At  > 0 a 
v̂upi iposiiion of ground stale and excited B-stalc dynamics 
i;m bi observed with oscillations possessing a period of 
apinoxmuitely 160 and 355 fs, respectively. The Fourier 
ii.iiisformaiion shows a peak at 94 enr' which is representiUive 
()1 ihc cxiitcd-f? state and a weak band in the region from 185 to 
213 iin ' poorly resolves the contributions that are expected of 
ihi ixcilcd B state at approximately 185 cm ' and of the ground 
siaii i l l  about 2 11 enr' . This is the state selectivity expected for 
a Kaiiuin resonant CSRS process as shown in Figure 1(C).
1  ̂  ̂ 33,3S-42,51). The contribution of a DFWM process, driven 
b\ ihc red (lank of the laser pulses superimposed on the CSRS

Delay time I < 0 Delay time t > 0

process cannot be ruled out since both schemes possess the 
same stale-selccliviiy for this temporal sequence of the laser 
pulses. The analysis of the broadband signal with the help of a 
CCD multichannel detection above shows the possibility of 
characterizing the lime^domain beliavior of the different spectral 
channels of an FWM processes. The comparison of the 
characteristic time-domain behavior at the specific spectral 
positions in the DFWM signal with the experiments presented 
in Figure 2, where CARS, CSRS and DFWM were explicitly 
carried out on gaseous iodine, allows for an identification of 
CARS and CSRS processes in the blue and red flank of the 
DFWM spectrum.

As described above the consideration of Raman resonances 
in the multi-color schemes of CARS and CSRS call for the 
comparison of schemes that utilize virtual states for the realizauon 
of these processes versus schemes that take place in resonance 
to the molecular slates offered by the system [32-42,48,49,51 ]. 
For the CARS process, the Raman resonance allows for a higher 
selectivity than in the case of DFWM or CSRS. The Feynman 
diagrams A-C in Figure 3 describe the three possible scenarios

7. Fourier tratisfoiiiiatioiis of Ihe irunsients in Figure 6 Spectra A 
11̂1 a slum ihe Fourici tninsfonnation for the CARS detection wavelength 

^6()6 nm for Ihe two possible temporal sequences of ihe laser 
< 0 and Ar > 0, respectively. Spectra C and D  show the Fourier 

‘i'''li»miations for the DFWM detection wavelength at = 512A mn
'•P^ou E and F  for tlic CSRS detection wavelength at = 57S.9 nm

'I Ihc ‘vspcctivc delay times.

3 - 2 - 1  0 1 2 3 4
Delay Time Ai / ps

Figure 8. Diagrams A -P  show four cross-sections made along the time 
axis of the contour plot in Figure S. The cross-sections illustrate the 
growing contribution of ground state dynamics as the detection is shifted 
from the central wavelength at s; .S72.4 nm to the blue flank of the 
FWM signal. Arrows mark the oscillations that ore exclusively the result 
of a wave packet in the electronic ground state of todihe.
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for the color scheme of ihe CARS process for At  > 0 . While 
diagrams D and C show the necessity to utili7,c a virtual stale, 
diagram A shows the preparation and interrogation of a 
wavepacket in the electronic ground state in full resonance to 
the quantum slates of the molecular system. The relevance of 
the Raman resonant process described by diagram A can be 
seen in the transient for the CARS detection at = 566:6 nm 
in Figure 6 . Here, the strongest ground stale contribution of all 
detection wavelengths can be seen in a vibrational period of 
160 fs, characteristic of a wavepacket in the electronic ground 
slate . This is also evident m Figure 8, where the continuous 
change in the dynamics, as the detection wavelength is varied 
from the central wavelength to the blue Hank of the signal, shows 
an mcrcasing ground slate contribution. The vibrational period 
of 160 Is associated with the ground state potential is marked 
with arrows in the transients of Figure K, in order to emphasize 
the growing contribution of the CARS process lor the blue- 
shillcd detection wavelengths. The effect of a stronger CARS 
process can also be seen in the comparison of the Fourier 
iranslbrmations in Figure 7. The amplitude of the band at 
approximately 210  cm ',  that corresponds to the energy spacing 
ol the vibrational stales of the ground stale potential, is clearly 
stronger for the dynamics delected in liic blue Hank of the signal 
than at any other detection wavelength. The other bands m the 
Fourier transformation of the transient detected at = 566.6 
nm can be attributed to a DFWM process driven by the blue 
flanks of the laser pulses at this wavelength and sum and 
difference frequencies of CARS and DFWM processes. The 
possibility that these excited stale dynamics arc the result of a 
CARS process can be ruled out by comparisons with Figure 
2(B), where a CARS process on gaseous iodine only shows 
dynamics in the electronic ground stale lor At  >0.

In summary, the generation of the coherent Raman processes 
of CARS and CSRS parallel to the DFWM process, allows fora 
direct comparison of these FWM schemes. This is valuable for 
the analysis of the state-selectivity, that pre.scnts itself in the 
preparation of vibrational wavepackels on dilferenl electronic 
potentials of the molecular system. The selectivity of CARS 
dominated by the process described by Feynman diagram A in 
Figure 3 is the most significant result of the experiments 
presented above. This dominant contribution of a single 
Feynman diagram to the CARwS process, shows the significance 
of Raman resonance in comparison to processes that utilize 
virtual states. The concept, that Raman resonances lead to 
relevant contributions to the signal intensity of a FWM process 
while processes utilizing virtual stales will not, was addressed 
in this chapter in the simple molecular system of gaseous icxline.

4.2 Spectrally dispersed femtosecond- CA RS of  Mg OER :

As shown in the previous subsection, vibrational dynamics in 
the ground slate of molecules can be accessed using time- 
resolved femtosecond CARS spectroscopy. While in diatomic 
molecules only one vibrational mode is excited, in larger

molecules an ensemble of different vibrational motions is 
involved in a femtosecond expenment. In the following we want 
to concentrate on a description of fs-CARS considering the 
special situation where the anti-Stokes signal is recorded, 
spectrally dispersed by means of a CCD camera, as a function of 
positive delay times. Wc will mainly focus on the spectral 
information (and mode assignment) that can be deduced from 
such measurements by employing Fourier transform methods 
to the two-dimensionally recorded transient signal.

In this section, we present spectrally dispersed fs-CARS 
measurements on magncsiumoclaelhyl-poiphyrin (MgOEP) [43~ 
451. In Figure 9. we show the wavelength arrangement of the 
la.scr beams together with the absorption spectrum of MgOEP 
in dichloromelhane. The pump pulse (k^ Ik^) wavelength of 581 
nm roughly coincides with the Q(X) absorption band maximum ai 
580 nm The Stokes pulse {k^) is tuned to 632 nm, resulting in an 
anli-Stokcs signal (aS) centered at 538 nni, in the vicinity of the 
0 „, -band maximum

l''lgurc 9. Is-(?AI<S wu\claig(h aii.mj:cint'nl and ,iI<mii|)Iii)I1 ^|lccmllll 
MgOEP dissolved m CI2 CH2

The vibrational information which one wishes to extract lion 
the transient CARS signal is often obscured by non-Rainai 
re.sonanl conlribulions. This is especially a problem when, lik( 
here, the molecular system investigated is studied in solution 
the decay of the resonant isotropic contribution, whicli 
corresponds to pure vibrational dynamics, occurs on a mud: 
faster timescale than in isolated molecules and, additionally, the 
non-resonanl CARS signal from the solvent is often orders ol 
magnitude higher than the signal from the system one intends 
to study. The overall wavelength arrangement leads to a strong 
resonance enhancement of the CARS process. In order tc 
suppress non-Raman resonant scattering contributions fi'dî  
the solvent to the CARS signal around At  -  0, a magic angle 
polarization geometry for the four beams has been applied
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hcsc measurements [55], We keep the temporally overlapping 
lump Stokes (ilr )̂ pulses parallel poluri/^d (0*'), and set
he lime-delayed pump pulse ) and the anti-Stokes signal 
iiS)io-60”and-6Cr,respectively (see insetofFigure9).

Figure 10(A) shows a typical spectrally dis[>erscd transient 
:ARS signal as a function of the delay lime At  between the 
lump pulse (ky) and the two time-coincident pulses ilr| and k^ 
ind of the CARS wavenumber v^s ■ hus been obtained from 
vigOEP dissolved in dichloromethane, for a pump pulse 
wavelength of 580 nm and a Stokes pulse wavelength of 631 nm. 
Flic signal is centered at about = l4(K)cm“' , corresponding 
i() ihc mean excitation energy determined by the wavenumber 
liKcrence of the pump and the Stokes laser. It extends from 
r -- 1000 cm”'to  » 1800cm"'. In the vibrational .spectrum 
)l vftOEP this is the interesting region where modes of the 
porphyrin macro-cycle are predominantly located [56|. Tlic signal 
la.sis for about 4 ps and shows the expected oscillatory pattern 
|oi ilic high density of coherently excited normal modes in the 
jjmimd state of this system, with a strongly modulated 
siiijciurc in both, the direction of (he lime axis and the 
w.ivciiumbcr axis.

(A)

To further investigate the wavenumber spectrum of the 
oscillatory structure comprised in the signal of Figure l(XA). we 
have calculated the power spectrum density (PSD) of the time- 
domain signal with the fast Fourier transform method (FFT), 
which is shown in Figure 10(6). The PSD elucidates the quantum 
heat dynamics of the vibrational coherence generated in the 
wavenumber domain. It is now obvious that the complex 
oscillatory pattern of the time-domain signal is mainly attributable 
to four peaks (Table 1). The peak location along the FFT 
wavenumber axis corresponds to the wavenumber differences 
of two coherently excited vibrational inodes of MgOEP, and the 
location along the CARS wavenumber axis is approximately 
given by the arithmetic mean wavenumber position of the two 
beating modes.

Table 1. FFT wj\enuinber (vyrr^  CARS wavenumber 
loc;iiion.s of the peaks in the PSD ploi (Figure 10(B)). The peaks 
correspond to quantum beatings between the vibrational modes and
of MgOEP. 

VfTf i  /cm ' \'^. k m  ' ' ’j . /cm"' /cm"

52 1570 y„(b,^). 1552 1606 54

84 1110 , 1400 81

1.10 1510 1477 1606 129

l«2 1475 1 , 1 4 0 0 1579 179

1372 1552 180

10. (A) Specinilly dispci-sed transient CARS, signal ol Mg()l:P. (B) 
spectrum density (PSD) of the oscillating contributions to the 

CARS signal of Figure 2(A)

It is now appropriate to compare the obtained results with 
data that are available from spectrally resolved techniques on 
the same molecule |56]. In order to assign the peaks in the PSD 
tolhe wavenumber difference of two vibrational modes and
^ re s u l ts  from ns-CARS spectroscopy and resonance Raman 
measurements have been taken into account (see Table 1). 
Because of the well defined polarization directions of the CARS 
signal contributions from individual vibrational modes, the 
quantum beat structure of the detected signal is influenced by 
the magic angle polarization geometry of the laser beams [56]. 
Contrary to ns-CARS though, where all three incident laser 
beams are temporally overlapped and fixed, in fs-CARS one is 
able to analyze the signal at delay times when the non-Raman 
resonant scattering contribution is already decayed. Therefore, 
when the pulse duration of the laser pulses is considerably 
shorter than the vibrational dephasing lime, the non-Raman 
resonant background does not obscure the signal at ^  , leaving 
the analyzer setting of the CARS signal in principle 
undetermined.

Using this concept, transient CARS measurements on 
m agnesium tetraphenylporphyrin (M gTPP) have been 
performed, where the coherent vibrational motion detected is 
selected by the polarization direction of the analyzer used for 
the CARS signal beam. The electronic resonance conditions in 
these measurements have been the same as for the MgOEP 
measurements. The mean excitation wavenumber was 1400
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cm"'. Panel (A) of Figure 11 shows ihe PSD of the transient 
CARS signal for the same magic angle polarizaiion arrangement

'̂ e%3,ai!r '* ^

'̂CARS n  ■ h  /tin ' I'c 1', /cm '

62 m o 1249 1321 72

88 1420 146.S » 108

142 1410 146.S » 144

192 1435 v„(/j„) 1496 » 214

Figure 11. Power speciniin densily of llic iransient CAPS signal of 
MgTPP foi three dift'erenl polarization geometries (A) CARS signal 
analyzer setting -60±, (B) 0±, (C) -78±

(analyzer polarization *60” with respect to the pump/Stokes 
polarizations) as in the measurements on MgOEP. Four peaks 
arc observable in the resulting signal. The assignment of the 
contributing modes and their respective symmetries are given 
in Table 2. Almost no cw data are available for the MgTPP system 
because of the strong fluorescence background in resonance

Table 2. Mode assignment the PSD peaks of ihe polarization sensitive 
fs-CARS ineasuremenis on MgTPP (Figure 11)

Raman spectra (Q-band excitation). Therefore, the assignment 
is mainly based on results on NiTPP [57].

Assuming that the depolarization ratios for conventional 
CARS are valid for the measurements presented here, the 
contribution to the signal should vanish for an analyzer setting 
of 0  ̂for modes of symmetry, and at -78” for modes of 
and symmetry. Panel (B) of Figure 1 1 shows the PSD of the 
transient signal for an analyzer setting ot 0”. The peak structure 
is basically the same as in the magic angle measurement 
However, the intensity of the peak originating from two 
modes has strongly increased, whereas the two peaks from a

mode have considerably decreased in relative intensity. The 
PSD shown in panel (C) of Figure 11, depicting the measuremeni 
at an analyzer setting o f-78”, is similar to the one given in panel 
(A). The peaks from modes with symmetry are now clearly 
dominating. All features containing contributions from and

modes are now even further suppressed. The results 
presented for the three different polarization geometries are in, 
accordance with the expectation that the dynamics detected 
depend strongly on the polarization geometry employed The 
tentative mode assignment in Table 2, from NiTPP data, is 

confirmed.

5. Conclusion

In this paper, we have reviewed work on femtosecond l i m e  

resolved FWM spectroscopy performed in our laboratories. W e  

concentrated mainly on experimental details and partially on 
their interpretation.

First wc have demonstrated how the many degrees of freedom 
offered by the FWM techniques, can be used to gain information 
about molecular wavepacket dynamics evolving on diffeieni 
PESs. These experiments were performed on iodine in the gas  

phase which serves as a simple mixlel system. For the FWM I 
process three laser pulses interact with the molecules generating 

a nonlinear response signal. The following parameters had been 
varied: (i) the timing of the laser pulses — using femtosecond 
laser pulses, we were able to coherently excite and p r o b e  

wavepackets. By changing the sequence of the laser pulses, 
dynamics on different PESs contribute to the FWM signalJ 
separation of excited-stale and gremnd-state vibratonal 
coherences is possible; (ii) the laser wavelength — electronic 
as well as ro-vibratioal resonances and through this the energy 
position where the wavepackets are prepared on the PES oi the 
molecules depend on the laser wavelengths; (iv) the wavelcngili 
window which is opened for the detection of the FWM signal 
— we showed that this parameter is very important as it selects 
different dynamics contained in the transients. By using* 
multichannel detection technique (three -dimensional) transients 
can be taken which give the FWM intensity as a function of 
delay time between the laser pulses and wavelength of the 
signal.
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Mier discussing the possibilities of the femtosecond time- 
n;si>lved FWM technique, we introduced a more specific 
(. \pciinicnt on a more complex molecular system. Here, we 
clcnionslrate that FWM is a very useful method for exciting and 
probing molecular dynamics in the ground state. We applied 
Iciniosecond time-resolved CARS spectroscopy to large 
polyaloniic porphyrin systems. By employing spectrally 
dispersed fs-CARS we have excited and probed coherent vi- 
huiiional motion in the electronic ground state of ihese systems. 
Wc have demonstrated that the method is able to provide a 
detailed mapping of the dynamics of a mullilude of excited modes 
and that it yields the dephasing behaviour and spectral 
iidormation at the same time. We have shown that the vibrational 
dMuiniics detected can be efficiently selected by varying the 
polarization direction of the CARS signal analyzer. The results 
piL'scnled dem onstrate that CARS spectroscopy with 
lemiosecond time resolution and wavenumber-resolved 
detection is a powerful tool not only for the characterization of 
dynamics in the electronic ground state but also for the selective 
I'cneration and detection of the different vibrational motions of 
large molecules.
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