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A theoretical description is given of the nonlinear optical response in the case when the widths of 
the light pulses employed are comparable to the dephasing time of an electronic excitation of a 
molecule. The nonlinear susceptibility is calculated with the help of the density-matrix formalism 
for the problem of nonstationary resonance coherent anti-stokes Raman scattering spectroscopy 
(resonance CARS). The possibilities of two experimental schemes of resonance CARS in the 
study of relaxational processes in the excited electronic state are discussed. A simple model is 
developed for describing the evolution of a wave packet in an excited electronic state, and the 
degree of depolarization of the wave at the anti-stokes frequency is calculated on the basis of this 
model. 

1. INTRODUCTION 

The development of the technique of time-resolved la- 
ser spectroscopy has made it possible to record directly the 
dynamics of intramolecular processes in polyatomic mole- 
cules. This method has been used to measure the characteris- 
tic dephasing times T  of molecular vibrations in the ground 
electronic state. For complicated organic molecules these 
times, as a rule, lie in the pico- and subpicosecond ranges.' 
The development, at the present time, of sources of tunable 
femtosecond radiation sources opens up the possibility of 
investigating even faster mechanisms of relaxation of opti- 
cal-excitation energy which could occur in higher electronic 
states and which could determine the dephasing time T ;  of 
electronic  excitation^.^-^ Spectral measurements show that 
for polyatomic molecules T ;  ranges from 10 to 100 fs.' In 
this time range the change in the structure (geometry) of a 
molecule in excited electronic states is of greatest interest. 

A classical example of the structural dynamics of a mol- 
ecule in an excited electronic state is photoisomerization of 
~t i lbene.~ In the case of a low potential barrier of or barrier- 
free isomerization (cis-stilbene in the excited S, -state5 and 
trans-stilbene in the highly excited S,-state6 ) the character- 
istic rearrangement time of the geometry of the molecule 
falls in the femtosecond range. It has been shown7 that infor- 
mation about the dynamics of molecular structure can be 
obtained from the degree of depolarization of resonance Ra- 
man scattering (RRS). This has made it possible to esti- 
mate, on the basis of measurements of the degree of depolar- 
ization of RRS bands of cis-stilbene, the isomerization time 
of a molecule in the S, state. In Ref. 8 the degree of depolar- 
ization of the S, RRS bands of trans-stilbene were measured 
and the angular rotational velocity of the dipole-moment 
vector of the optical transition between the excited states S, 
and S, was determined under the assumption of fast isomeri- 
zation in the S, -state. Of course, however, a direct method 
for studying such processes should be based on the use of 
femtosecond light pulses, whose high intensity makes it nec- 
essary to employ the methods of nonlinear spectroscopy. For 
this reason, the appearance of the first works on coherent 
anti-Stokes Raman scattering spectroscopy (CARS) with 
femtosecond time resolution is entirely natural.9310 CARS 

opens up new possibilities, as compared with RRS, for 
studying fast structural dynamics of organic molecules. 

We note that in Refs. 9 and 10 the nonlinear optical 
response of a molecule was calculated in the Schrodinger 
representation, which is not the optimal representation for 
describing molecular dynamics. It is probably for this reason 
that in Refs. 9 and 10 additional assumptions had to be made 
about the time dependence of the matrix elements of the 
dipole-moment operator of the electronic transition, while 
in the Schrodinger representation the time evolution is com- 
pletely determined by the wave function of the molecule 
(i.e., the set of characteristic frequencies and relaxation con- 
stants). Thus the results of Refs. 9 and 10 concerning the use 
of the methods of four-wave-mixing spectroscopy for study- 
ing intramolecular dynamics require a critical examination, 
since it is the motion of the electronic-transition dipole mo- 
ment (its orientation is determined by the geometry of the 
molecule) that is the key aspect here. 

It has been found that the quasiclassical description de- 
veloped by Heller et al. in the 1970 '~"? '~  is fruitful in prob- 
lems associated with the application of the methods of linear 
spectroscopy (resonance Raman scattering, linear absorp- 
tion) for investigation of the dynamics of molecular struc- 
ture. Heller's approach essentially reduces to switching from 
the Schrodinger representation to the interaction represen- 
tation for describing the time evolution of the optical re- 
sponse. The interaction representation has been employed 
before in a CARS application. In particular, in Ref. 13 the 
interaction representation was employed to develop a sys- 
tematic theory of four-wave mixing. 

In the present paper we demonstrate, with CARS as the 
example, the possibility of using Heller's approach for de- 
scribing nonlinear resonance scattering of ultranarrow light 
pulses and we discuss the prospects for using this approach 
to study relaxation of optical excitations with a characteris- 
tic time of the order of T ; .  The possibilities of two experi- 
mental schemes for resonance CARS will be discussed from 
this viewpoint and a simple model will be developed for de- 
scribing the evolution of a wave packet in the excited elec- 
tronic state, and the degree of depolarization of the wave at 
the anti-Stokes frequency will be calculated on the basis of 
this model. 
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2. NONSTATIONARY CARS: CALCULATION OF THE 
NONLINEAR OPTICAL RESPONSE OF A MOLECULE AT THE 
ANTI-STOKES FREQUENCY 

Suppose that in its ground electronic state (designated 
by the index 0)  and in an excited state (designated by the 
index 1) the molecule has vibrational levels with character- 
istic structures. In order to describe the interaction of the 
molecule with the light field E( t )  we start from the system of 
equations for the density (the subscripts i ,  j = 0, 1 
enumerate the electronic states and the superscripts enumer- 
ate the vibrational levels corresponding to these states):I4 

where pg ( t  = - C C ~  ) = 1, with the superscript g corre- 
sponding to the lower vibrational level of the ground elec- 
tronic state; M Z8is the matrix element of the dipole-moment 
operator (we note that M Z8 = 0 if i = j ) ,  

E (t) = z e , ~ .  (t) exp {-io,t) + C.c.2 

where Em,  o m ,  and e ,  are the amplitude, frequency, and 
polarization state of the interacting light fields ( m  = 1, 2, 3 
for the case of four-wave mixing). 

Our aim is to calculate the Fourier component of the 
molecule dipole moment p(t) = TrbM} at the frequency 
a = w, + w, - w, (Fig. 1) 

averaging of which over orientations permits calculating the 
nonlinear polarization p(wa) and the components of the 
nonlinear-susceptibility tensor. 

Considering the contribution of only the resonance 
four-wave interaction to the nonlinear response, it is not dif- 
ficult to obtain for p(wa ) the following expression in third- 
order perturbation theory: 

FIG. 1. Resonance four-wave mixing process: o, = o, - o, +,w,.  
Greek indices enumerate vibrational levels of the ground (0) and excited 
( 1) electronic states. The index g corresponds to the lower vibrational 
level of the ground electronic state. 

x E,' (t-z-r') E3(t-r) 

We note that in the stationary case [i.e., E ( t )  = const] the 
standard expression for the cubic hyperpolarizability fol- 
lows from Eq. (2).  l4 

In order to calculate p(w,) we employ Heller's ap- 
proach to the description of the light scattering process." 
On the basis of this approach we transform Eq. (2 )  on the 
basis of the well-known expansion of the action operator:'' 

exp {-iRt/h) = exp {-iEOtlfi} (xC  1 (xab, 
Q 

h 

where H is the Hamiltonian, and E, and k, ) are the eigen- 
values and eigenfunctions of the operator H. Using for H the 
Hamiltonian of the molecule it is not difficult to reduce, as 
done in the case of RRS," Eq. (2)  to the form 

+m +a t m  +a 

p(o.)= (-i/A3))S dt I dr  )S dr' )S dr"Ei (t-r1-~") 
- m  0 0 0 

X E,' (t-T) E ,  (t) 

where the summation extends over the vibrational levels of 
the ground electronic state; the wave functions q,,, corre- 
spond to these levels. Here we also took into account the 
weak dependence of the inverse dephasing time of the elec- 
tronic excitation on the number of the vibrational level y, i.e. 
ry; z r,. Next we introduce 

i.e., we describe the nonlinear response in terms of the tem- 
poral evolution of the wave packets." It is not difficult to 
verify that in this case Eq. (3) reduces to the form 

+ m  + m  + m  + m  

P(o,,) = (-i/R3) dt I d . ~  1 dr' 1 dr"Ei (t-rl--r") 
- m  0 0 0 

x E,'(t-z') E,(t) 

26 Sov. Phys. JETP 75 (I) ,  July 1992 V. F. Karnalov and Yu. P. Svirko 26 



If we now employ the definition of the RRS tensorss1' 

(here and below the Latin indices enumerate Cartesian co- 
ordinates), after changing the variables of integration we 
obtain for the dipole moment from Eq. (4) 

16 x Jdrr exp{i(a,-o.-woo ) r f - r ' . r l ) ~ , ( t + r f ) .  
0 

(5) 
The relation (5)  determines the nonlinear optical re- 

sponse of the molecule at the frequency ma. In addition, in 
deriving this relation we did not impose any restrictions on 
the widths of the light pulses employed, other than the con- 
dition rp % l/wl, which is always satisfied. In particular, the 
relation is also valid in the strongly nonstationary state, 
when rp <T; I.  The dipole moment (and therefore also the 
hyperpolarizability) of the molecule is determined in Eq. 
(5)  in terms of a superposition of wave packets, analogously 
to the manner in which this was done for resonance Raman 
scattering." At the same time, there is a fundamental differ- 
ence in that Eq. (5)  contains summation over all vibrational 
levels of the ground electronic state, i.e., in contrast to the 
spontaneous RRS, all RS-active vibrational modes of the 
molecule in the ground electronic state contribute to the 
CARS signal. We note that in the stationary state 
(Em = const, i.e., when the widths of the laser pulses em- 
ployed are significantly greater than the dephasing time of 
the electronic excitation, rP % T; I )  there follows from Eq. 
(5 ) the following well-known expression for the CARS hy- 
perpolarizability, determined from the relation 
P, (a, = a::$,,E3kE,*,:'5 

The presence of the denominator in Eq. (6)  shows that 
the resonance (for fixed w, and w, ) vibration in the ground 
electronic state will make the main contribution to the sta- 
tionary nonlinear response at the frequency w,. The situa- 
tion is radically different for a transition into the stationary 
state, when the amplitudes of the light waves change over 
characteristic times (pulse widths T, and/or delay times At) 
of the order of r; ' g (I?% ) - In this case the exponential 
factor in the integral over T' in Eq. (5) can be neglected when 
IwI -a2 -wzIgmin(~; ' ,At -')=:T, and thus all RS- 
active vibrations of the ground electronic state which satisfy 
this condition will participate equally in the formation of the 
coherent response of the molecule at the frequency w,. 

The forgoing theory of nonstationary CARS made it 
possible to relate the strength of the nonlinear response of 

the molecule to the temporal evolution of the wave packets 
which determine the orientation of the transition dipole mo- 
ment between the ground and excited electronic states, i.e., 
intramolecular dynamics. It is obvious that the direct meth- 
od of investigating these processes implies the use of time- 
resolved femtosecond spectroscopy procedures. It is impor- 
tant to underscore, however, that the temporal evolution of 
the dipole moment determines also the magnitude of the sta- 
tionary resonance response (6) .  This circumstance makes it 
possible, in principle, to investigate molecular dynamics in 
both the femto- and nanosecond experiments.16 

3. FEMTOSECOND CARS: POSSIBLE EXPERIMENTAL 
ARRANGEMENTS 

In this section we examine two possible experimental 
schemes of femtosecond resonance CARS spectroscopy of 
organic molecules and we discuss the possibility of detecting 
rapid rotation of the dipole-moment vector of the electronic 
transition from measurements of the ratio of$e components 
of the nonlinear cubic susceptibility tensor X. 

3.1. In the first scheme (Fig. 2a) the pulses at the fre- 
quencies w ,  and w3 have femtosecond widths, T, < T; I ,  and 
the pulse width at the frequency w, is significantly larger, 
i.e., it lies in the picosecond range. In this case it can be 
assumed in Eq. ( 5 ) that 

where At determines the time delay between the pulses at the 
frequencies w, and w,. The hyperpolarizabil~y tensor is 
equal to 

A1 

FIG. 2. a-CARS scheme employing two femtosecond laser pulses. The 
pulse at the frequency o, has a pico- or nanosecond width. b-CARS 
scheme employing three femtosecond laser pulses. 
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It follows from Eq. (7)  that under the conditions of elec- 
tronic resonance with At) T, ' the coherent response de- 
cays over a time of the order of (rg)- ' .  When 
At-r;'<Im1 - m2 -mgI- ' ,  (I'g)-'however, thelast 
factor in Eq. (7)  can be neglected, and therefore the depend- 
ence of the hyperpolarizability of the delay time a$! (At) is 
determined only by the time evolution of the wave packet 
I@, (T)).  Finally we have for a$; (At) in the femtosecond 
range 

( 3 )  aijk[ (At) = (-h:/fi3) xmZkx,." (At). 
7 

where 

We note that the symmetry of the hyperpolarizability tensor 
is the same in the stationary case, when cw laser radiation is 
employed [Eq. (6)  1, and for T, (T, ' [Eq. (8) 1. From the 
formal viewpoint, when At) r, they differ in that Eq. (6)  
contains a resonance denominator and, more importantly, in 
the summation in Eq. (8) over all vibrational levels of the 
ground electronic state, i.e., in the femtosecond zone, if At, 
rp <re ' a11 RS-active modes of the electronic ground state 
contribute to the coherent response of the molecule in the 
presence of the resonance interaction. 

3.2. In the second scheme (Fig. 2b) all three pulses have 
femtosecond width: 

E* (t) =E36 ( ( t -Ats ) I~) .  

Thus we obtain from Eq. (5) with At, < At, for the hyperpo- 
larizability 

For At, > At, we have a$; ( At,,At, ) = 0. As in the preced- 
ing case, in the femtosecond range we can neglect the last 
cofactor in Eq. (9).  As a result we obtain for the hyperpolar- 
izability 

ox: ( ~ t , ,  At,) =- (ird/b3) x,lk(o.) 
7 

where B(x) = 1 for x > 0 and B(x) = 0 for x < 0. Thus the 
amplitude of the coherent response as a function of At2 is 
determined directly by the temporal evolution of the wave 
packet 1 Q, ( t)  ) . 

3.3. A relation between the macroscopic nonlinear sus- 
ceptibility and hyperpolarizability can be obtained by aver- 
aging over orientations, xVk, - (a;:; ). For an isotropic me- 
diumI5 

where repeated indices are summed over. This makes it pos- 
sible to relate the ratios of the components of the nonlinear 
susceptibility tensor as a function of the time delay At to the 
temporal evolution of the molecular hyperpolarizability ten- 
sor $','. Since for CARS 

is one of the three possible characteristics of the degree of 
depolarization in CARS,l5 it is not difficult to obtain from 
Eq. (11) 

2 p ~ ~ ~ ~ =  ( 4 u j , 3 ~ i + 2 u ~ ~ ~ - a i ( ~ ~ j - a ~ ~ ~ )  / (3ai'is,'+a~~~i+a~:~j+a~~~j). 

Thus Eqs. ( 11 ) make it possible to calculate the degree of 
polarization for the two variants, examined above, of femto- 
second resonance four-wave time-resolved spectroscopy, for 
which the hyperpolarizability tensors are determined in Eqs. 
(8)  and (10). It is important, however, that in order to de- 
terminepCARS quantitatively from Eq. ( 12) it is necessary to 
know the temporal evolution of the wave packet. A direct 
calculation is possible here only in the simplest cases,12 
when complete information about the structure of the elec- 
tronic terms of the molecule is available. At the same time, 
the highly excited states, about whose structure there is very 
limited information, are usually of greatest experimental in- 
terest. We examine below the possibility of a description in 
both situations. 

4. MODEL DESCRIPTION OF TRANS-CIS ISOMERIZATION 
PROCESS 

Our calculation made it possible to relate the magnitude 
of the nonlinear response of the molecule at the frequency w, 
to the degree of depolarization of the scattered radiation. 
This enables us, in principle, to obtain information about the 
temporal evolution of the wave packet during the scattering 
process; such information is related with the structural dy- 
namics of the molecule. It should be noted that, as we have 
already mentioned above, I@,, ( t )  ) can be calculated direct- 
ly only in the simplest situations. In particular, such a calcu- 
lation has been performed many times in the case when the 
energies of both electronic terms are parabolic function of 
the nuclear ~oordinate.'~," Here there are no fundamental 
difficulties in describing the scattering process (including 
the nonlinear scattering), since the electronic and nuclear 
motions can be described separately, and the problem re- 
duces to calculating the motion of a purely vibrational wave 
packet near the position of equilibrium of the excited elec- 
tronic state. As recently shown in Ref. 17, the amplitude of 
harmonic torsional vibrations of the stilbene molecule is 
small (several degrees), and for this reason the associated 
motion of the wave packet cannot change significantly the 
degree of depolarization pRR in RRS. In addition, thanks to 
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the relationship employed above between the RS tensor and 
CARS hyperpolarizability, the effect of this process on the 
degree of depolarization pCARS of the CARS signal should 
also be insignificant. In conclusion, we note that this situa- 
tion occurs in the case of a high barrier to isomerization of 
the molecule, when the conformational transition requires 
excitation of the highest overtones of the vibrations of the 
molecule. 

A qualitative change in the character of the scattering 
should be expected at resonance with one of the higher elec- 
tronic states whose adiabatic potential does not have a pro- 
nounced minimum, i.e., such a state is unstable. This presup- 
poses the existence of a fast channel for relaxation of the 
electronic excitation. This could be associated with the dy- 
namics of the structure of the molecule, i.e., with isomeriza- 
tion in a highly excited electronic state. Indirect evidence for 
the existence of such fast photoisomerization was obtained 
in Refs. 6 and 16 for the S,, state of trans-stilbene. In this case 
it is natural to expect that it is the lifetime of this state, i.e., 
the rate of the isomerization process, that will determine the 
width I?, of the electronic transition. It is important to un- 
derscore that in this case the relaxation of the electronic and 
vibrational excitations are coupled and the description de- 
veloped in Ref. 17 for the dynamics of the wave packet must 
be significantly improved. The problem, however, is that ex- 
isting information about the structure of highly excited 
states of organic molecules is woefully inadequate. This per- 
tains, to a significant extent, also to the trans-stilbene mole- 
cule mentioned above. For this reason, in order to calculate 
the degree of depolarization it is necessary to start here from 
the simplest models of the temporal evolution of the wave 
packet. 

In the case of fast isomerization of trans-stilbene in the 
state S, the electronic-transition dipole moment turns by an 
angle close to ~ / 2 .  Thus it is natural to choose here as the 
simplest model of temporal evolution of the wave packet 

where d d, (0)  #O and it gives the initial orientation of the 
transition dipole moment; d:,, (0) = 0; and we is the fre- 
quency of the electronic transition. We note that the RS ten- 
sor is strongly asymmetric-as follows from Eq. (6),  two of 
its components are not equal to zero. Under the conditions of 
exact electronic resonance, w, = we, 

Thus the degree of depolarization in stationary RRS is equal 
toL8 

where a= x g / x ;  ;:,. 

It is important that the foregoing description of the 
four-wave mixing process makes it possible to use the same 
model to calculate also, on the basis of Eq. ( 6 ) ,  the degree of 
depolarization in stationary CARS. The law presented 
above for the temporal evolution of the wave packet gives at 
vibrational resonance in the ground electronic state1' 

Thus, measurement of the degree of polarization of the 
CARS signal makes it possible to check the adequacy of the 
present model of the isomerization process. Comparing Eqs. 
( 13) and ( 14) it is easy to show that 

i.e., pCARS - 1/3 =: ( 1/2) (PRR - 1/3) with pRR =: 1/3. This 
makes it possible to assess the validity of the relaxation mod- 
el under study in the excited state. According to Ref. 8, 
pRR = 0.42 for the 118 1 cm - ' line of trans-stilbene, i.e., the 
degree of depolarization of the CARS signal should be about 
0.38. 

Let us see how the degree of depolarization of the 
CARS signal in the two schemes of time-resolved spectros- 
copy examined above is connected with the law of evolution 
of the wave packet. 

In the first case, when the hyperpolarizability of the 
molecule is determined by the relation ( 1 1 ), we obtain on 
the basis of the definition ( 12) of pCARS , 

where 

In the second scheme, analogously, where three femto- 
second pulses are employed, thepCARS (A t2  ) dependence has 
the same form as in the preceding case, but the degree of 
depolarization as a function of the delay time 

is determined directly by the temporal evolution of the wave 
packet. Thus the use of the methods of four-photon time- 
resolved spectroscopy makes it possible to determine the law 
of evolution of the wave packet, i.e., to investigate the dy- 
namics of the structure of the molecule in an excited elec- 
tronic state. 

One model of this class was studied in Ref. 8 and is 
based on the assumption that in exact electronic resonance 
the dipole moment of the electronic transition 0- 1 rotates 
in the process of isomerization with constant angular veloc- 
ity a,,' i.e., 

I @ ,  , ( t ) )=d,  ,{coso,t. sin w,t, O)exp(-io,t). 

This made it possible to calculate the relation between pRR 
and o, for photoisomerization of trans-stilbene and to deter- 
mine w, from the experimental data. In the present case 
0 = w,/T,. Thus the measured value pRR = 0.42 (Ref. 8) 
corresponds to w, = 0.23T,. 

It should be noted that here we can probably talk about 
only the qualitative correspondence-relaxation in the ex- 
cited electronic state is accompanied by rotation of the di- 
pole moment of the electronic transition, i.e., by the confor- 
mational transition of the stilbene molecule from the 
trans- into the cis-form. At the same time, it is the vibration- 
al law employed for the temporal evolution of the wave pack- 
et in the present model that is not entirely justified, since it is 
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assumed that the packet does not leave the region of elec- 
tronic resonance. This situation occurred in the case we 
mentioned previously, when the electronic term had a pro- 
nounced minimum. Now, however, the problem concerns, 
most likely, not the vibrations of the dipole moment of the 
electronic transition, but rather the rapid change in the posi- 
tion of equilibrium of these vibrations in the process of relax- 
ation in the excited electronic state. This rapid restructuring 
of the molecule results in breakdown of the electronic-reso- 
nance condition, i.e., decay of the wave packet. It is offunda- 
mental importance to take this possibility into account when 
constructing a model description of isomerization process in 
a highly excited state. 

The foregoing discussion suggests the following model 
description of the evolution of a wave packet in the case 
under study: 

Here Ti determines the rate of restructuring of the electronic 
structure of the molecule and T, determines the rotation 
time of the dipole moment of the electronic transition. For 
t s  T, the dipole moment turns by 72/2 relative to the initial 
orientation (at t = 0); this corresponds to trans-cis isomeri- 
zation of stilbene. We note, however, that the two time scales 
introduced above are not independent, since in the case at 
hand the decay of the amplitude of the resonance wave pack- 
et and the change in the orientation of the packet are two 
aspects of a single process-the dynamics of the structure of 
the molecule accompanying a transition of the molecule into 
a new stable state. 

It is important to note that, as follows from the results 
of a theoretical analysis, the decay of the amplitude of the 
wave packet makes an additive contribution to the width of 
the electronic transition, i.e., r, is replaced by 
r = r, + T ;  ' in the relations presented above for the hy- 
perpolarizabilities and the Raman-scattering tensor. There- 
fore we cannot determine T, separately on the basis of the 
given model, and the only characteristic of evolution of the 
wave packet is T, .  Using this law for the evolution of 
I@,,(t)) gives in Eqs. (13) and (14) R = 1 / ( T T ,  + 1). 
Thus for r> T ;  ' the result is virtually identical to Hama- 
guchi's model8-the specific law of evolution of the wave 
packet is not of fundamental importance because of the rapid 
dephasing of the electronic excitation and the degree of de- 
polarization in stationary experiments is determined by the 
ratio of the isomerization time and the decay time of the 
electronic excitation. As we have already mentioned above, 

CARS signal on the delay time is determined by the trans-cis 
isomerization time. 

CONCLUSION 

The above theory of four-photon resonance scattering 
of ultranarrow light pulses was employed to study molecular 
dynamics with characteristic time of the order of the dephas- 
ing time T ;  of the electronic excitation. It was shown that in 
this range of times all RS-active vibrations of the ground 
electronic state contribute to the CARS hyperpolarizability 
of the molecule, and the change in the amplitude of the anti- 
Stokes signal in time makes it possible to reconstruct the 
temporal evolution of the dipole moment of the electronic 
transition. 

Experimental arrangements for resonance CARS with 
femtosecond pulses, T, < TS,  are under study. In these 
schemes the dependence of the amplitude of the coherent 
response on the delay time between the pulses is determined 
completely by the temporal evolution of the dipole moment 
of the electronic transition. It has been shown that measure- 
ment of the degree of depolarization of the CARS signal in 
experiments using femtosecond pulses can be employed to 
analyze the fast structural dynamics of complicated organic 
molecules in an excited electronic state. A model description 
of the evolution of the wave packet in the excited electronic 
state was developed for the example of trans-cis isomeriza- 
tion of the stilbene molecule. This model made it possible to 
compare the experimental data on linear (RRS) and nonlin- 
ear (CARS) spectroscopy. 

We thank Dr. H. Hamaguchi for stimulating discus- 
sions, Professor K. Yoshihara and Dr. H. Okamoto for pro- 
viding manuscripts of their papers prior to publication. 
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