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the Investigation of Ground and Excited State Molecular Dynamics of Molecules in the Gas
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In this study, we have employed femtosecond time-resolved CARS (coherent anti-Stokes Raman scattering)
spectroscopy in order to gain information about the molecular dynamics evolving on the electronic excited
as well as ground state potential energy surfaces (PES) of iodine and bromine in the gas phase. The coherences
of the wave packet in the temporal transients of the molecules excited by the ultrashort laser pulses are
analyzed by means of fast Fourier transform calculations as well as by a simple model describing the purely
rotational contribution. The latter is able to describe the rotational coherence seen for the excited but not for
the ground-state dynamics. Information about vibrational dynamics is extracted from the transients reflecting
the wave packet motion on both the ground and excited-state PES.

1. Introduction of femtosecond time-resolved coherent Raman techniques to
o . excite and monitor the evolution of vibrational coherence in
Ultrafast molecular vibrations and rotations are the funda- gas-phase samples of benzene as well as 1,3,5-hexatriene.
mental motions that characterize chemical bonding and deter'RecentIy nonlinear four-wave mixing (FWM) techniques were
mine the reaction dynamics at the molecular level. The time jcorporated in different temporal pulse schemes to extract the
scales for these motions are typically 100 fs for vibrations and gynamics of atomic, unimolecular, and bimolecular systems in
100 ps for rotations. Recent advances in time-domain spec-pne gas phase by Zewail and co-work&rsFor the FWM a
troscopy haye enabled spectroscopists to capture chemicakyree-dimensional forward geometry (folded BOXCARS
processes directly on the time scale of the fastest eleme”taryarrangemen'&?—44 was chosen. Degenerate FWM (DFWM) as
stepst—2 Ultrashort laser pulses with a duration of Iess thgn well as a two-color grating experiméhtvere used to replace
about 100 fs allow for a coherent broadband excitation with ¢ probe pulse in a pumiprobe scheme. Also the FWM
preparation and detection of vibrational superposition states. Theprocess itself was used to gain information on the decay
time evolution of these rovibrational wave packets in the ground dynamics of atomic Na.
as well as electronically excited statg give informa.\ti.o.n. on the Very recently, first results were published introducing fem-
molegular dynamics. There are dlffere_nt p053|bll|t|es for tgsecond time-resolved CARS spectroscopy applied to the
studying the molecular dynamics in real time. Typically, the i estigation of molecular dynamics in gagésThere, it was
linear response to the optical field in a two-pulse ptrppobe demonstrated that by this method one can observe the dynamics
scheme is used in ordergécl)l initiate and probe the wave packetyt 5 wave packet either evolving on the ground or on the excited-
in a certain quantum state’ In such experiments, the signal  giate potential energy surface (PES). Depending on the timing
detection walsoperformeq by laser-induced fluorescence (LIF), ot the three laser pulses giving rise to the CARS signal, the
absorptl(zlr?, ~’resonant impulsive stimulated Raman scattering eqiting transients show the characteristics of the rovibrational
(RISRS), gllr?ulated emission pumpirgmultiphoton ioniza-  pepavior of the molecule in the ground and excited state. As
tion (MPI),** p20t09|ec'fr°” kinetic enerdy and zero kinetic i he shown in the following, the wave packet prepared on
energy (ZEKE)® and by several other methods such as, for yhe eycited-state PES by a pump laser pulse can be probed by
example, femtosecond up cqnversiﬁn. the coherent interaction with the contemporaneous second pump
Since Leonhardt et & applied femtosecond laser pulses to  and Stokes laser pulse for different time delays. On the other
the observation of time-resolved coherent anti-Stokes Ramanhand, a pump laser pulse together with the Stokes laser pulse
scattering (CARS), several groups have reported sub-picosecondyre capable of preparing a wave packet on the electronic ground-

and femtosecond time-resolved CARS measurem€m3.  state PES, which afterward can be probed by the second pump
Theories for these time-resolved nonlinear spectroscopicaljaser interaction. In both cases the coherent CARS signal could
methods were developed by several researchéfs?® Time- be detected using a folded BOXCARS arrangement giving rise

resolved coherent Raman scattering techniques have been widelyo background-free transients as well as high selectivity. In this
employed in condensed-phase studies of vibrational contribution we will give some more details concerning the time-
dephasing®3%4° However, these methods have not been resolved CARS technique applied. We will discuss results
exploited on the sub-picosecond time scale for gas-phase studiegptained from experiments on both iodine and bromine vapor.
until recently Hayden and Chandféreported the application A theoretical interpretation by means of a nonperturbative
evaluation scheme for the nonlinear polarizationill be given

*To whom correspondence should be addressed. in a forthcoming papet®

S1089-5639(97)02213-5 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/22/1998



A

4060 J. Phys. Chem. A, Vol. 102, No. 23, 1998

Schmitt et al.

Gecitior g
- 78 . %,
g
L3
o
Regeneralive ; 5 =
Stretcher i Ti:Sapphire: Compressor ==y ==—r} Y . Autos
. Amplifier i : Correlator
Nd:YAG Laser |} SHG N—>—] o6 —
(1 kHz) (2e) \ ]
N\ at %
Pinhole Sample Cell Dpue Y
05
A <— 1
v = - ( Compressor
% b i ERE
5 L2 T L1 .: ——
g R w 4 ® < Compréssor
8 BBO B s Lo
B /3
S pu
5] S =
(£]

pu pu,
Figure 1. Experimental setup showing (A) the femtosecond laser system and (B) the beam path of the BOXCARS arrangement. Computer controlled

actuators were used to vary the relative arrival time of the femtosecond pulses. Only one adtt)at@s(moved in the experiment to obtain a
transient.

two four-path OPAs (optical parametric amplifiers, Light
Conversion) two independent wavelengths could be chosen. The
laser pulses were produced using sum frequency generation

laser system is based on a Ti:Sapphire oscillator (Coherenthtweer_' signal ar_ld |dler_output of _the OPA as well as second
MIRA) pumped by the multiline output of an Arion laser harmonic generation of either the signal or the idler light. The

(Coherent Innova 310) running at about 8 W. The pulses were Pulses were finally. co_mpressed in douple-pass two-prism
produced by the oscillator at a repetition rate of 83 MHz having arrangements resulting in temporal pulse widths of about 70 fs
temporal pulse widths of about 100 fs. The pulse energy was (assuming Gaussian pulse profiles).

less than 10 nJ and the pulses were centered at about 800 nm . ;

. ) . f the OPA h 11 I
having a spectral width (fwhm) of 14 nm. For the amplification One ofthe OPA outputs was branched by a beam splitter

. Y . - to produce the two pump pulses pu and.pdThe two pump
of the pulses a regenerative Ti:Sapphire amplifier system (Clark- : .
MXR) was used. The pulses were stretched to a duration of beams were then aligned parallel tq one another and spatially
>200 ps before amplification. The regenerative Ti:Sapphire °verapped at the common focus in the sample cell by the
amplifier was pumped by a frequency doubled Nd:YAG laser achromatic lens L1. The Stokes beam S (output of the second
at a repetition rate of 1 kHz. After recompression, the pulses OPA) was aligned parallel to and spatially separated from the
had energies of about 1.0 mJ and temporal widths of less thantwo pump pulses and passed through the top of lens L1, focusing
100 fs. in the same region as the two pump beams. This folded
To have two different colors available, the 800 nm pulse train BOXCARS configuration (see also part B of Figure 1) was

was split into two parts by means of a beam splitter. Using employed in order to separate the signal from the incoming

2. Experimental Section

The setup used for the femtosecond CARS experiments is
shown in Figure 1A and is described in the following. The
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Figure 2. Femtosecond CARS transient obtained for pump wavelergths 1,,, = 559 nm and a Stokes wavelendih= 579 nm detecting the
CARS signal aflas = 539 nm. The wave packet dynamics in the B sate (negative delay tixhes) as well as in the ground state (positive delay
times, At > 0) of iodine can be resolved. Energy diagrams of the CARS process are shown as inserts for bath saBesdAt > 0, indicating
the relative timing of the laser pulses.

pump and probe beams$. In this geometry the phase-matching the signal shows oscillations at about twice the frequency of
condition is fulfilled. the oscillations at negative delay times. The oscillationAtat
The pump pulses and the probe pulses could be delayed in> 0 arise from ground-state vibrational beats.
time relative to each other by means of Michelson interferometer  This can be explained by considering the energy level
arrangements. In the experiments presented in this paper, theliagrams responsible for these two processes, which are shown
pump pulse pu and the Stokes pulse S were kept temporallyin Figure 2. Three laser fields interact with the ensemble of |
overlapped and fixed. The CARS transients were recorded asmolecules. Two laser pulses have the same waveleagths
a function of delay timeAt between the pump pulse pand Apy. The third laser pulse (S) is tuned to a lower wavelength
the two fixed and time coincident pulses pu and S. The relative 15 in such a way that the difference between pump and Stokes
timing between the different pulses was varied with a computer- |aser wavelength is resonant with a vibrational Raman transition
controlled actuator that allowed for optical delay up to 3 ns inthe molecule. For iodine the wavelength difference was tuned
with a minimal stepsize of 6 fs. The determination of the to the second overtonsy” = 3. While one of the pump pulses
position of temporal overlap (time zero) between the different (pu) and the Stokes pulse S are coincident in tidve £ 0),
beam pairs was made using a cross correlation setup with seconghe second pump pulse parrives having a variable time delay.
harmonic generation as well as sum frequency mixing in athin,  |n the case that picomes before the time coincident pulses
phase-matched BBO crystal. pu and S, the CARS signal reveals the evolution of the
The femtosecond CARS signal pulse aS ta@nti-Stokes)  vibrational and rotational coherence of the excited B-state wave
generated in the sample cell travels in a direction determined functions. Here, the first pulse (pucreates a wave packet in
by the phase-matching condition. This direction is different the excited B-state. After a variable time delayt (< 0) this
from that of the incident laser beams (see Figure 1B), and the wave packet is probed by the coherent interaction with the pu
signal could thus be easily separated by a spatial filter. The and S pulses giving rise to the coherent anti-Stokes Raman
CARS signal beam was collimated by a second achromatic lensscattering signal.
L2. After the straylight was separated from the CARS signal |t on the other hand, the pump pulse {parrives later At
by means of a monochromator (Acton SpectraPro-500), the anti-~ () than the other two pulses (pu and S), the CARS signal
Stokes signal was detected by a fast photomultiplier tube (RCA refiects the dynamics in the electronic ground state. In this case
C31024 A). The signal-to-noise ratio was enhanced by use of the two time coincident laser pulses (pu and S) prepare a wave
a boxcar-integrator (EG&G model 4121B) in-gatedhtegrator  packet in the electronic ground state which is probed by the
mode, as well as by numerical averaging of several pulses.  time delayed third laser pulse (robserving the coherent anti-
Stokes Raman scattering.
In Figure 3A and Figure 4A we show CARS transients
In this section we discuss results obtained from experiments obtained for } taken over longer delay times. Figure 3A gives
performed on iodine and bromine vapor. We start with results the long time behavior for negative\{ < 0) and Figure 4A
for 1, which was already studied by several other groups (see, that for positive At > 0) delay times. The peak faxt = 0 is
e.g., ref 2 and references therein) using different methods.  not considerably higher than what one would expect from the
Figure 2 shows the experimental CARS intensity as a function decay behavior of the oscillations of the excited state. This
of delay timeAt between the pump pulse @uand the two means that the so-called coherent artifact, which was discussed,
time coincident pulses pu and S fgviapor. The signal exhibits ~ for example, in ref 49, plays a minor role in our experiment
well defined beats for negative delay times with a separation and that resonant contributions are dominating the CARS
of about 380 fs, corresponding to a vibrational energy spacing transients of iodine. To analyze the experimental data shown
of 88 cnL. This agrees well with the experimental vapor phase in part A of Figures 3 and 4, we give the results of a fast Fourier
vibrational energy spacing in the excited B state at the energy transform (FFT) of the transients in the corresponding parts B.
accessed by the 559 nm pump laser. For positive delay timesin both FFT spectra peaks at low wavenumbers (about 5tcm

3. Results and Discussion
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Figure 3. (A) Femtosecond time-resolved CARS transient showing
the wave packet dynamics in the excited B state of iodipe= Apy, Figure 5. (A) Result of a subtraction of the low-frequency contribution
= 551 nm,As = 570 nm,1.s = 528 nm) and (B) the result of a fast  from the excited-state transient, both shown in Figure 3A. (B) Same
Fourier transform of this transient. The insert shows the band due to for the ground-state transient shown in Figure 4A. The resulting
transitionsy’ <— "' = 0 andv'+1 < " = 0 in detail. The thick line transients show the vibrational coherences of the two different electronic
shown in part A is the low-frequency contribution to this transient states.
obtained from fast Fourier transform calculations.
rovibrational level of the electronic ground-state characterized
A S64/ 584 (504) by the quantum numbers'{ andJ"), in a simple picture one
has to consider the following final states in the electronic excited
605208 eml state: ¢; andJ’) and @; andJ;') where due to the\J = +1
selection rulesy= J'£1. Furthermore, we assumg = v'.
| After some calculation, one finds two contributions to the
‘ ‘ ‘ ‘ v . . g, .
5 2 " : R T P transient intensity® (i) an oscillatory part
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Figure 4. (A) Femtosecond time-resolved CARS transient showing 2+1

the wave packet dynamics in the ground state of iodipe< Ao, = ] )
564 nm,As = 584 nm,l.s = 544 nm) and (B) the result of a fast ~ To include more states, a summation over all accedsedl v

Fourier transform of this transient. The thick line shown in part A is has to be performed weighted by a Boltzmann factor as well as
the I_ow-frequency contrib_ution to this transient obtained from fast by the spectral shape of the laser pulse. [f for the polarization
Fourier transform calculations. of the pump and probe pulses magic-angle condifibase
for the excited and 10 cm for the ground state transient in  fulfilled, no contribution due to rotational anisotropy (eq 2) can
Figures 3B and 4B, respectively), appear. We assign thesebe detected. However, the lasers in our experiment were all
features to the rotational dynamics of the molecules. To polarized parallel to each other resulting in transient shapes
demonstrate the effect of these low frequency contributions on determined by both vibrational and rotational coherences.
the transient shape, we removed all components at higher Using the simple model for the rotational coherence, we are
wavenumbers from the FFT spectra and performed a transformable to simulate the decay behavior seen for short delay times
back to the time domain. The results are shown in Figures 3A as well as the rotational recurrences for the excited-state
and 4A (thick lines) for the excited and ground state transients, dynamics. The rotational recurrences appear after delay times
respectively. Figure 5 shows the transients after subtraction of (=500 ps) which are not accessed in our experiments. Figure
the low-frequency contributions (part A, excited state; part B, 6 shows a comparison between the calculated low-frequency
ground state). It is obvious that the slow modulation of the contributions of the experimental transient (upper curve) given
transients at early times (as to be expected) are determined byin Figure 3A and the simulated short time behavior (lower curve)
the low-frequency part of the FFT spectra. We do not have an for the excited state dynamics. Having in mind the rather crude
explanation for the fine structure seen for the low-frequency approximations made for the calculations, we fit the theoretical
contribution shown in Figure 4A. Theoretical calculations are curve to the shape of the FFT result fairly well. However, we
in progress and will make a further interpretation possible.  were not able to simulate the contributions of rotational
The general shape of the transients is determined by thecoherence seen for the ground state. A reason for this might
guantum coherence of vibrations and rotations of the moleculesbe that the model applied does not consider the influence of
excited. The influence of these coherences on the shape of thahe Franck Condon factors which certainly plays an important
time dependent signal has been discussed in a number ofrole for the calculation of the “pumpdump” process responsible
articles®®-56 Assuming that the excitation starts from a single for the preparation of the ground state wave packet.
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Besides the purely rotational coherence effects, the CARS V=24 23\ =0

transients also show the average vibrational frequencies as well
as beat patterns due to both the local anharmonicity constants
and the rotationvibration coupling. The excited-state signal
(Figure 3A) shows oscillations with a period of about 410 fs,
corresponding to a vibrational wavenumber spacing of about 25 2 16 A 05 0
81 cnTl. This value agrees with the experimental vibrational Delay Time (At) / ps

i i 58,59
energy spacings (vapor phase) in the B state arolird24, Figure 7. Femtosecond time-resolved CARS transients showing the

which is reached by thé_P“ = 551 nm laser pulse from _the . wave packet dynamics in the excited B state of bromine. (A) CARS
ground state. The Fourier spectrum of the CARS transient in transient fori, = Ap, = 548 nm,is = 557 nM,das = 538 nm; (B)Apu

Figure 3A shown in Figure 3B is consistent with this analysis. = J,, = 535 nm,As = 544 nm,l,s = 525 nm. The insert shows the
Closer inspection of the transform reveals several peaks,transient (A) also for positive delay times.
corresponding to different vibrational levels excited. Due to a
coherent excitation of vibrational energy levels with' = staté® and the ground staf8,considerably higher vibrational
and 2, we find in the Fourier spectrum components at about 80 levels are involved in the excited-state dynamics. Therefore,
and 160 cm?, respectively. The insert of Figure 3B shows the damping due to the shifts of the vibrational energies caused
the wavenumber differences of transitianis— "' = 0 andv' by the coupling to the rotations of the molecules is more
+ 1< 2" = 0in detail. The resolved components agree well pronounced in the excited state than in the ground-state
with the wavenumber positions of the lines observed in transients.
frequency domain experimerfs5° Besides the bands at 80 and 160énthe FFT spectrum of
For the CARS experiment we have chosen a wavenumberthe excited-state transient (Figure 3B) shows a band at about
difference between pump and Stokes laser corresponding to the295 cnm®. This wavenumber is about the sum of the 80&¢m
second overtone of the lground-state vibration. The FFT  vibrational spacing in the excited B state and the 208%tm
spectrum of the ground-state CARS transient shown in Figure belonging to the ground-state vibrational coherence. A possible
4B reveals a band at about 208 T©m Comparing this explanation is the coherence between the electronic ground and
wavenumber position to wavenumber differences calculated onexcited states due to strong laser interactoro clarify this
the basis of RKR values of the electronic ground state taken point, quantum mechanical calculations are in progress and will
from ref 60 shows that the electronic ground state is preparedbe published in due tim&
arounds”” = 3. That is exactly what could be expected from In an effort to extend the time-resolved FWM technique to
the experimental conditions as mentioned above. other molecules we have measured CARS transients of bromine.
The modulation of the envelopes of the vibrational transients Very recently Averbukh et #® have measured pumiprobe
(compare Figure 5) is mainly determined by the anharmonicity transients of bromine. In their experiments they prepared a wave
of the potential energy surfaces (PES). This results in a plainly packet in the excited B state and probed the evolving dynamics
different appearance of the ground and excited-state transientsby ion detection. Their intention was not to monitor the
The excited B state of iodine is very anharmonic in the range evolution of the wave packet but rather to introduce and
of the vibrational levels accessed. Therefore, the measureddemonstrate a general wave packet method for laser isotope
oscillations of the wave packet prepared in the excited B state separation.
show clear dephasing and rephasing patterns (Figure 5A). In Figure 7 we show two CARS transients of bromine with
However, the ground-state wave packet is prepared around different wavelength combinations, part A,y = Ao, = 548
= 3 where the shape of PES is close to harmonic. Therefore,nm,1s= 557 nm, andlas= 538 nm; and part Blyy = Apy, =
the amplitudes of the oscillations seen probing the ground-state535 nm,As = 544 nm, andl,s = 525 nm. The wavenumber
dynamics do show much less modulation due to dephasing anddifference between the pump and the Stokes pulse was tuned
rephasing on the considered time scale (Figure 5B). to the fundamental transitiol\¢’ = 1) of the Bp ground state
Additionally, the damping of the amplitudes due to rotation  vibration.
vibration interaction results in vanishing signal intensities after  In contrast to iodine we observe only oscillations for delay
about 40 ps for the excited state (Figure 5A). On the other timesAt < O (see inset in Figure 7) showing the wave packet
hand, the amplitudes of the vibrational modulation seen for the dynamics in the excited bound B state of bromine. Analogous
ground-state transient do decrease slower (Figure 5B). Whileto iodine the pump pulse prepares the B state of bromine in a
the coupling constants. are about the same for the excited B coherent superposition of a few vibrational states. This wave
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packet is probed by the simultaneous pump and Stokes pulsestate as well as a larger spacing of the vibrational levels in the
observing the coherent anti-Stokes Raman scattering. Byground state.
varying the pump wavelength within the bound region of the B Furthermore, we have discussed the wave packet dynamics
state, we observe different periods in the coherent evolution of in relation to coherences. Here contributions could be found,
wave packets in the B state. The period of oscillations increasessimilar to the corresponding pumjprobe experiment which
as the pump energy is increased. The CARS transients showcould be assigned to purely vibrational and rotational coherences
oscillations with an average period of 360 and 460 fs for the as well as the coupling of vibrations and rotations. To separate
transients A and B, respectively. The oscillation periods the different vibrational and rotational contributions fast Fourier
calculated using spectroscopic data of the B &tatee in good transform (FFT) calculations were performed. The rotational
ageement with the observed periods. contribution could be subtracted from the transient yielding the
The ratio of the intensities of the oscillations to the peak at modulation due to the purely vibrational coherence which was
zero time delay is considerably smaller for bromine (see Figure modulated by rephasing and dephasing patterns caused by the
7A) than for iodine (see Figure 3A). This is due to the different anharmonicity of the PES. Additionally, the damping of the
absorption coefficients for these two molecules reflecting the vibrational signal due to the rotatietvibration interaction could
different Franck-Condon factors. The absorption coefficients be observed. In the FFT of the excited-state transient, besides
for the B~ X state transitions are several orders of magnitude the different vibrational transition wavenumbers within the
larger for iodiné&® than those for bromin€. While for iodine excited state, also a contribution occurs which could be assigned
the resonant signal dominates the whole CARS transient, for tentatively to a coupling of ground and excited state vibrations.
bromine also nonresonant contributions have comparable in-By applying a simple model, we calculated the purely rotational
tensities. The intense peak around zero time delay in the contribution at short time delays and fairly good agreement with
bromine CARS transients is due to nonresonant processes whictihe experimental results could be obtained for the excited-state
have a very short lifetime and therefore reflect the cross transients. The model, however, was not sufficient to describe

correlation of the involved laser pulsés. the rotational structure of the ground-state transients.
As mentioned above, transient signals for bromine could only ~ To get further information about the coherences, experiments
be observed when the excited state was prob®d < 0). using different polarizations for the laser pulses are planned.

However, no oscillations could be detected for delay tiies ~ Additionally, the time-resolved four-wave mixing technique

> 0, because of two reasons. First, the relatively large spacingshall be applied to more complex molecular systems. An
of the vibrational levels in the electronic ground-state results interpretation of the experimental results given in this paper by
in a poor overlap of the laser pulse shape with more than one means of a non pertubative evaluation scheme for the nonlinear
vibrational levels. Second, the small Frard&ondon factors polarization will be given in a forthcoming pap#t.

decrease the transition probability for the “pusgump”
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