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Vibrational polarization beats in femtosecond coherent anti-Stokes Raman
spectroscopy: A signature of dissociative pump—dump—pump wave
packet dynamics
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Knoppet al.[J. Raman Spectros8l, 51(2000] have recently used resonant femtosecond coherent
anti-Stokes Raman spectroscoffyARS) to prepare and probe highly excited vibrational wave
packets on the ground electronic potential surface of molecular iodine. The experiment uses a
sequence of three resonant femtosecond pulses with two independently variable time delays. The
first two pulses act as a pump and dump sequence to create a predefined, highly excited wave packet
on the ground electronic state, whose amplitude is optimized by selecting the proper pump—dump
(Raman frequency difference and varying the time delay. The third pulse promotes the pump—dump
wave packet to an excited electronic state, resulting in subsequent coherent emission of light at the
anti-Stokes frequency. This fully-resonant CARS signal, measured as a function of time delay
between the second and third pulses, oscillates at a frequency characteristic of the pump—dump
wave packet. Due to anharmonicity, this frequency is a sensitive measure of the amount of
vibrational excitation. Knoppet al. observed that under certain conditions the signal exhibits
pronounced beating between the pump—dump wave packet frequency and the frequency
characteristic of the bottom of the ground state well. In this paper we show that these beats arise
only when the final pump—dump—pump wave packet is above the excited state dissociation
threshold of the molecule. We derive analytical expressions showing that under these conditions,
where the polarization is short-lived, there may be strong interferences between the contributions
from molecules originally in different vibrational states of the thermal ensemble. In contrast, the
CARS polarization in the below threshold case is long-lived, and these interferences cancel.
Numerical evaluation of the CARS signal through vibrational wave packet propagation confirms the
predictions of the analytical theory and reproduces the distinctive beating pattern observed in the
experiments. Additional experiments and simulations demonstrate that these interferences can be
turned on or off by carefully selecting the pulse frequencies. The experiments can also be viewed
from a different perspective, as an extension of the pump—dump mechanism for selective bond
breaking on the ground electronic state, to a pump—dump—pump sequence for selective bond
breaking on the excited electronic state. 2001 American Institute of Physics.
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I. INTRODUCTION years agd.°® The key step in the process is the introduction
of a variable delay time between the pump and dump pulses,

A series of recent experiments have successfully proghich allows the excited wave packet to reach regions of the

on the ground electronic state of diatomic molecdiésThis
ability to selectively pump large amounts of energy into a In principle, many other parameters, such as the frequen-
specific molecular motion represents an important first Ste%ies ’ '

_ . . L , bandwidths, and phases of the pulses can be used to
towards control of chemical reaction dynamics. Vlbratlonalf

o rther manipul roun wav Kets For ex-
excitation was produced by a sequence of two femtoseconé‘ ther manipulate ground state wave packefS*For e

pulses; a “pump” pulse creating a wave packet on an excitedample’ Sheret al haye recgntly shown that nearly complete
electro’nic state, followed by a “dump’ pulse of longer population transfer is possible using shaped pump and dump

wavelength that drops the wave packet back to the grounBlJlsesdl'5 I\tletvertheless, arll itmpressivet_ degrr]ee Ofl cogtrolbof
electronic state at higher vibrational energy than the initig@'ound state wave packel preparalion has aiready been

state. These experiments realize a scheme first proposed f%?meved experimentally using only the time delay as the

16 H i
the control of ground state reaction dynamics more than 1§ontro| parameter. Browat al™ showed that selectlye excl
tation of a ground state wave packet could be achieved even
) with degenerate wavelength pump and dump pulses by vary-
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back to excited regions of the ground state potential.
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a) state wave packet enters the Franck—Condon region favor-
pump dump probe able for the dump transitiohas illustrated in Fig. ). The
third pulse re-excites this pump—dump wave packet, result-
ing in subsequent coherent emission of light in the phase-
matched directionk; —k,+ ks [see Fig. 1b)],>?? centered
around the anti-Stokes frequeneyss= w;— w,+ wz. The
CARS signal is measured as a function of the time delay
between the dump and probe pulses,€ 73— 7,), for a
fixed time delay between the pump and dump,), provid-
ing a map of the ground state wave packet dynamics. In
principle there are eight dynamical pathways that may con-
tribute to the resonant four-wave mixing signal in the CARS
direction?3~2however, as we describe in more detail in Sec.
11 B, the large detuning of the dump pulse effectively elimi-
nates all but the pump—dump—probe sequence illustrated in
b 003 Fig. 1.
Lo\ Although time-resolved CARS has been widely used in
] condensed phases to measure vibrational dephasing and
wp relaxation?’ =28 it has been applied to the gas phase only
@1 / relatively recently.®39-%*Hayden and Chand@&performed
femtosecond CARS experiments on gas phase benzene and
1,3,5-hexatriene and observed a decay of the signal on a
1-10 ps time scale. They attributed this decay to vibration-
rotation interaction in the case of benzene and decay of spa-
FIG. 1. Schematic illustration of femtosecond CARS with two time delays. tial orientation in the case of hexatriene. Rubeeal** have
(@) Laser pulses(b) Incoming and outgoing laser beams. Incoming beamsperformed femtosecond CARS on gas phase benzene, tolu-
are labeled by their incident wave vectors, and the outgoing signal is emittegne’ and benzene/toluene mixtures and observed interference
g‘vgl'fﬁg:ése'mamh'ng directidq —ka+ks. (¢) Wave packet creation and between the contributions from different molecules, an effect
that had been observed much earlier in liquiti: In these
experiments neither the pump nor the probe is resonant with

via multiphoton ionizatiort:> Neumark and co-workers have an excited electronic state, and thus the CARS polarization
used pump—dump to create and detect ground state wa@Xists only during the probe pulse. As we show in this paper,
packets as high as 98% of the dissociation threshold in gd&e lifetime of the induced polarization determines whether
phase J using femtosecond photoelectron spectroscdpy. intermolecular interferences are observed.
Finally, Knopp, Pinkas, and Prior have generated and de- Closely related to the present work are the experiments
tected ground state wave packets jrhaving up to half of — of Schmitt et al,**~****who used femtosecond CARS to
the ground state dissociation energy, using two-dimensiondnonitor the evolution of wave packets in the ground state of
time delay coherent anti-Stokes Raman spectroscopls. Apkarian and co-worket&*>*®have also used femtosec-
[(TD)?’CARS].>® ond CARS to monitor ground state dynamics gfbbth in
Whereas the above mentioned schemes use femtoseco@@s phase and rare gas matrices, and have used optical gating
pulses and generate the desired wave packet within a singte time resolve the CARS polarization. In these experiments
vibrational period, there are also well-established techniquesach of the pulse interactions is fully resonant between the
for the generation of highly excited vibrational states on timegroundX and excitedB states of J. Meyer et al*’~*° used
scales much longer than a vibrational period. Stimulategerturbative wave packet calculatiShsaand very recently
emission pumping(SEP,!” which has been extensively nonperturbative calculatiors®® to calculate the time-
used'®%js the continuous wave version of the pump—dumpdependent CARS signal, obtaining good agreement with the
scheme described above. The best that can be achieved wiglperiments. There are two main differences between the
this technique, however, is total saturation of the populatiorfully resonant measurements onand the gas phase CARS
in all states involved. The more elaborate approach of stimutransients from hydrocarbons involving nonresonant probing.
lated Raman adiabatic passa@TIRAP),?° based on adia- First, the 200 cm* ground state vibrational frequency gfi$
batic following, can transfer population efficiently betweenobserved directly in the transients, because the pulse band-
ground states without populating the intermediate excitedvidths are broad enough to excite several vibrational states
state. simultaneously, producing a wave packet. Second, the CARS
The (TD)?CARS scheme is illustrated in Fig. 1. A signal persists for probe delay times of tens to hundreds of
“pump” pulse first creates a wave packet in an excited elecpicoseconds even though there is a broad distribution of ini-
tronic state, and then a “dump” pulse of longer wavelengthtially populated vibrational and rotational states.
returns this wave packet to the ground electronic state. The The (TD)?CARS scheme of Knoppt al>® differs from
wave packet created by the pump—dump sequence is optihe previous time domain experiments by the introduction of
mized by timing the dump pulse to occur when the exciteda time delay between the pump and dump pulses, which is

energy

bondlength
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used to optimize the signal from the ground state waveThe simulation results verify the qualitative picture of vibra-
packet. A seriesof (TD)?CARS transients, for increasing tional polarization beats derived analytically, and show that
levels of vibrational excitation, is shown in Fig. 2. The Fou- vibrational effects account for most of the features in the
rier transforms, shown as insets, each display a peak indexperimental signals. Finally, Sec. V presents concluding re-
cated by arrows, at the characteristic frequency of the pump#arks.
dump wave packet. The figure also indicates the average
vibrational quantum number in each case. As the vibrational
excitation increases, the peak shifts to lower frequency dug tHeORY
to anharmonicity in theX state potential well. In addition,
the transients inb) and (c) display strong low frequency In this section we derive an expression for the resonant
beats, which show up at the frequencies marked by the a$TD)?CARS signal using a wave function description and
terisks, and decay to zero on a time scale of 5—10 ps. Thegane-dependent perturbation theory. Time domain CARS has
features were previously noted and their frequencies properlgeen described theoretically in condensed phases using both
assigned, but their origin was not understood. phenomenologica(?%3%:3%54and full quantum mechanical
In this paper we develop a theoretical description of thedescriptions with density matricé$>-5" A wave function
(TD)?CARS transients based on both an analytical treatmerdescription has also been givBrand applied recently to
as well as detailed numerical simulations using wave packresonant time domain CARS ogih the gas phas&:*>~*°A
ets. We find that the beating is a manifestation of interferenceomplementary density matrix description has also recently
between the polarizations produced in separate moleculdseen developed by Dantus and co-worRers! to describe
starting from different initial vibrational states; hence the de-three-pulse degenerate four-wave mixi(@FWM) experi-
scription “vibrational polarization beats.” This term is meant ments on iodine vapor. Many excellent reviews of the theory
to distinguish this effect frongquantum beatshat occur due of nonlinear optical spectroscopy are available in the
to coherent evolution of the quantum wave function of aliterature?>2452-%4\We adopt a wave function description
single molecule. We show that the appearance of polarizatiohere because the CARS technique lends itself to simple in-
beats in the 4 experiments correlates with the final probe terpretation in terms of the wave packets shown in Fig).1
excitation creating a wave packet above the dissociatiohVe start our theoretical description of thED)2CARS with
threshold of the molecule, resulting in a very short polariza-some basic definitions in Sec. Il A. In Sec. I B we present a
tion lifetime. In contrast, in the below threshold case, thediagrammatic representation of resonant four-wave mixing
polarization is long-lived, and the contributions from differ- using double-sided Feynman diagr&msé®®®to illustrate the
ent initial vibrational states cancel. connection between the wave function and density matrix
The remainder of this paper is organized as follows: Inpathways that contribute to the signal. In Sec. 11 C we derive
Sec. Il we present a brief review of the formalism of time- an expression for the CARS signal in the eigenstate basis and
dependent four-wave mixing applied to CARS and then deevaluate it assuming either a discrete set of final energy lev-
rive an analytical expression for tH@D)?CARS signal in  els with narrow linewidths or a continuum of final levels, the
the eigenstate basis. We evaluate this expression in the twatter case corresponding to probing above the dissociation
limiting cases that the final excited wave packet is eitheithreshold in the excited state.
gboye or below the exci_ted state dissociation threshold, findA. Preliminaries
ing interference terms in the above threshold case that ac-
count for the experimentally observed beating frequencies. As a starting point, we consider the Hamiltonian of a
Section Il describes numerical evaluation of themolecule with two electronic stateg,ande, coupled to an
(TD)?CARS signal using perturbative wave packet propagaelectric field consisting of a sequence of laser pulses. The
tion, and Sec. IV presents comparisons between the results bfamiltonian is
simulations and experiments. The numerical simulations do  ~ - ~
not include the rotational degrees of freedom; the effect of H=Hmor* Hint @
rotational motion will be the subject of a future investigation. with
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. denotes the time order of interactions with the field, so that
Himor= ; [gn)(gnlfiwgnt % lem(emfiwem,  (2) | 4Lk +k,(1)) is the wave function created by absorption of
pulse 1, followed by stimulated emission of pulse 2, and
finally absorption of pulse 3. The same sequence on the bra
side gives the same wavevector dependence with the oppo-
site sign.
_ _ We now examine the directionality of the third order
E(UIZ Ei() =€ (t—m)e @ilt-mtikix (3 polarization, which is the lowest order of polarization that
can reflect the spatial dependence of all three incident pulses,
where each pulse is centered at timg has carrier fre- and is the lowest order of polarization relevant to most forms
quencyw;, is incident at wave vectok;, and has a time of nonlinear spectroscopy. Neglecting molecular moments
dependent envelope given ley(t— 7;). Within the rotating  above dipole order, the polarization of an ensemble of mol-
wave approximation, the interaction of the molecule with theecules is simply the ensemble average of the molecular di-
field is given by pole moment. Thus we may define the molecular polariza-
N A “ tion, P(t)=((1)| |y (t)). The third order contribution to
Him=— 4 B = B (1), @ the polariza<tion i|s g|]iven>by

=2 lem(gnlumn. (5) P(3)(t)=(1//(°)(t)lﬁ|¢(3)(t)>+<l/f(2)(t)lﬁ|w(”(t)>+0-0-(10)

wheren and m are indices of the adiabatic rovibrational
eigenstates of electronic potential surfageande, respec-
tively. The pulses assume the form

mn

Al a The CARS signal is measured in the directioftk,+Ks.
PPN 2T K3
=) _% |gm)(em wam, ©) In general, four terms may contribute to the third order po-

o A . . larization in this direction,
where i, and iy, are matrix elements of the dipole mo-

ment operator,uy,,=(emt/gn). The dipole raising and PEL i, (0= (O | 21 (D)

lowering operators have been defined so thaE,(t) pro-

motes a ket in the ground state to the excited state, corre- +(l/f(0)(t)|,&|llf(kz)_k2+kl(t)>

sponding to absorption of light, an@™ E; (t) demotes a ket @) I

in the excited state to the ground state, corresponding to (S, O (D)

stimulated emission. @ 1Al P )+ oo 11
ky—k VUM Py e

B. Spectroscopic pathways This expression includes all possible time orderings of the

spectroscopy, including CARS, is the third order polariza-from the first and third terms by interchanging the roles of
tion, P®). First, we describe the terms that contribute to thePulses 1 and 3.

polarization in a particular direction produced by a sequence  The spectroscopic pathways that produce the third order
of three pulses with different incident wave vectors, and therPolarization in Eq(11) may be depicted using double-sided
we discuss how a single dynamical pathway is selected bfyeéynman diagrants; **%as shown in Fig. 3. The four terms

the (TD)2CARS pulse sequence. in Eq. (11) give rise to the eight diagrams, which describe all
In order to calculate the third order polarization, we startPoSsible resonant paths for a system with two electronic
with a perturbative expansion of the wave function, states. Two equivalent interpretations of the diagrams are
) ) @) @) possible here. In terms of the wave function description we
lp()) =9 2(0) +[pH(0) + [ =) + [y t) +---, have used above, the diagrams represent the sequence of bra

and ket interactions as a function of time, which runs from
where the wave function at each order is given iteratively adbottom to top. By convention, the ket path is shown on the
(1) !eft, and the bra path is shown_ on the right. Each.intera_ctio.n

is represented by an arrow pointing towards the line to indi-
cate absorption or away from the line to indicate emission.
The wave vector dependence acquired from each interaction
is also indicated. The second interpretation comes from the
Through each succesive interaction with the field, the waveealization that the bra and ket considered together at a given
function acquires spatial dependencies associated with eagie along the path constitute a portion of the density matrix,
of the pulses. So, for example, the first order wave functiofyhich describes the state of the system. When all of the
consists of the sum system degrees of freedom are treated explicitly, the wave

|y D(t)) = ¢(k11)(t)>+ | lﬂ(k?(t)H | lﬁ&)(t»- 9) function and density matlrix treat_me_nts produce_ the same ob-

servables, but the density matrix is more easily adapted to
The spatial dependence of each portion of the perturbativeeduced dimensional treatmenfs.
wave function thus identifies the sequence of interactions The key difference between the wave function and den-
that it has undergone, marking a spectroscopic pathway. Faity matrix formulations ofP®) lies in the time ordering of
higher order wave functions, the order of the wave vectorghe interactions occuring on the bra and ket sides. The dia-

—im) [ ave O )y D). (@)
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/||g) @l /|!;) Gl lg) (|;|\ g} (|g|\ FIG. 3. The resonant double-sided Feynman diagrams
for P® in the directionk;—k,+k; and their corre-
(a) (b) (C) (d) spondence with the wave function terms in Efl).
(0) (3) (2) (1) Only two electronic states are considered. The primes
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le <l ley (gl ey (gl le) (gl tronic state.
“ A | NN EEYN
o g <gl le) (el [ (el lg> gl
2| %N | | K A | | ¥
= le) gl le) <l lg> (el lg> (el
YRR | ke | R
9> <l 9> <l 9 <l lg> <l
(e) (f) (@) (h)

grams shown in Fig. 3 are fully time ordered with respect towave function,(?), require absorption of the dump pulse
both the bra and the ket interactions, while the terms appeafrom the initial state. If the pump excitation is near the center
ing in Eq. (11) do not specify a time ordering between the of the electronic absorption band, then the cross section for
bra and the ket. This is the reason there are eight densitgbsorption of the dump pulse will be very small, perhaps
matrix pathwaygcorresponding to eight double-sided Feyn- zero if the frequency difference is large enough that excita-
man diagrams but only four wave function pathways. As tion with the dump pulse is nonresonant. Furthermore, the
shown in Fig. 3, the wave function terms involving one in- effect of weak dump absorption is not effected by the pulse
teraction on the ket side and two on the bra side encompassning, since absorption always occurs from the initial state,
three density matrix pathways, with the ket interaction oc-which is assumed to be stationary. On the other hand, the
curring before, between, or after the two bra interactionspump—dump time delay is used to optimize stimulated emis-
The two wave function terms involving®)(t)), on the sion by the dump pulse, selectively enhancing the signal
other hand, each correspond to only a single density matrikom pathway(a). Setting a nonzero pump—dump time delay
pathway. also eliminates any contribution from pathwé&g), which

The goal of(TD)?CARS is to probe the dynamics of the involves interactions with the pump, dump, and probe in
ground state wave packet created by the pump—dump seeverse order, and contributes only when all three pulses
guence, which corresponds to the signal created by pathwaywerlap.
(a). A (TD)’CARS transient is measured by scanning the  The second mechanism for selectivity is complementary
second time delayss,, for a fixed value of the pump—dump to the first. All of the pathways involvings?) also require
time delay,»,.° Thus, the signal reflects the dynamics of the stimulated emission by either the pump or probe pulses fol-
system during the second evolution period of the diagrams itowing absorption by the dump pulse. As a result, the final
Fig. 3. Half of the pathways evolve on the ground state, e.g.state energy of the bra wave function is shifted from the
pathway(a) in |g’){(g|, while the other half evolve on the initial state energy byi(w;— w,), as illustrated by the level
excited state, e.g., pathwal) in |e)(e’|. Even when none diagram in Fig. 4b). As long ash (w3 — w,)>KT, there is no
of the pulses overlap, in which case only pathwégsand  population of initial states with energy high enough to un-
(b) survive, both ground and excited state dynamics contribedergo dump absorption and probe stimulated emission, thus
ute to the signal in the absence of an additional selectiveliminating the pathways involving(?). Note that this sec-
mechanism. ond mechanism is independent of the first and may operate

There are two primary mechanisms for the enhancemerdgven when the dump absorption cross section is not negli-
of ground state contributions to tf&D)2CARS signal, both  gible. Although in most CARS applications); = w3, the
of which are most clearly understood in the frequency do-above condition for selection of ground state dynamics is
main. Since the goal ofTD)?CARS is to create highly ex- less restrictive, and it may be useful, as we discuss later, to
cited vibrational wave packets on the ground state, we caprobe at frequencies lower than the pump.
assume that the frequency difference between the pump and
dump pulses is large compared to the vibrational level spac- .
ing andkT, and furthermore that the pump and dump pulsec' The CARS signal
bandwidths do not overlap. The first selective mechanism In this section we derive an expression for the third order
arises because all of the pathways involving the second ordg@olarization and CARS signal in the eigenstate representa-
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e — e definitions given in Eq(3) into Eq.(13) and change integra-
tion variables toT=t—r73; T;=tj—7, i=1-3, which
e e ) T .
. 4 L yields
o Y
g| 1] 2| 3 1] 2t 3 i . . _
5 : : PCARS(T): _32 piMife_IwﬂTe_lw“T32e_lwniT21
. ¥ g L 7> fini
]
- g' 4 Xijni(T)+C.C., (14)
(@) (b) where

.—>
time

T

. ) - . . (0 @) T

FIG. 4. _En_ergy level diagrams fo_r the first two pathway; |n_F|g. 3. The solid ijni(T)_ f de ijEB(Ts)e (03— wfj)T3

arrows indicate the ket path, while the dashed arrows indicate the bra path. —o

Diagrams for the remaining pathways are obtained by interchanging the

labels 1 and 3, and fdib) by changing the position of the ket excitation to f T3+ 73
X

be between or after the two bra interactions. dT, Mjnfz (T,)e'(@2=enT2

— o0

Totm o oV T
X dT; pni€ey(Ty)e (Crend T (15)

— o0

tion. As discussed above, under typical experimental condi-

tions for (TD)?’CARS experiments, only pathwag) makes a

significant contribution to the polarization. Thus, we write  Ggjni(T) is @ convolution of partial Fourier transforms of the
pulse envelopes at the difference between the carrier fre-

P(S)(t)%PCARS(I)EW(O)(WMlﬂ(ki)—k2+k3(t)>+c-c- (12 quency of each pulse and the appropriate transition fre-
quency along the path. The time delays between pulses and
between the final pulse and detection enter only in the upper
limits of the integrals, so that when these delay times are

i t '3 t2 o (= large,G becomes a product of individual Fourier transforms
PCARS(t) = : J dtf dtf dtyeen(t-ta) ’ ’
(1) ggﬂzni Pimig | dig] dtp| db B . B
Gjni(T>0)— urj€3(@fj) wjn €3 (wnj) wni€1(@pi),  (16)

where

Applying the perturbation theory given by E(B) to third
order, and using the Hamiltonian in Sec. Il A, we find

X[ g Ea(ts)](fi‘”“(tftZ)[,Manizc (t2)]
x e tenilt=t[ 4 B (t;)]+c.C., (13

where each term in the sum represents an amplitude for cre- fi(“’):f
ating polarization via the patfgi)—|en)—|gj)—|ef), as
illustrated in Fig. 5. These paths are summed over the pof=quation(16) becomes an excellent approximation for pulses
sible initial states weighted by the initial occupation prob-separated by more than a few pulse widths. In the simula-
abilities, p;, which are determined from a Boltzmann distri- tions described in Sec. Ill, the CARS signal is evaluated
bution. During each period between interactions, thenumerically, so the main purpose of expressing the polariza-
amplitude acquires a phase due to the frequency differend#on in this form is to demonstrate that the primary effect of
between the currently occupied level and the initial level,scanning the delay time between pulses 2 and 3 is to add a
given byws = we— wgi, wji = wgj— wg;, €tc. Itis this phase phasee'“ii™32 to each term in the polarization. The fact that
that causes oscillation in the CARS signal as each of théhis phase depends on the frequemtifferencew;; , rather
delay times is varied. In order to make explicit how the am-than on the frequency,; alone, gives rise to the additional
plitudes depend on the delay times between the pulse ceffrequencies observed in the interference signal, as we de-
ters, 701= 75— 71 and 73,= 73— 75, We substitute the pulse scribe below.

We may now write the polarization in the simple form,

—i )
f PCARYT)= 73 2 pias(T)e '“iT+c.c., (18)
I E if
1

dte(t)ei@im o, (17)

where
>
o o oo
g afi(T):Miijn e ' iiTs2g T OniTAG i (T) (19
o
. Y is the amplitude for the set of paths beginning in stadad
J 5 ending in statef. Measurement of these amplitudes, and in
i particular their dependence 61, is the primary objective of
Lo 1y time-dependent CARS experiments.
}1 }2 ;3 t The simplest method for detecting the CARS signal is to
collect all of the light emitted in the CARS directioR,
FIG. 5. Indices of the energy levels occupied along the CARS path. —k,+ks. This signal is given by
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2 between the initial states andi’. These initial states are
S= f_de|PCARS(T)|2 distinguishable in the quantum mechanical sense, and thus
may not interfere directly. The interferences in the CARS
2 o L signal, however, arise when thpolarizationsproduced by
= 562 , pipi’f_wdT a(T)ag,; (The (e, two different pathways cannot be resolved in the frequency
it domain, i.e., when the difference;; and w;/; is much
(20 smaller than the lifetime of the observed polarization. This
where in the second line we have neglected the terms witgondition |s_emberded in Eq20) through the exponential
the rapidly oscillating integrand (“fi* «'iNT (rotating wave €M € (e morT, that, in the absence of a decay mecha-
approximatiop. The central feature of this expression is theiSm for thea;(T), imposes the resonance conditien;
product of the two polarization amplitudes,;(T) and =@’ It is also |IIu_strat|ve to express the CARS signal in
a;(T), which gives rise to interferences between pathdhe frequency domain as
with different initial and final levels. From Eq19) we have -
s=2 pipifj _dwPi(0)P])(w). (22
ai(Mal, (= 2 Gijni(TIG i (T) !
nn'.jj’ Thei=i' terms in the sum are the integrated intensities of
X e~ 1 (@nn = i) 1219~ @) = 0ii ) 732 (27) the polarizations arising from each initial level, and consti-
S ] _ tute an incoherent average over different initial states. The
The complex exponentials in this expression are the primary_j' terms come from the spectral overlap of polarizations
source of variation in the CARS signal when either of thegom gifferent initial states and are the interferences. When
time delays between pulses is scanned. The oscillations @fe spectra of the polarizations consist of a set of narrow,
the CARS signal arise from the phase difference betweefonoyerlapping lines, the interferences will be small, but
two paths connecting initial and final states. During eachyhen the spectra of the polarizations are continuous the
propagation period, the accumulated phase depends on t"YR/erIap and give rise to large interferences.
frequency diﬁerencgs: the frquency difference between the The |abel “polarization beats” has been used previously
levels occupied during that period on each of the two pathg, gistinguish these types of interferences from those involv-

and the frequency difference between the initial levels. Fon,fng coherent evolution of the quantum wave function
example, whenr;, is scanned, the accumulated phase iS“quantum beats.2447:66-68\/hile quantum beats may origi-

e (@i )72, wherewy; s a frequency difference in the nate within a single molecule, the polarization beats are en-
pump—dump wave packet, ang}. is a frequency difference jrely an intermolecular effect, since each molecule in a ther-
between the initial levels. As discussed below, when the final,51" ensemble may be considered to be in a single initial
states are discrete and well-separated,ithe’ and f#f"  gate Although polarization beats are generally assumed to
terms in the signal become negligible, leaving only contribu-contain no dynamical informaticit,the magnitude of these
tions from frequency differences in the pump—dump waveénterference terms is quite sensitive to how the system is
packet. An example of théTD)?CARS signal with final  proped: in particular, the density of final state energy levels.
states below the dissociation threshold is shown in Hi@. 2 e now investigate two limiting cases that correspond well
where the signal is plotted as a function of the dump-probgyith experimental conditions: first, when the final states are

delay tilmg, 732. The dominant frequency component, giscrete and well-separated and second, when the final states
204 cm -, is the average energy spacing; , in the pump— jie in a continuum.

dump wave packet with an average vibrational quantum
number{v)~7.
As also discussed below, contributions to the signal fromi. Discrete set of final states

interferences between pathways with different initial and fi- Il but the simol ial and pul h h
nal levels are observed when the final states lie in the con- For all but the simplest potential and pulse shapes the

tinuum, i.e., are above the dissociation threshold of the engRS signal in Eq(20) must be evaluated numerically _be—
cited state. Examples are shown in Figé)2and Zc). For ~ cause of t_he complex time dependence of the amplitudes
the 585/800/585 nm experimejttig. 2(c)], the average fre- a;(T) during the probe pulse. After the probe pulse has

quency difference in the pump—dump wave packet with argnded, however, the amplitudes are effectively constant, and
average vibrational quantum numbép)=26 is about it is then straightforward to evaluate the long time contribu-

180 cm ', while the average frequency difference in the ini- tions th_e the_ signql. Formally, we may de_fine a CUtOﬁ_ t_ime,
tial thermal ensemble is about 210 ¢ According to Eq. ¢+ Which will typically be a few pulse widths, and divide
(21), the lowest order interference terms occuriferi’ +1  the contibutions to the signal as

1T —! ~1 7 P —/ A1
andJ—J at2109m_,|—| +1 andlfj +1 at 30cm ! Sew=S-+S. (23)
andi=i'+1 andj=j’'+2 at 150cm~. These frequencies
match very well with those found in the Fourier transform of with
the experimental transient. 5 .

The fact that interference contributions can arise be« _ J c * —i(wfi—wri)T

o . S "S.=7% dT aq(T)ag,;,(T)e ‘el

tween paths with different initial levels is perhaps surprising,” heii%‘f, PiPi —w ai(Tag; (1
since in a thermal ensemble there is no phase relationship (24
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u 1)

1#1 (a%, 1)
218

10 w
A( W1 wj,/‘-I 1
.A.
P
S

(a

2 % 4
S>:g6ii;f’ pipi’afia?fiff_rcd-r e—l(wfi_wf’i’)T’ (25)
where as;=limt_ . a;(T). It is instructive to consider the
possibility of interference contributions @, even though
we may see immediately that in the absence of dISSIpatIVE
processes the total signal will be dominated &yunction
spikes inS. that occur whenw;;=ws,;». The products
afi(T)a:‘,i,(T) are functions that vary on the time scale of
the pulse width, and hence have a width in frequency spact
comparable to the bandwidth of the probe pulse. Thus, pairs
of paths with frequency differences that are within the probe
pulse bandwidth will contribute to the signal at short times,
and vibrational polarization interferences would be observed
if contributions from the short and long time signals could be

CARS Signal (au)

L M

0 50 100 150 200 250

0, (cm1)
separated.
In the gas phase the molecular polarization decays due t{b)
such processes as collisions, spontaneous emission, ar 1'2__ y=1ns" y=1ns" -
dephasing of the molecular ensemble due to a distribution of
velocities(Doppler broadening These processes effectively
introduce a linewidth in the polarization spectrum, which in 5 4,
principle, if large enough could allow interferences to occur. ‘_:j JL
Pastirket al®® have recently measured dephasing of vibronic & oo N R
coherences between theandB states of molecular iodine g °°'2 y=100ns™ 203
in the gas phase, finding polarization lifetimes of about 200§
ps over the temperatures 350—-380 K, the range relevant ti
the (TD)°CARS experiments. This lifetime includes both ho- 0004
mogeneous and inhomogeneous decay mechanisms. Sin JL.
this time scale is much longer than the approximately 100 fs ¢ ggo |~ e T
time scale necessary to produce coherent vibrational excita 05 1 0 50 100 150 200 250
tion, it is reasonable to include the polarization decay only in o (PS) o, (cm”)
S. . If we assume the polarization decays exponentially as
e 7T, then FIG. 6. (TD)CARS signal for probe excitation to a discrete set of final
levels.(a) Short-time signalS. , divided into contributions from paths with
e H(efi—opi)T, the same initial vibrational leve§; , and paths with different initial vibra-
5= ﬁe B PP B e bt ey s ko e ot

of the signal,Seng [see Eq(27)], is shown with dashed lines, but is indis-

The frequency difference in the denominator causes interfetinguishable fromS,, in the y=1 ns* case. Note the difference in the
ence terms to be small unless a substantial fraction of frescale of the signal betweeg) and(b); the contributions fron®.. mask the
quency diﬁerence&)fi — Wi Contributing to the signal are |nterfer_ences B . The_small auxﬂlary peaks in the Fourier transforr_ns of

I mpared Withy In other words. the interferences Siong arise from resolution of the different energy level spacings in the
small comp 5 : N ) ) pump—dump wave packet, not polarization interferences. The simulation
become an important contributor to the total signal onlyparameters are for 551/604/551 nm excitation ofith 50 fs FWHM
when there is substantial overlap in the spectra arising frongaussian pulses at 360 K. See Sec. Ill and top panel of Fig. 10 for details.
different initial states. In the long lifetime limit, i.e., no spec-
tral overlap, the signal becomes an incoherent sum over ini-

tial and final states, Eq26), tional states, and its Fourier transform contains only the fre-

guencies of the vibrational level spacing in the pump—dump
1 2 12 wave packet. The dominant component is due to the first
Songzy_ﬁég pilari|®. (27) difference, w;— w;_;. Narrowing of the modulation depth
results from the distribution of level spacings in the wave
From Egs.(26) and(27) it is clear that the long time contri- packet. The interference contributions, label8d.;, are
bution to the signal is inversely proportional 4pand hence comparable in magnitude t§; and produce a strong low
is much larger than the short time signal for typical gas phas&equency modulation of the total signal. The Fourier trans-
dephasing times. form of S;;, displays three primary peaks attributable to
A numerical example of the CARS signal for probe ex- different combinations of level spacings in the initial state
citation to a set of discrete final levels is shown in Fig. 6.distribution and the pump—dump wave packet. The primary
Part (a) shows the short time signdb. , and its decompo- beat frequency is approximately the difference between the
sition intoi=i" contributions and #i’ contributions. The average energy level spacing of initial states and the average
former, labeledS;;, represents an incoherent averaging overspacing in the pump—dump wave packet. Rbytof Fig. 6
contributions to the polarization from different initial vibra- shows the total CARS signal fd8. evaulated using two
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different values of the decay rate For a decay rate typical

of gas phase experimentg=1 ns ?, the contribution ofS_

to the total signal is negligible, an8. makes only a very
modest contribution even for a very fast decay rate. In addi-
tion, interference effects in the long time signal are too small
to observe in both cases, aBg,q[see Eq(27)] is an excel-
lent approximation to the total signal. Thus, when the probe
excitation is to a discrete and well-separated set of final lev-
els, the CARS signal is accurately described as an incoherent

average over signals arising from different initial and final FIG. 7. Square magnitude of tf&D)?CARS polarization as a function of

; : _ e dump-probe time delayg,, and the time after the center of the third
states. Finally, it should be noted that the double peakega;ulse,T. Contributions from all initial levels are added coherently. The

structure in the oscillations of the transients in Figh)as simulation parameters are the same ajnand (b) of Fig. 9. In (a), final
not observed in the oscillations & . Karavitiset al. have  states are below dissociation threshold, while(ti they are above the
shown that this period doubling arises from passage of théreshold.

pump—dump wave packet passing through the probe window

region twice during each oscillation periddThe component , _ _ . _
arising from passage through the region with positive mo-180 €M, but is otheérwise very similar to ths; transient
mentum is effectively filtered in th&_ because the final SNOWN in Fig. 6 for the discrete level case. The lafye:
state wave packet with positive momentum does not return t80ntr|but|ons also produce a strong beating in the total short

the Franck—Condon region for anti-Stokes emission until afime signal and give rise to the additional peaks in the Fou-
ter the cutoff time rier transform spectrum with the assignments shown. The

transients from the discrete level and continuum case ex-
amples are remarkably similar, but the key difference is that
o ) S.. vanishes in the continuum case, allowing the interfer-
Probe excitation to the continuum above the molecularenCeS to be observed. The disappearance of the long time
dissociation threshold unmasks the polarization interferencesyntribution to the signal means that the total CARS inten-
in the short-time signal. Physically, dissociation of the mo"sity in the continuum case will be several orders of magni-
ecule insures that the long-time polarization is zero, since thg,4e smaller than in the discrete level case, as the simulations

polarization is the transition moment weighted overlap of theyemonstrate. The zero-background detection of the four-
wave packet created by the probe with the initial state wavg 5o mixing signal, however, permits detection of the much

function[see Eq(12)]. Formally, taking the continuum limit e 41er signal. In principle, it would also be possible to mea-
of Eq. (18), we may write sure the short time signal, even for discrete level probing, by
time gating the CARS polarization in order to recover the

585 /637 /585 nm
below threshold

585/730/585 nm
above threshold

1Pmf P

1400
1200
~ 1000
800

600

“ 200
~& 800

1500 200 T, (fs) 400 400 T

g
T (fs) 2 T (fs) 2

2. Continuum set of final states

—i ‘ * ‘
PEARYT) = ?2. pie"”‘Tf_ dosa(wf, e T +e.c, polarization interferences.
(28)
. . . . . 1. SIMULATION METHODS
wherea;(ws,T) is the amplitude associated with going from . _ _
statei to a final state in the continuum at enertjy;. The Propagation of the time-dependent wave functions on a

CARS polarization in Eq(28) appears as the inverse Fourier coordinate grid is a practical way of evaluating the
transform of the transition amplitude distributiaq(w;,T),

whose bandwidth is determined by a convolution of the ex-
citation pulse bandwidths. Hence, the polarization decays tc

- 0.8 S, S; (@)
zero after at most a few pulse widths and we can figlso 06 o
that S. is zero. Now, as before, the change ap(w¢,T) 04af Iy

during the pulse effectively couples paths with different ini- 02
tial and final states, leading to polarization interferences in_ °°

)

1
the total signal, and these are no longer masked by a signag ;2: Sier -
from after the pulse. B @™ Q) 213

The square magnitude of the CARS polarization as ag I @ 1) 1o

function of T and 4, is displayed for both a discrete anda 3 ', , L ST T T
continuum example in Fig. 7. The polarization(g), where 15F = 5= Son
the final energy is below the dissociation threshold, contin- 1o}
ues at largel values; whereas the polarization (in), above 0.5:—
the dissociation threshold, remains at zero after about 100 fs oo =" FA-~T AT T o WL
The pulses are Gaussian with a 50 fs full width half maxi- o 1 2 3 4 5 0 5 100 15 200 250
mum. T2 (PS) ,, (em™)

Simulations of the particularly dramatic beats that arise

; 2 ; ; ; ; o FIG. 8. (TD)2CARS signal for probe excitation to a continuum set of final
in the (TD)"CARS experiments at high vibrational excita levels. The simulation parameters are for 585/730/585 nm excitationaof |

ti_ons are displayed in Fig. 8-_ ThSii contribu';ion to the 360 K, which produces a large change in the ground state level spacing. See
signal show an average vibrational spacing of abousec. Ill and Fig. 9 for details.
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(TD)?CARS signal numerically. Engel has developed a  The single surface wave packet propagations, which cor-
simple scheme for evaluating perturbative wave functiongespond to the first term on the right hand side of &9),
iteratively’ and has recently applied this to calculate femto-are performed using the split operator metfodsing fast
second CARS and DFWM signdl§:°>3we follow essen- Fourier transforms to switch between position and momen-
tially the same method, but as discussed below, it is necedum representations. A 256 point grid with a minimum and
sary to avoid some additional approximations made by thosgaximum of 2.28 and 5.82 A and a stepsize in time of 0.1 fs
workers in order to obtain the polarization beats in the CARSrovide converged results for all of the calculations we re-
signal. We now briefly describe the wave packet calculationgort here. The potential curves for thieand B state of }
and the relevant parameters used to obtain the results. ~ Were the same as those used by Joetaal,” who used a
The nth order wave function is propagated forward in high order interpolation scheme based on earlier RKR

time using potentials’>"® The standard Morse potentials used in simu-
i lations of |, dynamics give inaccurate level spacings for the
| M (t+ At)) =e HAVA| (M (1)) high vibrational states accessed in the experiments. The

. pulse envelopes in Ed3) are taken to be Gaussians of the
i
— =AU+ AD | Dt +AD),  (29) form,
€ (1) = ege (71207, (31)

whereV is the perturbation anfi)"~%)) is the wave func-  \yheres=FWHM/(2In 2) when FWHM is the full width at
tion at ordem— 1. For calculation of nonlinear spectroscopy, half maximum of the pulséntensity In all of the simula-
each spectroscopic path, consisting of a sequence of interagons FWHM is set to 50 fs. Th& to B state electronic
tions with different field components, is computed as a sepagansition dipole moment was taken to be a constant function
rate wave function. For each wave function containing f hond length. The produgte, was set to % 10~* atomic
interactions with the field that contributes to the desired sigypjts, but is unimportant to the results, since only relative

nal, there is a cost ai wave packet propagations, although jntensities are reported. The remaining parametessand
there is some redundancy among the different terms that cogpne pulse carrier frequencies, are reported in the figures
tribute to the signal. In order to calculate all four terms in Eq-showing the simulation results.
(11) that contribute to the third order polarization in the We have neglected the rotational degree of freedom in
CARS direction, a total of nine wave packet propagationghese calculations. At the experimental temperatures, hun-
must be performed. In all of the simulations reported heregregs of intial rotational states are thermally populated, mak-
we have computed all four terms in the third order polarizang their inclusion in the simulation cumbersome. Rotational
tion in order to check that the CARS terfpathway(a) in gegrees of freedom have been taken into account at varying
Fig. 3] dominates the signal. For all of the experimental con-eyels of approximation in previous simulations of time do-
ditions we have simulated in this work, we have found nearlyyain CARS transient®*347:49.50y0 primary effects have
complete selectivity for this pathway. been attributed to rotational degrees of freedom in time do-
For the simulations of the above threshold probe, thgnain CARS and four-wave mixing in gener4r’® First,
third order polarization is obtained numerically and inte-there js a short-time transient due to rotational anisotropy
grated to obtain the signal. The polarization decays rapidly tnat decays rapidly during the first 1—2 ps and is essentially
zero after the probe pulse, and therefore a propagation qfyt out to the rotational recurrence time, which may extend
|42(t)) for only a few pulse widths is sufficient. In simu- o hundreds of picosecondd’® This effect has been ob-
lations of the below threshold probe, it is impractical andserved in both resonant§#%4244 and nonresonanti§*3
unnecessary to extend the wave packet propagation over trﬂﬁobed time domain CARS in the gas phase and may be
duration of the polarization signal, which is infinite in the eliminated, at least for the case of coincident pump and
absence of dampin@onzeroy). As long as the CARS path- dump pulses, by using the magic angle polarization
way dominates the signal, the incoherent sum in@@) is  geometry** Second, there is a longer time modulation or
the most accurate and practical approach. The necessafécay of the signal due to vibration-rotation interactiéhs,
component$ay;| are obtained simply by projecting the third \yhich causes the nonresonantly probed CARS signal to de-
order wave function onto the eigenfunction basis at a time-cay on a time scale of 5-10 p&* This effect is also appar-
after the third pulse has effectively ended, to compute ently observed in théTD)?CARS transients in cases where
P 21 12 there is large vibrational excitation and the probing is above
|*= il el (30 the dissociation thresho[dee Figs. &) and Zc)], but is not

wherec; is the coefficient of the eigenfunctichin the final  Seen in the below threshold transieri&>***[Fig. 2a)],
state wave function,#®)(t)). In previous simulations, the which suggests that. polarization interference effects play
below threshold CARS signal was computed as an incoheme additional role in the overall decay.

ent sum over initial states with the polarization integrated for

a few hundred femtoseconds, essentially one'oscille}tion P&/ COMPARISONS WITH EXPERIMENT

riod of the final state wave pack¥t.>*3In our simulations

we have found that this method results in a significant phase The comparison between the simulated and experimental
shift of the CARS signal as a function af;, when 7, is  results is shown in Fig. 9. Figuré® shows thg TD)?’CARS
nonzero. transient for excitation at 581/631/581 nm,; for this set of

|ayi
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excitation frequencies the final states accessed by the prolvébration-rotation interactions and differences between ideal-
pulse lie well below the threshold for dissociation in tBe ized pulse shapes in the simulations and the actual pulses in
state. In this case the CARS polarization persists on a timethe experiments.

scale that is very long compared to the pulse duration, and, Figures gb) and 9c) show the(TD)?CARS transient for

as a result, there is no interference modulation of the signakxcitation at 585/730/585 nm and 585/800/585 nm, respec-
The basic periodicity of the signal corresponds to the averagtvely. In contrast to Fig. @), the pulse frequencies in Figs.
frequency difference between the vibrational levels popu9(b) and 9c) correspond to probing above the dissociation
lated in the pump—dump wave pack@, ;). For the 581/ threshold for } in the B state. Prominent beats now appear in
631 nm pump and dump, the average vibrational quanturthe transients at frequencies of about 20¢nn (b) and
number is about 8, and the corresponding frequency differ30 cm * in (c). These beats shift to higher frequency as the
ence is 204 cm', which is the peak frequency present in the amount of vibrational excitation is increased, and display
Fourier transform of the simulated transient. The frequencyomplete modulation of the signal, i.e., the amplitude decays
peak in the experimental spectrum is at 205¢éniThe ex- to near zero between the beats. The simulations accurately
perimental signal shows a large peak at zero time, followedapture the beating and the distinctive structures of the tran-
by a decay over the first picosecond due to rotational anisosients, and there is excellent agreement in the positions of the
ropy. This decay shows up at low frequencies of betweertransient oscillations for the full duration of the experimental
6 and 12 cm? in the Fourier transform spectrum, but is ab- signal(4—5 p3. The beats are particularly strong in Figb®

sent from the simulated transient, presumably due to the nexnd 9c) because the two initial vibrational levels=1 and
glect of rotations. The simulated and experimental transientg, contribute almost equally to the signal. Both the simulated
both display oscillations at the primary vibrational frequency,and experimental transients decay between successive beats,
maintaining a fairly constant average signal intensity aftebut the experimental decay is much faster, possibly due to a
the first picosecond. There is additional modulation of thecombination of vibration-rotation interactions and interfer-
simulated transient is due to anharmonicity and the excitaence among the polarizations arising from different initial
tion of more than two vibrational levels in the pump—dumprotational levels.

wave packet. The additional modulation of the experimental  The Fourier transforms of th@D)?CARS transients are
signal differs from that of the simulation, possibly because ofshown in the insets of Fig. 9. Discrete peaks are observed at
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the frequencies predicted by E@1). There is a peak at the occurs at 210 cmt and the period of the beats corresponds
primary difference frequencyw; ;-1), which is 190 and to about 5.5 cri’. The triplet structure of the Fourier trans-
181 cm *for (b) and(c), respectively. The highest frequency formed experimental transietiower right near the primary
peak occurs at about 212 cthin both cases, and is just the frequency is quite similar to those observed in Figb) @nd
average vibrational spacing in the initial ensembie,i—1).  9(c). By comparison, the amount of interference in the simu-
The primary frequency responsible for_ the beating occurs ghieq transient(lower left) is much smaller, resulting in a
the d|f_ference_i)f these two fre_qlu_enme{&)i’i,l—wj’j,l » nonuniform modulation of the primary oscillation. A small
which is 23cm ™~ in (b) and 30 cm*in (c). Small peaks also o4 near 9 el is found in the Fourier transform, but there
occur at<wjvj‘_2_wivi‘1>’ which co_rresponds to about 170 ;o only a faint hint of the triplet structure in the spectrum
and 150 cm* in (b) and(c), respectively. ~ near the primary frequency. The reason the vibrational inter-
To test our interpretation of the vibrational polarization ferences are small in the simulation is that the polarization
beats, additional experiments and simulations were Peffom the initial vibrational leveb =0 dominates the signal.
formed where the amount of vibrational excitation in the Further simulations of the fully including rotational effects

ground state was held fixed, .Wh"e the energy of the pr_Ob%re needed account for the differences between the simulated
wave packet was set to be either below or above the dissg-

ciation threshold. Figure 10 shows the experimental an nd experimental transients.
. d. g . P . Figure 11 displays experimental and simulated transients
simulated transients. Further details about the experlment%r

. . pulse frequencies of 525/800/525 nm. Note that although
setup can be found n R_efs. 5 and 6. Theqry predlcts_thatt‘he probe pulse is above the dissociation threshold, the beats
there should be no vibrational interferences in the transient

from below threshold probing, and no beating is observed irﬁave effectively disappeared. In fact, the experimental tran-

either the simulations or experiment. The simulated transien%iem in Fig. 11 l_OOKS _rem_arkably similar to the_ below thresh-
is very similar to the one shown in Fig(#, except that the old probe transients in Figs. 9 and 10. The disappearance of

primary frequency is shifted slightly loweabout 203 cm?) ~ the beats is now a consequence of fhenpfrequency: at
because of the slightly higher vibrational excitation. The ex-PUmp wavelengths shorter than about 530 nm, the amplitude
perimental transient is also similar to the one shown in FigfOr the initial excitation to theB state is dominated by

9(a), except that there is a larger contribution from the sec-=0. effectively eliminating the interference contributions
ond harmonic of the primary frequency at early times, and grom other vibrational states. The Stokes shift of 6550 tm
significant decay of the signal between about 5 and 10 pdS the largest obtained usin@D)’CARS so far, creating a
Only one significant peak near the primary vibrational fre-vibrational wave packet about 50% of the way up to the
quency of 205cm’ is observed. Theory predicts that vibra- dissociation limit. There is reasonably good agreement be-
tional interferences should occur in the transients with abovéveen the simulated and observed signals after the decay of
threshold probing, and indeed significant beating is observethe rotational anisotropy. The decay in the amplitude of os-
in both the simulations and the experimefitaver panels of cillation in the simulation is due to the large anharmonicity
Fig. 10. According to the theory, the frequency of the vibra- of the ground state potential at such a high excitation energy.
tional beating should bgw;;_;—w; ;_1), which is about It is also notable that the experimental transient does not
7-9 cm'l, corresponding to a period of between 3.5 and 4.5decay appreciably after the first picosecond, in sharp contrast
ps. In the experiment the peak corresponding(ég;_1) to the other experimental above-threshold transients with
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large vibrational excitation shown in Figs(H and 9c). terference effects become large, however, when the polariza-
While the 525 nm pump excition selectively excites a singletion lifetime is short, such as when the molecule is probed
vibrational level, many rotational levels are still excited, andabove the excited state dissociation threshold. Numerical
one might expect polarization interferences arising from dif-simulations verify this theoretical description and demon-
ferent initial rotational states to cause a decay of the signaktrate that vibrational polarization beating accounts nearly
Once again, additional simulations including rotation will bequantitatively for the unusual transients that were observed
needed to determine to account fully for the observed sig, the experiments. We have also shown that a requirement
nals. for the beats is the thermal population of more than one

" The suppression ohf ghe polatrlzatli)'n beatstﬁescr'bed ihitial vibrational states, and that the beats may be eliminated
€ previous paragraph does not continue as the pump aQHrough selective excitation of a single initial vibrational

probe are further increased, because the probe excitation be- L .
. . State. A more general approach to eliminate the beats might

comes nonresonant as the final probe states move to higher to lower the orobe fr N that the final excitation

energies above the dissociation threshold. Already for 51 € fo fower In€ probe Irequency so that the final excitatio

800/515 nm excitation, the CARS pathway becomes tc)(5emains below the excited state dissociation threshold. The

weak to observe, and the experimental signal is dominategnalytical theory, as well as the simulations, show that the
by a pathway involving excitation to thB state and lower CARS polarization persists for the entire radiative lifetime or

lying A state, respectively, by the first two puldeBerhaps a dephasing time of the excited state, which in the gas phase is
more robust, way to suppress the beats would be to use @Proximately a nanosecond. This long polarization has re-
lower probe frequency to keep the final excitation below thecently been observed experimentally in the elegant experi-
dissociation threshold, or, alternatively, to tune the probe to &nents of Zadoyan and Apkarid;'® who time-resolved the
frequency in resonance with a third electronic state. Both of£ARS polarization produced in using the same pulse fre-
these possibilities are experimentally challenging, howeverguencies as Schmitit al*? and observed rotational coher-

and we leave them for future investigation. ences up to 100 ps after the probe excitation.
Resonantly probed gas phase CARS thus offers the pos-
V. CONCLUSIONS sibility of tuning the polarization lifetime and the resulting

interference effects by adjusting the frequency of the probe

In this paper we have shown that vibrational polarizationgycitation. Since the polarization lifetime in inherently short
beats may arise ifTD)’CARS when the excited wave i nonresonantly probed four-wave mixing, intermolecular
packet produced by the pump-dump sequence is probegaization interferences will always occur. In resonant con-

Zbovg thC(:eERsState dls_souatmn t‘?{g?ﬂ%ghm prewousk'ume densed phase four-wave mixing the polarization lifetime is
omain experiments op, the wave packet | iie by the electronic dephasing time. Polarization inter-

was probed resonantly, with the final states lying below th erences involving different initial vibrational states may

the B state dissociation threshold, and hence no vibrationa) . " . :
o . a}Thus provide a sensitive measure of the electronic dephasing

polarization beats were observed. In the experiments Otime in condensed phases

Knopp et al,>® when the energy of the pump—dump excita- P '

tion was increased, the probe step created a wave packet The utilit.y of intermolecular, or macrospopic, i.nterfer-
above the dissociation threshold, leading to a very short pot_ance in nonlinear spectroscopy and potentially optimal con-

larization lifetime and strong vibrational polarization beats. 0! Of chemical reactions has recently been emphasized by
Our theoretical description of the vibrational polarization -0Z0voy et al,>> who used phase matching conditions to
beats indicates that this effect arises exclusively from interSeparate the microscopic and macroscopic contributions to
molecular effects, i.e., interferences between polarizations offe signal in various FWM experiments op \apor. They
different molecules. These interferences between the polahave suggested that modulation of the sample polarization
izations on different molecules average to zero when the pdhough macroscopic effectgolarization interferencg¢snay
larization lifetimes are long enough to resolve the individualact as an important “control knob” in addition to micro-
contributions arising from different initial and final stafés, scopic interferences. Whether polarization interferences,
e.g., for probing in the discrete region of the spectrum. Insuch as those discussed here, can be exploited as a mecha-
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