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Femtosecond spectrally dispersed three-pulse
four-wave mixing: the role of sequence and
chirp in controlling intramolecular dynamics

Vadim V. Lozovoy,} Bruna I. Grimberg, Emily J. Brown, Igor Pastirk } and Marcos Dantus*
Department of Chemistry and Center for Fundamental Materials Research, Michigan State University, East Lansing, Michigan
48824, USA

The roles of pulse sequence and pulse chirp were explored using femtosecond three-pulse four-wave mixing
(FWM). The experiments were carried out on gas-phase;land the degenerate laser pulses are resonant with
the transition between the X ¢ X4+) ground and B (*I1g,+) excited electronic states. Impulsive excitation leads

to the observation of vibrational coherence in the ground and the excited states. Control over the observed
population and vibrational coherence is achieved by using specific pulse sequences. Using chirped pulses
results in changes in vibrational coherence. When the FWM signal is spectrally dispersed, the two-dimensional
data (wavelength and time delay) provide important spectroscopic information about the intramolecular
dynamics of both electronic states. This information is not typically available in time or spectrally integrated
measurements. A theoretical foundation for these observations based on the density matrix formalism is
briefly discussed. Copyright® 2000 John Wiley & Sons, Ltd.

INTRODUCTION E(1)*le), whereE(r) is the applied electric field andis
the transition dipole moment that couples both electronic
states. Efforts to control the population transfer process
Time-resolved non-linear spectroscopic techniques havebetween two electronic levels have followed two general
been used for the study of isolated molecules since theschemes, the creation of /apuls€ or techniques using
early 19702 Since the mid-1980s, femtosecond lasers two different electric field interactions where these electric
have been used to study short-lived species'¢18), fields are correlated in pha%e'! Otherwise, the competi-
transition states of chemical reactions and high-resolution tion between absorption and stimulated emission limits
vibrational and rotational spectra of bound systémis. the extent of population transfer and prevents popula-
The impulsive excitation achieved with short laser pulses tion inversion. Phase-matched three-pulse FWM provides
leads to the observation of wave packet dynamics in real@ spectroscopic tool in which the electric field of each
time. These observations have been carried out in gaseslaser pulse interacts once on the system. Thus, in addi-
liquids and solids. In most of these time-resolved measure-tion to using phase-locked laser pul8dschniques using
ments, the goal has been to keep the laser chirp (a time-a phase-matched geometry can also lead to control of the
dependent frequency sweep over the pulse) to a minimumcoherent part of this process.
in order to ensure maximum temporal resoluttohMore Here we explore the effect of pulse sequences on the
recently, several research groups have explored the use@bserved dynamics of,.| Specifically, the time delay
of chirped laser pulses, for example to enhance popula-between the first two laser pulses,} has been systemat-
tion transfer or excite high vibrational levels of molecules ically changed. For each time delay, data are obtained by
in the gas phaseHere we deliberately used laser chirp scanning the third pulse in time)( In addition, we have
to study its effect on femtosecond three-pulse four-wave explored the role of chirp on the observed dynamics. The
mixing (FWM) spectroscopy. We also explored the use of information provided by time-resolved FWM is not suffi-
different pulse sequences to control the observed vibra-cient to appreciate fully the complex ground- and excited-
tional coherence from the ground and the excited states. State intramolecular dynamics that ensue upon impulsive
In general, the transfer of population from one state to excitation. We spectrally dispersed the FWM signal in
another following resonant excitation is described by the order to obtain two-dimensional information (time and
transition probabilityi (e[ - E(r)|g)|? = (el - E(1)|g) (g]p - wavelength). The resulting experimental data support the
fact that pulse sequences and chirp can be used to control
coherence and population transfer between the ground and
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dynamics were observed. However, far > 0 (over- Following the first pulse, we recover only the matrix ele-
lapped pulses arrive before the scanning one), both groundments corresponding to the electronic coheremtg(r)
and excited state dynamics were observed. Our group(upper right block) ando?(r) (lower left block) where
recently observed similar dynamics at a slightly different the indexg = 1 or 2 and indexe = 3 or 4. When
wavelengtht3 _ _ the second field is applied at timg,, a spatial transient
The above dynamics were observed when detecting thegrating is formed in the sample. The interaction of the
signal at the central wavelength of the laser spectral profile molecules with the two electric fields produces changes
(i.e. degenerate setup). Schnettal. have also examined in the populations of the ground and the excited states,
the relationship between signal detection wavelength andp;?(fab) (upper left) ando?(z,,) (lower right), and con-
the olbsterveﬁ dtynamlééI.The%r/1 f(();lf:gsthat dite;t,'ng t;fhe sequently changes in the vibrational coherenég(t, 7,,)
signal at a shorter wavelength ( ) resulted in observ- , p2(t, 7,,). Interaction with the third pulse at time
ing only excited-state dynamics fok: < O and only Tap + ?produces an electronic cohereneg@(r) resulting
ground-state dynamics foar > 0. When they detected . larizati 3 £ th lscules that
the signal at a longer wavelength (CSRS), no signal oscil- 'n.tﬁ‘ po a?hza 'On’_]: d(t’ T T, Cé tet mc}teCLf[ﬁs . ta arte;
lations were observed fonr < O while for Az > 0 either In the excited or ground state aiter the interaction
with the first two pulses. This non-linear polarization is

excited-state dynamics were observed. th f field; that | ted i
Using specific pulse sequences we were able to isolatel'€ Source of a new fields(z, z,,, 7), that is emitted in a
phase-matching direction producing an optical signal:

the processes leading to the observation of ground- or
excited-state dynamic8.We also explored the role of o0
laser chirp on the observed vibrational coherence. Our Trwy (Tap, T) oc/ \Tr[Pp®(t, Ta, 7)]|20r 2)
paper is organized as follows. First we briefly discuss —o0

the theoretical foundation for interpreting the three-pulse . o

FWM signal. The subsequent section gives experimentalWhereP is the polarization operator aritl- denotes the
details regarding three-pulse FWM, then experimental trace operator. The[efore, in order to simulate the signal,
results are presented for different time delays and chirp We need to calculatg®(z, z,,, 7). Note, however, that the
values. An experimental application is also presented Preparation of the ground- and excited-state wave packets
using pulse sequences for determinifigvalues for the ~ depends on the first two pulses. This is apparent in the
ground and excited states of Finally, some theoretical ~ expression op®(t, z,,) (see below).

generalizations regarding the role of chirp are given. We derive the expression ¢ (z, z,,) when the carrier
frequency of the applied electric fields is resonant

with the electronic transition between the ground and the
THEORY excited state. We assume short pulses that do not overlap
in time, E,(t) and E, (), with spectral chirpg! and ¢;
and wavevectork, and k,, respectively. When initially
The purpose of this section is to introduce a formal- the molecules are equally distributed into the ground-
ism that makes apparent the control mechanism of our state vibrational levelsof, = p9,), the expressions of the
experiment. The density matrix formulatiéns a suitable population matrix elements after two pulses are
theoretical approach for the study of a multi-wave mixing

experiment” when the coherence effects are importdnt. p2 = —(A/2)" cos(30,Tu F s0,0.A¢")
The time evolution of the density matrix elements is 5 .
obtained from the solution of the Liouville equation. In the x cos[(3w,  ®) T — (K, — kp) - X

weak interaction limit, each dipole interaction with suc-
cessive electric field™ (r — ¢,), will produce a change
of order p™ (¢) in the density matrix.

The simulation of the experimental results is based

+ 3 (0% + 02) A9 (3a)

and

on a four-level system, two electronic states with two @ _ 2 1 1 "
vibrational levels each, labeledl), |2), |3) and|4). When Pl = —(A/2) cos(0.Tn F 0,0, 09")
the three electric fields interact with the system, the x cos[ (o F 1o,) T + (K, —K;) - X
density matrix evolves as L ) .
) PR — 3 (02 + 0?) A9 (3b)
p;; 0 0 O 0 0 pi3 P
0 0 0 0] £°0 0 0 p% p whereA is the area under puls&® A¢" = ¢, — ¢}, X
o o o ol P RS the spatial coordinate and, and w, are the vibrational
O 0 0 0 5o frequencies of the ground and excited state, respectively.

psi Pz O 0 The upper and lower sets of signs in Eqn (3a) correspond
to g = 1 andg = 2, respectively, and similarly for = 3

(2) (2) 0 0
. 0%21) pg) ande = 4 in Egn (3b). The vibrational coherence matrix
Efa—w) [ Pz O O elements are
0 0 (2) (2)
P33 P3s ? 2 iwli—ti/2)
0 0 p@ o3 Do (1) = (A/2)%e e/
1 1 ”
0 0 P& cos(3w,Ta) cos(zcloga);é );:os[a)r,,,,
E% @+ | 0 0 p% pS Q LT (ke = kp) - X = 2(0 4+ 0?)AQ"] (30)
# H M " H
oY 02 0 0 + sin (3w, 7,) Sin (0,0,9") sinwt,
pil P O O — (Ko = kp) - X = 3(f + @) AP]
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and beam was split into three beams, each with energy per
pulse of~20 pJ, and combined at the sample by a 0.5 m
focal length lens in the forward box geometry with 1 in
sides??2® The two diagonally opposed fields are labeled
E, and E. and the field in the corner between them is
labeledE,. The time delay between the first two pulses
(t») Was controlled by a manual translator and the time
delay between the second and third pulsewas scanned
in time by a computer-controlled actuator to yield the
FWM signal transients. The pulses were focused into a
quartz cell containing neat iodine vapor at 1@0(optical
: s = Pyg UPee = Lo - . density of the sample at 620 nm wa$§.4 OD). The three-
After a time delayr, the induced polarizatio®® () pulse FWM signal arising in the phase matching direction
contains only matrix elements that oscillate with the ks = k, — k, + k. was spatially filtered and collected by a
transition frequency. Therefore, the emitted light carries spectrometer for different wavelengths within the spectral
spectroscopic information about the system. For equally range 605-635 nm. Unless noted otherwise, the spectral
chirped pulses, the intensity of each spectral line in the gcceptance of the spectrometer was set to 2 nm. Each
detection directiorks = k, — k, + k., is given by the  transjent at a given wavelength was taken at 150 different
following expression: time delays with 10 laser shots per point and averaged
for 20 scans. The data were discriminated by the require-

p2(1) = (A/2)2e o=/
COS(%ng“") COS(%‘%O)JD//) cos[wt,,
=k, = k) - x = (] + 0))Ad']
+ sin (%wgrab) sin (%a)gweqy/) Sin[(l)l'ah
k) X~ e+ o)A

(3d)

where ®” = ¢/ + ¢,. Owing to the hermiticity of the
density matrix,0? = p?* andp,, = p'>*

Lo (7) = I,(7) + 1.(7) + 1.(7) (4a) ment that the energy of each laser pulse lies within one
] standard deviation from the mean. The transients collected
with at different wavelengths were combined into the contour
" diagrams where the darkest areas correspond to the high-
1,(1) {1_,_ cos(werab)cos((p wﬁ”)} est values of the square root of the signal intensity. The
2 two-dimensional data were obtained by interpolating the
x [cos(w,T) + 1] (4b) spectral profile using a multiple Gaussian fit to experi-
S oo mgrntallr)]/ obtzj[un_ed i[?]ectrulrn. d he chi
s @e 0 characterize the pulses and measure the chirp, a
l(D) {l + COS,Tup) COS( 2 )] frequency-resolved optical gating (FROG) instrument was
« [cOS(@,T) + 1] (40) used. The pulses were chirped by the translation of the one

of the prisms in the compression stage. The advantage of
the three-pulse FWM method is that all the measurements
presented here were taken with the same setup and condi-
tions with the pulse sequence and pulse chirp as the only
parameters that were changed. This point is of particular
importance for thd’, measurement on different electronic
states.

and I.(z) is a contribution from less significant cross-
terms that oscillate with linear combinations of both vibra-
tional frequencies, andw,. For unchirped pulses, setting
75 = (n + 1/2)7,, wheret, = 2n/w,, we obtain a signal
that is characterized by the dynamics of the excited state
and vice versa fot,, = (n +1/2)t, with 7, = 21 /w,.***’
Note that chirp only affects the vibrational coherence
_tern_ws?1 The control over the observed molecular dynam- reSULTS AND DISCUSSION
ics is achieved using the vibrational time-scale of the sys-
tem in each electronic state. The introduction of chirped
pulses enhances or decreases the contribution of vibra-The polarization resulting from resonant three-pulse FWM
tional coherence terms to the signal such that the char-e€xperiments is typically long-livéfiand therefore carries
acterization of the molecular dynamics depends on both valuable spectroscopic information about the dynamics of
parameters. Because of the phase-matching detection athe system. The intensity of the oscillations of the emitted

ks = k, — k, + k. we ignore the signal that would be
observed aks = —k,+k,+k., and also the non-coherent
effects caused by the individual beams. The condition to
have a signal that depends @pis a non-zero population

light depends on the time delay. One can distinguish

two components—one that oscillates with the vibrational
frequency of the ground state and one that oscillates
with the vibrational frequency of the excited state. Each

in several vibrational levels of the ground state initially. contribution corresponds to the molecular dynamics in
The expressions of Eqn (4) can be used to simulate theeach electronic state and, by selecting the appropriate
signal collected experimentalt§’ control parameters, one component can be enhanced with
respect to the other.

In order to illustrate the importance of wavelength res-
olution in three-pulse FWM, we show data in Fig. 1
obtained forz,, = 0 fs with transform-limited pulses.

At the top of Fig. 1, the spectrally dispersed data show
The experiments were carried out with 65 fs (FWHM that the signal is a complex interplay between ground-
when transform-limited) pulses centered at 620 nm gen- and excited-state vibrational coherence with an underly-
erated by a CPM femtosecond laser system. After ampli- ing broad background that results most probably from
fication by a four-stage dye amplifier pumped by a 30 Hz off-resonance processes. The change of a spectroscopic
Nd : YAG laser, the pulses had an average pulse energy offeature as a function of the wavelength is due to a change
0.5 mJ. The beam was further attenuated to avoid satu-of the vibrational population and coherence in each elec-
ration of transitions and high-intensity effects. This laser tronic state. The transient at the bottom of Fig. 1 was

EXPERIMENTAL
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Figure 1. Spectrally dispersed time-resolved experimental data for three-pulse FWM with 7,, = 0 fs and transform-limited pulses.
(Top) the first 3.3 ps of the data are presented as a contour plot where darker areas correspond to higher signal intensity. Both
ground-(160 fs period) and excited-state (307 fs period) dynamics are observed with these experimental conditions. (Bottom) FWM
data without spectral dispersion (broad bandwidth detection). The transient shows a mixture of ground- and excited-state dynamics
that are evident in the Fourier transform (inset). It is clear that the two-dimensional contour contains more detailed information about
the dynamics of the system.

obtained with broadband detection (8—16 nm). The power No evidence of ground-state dynamics is evident in this
fast Fourier transform (FFT) of the data (inset) shows transient.
prominent peaks at 108 and 208 ©mindicating excited- From Fig. 2, it is clear that the pulse sequence allows
and ground-state vibrational coherence, respectively. us to isolate a desired electronic state to study its dynam-
For this sequence, the first two pulses transfer popula-ics. To demonstrate the usefulness of this selectivity, we
tion to both electronic states by four different FWM pro- applied this technique to measure the vibrational coher-
cesses involving photon echo and virtual echo sightdls.  ence relaxation time of the ground and the excited states,
When the third pulse is applied, a non-linear polariza- T,,, and T, of iodine. In Fig. 3 we show the dephas-
tion is induced on both populations and the spectroscopicing of the vibrational coherence (@, process) for the
information carried by the emitted light depends on the (a) ground and (b) excited states. The corresponding tran-
dynamics of both electronic states. The observation of sients are also shown for the first 15 ps, (c) and (d),
ground- and excited-state dynamics in this type of mea- respectively. From an exponential fit to the experimental
surement is consistent with observations from Keifer's data, we obtaiff’,,, = 240£50 ps andl',,, = 210£50 ps
group in a similar experiment on iodine using 573 nm by multiplying the relaxation time by a factor of 2.
excitation!? The transient shown in Fig. 3(c) oscillates with a period
In Fig. 2 we show spectrally dispersed data obtained r, = 160 fs, characteristic of the ground state. Similarly,
as a function oft when transform-limited pulses were the transient shown in the Fig. 3(d) corresponds to the
applied for two different pulse sequences, @) = excited-state dynamicg, = 307 fs). These experiments
614 fs and (b)r,, = 460 fs. The transients below the were performed at 20@. The optical density at 620 nm
contour plots show a cut along a single wavelength=( was <0.4 OD. In both transients the rotational dynam-
619 nm) to highlight the time-resolved dynamics arising ics and vibrational revival are apparent. More detailed
from vibrational dynamics in the ground state (a) and the analysis of the relaxation experiment will be published
excited state (b). Fot,, = 614 fs, the signal oscillates elsewheré?®
with t, = 160 fs corresponding to the molecular dynamics ~ Another example of the applicability of an FWM tech-
in the ground state for vibrational levels’ = 2-4. nigue for the measurement of the collisional dephasing
There is a small contribution from the excited state that rate is the experiment on a gaseous system done by Prior’s
is apparent at 628 nm. The spectral data present a shifigroup. They measured the polarization dephasing time,
of about 80 fs between the FWM signal intensity maxima T, of atomic potassium using an FWM setup with lim-
at 612 and 628 nm, primarily due to the anharmonicity ited transfer, picosecond pulses, when the first two pulses
of the excited state. The spectrally dispersed signal for overlap?®2” Our experimental data show that using the
7, = 460 fs [see Fig. 2(b)] can be assigned to the FWM technique with a specific pulse sequence, it is pos-
dynamics of the excited state with an oscillation period of sible to measure selectively the relaxation time of a par-
7, = 307 fs corresponding to vibrational leveis= 6—-11. ticular electronic state.

Copyrightd 2000 John Wiley & Sons, Ltd. J. Raman Spectros81, 41-49 (2000)
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Figure 2. Spectrally dispersed time-resolved experimental data for three-pulse FWM. (a) FWM data obtained with z,, = 614 fs and
transform-limited pulses. The first 3.3 ps of the spectrally dispersed data are presented as a contour plot. The data show primarily
ground-state vibrational coherence (160 fs period). A single transient detected with a narrow bandwidth at 619 nm is shown to illustrate
these dynamics. The slight delay (~80 fs) between features at 611 and 627 nm is caused primarily by the anharmonicity of the excited
state. (b) FWM data obtained with 7., = 460 fs and transform-limited pulses. The first 3.3 ps of the spectrally dispersed data are
presented as a contour plot. The data show primarily excited-state vibrational coherence (307 fs period). A single transient detected
with a narrow bandwidth at 619 nm is shown to illustrate these dynamics and to demonstrate that ground-state coherence is not
observed for this pulse sequence.

In order to explore the role of the pulse chirp in the con- for longer wavelength the excited state dynamics prevails.
trol of the molecular dynamics, experimental data with The data at the bottom of Fig. 4 are cuts at single detection
7, = 460 fs was obtained when bears and E, are wavelengths. Notice that a phase difference~df50 fs
equally chirped,¢” = +3300 f¢. The spectrally dis- occurs between the transient detected at 611 nm and that
persed data for the above conditions are shown at theat 627 nm. These two transients show very little evidence
top of Fig. 4. From these data, it is clear that chirp pulses of the ground-state vibrational dynamics. However, the
lead to an increased contribution from the ground state transient obtained for detection at 618 nm seems to be
[see Fig. 2(b)]. Near the 620 nm region of the spectrum, dominated by contributions from ground-state vibrational
the mixing of both states dynamics is evident, whereas dynamics. These complex dynamics could not be obtained

Copyrightd 2000 John Wiley & Sons, Ltd. J. Raman Spectros81, 41-49 (2000)
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After the interaction with the first pair of the pulses, a spa-
(®) tial grating appears in the sample formed by molecules in

Toee= 210pS the excited state [Eqn (3)Bp is the amplitude of this

e transient grating when initially the molecules are equally

distributed into the vibrational levels of the ground state.

The expression in [Eqn (5)] applies to different exper-

imental setups. When the first two pulses are collinear

and phase-locked, maximum grating amplitudes can be

-
o

FWM Intensity /a u
O
(&)

00o 100 200 300 0 100 200 3 achieved over the entire laser interaction region in the
Time delay t /ps Time delay T /ps sample. The population of the excited state will depend
in this case on the phase difference between the pulses,
160 fs (c) A6 (not written explicitly)?® and on the parametets,,

w., Ty and ¢” as shown in Egn (5). For non-collinear
‘ pulses a grating is always formed regardless of the opti-
0l ‘ cal phase difference of the pulses, and phase locking
i ‘ MY N | : could be used to fix the spatial position of this grating.
r ‘ The amplitude of the grating for non-collinear cases is
given by Eqgn (5). The extent of the population trans-
(d) fer from the ground to the excited state is plotted in
307 fs Fig. 5(a). When the first two pulses are equally chirped,
¢! = ¢, the chirp does not affect the population transfer

i |
UWVWWWV [see Fig. 5(a)f+®°
In order to identify how vibrational coherence is manip-

ulated by the use of pulse sequences and pulse chirps in
the ground state, we define the coherence in the ground

0 5 10 15 state as
Time delay t /ps

="

FWM Intensity /a u

2 ”
Figure 3. Measurements of vibrational coherence relaxation in C, = <|P;g3(fab7 ¢") >x
the (a) ground and (b) excited states. The intensity of FWM
emission is plotted as a function of time delay (t) between \/ 1/4n 1
pulses E, and E,. The time delay between pulses E, and E, is o4/ 1+ codw. ) COS[Z(% té )a)ga)e] 6)

kept fixed at 7., = 614 fs) for ground-state measurements and

7. = 460 fs for excited-state measurements. The solid line is an and the coherence in the excited state as
exponential fit to the experimental data (dots). The first 15 ps

of the measurements in (c) and (d) show the initial vibrational
x \/ 1+ COS@,T,p) COS[E(@! + B))w,] (7)

: . . _ (2) 1
wave packet spreading and rotational dephasing. In each case, C.= <|,0(,e/ (Taps @)
the vibrational period is indicated.

from spectrally integrated transients. For these measure-
ments beamZ,. was also chirped. The observed phase These expressions allow us to evaluate the extent of
differences as a function of detection wavelength are con-vibrational coherence in the ground state and in the excited
sistent with the magnitude and sign of the laser chirp.  state as a function of chirp and time delgy. In these
The theoretical analysis, performed on the basis of a contour plots, we have only plotted positive chirp values.
four-level system, demonstrates that the control mecha-Because the simulations are symmetric with respect to
nism depends on the first two pulses. In previous work the sign of the laser chirp, no anharmonic terms can be
we have shown that the time delay between the sec-included in the four level model.
ond and third pulses can be used to isolate the excited- The amplitudes of excited and ground state vibra-
state dynamic®!’ However, the second time delay or tional coherence are plotted in Fig. 5(b) and 5(c). Note
the detection wavelength has no influence over the ini- that in this case both,, and chirp can be used inter-
tial preparation. The molecular parameters of interest arechangeably. The coherence of both electronic states will
the vibrational coherence and the population of each elec-achieve their maximum value periodically for chirp values
tronic state. The ground- and excited-state contributions ¢/ = 87n/w,w,. Close inspection of these plots indicates
observed in the signal are proportional to the respective that the vibrational coherence is periodic with respect to
vibrational coherence amplitud&sPopulations are not r,. A period of 160 fs is apparent from Fig. 5(b), cor-
directly observed in our measurements but can be con-responding to excited-state coherence, whereas a period
trolled using the appropriate pulse sequence and chirp, asof 307 fs, in Fig. 5(c), corresponds to the ground-state
discussed below. coherence. The vertical dashed lines in Fig. 5 correspond
The value that quantitatively describes the control of the to the experimental values of, = 460 and 614 fs. When
population transfer is the spatially averaged amplitude of the chirp is zero, the information obtained from Fig. 5
the grating formed by the molecules in the excited state: is supported by the experimental data in Fig. 2. Indeed,
whent,, = 460 fs only the excited-state coherence con-
8p = <‘ Zpﬁf)(rab,qs”) > o {1+ coSw,T,) tributes to the signal [see Figs 2(a) and 5(b) and (c)],
p x whereas forr, = 614 fs, the signal is mostly character-
Y ized by the ground-state dynamics [see Figs 2(b) and 5(b)
X COSw;Tp) + COS[(@;, — d)soc][COS(@.Tup) and (c)]. The data in Fig. 5 shows a loss of selectivity
+ coSw, )]} 2 (5) brought about by the introduction of chirp. This change
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Figure 4. Spectrally dispersed time-resolved experimental data for three-pulse FWM. The FWM data were obtained with z,, = 460 fs
and ¢” = 3300 fs?. The first 3.3 ps of the spectrally dispersed data are presented as a contour plot. The data show a mixture of
ground- and excited-state vibrational coherence. Single-wavelength detection transients detected with a narrow bandwidth are shown
to illustrate some details about the observed dynamics. Vertical lines are used to indicate that the vibrational coherence detected
at 611 nm is out-of-phase with the transient detected at 627 nm. This information would be lost in spectrally integrated FWM
measurements.

can be followed in Fig. 5(c) and (b) going from chirp val-

ues of 0 to 3300 fs In the case of chirped pulses with CONCLUSIONS
¢’ = 3300 f€ and r,, = 460 fs, the theory predicts a
signal that mostly arises from the ground-state dynamics; We have shown that the signal arising from time-resolved
this result is in excellent agreement with the experimental FWM measurements carries valuable information about

data shown in Fig. 4. the intramolecular dynamics of the system. The time
When the first two laser pulse chirp have equal magni- delay between the first two pulses and the laser chirp
tude but opposite signp{ = —¢;), the chirp magnitude are valuable parameters for controlling the population

can be used to control the population transfer [Fig. 6(a)]. and coherence transfer. The theoretically calculated and
Note that this transfer is at a maximum value for chirp experimentally observed effects indicate absolute control
values¢, = 4mn/w,w,. Independent of the chirp [see for the population and coherence transfer.
Fig. 6(c)], the amplitude of the vibrational coherence in  More specifically, we have explored the role of pulse
the ground state({,) achieves a maximum value when the sequence and pulse chirp. The characterization of the
time delay of a second pulse is equal to the vibrational intramolecular dynamics was carried out by using spec-
period of the excited state. This time delay correspondstrally dispersed FWM. We have shown that the two-
to the propagation time of the wave packet from time dimensional data, detection wavelength and time delay,
zero to the Franck—Condon region on the excited potential provide a wealth of spectroscopic information. Con-
surface. trol over population and vibrational coherence has been
For chirped pulses with equal magnitude and sign, demonstrated using specific pulse sequences. The ground-
the vibrational coherence can be manipulated but the state dynamics, observed fey, = 614 fs, showed the
population transfer cannot. For oppositely chirped pulses, signature of excited-state anharmonicity. The excited-state
one can control the population transfer from the ground dynamics observed fot,, = 460 fs were isolated. No
to the excited state, but the coherence transfer and hencground-state dynamics were observed in this case for any
the observed dynamics are not affected. of the detection wavelengths. Chirped pulses were used
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Figure 5. Simulations using Eqns (5)—(7) for the four-level system for equally chirped pulses (magnitude and sign). (a) This contour
plot shows the amplitude of the excited-state population grating as a function of time delay and pulse chirp. This grating achieves a
minimum for z,, = 153 and 460 fs and a maximum for z,, = 0, 307, and 614 fs. Note that the grating amplitude, which is related to the
population transfer between the ground and excited electronic states, is not affected by the magnitude of the laser chirp. (b) Amplitude
of the excited-state vibrational coherence. Note that the magnitude of excited-state coherence depends on the ground-state dynamics.
This dependence is a result of the initial population of two vibrational ground-state levels. (c) Amplitude of the ground-state vibrational
coherence. The amplitude depends on the excited-state dynamics and oscillates with a period of 307 fs. Note that for ¢” = 0 fs?, the
ground-state coherence is at a minimum for t,, = 460 fs and at a maximum for 7,, = 614 fs. This is consistent with the observed
experimental data.

(a) Electronic Excitation
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Figure 6. Simulations using Eqns (5)—(7) for the four-level system for chirped pulses with equal magnitude but opposite sign. (a) This
contour plot shows the amplitude of the excited-state population grating as a function of time delay and pulse chirp. This grating
achieves a minimum for 7, = 153 and 460 fs and a maximum for 7,, = 0, 307, and 614 fs when the pulses are not chirped. Note that
the grating amplitude, which is related to the population transfer between the ground and excited electronic states, depends on the
magnitude of the pulse chirp. Amplitude of the (b) excited-state and (c) ground-state vibrational coherence. For this case the vibrational
coherence is independent of the magnitude of the chirp.

to explore the process of vibrational coherence trans- formalism was found to be in remarkably good agreement

fer. For these measurements, the spectrally resolved datavith the observations. A prediction was made regarding

showed that the vibrational features detected at shorterchirped pulses with equal magnitude but opposite sign.

wavelengths lagged behind the features observed forFor this case, the vibrational coherence transfer is not

longer wavelengths because of the positive chirp. This affected by the magnitude of the chirp but the population

type of information would have been lost in a spectrally transfer is.

integrated measurement. The theoretical foundation for When the system contains a reactive pathway, coher-
these observations based on a four-level density matrixence and population transfer can be used to enhance or
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decrease the probability of the system for following that into the condensed phase. With sufficiently short pulses,

pathway. The coherence determines the dynamics of theone is able to act with the first two pulses on a time-

system. In multidimensional systems, one may want to scale that is faster than coherence relaxation. This state-

control the yield of different pathways or affect the rate of ment can be supported by the observation of coherent

intramolecular vibrational relaxatiod. This type of con-  vibrational dynamics in liquid€’—3® We are consider-

trol, where the phase of the quantum-mechanical superpo-ing extensions of this spectroscopic tool, providing two-

sitions is manipulated by the optical phases of the pulsesdimensional information and selective excitation, to more

to determine the outcome of chemical reactions, resultscomplex systems.

in true control of the final population transfer from reac-

tant to producg!~—2® Alternatively, the first two pulses can

be used to prepare the system in a specific superpositionAcknowledgements

of states and a third pulse can be used to complete the
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