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Experimental control and characterization of intramolecular dynamics are demonstrated with chirped
femtosecond three-pulse four-wave mixing (FWM). The two-dimensional (spectrally dispersed and time-
resolved) three-pulse FWM signal is shown to contain important information about the population and coherence
of the electronic and vibrational states of the system. The experiments are carried out on gasgithieel
degenerate laser pulses are resonant with the X (ground) to B (excited) electronic transition. In the absence
of laser chirp, control over population and coherence transfer is demonstrated by selecting specific pulse
sequences. When chirped lasers are used to manipulate the optical phases of the pulses, the two-dimensional
data demonstrate the transfer of coherence between the ground and excited states. Positive chirps are also
shown to enhance the signal intensity, particularly for bluer wavelengths. A theoretical model based on the
multilevel density matrix formalism in the perturbation limit is developed to simulate the data. The model
takes into account two vibrational levels in the ground and the excited states, as well as different pulse sequences
and laser chirp values. The analytical solution allows us to predict particular pulse sequences that control the
final electronic state of the population. In a similar manner, the theory allows us to find critical chirp values
that control the transfer of vibrational coherence between the two electronic states. Wave packet calculations
are used to illustrate the process that leads to the observation of ground-state dynamics. All the calculations
are found to be in excellent agreement with the experimental data. The ability to control population and
coherence transfer in molecular systems is of great importance in the quest for controlling the outcome of
laser-initiated chemical reactions.

I. Introduction tion that is observed when they are probed with a third laser

Experimental demonstrations of laser control of chemical Pulse using three-pulse FWM. The goal of these experiments
reactions in the past decddé have solidified this field of is to gain a deeper understanding about the role of chirped laser
research and garnered great excitement. While the field is Pulses in controlling chemical reactions. The results from this
quickly evolving into complex molecules in the gas and study are consistent with the experimental observation of wave
condensed phases with computer-tailored laser pifsére packet modification (for example focusitig)® and enhancement
are still many lessons to be learned from small molecules in in the yield of chemical reactions using chirped femtosecond
the gas phase. Here we present a variation of the femtosecondgulses®*!! Gas-phase ol was chosen for the experimental
three-pulse four-wave mixing (FWM) technique where the signal demonstration of this technique. The visibléXg, 4 <> B 3I1o4,
is spectrally dispersed. We find this method to be very useful transition has been well characterized by frequency-resBiviéd
to control and characterize the intramolecular dynamics occur- and time-resolved spectroscolt® The vibrational spacing is
ring after laser excitation. In this study, we experimentally quite different for these two states, making their identification
explore the role of different pulse sequences and optical-phasein the data a simple task.
manipulation in controlling the population and coherence  an important step in the control of molecular excitation is
transfer in gas-phase,.| The two-dimensional (time and  (he experimental characterization of the system being controlled.

frequency) data provide phase information that cannot be cqnyentional pump probe (PP) and FWM techniques give very
obtained from similar techniques without spectral dispersion. high temporal resolution but give little or no spectral informa-
Our experimental results and theoretical simulations demonstratetion Some variations of the PP method have been shown to

E:hoent:gllﬁn thﬁgﬂﬁ%;ﬁgfgnﬁ:ﬁniid laser chirp can play Inprovide frequency resolution, among these are time-gated
9 y : . fluorescence techniqu¥s!® and PP-photoelectron spectros-
Here we concentrate on the controlled formation of ground- copv221The additional frequency resolution helos one to obtain
and excited-state wave packets and the time-dependent polariza- PY: quency P :
a more complete characterization of the system. The time gate
* To whom correspondence should be addressed: dantus@msu.edu. used to obtain the spectral information determines the spectral

T Affiliated with the Institute for Nuclear Sciences “VINCA”, Belgrade, resolution that can be achieved, limited by the uncertainty
F. R. Yugoslavia. ’

# Permanent address: N. N. Semenov Institute of Chemical Physics, RAS, Principle. Here we spectrally disperse the signal from the three-
Moscow, Russia. pulse FWM. This signal contains a wealth of spectroscopic
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information22 We have found that this information allows us a) Multilevel Density Matrix
to more fully characterize the system following different pulse
sequences and different chirp values. In previous communica-
tions from our group, we have shown that the pulse sequence
in three-pulse FWM allows one to form wave packets in the
ground and/or excited stat&&s?24 This control of intramolecular
dynamics was found to be quite general. Here we explore the
relationship between the spectrally dispersed three-pulse FWM
signal and the underlying dynamics. We then use this technique
to characterize the effect of different pulse sequences and chirp
values on the ground and the excited-state dynamics of the
system.

A theoretical background is given in terms of the evolution
of the density matrix. The formation of the wave packets in the
ground and/or excited state by the first two pulses and the

subsequent probing has been published else#téand is only b) Double-Sided Feynman Diagrams
mentioned here briefly. Here we concentrate on the spectro- o o
scopic information that is contained in the FWM signal and o Pe

the connection to the density matrix. The Experimental Section &> &

briefly outlines the methodology used to obtain the two-

dimensional experimental data. Results are presented for various b

pulse sequences and pulse chirps. Theoretical calculations are
found to be in excellent agreement with the experimental data. % T % % Top % B,
The Conclusions discuss critical parameters in the control of > &>
this system and highlight possible applications. Calculations are ‘ ‘
used to predict interesting behavior that can be achieved by Jf’ ,Hj
particular sequence-chirp combinations. E, £,

> <l g <l

Figure 1. (a) Representation of the density matrix for a multilevel

Il. Theory system composed of two electronic states each one with a manifold of

vibrational levels. The indices g; gange on the number_ of vib_rational
The density matrix formulation is the preferred theoretical 'evels of the ground electronic state (in the present simulatioh g, g
approach for the study of coherent multiwave mixing experi- 1, 2). The indices e, @ange on the number of vibrational levels of the

5.26 . - g excited electronic state (in the present simulation’'es €8, 4). The
ments? The diagonal blocks of the density matrix of a diagonal matrix elementggg and pee represent the population of the

multilevel system involving several vibrational levels in the yiprational levels (dark shade). The off-diagonal matrix elements of
ground and excited electronic states represent properties withinthe diagonal blockspyy and pee, represent the vibrational coherence
each state (see Figure 1a). In the diagonal blocks, the diagonaln the respective electronic state (light shade). The elements of the off-
elements (designated asg Or pee in Figure la) are the diagonal blockspge andpeg, represent the vibronic coherence between
population of each vibrational level, whereas the off-diagonal the electronic states. (b) Double-sided Feynman diagrams for the
elements fgg Or pee) represent the coherence of the vibrational ﬁ]rggizﬁﬁsdoejc“bed i the text after the first two electric field
. y.

levels. The elements of the off-diagonal blockge(or peg)
represent the vibronic coherence between the two electronic
states. In the weak interaction limit, each fielg interacts
linearly with the media producing a chang® to the initial
density matrix. Whem is an odd numberp® contains the
changes in the probability amplitude of the electronic couplings,
whereas ifn is an even numbep® represents the changes in
the population and the coherence of the vibrational levels within
each electronic state.

The time evolution of the density matrix interacting with
consecutive applied weak electric fields can be represented b
double-sided Feynman diagraf?$’ The diagrams relevant to

our pulse sequence and phase-matching geometry are shown . ' ) . \
in Fi%ure lb2q2’23'28 Here wpe only show tr?egfirst intgractions which oscillate with the vibrational frequencies of the ground

with electric fieldsE, and Ey separated by a time delays, and excited sta_tesqg and Ve respectlvely), descgg)e the t.|me-
Interaction with the third electric fiel&, and the emitted signal ~ dependent grating. The diagonal term) and pge, describe

E, are not shown. The complex conjugate diagrams, mirror the static grating, which decays with. Note in Figure 1b that
images of those shown in Figure 1b, lead to the FWM signal in the diagram on the right contributesfy while the one on the

a different phase-matching geometry and are not shown. Theleft contributes top. The transient FWM signal will be a
signal is a sum of all possible processes and arises from themaximum at the times when all molecules radiate in phase as
contributions ofpgg andpee, Which correspond to coherence in  long as the dephasing time of the excitation coherefgeis

the ground and excited states, respectively, after the interactionlonger than the duration of the puls&ég®

with the first two pulses. Each process depends on the molecular In the present study, we apply the density matrix formulation
dynamics of the corresponding electronic state; therefore, by for the interpretation of the signal obtained from chirped three-
enhancing one contribution with respect to the other, it is pulse FWM experiments. Although we focus on the vibrational

possible to extract some information about the molecular
dynamics of each state.

In a FWM process, the first two electric fields interfere and
form time-dependent and static gratings in space. The third pulse
probes these gratings, inducing a polarization in the medium
that emits coherent radiation. When, the carrier frequency
of the pulses, is resonant with an electronic transition frequency,
the interfering fields induce two successive dipole transitions,
yyielding a redistribution of the vibrational populations and
coherences of the molecular ensemble, describeirin this

way the time-dependent matrix element§)(t) and p(0),
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molecular dynamics, the generalization to rotational motion is
straightforward. The theoretical analysis is based on a model
that includes two electronic states with two vibrational levels
each; the states are labeled &g |20 |30) and|40where g= 1,

2 and e= 3, 4. The coherence relaxation time feiin the gas
phase is much longer than the times considered here; therefore,
no relaxation terms are included. Resonant experiments reduce
the electronic manifold to the states that are coupled by the ¢"w 2

dipole electronic interaction. To simulate the observed molecular Do&)1?00 | 1 + cos@qT,y) €O 5 . 8)
dynamics, we first use a model with two vibrational levels in

each electronic state with an energy separatioABf = hwg where the brackets denote the average with respect to coordinate
or AEe = hwe. Although the effect of anharmonicity cannot be x. ¢" is the linear spectral chirp of the pulses obtained from
included in the formulation with this reduced model, an the phase shift of the chirped electric fieldgw) = ¢(wo) +
analytical solution to the optimal control problem is achieved. (w — wo)?®"'/2 with ¢"" = 3%¢/3w?.3! Note that these expressions
Unless otherwise noted, it is assumed that the initial populations (eqs 5-8) are time independent and correspond to the amplitude
areply = p = 0.5 andp’ = p% = 0. We usev = p% — o of each component that contributes to the grating. The modulus
to indicate a different initial population distribution. square cancels the time-dependent terms in egs 2 and 4.

In the present calculations and experiments, the three pulses After a time delayr, the third pulse in a FWM experiment
are degenerate and designate&as&p, andE.. For the forward probes the population and the vibrational coherence generated
box arrangement described in ref 28, the FWM signal is emitted by the first two pulses. The resulting polarization can be
in two directions defined by the wave vectdrg: = ka — kp + represented by the third-order density mapf& containing only
ke andke = —ka + kp + ke The former applies to observation the matrix elements that oscillate with the transition frequencies
of a virtual echo and the latter to the conventional photon 8¢ho. ®eg= (Ee — Eg)/h where g= 1, 2 and e= 3, 4. Therefore, the
Calculations and experimental results shown here apply to emitted light contains useful spectroscopic information about
detection in thekye direction. the system. The overall signal dependsoh= p@VE 4 p@E

In previous communicatior’d;?® we have shown that the where the components that lead to signal in ke direction
simultaneous control of the population and vibrational coherence are separated from those that lead to signal irkihdirection.
within each electronic state can be achieved by manipulating The intensity of the emitted light corresponding to each
the time delay between the first two pulses, After the transition in the directiorkye as a function ofr is given by
interaction with two unchirped pulses, the matrix elements of . B
the ground and excited states are les (1) O 1p2VE + €%p@VE(x) — p@QVE + o)V (r) 2

©)
pézg) = §CO<w§ab) Co{(wo + %)Tab - (ka B kb)x) (1)

TP [1 + cos@er,y)] (5)

" 2
Moy 1?1 [1 + COSE,T,p) cos(¢ - )] (6)

De@PO0 [1 + cos@,T,y)] (7)

where® = ¢"wy?/4. Since the diagonal terms of the density
(2)VE (2)VE

matrix pgg - andpg.  are time independent, the time evolu-
, A2 OTat) o 12 tion of the spectral line intensity depends on the vibrational
pE(t) = coq4— )¢ o 2YD CosaT L, — (Ky— Kp)X) coherence matrix elements. Because these matrix elements
2 oscillate with a vibrational frequencyy or we, €gq 9 can be
5 expressed as
<2>=icos(wg—rab) Cos((w :F&‘)r ~(k,—k )x) 3)
e 4 2 0 2/t Ta b e (@) O135() + 115() + 115(0) (10)
2 w,T ' .
pgé)(t) — AZ CO{ gzab)eilwe(H—(l/Z)tab) COS@OTab_ (ka _ kb)X) with
@) 1y5(2) O o Pllcosgr) + 1] (11)
where A is the area under the pulse and the upper sign
. o O h and
corresponds to the first combination of indices and vice versa
for the lower sign. Settingap = (N + 1/2)7e, Wherere = 27/we, IYE(7) O ﬂlpgglzfﬂcos@ef) +1] (12)

makes the ground state elements (eqs 1 and 2) equal to zero.
For these values of., we obtain a signal that is mostly
characterized by the dynamics of the excited state. A similar

observation can be made fag, = (n + Y2)7g with 79 = 27/wg.

The vibrational coherence in the ground state corresponds to
p3), whereas the vibrational coherence in the excited state

corresponds te{2.

5= and /5 represent the spectral intensity contributions that
oscillate with the frequenciesy and we, respectively.IZE
represents the cross terms that oscillate with a linear combination
of both frequencies; if eithely~ or I is zero,I{" is zero.

In Figure 2 we show the relationship between the amplitude

of the averaged density matrix elements, as indicated in eqgs

When the first two pulses are equally chirped, the chirp is 58 and the spectral intensity, as shown in eq 9. The three-

manifested in the vibrational coherence matrix eIempr@)
2 2

and p&\(t) and is absent ip( and p&. This is because the

dimensional diagrams of the averaged density matrix elements
for the four-level system are shown at the top of the figure.

population matrix elements are obtained after a second-orderThe height represents the amplitude®f;® |20 The spectral
process with two equal and opposite transition paths and theintensities as a function of time delay are shown in the

phase shift of the successive chirped pulses cancef§ Witien

spectrograms. The spectrograms show the contributions of the

the transition paths are different, as for the coherence matrix four transitions lines that correspond to the four-level system
elements, a net phase due to the chirped pulses arises. Thélsyy =4 — 1,131 =3 — 1,14 =4 — 2, andiz; = 3 — 2).
modifications introduced by the chirped pulses to the spatial Gaussian functions with AA/2 fwhm are used to simulate the

average of the density matrix elements are

experimental spectral resolution wheké = 141 — A31 = A42
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Figure 2. Simulations of spectrally dispersed FWM. At the top of the P
figure are diagrams of the averaged density matrix eIem@q‘f%PD BT 0

calculated with eqs 58. The corresponding spectrograms calculated A ! 7Ll LA
with egs 9 are shown with wavelength plotted along the horizontal a1 31 a2 a2
axis and time delay between the second and third pulgesldtted Wavelength Wavelength
along the vertical axis. The darker regions in the spectrograms ) ) )
correspond to higher signal intensity. For these calculations, the initial Figure 3. Simulations of spectrally dispersed FWM fay, = 460 fs,
population distribution in the ground state)(was assumed to be zero W = 0, and two values of laser pulse chirp. (a) For the small value of
and the pulses were unchirped. (a) The delay between first two pulsesChirp @" = 1000 f$), the changes in the dynamics are obvious
(rap) is 400 fs corresponding t&. vibrational periods of the ground ~ (compare to Figure 2b). These differences are expected, as seen in the
state, . The density matrix diagram for this pulse sequence (top left)y density matrix diagram by the appearance of vibrational coherences in
shows population and coherence terms only in the upper diagonal block,both the ground and excited states (upper and lower diagonal blocks).
corresponding to ground-state matrix elements alone. The spectrogran{) It is possible to calculate the appropriate chirp where ground-state
(left) clearly shows 160 fs periods reflecting the vibration of the ground €lements dominate the contribution to the signal evendor 460 fs,
state (vg). (b) Forza, = 460 fs, ¥, vibrational periods of the excited Where unchirped puls_es result in seeing qnly 'exmted_-state dynamlcs.
statete, only the matrix elements of the excited state (lower diagonal With ¢" = 4000 f$ (Figure 3b), 160 fs oscillation periods appear in
block) are present in diagram. In the corresponding spectrogram (right), the simulation showing primarily ground-state dynamics.
the excited-state vibrations of 307 fs are evident.

the vibrational frequency of the By, state of iodine { =

— A32. On the basis of eqs-3, one can identify the time delay ~ 7—11). As can be seen from the averaged density matrix
Tab s a useful parameter in the design of pulse sequences thagliagram (Figure 2b top), only the elements of the excited state
enhance or eliminate specific elements in the density matrix. contribute to the signal in this case. Therefore, by changing the
In Figure 2, we show two extreme cases with either exclusive time delay between the first two pulses, it is possible to control
ground or exclusive excited-state dynamics. Whgy= 400 the population and the vibrational coherence of the system.
fs = 514/2 (Figure 2a), the spectral intensities oscillate with the  The use of chirped pulses as an alternative way of controlling
vibrational frequencyvg, with g = 160 fs, consistent with the  the intramolecular dynamics is explored in the simulations
vibrational frequency of iodine in the ground stat€ & 2—4). shown in Figure 3. The spectrograms along with the diagrams
The signal corresponds to the time evolution of the probability of the averaged density matrix elements correspond to time delay
amplitude in the ground state because only the matrix elementsr,, = 460 fs with chirped pulses having a spectral chf=

pézg and pgé(‘[) are different from zero (see the averaged 1000 f& or ¢" w2 = 7/4 (Figure 3a) andy’’ = 4000 f& or
density matrix diagram at the top of Figure 2a). Whgp= ¢"wg?l2 = 7 (Figure 3b). The introduction of chirped pulses
460 fs= 312 (Figure 2b), the spectral line intensities oscillate produces a signal that oscillates with both vibrational frequencies
with vibrational frequencye, with 7o = 307 fs, consistent with wg andwe, confirmed by the presence of coherence vibrational
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terms belonging to both electronic states in the averaged density
matrix diagram. When more than one oscillating frequency is
present in the spectrogram, the spectral line intensity is slowly
modulated in time with an approximate period of 3 ps. This
effect can be attributed to the interference tel’l‘:'?(r), of the
vibrational coherence terms from the different electronic states
according to eq 10.

Comparing the averaged density matrix elements distribution
for different values of chirp for,, = 460 fs (Figures 2b top,
3a top, and 3b top), we can see that the chirp does not affect
the population terms but only the vibrational coherence terms,
p&() and p&(t), in agreement with our previous discussion. ‘ . Ll . L ‘
Thus, the time dependence of the spectral signal can be 25 03525 3035 2S00 38
manipulated through chirped electric fields by controlling the R(A) RA) R(&)
coherence vibrational terms of the density matrix after two Figure 4. Wave packet calculations for the process described by the
pulses. Figure 3 highlights the importance of spectral dispersion; Feynman diagram labelgsf?) in Figure 1b. In all cases only the real
the intensity of the spectral features varies at different wave- Part of ¥ is plotted. (a) Formation of the wave packet in the excited
lengths due to the different phases involved. This information B state from an eigenstate’(= 2) in the ground X state by field,

. . . ' . att =0 fs. (b) The wave packet propagates and is shown after 460 fs
would not be available if the spectral information was integrated. \,nen the sfac)ond ﬁ\évlﬁ\: ispappliecﬁ). A?Tagb = 460 fs ' the Wvgve packet

The density matrix elements after two pulses are the in the B state is at its outer turning point, overlap with the X state is
ensemble-averaged product of two time-dependent amplitudes hegligible, and population transfer to the ground state is minimal. Note

@) = o (F)* ; that the magnitude of the wave packet in the ground state has been
P ® [G(t) G(t)*L) of the wave packet components in each magnified 10 times. (c) When the second field interacts with the system

electronic state. A change in the magnitudepgf(t) or Pl _ after a delayra, = 614 fs, the wave packet in the B state has returned
due to chirped pulses will correspond to a change in the relative to the inner turning point. The improved overlap with the optically
phase of the wave packet components. This manipulation shapesesonant vibrational levels of the ground state allows for a greater
the wave packet in each electronic state, allowing the focusing transfer of population. These calculations are consistent with the
or spreading of the wave packe®:1° observations of ground—_state dynamicstgy= 614 fs and the absence

of ground-state dynamics whem, = 460 fs.

Tp=4601s /4 ¢ Typ =614 s
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When the initial population distribution is not limited to a
single vibrational state, the density matrix elements represent
the evolution of all levels in the system after successive laser
pulses. A coherent coupling arises within each electronic state
as a consequence of interaction with the first two pulses. For
example, thermally populated vibrational levels in the sample
prior to laser excitation lead to these coherences. dje
dependence of egs 3 and 4 is a manifestation of the coherenc
that arises from the initial population distribution. The density
matrix formulation treats these coherences naturally without
having to artificially add these contributions using phase
coherent or incoherent sums of wavepackets. By taking only
four levels, we were able to obtain analytical expressions for
the spectrally dispersed FWM signal as a function of the control

parametersra, and ¢” using the density matrix formalism. the density matrix formulation is essential. We are continuing

Sl_mulat|ons b"flSEd on these EXpressions are in close agreemeny, develop both formulations. The results from these efforts will
with the experimental results. By increasing the number of the be published elsewhef@33

excited-state vibrational levels in the density matrix, we could

explore the effect of anharmonicity and investigate the differ- . .
ences in the intensity features of the spectrally dispersed data”l' Experimental Section
(vide infra). These efforts are already underway.o give a The experimental setup has been described previdesly.
physical illustration of the control mechanism, we carried out These experiments were conducted using 65 fs pulses (fwhm
wave packet calculations consistent with the process depictedwhen transform-limited) centered at 620 nm with 8 nm (fwhm)
by the double-sided Feynman diagram shown in Figure 1b (left- spectral width. The chirp was measured by analyzing the pulses
hand side). Simulation of the other process (Figure 2b right- with a frequency-resolved optical gating (FROG). The laser was
hand side), the probing step, and the resulting spectrally resolvedsplit into three beams, each with energy~a20 «J, which were
signal by this method are more complicated and will be arranged in the forward box configuration before being focused

These calculations include all vibrational levels that can be
optically excited by the femtosecond pulses centered at 620 nm,
namelys’ = 4—12 andv" = 0—10. Whenty, = 614 fs (see
Figure 4c), the wave packet is localized at the inner turning
point, providing a good overlap with the optically resonant levels
of the ground state and resulting in a significant ground-state
%opulation (2-3 orders of magnitude larger than that obtained
for 7o, = 460 fs). This behavior results from the period of
oscillation of the wave packet in the excited states= 307 fs.
These wave packet calculations are useful to illustrate the
position of the wave packet in each electronic potential as a
function of time. However, an understanding of all the coherent
processes that contribute to the FWM signal as gained from

published elsewher&.In Figure 44, the initial wave packdt©) in the quartz sample cell containing neat iodine vapor at 140
in »'" = 2 of the ground electronic state is excited by fi&g °C. The time delay between the first two pulses, was

to the B excited state. The resulting excited-state wave packetcontrolled by a manual translator and the time delay between
PO js allowed to evolve until fields, is applied at timerg, the second and third pulse, was scanned in time to yield the

At time 75, = 460 fs (see Figure 4b), the wave packet is located FWM signal transients. The three-pulse FWM signal was
at the outer turning point; therefore, the Franr€kondon overlap collected by a spectrometer placed at the phase-matching
with the optically resonant levels in the ground state is conditionkye for different wavelengths within the 66%35
negligible. Note that the ground-state wavepacket in the figure nm spectral range. The spectral acceptance of the spectrometer
has been magnified 10 times. The ground-state popul BH&2 was set to 2 nm. Narrower spectrometer slits did not seem to
resulting from this process is very small for this valuergf sharpen observed spectral features. Both FWM spectra and
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transients were measured with these same conditions. The T T — T T T
spectra were obtained between 600 and 640 nm and averaged
for 10 scans with 200 points per scan and 10 laser shots per
point. Each transient was taken at 150 different time delays and
averaged for 20 scans. At each time detaythe signal was
collected for 10 laser shots where the energy of each laser pulse
was required to be within one standard deviation from the mean.
These transients, collected at different wavelengths, were then
combined to generate the spectrograms shown in the Results
and Discussion.

IV. Results and Discussion

A. Spectral Information in Femtosecond Three-Pulse
Four-Wave Mixing. Most four-wave mixing experiments
measure the intensity of the signal either as a function of
excitation wavelength (frequency-resolved FWM) or as a
function of time delay between laser pulses (time-resolved
FWM). When the FWM measurements are performed with
lasers that are not resonant with spectroscopic transitions
(transient grating FWM), the polarization of the sample is short-
lived and there is little spectroscopic information that can be
obtained from spectrally resolving the FWM sig&aFor FWM
measurements involving resonant excitation, the polarization can
be sufficiently long-lived that it carries relevant spectroscopic
information?22 This is particularly the case for gas-phase samples .
w_here the polarization can persist for tens to hundreds of 09 613 617 621 25 429 "633
picoseconds? Spectrally dispersed FWM measurements are not Wavelength . [nm]
reserved only for long-lived polarization systems; for a radiative
decay of 1 ps, one can expect o get 5 émpectral resolution. ulse FWM signals and the transform-limited laser. (a) FWM signal
The S.peCtraI resolution in this case Is almost 2 orders of gbserved Whe?] all three beams coincide in timg € Of(s;)r= Ofs).gl
magnitude better than the bandwidth of the femtosecond lasersthis spectrum is very broad but shows some spectroscopic transitions.
used for the experiment. The spectrum is fit with six Gaussian functions. (b) Spectrum of the

In Figure 5, we show the spectrum of the transform-limited unchirped femtosecond laser pulses used for these experiments. This
femtosecond laser used for these experiments (b) and the spectr@rofile is fit with a Gaussian function with width 8 nm (fwhm). (c)
of three-pulse FWM signal for two cases, (a) and (c). The WM signal observed whetw, = 614 fs andr = 614 fs. This trace

. . . - shows well-resolved spectroscopic transitions fit by six Gaussian
experimental data (dots) were fit by Gaussian functions (black . ctions. The spacing between the peaks in spectra (a) and (c) is 4

lines). The laser has a bandwidth of 210 €mTrace (a) nm, corresponding to the vibrational spacing of the B state of iodine.
corresponds to the signal observed when all three beams

coincide in time. This spectrum is very broad but shows some scattering (CSRS) while those that are blue-shifted can be
spectroscopic features with an average width of 80'cifirace  considered to be coherent anti-Stokes Raman scattering (GARS).

g:)oﬁzcs)v:s t‘r’]vr(zlg_rejggegvfhaerﬁzgzﬁfggetrz?snﬁ:tﬁg.S ;nglzorre- The data in Figure 5 make it evident that spectral dispersion
P — P - " : of the three-pulse FWM signal provides a new dimension with
fs andt = 614 fs. The average width of these features is 50 . - .
a wealth of information about the system. In the following

cm . The main difference between traces (a) and (c) is that sections, we explore how the spectra change as a function of
the signal in the former case includes multiple FWM pathways, time delay of the pulses involved in the three-pulse FWM

many involving nonresonant processes that are short-4faual . o
the latter case arises from a long-lived polarization that decays process. We also explore the effects of chirped pulse excitation.

in hundreds of picosecondé The spectral features are much B Two-Dimensional Three-Pulse FWM Measurements.

narrower than the laser but are significantly broadened by the The time-dependent intramolecular dynamics manifest them-
rotational temperature of the Samp|e (Spectra| Congestion) andSG'VeS as Changes in the intenSity of the individual SpeCtrOSCOpiC
the spectral resolution of the spectrometer. No significant features. Therefore, the modulation of the signal is a manifesta-

improvement in the spectral resolution was obtained when muchtion of a time-dependent transition probability of the system.

Intensity [arb. units]

Figure 5. Experimental spectra (dots) and fits (lines) of the three-

narrower slits were used. On the basis of these principles, it is not necessary to take a
The spacing between the features in Figure 5&diz= 4 nm high-resolution spectrum at each time delay. The two-
and corresponds to the vibrational spacing in th&IB; , state3* dimensional data were obtained by taking transients at five to
The transitions arise from a polarization involving vibrational six different wavelengths and interpolating the rest of the
levels 7/ = 7—11 in the B state and vibrational leveld = spectroscopic information using multiple Gaussian functions in

2—4in the X1 state. The vibrational levels with the highest the same way that they were used in Figure 5 to fit the
probability of excitation are’ = 9 and 10. Given the very small ~ spectroscopic data. In all cases, spectra were taken at different
rotational constant of iodine molecules, there is a great deal of time delaysr to check the two-dimensional data for wavelength
spectral congestion. Furthermore, the coincidental factor of 2 and bandwidth consistency. Given that the data contain temporal
between the vibrational frequency of the ground state comparedas well as spectral information, it should be possible to invert
to that of the B state results in multiple band overlap. Transitions and obtain the real space dynamics of the system in both the
shifted to the red can be considered to be coherent Stokes Ramaground and the excited states.
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T _ ¢"_ P fs corresponding to the excited-state dynamics are more
ab=0fs =0fs prevalent especially in the 62832 nm region and after the

. first 1.5 ps. For wavelengths shorter than 620 nm, the dynamics

a) Experiment b) Experiment show a vibrational period of 160 fs that corresponds to the

ground state. The observation of ground- and excited-state
dynamics for FWM experiments withy, = O fs was reported
first by Schmitt et aP® Basically, the first two pulses create
populations in both the ground and excited st&t&8The third
laser pulse probes the dynamics of both populations and the
signal contains a mixture of each. Because of the Franck
Condon factors between both of the electronic states involved,
probing of the ground state will be enhanced for short
wavelengths while probing of the excited state is enhanced for
longer wavelengths. These enhancements result in the observed
differences in the signal as seen in the experimental spectro-
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18t E g N molecular dynamics of the system.
i g\\.“; Ts With three-pulse four-wave mixing, one is able to prepare
15 ’g / il different pulse sequences that can be used to control the
}i\@' ' k@‘) 13 coherence and population, and therefore the observed_dy_nar_nics
i _z§®’ ‘ - (e of the systen?2-2428Pylse sequences have been used in liquid-
(& = E phase FWM experiments to suppress vibrational mode contribu-
09t . = tions®® and to control the emission of signal by interfering with
1;{’“\@ M//* the echo and virtual echo componefftén Figure 7 we show

(a) experimental and (b) theoretical results for the case when
Tap = 614 fs. This time delay maximizes the contribution from

the ground state. The experimental data show fast oscillations
with a period that corresponds to the vibrational frequency of
the ground state. There is a small contribution from a population
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2 NegIEm e R NegYR NS in the excited state tha_t is apparent in the 628 nm region. The
©® © © © © © 8 B8 83 T 5 8 Y I I data show a phase shift of about 80 fs when we compare the
Wavelength [nm] Wavelength [nm] maxima of the spectra features for 612 nm to those at 628 nm.

This delay is probably due to the anharmonicity of the B state.
Figure 6. Spectrally dispersed experimental data for three-pulse FWM Notice that the intensity remains high for the bluer wavelengths.
with 7o = 0 fs and transform-limited pulses. Transients taken at six The calculations, carried out fov = 0.33, which corresponds
different wavelengths for 3.3 ps are represented as (a) a topographicaky the expected Boltzmann distribution between the two
plot and (b) a contour plot. As before, the darker areas in the contour vibrational levels in the ground state at 140, reproduce the

plot correspond to the higher signal intensity whereas the topographical . . . . "
plot uses lighter shades to show higher intensity. Spectral profiles were ©0Served dynamics, showing that higher intensities occur for

approximated by Gaussian profiles (see Figure 5a,c) to generate theshorter wavelengths and that some of the excited-state dynamics
experimental spectrograms. Both ground- and excited-state dynamicsare observable for this pulse sequence. The calculations, based
are observed with these experimental conditions. on a four-level density matrix, do not have the sufficient number

. . of levels to reproduce the observed phase shift. The wave packet
Figure 6 shows spectrally dispersed three-pulse FWM mea calculations shown in Figure 4 demonstrate that the observed

surements carried out withy, = 0 fs. Both plots present the round-state dynamics arise from a wave packet that evolves
two-dimensional experimental data. Figure 6a shows the signal.g y P

intensity in the third dimension, giving a topographic represen- in the B st.alte for a time periot, During this evolution the
tation. Figure 6b shows the same signal in a contour form that anharm_omcny Of the B state causes t_he wave pac‘(‘?t to spread.
we find more useful for quantitative analysis. In the contour A_bdetnsnyl lmatlr % callcdulanon dlnvoi\rl]l_ng bmore t.eXC'tEd'St?lte
plot, darker shades correspond to higher intensity. The contouyrVPrationar leveis wou repro uce 'S_O servation as wetl.
lines are spaced according to the square root of the signal When a pulse sequence is chosen WH&S': 460 fs, only the
amplitude. One of the important points to notice is that the €xcited state is populated (see Figuré2j* The experimental
spectroscopic features remain fixed in wavelength and one data, shown in Figure 8a, show very clear 307 fs oscillations
observes their change in intensity as a function of time delay that correspond to the vibrational period in the excited state for
This makes this technique different from wave packet imaging ¢ = 7—11. In this case there is no evidence of ground-state
techniques such as those based on photoioniz&toi€oulomb dynamics. These data can be contrasted with the data in Figure
explosion3%37 With those, one obtains the shape of the wave 7 where ground-state dynamics are dominant. The theoretical
packet and its time evolution. In our measurements, the calculations, shown in Figure 8b and carried outfor 0.33,
dynamics of the system are obtained from the change in intensityare in excellent agreement with the experimental data. For this
of every spectral region. The spectroscopy as well as the Sequence, the intensity distribution across the spectral range is
dynamics reveal the states involved; in the experiments dis- quite symmetric and shows no phase shift. Note that for this
cussed here, these would be the X and B states wjts 208 Tan, the calculations are independent of the initial population
cm™! andwe = 108 cnT! (74 = 160 fs andre = 307 fs)?2.23 (w) in the ground state.

In Figure 6 the observed dynamics for wavelengths longer  C. Three-Pulse FWM with Chirped Laser Pulses.On the
than 620 nm are a mixture of ground- and excited-state basis of the experimental data shown so far, it is clear that the
vibrational motion; however, the features with a period of 307 spectrally dispersed three-pulse FWM data provide a wealth of
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Figure 7. Spectrally dispersed experimental and theoretical spectro- Figure 8. Spectrally dispersed experimental and theoretical spectro-
grams of three-pulse FWM far,, = 614 fs andg” = 0 &% (@) The grams of three-pulse FWM far,, = 460 fs andg'’ = 0 &% (a) The
spectrogram shows the experimental transients taken at five differentspectrogram generated from the transients taken at five different
wavelengths where the spectral profiles were approximated by Gaussianwavelengths shows only 307 fs oscillations from the excited-state
profiles. For all wavelengths, the dominant feature is the 160 fs dynamics. There is no evidence of ground-state dynamics. (b) The
vibrational motion, reflecting the ground-state dynamics. (b) The initial simulation of the experiment again used= 0.33 for the calculation.
population distribution was taken to lee= 0.33 for the calculation of The theoretical and experimental spectrograms are in excellent agree-
the theoretical spectrogram of the experiment shown in (a). The 160 fs ment with the 307 fs oscillations clearly evident in both.

vibrations from the ground-state dynamics are evident in both the

theoretical and experimental spectrograms. . . .
P P ¢ In Figure 10 we present experimental and theoretical data

information about the intramolecular dynamics of a system, for the two-dimensional thrge-pulse FWM whetg = 460 fs

. A . ' e and the laser pulses are chirped to 3360 By comparison of

including information about the population distribution among . L . .

the active electronic states. Here we explore the role that chirped.the (_axpenmental _data in Figure 10a with the expenme_nt_al data
) n Figure 8a obtained for the same pulse sequence, it is clear

laser pulses have on the excitation of molecular systems. Recenthat the chirp has introduced ground-state dynamics into the

experiments w.her'e chirped laser pulses haye been usgd toobserved signal. While the excited-state dynamics are still
control the excitation of molecules and the yield of chemical

) ; L . clearly observable, there are some regions showing oscillations

reactions provide the motivation for this studfif:'44 with t}rlme 160 fs characteristic of the ground state. There are

Using the pulse sequence with, = 460 fs and fixing the  gpectral regions, for example, 620 nm, where there is a clear
time delay of the third pulse to 600 fs give us a snapshot of the doubling of the frequency, with every other beat having higher
system in time. While keeping these two parameters fixed, we intensity. The theoretical calculations in Figure 10b, carried out
explore the effect of the pulse chirp on the dispersed spectra.yith w = 0.33 and¢’’ = 3300 f, are in excellent agreement
The experimental data for this measurement are presented inwith the experimental data. The calculations reproduce the shift
Figure 9; a spline function is used to interpolate between the of spectral intensity toward shorter wavelengths and the
spectra obtained at the different chirp values. Notice that for alternating intensity between the vibrational features.
zero chirp the spectrum is centered and is quite symmetrical, Having learned to calculate the two-dimensional data for
as discussed earlier. For positive chirps, we notice that the three-pulse FWM experiments allows us to explore different
intensity shifts toward shorter wavelengths, while for negative types of experiments. It is possible to find “critical chirp” values
chirps, the intensity shifts toward longer wavelengths. These that accomplish certain tasks, for example, eliminate the ground-
shifts and their time dependence are discussed below. It isor the excited-state dynamics in the signal. Here we would like
interesting to note that the highest signal intensities are observedto focus on two interesting cases. In Figure 11 we show
for positive chirps. This observation is consistent with the fact simulations for the pulse sequence with = 614 fs. When a
that optimal pumping of the B state of iodine requires a relatively small chirp of 1000 fsis used (a), we see that the
positively chirped pulsé!46 ground-state contributions to the signal decrease (compare to
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Figure 9. Three-dimensional representation of the experimental spectra f : g) 06
taken using differently chirped pulses for the pulse sequegnce 460 : }] Y
fs andt = 600 fs. Chirp values ranged from2800 to+2800 fs. 2 =/ T
Note the change in intensity toward shorter wavelengths as the chirp i
values increase from negative to positive values. <0
(2]
Figure 7b). The data show an apparent slope in which the 8
spectroscopic features on the short wavelength side seem to Wavelength [nm] Wavelength [nm]

reach a maximum earlier than those on the long wavelength
side. This slope depends on the sign of the laser chirp. For Figure 10. Spectrally dispersed experimental and theoretical spectro-
negative chirps the opposite slope would be observed. grams of three-pulse FWM fory, = 460 fs andg” = 3300 3. (a)

The second interesting case, shown in Figure 11b correspondghe experimental spectrogram was generated from transients obtained
! . L o with five different wavelengths, as above. The signal observed for
to the same pulse sequence but with a critical clifp= wavelengths 624 nm and shorter originates from mixed ground- and

(2rlwg?) = 4000 f$ (see egs 6 and 8). In this case, only 307 fS  eycited-state dynamics. It is clear when compared with Figure 8a that
dynamics are observed. The spectral intensity is still shifted the addition of chirp alters the observed signal by introducing ground-
toward shorter wavelengths, as expectedvicr 0.33 andrap state dynamics for shorter wavelengths. (b) The theoretical simulation,
= 614 fs. Forw < 0, a red shift in spectral intensity would be ~ wherew = 0.33, shows good agreement with the experiment in both
observed. However, most notably is the phase of the observedthe dynamics features and the intensities of the beats.
oscillations across the different wavelengths. The average ) ] )
density matrix diagrams for both cases are also shown in FigureSimulations based on the formalism presented in the Theory
11 (top) Notice that the |aser Chirp does not aﬁect the population were in exce”ent agreement W|th the experimenta| Obsel’vations.
but the coherence between the states. For the case shown in We have also explored the role of chirped pulse excitation.
Figure 11b, the ground-state coherence is no longer present and’hese measurements are of current interest as chirped pulses
therefore not observed. As can be seen in Figure 7b, theare being used to control the excitation process of molecules
spectrogram forrap = 614 fs is dominated by ground-state and the yield of laser-initiated chemical reacti@ig114+44 The
dynamics. When the critical chirp of 4000%fis introduced, data in Figure 10, obtained fop'" = 3300 f&, show a
the ground-state dynamics are completely eliminated (see Figurecontribution from the ground state that was absent in the
11b). Similarly, the spectrogram faeg, = 460 fs in Figure 8 dynamics obtained with unchirped pulses in Figure 8. We have
shows only excited-state dynamics. When the critical chirp of shown that it is possible to find “critical chirp” values that can
4000 f¢ is introduced, the dynamics are dominated by the accomplish certain tasks, for example, introduce or eliminate
ground state (see Figure 3b). From a theoretical point of view, ground-state dynamics in the signal. The theoretical simulations
changing the chirp¢(’) is as effective as changing the pulse ot the experiments using chirped pulses are in excellent
sequencetgy) to control the observed molecular dynamics.  54reement with the data, even though they are based on a small
number of levels. All of our simulations are symmetric with
V. Conclusions respect to the sign of the laser chirp because only two vibrational
levels are taken into account for each electronic state. Calcula-
We have shown that the signal arising from time-resolved tions that include multiple vibrational levels in the excited state
FWM measurements carries valuable information about the would help to reproduce some of the finer features observed,
intramolecular dynamics of the system. The time delay betweensuch as the phase delay evident in the datarfor= 614 fs in
the first two pulses is a valuable parameter for controlling the Figure 7. From egs 6 and 8 in the Theory, it is clear that the
population and coherence transfer. In all cases the theoreticallaser chirp ¢'") can be used as a parameter to control the



Characterization of Intramolecular Dynamics J. Phys. Chem. A, Vol. 103, No. 49, 19980235

Tab =614 fs a broader spectrum t_hat is shifteo_l toward longer wavelengt_hs.

The spectral dispersion reveals important phase information

a) ¢n= 1000 fs2 b) ¢..= 4000 fs2 gg?;t the system that is not available in spectrally integrated
The experiments presented here show control of population
and coherence using multiple pulse sequences and chirps. The

theoretically calculated effects indicate absolute control in the
population and coherence transfer. Very large effects are shown
here experimentally. The above examples demonstrate both

experimentally and theoretically that the chirp controls the

coherence but not the population transfer in this system. It is

important to note that all the laser pulses are equally chirped

and only two electronic states participate in the observed

33 dynamics. When the first two laser pulses are chirped differently
/ (magnitude and/or sign), one can control the population
3.0 transfer’® When the system contains a reactive pathway, the
coherence can be used to enhance or decrease the probability
27 of the system for following that pathway. The coherence
determines the dynamics of the system. In multidimensional
24 systems, one may want to control the yield of different pathways
or affect the rate of intramolecular vibrational relaxation. This
21 — type of control, where the phase of the quantum mechanical
2 superpositions are manipulated by the optical phases of the
1.8 = pulses to determine the outcome of chemical reactions, results
& in true control of final population transfer from reactant to
15 P product. Alternatively, the first two pulses can be used to prepare
© the system in a specific superposition of states that maximizes
1.2 g the yield of a specific product in a chemical reaction upon
£ interaction with the third pulse.
0.9 = So far we have only discussed sequences of linearly chirped
pulses. With phase masks one can achieve quadratic and higher
0.6 order chirpst’~4° One can also tailor the pulses into very
complex electric fields, which have been used to achieve
0.3 different product yields in chemical reactich#t present we
find that much remains to be learned from experiments using
multiple pulse sequences and linear chirps. Furthermore, these
Ay Myg Agp Ay experiments have a transparent relationship with the molecular
Wavelength Wavelength Hamiltonian. On the basis of these observations, we consider
three-pulse FWM to be a powerful tool for probing intra-
Figure 11. Diagrams of averaged density matrix elemefis”|20 molecular dynamics and for achieving laser control of chemical
and corresponding theoretical spectrograms for time delay 614 reactions.

fs andw = 0.33 with¢" = 1000 & and¢" = 4000 f$. (@) For small Note Added in Proof: Book and Scheré&® have recently
chirps, the dynamics at shorter wavelengths reflect the ground state

while higher wavelengths represent signal predominantly from the publ_lshed vyavelengt_h-rgsolved FWM measu_remer_us on DT_TCI
excited state. (b) When the pulses are chirped to the critical vatue, ~ dye in solution. Our findings are consistent with their conclusion
= (27lwg = 4000 f$, the signal for all wavelengths reflects excited- that valuable information can be obtained from spectrally
state dynamics only. Also notice that the density matrix diagram in resolving the FWM signal.

this case shows population but no coherence in the ground state.
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